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Abstract—This paper studies the design of Medium Access (AVSS). The following is typical of an AVSS application
Control (MAC) protocols for a vehicle or the roadside to send  and its communication requirements [11].
safety messages to other vehicles. The target is to meet vehicle Cooperative Collision Warning
safety applications’ requirements of high reliability and low
delay in reception. The communication is one-to-many, local, 1) Definition
and geo-significant. The vehicular communication network is Use vehicle-vehicle communication to collect sur-

ad-hoc and highly dynamic, with potentially large number of rounding vehicle locations and dynamics and warn
contending nodes. We design several random access protocols . L
the driver when a collision is likely.

residing in MAC and MAC extension layers. The protocols S
fit the DSRC multi-channel architecture. Analytical bounds 2) Application needs

of the protocols’ performance are derived. Simulations are a) Vehicle to vehicle communication
conducted to compare the performance of the protocols in b) Two-way communication

terms of reception reliability and channel usage efficiency.

The sensitivity of the protocol performance is tested under ¢) Point-to-multipoint communication

various communication conditions as well as vehicle traffic d) Allowable latency~ hundreds of msec
conditions. The results show that our approach is a feasible e) Frequency (update rate) 10 Hz

solution to the MAC design problem to support vehicle safety f) Data to be transmitted and/or received - position,

communications. velocity, acceleration, heading, yaw-rate

g) Range of communicatiorr 50-300 m

Vehicle safety communications are point-to-multipoint,

Efforts are being made to enhance the safety and effpcal, and geo-significant. The set of targeted receivers is
Ciency of highway/urban traffic with the aid of WirelessSpeciﬁed as a geographic region (geo_cast [10] Zone) rela-
communication. Both vehicle-vehicle (V-V) communicationtjve to the transmitter (see Figure 1). A sender broadcasts
and roadside-vehicle (R-V) communication are being eXmessages to all the receivers in its communication range.
plored. Examples of driving systems using communicationghe receiver determines if it is in the geo-cast zone, and
include: intersection decision systems (IDS) [20], coopthus the relevance of the message and the proper response.
erative adaptive cruise control (CACC) systems [19], angthe geo-cast zone typically is a subset of the vehicle’s
automated highway systems (AHS) [8]. close neighborhood. Hence all the targeted vehicles can be

In support of these efforts, the Federal Communireached in one-hop. The vehicle communications network is
cations Commission (FCC) allocated a Dedicated Shoffme-varying and highly dynamic. A large number of nodes
Range Communications (DSRC) spectrum at 5.9GHz. Th&uld contend for the channel (e.g. when the highway is
North America DSRC standard program is establishephmmed). To facilitate deployment without major modifi-
jointly under the American Society of Testing and Matecations to the current highway system, we desighhoc
rials (ASTM) and the Institute of Electrical and Electronicsprotocolsthat work without centralized control.
Engineers (IEEE) to develop a set of standards for full The goal of vehicle safety communication MAC protocol
interoperatability throughout North America. design is to achievenigh reception reliability and low

This paper discusses the design of a Medium Accesgtency Poor performance in either is bad for AVSS.
Control (MAC) protocol for V-V/R-V DSRC communica-  DSRC safety messages are to be communicated in the
tionS. The design iS Optimized fOI‘ a Vehicle or the roadsingRC Contro| ChanneL There are non_safety messages in
to send safety messages to other vehicles. The protogak control channel as well. It is important that safety
is designed for use by Advanced Vehicle Safety Systemgmmunications not overly congest the control channel.
This work was supported by California PATH projects TO4224 an In summary, the problem we attack in this paper is
TO4210, and partially by a gift fund from Daimler-Chrysler Research an%o develop an_ aQThOC MAC protocol that can meet Fhe
Technology North America, Inc. latency and reliability requirements of safety messages in a
Q. Xuis with Department of Mechanical Engineering, University of Cal-fast changing network of vehicles, while being economical
'f°¥_1 'a,\’/laBke r';ﬁlfyj_cif‘oggz‘f OV;i}Z @;Ti?éﬂg rgsr'ag:ls(e;?ﬁgsgnced Tran.£NOUgh in the utilization of the control channel for the multi-
sits and Highways (PATH), Richmond, CA 94804-46@gonykm, channel operation scheme to work effectively.
jkOR }@Sbogr?tc.?aerkiglex\/.ifﬁuDe artment of Civil and Environmen We propose several protocols in this paper. We mathe-
tal Enginegriﬁg, University of pC:alifornia, Berkeley, CA 90720—1740maﬂca"y analyze and simulate the protocols in a vehicular
raja@path.berkeley.edu traffic environment. Results show that our approach meets

