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Abstract—In this paper we present an analytical model accu-
rately describing the behaviour of a multi-hop broadcast protocol.
Our model covers the scenario in which a message is forwarded
over a straight road and inter-node distances are distributed
exponentially. Intermediate forwarders draw a small random
delay before forwarding a message such as is done in flooding
protocols to avoid the broadcast storm problem. For a given node
density and single-hop packet reception probability, the model
is able to capture the probability distribution of (i) the delay
of each hop, (ii) the length of each hop, (iii) the position of
each forwarder, (iv) the required number of hops to cover the
dissemination distance, and (v) the end-to-end delay to cover the
dissemination distance. The model provides these quantities in
terms of insightful, fast-to-evaluate closed-form expressions. The
model has been validated by extensive simulations: modelling
results stayed within typically 10%, depending on the source-to-
sink distance and the node density.

I. INTRODUCTION

Multi-hop broadcast is one of two possible communication
paradigms in vehicular networks to disseminate information
beyond the direct transmission range of a node (the other being
multi-hop unicast). It is the de facto method for disseminating
safety messages because it allows to target multiple nodes with
a single transmission [11]. The European Telecommunication
Standards Institute (ETSI) is currently in the process of stan-
dardising vehicular networking interfaces and protocols. Four
multi-hop geographical broadcast (geo-broadcast) protocols
have been included in its specifications regarding geographical
addressing and forwarding inside vehicular networks [5].

Research on disseminating (safety) messages by means
of multi-hop geo-broadcast has mainly focused on simula-
tion. Simulation frameworks are powerful tools with which
networking protocols can be evaluated with relative ease.
However, because simulation models tend to be complex,
interpreting the results of a simulation study in full detail
is hard. Analytical models are therefore sometimes used to
provide more insight. Another advantage of analytical models
is that they require significantly less computation time than
simulation studies. The number of existing analytical models
is limited however and existing models target network connec-
tivity, dissemination reliability, or give bounds on the end-to-
end delay. To the best of our knowledge no work exists that is
able to give accurate predictions on the performance metrics
of a multi-hop geo-broadcast protocol.

The contribution of this paper is an analytical model that
expresses the performance of a multi-hop geo-broadcast pro-
tocol in terms of insightful and fast-to-evaluate formulas. For
each performance metric the full distribution is given. In our
opinion this is a very important contribution, especially for
safety applications, as it does not limit us to average perfor-
mance metrics, but also enables us to provide percentiles, e.g.,
in order to assess the probability that a safety message does
not arrive in time at one of the receivers. Our model covers the
scenario in which a message is forwarded a certain distance
over a straight road (see Fig. 1a), with inter-node distances
assumed to be distributed exponentially. In particular, for a
given node density and single-hop packet reception probability,
the model gives closed-form expressions of the following
performance metrics:

1) the distribution of the length of each hop;
2) the distribution of the delay of each hop;
3) the distribution of the position of each forwarder;
4) the distribution of the required number of hops;
5) the distribution of the end-to-end delay.

The model was validated by extensive simulations. For the
most relevant scenarios results typically stay within 10%; as
node densities decrease and dissemination distances increase
the model becomes less accurate.

The stated performance metrics only relate to those message
that are successfully received by the sink. The model can also
express the probability that the sink receives a safety message.
Space constraints force us to address this issue in future work.

The outline of this paper is as follows. In Section II
we discuss existing work on the analysis of multi-hop geo-
broadcast in vehicular networks. In Section III we present
our system model; the analysis itself is given in Section IV.
We have verified our analytical model using simulation: the
simulation set-up is presented in Section V and in Section VI
we discuss the results. The paper is concluded in Section VII.

II. BACKGROUND

Empirical studies such as [7], [16], and [23] all suggest that
the headway between vehicles in free-flowing traffic (e.g., on a
highway) can be assumed to follow an exponential distribution.
Taking this as a starting point, analytical studies such as
[23], [7], [22], [18], and [21] have all addressed the issue of
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network connectivity, i.e., the probability that for two nodes
in a network there exists a path of connected nodes.

In [6] the end-to-end delay of an emergency message
dissemination protocol is analytically calculated, but an ideal
communication model is assumed and the network is assumed
to be clustered. The work in [15] gives bounds on the end-
to-end delay of message dissemination in distributed networks
but also uses a fixed transmission range.

