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Abstract—We study the wireless communication among high- munication as well as transportation study. Literature shows
way vehicles in the newly-assigned 5.9 GHz Dedicated Shortattempts on channel modeling [2], cooperative adaptive cruise
Range Communication (DSRC) spectrum. A vehicle-vehicle -gnirol [3] [4], Automated Highway Systems [5], and wireless

Location-Based Broadcast (LBB) communication protocol is . . . .
designed to meet highway safety applications’ communication vehicle network [6]. DSRC is the first standard enabling

requirements. The analytical expressions of the performance t€chnique to support all these work in long term.
of the protocol in terms of probability of transmission failure The rest part of the paper is structured like the following.
and channel occupancy are derived with commonly satisfied Section Il introduces the concept of location based broad-
assumptions. The optimal relation between the performance st (| BB) and discusses its importance in vehicle-vehicle
and design parameters is obtained from the expressions. The - - -
sensitivity of the protocol performance is tested for various communlcatlon. Sec'tlon ,”I descrlbes. a LBB protopol we
communication conditions as well as highway traffic conditions. design and analyze in this work. Section IV summarizes the
Feasible combinations of the communication and highway traffic analytical results we obtained for the performance of the
parameters are found for certain requirements on protocol protocol, although we do not provide much detail of the
performance. analysis sue to space limit. Section V is the sensitivity anal-
ysis of the protocol to critical parameters in vehicle-vehicle
communication system. Section VI concludes the paper.
DSRC (Dedicated Short Range Communications) is a short
to medium range communications service that supports both !l- LOCATION BASED BROADCAST AND UNICAST
public safety and private operations in roadside to vehicle andin the most general sense, the vehicle-vehicle communica-
vehicle to vehicle communication environments. It is meant tion in DSRC could be classified as Location-Based Broad-
be a complement to cellular communications by providing vernast LBB and unicast. This paper is focused on the design
high data transfer rates in circumstances where minimiziagd analysis of LBB protocols.
latency in the communication link and isolating relatively In Location Based Broadcast [4], sender broadcasts mes-
small communication zones are important. sages to all receivers in its communication range. It is the
A spectrum of 75 MHz width at 5.9 GHz was newlyreceiver’s responsibility to determine the relevance of message
assigned by Federal Communication Commission (FCC) &md the proper response. The decision is made on basis of
DSRC. This new spectrum allows the US, Canadian, atitk relative position of the sender (e.g. in front, behind, left
Mexican Intelligent Transportation Systems (ITS) programane, distance, etc.), the purpose of the message(e.g. brake
to evolve to a new generation of RF communications betwewimrning, lane change warning, accident reporting, congestion
vehicles and the roadside, and among vehicles, that enalgesdiction, etc.), as well as the highway traffic environment.
a whole new class of communications and a new claks DSRC the LBB protocol is built on top of IEEE 802.11a
of applications to support future transportation systems abdbadcast mode, since 802.11a has been selected by the DSRC
needs. The North America DSRC standard program is formsthndard committee as the MAC layer protocol. To realize
to develop a set of DSRC standards that will support fullBB, wireless communication techniques must be integrated
interoperatability throughout North America while satisfyingvith other techniques such as Global Positioning System,
all of the application requirements [1]. Inertial Navigation System, digital map, radar, and sensor
The allocation of DSRC is recent and the standardizatidusion. The LBB is the enabling technique for wide range
process is not finished, therefore relevant literature is radd. highway safety applications such as cooperative collision
However the application of wireless communication and netarning and emergency vehicle warning.
work techniques in the control of the vehicles and highway The realization of unicast vehicle-vehicle communication
traffic has attracted much interest both in the field of conalso requires the assistance of LBB. In order to establish

