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Abstract—Data services for in-vehicle consumption are ex-
pected to become a primary driver in the development of future
vehicular networks. Due to download rate limitations of present
wide-area cellular connectivity such as 3G (the likely ‘pipe’
to/from vehicles for long range connectivity), direct peer-to-peer
data sharing among vehicles can supplement vertical downloading
with horizontal dissemination. This paper studies the inter-vehicle
data dissemination problem based on a WAVE1/802.11p vehicular
ad hoc network, using network coding. We first derive the
probability mass functions (PMFs) of dissemination completion
time in a prototypical three-node case for both random broadcast
and with network coding, to quantify the benefits of the latter. For
a one dimensional (1-D) infinite lattice network, we next provide
analytical results for the steady state dissemination velocity of
a data set, using network coding. The gains from such network
coding, relative to the baseline scheme of random broadcast, and
with perfect feedback, in presence of Rayleigh fading wireless
links for this network are estimated using simulations.

Index Terms—Data dissemination, Vehicle-to-Vehicle, Dissem-
ination Velocity, Coupon Collection, Ad Hoc Network

I. INTRODUCTION

RECENT research, development and standardization ad-
vances in vehicular ad hoc networks (VANETs) [1]–

[6] have motivated increasing interest in various data ser-
vices for in-vehicle consumption, such as ‘commerce- and
entertainment-on-the-wheel’. These include a wide variety of
applications: local information (e.g., traffic notification, map
updates, location-based advertisements) pushed to vehicles; or
specific data pulled from Internet servers (e.g., neighborhood
parking, reviews of local restaurants, and video clips of local
attractions). Direct download of services to vehicles may
be provided over existing wide-area cellular infrastructure
(3G/4G) and/or proposed new roadside infrastructure based on
short-range Dedicated Short Range Communications (DSRC)
links 2. However, both these approaches have their own
challenges: the modest data rate of present 3G links and the
cost of large data downloads to the end-user under current
cellular data pricing models on one hand, and the intermittent
hot-spot type roadside coverage envisaged with DSRC on
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1Wireless Access for Vehicular Environments
2DSRC in North America is based on 802.11p wireless link access in

5.9 GHz band, subsequently folded into the IEEE 1609 Wireless Access for
Vehicular Environments (WAVE) standards.

the other3. This leads to the following simple premise for
content dissemination: if some content is available at a subset
of vehicles (typically via prior cellular vertical download)
that is desired by (many) others in the network, peer-to-peer
content distribution using vehicle-to-vehicle (V2V) ad hoc
communications, is time and cost efficient.
Consider the scenario in Fig. 1 - a group of vehicles in

geographic vicinity that have a common interest in some data
on the Internet, such as traffic surveillance video, map updates,
or other geo-related information. When a reference vehicle
successfully downloads the data file via vertical network
access, it may then disseminate the newly obtained content
to all other peers (horizontally) through V2V mode. For
purposes of lightweight data exchange, packets in WAVE can
be transmitted as 1-hop broadcast with no feedback, as defined
in IEEE 802.11p [6]. In order to improve latency, WAVE does
provide priority mechanisms for propagation of emergency
warning messages via multi-hop relaying [7], [8]; however,
these forwarding/rebroadcasting mechanisms are not suitable
for sharing large amounts of non-prioritized content.
Due to the absence of feedback in WAVE broadcasts, a

common way of disseminating data is via gossiping [9], [10]
that mimicks the spread of a rumor in society. In a gossip
protocol, a node blindly distributes a randomly chosen packet
among those in its buffer, at a transmission opportunity. Its
inefficiency is illustrated by a simple example in Fig. 2. Two
vehicles N2 and N3 within geographical proximity are each
waiting to receive two packets X1 and X2 from N1. At
this time, N2 (N3) has only X2 (X1) from prior transmis-
sions. Even with lossless wireless links, N1 needs two more
broadcast transmissions to complete the transfer if packets
are sent individually. However, it is evident that when N1

is broadcasting X1, N3 does not benefit from overhearing this
transmission; similarly for N2 when N1 is broadcasting X2.
Network coding (NC) leverages the above unexploited re-

dundancies due to the broadcast nature of wireless for more
efficient data dissemination. We use Fig. 2 to demonstrate how
linear NC [11], [12] may apply in this simple case. Node N1

only needs to broadcast Y = X1 ⊕ X2, then both N2 and
N3 can both extract the desired packet after one broadcast via
Y ⊕ X1 (Y ⊕ X2), respectively.
Successful application of NC to a realistic VANET scenario

requires going beyond the simple scenario of Fig. 2 and
confronting several non-trivial challenges [13]–[15] such as:
1) If a source-destination pair are not within direct range of

