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Mitigate the Obstructing Effect of Vehicles on the
Propagation of VANETs Safety-related Information
Rui Huang, Jing Wu, Chengnian Long, Yanmin Zhu, Bo Li, Fellow, IEEE and Yi-Bing Lin, Fellow, IEEE

Abstract—As physical obstacles, vehicles have significant impacts on the efficient propagations of safety-related information
in vehicular ad hoc networks (VANETs) by frequently obstructing
the LOS links between transmitters and receivers. Obstructing
effect will diminish the effective coverage of safely-related information and incur severe impact on road safety. However, this
impact has not been addressed effectively. In this paper, we
first present the definition of broadcast efficiency (BE) as the
metric for quantizing the obstructing effect. We investigate the
optimization issue for mitigating the impact of obstructing effect
on the propagation of safety-related information and propose
a graph theory-based optimization (GTO) algorithm. For a
distributed implementation of this optimization in VANETs, we
further propose the Maximum Broadcast Efficiency Relaying
(MBER) algorithm. MBER maximizes the effective coverage of
information, meanwhile, meets delay and reliability constraints
by incorporating broadcast efficiency and propagation distance
in relay contention. Simulation results demonstrate that MBER
promotes the effective coverage of safety-related information in
VANETs with varying vehicular distribution.

I. I NTRODUCTION
In VANETs, real-time traffic information and safety-related
messages are required to be multi-hop broadcasted among
certain length of road. Once an emergency occurs, it is vital for
every vehicle around to receive the warning of this emergency
within tolerable delay, as well as with sufficient signal power
for decoding. Thus, VANETs should support the information
propagation that satisfies constraints on both propagation delay
and reliability.
Existing propagation protocols are classified in the following two categories. Part of them focus on satisfying the delay
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Fig. 1. A typical scenario of Broadcast Hole issue.

constraint by increasing information propagation speed (IPS).
Other protocols concentrate on finding reliable propagation
routes in VANETs. However, most of them assume that
vehicles can communicate with each other if they are within
communication range and cannot communicate otherwise.
However, vehicles can incur a significant impact on the
effective coverage of safely-related messages by frequently
obstructing the LOS links between transmitters and receivers,
decreasing received signal powers at receivers. Therefore,
some vehicles cannot decode safely-related messages successfully.
This assumption (also refers as unit disk model [1]) fails to
take the obstructing effect of vehicles into consideration. Consequently, existing protocols will suffer from the Broadcast
Hole issue: some vehicles within the communication range
of source cannot receive the broadcast from either source or
relay with enough signal power. Vehicles within the area of
Broadcast Hole will suffer failures in decoding safety-related
messages and not be aware of real-time traffic condition. These
vehicles thereby become potential victims of traffic accidents.
Typical scenario of Broadcast Hole is illustrated in Fig. 1. V 1
first observes the accident ahead and broadcasts a warning
message. This warning message is further relayed by V 5.
However, V 3 and V 7 within Broadcast Hole cannot decode
messages from either V 1 or V 5 and will not be aware of this
accident in advance.
Obstructing effect of vehicles is called Vehicle-as-Obstacle
Effect (VOE) in this paper. Experiment results1 in Table I
further illustrate the impact of VOE on the performances of
two existing protocols:
1) Distance-based protocol for improving IPS: Robust
Broadcast Scheme (RBS) [2];
2) Reliable routing protocol for securing link state: Evolving
Graph-Reliable Ad hoc On-Demand Distance Vector2 (EG1 The simulation is conducted under the scenario that 120 vehicles randomly
distribute within 4km long highway with three lanes. Details on the simulation
setting are presented in Section VI.
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TABLE I
P ROPAGATION EXPERIMENT OF EXISTING PROTOCOLS (120 V EHICLES )
Protocol
RBS [2]
EG-RAODV [3]

Vehicles decoded successfully
65
73

Ratio
54.2%
60.8%

RAODV) [3].
Results in Table I illustrate that current propagation protocols can only guarantee the success receives of messages at
part of vehicles and can not effectively support safety-related
services in VANETs.
To investigate this issue, we define broadcast efficiency (BE)
as the metric for measuring the impact of VOE on propagation,
along with the calculation of BE based on global information
and channel model. Broadcast efficiency can be heuristically
defined as the ratio of the number of vehicles that receive
messages without error to the total number of vehicles within
the communication range of source. Detailed definition of
broadcast efficiency is presented in Section III. With delay
and reliability constraints on propagation, we further study the
theoretical optimization problem for mitigating VOE impact.
We extent the delay-constraint least-cost routing algorithm to
a graph-theory based algorithm for solving this problem.
The implementation of this algorithm requires global information. As the global information is not available at individual vehicle in realistic VANETs, we propose the Maximum
Broadcast Efficiency Relaying (MBER) algorithm that can run
distributively. MBER addresses the lack of global information
with broadcast efficiency estimation through exploring the
location information of neighbor vehicles. Besides, MBER
meets delay constraint by using the Adaptive Contention
Mechanism (ACM), which could adjust the propagation distance adaptively according to delay constraint.
We conduct simulations under both urban and highway
scenarios to evaluate the performances of MBER and other
protocols. Results show the advantages of MBER in achieving
higher broadcast efficiency. Meanwhile, MBER can maintain a
stable information propagation speed and a reliable link state.
II. R ELATED W ORK
A. Existing Propagation Protocols
Most propagation protocols in the literature fall into two
categories, geographical distance-based (geo-cast) propagation
protocols and reliability-based propagation protocols.
The principle idea of distance-based protocols is relay
contention, which is originally designed to mitigate broadcast
storm problem [4]. A higher IPS can be achieved by using
distance as the metric in relay contention. [5], [6] proposed
segment-based approaches to reduce the rebroadcast collision
probability and therefore propagation delay. Most of these
segment-based protocols require the segment information to be
included in the broadcast. This will increase the packet size
and propagation delay, making them not the optimal choice
for safety-related information. [2] presented a light-weight
2 EG-RAODV is a unicast routing protocol. We focus on the reliable relay
selection algorithm in EG-RAODV.