I. INTRODUCTION



Roadide | Geo-cast zone protocol is adequate if its reception probability and channel
Trnsiter busy time are acceptable for expected safety data traffic
patterns. We discuss the two measures in detail below.

O@ m@ Reception with a specified probability has the following
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T < . meaning. Each message has iatended communication
i - et range and useful lifetimeassociated with it. Our perfor-

INI . (] m;“ﬂ“‘“‘“g [ED o mance requirement is that vehicles within the specified

m ~._ 0 range receive the message within its specified lifetime with a

specified probability. The motivation for such a performance

definition is each safety-related message has a lifetime in
which it is useful to the receiving vehicles. Typically, at

the end of the lifetime next more useful message becomes

the requirements of vehicle safety communications. Olﬁvailable for transmission. i )
protocol significantly outperforms the IEEE 802.11 MAC Channel busy time (CBT) is an important performance
protocol broadcast mode in the same environment. measure when operating in the DSRC control channel. We

The rest of the paper is structured as follows. Section f€fine CBT as the fraction of time that the channel is
reviews related previous work. Section Il formulates th&ccupPied by either a successful or collided safety packets.
MAC protocol design problem in the V-V/R-V communi- It represents the fraction of time when the channel cannot
cation environment under the DSRC architecture. In se®® Used by other non-safety applications. DSRC non-safety

tion IV we propose several protocols. Section V reports thE'€SSages aré e;ser;}ﬂal for UlsehOf thle serl\gcg chagpels.
numerical results based respectively on the analytical mode"US CO”QGSt'Of” IIT t e_contLo c ?nnedw%u J:ja_opar |zhe
and simulation under various vehicle traffic conditions and{!® OPeration of all service channels and, thus, disrupt the
communication system parameters. Section VI conclud&hme multi-channel archlteqture. Our protocol should use
the paper and proposes future work. the control channel economically.

Fig. 1. The geo-cast concept

Il. PREVIOUS WORK IV. PROTOCOLS ANDANALYSIS

In ad hoc vehicular networks, TDMA, FDMA, or CDMA We describe our _MAC protocol designs in IV-A. The
are difficult due the need to dynamically allocate S|ot59erformance analysis of selected protocols are reported
codes, or channels without centralized control. We find’ IV-B.
random access to be a feasible approach. A. Description of Protocols

ALOHA [3] and CSMA [15] are the earliest studied
random access protocols. MACA [9], MACAW [5], FAMA rotocols
and its variants [7] all use the RTS/CTS scheme. OLR’ '

communication is broadcast, hence RTS/CTS cannot be* Vehicle safety applications generate a message to be
used. transmitted to other vehicles when an event occurs (e.g.