In the area of sensor networks analytical models are more
often used to evaluate the performance of an entire network
(e.g., [8]), but the context of these networks (a static network
topology with low rate data collection), their communication
methods (synchronized beaconing and forwarding), and their
performance metrics of interest (typically the network lifetime)
do not apply to our scenario.

In previous work [10] we have analytically modelled a geo-
graphical multi-hop protocol in which messages are forwarded
by attaching them to periodically sent network-level beacons.
Attaching messages to beacons is a common forwarding
method that has been applied in a number of dissemination
schemes [9] [17] [20]. Inter-node distances were assumed to
be deterministic. In this paper we extend our previous model
by assuming distributed exponentially inter-node distances.

When messages are forwarded on top of periodically sent
beacons, forwarding delays are distributed uniformly. It was
shown in [10] however that when node densities are suffi-
ciently high, exponentially distributed forwarding delays can
be assumed to model multi-hop broadcast protocols that use
uniformly distributed forwarding delays. Assuming exponen-
tially distributed forwarding delays simplifies our modelling
effort when compared to assuming uniformly distributed for-
warding delays. Apart from dissemination protocols that for-
ward messages on top of periodically sent beacons, existing
flooding protocols also apply uniformly distributed forwarding
delays to avoid the broadcast storm problem.

III. THE SYSTEM MODEL

We model a road as a straight line with vehicles (henceforth
referred to as nodes) placed on this line. Inter-node distances
are exponentially distributed with mean dIN (in meters). The
source node and the sink node are placed additionally on the
road. We consider a single sink because we want to model the
end-to-end delay for a sink node at a specific distance from the
source. Fig. 1a illustrates the system model. Work such as [7],
[16], and [?] all suggest that the exponential distribution gives
a good approximation of the inter-vehicle distance in case of
free flowing traffic. Furthermore, due to the differences in scale
between the speed with which information is usually routed
through a network (m/ms) and the speed with which nodes
move (m/s), we can assume the network to be static.

To model the propagation of a transmitted signal from a
sender to a receiver we use a packet success ratio (PSR), which
is a function of the distance. The PSR gives the probability
for a receiver to successfully receive a transmitted packet,
as a function of its distance to the sender. The PSR is a
commonly-used abstraction that takes into account all effects
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(a) Distances between nodes on the road are exponentially distributed. The
(position of the) source (s) and the sink (d) are considered independently of
the nodes of the road.
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(b) The arrow shows the maximum transmission distance. Nodes A, C, and
D have all received the source’s transmission, are positioned closer to the sink,
and are therefore candidate forwarders for the first hop.
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(c) Node C is the first forwarder. L1 is the length of hop 1. Nodes D, E,
and G have all received either Cs transmission or the source’s transmission
and are candidate forwarders for the second hop.

Fig. 1. The system model.

that can influence the reception of a signal, such as fading
and interference by (hidden) nodes. All delays related to
transmitting and processing a signal (i.e., transmission delay,
propagation delay, switching times, etc.) are set to zero.

The forwarding protocol works as follows. The source node
initiates the forwarding by broadcasting the application mes-
sage. The message has a geographically defined destination
address which is the position of the sink. Nodes are assumed
to know their own position, and include this position in their
network packet header. A receiver of a broadcasted message
thus knows the position of the sender. All nodes apply the
following forwarding rule: when a node receives a message
for the first time, and the node is positioned closer to the
sink than the previous sender, the node draws a time delay
t from the forwarding delay distribution T , and schedules to
rebroadcast the message after t seconds. If before that time the
node receives the message from another node that is positioned
closer to the sink than the node itself, then the node will cancel
the scheduled rebroadcast.

The forwarding delay T is assumed to be exponentially
distributed with mean Td. As has been discussed in Section
II an exponential forwarding delay can be assumed to model
existing multi-hop broadcast protocols.

We use the following notation to denote our performance
metrics. The nth forwarder is the node that retransmits the
message for the nth time after the source’s original transmis-
sion and is denoted Fn. In Fig. 1 node C can be seen to
be F1. The nth hop refers to the nth retransmission of the
message after the source’s original transmission. The length
of hop n refers to the distance between the nth forwarder and
the (n−1)th forwarder and is denoted Ln; L1 is also illustrated
in Fig. 1. The delay of the nth hop refers to the time between
the n− 1th and nth retransmission and is denoted Hn.

