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Abstract

Vehicle-to-barrier (V2B) communication is expected to facilitate wireless
interactions between vehicles and roadside barriers in next-generation
intelligent transportation systems. V2B systems will help mitigate single-
vehicle, run-off-road crashes, which account for more than 50% of road-
side crash fatalities. In this work, the characteristics of the wireless chan-
nel prior to and during a crash are analyzed using orthogonal frequency
division multiplexing (OFDM) techniques, which has been used in exist-
ing vehicular communication systems. More specifically, the performance
of OFDM-based V2B links are measured in real-world crash tests for the
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first time. Three crash tests conducted at the Midwest Roadside Safety
Facility, Lincoln, Nebraska, are reported: a bogie vehicle crashing into a
soil-embedded post at 27 mph, a sedan crashing to a concrete curb at
15 mph, and a pickup crashing to a steel barrier at 62 mph. Metrics in-
cluding signal to interference plus noise ratio received signal strength,
error vector magnitude, phase error, channel coherence, and bit error
rate, are used to illustrate the impacts of antenna type, antenna de-
ployment, speed, and mobility during the crash tests. The empirical evi-
dence shows that barrier-height (0.7-0.9 m) antennas at the barrier can
improve V2B signal quality compared to higher deployments (>1.5 m)
due to the stronger reflection of electromagnetic waves at a larger an-
gle of incidence. Moreover, compared to omni-directional barrier anten-
nas, directional barrier antennas can increase signal quality, connectivity,
and coherence time of V2B channel because of reduced multi-path ef-
fects, however, the antenna orientation needs to be carefully determined
to maintain connectivity.

Keywords: Vehicle-to-barrier communications, Vehicle crash, OFDM
impairments

1. Introduction

Connected vehicles of tomorrow and autonomous vehicles of the near fu-
ture are slated to operate on roadside infrastructure designed decades ago.
Today, more than 50% of all traffic fatalities are a result of run-off-road (RoR)
crashes [1-3]. These RoR crashes include vehicular crashes caused by hit-
ting the fixed objects, rollovers, cross-median crashes, return-to-travelway
crashes etc. Specifically, 40% of the defined RoR crashes represents single-
vehicle crashes [2]. Roughly 20% of all traffic fatalities are related to RoR
fixed-object crashes [4]. Recent vehicles are equipped with sensory tech-
nologies, such as blind-spot detection or lane-departure warning. Yet, re-
cent statistics released by the White House and U.S. Department of Trans-
portation’s National Highway Traffic Safety Administration show that 8.3%
(2,483) more people died in traffic-related accidents in 2015 than in 2014,
and this increasing trend continued in 2016 with 5.8% (1900) more fatali-
ties compared to 2015 [5]. This unfortunate data point breaks a recent his-
torical trend of fewer deaths occurring per year [6].

For nearly two decades, intelligent transportation systems (ITS) have been
in development to provide transportation systems with information and
communication facilities. New technologies are developed for connected ve-
hicles dubbed V2X communication paradigms (Fig. 1): such as vehicle-to-ve-
hicle (V2V) [8], vehicle-to-infrastructure (V2I) [9], vehicle-to-pedestrian (V2P)
[10], and vehicle-to-cloud (V2C) [11]. The recent ITS strategic plan aims to
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Fig. 1. Vehicular communication technologies [7].

enable safer vehicles and safer roadways by developing better crash avoid-
ance for all road vehicles [12]. The available intelligent collision avoidance
mechanisms mostly focus on inter-vehicle collisions [13-15].

2. Motivation and V2B use cases

The core motivation of V2B communications is to prevent and mitigate run-
off-road crashes. A car-to-barrier crash lasts nearly 1 to 2 seconds; depend-
ing on the encroachment velocity of the vehicle [16]. Introduction of a V2B
communication infrastructure that shares information between errant vehi-
cles and roadside barriers will lead to a rapid-response safety system, de-
tect an on-coming crash, take precautions within vehicle to avoid the crash,
and if a crash is inevitable, take control of vehicle to mitigate severe impacts.

We believe the development of V2B systems will complement existing
V2X technologies by focusing on safety issues related to single-vehicle RoR
fatalities and serious injuries. By enhancing communication capabilities be-
tween the vehicles and roadside barriers, V2B systems would not only aug-
ment the automation technologies but also present robust solutions to keep
vehicles safe on the roads. In this regard, Vehicle-to-barrier (V2B) commu-
nications is introduced as an additional tool for the V2X paradigm. The mo-
tivation for V2B and comparisons to existing V2X technologies in terms of
functionalities and characteristics are further discussed in the following. We
also discuss potential operational aspects of V2B systems that will be en-
abled by V2B communications.
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2.1. Motivation

RoR crash prevention/mitigation: Currently, most active safety systems
solely rely on on-board sensors, such as camera, ultrasonic and/ or Laser
sensors. However, in the case of on-board sensory failures, fatal accidents
could occur. The most prominent example is the recent fatal crash of a com-
mercial electric car on autopilot to a highway barrier, killing its driver [17].
As the auto manufacturer stated, "Autopilot does not prevent all accidents.”
Similarly, there is no support to prevent all run-off-road crashes in existing
technologies including IEEE 802.11p, dedicated short range communications
(DSRC), and LTE. These communication architectures are primarily designed
to ensure communications and are mostly installed in urban and populated
areas [18,19]. For example, DSRC Crash Avoidance Safety application relies
on MapData (MAP), and Signal Phase and Timing (SPaT) to prevent vehicle
to vehicle crashes. The required data is only available at the intersections.
Moreover, recent V2V technologies alone, cannot address single-car crashes,
which account for more than 50% of fatalities.

It is clear that relying only on on-board sensors, inter-vehicle commu-
nication, or roadside units on urban intersections cannot prevent all RoR
crashes. To this end, the recent improvements in low-cost wireless commu-
nication technologies allow for a new kind of V2X communication, V2B, to
connect vehicles with barriers. Typical environments of the vehicular infra-
structures are highways, urban, suburban and rural areas, in tunnels, or on
bridges [20-22]. V2B solutions, when deployed efficiently at these hot-spot
locations, can complement existing safety technologies. To help prevent run-
off-road crashes, V2B links can communicate information about the exis-
tence of roadside infrastructure, e.g., barriers; as well as its properties, e.g.,
road type, shoulder type, barrier type, barrier location. Yet, V2B communi-
cations is unique due to high speeds involved, dynamically reducing dis-
tances, and different deployment opportunities due to the existing barri-
ers and their different types. Therefore, there is a need to conduct wireless
communication evaluations in car crash scenarios in these environments.

Latency: Given the 1-2 s interval during a crash, establishing communi-
cation between an errant vehicle and a barrier radio within sub-second de-
lay is important for the parties to exchange relevant information (vehicle
speed, barrier type, barrier location, road and shoulder type, etc.), detect
that a crash may be imminent, request further information from the barrier
for control decisions, alert the driver, and/or take control of the car to avoid
or mitigate the crash. This tight delay requirement may limit the applicabil-
ity of existing V2X solutions and standards to V2B systems. The main em-
phasis of existing V2! systems is on improving network capacity [23], there-
fore V2I systems are mainly designed for content delivery and are inherently
tolerant to latency [24]. For example, IEEE 802.11p standard incorporates
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delays in the range of 1-2 s to activate a link and associate with a roadside
unit (RSU) [24-27]. Moreover, even though an emergency channel is allo-
cated, the broadcast nature of DSRC communications leads to channel con-
gestion and spectrum sharing issues in the 5.9 GHz DSRC band (safety chan-
nel 172) [28]. Since sharing the single emergency channel for both V2V and
V2B communication is challenging, the existing standard may not be feasi-
ble for time-sensitive run-off-road crashes prevention. Cellular technologies
also suffer from high latency [29]. For example, LTE for vehicular applications
is limited to latencies of 1-2 s [30], which constitute the motivation for new
5G technologies. Therefore, providing a V2B communication infrastructure
between errant vehicles and roadside barriers, for a rapid-response safety
system that reacts in orders of a few hundred milliseconds, may not be fea-
sible with existing standards, which need to be augmented or extended to
support V2B system requirements.