3DSRC’s spectrum allocation has four 10MHz service channels, and each
supports a per channel data rate from 3 to 27 Mbps, with the optional
capability to combine two service channels into one 20Mhz channel.
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Fig. 1. Inter-vehicle horizontal data dissemination supplements vertical direct downloading.
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Fig. 2. A 3-node example. Using network coding at N1 achieves the
maximum data dissemination efficiency.

each other, data must be routed in a multi-hop manner; this is
not supported in WAVE broadcast;
2) Relaying by intermediate nodes leads to increased multi-
access interference, which in turn impacts the reception prob-
ability on any link. In other words, the unreliability of packet
reception at the link level must be incorporated in any effective
wireless networking coding design.

This paper analyzes the V2V horizontal data dissemination
part of data services in 1-D VANETs: ‘pushing’ Internet
content to vehicles (see Fig. 3). Our contributions are three-
fold:

• We mathematically derive the probability mass functions
(pmf’s) of the dissemination completion time for both
random and NC based broadcast in a prototypical three-
node case.

• The steady state data dissemination velocity in a 1-D
infinite lattice network using NC is explicitly derived.

• We investigate via simulations the gains from NC relative
to random broadcast and a perfect feedback scheme for 1-
D lattice and irregular topologies, in presence of Rayleigh
fading wireless links.

The remainder of this paper is arranged as follows. Related
works are discussed in Sec. II. We develop the system model
in Sec. III. The pmf’s of dissemination completion time in a
three-node case are derived in Sec. IV-A, and the dissemina-
tion velocity for 1-D lattice network in Sec. IV-B. Simulation
results are provided in Sec. V and we conclude with final
remarks in Sec. VI.

II. RELATED WORK

There is a growing literature on content dissemination
within vehicular networks, some of which have also consid-
ered the application of NC this problem. We briefly discuss
the key relevant references next, and highlight their difference
from our approach.
Peer-to-peer collaboration via vehicular communication is

explored in [16], [17], [18] for content sharing. SPAWN,
a swarming protocol for vehicular ad hoc networks was
proposed in [17] to extend wired Internet peer-to-peer content
distribution (a.k.a. file swarming) protocols (e.g., BitTorrent)
to VANET. However, peer discovery and peer & content
selection processes have high overhead due to VANET’s
dynamic nature. The assumption of reasonable transport layer
bandwidth (either TCP or UDP over multi-hop wireless links)
in [16], [17] does not fit into the WAVE broadcast paradigm.
Similar observation was made in [18] for CodeTorrent, a
NC aided file swarming protocol with no underlying routing
support.
Network coding has been applied to the full data dissem-

ination problem [14] and the reliable multicasting problem
[13]. In [14], each node has some packets to share with
all other nodes, and a gossip based algorithm is used to
diffuse information in the ad hoc network that is optimized
for energy efficiency. In [13], reliable multicasting in a single
cell wireless network and over a tree topology constructed
by several cells are studied. In each cell, coded packets are
repeatedly broadcast by an access point till all nodes have
correctly received all packets.
The most relevant prior art to this work are [18]–[22], which

study linear NC in VANET settings. Our work and [18] are
similar in that both apply NC to MAC broadcasting. However,
in [18], source nodes send out a file description and other
nodes have to keep requesting neighbors for packets (data
‘pull’), while in our work, the file is ‘pushed’ to all nodes.
VANET relaying protocols are devised in [21], [22]. In [22],
the region is divided into segments, and each segment selects
a coordinator which designates a relay node for that segment
in a centralized way. In CodeOn [21], nodes share ‘content
reception status’, and then choose a transmission backoff delay
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Fig. 3. Data dissemination from one source vehicle to all others in the +x direction in a 1-D VANET.

that is inversely proportional to the amount of useful content
they possess. As a result, the node with the most useful content
gets to relay. In [21], [22], all broadcasts by the access point
and at all relay nodes use symbol level NC. [19] studies an
iterative vehicle-to-infrastructure (V2I) download and V2V
content distribution process. Vehicles independently download
NC coded packets from the server in V2I phase, followed
by NC based many-to-many content distribution in next V2V
phase. In contrast, the V2V data dissemination is a one-to-
many dissemination process in our work. While [19], [21],
[22] explores the design via simulation, our work provides
analytical results for V2V data dissemination under a simple
scheduling model. [20] analyzes the multicast throughput of
NC aided content distribution in a linear VANET. Their result
is based on ideal reception and collision models, in which
a packet within a fixed distance from the source is received
with probability 1, otherwise it is deemed lost. Such binary
characterization of the wireless link is grossly inadequate for
purpose; we integrate link reliability to deduce the pmf for
dissemination completion duration and velocity in steady state.