HIPERLAN/1 [4], “Black Burst' [14], and the En- on-board sensor measuremept ypdate, hard braking,
hanced Distributed Coordination Function (EDCF) of IEEE ~ ©{¢.)- We denote the useful lifetime as The mes-
802.11e [17] are all designed to support QoS. The HIPER- S29€ is passed down to the MAC layer. The MAC
LAN/1 and Black Burst approaches have no scheme to Protocol attempts to transmit the packet only within
combat hidden terminals. In EDCF, when the number of the me;sage’s .Ilfet|me and discards the packet when
contending packets of equal priority is large the probability ~ the lifetime expires. _ _
of collision is still high. This is the case for vehicle * The information in thgmessagels encapsulated n
safety communications. Reference [13] reviews the existing & Packetto be transmitted to other vehicles. In the
variants of the 802.11 DCF to support QoS. The authors ~Nomogeneous setting we study in this paper, the size of
conclude that the design of a mechanism to provide pre- packets is t|me—|nvar|ant.and is the same across nodes.
dictable QoS in an 802.11 network is still an open problem. "€ packet could contain the location of the sender,
Reference [21] gives overview of DSRC applications and the target.ed vehicle’s Iocatloq, the nature qf the evgnt,
assesses the characteristics of the IEEE 802.11 MAC and ©IC: The time taken to transmit one packet is a function
PHY layers in this context. It is anticipated that current ~ Of the packet size and the data rate of the radio. We
802.11 specifications will need to be suitably altered to meet denote this time period &5rans-

We make the following assumptions in the design of the

the QoS requirements of DSRC applications. . E_ach .moving vehicle is ou_tfitted vyith a sing_le omni-
directional antenna and a single wireless radio that can
Ill. THE MAC PROTOCOL DESIGN PROBLEM INDSRC transmit and receive, but cannot do both simultane-
V-V/R-V COMMUNICATION ously.

There are two performance measures, iregeption Figure 2 is a illustration of the idea of repetitive trans-
probability and channel busy timeThe performance of a mission. Two transmitters within interference range of one



receiver have messages generated at the same time.
protocol evenly divides the lifetime into = | .—— | slots,
where |z is the largest integer not greater than We
randomly pick anyk (1 < k < n) slots to transmit the
packets. If at least onpacketis received without collision,
the messages received by the targeted receiver, and t
delay is smaller than the useful lifetime of the message.
the other hand, the message transmission fails if all of
repeated packets are lost due to collisions. Both vehicle
Figure 2 succeed if there are no other interfering vehicl
Intuitively, repetition increases the probability at least o
packet gets through. However excessive repetition burc
the channel and degrades performance, as we see lat
our analytical and simulation results. Therefore the optimai
number of transmissionk,,; must be found.

Message 1
Generated Useful
lifetime
M Ly
Message 2
Generated
o .0
Fig. 2. The Concept of Repetitive Transmission 3)

Our protocols are all based on the repetition ideas. The
protocols are implemented in two layers, the MAC layer
and MAC extension layer.

The MAC extension layer lies between the Logical Link
Control layer (IEEE 802.2) and the MAC layer. Its role is to
generate and remove repetitions. The state machine of the
MAC extension layer is shown in Figure 3. Upon receiving 4)
a message from the LLC, the MAC Extension transits
from Idle to the Repetition Generation state. In this state,
the system schedules multiple repetitions of this message
within its lifetime in a manner to be described below, and g
store them in the MAC Event Queue. The MAC Event
Queue orders the packet events according to their scheduled
transmission time. If the Event Queue already contains a
packet for a particular time slot, the new packet replaces the
old one. Once these are done, the system transits back to
the Idle state, and signals the MAC for data transmission.
Whenever MAC Extension receives a packet from MAC,
the system transits from Idle to Repetition Removal state
to eliminate any redundant packets and passes the new
message up to LLC.

Below we describe each of the protocols we studied.

1) Asynchronous Fixed Repetition (AFR)
In AFR, as well as all other fixed repetition protocols,
the design parameter is the number of repetitibns
The protocol randomly selects distinct slots out of
the n slots constituting the lifetime. The protocol is
so called since the number of repetitions is fixed. The
radio does not listen to the channel before it sends a
packet with AFR.

