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Abstract—IEEE  802.11p is currently being developed
international standard, which specifies physical (PHY) and
medium access control (MAC) protocols for car-to-car and car-
to-infrastructure communication and should become a basis for
safety-related and infotainment applications in future vehicular
ad-hoc networks (VANETS). In VANETS beaconing is one of the
most important communication modes, which is used to advertise
the presence of a car to its neighbor cars. For different
applications timely and successful delivery of beacons containing
speed, direction and position of a car is extremely important. In
this paper, we present analytical methods for car-to-car
communication analysis and investigate the influence of beacon
generation rate on the mean beacon transmission delay and
probability of a successful beacon reception in the IEEE 802.11p-
based network in both saturated and unsaturated cases.

Keywords - car-to-car communications; vehicular ad-hoc
networks; periodic broadcasting; analytical modeling; IEEE
802.11p.

1. INTRODUCTION

Car-to-car (C2C) and car-to-infrastructure  (C2I)
communications is practically important area and naturally
extremely hot research field. Work is this area is being
performed by many industrial, governmental and academy
bodies around the world (e.g. European project Car2Car [1]).
International standardization is particularly performed by the
IEEE 802.11p working group [2]. IEEE 802.11 Distributed
Coordination Function (DCF) protocol [3] is used as a basis
for a new standard. The core idea of C2C and C2I is to provide
communication protocols in order to exchange different kinds
of information between vehicles, different road sensors, road
signs and signals and even pedestrians. Information
transmitted across the vehicular ad-hoc network (VANET) can
be of two types: commercial / entertainment / information
services (e.g. on-board Internet access) and safety-related /
critical (e.g. crash of the cars in the direction of movement,
icy road on the closest turn, etc.).

In VANETS each network node (typically vehicle) has to be
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constantly aware about its surroundings (e.g. other vehicles
speeds/directions). This is why each car periodically transmits
in a broadcast mode short status messages (beacons). The
following tradeoff exists when one implements beaconing in
VANETS:

1) For safety-related applications, more frequent
information update between vehicles (what means higher
frequency of generation of beacon messages) is needed.

2) On the other hand, transmission delay and probability
of collisions increase, when too many packets are transmitted
by IEEE 802.11 DCF protocol.

First analytical analysis methods for the IEEE 802.11 DCF
were presented in the pioneering works of Bianchi [4] and
Conti [5]. These results provided the framework for the
exhaustive analysis of IEEE 802.11 protocol, which was
conducted by different authors in the last ten years.
Nevertheless, VANETSs introduce new challenges and C2C
communications still require further study, especially if one
considers safety-related applications.

Critical information dissemination in IEEE 802.11p
VANETS is investigated in detail in works of Torrent-Moreno
et al. [6] — [8] and are summarized in his PhD-dissertation [9].
In [9] Torrent-Moreno studies broadcasting of beacons in
IEEE 802.11p VANETs only by means of simulation.
Analytical methods for broadcasting in IEEE 802.11 are
developed by Lyakhov and Poupyrev in [10] and [11]. Under
the assumptions of Poisson packets arrival process and using
the mathematical apparatus of Markov-chains, they have
developed a method to estimate the mean notification time in
IEEE 802.11 network, when broadcasting mode is used.

Broadcasting in IEEE 802.11 in application to vehicular ad-
hoc networks recently has been performed by Ma, Chen and
Refai for the saturated [12], [13] as well as for the non-
saturated case [14], [15]. For the non-saturated case, given
that Poisson beacons arrival process is assumed, they consider
a user as M/G/1 queuing system. First and second moments of
beacon service time have been computed by means of
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probability generating functions approach. In contrast to
papers of Lyakhov, Ma has also introduced into the analysis
some aspects of highway scenarios (mobility of cars, fading
channel, etc.).

In [16] Vinel et al. have modeled IEEE 802.11p VANET as
D/M/1 queue and roughly estimated mean beacon
transmission delay (D) and beacon reception probability (P).
According to the [15] the following requirements have to be
met for the above metrics for the safety-related applications:
P>0.99 and D < 500 ms. From works [12] — [16] one can
come to a conclusion: in typical configuration mean delay D
requirements are met by the IEEE 802.11p, but probability P
is lower than the required threshold.