Each time the message has been forwarded there will be a
new set of nodes that have all received the message and are
all positioned closer to the sink node than the most recent
forwarder. Since one of these nodes will become the next
forwarder we call these nodes candidate forwarders. Fig. 1

243



shows the set of candidate forwarders for the first two hops.
The number of candidate forwarders for hop n is denoted Cn.

IV. ANALYSIS

To aid our analysis we divide the road into equal-sized
intervals: starting from the source the road is divided into
intervals of length dint. The first interval refers to the range
〈0, dint] from the source, the second interval refers to the range
〈dint, 2 · dint] from the source, etc. Distances between nodes
on the road are distributed exponentially with mean dIN . The
distribution of the number of nodes in an interval is therefore
given by the Poisson distribution with mean λ = dint/dIN
and is i.i.d. per interval. In our analysis dint is chosen very
small, such that that the probability of having more than one
node in an interval becomes negligible – for the remainder of
our analysis an interval is therefore assumed to have either
zero or one node(s).

The PSR of a transmitter-receiver pair that are positioned at
a distance of i intervals from each other is denoted Si. Si is
defined over the range [1, R], where R is the maximum number
of intervals away from the transmitter at which the receiver
still has a non-zero probability of receiving the packet.

Our analysis focuses on determining the probability that the
next forwarder will be in interval i, for any interval closer to
the sink. To determine this we first require the distribution of
the number of nodes in interval i that can become the next
forwarder. As was already stated the number of nodes in an
interval is Poisson distributed with mean λ. Because nodes
can only forward a message once however, we are interested
in the number of nodes in an interval, excluding any previous
forwarders. This distribution is significantly different from
the number of nodes in an interval when no forwarders are
excluded. Fig. 2 shows the expected number of nodes in an
interval when (i) no forwarders are excluded (which is equal
to λ), (ii) the first forwarder is excluded, and (ii) the first two
forwarders are excluded (given that the first forwarder is in the
24th interval). It can be seen that when previous forwarders
are excluded, the expected number of nodes in an interval is
significantly less than λ, depending on the interval and on
the number of forwarders that are excluded. To calculate the
probability that the nth forwarder will be in interval i we are
therefore required to calculate the distribution of the number
of nodes in interval i, excluding all previous n−1 forwarders.

Our analysis is structured as follows. We first show how to
determine the distribution of the number of nodes in interval
i, excluding previous forwarders, in Section IV-A. Next we
explicitly determine the probability that the nth forwarder
is in interval i, for n ≤ 3, in Section IV-B. Based on
this we determine the distribution of the length of the nth

hop in Section IV-C, for all n. In Section IV-D we use the
hop length distribution to approximate the position of nth

forwarder for n ≥ 4. In Section IV-E the required number of
hops to disseminate the message to the sink is determined, also
based on the distribution of the hop length. The distribution
of the delay of each hop is determined in Section IV-F.
Combining the distribution of the required number of hops
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Fig. 2. The expected number of nodes in an interval with dint = 2 and
dIN = 50. Fat lines are model results; thin lines are simulation results.

and the distribution of the delay per hop, we calculate the
end-to-end delay in section IV-G.

A. Number of nodes in an interval, excluding previous for-
warders

In this section we show how to calculate the distribution of
the number of nodes in interval i, excluding all previous
forwarders. We do not take into account the source node
and the sink node, since their positions are independent of
positions of the nodes on the road and they do not take an
active part in the forwarding process. Due to space constraints
we refer to [19] for proof of our method.

As was stated before the number of nodes in an interval
is Poisson distributed with the mean equal to the expected
number of nodes in an interval λ. Let Vi denote the number
of nodes in interval i; Vi is thus Poisson distributed with
mean λ. Let V (1)

i denote the number of nodes in interval
i, excluding the first forwarder. V (1)

i is Poisson distributed
with the mean equal to the expected number of nodes in
interval i, excluding the first forwarder, denoted δ

(1)
i . Let

V
(1,2)
i (j) denote the number of nodes in interval i, excluding

the first two forwarders and given that the first forwarder was
in interval j. V (1,2)

i (j) is Poisson distributed with the mean
equal to the expected number of nodes in interval i, excluding
the first two forwarders and given that the first forwarder was
in interval j, denoted δ(1,2)i (j). We show how to calculate δ(1)i
and δ(1,2)i (j).