I. INTRODUCTION



initial vehicle-vehicle unicast communication, we must solvB. The LBB Protocol
the anonymity problem in ad hoc vehicle communication T
networks, i.e. the communication addresses of vehicles on ) o
highway are unknown to each other at the beginning. Locationl) Vehicle safety applications generate a message to be
Based Addressing (LBA) is needed to build (in all involved ~ {ransmitted to other vehicles when an event (e.g. braking,
vehicles ) the map between the physical location of surround- ~ €Mergency) occurs. The safety application’s require-
ing vehicles and their communication addresses. This map Ments provide a useful lifetime of the message. For ex-
basically answers the question "What is the communication ~ @MPple, after 100 msec from the braking, a brake warning
address(es) of the vehicle(s) at given position(s)? . LBB is  Message may be regarded as out of date and useless to
essential for the realization of LBA. This is because that the  the collision avoidance applications of other vehicles.
LBA process depends on the vehicle-vehicle communication, e denote the useful lifetime asThe protocol attempts
while only broadcast communication is available before the (O transmit the packet only within the message’s lifetime
addressing is accomplished. Furthermore, the address-position and discards the packet when the message has expired.
map must be updated at proper frequency because of th ) The information in themessaggs encapsulated in a
dynamic property of vehicle communication network. This  lOWwer layerpacketto be transmitted to other vehicles.
update process also has to rely on LBB since when up- The packet coulq contain Fhe location o.f the sen_der,
date is necessary, the configuration of unicast network may the targeted vehicle’s location (e.g. the first following
already have changed and thus unreliable. Except for the Vehicle, all vehicles in the adjacent lane), the nature of
building and updating of LBA map, the unicast vehicle-vehicle  the event (hard braking, accident, severe road condition),
communication system is not fundamentally different from  €tc- The time taken to transmit one packet is a function
standard unicast communication system, and many established ©f the packet size and the channel bit rate. We denote
techniques could be applied. this time period as;ans- o

Therefore to design a communication protocol to realize 3) The whole lifetime is evenly divided intor = | -——|
LBB that satisfies the requirements of highway safety appli- ~ Slots. The fraction ofr that is not used is quite small
cations is one of the most important tasks in the design of Since in generalr > ty.qns (7 is in the order of

DSRC system. This paper aims to provide a first attempt in  Millisecond or even second whilg, ., is in the order
solving this problem. of microsecond. See below for detail).

4) In each of the slot, the protocol determines wether to
transmit a packet in this slot by flipping an unfair coin

he protocol we propose works as following.

[11. A LOCATION BASED BROADCAST PROTOCOL BASED

ON REPETITION CODING with P(H) = * and P(T) = 1 — . A packet is
A. An Example of Highway Safety Application transmitted if a head is obtained, whete< m is an
The primary goal of the vehicle-vehicle communication  integer, which is the design parameter of the protocol.

protocol we consider is to support vehicle safety application, 5) If any one or morepacketsare transmitted without being
therefore it is necessary for us to understand the communica- collided, themessagés received by all the vehicles in its
tion requirement of the safety application before designing the ~ communication range, and the delay is smaller than the

protocol. The following is an example application. useful lifetime of the message. On the other hand, the
Cooperative Collision Warning]: message transmission fails if all its transmitted packets
1) Definition are lost due to collisions. In this first-shot analysis we
Use vehicle-to-vehicle communication to collect sur- assume all transmitters have common clock therefore all
rounding vehicle locations and dynamics and warn the  the slots of various transmitters are synchronized.
driver when a collision is likely. Figure 1 is a illustration of the protocol. Two vehicles within
2) Application needs interference range of each other have messages generated at
a) Communication from vehicle to vehicle same time, and the protocol makes them choose multiple slots
b) Two-way communication to transmit a packet in each. Some packets collide but as long
¢) Point-to-multipoint communication as there is at least one packet goes through the transmission
d) Allowable latency~ 20-200 msec is successful. Both vehicles in the figure succeed if there are
e) Frequency (update rate) 10 Hz no other interfering vehicles.
f) Data to be transmitted and/or received - position, In the analysis below we assume that the value @ the
velocity, acceleration, heading, yaw-rate same for all vehicles, i.e. all vehicles have the same protocol
g) Range of communicatior- 50—-300 m design. From the law of large number we can see that in

The primary task of the DSRC communication protocolaverage each vehicle transmits the packet of one message
we consider here is to support such safety application. It cames, although the exact transmission number for each one
be seen that the system has to communicate small amounpafticular message varies. Our protocol is therefore essentially
information consistently at high frequency, with low delay, andased on repetition coding. Intuitively, repetition enhances the
competing with many transmitters. We describe our proposptbbability for at least one packet to get through over when
protocol to meet these challenges below. transmitting only once. However excessive repetitions add



burden to the channel and degrade the performance. Therefoaasmitter is\’ then the generation process of all the messages
the optimal number of transmissions,: must be found. is A\ = (transmitter number) .