Connectivity: There are other limitations in IEEE 802.11p, dedicated short
range communications (DSRC), and V2B is designed to overcome these limi-
tations. For example, with IEEE 802.11p and DSRC, coverage cannot be guar-
anteed for all vehicles on the road because of the deployment density [19].
All vehicles cannot receive the same performance due to the weak signals
at the receiver. Not every vehicle could have a reliable connectivity due to
channel fading. Time to establish the connection is a limiting factor in ex-
isting technologies for their application to run-off-road crashes the due to
overhead at the higher layers.

High mobility and speeds: Traditional vehicular communication technol-
ogies are characterized by high mobility and various types of environments
[20]. The velocity of nodes in real-world vehicular experiments, usually range
from 22-77 mph (9.8-34.4 m/s) [31,32]. High velocities of nodes in vehicu-
lar networks place significant challenges on designing wireless communi-
cation solutions. Field test shows that vehicle speed affects operating per-
formance of IEEE 802.11p-like systems [32]. Yet, in most V2V scenarios, the
relative speed between radios is much smaller because the vehicles travel
at similar speeds. For V2B communications, we are interested in communi-
cation between an errant vehicle and a stationary barrier, where the relative
speed between radios is similar to the vehicle speed and the distance be-
tween two radios decreases rapidly. For vehicular communication systems
based on orthogonal frequency division multiplexing (OFDM) techniques,
channel variations within a few OFDM symbols would cause inter-symbol
interference (ISI), which is especially detrimental for future V2B systems in
car crash scenarios. Understanding the V2B channel, especially during a
RoR crash, would serve valuable insights for the design of reliable and ro-
bust V2B solutions. One of the most prominent factors on vehicular com-
munication impairments is the Doppler spread [33]. Doppler shift causes a
mismatch between frequencies of the received signal and local oscillator,
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which destroys the orthogonality of the sub-carriers during an OFDM trans-
mission. For OFDM systems with high mobility, the carrier frequency off-
set (CFO) and Doppler shift cause inter-carrier interference (ICl) [34]. These
signal impairments can be observed through various performance metrics,
such as received signal strength (RSS), peak-to-average power ratio (PAPR),
error vector magnitude (EVM), and phase error (PE) [35,36], which are of in-
terest in this paper.

Deployment height: The existing V2I systems are mostly installed in ur-
ban areas, where roadside infrastructures are available. In almost all these
cases, the V2lI infrastructures are much higher as compared to traditional
roadside barriers [37]. On the other hand, we show that V2B communica-
tions may benefit from a barrier-height deployment [7]. There is a significant
improvement on signal strength when the receiver antennas are deployed
on lower heights (0.82m - barrier height and 1.4m - roof-top of a sedan car
height) than higher ones (1.9m - rooftop of an SUV car and 3m - traffic sig-
nal height). Moreover, during a vehicle brake, a 3m receiver antenna exhib-
ited the worse results regarding signal impairments. Thus, for V2B systems,
we mainly project deployment of antennas on or close to the height of gen-
erally used barriers. Moreover, there is a need to develop signal transmis-
sion methods and algorithms which exploit the reception of higher signal
strengths and minimize the effect of signal impairments during a transmis-
sion. Yet, existing studies have either not considered V2B communications
or are limited to drive-by experiments.

2.2. V2B use cases

RoR crash avoidance: The established link between the vehicle and the bar-
rier can exchange information including current position and direction of
the car, current weather condition, current road condition. By using this in-
formation the V2B system can prepare a safety critical warning for the driver
of the car is he/she approaches towards a barrier for a prospective crash. In
addition to the main objective of crash avoidance, V2B communications can
also lead to several novel applications, a few of which are discussed below.

Replacement of physical barriers with virtual barriers: With the ad-
vancement of V2B technology, it is also possible to replace the physical bar-
rier system with a virtual barrier system. A virtual barrier can transmit bea-
cons to approaching vehicles such that necessary control actions can be
taken by on-board active safety systems. The objective of physical barriers
is to prevent vehicle running off the road and falling in hazardous zones.
However, the physical barrier itself can be dangerous for passengers. Proper
deployment of the virtual barrier systems could make existing barriers less
destructive.
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Relative positioning: Even though existing ITS solutions rely heavily on
GPS, which provides an accurate information about the location of a vehi-
cle with respect to the Earth, locating a vehicle with respect to the roadside
infrastructure is still challenging due to lack of information about roads. An
array of synchronized barriers can provide positioning capabilities for the
vehicles. The vehicle can position itself through a radio-based localization
solution, e.g., time differences of arrival (TDoA) of timestamped beacon
packets transmitted from barriers and/or RSS-based fingerprinting [38]. Al-
ternatively, connected barriers can also position a vehicle by measuring the
TDoA and/or RSS of packets transmitted from the vehicle. With connected
barriers, runoff- road situations could be detected by either the vehicle or
infrastructure, and critical safety signal can be issued to the on-board ac-
tive and passive safety systems of the errant vehicle hundreds of millisec-
onds before the accident.

Based on the aforementioned motivations, the main focus of this pa-
per is the characterization of the V2B channel during a crash to analyze im-
pacts of speed, antenna location, antenna type, and crash type. More spe-
cifically, we present evaluation results of OFDM-based V2B communication
experiment in three real-world crash tests conducted at the outdoor proving
grounds of Midwest Roadside Safety Facility (MwRSF), Lincoln, Nebraska, in
2016-2017." The first test is a bogie vehicle crash to a soil-embedded post
at 27 mph (June 2016). The second test is a Toyota sedan crash to a con-
crete curb at 15 mph (June 2016). The third test is a pickup crash to steel
barrier at 62 mph (November 2017). We present the OFDM signal impair-
ment results for average received signal strength (RSS), signal to interfer-
ence and noise ratio (SINR), error vector magnitude (EVM) and phase error
(PE), Bit Error Rate (BER), burst errors, and channel coherence. To the best
of our knowledge, this is the first study that evaluates wireless communica-
tion during real-world crash tests.

The rest of this paper is organized as follows: The experimental setups
and data analyzing approaches are introduced in Section 3. In Section 4,
key test results are presented and discussed. Finally, the paper is concluded
in Section 5.