We first predefine a number of probabilities, all of which
are determined in Section IV. Let P (C1 > 0) denote the
probability that there is a node to become the first forwarder
at all. Let P (F1 = i) denote the probability that the first node
is in interval i. Mean δ(1)i is then given by

δ
(1)
i = λ+ Si ·

(
λ

P(C1 > 0)
− λ

)
− P (F1 = i), (1)

with i = 1, 2, . . . , λ, and Si as before.
Mean δ(1,2)i (j) is calculated given that the first forwarder is

in interval j. Let P (C2 > 0 | F1 = j) denote the probability
that there is a node to become the second forwarder at all,
given that the first forwarder is in interval j. Let the probability
that the second forwarder is in interval i, given that the first
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forwarder is in interval j, be denoted by P (F2 = i | F1 = j).
Mean δ(1,2)i (j) is then given by

δ
(1,2)
i (j) = δ

(1)
i − P(F2 = i | F1 = j) +

Si−j ·

(
α

P(C2 > 0 | F1 = j))
− α

)
,

α = Si ·

(
λ

P(C1 > 0)
− λ

)
, (2)

with j = 1, . . . , R and i = j + 1, . . . , j + R. Note that we
use the distribution of the position of the first forwarder even
though its position has been given.

B. Position of the forwarder
In this section we explicitly calculate the distribution of the
position of the first three forwarders. The position of forwarder
n depends on the number of candidate forwarders for hop n, as
well as how they are positioned. Let Cn,i denote the number of
candidate forwarders in interval i (interval i is the ith interval
from the source). Again note that we choose our intervals very
small, such that Cn,i is either zero or one.

For a given set of candidate forwarders, the candidate
forwarder that has the shortest residual forwarding delay will
become the next forwarder. Candidate forwarders draw their
forwarding delay when they receive the message for the first
time. Since the forwarding delay is distributed exponentially,
and the exponential distribution is memoryless, the residual
forwarding delay is i.i.d. with mean Td for each candidate
forwarder, regardless when the candidate forwarder received
the message previously. Thus, for a given set of candidate
forwarders the probability of becoming the next forwarder is
equal for all candidate forwarders.

Since the probability of becoming the next forwarder is
equal for all candidate forwarders, the probability that the nth

forwarder will be in interval i is equal to the probability of
having a candidate forwarder in interval i, normalised over all
the intervals, i.e.,

P(Fn = i) = P(Cn,i = 1)/

n·R∑
j=1

P(Cn,j = 1) (3)

where i is in the range [1, n ·R].
In the remainder of this section we explicitly specify

P(Cn,i = 1) for the first three forwarders. By combining these
with Eq. (3) we then have an expression for the probability
distribution of the position of the first three forwarders. Be-
cause we will need to determine the hop delay in Section IV-F
we also specify the distribution of Cn, i.e., the total number
of candidate forwarders to become forwarder n.

We first calculate P(C1,i = 1). The probability that there is
exactly one node in i is given by P(Vi = 1). The probability
that a node in interval i has received the message from the
source (positioned in interval 0) is given by Si. The probability
that there is exactly one candidate forwarder to become the
first forwarder in interval i is then given by

P(C1,i = 1) = P(Vi = 1) · Si, (4)

where i = 1, ..., R. As we noted in Section IV-A Vi is
Poisson distributed with mean λ. Since Si is a probability,
C1,i is Poisson distributed with mean λ · Si. The distribution
of the total number of candidate forwarders is then a Poisson
distribution with the rate equal to the summed up rates of all
the intervals (see [14]), given by

P(C1 = c) =
λ̂c

c!
e−λ̂, λ̂ =

R∑
i=1

λ · Si. (5)

To calculate P(C2,i = 1) we need to take into account the
(distribution of the) position of the first forwarder. For a given
position of the first forwarder f1, the probability that a node in
interval i (given that the interval contains a node) has received
the message from the first forwarder is given by Si−f1 . Let
C2, i | F1 = f1 denote the number of candidate forwarders
for the second hop in interval i, given that the first forwarder
is in interval f1. Its distribution is given by

P(C2,i = 1 | F1 = f1) =

P(V (1)
i = 1) ·

(
Si + (1− Si) · Si−f1)

)
, (6)

with f1 = 1, . . . , R, i = f1+1, . . . , f1+R, and (1−Si)·Si−f1
is the probability that a node in interval i did not receive
the message from the source but from the first forwarder. To
calculate P(C2,i = 1) we condition on the position of the first
forwarder:

P(C2,i = 1) =

R∑
f1=1

P (F1 = f1) P(C2,i = 1 | F1 = f1), (7)

where i = 1, . . . , 2R. To calculate C2 we note that C2,i | F1 =
f1 can be written as a Poisson distribution with mean δ1i (f1) ·
(Si + (1 − Si) · Si−f1)), and C2 is Poisson distributed with
the mean equal to the summed up rates of all the intervals,
conditioned on the position of the first forwarder:

P(C2 = c) =

R∑
f1=1

P(F1 = f1) ·
λ̂(f1)

c

c!
e−λ̂(f1),

λ̂(f1) =

f1+R∑
j=f1+1

δ
(1)
j ·

(
Sj + (1− Sj) · Sj−f1

)
(8)

To calculate P(C3,i = 1) we need to take into account the
position of the first two forwarders. Let C3,i | F1 = f1, F2 =
f2 denote the number of candidate forwarders for the third
hop in interval i, given that the first forwarder is in interval
f1 and the second forwarder is in interval f2. Its distribution
is given by

P(C3,i = 1 | F1 = f1, F2 = f2) = P(V (1,2)
i (f1) = 1) ·(

Si + (1− Si) · Si−f1 + (1− Si) · (1− Si−f1) · Si−f2)
)
,

(9)

with f1 = 1, . . . , R, f2 = f1 + 1, . . . , f1 + R, i = f2 +
1, . . . , f2+R, and (1−Si)·(1−Si−f1)·Si−f2 is the probability
that a node in interval i did not receive the message from the
source or the first forwarder but from the second forwarder.
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To calculate P(C3,i = 1) we condition on the position of the
first two forwarders:

P(C3,i = 1) =

R∑
f1=1

(
P(F1 = f1) ·

f1+R∑
f2=f1+1

(
P(F2 = f2 | F1 = f1) ·

P(C3,i = 1 | F1 = f1, F2 = f2)

))
, (10)

where i = 1, . . . , 3R, (1 − Si) · (1 − Si−f1) · Si−f2 is the
probability that a node in interval i did not receive the message
from the source or the first forwarder but from the second
forwarder, and P(F2 = f2 | F1 = f1) is the probability that the
second forwarder is in interval f2 when the first forwarder was
in f1. All other parts of the equation are as before. Calculating
P(F2 = i | F1 = f1) is done in the same manner as Eq. (3),
given by

P(F2 = i | F1 = f1) =
P(C2,i = 1 | F1 = f1)

f1+R∑
j=f1+1

P(C2,j = 1 | F1 = f1)

(11)

where f1 = 1, . . . , R and i = f1 + 1, . . . , f1 +R.
To calculate C3 we note that C3,i | F1 = f1, F2 = f2 can

be written as a Poisson distribution with mean δ(1,2)i (f1, f2) ·
(Si + (1− Si) · Si−f1 + (1− Si) · (1− Si−f1) · Si−f2)), and
C3 is Poisson distributed with the mean equal to the summed
up rates of all the intervals, conditioned on the position of the
first two forwarders:

P(C3 = c) =

R∑
f1=1

P(F1 = i) ·
f1+R∑

f2=f1+1

P(F2 = f2) ·

λ̂(f1, f2)
c

c!
e(−λ̂(f1,f2)),

λ̂(f1, f2) =

f2+R∑
j=f2+1

δ
(1,2)
j (f1, f2) ·

(
Sj + (1− Sj) · Sj−f1+

(1− Sj) · (1− Sj−f1) · Sj−f2)
)
. (12)

As can be seen P(Fn = fn) = O(Rn). R is defined as
the maximum transmission range divided by the the size of
an interval. Transmission ranges may be several hundreds of
meters and interval sizes may be a meter or less (depending on
the mean inter-node distance dIN and the desired accuracy).
Calculating the position of the fourth forwarder and beyond
thus quickly becomes too resource intensive for practical pur-
poses. In Section IV-C and Section IV-D we therefore present
an approximation to calculate the probability distribution of
the position of the nth forwarder for n > 3.