The protocol we proposed is relatively simple. In this first Theorem 1:The probability of failureP; for one message
shot analysis, the LBB protocol does not “listen before transatisfies the following inequality:
mission”, and the receivers do not acknowledge the receipts. n o m n nm
However the design and analysis of the simple protocol could (1 - —+ q—) < Py < (1 - — +p—>
provide us with insight at least in the following three aspects. moeoom mooom
Firstly, we could obtain the worst bound of the performance of Where,
smarter protocols built on basis of the study of the current one. .
Secondly, we could find which applications could be supported p=(1—em 4e)
by the simple protocol and which require more complicated
protocols. Lastly, we could find out which parameters have
significant effects on the performance. e is exponential base

IV ANALYSIS OF THE PROTOCOL A is the message generation rate for all transmitters
' 7 is the useful lifetime

There are two communication requirements on the perfor-,, is the total number of slots in the useful lifetime

mance of the protocol. n is the average number of transmitt@acketfor each

1) Channel occupancy caused by the vehicle-vehicle comessage
munication must be lowApplications should not take
too much of the channel time, such that the potentialy: Channel Occupancy
large number of transmitters in highway environment We use equation (1) as the expression of the upper-bound
can be accommodated (e.g. in the congested highwa®f the channel occupancy, i.e. the average faction of time used
and multiple safety applications could be working sito transmit all the message in the channel.
multaneously.

2) The probability of failure for message transmission must
be low With large number of transmissions in thawvhere as stated aboveis the generation rate of all messages,
same channel and each transmitting frequently, just gs,,,, is the time taken to transmit one packet, ands the
in highway environment, packet collisions happen quitgverage number of transmitted packet for each message.
often. However low failure probability is critical for the The actual channel occupancy is smaller than this value
safety application. A good protocol should perform wekince packet collisions are not considered here. Multiple
in this aspect. packets that collide are all counted as occupying the channel

A. Probability of Failure in (1), although they overlap in time 'Fherefore their effects
are the same as one packet occupying the channel. If the

We make the following two assumptions to analyze thghannel occupancy calculated with (1) is satisfactory then the

performance of protocol in probability of failure. real channel occupancy can only be lower.

1) The message generation process of each individual ve-
hicle is a Poisson process. C. Performance of the Protocol: An Example

2) The message generattion processes of different vehiclegigures 2 and 3 shows the analytical performance of the
are identically independent. protocol with the parameters set as in Table I. This is a

With these two assumptions, we know immediately that tH¥Pical setting for the parameters for a non-congested highway

generation process of all messages is also Poisson with the Ritdronment. The description and discussion of the parameters
equal to the sum of the rates of all transmitters in interferen@ge in subsection V-A.

range. Assume that the rate of the Poisson process for each! Figure 2, the horizontal axis is the value of and
the vertical axis is the corresponding probability of failure

calculated based on the upper-bound part of Theorem 1. We
could observe that the probability of failure decreases with

g=(1-em)

Occupancy = A * typans * N Q)

ggfalj et n at the beginning, and reaches a minimum value at about
lifetime nept = 23, which is the optimal number of transmission
M [, in the sense of probability of failure. A8 becomes larger
o o o after this value the probability goes up, so the performance
Message 2 degrades. This observation agrees with intuition. Figure 3 is
Genegated the probability of failure vs. various channel occupancy, where
N i ] I, channel occupancy is calculated with equation (1). We know

T that the (upper bound of) channel occupancy calculated here
increases wit linearly, while the probability of failure de-
Fig. 1. The LBB Protocol creases withy for n < n,,:, hence we could observe the trend



TABLE |
PARAMETERS OF THEANALYSIS EXAMPLE

Message Generation Interval (msec)|| 100

Packet Size (Bytes) 200
Channel Bit Rate (Mbps) 10

Interference Range (m) 100

Average Distance Between Vehicles (i) 30
Lane Number 10

10°

probability of failure

L i i L L
30 40 50 60 70
number of transmissions

Fig. 2. Probability of failure vs. Number of Transmission

of probability of error with increasing channel occupancy.

We do not plot channel occupancy far> n,,: since with

V. SENSITIVITY TEST OF THE PROTOCOL UNDER VARIOUS

ENVIRONMENT

A. Determining Parameters of the Vehicle-vehicle Communi-
cation Performance

The parameters determining the performance of the LBB
communication are the following:

1)

2)

3)

these values of more channel is occupied without decreasing
the probability of failure. In Figure 3 the channel occupancy
for 0.001 probability of failure is about 50% (number of

transmissions about 10). This performance of the protocol is
satisfactory since about half of the channel time is left for other

4)

applications while the probability of failure is reasonably low.
Also we see that as the probability of failure decreases more
and more slowly as channel occupancy gets large. Thus after
some point the gain in probability of failure by occupying

more channel is trivial.
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Fig. 3. Probability of Failure vs. Channel Occupancy

5)

Message Generation Rate/Interval

They parameterize the frequency at which a safety
application message is generated, therefore influence
both probability of failure and channel occupancy. The
message generation rate is the reciprocal of message
generation interval. The actual message generation rate
required comes from the specific safety application. We
study what rate is supportable by our protocol.