3. Experimental setup
The wireless communication experiments are piggybacked on four crash
tests at MwRSF:

Bogie to post crash (bogie) test: In this test, a bogie vehicle, as shown in

Fig. 3(a), is crashed into a post buried in the ground. The experimental setup is

1 An earlier version of this paper appeared in IEEE VNC 2016 [39].
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Fig. 2. Crash test setup [40,41].

illustrated in Fig. 2(a). The bogie started its journey 60 m away from the crash
point, and crashed to the post with a velocity of 27 mph (12.1 m/s). Snap-
shots from the experiment at the beginning, encroachment, crash, and post-
crash are shown in Fig. 6(a)—(d). This test is referred as bogie test in the paper.
Sedan to curb crash (sedan) test : In this test, a sedan car, as shown in
Fig. 4(a), is crashed into a curb. The experimental setup is illustrated in Fig.
2(b). The test sedan started its journey 60 m away from the impact point, and
crashed to the curb at an angle of 40° with a velocity of 15 mph (6.7 m/s).
Snapshots from the experiments at the beginning, crash, and post-crash are
shown in Fig. 6(e)—(g). This test is referred as sedan test in the paper.
Pickup to steel barrier crash (pickup) test: In this test, a pickup truck
as shown in Fig. 5, is crashed into a 0.78m high steel barrier. Fig. 2(c) ex-
plains the test plan of this crash test. Initially, the sedan is placed around
338 m away from the impact point. It is then crashed to the barrier at an
angle of 25° with a velocity of 62 mph (27.7 m/s). Snapshots of this crash
test is shown in Fig. 6(h)—(j). This test is referred as pickup test in the paper.
Bogie test is a well-accepted low-cost approach for real-world crash tests
in roadside safety community. Therefore, it is important to analyze similari-
ties of V2B communication in such settings so that more controlled crash ex-
periments can be conducted with bogie while still collecting important rele-
vant data. Although the height and width of bogie is 40% and 10% smaller
than the sedan used in sedan test, their mobility patterns are designed to
be similar in crash scenarios. As shown in Section 4.1, the smaller height and
size of bogie lead to shorter shadow fading distances (about 25%), however,
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(¢) Crash instant (d) After the crash

r

(g) After the crash

(h) Test start (i) Crash instant (j) After the crash

Fig. 6. Snapshots of different stages of crash tests: (a-d) Bogie, (e-g) Sedan, and (h-j) Pickup.

such influence persists throughout the test. In contrast, as shown in Section
4.4, the impairments on vehicle to barrier communication are observed on
bogie, sedan, and pickup tests since such impairments are mostly contrib-
uted by the mobility pattern during the crash.

It can be observed in Fig. 6 that the environments of the three tests are
different reflecting different roadside conditions. The bogie test (Fig. 6(a)—
(d)) is conducted in an open ground with only a few humans, objects, and
no buildings, while the location of sedan test (Fig. 6(e)—(q)) is surrounded by
several buildings, mechanical equipment, and there are a number of person-
als and vehicles during the experiment. The pickup test (Fig. 6(h)—(j)) is also
conducted in an open ground similar to the bogie test. However, it was sur-
rounded by some concrete and steel barriers for stopping the pickup truck
after the crash, and several big mechanical equipment. In these crash tests,
the test vehicle is accelerated by another cable-connected vehicle, and re-
leased shortly before the crash. Communication experiments are conducted
during the crash tests. Next, we introduce the experiment setup followed by
data processing and performance metrics.
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3.1. V2B communication experiment setup

OFDM-based wireless communication at 5.8 GHz is conducted from a trans-
mitter (vehicle antenna) mounted on the test vehicle, to one or multiple re-
ceivers (barrier antenna) placed at a safe location behind the impact point
(post, curb, and barrier). The transmitter is implemented with a battery-
powered USRP E312, which integrates an Ubuntu operating system-based
embedded controller, motion sensors, and a GPS receiver. The receivers are
implemented with a USRP B210 connected to a laptop computer. When mul-
tiple receivers are used, their time is synchronized over the Internet with NTP
in advance. GNU Radio-based OFDM benchmark codes [43] are used at the
transmitter and receiver. Raw IQ data recorded by the receiver is stored in
the host computer and processed off-line.

V2B communications are expected to be bi-directional to inform a vehi-
cle about barrier and road conditions (V—B) and request additional infor-
mation from the barrier in case an imminent crash is detected (B—V). The
communication direction during the experiments is selected to be from the
vehicle to barrier because of mainly practical considerations. Since an em-
bedded radio is used in the crash, its processing and storage capabilities
are limited. Therefore, vehicle radios are used for transmission. Moreover,
there are concerns of data loss in case the crash damages the vehicle radio.
Since the crash experiments are highly expensive and cannot be repeated
on demand, this selection ensures the safety of the data, which is collected
at the barrier radios. Moreover, the experiments are conducted on line-of-
sight environments. Therefore, V—B experiments are representative of B—V
direction due to channel symmetry.

Key technical specifications of the antennas used in the experiments are
listed in Table 1. In bogie and sedan tests, the vehicle is equipped with a mini
panel antenna, and the barrier is equipped with a panel antenna mounted
on a tripod, as shown in Figs. 3(b) and 4(b). The mini panel, and the panel
antennas are both directional. For pickup test, the vehicle antenna is omni-
directional, and barrier radios are equipped with either omni-directional or
directional antennas, as shown in Fig. 5(a).

In bogie test, the vehicle antenna is mounted 1 m behind the front bum-
per of the bogie at a height of 0.90 m (Fig. 3(b)). The barrier antenna is in-
stalled 10 m behind the crash impact point with a height of 0.90 m (Fig. 3(b)).

Table 1. Antenna specification in crash tests.

Deployment Type Gain Beam-width (horizontal/vertical)
Vehicle (Tx) Mini panel 10 dBi 16°/66° [40]
Barrier (Rx) Panel 23 dBi 12°/12° [41]

Vehicle/Barrier (Tx/Rx) Omni 5.3 dBi 360°/20° [42]
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In the sedan test (Fig. 4(a)), the vehicle antenna is mounted on the roof-
top of the vehicle, 0.3m from the front windshield, at a height of 1.5m (Fig.
4(b)). The radio is secured inside the vehicle. At the receiver end, two barrier
antennas are installed 10 m behind the impact point, with heights of 0.82m
(generic barrier height) and 1.5m (roof-top height of the vehicles), respec-
tively. The placement and directivity of the vehicle and barrier antennas in
these two crash tests are illustrated in Fig. 2, where the barrier antenna(s)
are placed off the vehicle trajectory due to safety considerations.

In the pickup test (Fig. 2(c)), the vehicle antenna is mounted on the roof-
top of the vehicle similar to the sedan test. The height of the pickup is 1.85
m and the antenna is placed 0.3 m behind the front windshield. The barrier
antennas are placed on the barrier 14m before the crash point. Two omni-
directional antennas are placed at barrier height (0.78 m) and 1.98 m, re-
spectively, and a directional antenna is placed at 1.85 m height, as shown
in Fig. 2(c).

To provide guidance for the specifics of future V2B systems, a combina-
tion of directional and omni directional antennas are used on the vehicles
and the barriers. Directional antennas significantly enhance communication
range, while they need to be well-aligned to ensure their main beam is cov-
ering the encroaching vehicles. Barriers are mainly located on the roadside.
Hence, it is reasonable to assume that to enhance communications, barrier
antennas will have some directivity to focus the emitted electromagnetic
waves towards the road. On the vehicle side, directional antennas are used
in bogie and sedan tests to ensure connectivity. Moreover, in the pickup test,
omni-directional antennas are used in the vehicle, while both omni and di-
rectional antennas are used at the barrier. The impacts of directivity of an-
tennas are discussed in Section 4.

The OFDM communication system in the experiment has a baseband
sampling rate of 500 ksps, FFT length of N, = 64, cyclic prefix length of N,
= 128, and modulation of BPSK, which mostly reflect DSRC physical layer pa-
rameters.? The frame structure of OFDM signal is illustrated in Fig. 7. In the
frequency dimension, there are 8 guard subcarriers at the upper and lower
edges, respectively. In the temporal dimension, each frame has 25 OFDM
symbols: a preamble symbol followed by 24 data symbols. In the preamble
symbol, a specific sequence is transmitted on odd subcarriers, while all even
subcarriers are nulled. In data symbols, subcarriers 32, 33 are nulled for DC.
We define subcarrier set, Dp, as the indices of occupied subcarriers in pre-
amble, and D, as the indices of occupied subcarriers in data symbol, and Ep
and E,as indices of nulled non-guard subcarriers in preamble and data sym-
bols, respectively. Each data frame contains a total of 138 bytes including a

2 DSRC uses a higher bandwidth which is not possible due to equipment limitations.
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Fig. 7. OFDM frame structure for the experiments

header, payload, and pilots. The header includes a 16-bit counter that is de-
creased by 1 every frame. The payload is only 1-byte with value of p = mod
(k, 256), repeated at 7 locations (7, 9, 11, 18, 32, 39, 67) out of the 138 bytes.
The remaining 129 bytes have constant values and are all treated as pilots.