2) Asynchronous P-persistent Repetition (APR)

Packet from MAC

. Done/ Repetition
New Message to LL Removal

Message from LL

Done /

Store packets in
MAC Quele,
Sigral MAC

Repetition
Generation

Fig. 3. MAC Extension Layer State Machine

The p-persistent repetition protocol determines
whether to transmit a packet in each wofslots in
lifetime by flipping an unfair coin withP(H) = %

and P(T) = 1 — £. A packet is transmitted if the
result is a head. The positive integker< n is a
design parameter of the protocol. We can see that
on average there arke transmissions in the lifetime
of a message. However, for each realization the exact
number of repetitions varies. Like AFR, the radio does
not listen to the channel before it sends a packet.
Synchronous Fixed Repetition (SFR)

This protocol is the same as AFR except that all
the nodes are synchronized to a global clock as in
slotted ALOHA[3], and all message generations as
well as transmissions happen at the beginning of
a slot. With this protocol, partial overlap between
packets is avoided. However, synchronization would
need a global clock, which is hard.

Synchronous P-persistent Repetition (SPR)

The SPR protocol is the same as APR protocol except
for the synchronization of message generation and
transmission at all nodes.

) Asynchronous Fixed Repetition with Carrier Sensing

(AFR-CS)

This protocol is a little more complicated. We de-
scribe it with its MAC state machine as shown in
Figure 4. In the MAC idle state, the system waits for
the packet event to expire. When a scheduled packet
event expires, the MAC transits from the MAC Idle to
the MAC Tx state. In the MAC Tx state, the system
checks the channel status. If the channel is busy, the
system drops the packet event. It then transits back
to the MAC Idle state, and waits for the next event
to expire. If the channel is idle, the system passes the
packet down to the physical layer (PHY). It waits for
the transmission to finish and then transits back to the
MAC lIdle state. In the MAC Idle, if PHY detects the
preamble of a packet, the system transits to the MAC
Rx state and waits for the reception to finish. Once
the whole packet is received, the system checks the
integrity of the packet. If the packet is corrupted, it
is dropped. Otherwise, the packet is passed up to the
MAC Extension layer, and the system transits back



TABLE |
NOMINAL SETTING PARAMETERS

to the MAC Idle state.
6) Asynchronous P-persistent Repetition with Carrier

Sensmg (APR_CS) Message Generation Interval (msec)|| 100
This protocol is similar to AFR-CS except that the Ugeful e Tme (msec)( ) 100

repetition slots are selected in the p-persistent manner: Packet Payload Size (Bytes) 100
Desired Communication Range (m) || 80
Average Distance Between Vehicles (1)) 30
Lane Number 4
Worst-case Interferer Number 75

MAC Timers Expires

T finished

TABLE Il
PARAMETERS STUDIED IN SIMULATIONS

e Channel die /

Drop patket

!

Packet Received / {

Packettc MAC EXT )

Channel Ide /

PAYIECLPESOE | Faciateror PHY sttt Message Generation Interval (mseg) 50, 100, 200
Packet Payload Size (Bytes) 100, 250, 400
Data Rate (Mbps) 6, 9, 12, 18, 24, 36, 48, 54
Average Vehicle Distance (m) 10 (jJammed)| 30 (smooth)
Desired Communication Range(m 10-100 30-300
Lane Number I 4,8
Fig. 4. MAC Layer State Machine for AFR-CS protocol
B. Analysis of the protocols (average value for p-persistent protocols and exact value

In this section we present analytical results about th#®r fixed repetition protocols)$ stands for the event that at
probability of reception failure (PRF) of two of the pro- least one of the repetitions succeedss the lifetime of the
tocols, i.e., SPR and APR. We use these results to validaiRessage) is the message generation rate of each individual
our simulation results and obtain insights into the design dfode, andn represents the total number of interfering nodes
all of the repetition protocols. around a receiver.

We make the following two assumptions in our analysis.

o The message generation process of each individual

vehicle is Poisson.