III. SYSTEM MODEL

A. Network Coding Operations

Linear network coding is a block code conducted over
finite field Fq , where q is the finite field size. Every packet
xi consisting of log(q)-bit symbols, can be treated as a
vector in Fq . During any transmission opportunity, the source
broadcasts a linear combination of allM packets it has stored,
x1, x2, . . . , xM , i.e.,

yi =
M∑

k=1

γi,k xk, (1)

where γi,k’s are the random NC coefficients selected uni-
formly in Fq at the i-th transmission. Any received coded
packet at a receiver can be expressed as a linear combination
of the M original packets in the network, regardless of the
actual sender of that packet. Specifically, if a node receives
K coded packets y1, . . . , yK , these can be written in the
following vector product form:

YK×1 = AK×MXM×1, (2)

where AK×M is the coefficient matrix containing all NC
coefficients. In the case K ≥ M , the matrix A is full
rank almost surely due to random choice of NC coefficients
from Fq , and the receiver can recover the original data set
X = A−1Y .

For decoding, clearly the receiver needs to know the NC
coefficients A used during all transmissions. We allow the
transmitter to embed these coefficients in each packet. For
instance, linear NC of M packets over finite field Fq needsM
log2(q)-bit long coefficients in each packet, which represents
3.3% overhead when M = 100, q = 16, and packet length
L = 1500 Bytes.
Defn.: A newly received coded packet is called innovative
if it increases the rank of A. Only innovative packets are
preserved, otherwise a packet is discarded. The probability
P that a new packet being innovative satisfies P ≥ 1 − 1/q,
which converges in probability to 1, plimq→+∞ P = 1. Thus,
for practical operations, with reasonably large finite field size,
each received coded packet can be considered innovative [23].

B. Scheduling Model

We model a vehicle platoon on a stretch of highway as
a static 1-D lattice network of equal inter-vehicle spacing,
corresponding to motion with identical velocity. Initially (at
time t = 0), there is a single file (M packets denoted by
x1 . . . xM ) at a single source node (vehicle) to be disseminated
to all other vehicles in a single direction (see Fig. 3). We
assume that vehicles have the knowledge of neighbors’ relative
position4 to filter out packets coming from the undesired
direction. Nodes in the network are assumed synchronized,
and time is slotted so that each packet transmission consumes
exactly one time slot.
An ideal scheduler is assumed throughout this work, i.e.

there is no distributed medium contention prior to transmission
(and hence any analysis of MAC efficiency is not relevant
to this work). At a given time, there is a single source (the
disseminator) that broadcasts the reference data in the +x
(dissemination) direction. When the nearest recipient (relative
to current disseminator) successfully receives the full set, a
‘hand-off’ occurs as shown in Fig. 4, i.e. the new node takes
on the role of the disseminator (and the prior disseminator
stops broadcasting) 5.

4Such relative position information can be obtained from: (1) directly com-
paring the global positioning system (GPS) location information embedded
in the packet with receiver’s local GPS location, or (2) sender’s ID embedded
in the packet and a neighborhood map constructed from received beacons
(contain location information) from neighbors.
5In 802.11 networks, this may be achieved by allowing the new node to

seize the channel (from the prior disseminator) by using a smaller contention
window value.



772 IEEE JOURNAL ON SELECTED AREAS IN COMMUNICATIONS, VOL. 30, NO. 4, MAY 2012

.

. .
. .

.

Fig. 4. Disseminator role is handed-off node by node in the ideal scheduling
model.
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Fig. 5. One example of the reception probabilities Q1, Q2, · · · (at different
recipients) and the communication depth N (θ=5%).