The instantaneous acceleration of the vehicle during experiments is mea-
sured by a 9-axis motion tracking sensor, MPU-9150, which is integrated
into USRP E312. Acceleration in 3-axes is collected with a sample rate of 9
Hz for all these experiments. In this paper, only the acceleration on the axis
of vehicle motion is reported since it is relevant to the crash tests. The ve-
locity and position of the test vehicle are measured by AMY-6M GPS mod-
ule integrated into USRP E312 at a sample rate of 1Hz. The GPS antenna is
installed on top of the bogie and rooftop of the sedan and pickup. Besides
on-board sensors, a high-definition camera affixed to the receiver records
the vehicle encroachment and crash.

The accelerometer sensory data is time-stamped on-the-fly during the
experiments. With the time-stamped video recording, 1Q data, and accel-
eration data, the crash moment is identified. Accordingly, the timing of re-
ceived |1Q data is recovered offline.

3.2. Channel equalization and demodulation
The recorded 1Q data at the receiver is after frequency and time synchro-

nization, and in the frequency domain. Offline signal processing includes
channel equalization, demodulation, and timing recovery.
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First, the preamble of each frame is identified according to following
criteria:

ZiEDp |Sl I ? N 6 (1)
ZierUEp |Sl | 2

where S.= 1. +Q,j, (j = V-1) is the complex representation of sample 1Q
data on the ith subcarrier, and 6 is a threshold, defined as 0.5 in this pa-
per. Once the preamble is identified, we use it as pilots to perform Least
Square channel equalization [44] to the first data symbol. The preamble (Fig.
7) is viewed as comb-type pilot, for which linear interpolation is employed
in channel estimation. Then, the rest of data symbols are processed itera-
tively: The entire demodulated 46 subcarriers of data symbol m, treated as
block-type pilot, are used to estimate the channel coefficients and equalize
data symbol m + 1. Based on the known pattern of the data in a frame, er-
roneous bits in data symbol m are corrected before being used as pilot for
channel estimation.

With equalized 1Q data, the frame header and payload are then demod-
ulated and decoded. Since the OFDM receiver we used drops a data frame
if it fails to synchronize and identify preamble, some data frames are miss-
ing in the received 1Q data. The decoded decremental frame identifier in
the frame header is then used to identify the missing OFDM frames and re-
cover the timing of received IQ data accordingly. For example, if frame k in
the received data is followed by frame k + 3, then we conclude that frames
k + 1, k + 2 are missing.

The estimated channel coefficient vector of each OFDM symbol is also
recorded and used to calculate the channel coherence time.

3.3. Performance metrics

The experimental V2B communication link is evaluated based on I1Q data
before and/or after equalization. Performance metrics used in the evalua-
tion include: received signal strength (RSS), signal-to-interference- plus-
noise ratio (SINR) [45], error vector magnitude (EVM), phase error (PE), and
bit error rate (BER).

The RSS of an OFDM symbol is calculated by:

N
FT 1S |2 2
RSS:1OIog1OZ":1T¢+C )

S

where c is calibration constant converting received power from digital do-
main (dBFS) to analog domain (dBm), and T.is the length of an OFDM symbol
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in time. For the USRPs used in the experiments, ¢, is measured as 100.999
in advance. T_is calculated as:

NFFT
3)

f,

where f is the base band sampling rate.

For SINR, the 24 nulled subcarriers in preamble are used to calculate the
noise plus interference power, and 24 pilot subcarriers in preamble are used
to calculate the signal power. The SINR before and after equalization are cal-
culated based on following equation:

Ts:

(4)

Zi |Si|2
SINR = 10 Iogm( =

Z[EEp |Si |2

EVM measures the relative magnitude of the error vector between 1Q data
sample and its expected value (reference) in the constellation [35]. We cal-
culate the RMS of EVM in dB for each OFDM symbol as:

— 2
EVM,,, = 10 log,, ( Loy BoSed ) ©)

ND €Dy |Sref,i|2
where S, is reference constellation points on subcarrier i. The values of ref-
erence points in BPSK modulation are S, (1 + 0j) and S, (-1 + 0)), where
S,.s1s the root mean square of the data samples {S, i € D}, corresponding to
the average amplitude of occupied subcarriers in an OFDM symbol of the
equalized received IQ data.

The RMS PE of an OFDM symbol of the equalized 1Q data is calculated as:

PE..= 1| L D (eS-sS,,) (6)

rms
D (€D

where 2 is the angle of a sample of IQ data.

To evaluate the channel coherence time, we also calculate the correla-
tion coefficient between channel estimate vectors of each data symbol and
the preamble in each frame.
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4. Experiment results

In this section, we first present the communication experiment results of
the three crash tests: 1) Bogie Test, 2) Sedan Test, and 3) Pickup test. Met-
rics discussed in Section 3.3, RSS, SINR, EVM, PE, coherence time, symbol
missing rate (SMR), frame bit error rate, and BER are presented. Then, based
on these results, an in-depth analysis of the impact of antenna height and
directivity, vehicle type and mobility on the channel characteristics is pro-
vided in Section 4.4.

To compare the characteristics of communication at different phases of
the crash test, five intervals with distinct distance, speed and acceleration
are emphasized. The crash time is referred to t = 0. These intervals are listed
in Table 2, and described as follows:

* Pre-crash stationary: During this interval, the vehicle is static at the ini-
tial location. The transmitter is far from the receiver. This interval is
selected to compare with the other three to study the influence of
vehicle velocity and crash on communication quality.

* Pre-crash moving: During this interval, the moving vehicle is about to
crash to the obstacle. This interval is important for V2B communica-
tions because any crash avoidance-related communication may be
conducted at this time.

e Peri-crash: This interval includes the period of crash, with a drastic
change in acceleration and velocity, as well as vibration caused by
physical impact.

* Post-crash: This interval is right before the vehicle fully stops after the
crash. The vehicle is almost stationary, and the transmitter is close
to the receiver. It provides a good comparative metric to evaluate
the Doppler effects.

* Post-crash stationary: This interval is when the vehicle fully stops af-
ter the crash. The vehicle is completely stationary. Therefore it is
very similar to the pre-crash stationary interval except for a shorter

Table 2. Selected intervals of crash tests (Unit: s).

Interval Bogie test Sedan/pickup test
Pre-crash stationary [- 19.5, - 18.5] [- 19.5, - 18.5]
Pre-crash moving -2 -1] -2 -1]
Peri-crash [- 0.5, + 0.5] [- 0.5, + 0.5]
Post-crash [+2 +3] [+4, + 5]

Post-crash stationary N/A [+ 18.5, + 19.5]
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distance. This interval is used for omni-antenna receivers as an al-
ternative of pre-crash stationary, since they do not receive data dur-
ing pre-crash stationary phase.

4.1. Bogie to post crash test

The vehicle starts moving at t= -9 s, is accelerated to 27 mph in a few sec-
onds, then hits the post with a peak acceleration of -7g, and completely
stops at t = 3 s. The RSS aligned with acceleration and speed of the vehicle
during the test period are shown in Fig. 8, with highlights of the four inter-
vals listed in Table 2.