« The message generation processes of different vehicl

V. NUMERICAL RESULTS AND DISCUSSIONS

We use the NS (Network Simulator) [1] to simulate
t&e wireless communication network, and SHIFT [12] to
simulate highway vehicle traffic. The detailed description

are identical and independent. . C T
. p . . ?f the wireless communication is in [18] and that of the
With these two assumptions, we know immediately that . A L
vehicle traffic simulation is in [16].

the generation process of all interfering messages is also
Poisson with rate equal to the sum of the rates of all W
interferers. Assume that the rate of the Poisson process for
each node is\ and the number of interfering nodesis,
then the rate of the message generation process of all these
nodes ism - A [6]. The details of the mathematical analysis
are in [18]. We only summarize the results here.

With SPR, the PRF of one message at a receiver wmith
interferers satisfies the following inequality.

k A\ "
(1 _ emk‘rﬁ) <
n

k k n
P(=S) < (1 — ZemmATh 4 em”> (1)
n n

______

Probability of Reception Failure

Number of Transmissions

. With APR, the_ PRF of one message at a receiver with Fig. 5. Validation of Simulation Results with Analytical Model
interferers satisfies the following inequality.

(1 _ ﬁe—m” [25?—5';}) < A. Validation of Simulation
" " Figure 5 shows the analytical and simulated PRF of the
kemAT> (2) APRand SPR protocols in the nominal setting summarized
n in Table I. The analytical plots are from inequalities (1)
In the inequalities above, is the total number of slots, and (2). For both APR and SPR, the upper and lower
i.e. the maximum possible number of repetitions in a megounds are too close to be distinguished, thus we only plot
sage lifetimek is the number of repetitions for the messagene of them. The analytical and simulation results match

k

P(~8) < <1 - Se*m”P e-i2]



well. In both analysis and simulation, we see there is an
optimal probability of persistence in each slot for both
protocols. Repetitively transmitting packets beyond this LA
number congests the channel and degrades the performance
of the protocol. The optimal probability of persisterieg;,,

is 15 - | “zans | for the SPR protocol, and- | “zeus | for the

APR protocaol.

The reason that the simulation results are consistently
better than the analytical ones is the following. Since the
message generation process is Poisson rather than periodic, o ,
the lifetime of two or more consecutive messages from the ol e e
same node can overlap. The repeated packets of a prior
message can thus select the same time slot to transmlf. 6. Pprobability of Reception Failure for Proposed Protocols in the
as the packets of a later message. In the mathematitaminal Setting
analysis we treat previous messages the same as messages
from the other nodes, i.e. the node’s packets from a prior ) o )
message can collide with its packets from a later messad8€ CBT of the p-persistent protocols in Figure 7. As is
In simulation we let the packets from the latest messageé(peCted' the.CBT increases with the number of repetitions.
overwrite any colliding packets from earlier messages. Thi§Mong the simulated protocols, AFR-CS has the lowest

is more realistic. Therefore we see an enhanced performarfcB T at the same number of repetitions. With this protocol,
in simulation. less than half the channel time is occupied by vehicle safety

applications, leaving time for non-safety communications.
B. Comparison of Protocols in the Nominal Setting Since there is no repetition in the 802.11 MAC protocaol, its

Figure 6 shows the PRF of all our protocols in theCBT is much lower than repetition protocols. Combining
nominal setting. The solid black horizontal line in thethe observations from Figures 6 and 7, we conclude that in

middle is the simulated performance of 802.11 broadcadf’® nominal setting AFR-CS is the best protocol amongst

Clearly, the synchronous protocol outperforms the asydlose described in IV-A.