C. Communication Depth

When current disseminator broadcasts a packet on the
shared wireless medium, it is received by the 1st, 2nd, · · · , N -
th, · · · , recipients (relative to disseminator) with probabilities
Q1 > Q2 > · · · , QN , · · · , respectively. Such reception
probability sequence depends on topology and communication
parameters, i.e., inter-vehicle spacing, transmit power, wireless
channel, etc. Nodes which are sufficiently far away from
the disseminator have negligible reception probabilities, i.e.,
Qk = 0, ∀k > N , where we define N = arg max

k
{Qk ≥ θ},

θ is a sufficiently small threshold, say 5%. N will be referred
to as the communication depth. An example of the reception
probability and communication depth under fading channel is
shown in Fig. 5.

IV. ANALYSIS

In the ideal scheduler, the disseminator role is handed-
off node by node in the desired propagation direction, each
time the complete data set is received at a new node. To
characterize the gain of NC, in Sec. IV-A, we first derive
the pmf’s of the dissemination completion time in a three-
node case, with and without NC. In Sec. IV-B, we first prove
that the NC dissemination process has a steady state, and then
explicitly derive the reference data set’s dissemination velocity
in steady state as a function of reception probabilities and
communication depth.

A. A Three-Node Case

We first demonstrate the (potential) gains from NC by
comparing pmf’s of the completion time with and without NC
via this prototypical three-node example in Fig. 6 with com-
munication depth N = 2. At t = 0, Node 0 (the disseminator)

t=T1t=0 t=T1+T2
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M M
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C
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Fig. 6. Data dissemination in a prototypical three-node network in presence
of wireless link unreliability.

has the M packets to be disseminated whereas Nodes 1 and
2 start with none. The reception probabilities from Node 0 at
the two nodes satisfy 1 > Q1 > Q2 >> 0. Let T1 denote
the completion time for Node 1, i.e., the duration required
for Node 1 to receive all M packets successfully. Now, at
T1, Node 2 has accumulated C ∈ {0, 1, . . . , M} packets due
to overhearing the broadcasts. At T1, Node 1 assumes the
disseminator role, and the one-hop link probability between
Nodes 1 and 2 is now Q1. Let T2 denote the additional
time for Node 1 to complete the transfer to Node 2. In the
following, we explicitly derive pmf’s for T1 and T2 with and
without NC.
Random broadcast (RND): In random broadcast scheme,

the disseminator transmits one packet per slot, randomly
chosen from those in buffer, till its immediate neighbor has all
packets. The lack of any feedback implies that multiple copies
of a packet may be transmitted, and then then discarded by
receiver. The completion time calculation is a generalization
of the classic coupon collection problem (CCP)6 studied in
[24], [25].
In the following lemma, we first state an intermediate result

for the conditional completion time in a single source-receiver
pair case with random broadcast.

Lemma 1. Consider a source-receiver pair where the source
has the M packets for dissemination and the receiver has a
subset of C packets (as a result of prior overhearing). The
link success probability equals Q1 and there is no feedback.
T RND, the conditional completion time for random broadcast
has the following pmf:

Pr(T RND = n | C = c)

=
n−1∑

k=M−c−1

M−c−1∑
j=0

(−1)j

(
M − c − 1

j

)(
1 − j + 1

M − c

)k

(
n − 1

k

)
Q̄k+1

1

(
1 − Q̄1

)n−k−1
, ∀n ≥ M − c,

(3)
where Q̄1 = Q1

(
1 − c

M

)
.

Proof: See Appendix A.
In the special case when C = 0 and the link is perfect

Q1 = 1, (3) reduces to the stopping time TCCP in classic
coupon collection problem (see Eq. (3) in [25]).
The following theorem characterizes the pmf of dissemi-

nation completion time for random broadcast in a three-node
case.

6Coupon collection problem studies the number of sample trials
TCCP (M) needed to collect all M coupons, in the case that one coupon is
randomly drawn with replacement at each trial. E[TCCP (M)] is known to
be the M -th Harmonic number.
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Pr(T RND
1 = t1) =

t1−1∑
k=M−1

M−1∑
j=0

(−1)j

(
M − 1

j

) (
1 − j + 1

M

)k (
t1 − 1

k

)
Qk+1

1 (1 − Q1)
t1−k−1

, t1 ≥ M, (4)
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Theorem 1. In a three-node case (Fig. 6), the two dissem-
ination completion components T RND

1 + T RND
2 for random

broadcast have the following (unconditional) pmf’s in (4) and
(5):

