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Abstract: Vehicular networks are becoming an important way to provide various services. As the broadcast
is highly used in vehicular networks, there is a need to study the performance of the broadcast protocols. This
study aims to investigate the TEEE 802.11 breoadcast protocol performance in the highly mobile vehicular

network environments. In this study, we firstly propose a zone based system model to catch up the vehicle
mobility and then develop performance models based on analysis of vehicle DCF broadcast behaviors. Based
on the models, we figure out the impact of the mobility. The effectiveness validation of the developed models

is also verified by simulations.
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INTRODUCTION

As vehicles are convenient tools for people travelling
everyday, vehicular networks are becoming more and
more important in people’s daily life and have been
widely investigated recently. With high speed Access
Points (APs) are being deployed along roads, vehicles
can commuricate with other vehicles as well as the APs
when they are moving along the road. Hence the mobile
users in vehicles can conveniently report traffic
mformation, acquire travel information, even access the
Internet.

Many communication protocols have been proposed
to improve the communication performance m velicular
networks (Ott and Kutscher, 2004; Hull et al., 2006,
Balasubramaman et al, 2008; Eriksson et al, 2008,
Hadaller et al., 2007; Zhao et af., 2008, Karamad and
Ashtiam, 2008; Sikdar, 2008). Among these, the broadcast
schemes (Fasolo et al, 2006, Yang and Chou, 2008;
Bavithiraja, 2009) are noticeable for their key use in traffic
reporting, accident warning, information enquiry, Internet
access, etc. The TEEE 802.11 broadcast protocol and its
variants are the most popular schemes mn vehicle networks
because their easy deployment through commercial 802.11
products. Several works (Wang ef af., 2009, Ma and
Chen, 2008) have investigated the performance of TEEE
802.11 broadecast scheme in ad hoc networks. But they
cammot account for the performance in the vehicular
networks because they generally have their own salient
mobility and communication characteristics different from
ad hoc networks. To owr best knowledge, there has been

no analysis study of the IEEE 80211 broadcast in
vehicular networks so far.

This study focuses on the performance study of IEEE
802.11 breoadcast in vehicular commumnication
environments. The broadeast scenario we refer to in this
study 1s that any vehicle just broadcasts its request or
enquire message to its neighboring APs. Ow analytical
model considers vehicle mobility, transmission rate
diversity and TEEE 80211 broadcast transmission
behaviors. We firstly present a zone based system model
to catch up the vehicle mobility and then discuss the
transmission rate diversity of the moving vehicles. Then
we propose a three-dimension Markov chain model to
catch up the vehicle broadcast access behaviors at the
MAC layer. Fmally, we derive some related analytical
expressions of performance metrics and verify them by
simulations.

PRELIMINARY

In wireless networks, a channel rate over a link can be
adaptively selected based on the link signal quality. This
adaptive rate selection has been widely adopted by the
80211 products. Therefore, a wireless node can
dynamically adjust its transmission rate based on its
recelved signal power to the noise ratio. Suppose the
noise power is a constant, then a channel rate is
determined by the received signal power. According to
the wireless radio propagation characteristic, the
relationship between signal strength and the distance of
two communicating vehicles under realistic scenario
{(which can be modeled as Shadowing meodel) can be
expressed as (Rappaport, 2002):
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= 0

P =c-d" 10

where, P, is the receiving signal strength in a wireless
node, ¢ 1s a constant related to antenna characteristics
and the average channel attenuation, d is the distance
away from the sending node and 6 is the path loss
exponent. 04 15 a standard deviation of a Shadowimg
model variation which 18 used to reflect the
commuiication probability at some distance. o is a
random variable takes value in (0, 1). N () is the reverse
function of normal distribution function.

A selected channel rate is uniquely determined by
the maximum distance between a sender and a receiver. If
the distance 1s larger than the maximum value, the
communication pair may use a lower channel rate to
transmit data. In other words, a distance can umquely
determine a maximum channel rate. Therefore, for any
distance d which satisfies d<d = d.,, the maximum
available transmission rate 18 R, ,. Suppose the SNR
threshold value for R, 1s Thy, and the noise level 15 P,
then the maximum distance corresponding to the channel
rate Ry can be evaluated as:

o N7 00 (2)
c-10 10
d, =log, 7Pn-Tth
Applying Eq. 2, we can calculate the maxmmum
distance for each channel rate.