Firstly, this means that more investigations of broadcasting
in VANETs are needed and development of new analytical
methods, which will be more precise and will help to develop
the ways for improving the performance, is of a great
importance. Secondly, since for typical beacon arrival rates
values system operates far from saturation point and there are
almost no queues of beacons in the MAC-layer buffers of
stations, consideration of queues (like in existing works [12] —
[16]) makes few sense.

Moreover, due to the nature of beacon messages, which
include information about position of the car (e.g. obtained
from the on-board GPS system), its speed and direction, it is
reasonable to assume, that if new beacon is arriving and
previous has not been yet transmitted, then new beacon
replaces an old one. There is no need to transmit the
information, which is not up-to-time any more.

Therefore, the contribution of our work in IEEE 802.11p
VANET analysis is the following. We introduce a new
analytical method to evaluate the performance of beaconing in
VANETSs. This method is simple, precise and corresponds to
the features of vehicle-to-vehicle communications assuming at
most one beacon at a time in the MAC-layer buffer.

The paper is organized as follows. In Section II we
summarize the principles of broadcasting in IEEE 802.11.
Section III is the core of this paper, where assumptions of our
model and our analytical approach are presented. Numerical
results discussions are included in Section I'V.

II.  BROADCASTING IN IEEE 802.11

Let us provide the reader explanation of IEEE 802.11
broadcasting protocol, what is needed to understand the
further analysis [3]. IEEE 802.11 DCF introduces carrier-
sense-based random multiple access scheme called Carrier
Sense Multiple Access with Collision Avoidance (CSMA/CA)
with a version of Binary Exponential Backoff (BEB) applied
for the collision resolution. There are no any
acknowledgments mechanisms for broadcasting in IEEE
802.11 DCF. Station starts to transmit DATA frame, which
contains a beacon, only if the following conditions hold:

1) Channel is free during DIFS (Distributed InterFrame
Space) since the last sensed transmission in the network. EIFS
(Extended InterFrame Space) is used instead of DIFS
whenever PHY layer indicates, that frame transmission did not

result in a correct Frame Check Sequence (FCS).
2) Backoff time of the station is expired.
3) There are packets to transmit in the queue of a station.

Particularly, when new packet arrives, the station either
immediately transmits it, if the channel is idle, or goes into the
backoff state. Following [10] we refer to this immediate
transmission as asynchronous, which is different to
synchronous, performed after the backoff. On transition to the
backoff state, backoff counter is set into the initial value b,
which is called the backoff time, measured in the slot of
duration ¢ (SlotTime) and uniformly chosen from (0,...,#-1).
Value W, which is referred to as contention window, does not
increases (what is different from the unicast transmission),
because broadcast transmission is not acknowledged and
therefore MAC-layer retransmissions are not performed.

III.  SYSTEM MODEL

A.  Assumptions of the model

For simplicity reasons, we assume, that there are fixed
number of vehicles (denoted as n— 1) in the communication
range of each vehicle (therefore in total the group of n vehicles
is considered, Fig. 1). Moreover, carrier-sense range equals to
communication range (this assumption is reasonable since for
typical configuration setup — carrier-sense range is a bit larger,
than communication range [9], p. 30). All these vehicles “see”
the channel in the same way. Integration of realistic cars
movement model [9] into the analytical analysis is a complex
problem and is out of this paper scope. In [15] it is assumed,
that vehicles are placed on the road according to Poisson point
process, but no explanation for such an assumption is provided
there.

We refer to a vehicle, which has a beacon to transmit, as an
active one, other vehicles are called inactive. Bernoulli
beacons arrival process is assumed. A probability, that a
vehicle generates a beacon for the slot duration is denoted p.

Let us additionally introduce the following assumption:
probability of transmission by active vehicle in a randomly
chosen idle slot is constant for all the vehicles and does not
change during the time. We denote this probability as z. It is
easy to show (see [4], [14]) that probability = for broadcast
mode can be approximated as follows:

2 )

= .
W+1

We assume that there are three possible situations in the
channel (idle, success and collision) and additionally use the
following notation:

T, — duration of successful transmission (7,=7,+ L / R +
DIFS + 6, where L (bits) is length of beacon packet, R is a
channel data rate, J is propagation delay, 7} is duration of a
Preamble and PLCP header);

T, — duration of collision (7.= T, + L / R + EIFS + 9);

s=1,/0 — number of slots used by the successful
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transmission;
¢ = T,/ 0 — number of slots wasted by the collision;

e — probability of beacon packet distortion by noise
(e=1-(1-BER)", it is assumed, that the header is received
successfully always, events of erroneous reception of different
bits are independent, BER stands for the bit error rate).