Packet Size

This parameter determines the channel occupancy. For
vehicle safety application the packet size is generally not
large, and is in the order of a few hundred bytes [1]. This
comes from the fact that in most cases the information
needs to be transmitted is the instantaneous position,
velocity, acceleration, yaw rate, direction, warning, etc.
All of these could be represented by a few integers.
Although the packet size is small, the potentially large
number of interfering vehicles and the high transmission
frequency makes the performance sensitive to the packet
size.

Channel Bit Rate

The channel bit rate together with the packet size deter-
mines the time taken to transmit one packet, therefore
influences the channel occupancy. The channel bit rate
we use here is 10 Mbps, which is determined from the
proposed DSRC standard [1].

Interference Range

This is the range that one vehicle’s transmitted signal
could be interfere with other vehicles. It affects both the
probability of failure and channel occupancy by deter-
mining the number of interfering vehicles. Interference
range itself is determined by the transmission power and
the channel model. Instead of designing the power to
transmit and modeling the channel we assume directly
the resulting interference range, and the actual transmit
power could be calculated from the interference range
once we have the channel model and the interference
threshold of the specific radio. The channel modeling
of DSRC band in highway environment is an on-going
work of the authors [9]. In the sensitivity study we
assume omni-directional antennae, therefore the interfer-
ence zone of a vehicle is a circle centered at the position
of its antenna with the interference range as radius.
Vehicle Density/Distance

The vehicle density is the reciprocal of the distance
between two neighboring vehicles in the same lane.
Once we know this value and the interference range we
could calculate the total number of interfering vehicles
for an individual vehicle, which influences both the



TABLE I

probability of failure and the channel occupancy. Here
PARAMETERS OFSENSITIVITY ANALYSIS

we make an assumption that the traffic is at steady state
in which all the vehicles have same constant distance

from its neighboring vehicle in the same lane Message Generation Interval (msec)|| 50, 100, 200, 300, 400, 500
6) Lane Number Packet Size (Bytes) 100, 200

When the transmission power is such that the intep-  Channel Bit Rate (Mbps) _ 10

ference zone overs all of the lanes in the direction”verage Distance Between Vehicles (M) 7 (jammed) | 30 (smooth)

perpendicular to the driving direction, the lane number Interference Range (M) 7-70 30-300

influences the number of competing vehicles in the intelr- Lane Number 10, 20

600

Message generate Interval (Msec)

ference zone. The lane width we use is 3.6 meters [10].
We test our protocol in some pretty severe circumstance,
including the cases where the highway has 20 lanes, e.g.
when there are multiple highway bridges overhead. 0 - -
We conduct sensitivity test of the protocol with the param- / N
eters listed in Table Il. Wide range of parameters are tested / o 100 byes. 10 anes
. / B . —=—100 bytes, 20 lanes|
to evaluate the performance of the protocol under various 0 aly e DS
environment and the effects of different parameter to the " N / 5 200 byes, 20 lanes
. . r
performance are compared. Both jammed and smooth traffic / /
cases are assessed. 10 /

Figure 4 shows the result of the sensitivity test for jammed
traffic cases. Plotted here are the bounds of feasible parameter o w @ s @
combinations that achieve the following two communication rererence fanee )
requirements:

i ; Fig. 4. Sensitivity Test Results: Jammed Highway, Probability of Fail-

1) Probability of Failure smaller than 0.01 ure < 0.01, Channel Occupancy 50%

2) Channel Occupancy lower than 50%

For example, the dashed-cube curve is for the case when _ _ _
there are 20 lanes and the packet size is 200 bytes. Thd he future improvements of the LBB protocol include addi-
data indicates that if the interference range is 20 meteli®n of selective acknowledgments, carrier sensing, situation-
i.e. 2 vehicles in front and two in back in the same lankased adaptive transmission power control, and exploration on
are covered, then the minimum message generate intervapiger coding schemes than repetition code.
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