SYSTEM MODEL

Zone-based system model: We consider the scenario that
the vehicles move along the roads as shown inFig. 1.
Similar to the study by Tonguz et al. (2009), the road 1s
presented as a line of cells, each with length 1 (usually

longer than the vehicle length and shorter than the twice
of the vehicle length). Each cell can either be empty or be
occupied by a vehicle. The coordinate of cell i is denoted
as x; = 1l Suppose the average vehicle density is A
(vehicles/cell) (which is determined by the average vehicle
arrival rate and velocity). The probability of a vehicle to
exist in a cell is denoted by p = A.

Suppose that every vehicle has the same maximum
communication range, denoted by CR,,. Initially a vehicle
cannot communicate with the AP (out of the
communtication range of the AP) or communicate with a
very low transmission rate (located at the border of the
communication range to the AP) due to the long distance,
then the vehicle will select a relay path to forward its
requests to the AP, the path may have one or more hops.
After the vehicle moves into a point which 1s closer to the
AP, it can directly commumicate with the AP to obtain
high throughput. We mark this special point as the critical
point (such as the points A and -A in Fig. 1) whose
coordinate 1s obtamned in zone division Based on the
different access phases (hop number) within the
movement, we divide the road into spatial zones as shown
in Fig. 1. When the critical point is determined, we can
easily get the position B(-B) which is CR  away from
A(-A). Similarly, we can determine the points which are
CR, away from the previous pomnts, The process is
repeated till the requesting vehicle is in the inter-zone
between two neighbor points. We define zone 0 as
the requesting vehicle locates at and zone i between two
consecutive points (e.g., zone 1 18 determined by -B and
-Ain Fig. 1).

For a requesting vehicle moving close to the AP in
zone 1, it first selects a relay vehicle in zone i or zone i+1,
then the relay vehicle selects a relay vehicle in zone i+1 or
zone 1+2,..., the vehicles in the zone nearest to the AP are
candidates for the last relay node to forward packets to

Ap's communication range

Communication range of

. Communication range of
. the vehicle located at A

Requesting vehicle

-BY

Zone 0

Fig. 1: System model for moving vehicles

Zone n

———————y
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the destination AP. If there is no relay vehicle in the next
zone, the requesting vehicle selects the furthest vehicle in
its own zone as a relay vehicle. The process of the
vehicles moving away from the AP 1s smunilar. With
vehicles traversing consecutive APs along the road, they
are considered to transit iteratively among the zones in Z
(the set of spatial zones). When vehicles move closer to
the next AP, it enters to zone Q. The movement of vehicles
is then represented by the zone transitions using a
Markov chain model in which each state corresponds to
a spatial zone. The time that the vehicles stay in each zone
z€ Z 18 assumed to be geometrically distributed with
average duration of t, orhich is determined by the length
of the partition zone, 1, and the average moving velocity
of vehicles, v and t, = 1,/ v. Within a small duration, e.g.,
A, vehicles either move to the next zone with probability
A/t, or remain in the cwrent zone with the probability
1-Att,.

With the zene division, a velicle ina zone determines
its transmission rate based on the distance from the
furthest communication vehicle as mentioned above. To
increase the system throughput, the vehicle is assumed
to actually use the maximum achievable rate given
the distance d. Then the transmission rate can be
dynamical changed as the distance changes. Suppose a
vehicle has T different transmission rates R°. R', ..., R in
ascending order. Imtially, when a vehicle enters mto a
zone, the transmission rate should be the mimmurm rate
R’ The rate is also set to R® when the furthest vehicle
is moving out of the communications range of the
requesting vehicle. Then the rate may switch to one of the

other T-1 rates according to d. As d changes, the vehicle
increases/decreases the rate to the neighbor rate.
Suppose the transmission rate at time t is R¥, then for the
probability distribution of distance d can be regarded as
uniform in (d,,,, d,), the requesting vehicle may change its
transmission rate to R¥! at t+A,in case that the furthest
relay vehicle’s velocity (denoted by v,) 1s larger than
that of the requesting vehicle (denoted by v,) and the
new distance after a small duration A, d+ v,- v A, is in
(dy, di.). Suppose the vehicle velocity is in (Vyg, Vi)
Then we can get the probability that rate R* changes to
R* is:

v

M

d, -4,

~ Vi

1
4

Similarly, the probability that rate R* changes to R*"!
is also:

l_vMax — Vit
4 dk*dkn

Here, we get the result by considering both vehicles
are moving in the same direction. We also can obtain the
probabilities when both vehicles are moving towards each
other which incurs to that the transmission rate increases
gradually. The state transition will be a little different from
that n Fig. 2.