routing protocol for safety-related information propagation
in VANETs. In [2], information were prioritized according
to their levels of emergency. A higher priority message is
assigned with a shorter range of contention window, letting
a safety-related message obtain a faster IPS than other types
of messages. Each received vehicle will calculate the length
of its backoff window. The vehicle with the largest distance
from source will obtain the shortest contention window and
thereby first relay this message.
Reliability-based propagation protocols emphasize on the
reliabilities of wireless links between transmitters and receivers. In [7], [8], locations and velocities of vehicles were used to
predict the variations in link state. Movement prediction-based
routing protocols were proposed to search for a reliable route.
[3] further proposed a theoretical optimzation and solution for
this problem. The topology of VANETs is modeled by an
evolving graph, in which a vehicle is represented by a node
and the link between a transmitter and a receiver is represented
by the edge between two corresponding nodes. The impact of
mobility on link reliability is modeled by the time-varying
weight of an edge in the graph. EG-Dijkstra algorithm is
used to find the most reliable route in the evolving graph and
thereby the propagation reliability is optimized.
The existing channel-aware propagation protocols do not
take the impact of VOE into consideration and consequently
obtain poor performances as illustrated in Table I.
B. Obstructed Radio Propagation: Channel Models and Applications
The physical obstructing effect of vehicles has been studied
in [9], where the obstructing effect of vehicles was modelled
by a diffraction propagation model proposed by ITU-R [10].
In this paper, we apply the channel model in [9] to calculate
the received signal power and measure the impact of VOE.
These channel models has been leveraged to assist researches on obstacle-related problems. In [11], these models were
used to construct a tomography for urban canyons as they
can capture the complex and time-variant radio propagation
environment in VANETs. Besides, [12] investigated how the
numbers, shapes and sizes of obstacles impact the capacities
of directed energy links in VANETs and wireless networks
with the help of these channel models.
However, as these works focus on the features of radio propagation with obstacles, the innate impact of obstructing effect
on information propagation has not been studied sufficiently.
How extra attenuation on received signal strength incurred by
obstacles hurts VANETs and what countermeasures can be
taken to mitigate this impact are open problems.
C. Existing Methods on Mitigating VOE Impact
The impact of obstructing effect on beaconing was analyzed
in [13]. Dynamic beaconing, a mechanism that mitigates this
impact through adaptively alternating the beaconing interval
was proposed. However, the relay selection mechanism is left
untouched regarding a multi-hop information propagation.
Tall Vehicle Relaying, a relaying technology, was investigated in [14]. It leveraged the advantages of tall vehicles
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on achieving higher broadcast efficiencies to improve the
effective coverages. However, besides the height of a vehicle,
the achieved broadcast efficiency is also innately related with
the locations of transmitters and receivers, which has not been
studied. Moreover, constraint on propagation delay should not
be ignored on designing a relaying scheme.
Thereby, in this paper, we propose a more comprehensive
relaying scheme that explores the advantages in heights and
locations of vehicles on achieving higher broadcast efficiencies, and meanwhile incorporates delay constraints during the
propagation of safety-related information.
III. T HEORETICAL O PTIMIZATION FOR M ITIGATING THE
I MPACT OF VOE ON P ROPAGATION
In this section, we first present key factors on mitigating the
impact of VOE and satisfying the constraints on information
propagation. Based on the analysis, we conclude the optimization issue for mitigating the impact of VOE and propose a
graph theory-based optimization (GTO) algorithm for solution.
The impact of VOE can be alleviated through maximizing
the number of vehicles that receive the broadcast of information successfully. On designing the algorithm for accomplishing this goal, the following three factors should be taken into
consideration:
i) broadcast efficiency during propagation,
ii) link state between each pair of source and relay, and
iii) propagation delay.
A. Definition of Broadcast Efficiency
In order to find a metric for quantifying VOE impact, we
present the definition of broadcast efficiency. The effective
communication range of vehicles under given transmitting
power in free space is denoted as the referential communication range Rf . We focus on the scenario where only
one vehicle relays the message among all received vehicles.
Considering the procedure of propagation, the number of
vehicles that received the broadcast effectively is determined
not only by the broadcast source Vs , but also the broadcast
relay Vr . Vehicles that are in the Rf of Vs but cannot decode
broadcast successfully may possibly maintain a LOS link
with the next relay Vr . Thus, although these vehicles cannot
be effectively covered by broadcast of Vs , they could still
decode this information without error from the broadcast of
Vr . Thus, the definition of broadcast efficiency should take the
effects of broadcasting from both source Vs and relay Vr into
consideration.
Definition 1: Let Ξf (Vs ) be the set of all vehicles within the
Rf of Vs . For each pair of source Vs and relay Vr ∈ Ξf (Vs ),
the pairwise broadcast efficiency is given by:
Ns + N r
,
BE(Vs , Vr ) =
Nf

(1)

where Nf is the number of vehicles in Ξf (Vs ), Ns is the
number of vehicles within Rf that receive broadcast from
Vs effectively and N r is the number of vehicles that are not
effectively covered by Vs but effectively covered by Vr .