C. Hop Length

In this section we calculate the distribution of the hop length.
In the next section we use the hop length to approximate
the distribution of the position of the fourth forwarder and of

following forwarders. Let Ln be the length of hop n, defined
as

Ln = Fn − Fn−1. (13)

We specify the distribution of the first three hop lengths in
an exact manner. The hop lengths for beyond hop 3 are
approximated. The general expression for Ln is given by
conditioning on the position of the previous forwarder:

P (Ln = l) =

(n−1)R∑
fn−1=1

P (Fn−1 = fn−1) ·

P (Fn = fn−1 + l | Fn−1 = fn−1). (14)

The probability distributions of the positions of the first
three forwarders have been given in the previous section.
Using these we have an exact expression for the distribution
of Ln for n ≤ 3. As will appear from the simulation results
in Section VI the distribution of Ln converges and, for the
purpose of our model, does not change significantly beyond
the third hop. For the remainder of our analysis we therefore
approximate the distribution of hop n with the one for hop 3:

FLn
∼ FL3 ∀ n ≥ 3. (15)

We thus assume that Ln for n > 3 is distributed identically
and independently of the positions of the previous forwarders.

D. Approximated Position of the Forwarder
In this section we approximate the distribution of Fn for n >
3. In Section IV-B an exact expression was given for Fn for
n ≤ 3 and by means of Eq. (15) we assumed that the length of
each following hop is i.i.d. – combining these the distribution
of the position of every next forwarder is given by

P(Fn = i) =

(n−1)·R∑
j=1

P(Fn−1 = j) ·

P (Ln = i− j), (16)

for all n > 3. We thus have a recursive approximation of the
position of the forwarder for the fourth hop and beyond, and
P(Fn = fn) = O((n− 3) ·R3) for n > 3.

E. Required Number of Hops
In this section we calculate the distribution of the number of
hops required to forward a message a certain distance. Let Ni
be the distribution of the number of hops required to have the
message forwarded by a node that is positioned in interval i
or beyond. The probability that at most n hops are needed to
reach interval i is equal to the probability that the nth forwarder
is in or beyond interval i, i.e.,

P (Ni ≤ n) = 1− P (Fn < i), (17)

where P (Fn < i) is equal to the summed up probabilities that
the forwarder is at position 1 ≤ j ≤ i− 1 as is given by Eq.
(16),

P (Fn < i) =

i−1∑
j=1

P (Fn = j). (18)
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F. Hop delay

In this section we calculate the distribution of the per-hop
delay. Let Hn be the delay for hop n: the time between
the moment that the message is forwarded for the (n − 1)th

and the nth time. As was explained in Section III each
candidate forwarder draws an exponentially distributed delay
upon first receiving the message. The candidate forwarder
with the shortest delay forwards the message. The hop time
is therefore distributed as the minimum value of the de-
lays of all the candidate forwarders. As has been explained
in Section IV-B the forwarding delay for each candidate
forwarder is exponentially distributed with mean Td. The
minimum of c exponentially distributed delays with mean Td
is also exponentially distributed, with mean Td/c. Taking the
distribution of the number of candidate forwarders into account
the cumulative distribution function of Hn is given by

FHn(t) =

R∑
c=1

P (Cn = c) · (1− exp−t·c/Td) (19)

for t ≥ 0, and FHn
(t) = 0 for t < 0. So far we have

only explicitly defined the distribution of C for the first three
forwarders. As we will show in Section VI the distribution
of H converges and, for the purpose of our model, does not
change significantly beyond hop 3. For the remainder of our
analysis we therefore state

FHn
∼ FH3

, ∀ n > 3. (20)

G. Delay

Let Di be the delay to have the message forwarded by a
node in interval i. Di is a function of the number of hops
required to bridge the distance (Ni), and the delay per hop
(Hn). The distribution of the hop time of the first three hops
is given by Eq. (19), the hop time of subsequent hops is given
by Eq. (20). Di is given by

Di =

i·R∑
n=1

P (Ni = n)

n∑
j=1

Hi (21)

Calculating this convolution is not practical for large values
of i. We therefore use the central limit theorem, which states
that for n i.i.d. variables H3 with mean µH3

, variance σH3
,

and Sn =
n∑
i=1

H3, the distribution of Sn can be approximated

as Sn ∼ N (n · µH3
, n · σH3

). Conditioning on the hop delay
distributions of the first two hops we get

FDi
(d) =

i·R∑
n=1

P (Ni = n)

d∫
h1=0

fH1
(h1)

d−h1∫
h2=0

fH2
(h2) ·

FSn−2
(d− h1 − h2) dh2 dh1. (22)

V. EXPERIMENTAL SET-UP

To verify the correctness of our model analysis we have
simulated the model described in Section III. Nodes are
positioned from source to sink over a straight line of 2500
m. The inter-node spacing is exponentially distributed with
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Fig. 3. The packet reception probability curve Si used in the experiments.

mean dIN set to 10, 25, and 50 m. Forwarding is done as
specified in Section III, with Td = 1 s. Each experiment is
repeated at least 30000 times with different random seeds.