chronous protocols. This is like the Aloha results [3]. Also o

for the same repetition method, a CSMA protocol is better

than a non-CSMA protocol. This result is expected since

in CSMA each node listens before transmission, therefore

avoid many potential collisions. The reception failures for

CSMA protocols are mostly due to hidden terminals. Fixed

repetition protocols outperform p-persistent protocols. The

reason is that the fixed repetition protocols are better at

maintaining the number of repetitions for each message,

i.e. there is less fluctuation between the actual number of

repetition of each message and the expected number of

repetitions. S I J I R R R T R
Among the six candidate protocols, four yield lower PRF

than 802.11. The best two are AFR-CS and SFR. Theyg. 7. Channel Busy Time for Fixed Repetition Protocols in the Nominal

both achieve a minimum probability of failure 6f0008,  Setting

which is more than one order of magnitude lower than that

of 802.11. This shows that repetition helps combat inter-

- : ? Sensitivity of the AFR-CS Protocol on Design Parame-
ference by giving a transmitter more chances to transm bars

Synchronizing the transmissions among nodes and adding o )
CSMA to the protocol bring about the same level of benefit. We have done a sensitivity analysis for all the parameters
However, it is easier for the radios to listen to the channd Table Il. From this analysis one can find the feasible sub-
before transmitting than to synchronize the transmissions §#gion of the parameters that achieves given communication
all nodes to a global clock. Therefore we prefer AFR-C&eduirements. We set the communication requirements to
to SFR for deployment. be:

Figure 7 shows the CBT of the three fixed repetition pro- « Probability of reception failure< 0.01
tocols and 802.11 under the nominal setting. With the same « Channel busy time< 50%
number of repetitions, APR and AFR vyield about equaFigure 8 shows the feasible region in parameter space.
CBT. The same relation holds between SPR and SFR, aiitie three curves represent three cases with different packet
between APR-CS and AFR-CS. For clarity we do not showizes. The region below each curve is infeasible, while the

synchronous fixed repetition, 18 Mbps.
Mbps

18 Mbp:
1t CSMA, 18 Mbps

s fixed repetition, 12 Mbps
ynchronous p-persistent, 12 Mbps
2.11, 24 Mbps

Probabilty of Reception Failure

0.7F

04

el Busy Time

Channe

03

01p




region above is feasible. The figure shows that as interfamore efficient coding scheme than repetition, and simulation
ence increases, each node has to generate messages lessvfte-a stochastic V-V communication channel model.

quently in order to meet the communication requirements.
At the same time, larger packet size has a negative impact
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the nodes cannot transmit messages more than 10 times
per second; while if the worst-case interferer number is

smaller than 40, the nodes can transmit as many as 2@%
messages per second without violating the communication
requirements. If the interferer number is larger than 1103]
for the 400-Byte case, or if the interferer number is Iarger[4
than 160 for the 250-Bytes case, no message interval can
satisfy the communication requirements. For reasonable
packet sizes, we observe a large feasible region around trﬁ
nominal setting. The worst-case interferer number is 75.
This indicates that our protocol is a feasible approach for
the common settings in vehicle safety communication.

[7]
| Feasible ' [8]
| [9]
{3100* - } 7 [10]
- / Infeasible
N Tl (11]
-8~ 400 Bytes
R N R [12]
[13]
Fig. 8. Feasibility Regions for Probability of Reception Failured.01
and Channel Busy Time: 50%
[14]
VI. CONCLUSION [15]
The design of MAC protocol for vehicle safety commu-
nications in 5.9 GHz DSRC spectrum is studied. Sever 6]

protocols based on repetition coding are proposed. We
analytically study two of the protocols. We simulate all
of the proposed protocols in the vehicle communicatio
environment. The analytical results match well with th
simulation results. From among the proposed protocol§8]
we find that AFR-CS meets the requirement of vehicle
safety communication. We study the sensitivity of AFRq1g;
CS to a wide range of design parameters and find the
feasible regions of the protocol for requirements on PRF aq b1
CBT. The results show our approach is a feasible solution
to the MAC protocol design problem for vehicle safety
communications. (21]
Possible future work includes the adaptation of transmis-
sion power in the heterogenous environment, design of a

7]
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