In a zone, a requesting vehicle usually accesses the
channel to transmit their packets through broadcast using
IEEE802.11 DCF scheme m which the vehicle backoffs

. i
Cross to |
zone Z+1 |

Fig. 2: Three-dimensional Markov chain for vehicle broadcast n zone Z
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when channel is busy and transmits packets when
channel is idle and the backoff time is out. In the scheme,
the backoff time varies as the channel usage changes. For
simplicity, we assume that at any time when the vehicle
transmission rate changes, the elapsed time is very short
so that the transmission status is not changed. Also, the
transmission status can be inherited from the previous
zone when the vehicle passes to a new zone but the
backoff timer deduction is not influenced.

Zone division: The main work for the zone division is to
calculate the critical point 4 which can be done by the
requesting vehicle. Suppose there is a vehicle T between
the AP and A which satisfies:

B
FET, 4 =FET, 1 +(=+1)-EET; 4 3)

where, EET, , denotes the end-to-end transmission delay
from a vehicle or an AP located at x to that at y. B/2 is the
average number of queuing packets in the buffer of the
vehicle at T. B denotes the average buffer size of the BC
on a vehicle. Each vehicle in the coverage of the AP
periodically broadcasts its number of queuing packets in
its buffer to the AP and then the AP broadcasts a beacon
message including this information to the newly arriving
vehicles.

Suppose the coordinate of A is x and the
coordinate of the AP is 0, then the expected coordinate of
T (denoted by C;) is:

X 1. (4)
C, 2( Ly-p

The distance between A and the AP, Aand T, T and
the AP can be derived as (the position of 4 and the AP
can be obtained from the GPS device on the vehicle):

dy sp =X

dA,T:x—CT=x—@-p (5)
x(x-1

by KD

The maximum channel rate (R, .5, R, Ry.p) for each
distance can be obtained from zone division. Then, Eq. 3
can be written as:

where, L 1s the payload of a welicle. Then the
coordination x of the critical pomt A can be solved. With
the coordmation of A, we can subsequently obtain the
coordination of each zone boundary.

MAC ACCESS MODEL

MAC access model: To evaluate the DCF broadcast
performance of individual vehicle, we randomly examine
a requesting vehicle and represent its status by a discrete
three-dimensional Markov chain {Z (t), R (t), B (1)} at time
slot t. Here Z(t) (its values in the range (0, 1, ..., n))
denotes the spatial zone that the node is currently in; R{t)
(its values in the range (0,1, ..., J-1), stands for (R", R}, ...,
R’™")) denctes the transmission rate at the current time
slot; and B (t) (its values in the range (0,1,..., W-1), W 1s
the maximum number of backoff slots) denotes the backoff
time of the requesting vehicle node at the current time slot
using DCF broadcast. Slot times t and t+1 correspond to
the beginning of two consecutive status of the node. The
state transition diagram of the three-dimensional Markov
chain 13 shown 1 Fig. 2. It1s designed based on the model
in (Ma and Chen, 2008). Note that the duration between
any two time slots is a random variable because the
backoff time of a node could be frozen for a random
period. Therefore, a slot here may be a virtual slot which
does not directly map to the real system time.

Our model 1s distinct from the model n (Ma and
Chen, 2008) by considering the velicle mobility and
transmission rate diversity in three aspects. Firstly, after
the deduction of the backoff time, the requesting vehicle
node either stays in the cwrent zone or moves to the next
zone with new transmission probabilities. Secondly, a
vehicle node will switch to the lowest transmission rate
when 1t reaches the next zone. A vehicle also can change
its transmission rate in each zone. Lastly, the backoff
value smoothly changes independently on the
transmission rate and zone switch. The transmission
history will be mherited in the new zone.