We are interested in the computation of the following
performance metrics:

1) Mean beaconing delay (D) is the time from the
moment the beacon was issued until it has been transmitted.

2)  Probability of successful beacon delivery (P). We
assume, that beacon can be lost due to one of the following
reasons:

- beacon distortion by noise;
- collision of a beacon with other beacons;

- new beacon arrives to the active vehicle (in this case new
beacon replaces the old one and the old one is assumed to be
lost — “killed”).

Communication range

Maximum 11 — 1 other vehicles (each transmits either “asynchronously”
‘with probability 1 or “synchronousty” with probability s)

|, DIFS DIFS EIFS
Beacon in a slot . l
wppears with Carl: Beacon
probability o~ @R Time
& Car2: T, ac
F—t—
Time
Car3: a Beaco)
—t—
3 Time

Backoff counter
is frozen

Fig. 1. General illustration of the model

B.  Low load and saturated cases analysis

First we consider the following two extreme cases: there is a
very low number of cars (system almost empty) — 1) and there
are always n active stations in the system — 2):

1) If one car transmits a beacon in the empty system, then
obviously we have the following simple result for the
probability of successful beacon reception and mean
transmission delay:

B=l-e, 2
D, =T, - DIFS. 3)

This means, that beacon will be transmitted asynchronously
(immediately without any backoff delay) and can be lost only
due to the noise in the channel.

2) If there are always n active vehicles under consideration,
then the following approach can be applied. Taking into
account the fact, that due to our assumptions beacons are
coming to the vehicles with probability p, then the average
number of beacons arriving into the system for slot duration is
A=pn. On the other hand average number of beacons, which
are successfully transmitted (per slot) is

sP, “

s

TR

where P,=nn(l-7n)" '(1-e), P.=(1-n)", P.=1-P,—
P, — are the probabilities of a successful transmission, empty
channel and collision respectively.

Therefore for the overloaded queuing system (when 4 > p)
probability of successful beacon delivery is

Py =pld= S
_ sa(l-m)""(1-e)
plsna(l-m) " (1-e)+c(l-(1-n)" —nx(l-7)"" (1-e))+(1-7)"]

Mean beacon transmission delay can be computed using
approach similar presented in paper [16] (formula (6)) — we
simply multiply the mean number of slots needed to perform
one beacon transmission and average duration of an interval
between two consequent backoff counter decreases:

D :[WT_I[PE +sP +cP]+(1-7m) " (1-e)s+ ©)

sat

+(1-(1-7)""(1-e)clo.

Therefore, now are able to compute the performance
metrics in the extreme cases of low and high beacon
generation rates. There is an analysis for the arbitrary beacons
generation rate below.

C. Unsaturated case Markov-chain analysis

Let us assume that the time axis is slotted into slots of
duration ¢. We introduce the following discrete time three-
dimensional Markov chain to model the system behavior:

{i(®), j(@),k(®)} > (N

where i(f) — number of active vehicles, j(f) — number of slots
until the channel becomes idle, k(f) — current collision
multiplicity (all variables are computed by the beginning of
slot ¢, in the following text for simplicity index ¢ will be
omitted). The following bounds are valid for the above
random variables:

- number of active vehicles: 0 <i <p;
- number of slots:
ifi=0, thenj=0;
if i > 0, then 0 <; < max(c, s);
- collision multiplicity:
if j=0, then k= 0;
ifi>0,then1<k<i.

The total number of states in this chain can be computed as
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follows: 14+, + i k max(c, s) » Where (1+7) corresponds to the
k=1

states {i, 0, 0}.