When Vs is given, choosing different vehicles as Vr would
lead to different broadcast efficiencies. The severer the impact of VOE on pairwise (Vs , Vr ) is, the less the resulting
BE(Vs , Vr ) will be. Thus, by optimizing the value of broadcast efficiency during propagation, we can obtain the relay
selection scheme for mitigating the impact of VOE.
We then present the calculation of BE(Vs , Vr ) based on
Definition 1. To characterize the radio propagation features in
presence of obstacles with channel model [9], we leverage a
3-D rectangle to model the presence of a vehicle. For a vehicle
Vj , we use a pairwise coordinate (xj , yj ) to denote its geographic location, along with hj denoting its height including
antenna. Considering a pair of transmitter and receiver, both
geographic locations and heights of vehicles are imported into
channel model to calculate the extra attenuation on received
signal power.
According to (1), Ns , N r and Nf should be derived.
With location information of vehicles, Nf can be obtained
by counting the number of vehicles with Euclidean distance
less than Rf from Vs . The calculation of Ns and N r are based
on the obstacle-based channel model [9]. On calculating Ns ,
we calculate the received signal power P (Vs , Vr ) at Vr for
every vehicle Vr within Rf of Vs . If P (Vs , Vr ) is larger than a
threshold Pth , Vr is under the effective coverage of Vs , and Ns
is increased by 1. Otherwise, Vr cannot decode the message
from Vs . P (Vs , Vr ) is determined by:
P (Vs , Vr ) = P t − P L(d) − P O,

(2)

where P t is the transmission power, d is the Euclidean distance
between Vs and Vr , P L(d) is the pathloss at distance d, P O
is the additional attenuation due to the impact of VOE.
The calculation of P L(d) is based on a log-distance pathloss
model:
P L(d) = P L(Rf ) + 10nLog10 (d/Rf ),

(3)

with n being the pathloss exponent, and P L(Rf ) the pathloss
experienced at Rf .
The calculation of P O consists of three parts. First, vehicles
that potentially obstruct the LOS between Vs and Vr are
determined: if the LOS line between Vs and Vr intersects with
the boundary of vehicle Vj , then Vj is considered as a potential
obstacle.
Second, the vehicles that obstruct the LOS between Vs and
Vr are chosen from the set of potential obstructing vehicles.
The effective height of the LOS line, i.e. the line that connects
Vs and Vr at the potential obstacle vehicle location is given
by:
h = (hs − hr )

do
+ hr − 0.6rf ,
d

(4)

where hs and hr are the heights of Vs and Vr , respectively,
do is the Euclidean distance between Vs and the obstacle, and
rf is the radius for the first Fresnel zone ellipsoid which is
given by
√
λdo (d − do )
,
rf =
d
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with λ denoting the wavelength. In this paper, we consider the
wireless communications are operating on 5.9 GHz frequency
band. The potential obstructing vehicle will obstruct the LOS
between the Vs and Vr and incur further attenuation if its
height is greater than h.
Third, with the determination of obstacles, additional attenuation P O is calculated with ITU-R method based on the knifeedge model. Obstacles incur attenuations in received signal
power through diffraction of the electromagnetic waves, which
depend on several factors including the carrier frequency and
the locations of obstacles. We use a single knife-edge model
to capture this effect. Considering the obstructing effect of a
vehicle on the propagation of 5.9 GHz DSRC radio, single
knife-edge model take this vehicle as a semi-infinite perfectly
absorbing plane that is placed perpendicular to the radio
link between the transmitter and receiver. With the Hyugens
principle, the additional attenuation due to this obstacle P O
can be obtained with the following equation:

[√
]


(v − 0.1)2 + 1 + v − 0.1 ;
6.9 + 20 log10
for v > −0.7


0; otherwise,
√
where v = 2H/rf , H is the difference between the height
of obstacle and the height of the straight line that connects
transmitter and receiver.
Considering the existence of multiple obstacles, a multiple
knife-edge model is adopted as the extension of single knifeedge model. We adopt the algorithm recommended by the
ITU-R [10], which can be regarded as a modified version of
the Epstein-Patterson method [15], where correcting factors
are added to the attenuation to better approximate reality.
With this algorithm, received power at every vehicle within
the coverage of Rf is determined and thereby Ns can be
obtained. The calculation of N r follows along the same lines
as Ns . Substituting Ns and N r in eq. (1), we obtain the value
of BE(Vs , Vr ) based on Definition 1.
PO =

B. Constraints on Delay and Link State
We transform the constraint on delay into the demand for
the average propagation distance per hop during propagation,
i.e. the average distance between every pair of source and
relay. Assuming that the average time consumption per hop is
t. Under the constraint that a message should be propagated
through distance L within delay Dmax , this constraint can be
satisfied by subjecting the average forwarding distance per hop
d(Vs , Vr ) to the following condition:
d(Vs , Vr ) ≥

L·t
.
Dmax

(5)

Let Pth be the threshold of received signal power for a
successful decoding. The constraint on the link state can be
expressed by the following inequality:
P (Vs , Vr ) ≥ Pth .