Given t, zeZ, the one-step non-null transition
probabilities of the Markov chain from time slot t to t+1
are:

HT, ] 1V -
Plnblznb+ = (1-—0—— )
t 2 4-d

w

ze[Cn]rel0,Dbel,W-1, (@

T,
Pz, 0,b|z—1,r,b+1):M,

=1
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Perblon@=—"0-—")
W t,
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where, p,; is the probability that a node transmits in a slot
time. E (T,,,) is the average duration of one time slot. E
(T,,) 1s the average time of one successful transmission of
the node n zone z.

In Eq. 7 (a) calculates the probability that the node
remains in the original zone after its backoff time
decreases and keeps the transmission rate unchanged.

1 vl\thx _vl\tﬁn

-
2 dr_dr+l

15 the probability of unchanged rate; (b) 1s for the
probability that the node passes to a new zone after its
backoff time decreases; (c) calculates the probability that
the node transmits successfully and starts a new round of
backoff when stays in the original zone.

_E[T,]
t

z

1

1s the probability that the node remains i the same zone
during the transmission time; (d) gives the probability that
the node transmits successfully and starts a new round of
backoff when it enters to a new zone; (¢) and (£) calculate
the probabilities that the transmission rate increase and
decrease without zone switch, respectively and the rate
switch probability is:

l . vMax - va
4 dridﬁ-l

(g) 18 the transition probability when the rate 15 at the
maximum rate; (h) is the probability that the node adjusts
its rate by considering its relay nodes when it enters to a
new zone.

1
CR

“{d, —d,)

I

15 the probability by the node selecting rate R'. Through
solving its according balancing equations, we can obtain
each steady state probability by p,., E (Ty,) and E (T_,).
Then we compute the related parameters, E (Ty,) and B
(T,)

Let o be the unit backof! slot time duration in DCF. It
is assumed that a packet holds size P with an average
packet length E (P) and that the packet header includes
the physical layer header plus the MAC layer header:
Ly =PHY +MAC,,;. Let A be the propagation delay and
DIFS be the time period for a distributed inter-frame space.
The average transmission rate in zone z is dencted by B
(R,) and

- WA
OR,1=YR-Qn,.)
1=0 b=l

Then, we have:
(LET,,) E[T,.]= L AE[P]VE[R|HDIFS+d (&)

* p,. Let p, denote the conditional transmission
probability given that nodes are in zone z. Then:

Em[o.nnuﬂ (o)

SR N

The conditional probability that the channel is busy
given that nodes are in zone z can be further derived as:

P —1-(1—p, )" (10)

where, A 1, denotes the number of nodes mn zone z. Also,
P.. can be derived as:

p.=AL/1-1)-p,-(1-p, Y (1)

» E (T, The average duration of one time slot
includes the unmit backoff time ¢ and the average
frozen duration of the backoff time E (Tsozn)-

Lett,(i) (i=1, 2, .. .) be the probability that a station
transmits i number packets consecutively in a virtual slot.
Evidently, we can get

Pz

T {i)= W

Therefore, probability p, (1) that the channel is busy
in the ith frozen stage is p, (D=1-(- 7" . Then the
average frozen stages E (N;,,..) can further be derived as:

i e Vicaoa- Py, My Y (12)
EIN,,,] E Py, () E e e R )(wfl)z

Then the E (T,,,) can be expressed as:
BT, ]= 0+ F[T]= 0+ HNpu ] (0, FIT, 1+ Gy, —p,.,) FIT,D (13)

where, E (T.) denotes the average time of one
transmission collision of the node in zone z and can be
derived as:

E[T,.]=(L, +E[F]) /B[R, ]+ DIFS + 3
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Performance derivation

Average saturation throughput: The average saturation
throughput E (S,) in zone z for a node broadeasting a
packet 18 the number of packets per node per umt time. It
can be evaluated as the amount of packet payloads sent
by individual node in each transmission slot.

oIS, - Pee Pl (14)
- py; )E[T, ]+ p,, - E[T, ]+ (po; —p..) - EIT,]
The average system saturation throughput E (3) can
be expressed as:

SHs,] (15)

E[8]=20——
n

Average saturation delay: The average satwration delay
E (D,) in zone z for a node broadcasting a packet 1s given
by the time that the packet is delayed for each successful
transmission. [t can be evaluated by multiplying the
average number of virtual slots used for a successful
transmission by the average length of a virtual slot time.
That 1s:

F[D, 1= FIX]- [(L - )P Ty 1+ B, - FIT, 1+ (py, — p,)- FIT, 1 (16)

where, X denotes the random variable representing the
number of virtual slots for a successful transmission. As
we know, the backoff time for each packet is selected in
the range {0, 2, . . ,W-1}. Therefore, E (X) = W/2. Further,
the average system saturation delay E (D) is:

YD, ] (a7
E[D]==1
n
MODEL VERIFICATION

This Section verifies the effectiveness of our model
by NS-2 simulation. Some parameters are listed i Table 1.
The vehicles are supposed to be in the saturation mode to
transmit packets.

Simulations are conducted under the real street map
of Afton Oaks area, Houston, Texas, USA, a 1900
m*1900 m area. The map data 1s obtamned from publicly
available TIGER database from the UUS Census Bureau.
We set up APs randomly on the middle of roads in the
map. For simplicity, we ignore the traffic jam effect in the
movement model. We set 8 different lines for vehicles to

Table 1: Sirmilation parameters

Data packet size 500 bytes
MAC header 272 bits
PHY header 128 bits
Propagation delay 1 ps
DIFS 50 ps
Slot time 10 ps

Link data rate 6 Mbps, 11 Mbps, 18 Mbps,
27 Mbps, 54 Mbps
Maximum transmission range 250 m

Propagation model Shadowing model

Shadowing model standard deviation 4.0

Path loss exponent 1.8
Data packet type uDr
Data Packet inter-arrival time ls
Road cell length 5m

move, most of them has a portion of common roads.
Vehicles are generated at the initial position of its own line
and the simulator contimiously generates vehicles during
the simulation time. Once a vehicle is generated, it keeps
a comstant velocity to move along the line. When a
vehicle reaches its destination, it moves back along the
route towards 1ts starting station. Every vehicle follows a
Poisson arrival process for their data request. We also set
the number of data sowrces as 20% of the total vehicle
number to decrease the serious collisions. We firstly fix
the average vehicle velocity as 30 km h™" and the
standard deviation is 10 km h™' (i.e., vehicle velocity is in
(20, 40 km h™)) to examine the performance under
different vehicle arrival rate and different maximum backoff
value. Then we fix the average vehicle arrival rate to be 1
vehicle/sec to examine the performance under different
velocity (denoted by the change of the average velocity)
and different maximum backoff value as follows.

Performance under different vehicle arrival rate:
Figure 3 shows the average saturation throughput and
delay under different average vehicle arrival rate and
different maximum backoff values. As we can see, the
analytical model 1s lighly accurate. As the arrival rate
increases, the number of vehicles in the road segment
increases. Then the collision in each zone increases
orhich incurs to the decrease of the throughput and
increase of the delay. Furthermore, increasing the
maximum backoff value helps improve the throughput
performance, matching the results in (Ma and Chen, 2008).

Performance under different vehicle velocity: Figure 4
demonstrates the performance under different vehicle
velocity and different maximum backoff values. The
analytical results also comeide much with the simulation
results. As the average vehicle velocity decreases, the
performance becomes worse dramatically. This is due to
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that as velocity increases, the collision probability
increases in each zone as shown in Fig. 5. Therefore, we
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can conclude that the broadcast performance of vehicular
network is influenced much by the enhanced mobility
orhich is not referred in previous broadcast performance
analysis in ad hoc networks.

CONCLUSION

Vehicular network is a widely investigated network
and moving vehicles usually communicate with each other
through broadcast services. The mobility makes the
performance of broadeast in vehicular networks different
from that in ad hoc networks. There is no analytical model
on the analysis of broadcast services of TEEE 802.11 in
vehicular networks so far. This study focuses on the
performance analysis of TEEE 802.11 broadcast under
vehicular communication environments. We consider the
analysis through combining vehicle mobility and
transmission rate diversity to propose a three-dimension
Markov chain model. From the Markov chain, we derive
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the analytical expressions of average saturation
throughput and delay. The effectiveness is validated
through simulation results.

In the future work, we will focus on the performance
analysis with the QoS consideration for different kind of

broadcast services in vehicular networks.
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