The RSS fluctuates between — 76 and — 53 dBm before crash, and con-
verges to — 67.25 dBm peri-crash and post-crash, since the vehicle stays at
almost the same location of the impact point. The RSS in postcrash interval
decreases 7 dB compared to pre-crash stationary interval despite the shorter
distance between barrier and vehicle antenna. It is because throughout the
test the highly directional barrier antenna is pointed to the initial location
of the vehicle with a directional antenna. As the vehicle approaches, the an-
tenna gain of the link decreases due to the increased mismatch in direc-
tivity. On the other hand, when vehicle is at longer distances, e.g. initial lo-
cation or moving, the radio signal experiences more fading than closer or
stationary. The fluctuation of RSS is more intense when vehicle is far away
(t < =9), than post-crash (t > 3), and also faster when vehicle is moving (-8
< t < 0) than stationary.

3, Pre-Crash (M)

Speed (m/s) ‘Acccleration (g)
=

Pre-Crash (S)

{ Post-Crash |

z
= -609 1 A cgee e k i
7)) yF' hcme IR | BT %»Q»-vome-u-w--e-w@«---{}'-v&"--o‘rv@-u
7 ! 4 . 94 :
& -80
-20 -16 -12 -8 -4 0 4 8 12 16 20
Time (sec)

Fig. 8. Acceleration, velocity, and RSS in the bogie test, antenna height 0.9 m.
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Fig. 9. Overall OFDM signal impairments during the bogie test after channel
equalization.

Due to the decreasing RSS, the SINR, EVM, and PE also get worse when
the vehicle approaches, as illustrated in Figs. 9. At t= -16, -15, =11, -5,
-2 s, the drastic changes of SINR, EVM and PE also correspond to fluctua-
tions of RSS. This results show that the overall signal quality is mainly de-
termined by RSS.

The SINR in the bogie test, as illustrated in Fig. 9(a), is initially high with
a typical value of 21 dB with occasional drops. During the traveling period
-9 <t < -1, the SINR fluctuates more drastically around 17 dB with a dy-
namic range of 2-30 dB. The fluctuation of RSS and SINR during the trav-
eling period is caused by shadow fading, of which the traveling distance of
the two peaks in Fig. 9(a) (-6 <t < -4,and -2.5 <t < -1.5)is around 5
m, which is significantly smaller than the sedan and pickup tests, where the
typical traveling distance of a peak is around 20 m. The smaller shadow fad-
ing characteristics in bogie test can be attributed to the lower vehicular an-
tenna height (0.9 m) due to smaller body size and different shape. However,
SINR peri and post-crash is around 16 dB with significantly less fluctuations,
as vehicle and barrier antennas are both stationary and at shorter distances.

EVM_ .in the bogie test exhibits similar pattern as SINR and RSS, as shown
in Fig. 9(b). The initial EVM in the pre-crash stationary phase is typically 21
dB, and during the traveling period, it fluctuates between -23 and -4 dB,
and converges to around -10 dB peri and post-crash. PE,_fluctuates be-
tween 0-1.07 rad, and is typically smaller than 0.5 rad, as shown in Fig. 9(c).
The envelope of PE, varies according to RSS, SINR, and EVM. The average
value of PE_ increases as SINR decreases.

The CDFs of SINR, EVM, and PE in the four highlighted intervals are
presented in Fig. 10. The SINR, EVM and PE, all perform best in the Pre-
Crash Stationary interval, due to high RSS, and they also have the largest

dynamics during the pre-Crash Moving interval caused by the small scale



TEMEL ET AL. IN CoMPUTER COMMUNICATIONS 127 (2018) 19

= g =
= = e

Cumulative Distribution

=
b

L\I
\
y

! #Pre Crash Stationary
= Pre Crash Moving

“Peri Crash
+Post Crash

=
£l

e
)
&=
=

A
\

Cumulative Distribution
Cumulative Distribution

/’/ 04} 0.4 - .
+Pre Crash Stationary zm Erag sllml‘nnar‘\
@ Pre Crash Moving e ‘ra. Moving
“Peri Crash 0.2 0.2 “Peri (_‘rash
+Post Crash +#Post Crash
Ly - o - 1!
10 20 25 30 35 -35 -30 -25 -20 -15 -10 -5 0.1 0.2 0.3 0.4
SINR (dB) EVM (dB) PE(Rad)
(a) SINR (b) EVM (c) PE

Fig. 10. OFDM signal impairments in CDFs in the bogie test after channel
equalization.

fading captured by this interval. Their distributions during peri-Crash and
post-Crash are similar compared to the other two intervals. Interestingly,
SINR, EVM and PE during the Peri-Crash are always worse than Post-Crash
interval (hence the worst among the 4 intervals), despite the locations of
vehicle in these two intervals is almost identical. However, this phenom-
ena could not be detected in temporal domain as illustrated in Fig. 9. This
small but certain difference between peri-Crash and post-Crash intervals
shows that the wireless channel during the crash causes more impairments
to OFDM signals. Note that due to missing frames, the CDFs of EVM and
PE do not reach to 1.

Channel coherence during the four intervals are presented in Fig. 11(a).
Each marker on the curve represents the correlation coefficient between the
estimated channel responses of the preamble symbol and a data symbol
with specific time offset, averaged over all the frames in an interval. With a
correlation threshold of 0.5, the coherence time during pre-crash Station-
ary, pre-crash Moving, peri-crash, and postcrash intervals are 3.4, 2.3, 1.6,
and 1.6 ms, respectively. Lower SINR could contribute to the lower coher-
ence time during Peri-Crash and Post-Crash intervals.

The OFDM receiver drops a frame if it fails to detect or synchronize a pre-
amble. The missing symbols is viewed as a burst error and could be identi-
fied after timing recovery. The symbol missing rate (SMR) and BER collected
every 5 frames are presented in Fig. 11(b). In the bogie test, only 2.3% of
symbols are missing, which indicates low burst error rate. Moreover, errors
do not concentrate in a certain time interval. Average BER for bogie test is
3.215%, this BER is generally low and correlated with missing symbols. Since,
in the bogie test, only one barrier antenna is used, therefore, we have con-
ducted sedan test with multiple barrier antenna heights. The sedan test re-
sults are presented in the next section.
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4.2. Sedan to curb crash test

In the sedan test, two co-located barrier antennas are used with heights of
0.82 and 1.5 m, referred as lower and upper barrier antennas, respectively.
The sedan test takes in the influence of car body and provides an opportu-
nity to analyze the influence of barrier antenna heights.

RSS aligned with acceleration and speed of the vehicle during sedan test
is illustrated in Fig. 11(c), with highlights of the four intervals in Table 2. The
vehicle starts moving at t=-13 s, accelerates to 15 mph in about 11 s, then
hits and crosses over the curb turning slightly to its right, decelerates in a
period of 5 s with peak acceleration of -0.9 g, and fully stops aftert = 5 s.

RSS on lower barrier antenna starts with =53 dBm during pre-crash sta-
tionary, and almost keeps unchanged during accelerating. RSS starts to de-
crease at t= -5 s at the end of acceleration period, from -53 dBm to -68
dBm during the encroachment, and fluctuates between -77 and-56 dBm
peri-crash. During deceleration, RSS varies between-77 and —-35 dBm, and
after vehicle fully stops, RSS decreases from —53 to —70 dBm. The decrease
of power post-crash is due to the body of sedan blocking the line of sight
path between vehicle antenna and the lower barrier antenna. RSS on upper
barrier antenna starts with =61 dBm during pre-crash stationary, and con-
verges to—-58 dBm post crash after full stop. During the test, it fluctuates be-
tween -70 and -35 dBm. The RSS fluctuation is mostly because of shadow
fading. Based on the peaks (-3 <t < —-0.5 on lower barrier antenna, and
-3.5 <t < =1 on upper antenna), the traveling distance of the vehicle across
a peak is about 20 m. The fluctuations of RSS during encroachment, peri-
crash and post-crash from two barrier antennas are partially due to the test
vehicle passing the main and side lobes of the barrier antennas.