(6)
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C. Optimization Issue for Mitigating VOE Impact
We aim to find a series of nodes Ξr = {V1 , V2 , ..., Vn }
starting from the source vehicle V1 such that Vk+1 relays
the message from Vk , and the sum of broadcast efficiency
BE(Vk , Vk+1 ) over k = 1, 2, ..., n is maximized. The optimization for mitigating the impact of VOE during information
propagation is given as follows:

max

n
∑

BE(Vk , Vk+1 )

(7)

k=1

s.t. Vk+1 ∈ Ξf (Vk )
Eq.(5), (6)

(8)
(9)

By exploiting the vehicular distribution and the link states between vehicles, the network can be represented by
a weighted directed graph. Then the optimization (7) can be
transformed into a Delay-Constrained Least Cost (DCLC) path
problem regarding the weighted directed graph. The graph
generation and algorithm for solution will be introduced in
the next subsection.
D. Graph Theory-based Optimization (GTO)
The network topology of a multi-lane road strip can be
represented by a weighted directed graph. A node in the graph
stands for a vehicle. The edge between two nodes represents
the potential communication pair (Vs , Vr ), and the weight
of this edge equals to the broadcast efficiency BE(Vs , Vr ).
Besides, each edge maintains a time consumption t.
Fig. 3 illustrates the weighted directed graph representing
the scenario in Fig. 2. For the clarity of illustration, only part
of links are shown in the figure.
We now transform the optimization problem (7) into finding
the route from original source node to destination that obtains
the maximum sum of weights. Meanwhile, two constraints on
the link state and time consumption should be satisfied. Note
that, similarities exist between this optimization and the DCLC
path problem in the graph theory [16], [17], since both two
issues aim to optimize objective function under constraints.
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Thus, we extent the solution for DCLC problem and propose
a graph theory-based optimization (GTO) algorithm.
During the execution of GTO, the following information
should be included in the broadcast of source: location of
source ℓ(Vs ), time stamp when broadcasted at source tb ,
designated propagation distance of information L and the
maximum tolerable delay of information Dmax .
Besides, for each vehicle Vi , let rd(Vi , l) and rb(Vi , l)
denote the specific paths that originate from Vi to the node
with distance l from itself, within which the number of nodes
is minimized and the sum of edges’ weights is maximized,
respectively. Meanwhile, these routes should also satisfy the
demand of link state eq. (6). Let Drd (Vi , l) denote the delay
of rd(Vi , l), Brb (Vi , l) denote the sum of BE of every two adjacent nodes in route rb(Vi , l). Upon receiving broadcast, each
node Vi should be aware of its own location ℓ(Vi ) and the two
routes that we mentioned above, i.e. rd(Vi , L + ℓ(Vs ) − ℓ(Vi ))
and rb(Vi , L + ℓ(Vs ) − ℓ(Vi )). Note that, ℓ(Vs ) − ℓ(Vi ) refers
to the Euclidean distance between Vs and Vi .
The GTO algorithm works in the following steps. First,
vehicles that cannot satisfy the constraint on link state (6) are
removed from the graph. Upon receiving broadcast at time tr ,
remaining vehicles Vi ∈ Ξf will check if the constraint on
delay
tr − tb + Drd (Vi , L + ℓ(Vs ) − ℓ(Vi )) ≤ Dmax

(10)

is satisfied. All nodes that satisfy eq. (10) constitute the
candidate set Ξc . All nodes in Ξc satisfy both constraints
on link state and delay. Eventually, the node Vi ∈ Ξc with
maximum Brb (Vi , L + ℓ(Vs ) − ℓ(Vi )) will become the relay
of Vs .
There could be more than one node with the same maximum
BE(Vs , Vi ) in Ξf . Under this circumstance, the node with
the largest ℓ(Vi ) − ℓ(Vs ) should become the next relay as it
achieves a larger propagation distance.
Note that, the GTO algorithm requires the awareness of
global information at individual vehicles, which are not practical in realistic VANETs. Thus, in VANETs, a distributed
propagation algorithm should be proposed to mitigate the
impact of VOE, without demanding for the global information.
IV. M AXIMUM B ROADCAST E FFICIENCY R ELAYING
(MBER) ALGORITHM
The most challenging issue on solving (7) in a distributed
manner is the lack of global information at individual vehicles
in VANETs. Specifically, the following two issues should be
addressed with a distributed algorithm:
1) Calculation of BE(Vs , Vi ): Calculation of BE with eq.
(1) requires the global information. Obtaining this information
demands for strong support from inter-vehicle information
exchange, which might not be easy to accomplish. In VANETs,
vehicles exchange information with neighbouring vehicles by
broadcasting Cooperative Awareness Messages (CAM) [18].
However, due to the impact of VOE, not every CAM of
vehicles within Rf could be received with enough signal
power. Consequentially, It is difficult for a vehicle to obtain

the location information of every vehicle within Rf . Thus,
information necessary to the calculation of eq. (1) is no longer
available.
2) Constraint on Delay: Typically, vehicles meet the delay
constraint by finding the least delay path based on global
topology [3], [19]. However, due to the limitation on communication range and impact of VOE, a vehicle is only aware of
the network topology and link state in its neighbors. Therefore,
existing solutions for securing delay cannot work effectively
in VANETs.
In this section, we propose the distributed MBER algorithm, in which two issues above are addressed by Broadcast
Efficiency Estimation and Adaptive Contention Mechanism,
respectively.
A. Broadcast Efficiency Estimation based on Partial Location
Information
Definition 2: The BE(Vs , Vr ) estimation is:
d s , Vr ) = 1 − Lvoe ,
BE(V
Lf
where Lvoe denotes the length of road
VOE and Lf denotes the total length of
communication range Rf .
The algorithm for broadcast efficiency
scribed as follows. The calculation of Lvoe
same lines with Definition 1. Lvoe is given
Lvoe = Ls − Ls∪r ,