Denote a probability that m from i active vehicles are
transmitting in a slot (0 < m <i) as:

a(m,i) z(i]ﬂ"" (1-m)™; ®
m

and probability, that / new packets are arriving, if there are i
active vehicles (0 </<n—1i) as:

—i ) 9
b(l,i) = [” 1 ’Jp’(l—p)"”. ©)

Now we can write out transition probabilities of the
considered Markov-chain. We classify them into three groups:

a) Transitions from idle states {7, 0, 0}:

Prii,0,0(,0,0} = a(0,i)b(0,1) ;
Prii,s,111,0,0} = (1-e)a(l,)b(0,i);
Prii,c1]4,0,0} = ea(L,i)b(0, ); (10)
Prii+1,5,1],0,0} = (1—e)a(0,)b(L,i);
Prii+1,¢,1]4,0,01 = ea(0,i)b(L,i)
Prii+1,c,l+m|i,0,0} = a(m,i)b(l,i), [+ m=2.

Note, that in probabilities (10), it is taken into account that
asynchronous transmissions occur immediately after the
generation of the packet.

b) Transitions from states, when one slot is left till the
end of current transmission (either successful or collisional)
{i, 1, k}:

Pr{i—k+1,0,0]i,1,k} =a(0,i—k+1)b(l,i);
Pr{i—k+1,s1|iL,k}=(1—-e)a(l,i—k+Db(l,i);
Pr{i—k+1,cl|il,k}=ea(l,i—k+1)b(l,i);
Pr{i—k+1,c,m|iLk}=a(m,i—k+Db(l,i), m=2.

(11)

¢) Transitions from states, when more than one slot is left
till the end of current transmission (either successful or
collisional) {i, j, k} (j > 2):

Prii+1,j—1k|i,j,k} =b(l,i)- (12)

Let us denote the stationary distribution of the considered
Markov chain (7) as follows:

p(1,J,K)=lim,__Pr{i(t)=1, j(t)=J,k(t)=K} - (13)

Detailed analysis of the opportunities to get the closed-form

solution for this Markov-chain is out of this paper scope. We
compute this distribution by means of iteration method.

Using stationary distribution of the considered Markov-
chain we can easily compute needed performance metrics. For
example, the mean number of the beacons in the system is

n i max(c,s)
N=)i PG, j,k) (14)

=l k=l j=l

Applying Little’s law and taking into account, that this is a
system with looses, we obtain the mean delay for the beacon
transmission (assuming new beacons does not “kill” the old
ones)

" o= N 0.
n-N)A_ (n-N)p (15)

IV. NUMERICAL RESULTS

We summarize the values of parameters, which we used for
the experiments in Table II. Intensive discussions on the
choice of these values can be found in [9], p.24. IEEE
802.11p draft PHY-layer constants are taken from [9], p. 121.

TABLE L PARAMETERS OF STUDY
Parameter Value
R 6 Mbps
o 16 ps
SIFS 32 us
J <<1ups
DIFS 64 us
/4 16
L 500 bytes x 8 = 4000 bits
Ty 32 us+8 us =40 ps
EIFS 32 ps+ 112 ps + 48 ps + 64 pus =248 ps
BER 10%,10°, 10°

We use our Matlab® simulation program for IEEE 802.11p
broadcast. Due to the page limit, we do not include details of
validation of this model. However, it is worthy to mention,
that we have not found significant differences between the
simulation and analytical results for different sets of input
parameters.

Below we give some examples of the obtained numerical
results. We depict the performance metrics for highly
congested system (Fig. 2, 3) for different number of vehicles n
in the system (in other words there are n — 1 “neighbors” of
some particular car in the system) and different quality of the
channel / robustness of coding and modulation scheme
(different BER values). We assume that beacons arrive to a
vehicles with intensity 20 packets per second, what
corresponds to the requirement of safety-related applications
[9], therefore p = 3.2:10™*. For unsaturated case (Fig. 4) we
model the system behavior for n = 10.
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Fig. 2. Probabilities of successful beacon reception for the saturation case
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Fig. 3. Mean beacon transmission delay for the saturation case

D [psec]

Beacon generation probability p ot

Fig. 4. Mean beacon transmission delay for the non-saturation case

V. CONCLUSION

We have introduced some new analytical methods to study
beaconing in vehicular ad-hoc networks. Numerical results
demonstrate that these methods can be used to estimate the

probability of successful beacon delivery and mean beacon
transmission delay to check the car-to-car application
requirements. We see that in typical scenarios, delay
requirements are met, but probability of successful beacon
reception is rather low. The disadvantage of the proposed
Markov chain for the analysis of unsaturated case is the large
number of its states. More computationally efficient
approaches for the non-saturated case are worth investigating
in the future.
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