Experiments have been performed using the OMNET++
network simulator v4.1 [2] and using a self-modified version
of the MiXiM framework v2.1 [1] to model the communication
architecture. To model the behaviour of the 802.11p protocol
as accurately as possible we have altered the IEEE 802.11
medium access module in such a way that all parameters
follow the 802.11p specification [4]. The available 802.11
MiXiM physical layer was adapted to include bit error rates
(BER) and packet error rates (PER) for all transmission bit
rates used in our experiments. The centre frequency was set
to 5.9 MHz and access category (AC) 0 was used. We use
the log-normal shadowing model [13] for signal propagation
with the path loss exponent is set to 3.5 and the standard
deviation to 6. Transmission power was set to 4 mW. To keep
the influence of packet collisions due to hidden nodes as low
as possible the packet sizes are kept small (only the headers
are included) at 160 bits.

Our model analysis requires the packet reception rate as
input. Using the above settings we measured the packet
reception probabilities at intervals of one meter for a single
node that broadcasted a packet ten thousand times without
any interfering network traffic. The resulting packet reception
curve Si can be seen in Fig. 3.

Note that it is also possible to model Si as a function
of transmission power, propagation effects, BER, PER, and
forward error correction; see for example [12].

VI. VERIFICATION

In this section we verify the correctness of our analytical
model. We discuss all the performance metrics that have been
analysed in Section IV. We have evaluated the experiment
described in Section V both by simulation and with our model.
We compare the results to see how well they match. We
use the Kolmogorov-Smirnov (K-S) statistic to express the
difference between two distributions. The K-S statistic K for
two distributions F1(x), F2(x) is equal to the largest distance
between the two cumulative distribution functions, given by

K = max{|F1(x)− F2(x)|} ∀ x. (23)
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Fig. 4. Distribution of the length of a hop for the first three hops. Fat lines
are model results; thin lines are simulation results.

We start with evaluating the node distribution, i.e., how
well our model predicts the expected number of nodes in
an interval, excluding previous forwarders. Fig. 2 shows the
expected number of nodes in an interval when excluding (i)
no forwarder, (ii) the first forwarder, and (iii) the first two
forwarders, given that the first forwarder was in the 24th inter-
val. It can be seen that our model analysis accurately predicts
the expected number of nodes that are not forwarders in an
interval. It can also be seen that when previous forwarders
are excluded, the expected number of nodes in an interval is
significantly less than λ, depending on the interval and on
the number of forwarders that are excluded. This holds for
all intervals that are within transmission range of any of the
previous forwarders and the decrease is strongest for intervals
that are closest to the previous forwarders. As intervals are
positioned further away from the previous forwarder the
expected number of nodes in an interval, excluding previous
forwarders, converges to λ.

The effect that this decrease in the expected number of
nodes in an interval, excluding previous forwarders, has on
the behaviour of the forwarding protocol is best illustrated by
means of Fig. 4, which shows the hop lengths of the first three
hops. It can be seen that the hops become increasingly longer,
i.e., the probability that the next forwarder is in an interval
that is positioned further away from the previous forwarder
increases. This is due to the fact that the expected number
of nodes, excluding previous forwarders, in an interval that is
positioned further away from the previous forwarder is higher.
If there is a higher expected number of nodes in interval i,
excluding previous forwarders, then the probability that there
will be a candidate forwarder for the next hop in interval i
also increases. The probability that the next forwarder will be
in interval i consequently also increases, which has the effect
of lengthening the hop.

Our model calculates the performance of the first three hops
of the system in an exact manner. Table I shows how for the
first three hops the modelled distributions of the hop delay, the
hop length, and the position of the forwarder all stay within
1% of the simulated distributions. Our model thus accurately
captures the system performance for the first three hops.

The performance of the system beyond the third hop is
approximated by assuming that (i) the hop length and the hop
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Fig. 5. Distribution of the position of the 5th, 10th, and 15th forwarder for
dIN = 25. Fat lines are model results; thin lines are simulation results.

delay of following hops are distributed identically to the third
hop, and (ii) the hop length and the hop delay of consecutive
hops are distributed independently. As we will show only the
first assumption holds.