(11)
strip affected by
road strip within
estimation is defollows along the
by:
(12)

where Ls is the length of road strip that cannot be effectively
covered by the broadcast of Vs , Ls∪r is the length of the
road strip under the effective coverage of Vr , but cannot be
effectively covered by Vs .
The impact of VOE on a vehicle is mainly incurred by its
neighboring vehicles. The estimation of Lvoe only requires the
location information and lengths, widths and heights of these
neighbouring vehicles.
We first analyze Ls . Road strips within which vehicles
cannot maintain LOS links with source are interpreted as under
the impact of VOE. Similar method is used in [1] and [9] to
determine potential obstructing vehicles. Thus, road strips affected by VOE can be determined by calculating the projection
of obstructing vehicles’ boundaries on corresponding lanes.
The calculation of Ls∪r is similar to that of Ls . Substituting
Ls∪r and Ls in (12) and resulting Lvoe in eq. (11), we
obtain the estimation of broadcast efficiency. In the distributed
implementation, Vs should include the information of Ls in
d s , Vr ).
its broadcast for Vi to calculate the pairwise BE(V
Note that, estimation based on Definition 2 grants us only
the approximate value of BE. The reason is that the exact
numbers of vehicles within road strips Lvoe and Lf remain
unknown due to the lack of global information. Thus, the
accuracy of estimation can be further improved by enhancing
the information exchange in VANETs.
Vehicle shares its location with neighbouring vehicles
through broadcasting CAM with its global positioning system
(GPS) data. This CAM can be a beacon or a WAVE Service
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Advertisement (WSA) as specified by the IEEE WAVE standard [20]. However, due to the impact of VOE, this CAM
cannot be received by every vehicle within the communication range of transmitter, which leads to the lack of global
information at individual vehicle.
To enhance the inter-vehicle information exchange in
VANETs and thereby address this issue, a vehicle should
also broadcast the locations of its neighboring vehicles along
with its own location through WAVE Short Message Protocol
(WSMP). WSMP has the following advantages on enhancing
location sharing in VANETs:
i) As specified by IEEE Std 1609.3, WSMP is suitable for
carrying data from higher layers, including GPS data and other
data supporting the safety-related services in VANETs.
ii) WSMP grants the service provider high degree of
freedom (customization) since the format of data field in a
WSM frame is not restricted. Besides, WSMP provides a high
efficiency coding of GPS data, which is a advantage when
using it to enhance location sharing.
iii) WSMP is supported by most of on board units since
most of them has integrated the IEEE 1609 protocol stack,
making it convenient for a practical implementation.
In the context of IEEE WAVE standard, the 2-D (Latitude
and Longitude) GPS data of a vehicle is encoded in the following methods. Latitude has a least significant bit representing
1/10 micro degree, representing a range from −90◦ to +90◦ .
Longitude has a least significant bit representing 1/10 micro
degree, representing a range from −180◦ to +180◦ .
WAVE
Element
ID=5

Octets

Length (8)

Latitude

Longitude

1

4

4

1

Fig. 4. Coding of 2-D GPS data.

With GPS data, a WSM package can be constructed as
specified by WAVE Short Message Protocol (WSMP). The
header is comprised of the WSMP Network Header (WSMPN-Header) and the WSMP Transport Header (WSMP-THeader). WSMP-N-Header specifies the information related
with network protocol, while WSMP-T-Header contains address information and length of WSM data. The identifiers of
neighboring vehicles (V ID N ) and the GPS data (GP S N )
can be contained in the field of WSM Data.
WAVE Short Message

WSMP-N-Header WSMP-T-Header

V_ID_1

GPS_1

V_ID_2

GPS_2

WSM Data

...

V_ID_N

GPS_N

Fig. 5. Building the WSM package.

With the exchange of WSM during synchronization time
period, a vehicle can obtain the locations of vehicles within
2-hop converage. Let n(Lvoe ) and n(Lf ) denote the number of

vehicles within the road strips Lvoe and Lf respectively. Based
on this enhanced mechanism of location information sharing
in VANETs, n(Lvoe ) and n(Lf ) can be obtained. Then the
estimation of BE with equation (11) is rewritten as:
d s , Vr ) = 1 − n(Lvoe ) .
BE(V
n(Lf )

(13)

B. Adaptive Contention Mechanism (ACM)
In MBER, we address the delay constraint in a distributed
manner by integrating both the constraint and demand for
higher broadcast efficiency into the design of ACM. Besides
Ls , the following information should be included in the
broadcast of source for the execution of ACM: location of
source ℓ(Vs ), designated propagation distance L, maximum
tolerable delay Dmax and relay counter cr . The relay counter
cr is initialized with 0, and is increased by 1 once information
is relayed.
In ACM, each vehicle Vi receives the message from source
will content for relaying this message with a unique length of
Contention Window (CWVi ), which is determined by:
1) Current average propagation distance per hop of received broadcast dcur : With ℓ(Vs ), cr in the received messge
and location of its own ℓ(Vi ), dcur is given by:
dcur =