Similar to bogie test, SINR, EVM, and PE on both antennas in the sedan
test also vary by the RSS, as illustrated in Figs. 12 and 13. SINR on lower
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Fig. 13. Overall OFDM signal impairments in sedan test after channel equalization
(h=15m).

barrier antenna is —27 dB in the beginning, and decreases to —15 dBm post
crash. SINR of upper barrier antenna is always around 21-23 dB pre- and
post-crash when vehicle is stationary. SINR fluctuates between 5 and 34 dB
during the test. EVM starts as =26 dB and -19 dB for lower and upper an-
tennas, respectively. RSS in peri-crash fluctuates between-9 and-29 dB for
the lower antenna, and between -26 and -18 dBm for upper antenna. RSS
converges at =12 and —-22 dB for lower and upper antennas, respectively.
The variation in PE also echoes with the dynamics of RSS.

CDFs of SINR, EVM, and PE on the lower and upper barrier antennas are
shown in Figs. 14 and 15, respectively. For the lower antenna, median SINR
in pre-crash stationary and post-crash stationary intervals are 3-10 dB higher
than mobile intervals (pre-crash moving and pericrash). Accordingly, me-
dian EVM and median PE in stationary intervals is 3-11 dB and 0.04-0.1 rad
better than mobile intervals. On the upper antenna, however, it is the op-
posite: Median SINR in stationary intervals is 1-5 dB lower than mobile in-
tervals. The EVM of mobile intervals has larger variation than stationary in-
tervals. Median PE in pre-crash stationary is 0.3 rad worse than the other 3
intervals due to lower RSS. Variation of PE in peri-crash is larger than 2 pre-
crash intervals. Moreover, on both antennas, SINR, EVM and PE in Peri-crash
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are not the worst among the 4 intervals in terms of median value, but have
the largest variation. This shows that the impairment of signal quality dur-
ing crash may manifest as larger dynamics.

Channel coherence for the two barrier antennas are presented in Fig. 16.
The coherence time of lower antenna (Fig. 16(a)) for pre-crash stationary,
pre-crash moving, peri and post crash are 6.2, 2.6, 3.2, and 8.5 ms, respec-
tively. For upper antenna (Fig. 16(b)), the coherence time of the four inter-
vals are 4.6, 4.4, 3.5, and 2.7 ms, respectively. The results show that lower an-
tenna results in high channel coherence time when the vehicle is stationary,
but low channel coherence time when the vehicle is moving. It could be ex-
plained that signal from moving transmitter to lower antenna may experi-
ence more fading than upper antenna due to the effect of ground.

The symbol missing rate (SMR) and BER every 5 frames for the two bar-
rier antennas are shown in Fig. 17(a) and (b). For lower and upper antennas,
the overall SMR are 3.5% and 16.7%, respectively, and the overall BERs are
3.090% and 10.53%, respectively. The SMR and BER on upper antenna are
4.7 and 3.4 times higher than those of the lower antenna. This shows that
lower barrier antenna consistently outperform upper barrier antenna when
other conditions are the same.

0.5
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4.3. Pickup to steel barrier crash test

In the bogie and sedan tests, both vehicle and barrier antennas are direc-
tional. For comparison, we conducted the pickup test, which evaluates the
performance of the combinations of omni-directional vehicle antenna, omni-
directional and directional barrier antennas. In this test, three barrier receiv-
ers are used, two omni-directional antennas with heights of 0.78 m and 1.98
m, respectively, and one directional antenna with height of 1.85 m. The ex-
perimental setup is detailed in Section 3.

The pickup starts moving at t = =18 s, accelerates to 62 mph att = -3 s,
hits the steel barrier at t = 0 s, and then moves along the barrier until it fully
stops at t = 5 s. The peak acceleration during the crash is — 5 g. The RSS at
three barrier antennas aligned with acceleration and speed of the vehicle
during pickup test are shown in Fig. 17(c), with highlights of the four inter-
vals in Table 2. Connectivity of the directional barrier antenna is established
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before vehicle starts moving, at a distance of 338 m. Due to lower gain, con-
nectivity of omni-directional antennas is established at shorter distances,
specifically, att = -6.3 sand t = -=1.5 s for lower (h = 0.78 m) and upper (1.98
m) antennas before the crash, or about 100 m and 30 m away from the crash
point, respectively. However, after the crash, the connectivity of directional
barrier antenna is lost as the vehicle is outside the main lobe. This suggests
site-specific antenna alignment is necessary for practical V2B deployments.
The RSS at directional barrier antenna during pre-crash stationary is 5.7
- 7.9 dB higher than that at the lower and upper omni-directional bar-
rier antennas. The lower omni antenna RSS varies between — 71 dBm—- 52
dBm between pre-crash static and pre-crash moving phases. However, dur-
ing post crash, it increases up-to — 42 dBm. The RSS of directional antenna
fluctuates between — 60 dBm to — 51 dBm during pre-crash static and pre-
crash moving phases. On the other hand, it rises up-to — 41 dBm during
peri-crash. When the pickup fully stops, t>6 s, RSS at the upper omni-direc-
tional barrier antenna is 2 dB higher than the lower omni barrier antenna. It
is because the line-of-sight between vehicle antenna and lower omni bar-
rier antenna is partially blocked by the rooftop of the vehicle after crash.
From Fig. 17(c), degradation of RSS can be observed throughout the test.
Furthermore, during mobile phases, the RSS also follows a smooth transition
between valley and peaks. The degradation in RSS is linked to small scale
fading, while the smooth transition is linked to shadow fading, as vehicle
travels while barrier antenna is stationary. The highest peaks in RSS for the
lower and upper omni barrier antennas occur in pre-crash moving and peri-
crash intervals, while the highest peak for directional barrier antenna oc-
curs in the pre-crash moving interval. Based on the peaks (-3.8 <t < -3.0
for lower omni barrier antenna, and -2 < t < -1 for directional barrier an-
tenna), the traveling distance of the vehicle across a peak is about 21-26 m.
The SINR, EVM, and PE at the three barrier antennas during the test are
shown in Fig. 18. For lower omni barrier antenna, SINR varies between 18 dB
to 24.5 dB in pre-crash moving, and the peak of SINR (26 dB) is in pre-crash

20

~h = 0.78 m Omni h=0.78 m Omni

Fig. 18. Over OFDM signal impairments in pickup test for 3 barrier antennas after
channel equalization.

h = 0.78 m Omni
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Fig. 21. CDFs of OFDM signal impairments in pickup test with channel equalization
(h = 1.85 m).

moving interval. For upper omni barrier antenna, peak SINR (27.5 dB) oc-
curs in peri-crash interval. The peak SINR on directional barrier antenna also
occurs in the pre-crash moving interval. Similar to bogie and sedan tests,
SINR, EVM, and PE in pickup test also vary by RSS, which is influenced by
shadow and small scale fading.

The CDFs of SINR, EVM, and PE at the three barrier antennas during the
4 intervals are illustrated in Figs. 19-21, respectively. Because of shadow
fading, CDFs of the metrics for omni barrier antennas are quite different
across the 4 intervals. For the lower omni barrier antenna (Fig. 19), the me-
dian SINR (EVM) in pre-crash moving is 6-9 dB higher (7-9 dB lower) than
the other 3 intervals, and median PE,_ _in pre-crash moving is 0.1-0.2 rad
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Fig. 22. Channel coherence of 4 intervals for lower and upper barrier antennas in
pickup test.

lower than the rest. For the higher omni barrier antenna (Fig. 20), the SINR
(EVM) in peri-crash interval is 2-7 dB higher (2-8 dB lower) than the other 3
intervals, and median PE,_ in pre-crash moving is 0.01-0.45 rad lower than
the rest. Moreover, the variance of the metrics in peri-crash interval close to
other intervals. Therefore, the impairment effects on omni barrier antennas
in pericrash is insignificant. For directional barrier antenna, the variance of
SINR, EVM, and PE in peri-crash intervals are significantly higher than the
other two intervals despite the dynamic range of RSS peri-crash is between
the other two intervals. This impairment pattern is similar to the bogie and
sedan tests. Note that the vehicle enters in the side lobes of the directional
barrier antenna in peri-crash interval, and then the connectivity is lost as the
vehicle moves in the area of the lowest gain.