Table I compares the simulated distributions of the hop
length and the hop delay of the fourth and following hops
with the modelled distributions of the hop length and the hop
delay of the third hop. It can be seen that all distributions are
within 1% of each other, confirming our assumption that – for
the purposes of our model – the hop length and the hop delay
of the fourth and following hops are distributed identical to
the third hop.

Table I, Table II, Fig. 5, and Fig. 6 compare the modelled
and simulated distributions of the position of the forwarder,
the required number of hops to reach the sink, and the end-to-
end delay to reach the sink. It can be seen that the accuracy
of our model varies between 1 and 20% depending on the
performance metric, the distance from source to sink, and the
node density. The model becomes less accurate as the source-
to-sink distance increases and the node density decreases. The
latter is due to the fact that consecutive hops can no longer be
assumed to be independent for low node densities: the position
of previous forwarders (and thus the length of a previous hop)
has a larger impact on the expected number of nodes in an
interval, excluding previous forwarders, when the expected
number of nodes in an interval is relatively low.

VII. CONCLUSIONS

In this paper we have presented an analytical model that
expresses the performance of a geographical multi-hop broad-
cast protocol in terms of insightful, fast-to-evaluate closed-
form formulas. The model is able to give full probability
distributions of the length of each hop, the delay of each
hop, the position of each forwarder, the required number of
hops, and the end-to-end delay. For a scenario in which a
source broadcasts a safety message we can thus express the
probability that a sink, positioned at a specific distance from
the source, has received the safety message within a certain
time interval. This is a critical performance metric for many
safety applications [3]. Safety message dissemination is most
relevant when node densities are high and dissemination dis-
tances are within a few hops (e.g., less than 1 km). Verification
of our model by means of simulation showed that for these
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Fig. 6. Distribution of the end-to-end delay for a dissemination distance of
1000 m with dIN = 10.

scenarios model results typically stay within 10%; as node
densities decrease and dissemination distances increase the
model becomes less accurate.

The model expresses the performance of the first three
hops in an exact manner, taking into account dependencies
between consecutive hops. For following hops it is assumed
that hops are i.i.d. In the future we expect to further increase
the accuracy of our model by also taking the dependencies of
consecutive hops into account for following hops.

A key insight of our model is how multi-hop forwarding is
affected by the positions of previous forwarders. In particular,
nodes that have already participated in the forwarding process
will not do so again and should therefore not be taken
into account. Node densities close to the previous forwarders
are therefore less than average. The probability that a next
forwarder will be close to the previous forwarder is therefore
also less than average. This has the effect of lengthening the
hops: the distance between two forwarders increases, thus
requiring less hops to reach the sink node.

Our model applies for flooding protocols that use random
forwarding delays, as well as for protocols that forward
(safety) messages on top of network-level beacons. We are cur-
rently extending our model to incorporate distance-based de-
lays (furthest node broadcasts first), as used by the ‘contention-
based forwarding’ protocol (see [5]), one of ETSI’s standard-
ised geographical multi-hop broadcast protocols.

Hop 1 2 3 4 5 10
dIN K-S statistics of the hop delay
10 0.007 0.005 0.004 0.008 0.010 0.003
25 0.007 0.004 0.005 0.012 0.010 0.009
50 0.004 0.003 0.003 0.003 0.004 0.005

dIN K-S statistics of the hop length
10 0.007 0.006 0.004 0.004 0.008 0.008
25 0.009 0.004 0.006 0.009 0.005 0.010
50 0.004 0.004 0.004 0.006 0.004 0.007

dIN K-S statistics of position of the forwarder
10 0.007 0.004 0.006 0.007 0.013 0.019
25 0.009 0.009 0.008 0.014 0.023 0.037
50 0.004 0.006 0.013 0.026 0.038 0.062

TABLE I
K-S STATISTICS PER HOP, CALCULATED USING EQ. (23).
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i 250 500 750 1000 1250 1500
dIN K-S statistics of the required number of hops
10 0.008 0.014 0.016 0.017 0.019 0.020
25 0.027 0.040 0.047 0.051 0.051 0.055
50 0.098 0.132 0.166 0.192 0.208 0.237

dIN K-S statistics of the end-to-end delay
10 0.014 0.026 0.053 0.079 0.099 0.118
25 0.015 0.053 0.101 0.141 0.172 0.201
50 0.062 0.083 0.118 0.147 0.176 0.200

TABLE II
K-S STATISTICS FOR INTERVAL i, CALCULATED USING EQ. (23).
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