ℓ(Vi ) − ℓ(Vs )
;
cr + 1

(14)

2) Demand on average propagation distance per hop of
received broadcast dth : In order to meet delay constraint, dth
is determined according to eq. (5):
dth =

L·t
;
Dmax

(15)

3) Referential propagation distance dref : dref is designed
to take the delay constraint into consideration. dref varies
according to dcur and dth in order to adaptively adjust IPS
during propagation regarding the delay constraint. dref is
given by:
dref = α(cr + 1) · (dth − dcur ) + dcur ,

(16)

where α is a constant filtering factor. Referential propagation
distance is designed based on the idea of exponential filtering.
A vehicle Vi with distance from source ℓ(Vi ) − ℓ(Vs ) closer to
dref obtains a higher possibility of becoming relay as it can
raise the value of dcur towards dth .
Let CWmax and CWmin be the maximum and minimum
length of contention window. The algorithm for determining
CWVi is illustrated in Algorithm 1. dref is required only when
dcur < dth , which means current propagation speed cannot
satisfy the delay constraint. Otherwise, when dcur ≥ dth , if
the propagation distance of this hop ℓ(Vi ) − ℓ(Vs ) is smaller
than dth , propagation distance should become the determining
d s , Vi ). Under the condition
factor of CWVi along with BE(V
that ℓ(Vi )−ℓ(Vs ) ≥ dth , which means that the delay constraint
d s , Vi ) becomes the only determining factor
is satisfied, BE(V
of CWVi .
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Algorithm 1 Determining the length of contention window
1: For each Vi ∈ Ξf , upon receiving broadcast from source:
2: if Signal strength of received broadcast P (Vs , Vi ) ≤ Pth
then
3:
Quit relay contention.
4: end if
d s , Vr ) according to (14),
5: Calculate dcur , dth and BE(V
(15) and (1).
6: if dcur < dth then
Calculate the referential propagation distance for this
7:
hop for
8:
dref = α(cr + 1) · (dth − dcur ) + dcur
9:
dif = CWmax − CWmin
if ℓ(Vi ) − ℓ(Vs ) < dref then
10:
11:
CWVi = CWmax
12:
else
13:
CWVi = CWmin
dref
d s , Vi )) ·
14:
+dif · (1 − k · BE(V
ℓ(Vi )−ℓ(Vs )
15:
end if
16: else
17:
if ℓ(Vi ) − ℓ(Vs ) < dth then
18:
CWVi = CWmin
dth
d s , Vi )) ·
19:
+dif · (1 − k · BE(V
ℓ(Vi )−ℓ(Vs )
20:
else
21:
CWVi = CWmin
d s , Vi ))
+dif · (1 − k · BE(V
22:
23:
end if
24: end if

C. Execution of MBER
The execution of MBER consists of two parts, the execution
at source side and receiver side. Beginning at the source
vehicle, a message is broadcasted along with Ls , dcur , ℓ(Vs ),
L, Dmax and cr . The execution of MBER at receiver is illustrated in Algorithm 1 and 2. For each receiver Vi , it will first
d s , Vi )
calculate its own Lr with eq. (12) and estimate BE(V
with Ls from source vehicle. Vi further determines its own
d s , Vi )
CWVi based on broadcast efficiency estimation BE(V
and parameters in ACM (Algorithm 1). The constant k is the
d s , Vi ).
scaling factor for scaling the value of BE(V
Then, the relay contention algorithm (Algorithm 2) is triggered. Vi will enter the backoff state and set the backoff
counter to CWVi . In the backoff state, vehicle will observe
the broadcast channel. Backoff state ends if a re-broadcast of
the message is observed, or the backoff counter reaches 0. In
former case, the vehicle will stop the execution of algorithm
and quit relay contention. In later case, the vehicle will relay
the received message.
Since every packet contains the identity of its source,
if two received messages, e.g., M and M ⋆ , has the same
source identity, vehicle can regard M ⋆ as the re-broadcast of
M . Otherwise, M ⋆ is a new message. Besides, the unique
sequential ID assigned to each message can also be used to
determine whether a received message is a re-broadcasted one.

Algorithm 2 Relay contention
1: Initiate counter Cnt ← CWVi
2: while Cnt > 0 do
3:
Listen to broadcast channel
4:
if another broadcast received then
5:
Quit relay contention.
6:
end if
7:
Cnt ← Cnt − 1
8: end while
9: if Cnt = 0 then
10:
Vi become the next relay,
11:
Re-broadcast the information.
12: end if