Channel coherence of the three barrier antennas is illustrated in Fig. 22.
Coherence time for lower (upper) omni barrier antenna is 2.1 (1.8) ms dur-
ing pre-crash moving, and 1.5 (1.7) ms during post crash. For directional bar-
rier antenna, the coherence times are 4.7, 3.5, 1.6 ms during pre-crash sta-
tionary, pre-crash moving, peri-crash intervals, respectively. Note that the
coherence time for directional barrier antennas is 1.6-2.7 times that for the
omni barrier antenna when vehicle is in the main lobes (pre-crash station-
ary and moving). However, coherence time for directional barrier antenna is
similar (£7%) to the omni barrier antenna in peri-crash interval when vehi-
cleis in the side lobes. Although the crash velocity in the pickup test is 2.29
times higher than in the bogie test, the coherence time in peri-crash inter-
val in pickup test is similar (+7%) to the bogie test.

In Fig. 23 the symbol missing rate (SMR) and BER per frame for the
three barrier antennas are illustrated. During pre-crash moving interval, av-
erage SMR for lower omni, upper omni, and directional antennas are 16.36%,
33.85%, and 12.73%, respectively. Therefore, when vehicle to three barrier
antennas are the same, SMR of directional barrier antenna is 23% and 63%
lower than lower and upper omni-directional barrier antennas. However,
in peri-crash interval, average SMR of these barrier antennas are 16.19%,

(b) Omni-Directional, h=1.98m (c) Directional, h=1.85m
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Fig. 23. BER and symbol missing rate (SMR) of every 5 frames for barrier anten-
nas in pickup test.

18.18%, and 17.27%, respectively. During the crash, the difference of signal
quality at the three antennas is insignificant. In stationary intervals (post-
crash for omni barrier antennas, and pre-crash stationary for directional bar-
rier antenna), the average SMR are: 11.82%, 20.91%, and 20%, respectively.
In pre-crash stationary intervals, communication distance of directional bar-
rier antenna is 9.6 times longer than that of the omni barrier antenna. In
post-crash stationary interval, the SMR for directional barrier antenna is 69%
higher than the lower omni barrier antenna, and 5% lower than upper omni
barrier antenna. These results show that directional barrier antenna improves
signal quality when vehicle is in its main lobes compared to omni barrier
antenna, however, directional barrier antenna faces more impairments than
omni antennas at short distances.

It can be observed that panel antennas are useful to establish communi-
cation at longer distances and careful alignment is necessary for short dis-
tance communications. Omni antennas are suitable in scenarios where lon-
ger distances may not be desired (lower speeds) or directional antennas can
not maintain connectivity because of a curve or in close vicinity of a physi-
cal barrier. For omni barrier antennas, smaller antenna height leads to better
signal quality than larger antenna height in V2B communications. In the next
section, a summary of the findings of all three crash test results is presented.

4.4. Summary and discussion of the three crash test results

We summarize the RSS, SINR, EVM, and PE results in the 5 predefined in-
tervals (pre-crash stationary, pre-crash moving, peri-crash, post-crash, and
post-crash stationary) in Table 3 for the first two tests with directional ve-
hicle antenna, and in Table 4 for the third test with omni-directional vehi-
cle antenna. The impacts of vehicle and barrier antenna directivity, antenna
height, propagation environment, and mobility on the characteristics of V2B
channel are discussed as follows.
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Table 3. The average signal quality in four intervals of the two directional vehicle antenna-barrier antenna crash
tests with equalization.

Phase RSS (dBm) SINR (dB) EVM (dB) PE (rad)

Bogie Sedan Bogie Sedan Bogie Sedan Bogie Sedan

09m 0.82m 15m 09m 082m 15m 09m 082m 15m 09m 082m 15m

Pre-crash stationary -59.335 -52.889 -60.284 2337 27.72 21.17 -20.83 -25.09 -18.98 0.088 0.052 0.100

Pre-crash moving -62.890 -62419 -56.080 20.16 2049 26.55 -17.68 -18.13 -17.79 0.127 0.135 0.065
Peri-crash -67.249 -60.240 -52.201 1592 2213 2421 -13.63 -19.95 -22.74 0.196 0.111 0.088
Post-crash -66.954 -45.678 -61.695 1625 26.88 2358 -13.95 -28.68 -22.33 0.172 0.038 0.083

Table 4. The average signal quality in five intervals of the omni-directional vehicle antenna-directional/omni barrier
antenna crash tests with equalization.

Phase RSS (dBm) SINR (dB) EVM (dB) PE (rad)

Directional Omni- Directional Omni- Directional Omni- Directional ~ Omni-
directional directional directional directional

1.85m 0.78 m 1.98 m 1.85m 078m 198m 185m 078m 198m 185m 078m 198m

Pre-crash stationary -59.924 - - 21.325 - - -19.439 - - 0.097 - -
Pre-crash moving -51.670 -57.393 -71612 26.578 20410 10.015 -22.787 -18322 -7.782 0.069 0.154 0432
Peri-crash -63.245 -68.255 -61.998 19.016 13.748 18720 -15.662 -11.105 -16.351 0.244 0226  0.156
Post-crash - -69427 -67.878 - 11921 13.525 - -9.763 -11.505 - 0280 0232
Post-crash stationary - -65.591 -67.878 - 11.627 15.928 - -9.613 -13.688 - 0233 0.19%

Environmental complexity is one of the major determinants of channel
characteristics. The BER and symbol missing rate (SMR) of the bogie test
(Fig. 11(b)) exhibit less fluctuations compared to the sedan test (Fig. 17(a)
and (b)) despite the fact that similar configurations of transmitters and re-
ceivers are employed in these two tests. This can be explained by more in-
tensive small scale fading in a richer multi-path environment of the second
test. Interestingly, although the pickup test is conducted in a similar envi-
ronment as the bogie test, its BER and SMR show significantly more fluctu-
ations than the first two experiments. Such degradation can be attributed
to more severe small scale fading caused by more richer multi-path com-
ponents when omni-directional vehicle antenna is employed.

The influence of antenna directivity on V2B channel is further illustrated
by channel coherence time. In the pre-crash intervals of the pickup test, the
coherence time of higher omni-directional barrier antenna (h = 1.98 m) is
only about half that of the directional barrier antenna (h = 1.85 m) despite
the fact that their heights are only 0.13 m apart and the signals are from the
same vehicle antenna. It shows that less small scale fading is caused by fewer
multi-path components when vehicle antenna is in the main lobe of the di-
rectional barrier antenna. In fact, the two omni-directional barrier antennas
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have similar coherence time despite the difference in their heights. How-
ever, in the peri-crash interval, only when the vehicle antenna is in the side
lobes of the directional barrier antenna, the coherence time becomes simi-
lar to that of the omni-directional barrier antennas.

Higher mobility of vehicle also reduces the channel coherence time be-
cause of lower similarity of propagation environments over unit time. The
velocity of vehicle in the bogie test is 80% higher than the sedan test, ac-
cordingly, coherence time in bogie test is 58%—-64% of the sedan test. More-
over, during crash, the mobility and orientation of vehicle would experience
drastic and complex variations on its pitch, roll, and yaw axes compared to
regular encroachment. Such irregular movements would cause mismatch in
directivity between vehicle and barrier antennas, even for omni-directional
vehicle antennas with a narrow vertical beam-width. Therefore, significant
degradation of signal quality and channel coherence time in peri-crash in-
terval are observed in the first two tests where both vehicle and barrier an-
tennas are directional. This also explains the severe signal degradation in
bogie test with more intensive impact than the sedan test. The directivity
mismatch during crash could be reduced significantly by using omni-direc-
tional antennas on both vehicle and barriers. As a result, we did not observe
significant degradation in signal quality during peri-crash for the omni-di-
rectional receivers of the pickup test.

Antenna height also plays an important role in V2B communications. With
similar heights, the BERs of 0.9m barrier antenna in bogie test (3.215%) is
close to that of 0.82 m barrier antenna in sedan test (3.090%). However, BER
of 1.5 m barrier antenna in sedan test is over 3 times higher (10.53%) than
that of the lower one (0.82 m). Similar patterns are observed in the pickup
test, where BERs of upper directional and lower omni-directional barrier an-
tennas are 3.92% and 7.19%, respectively. However, for upper omni barrier
antenna, BER is 4 times higher than that of the lower omni antenna. More-
over, in the pickup test, connectivity of the lower omni-directional antenna is
established at much longer distances (~100 m) than the upper omni antenna
(~30 m). These results show that barrier antenna height plays an important
role in V2B communications. For low antenna heights, higher electromag-
netic wave energy is reflected from the road surface since the angle of inci-
dence is larger. This finding could be exploited in the design of V2B systems.

The BERs of the three tests are further summarized in Fig. 24, where the
entire data reception is divided into four periods. Static: from the beginning
to just before the start of car, Moving: from the start of the vehicle to just t
= -2s,Crash:fromt=-2stot=5s,and Stop: fromt=5stot=12s. For
fair comparison of the three antennas, we exclude the missing data at 12 -
14 s due to human activities after vehicle fully stops. The BER for crash in-
terval of the upper barrier antenna for sedan test is about 18% higher than
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Fig. 24. BER of 4 phases in bogie and sedan crash tests.

the other two lower barrier antennas for bogie and sedan tests, while the
BER in other 3 periods of the three barrier antennas for these two tests are
very close. On the other hand, in the pickup test, omni barrier antennas have
15 and 18 times higher BER compared to that of directional antenna during
moving phase. This high BER proves that omni barrier antennas face higher
multi-path effects than directional antennas.

The three tests show that directional antennas on either vehicle or bar-
rier is able to significantly improve the communication distance and channel
coherence time of V2B systems when vehicles travel normally, while causing
significant adverse effects during an accident, or when vehicle moves into
the side lobes at shorter distances. On the other hand, omni-directional ve-
hicular and/or barrier antennas would introduce significantly more multi-
path effects and small scale fading, and reduce communication distances.
However, it is more robust during an accident. Such additional effects of an-
tenna directivity should be considered for different V2B applications. For ex-
ample, highly directional barrier antennas could be used for broadcasting
road conditions on straight highways, while omni-directional barrier anten-
nas can be used for issuing safety critical signals to inbound and outbound
traffics at short distances, and/or on sharp curves and intersections. Fur-
thermore, our test results show that deploying barrier antennas at near bar-
rier height could improve signal quality compared to larger antenna heights.

4.5. Impacts of channel equalization

Compared to [39], in this paper, we present the experiment results follow-
ing LS channel equalization as discussed in Section 3.2. The LS channel
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Table 5. The average signal quality in four intervals of the two directional vehicle antenna-barrier antenna crash

tests without equalization.

Phase RSS (dBm) SINR (dB) EVM (dB) PE (rad)

Bogie  Sedan Bogie Sedan Bogie Sedan Bogie Sedan

09m 082m 1.5m 09m 082m 15m 09m 082m 15m 09m 082m 15m
Pre-crash stationary -59.335 -52.889 -60.284 2332 2780 21.04 -523 -245 -378 0.685 0.693 0.698
Pre-crash moving -62.890 -62419 -56.080 2022 2053 2647 -327 -324 -299 0716 0682 0.704
Peri-crash -67.249 -60.240 -52201 16.00 2223 2426 -265 -499 -3.03 0.702 0.685 0.668
Post-crash -66.954 -45678 -61.695 1644 3146 2393 -6.19 -243 -3.05 0657 0687 0.717

equalization helps us to demodulate and decode the raw IQ data, and then
recover its frame structure. Based on the timing information of the frame
header, numerous missing chunks in the raw data are discovered and their
lengths are identified. This helps us recover the correct timeline of the re-
ceived signal, and identify the correct intervals of the signal for each stage
of the test. For example, the crash moments in the Bogie and sedan tests af-
ter timing recovery is corrected 0.2 and 0.1 s backward, respectively. Mean-
while, temporal resolution is improved from seconds in [39] to milliseconds
in this paper.

The average RSS, SINR, EVM, and PE of the four intervals after (Table 3)
and before (Table 5) equalization are compared, with correct timing on both
equalized and unequalized signals. We can find that the EVM is improved
-16.37 dB on average, and PE on average is improved to only 12-21% of
the unequalized results. Especially, without equalization, PE exhibit period-
ical fluctuation which could lead to a significant difference on the average
PE of an 1 s interval with a shift of only a few hundreds of milliseconds [39].
However, equalization does not influence RSS and has little impact (0.04 dB-
0.19 dB) on the SINR.

Higher time resolution also reveals the impact of the environment. The
bogie test is conducted in an open, clean environment, while sedan test is
conducted in a more complex environment with more buildings, static ob-
jects, and moving personals and vehicles. As a result, deeper fading in a
more complex environment causes more spurious degradation of perfor-
mance metrics and packet losses. For example, symbol missing rate increases
from 2.3% in the bogie test to 3.5% (16.7%) for the 0.82 m (1.5 m) antenna
in the sedan test. Moreover, it can be observed from Figs. 12, 13, and 17,
that the spurious effects are not strongly correlated with lower SINR. For
V2B communication, it implies that road traffic could significantly influence
the communication quality. These environmental dynamics should be con-
sidered in the design of communication protocol.
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5. Conclusions

Vehicle to barrier (V2B) communication system is a new addition to the
family of V2X communication approaches, aiming to enhance transporta-
tion safety. To guide the development of V2B communication solutions, in
this paper, real-world crash test results are presented, which reveal the ef-
fects of the vehicle crash on OFDM signal transmission on the 5.8 GHz band.
Besides environmental complexity and vehicle mobility, antenna height
and directivity are also found to have a significant influence on the charac-
teristics of V2B channels. Experiment results consistently show that barrier
antennas deployed at barrier heights (0.82-0.90 m) have better signal qual-
ity, longer communication distances, and longer channel coherence times
than larger antenna heights (1.5-1.98 m), due to larger angle of incidence
at the ground-air interface. Moreover, for vehicles traveling normally, direc-
tional barrier and vehicle antennas not only increase the communication dis-
tances but also reduce multipath effects and hence, small scale fading. As a
result channel coherence time can be significantly increased when directional
antennas are employed. These improvements, however, may be traded off
during runoff- road crashes due to directivity mismatches caused by drastic
changes of vehicle orientation and accelerations. As a result, deployment of
directional barrier antennas needs to be accomplished with care. In contrast,
omni-directional antennas suffer from shorter distances and multi-path fad-
ing but are not significantly affected at short distances. Accordingly, these
findings can be exploited in the development of new solutions to prevent
run-off-road accidents and/or mitigate the fatalities and injuries.
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