V. P ERFORMANCE E VALUATION
In this section, we present the evaluation metrics and
impacting parameters that used in the estimation of algorithm.
A. Evaluation Metrics
In order to evaluate the performance of MBER, besides
broadcast efficiency, the following metrics are also applied:
1) Average propagation distance per hop: The average
distance between a pair (Vs , Vr ). This metric measures the
propagation speeds of protocols. Sufficient IPS should be
achieved in order to meet the delay constraint.
2) Relay success ratio: The proportion of successful relay
during the propagation of a message. This metric illustrates
protocols’ abilities on obtaining reliable routes.
B. Impacting Parameters of Performance
We consider the following parameters that affect the performances of protocols:
1) Vehicular density: Higher vehicular density results in
more significant impact of VOE. Moreover, vehicular density
is closely related with the distribution of BE(Vs , Vr ) through
influencing its mean and variance.
2) Distribution of traffic: The density of vehicles varies
not only among different road segments, but also among
different lanes. Different proportions of vehicle distributions
on different lanes will affect the distribution of BE(Vs , Vr ).
Moreover, as a lane with less vehicles provides a better communication condition, protocols should adapt to the varying
vehicle distributions between different lanes.
We consider a three lanes highway that consists of left,
middle and right lanes. We use a distribution factor Γ ∈ (0, 1)
to characterize the distribution of traffic between different
lanes. Let λl , λm and λr denote the vehicular densities of
left, middle and right lanes, respectively. We assume that the
vehicular density on side-lanes (left lane and right lane) are
equal to resemble the typical traffic on highway. Under the
precondition that the number of vehicles λtotal = λl +λm +λr
is constant, if the density on middle lane is λm = Γ · λtotal ,
λl and λr can be expressed by:
λl = λr = (1 − Γ) · λtotal /2.

(17)
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Considering the real world traffic, both the vehicular density
of a certain lane and traffic distribution of different lanes
can be varying during propagation. By incorporating these
two factors in simulation, we evaluate the performances and
practicalities of protocols in a more comprehensive way.
TABLE II
PARAMETERS S ETTINGS OF S IMULATION
Parameter
Frequency
Communication Range Rf
Transmission power Pt
Decoding threshold Pth
Maximum Delay Dmax
Average delay per hop t
Minimum contention window CWmin
Maximum contention window CWmax
Scaling factor k
Filtering factor α

Value
5.9 GHz
300 meters
20 dBm
-65 dBm
50 ms
2.5 ms
3
7
0.8
2

C. Simulation Results
In this subsection, we present the simulation results of
MBER. We also present the performances of distance-based
protocol RBS [2] and Reliable Routing protocol EG-RAODV
[3] for comparisons. We run simulations under OMNET++
with VEINS framework [21]. The simulation area is confined
within 4000m long highway with three lanes. The specific
parameters including widthes of lanes are set according to the
Technical Standard of Highway Engineering [22]. The MAC
layer of vehicles are based on 802.11p. Each vehicle in the
network has the same Rf . The vehicle heights are assumed
to follow a normal distribution according to [9] and [1]. The
packet size of safety-related information is 150 bytes while
the overhead is specified by IEEE WAVE standard [20]. The
date rate is 6Mbps. We use the channel model proposed in
[9] to reflect the obstructing effect of vehicles. We set the
pathloss exponent n to 2.5. The setting of other parameters of
simulation is presented in Table II.
1) Accuracy of BE estimation: We first evaluate the accuracy of BE estimation introduced in Section IV. Under the
scenario that 120 vehicles are distributed within 4km length
of road strips with Γ equals to 0.5, we calculate BE(Vs , Vr )
for every pair of vehicles based on global information and BE

estimation, respectively. Part of results, i.e. BE(Vs , Vr ) from
50 pairs of vehicles are illustrated in Fig. 7. X-axis represents
the number of pair. For the clarity of illustration, scattered dots
in the figure are connected. Simulation results demonstrate
a close match between two methods. The overall estimation
error in simulations is 9.8%.
We also illustrate the size of enhanced location sharing
packet regarding increasing vehicle density. Results in Fig.
8 show that with the increase of vehicle density, the packet
size grows linearly. These results match the straightforward
observation that the packet size is proportional to the number
of neighboring vehicles. Under 6Mbps data rate and 100ms
beaconing period, the proposed protocol can support an intervehicle information exchange with the maximum vehicle density up to 95 per km, equaling to approximately 26m intervehicle distance. This value is smaller than the recommended
safe vehicle following distance. Therefore the proposed protocol is capable for working effectively under most urban and
highway traffic.
2) Broadcast Efficiency: We illustrate the effect of changing distribution factor Γ on broadcast efficiency in Fig. 6(a). With varying Γ, the MBER algorithm always obtains
the largest BE during propagation. The difference between
MBER and other two protocols increases with Γ and reaches
its maximum value around Γ = 2/3. Besides, with relative
low or high Γ, i.e., 0.2 or 0.8, the difference in BE of
different protocols is small. The reason is that the distribution
of BE is naturally related with the distribution of traffic. Under
relative low or high Γ, for a given source Vs , the variance
of BE(Vs , Vr ) is small when choosing different vehicles as
relays, but the average value decreases with Γ. However, with
Γ around 0.6, variance in BE(Vs , Vr ) when choosing different
vehicle as Vr increases.
In Fig. 6-(d), we vary vehicle number, and plot the resulting
BE under fixed distribution factor Γ. MBER obtains the
largest BE during propagation procedure, while BE of all
three protocols decreases as vehicle number increases. With
fixed distribution factor, varying vehicle number will influence
the average of BE, but only incur a marginal impact on the
variance. Thus, although the BE of three protocols all decrease
with increasing vehicle number, differences in performances
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Fig. 6. Network performance of MBER compared with distance-based and reliable routing.

of three protocols remain stable.
With results above, MBER presents advantages in achieving
higher effective coverage of messages over other two protocols
with varying distribution of traffic and vehicle density. Besides,
MBER obtains a more stable performance as the variance in
BE of MBER is smaller than the other two protocols.
3) Relay Success Rate: Fig. 6-(b) reveals the impact of Γ on
relay success rate. Both MBER and Reliable Routing maintain
high success rates (over 95%) with increasing Γ. However,
relay success rate of distance-based protocol decreases from
70% to 25% as Γ increases. With a lower Γ, vehicle density
on the middle lane is relatively low, and the impact of VOE
caused by vehicles on middle lane is marginal. With a larger
Γ, more vehicles will be on middle land and the possibility
of choosing middle lane vehicles as relay increases due to
the execution of distance-based protocol. Meanwhile, high
vehicle density on middle lane will exacerbate the impact of
VOE. Therefore, relay success rate of distance-based protocol
decreases with increasing Γ.
We further illustrate the impact of vehicle number on relay
success rate with fixed Γ in Fig. 6-(e). With varying vehicle
number, both MBER and Reliable Routing could still maintain
high relay success rates, over 90% for MBER and over 95%
for Reliable Routing. As for distance-based protocol, under
a relatively low density, e.g., 60/4km, it achieves a high
relay success rate around 90%. The reason is that under a
low vehicle density, the LOS line between source and relay
is not likely to be obstructed by other vehicles, therefore the
furthest vehicle within Rf can possibly maintain a reliable
link with source. However, this possibility decreases rapidly
with increasing vehicle number. In consequence, relay success

rate decreases.
4) Average Propagation Distance per Hop: Fig. 6-(c) and
Fig. 6-(f) demonstrate the impact of distribution factor Γ and
vehicle number on IPS. Under both varying Γ and vehicle
number, distance-based routing presents the fastest IPS since
it considers the propagation distance as the first priority.
The IPS of both MBER and Reliable Routing decrease with
increasing Γ or vehicle number because the impact of VOE
exacerbates. As larger vehicle density will result in worse link
state and lower BE, Reliable Routing will choose a vehicle
closer to the source to meet the demand on reliability and
result in decreasing IPS. This is same for the decrease in IPS
of MBER. However, the adaptive contention mechanism in
MBER prevents IPS from dropping to an unacceptable degree.
This also justifies the slower decrease in MBER’s IPS than that
of reliable routing.
By combining results in terms of IPS and relay success rate,
MBER outperforms the other two protocols as it obtains high
reliability during propagation without significantly degrading
IPS.
5) Urban Traffic Simulations: For the urban traffic simulations, we leverage the geodata of City Westminster, United
Kingdom from the OpenStreetMap project. The detailed street
(road system, speed limits, right-of-way, etc.) are imported
into SUMO. The traffic is generated according to real world
measurements. Three different levels of traffic, i.e., sparse,
medium, dense are used in simulations. Detailed parameters
are illustrated in Table. III.
Fig. 9 shows the simulation results with three different
levels of urban traffic. As density increases, performances of
evaluated protocols present trends similar to results in Fig. 6.
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TABLE III
PARAMETERS S ETTINGS OF S IMULATION
Urban Traffic
Sparse
Medium
Dense

Total Number
of Vehicles
1000
2000
4000

Average Density
(per k2 m)
54.6
78.7
121.3

Under a denser urban traffic, MBER’s advantage in obtaining
a higher broadcast efficiency becomes more significant.
6) Performance Comparison with Graph Theory-based Optimization (GTO): We compare the network performance
of MBER with GTO, since GTO indicates the maximum
broadcast efficiency that can be achieved with the access to
global information.
Fig. 11 and Fig. 12 illustrate the resulting BEs of both
MBER and GTO with varying λtotal and Γ. Resulting IPS is
presented in Fig. 13 and Fig. 14. With a relative low λtotal or
Γ, the performance of MBER closely matches the performance

0.2
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0.53

0.67

0.8

Distribution Factor

Fig. 11. Broadcast Efficiency vs. Distribution Factor. λtotal = 120/4km.

of GTO in both BE and IPS. Under these circumstances,
constraint on delay can be satisfied easily due to the marginal
impact of VOE. Both MBER and GTO will choose vehicle
with largest broadcast efficiency as relay. IPSs of both MBER
and GTO decrease as two parameters increase. Due to the
adaptive contention mechanism in MBER, vehicles that can
promote IPS will have higher probabilities to become relays.
Thus, under high λtotal and Γ, slight increase in IPS and
decrease in BE is adopted by MBER in order to maintain
the balance between BE and propagation delay.
VI. C ONCLUSION
In this paper, we present the Maximum Broadcast Efficiency
Relaying (MBER) algorithm to mitigate the VOE impact on
the propagation of safety-related information in VANETs.
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col to support broadcast efficiency estimation and adaptive
contention mechanism in MBER. Simulation results show
that MBER outperforms distance-based routing and reliable
routing on broadcast efficiency with varying vehicle densities
and traffic distributions. In summary, MBER incorporates
multiple concerns in one propagation protocol and effectively
supports safety-related services in VANETs and intelligent
transportation systems.
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First, we propose the definition of broadcast efficiency to quantify the VOE impact. We formulate the maximizing of effective
coverage of message as a broadcast efficiency optimization
problem with delay constraint and present a graph theorybased optimization algorithm. Second, we propose MBER
algorithm as the distributed implementation of optimization
in VANETs. We extend the WAVE Short Message Proto-
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