Proof: See Appendix B.
The pmf’s of T RND

1 and T RND
1 are validated by simulation

in Fig. 7. E[T RND
1 ] = 576 � M = 100, and E[T RND

2 ]=137.
Network coding based broadcast (NC): In dissemination

via NC, a listening node stores all packets and keeps track
of the rank of the NC coefficient matrix A (see Eq. 2). When
a new packet is successfully received, the random coefficient
is extracted and appended to A as a new row and the receiver
calculates rank(A). If A reaches full rank, the receiver can
successfully decode the stored packets to recover the original
data set. Otherwise, this receiver waits for more coded packets.
Let Dv denote the dimension of the subspace spanned by

the network coded packets successfully received at node v,
where Dv = rank(Av). Hence, “rank” and “subspace dimen-
sion” are used interchangeably throughout this paper. When v
receives a coded packet from the disseminator, Dv increases
if and only if the newly received packet is not spanned by
v’s subspace Lv. The following proposition estimates the
probability that a node’s subspace dimension increases by one
after it receives a new coded packet.

Proposition 1. In NC based broadcast, the conditional prob-
ability that the receiver v’s dimension increases by one upon
receiving a coded packet from a disseminator, given that it’s
current subspace dimension equals Dv, equals

PDv = 1 − q−(M−Dv), (6)

where q is the finite field size, M is the number of packets in
the reference data set.

Proof: Consider the probability that a newly received
coded packet is not spanned by v’s subspace Lv.
If we adopt a reasonably large finite field in NC operations,

PDv ≈ 1 for all values of Dv . For example, P0 > · · · >
P98 = 0.9998 > P99 = 0.984 when q = 64, M = 100.
In other words, every received coded packet can be assumed
innovative in practical operations. Therefore, we have the
following intermediate result on NC scheme’s conditional
completion time in a single source-receiver pair case.

Lemma 2. Consider one source-receiver pair where the
source has the full-set of M packets and the receiver has
a subset of C packets, initially. Each packet transmission on
the link has a success probability of Q1. The conditional pmf
for T NC , the completion time for the transfer by sending
one network coded packet per transmission opportunity, is
approximated by a negative binomial random variable:

Pr(T NC = n|C = c)≈
(

n − 1
n − M + c

)
QM−c

1 (1 − Q1)n−M+c,

n ≥ M − c,
(7)

The following theorem characterize the pmf’s of NC based
broadcast’s dissemination completion time in a three-node
case.

Theorem 2. In a three-node case (Fig. 6), the two dissem-
ination completion components T NC

1 + T NC
2 for NC based

broadcast have the following (unconditional) pmf’s:

Pr(T NC
1 = t1) =

(
t1 − 1
t1 − M

)
QM

1 (1 − Q1)t1−M , t1 ≥ M,

(8)

Pr(T NC
2 = t2)

=
M∑

c=0

(
t2 − 1

t2 − M + c

)
QM−c

1 (1 − Q1)t2−M+c

∞∑
t1=M

(
t1
c

)
Qc

2(1 − Q2)t1−c

(
t1 − 1
t1 − M

)
QM

1 (1 − Q1)t1−M ,

t2 ≥ 0.
(9)

Proof: See Appendix C.
The pmf’s of T NC

1 and T NC
2 are validated by simulation

in Fig. 8. E[T NC
1 ]=111, and E[T NC

2 ]=24.7. The gains from
NC in data dissemination is clear from the contrast between
Fig. 7 and Fig. 8. Pmf’s of T NC

1 and T NC
2 from NC based

broadcast in Fig. 8 are much more concentrated, and the
mean dissemination completion times are nearly an order of
magnitude less than the random broadcast case, i.e., 111 versus
576 for node 1’s completion time, and 24.7 versus 137 for
node 2’s additional time.
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(
M − c − 1

j

) (
1 − j + 1

M − c

)k1
(

t2 − 1
k1

) (
Q1

M − c

M

)k1+1 (
1 − Q1

(
M − c

M

))t2−k1−1

∞∑
t1=M

t1∑
k2=c

(
M

c

) c∑
i=0

(−1)i

(
c

i

) (
c − i

M

)k2 (
t1
k2

)
Qk2

2 (1 − Q2)t1−k2

t1−1∑
k3=M−1

M−1∑
l=0

(−1)l

(
M − 1

l

) (
1 − l + 1

M

)k3 (
t1 − 1

k3

)
Qk3+1

1 (1 − Q1)t1−k3−1, t2 ≥ 0.

(5)
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B. An Infinite 1-D Lattice Network

We have compared the pmf’s of dissemination completion
time in a three-node network, with and without NC. In a suffi-
ciently long 1-D network, where the source data (at the origin)
is to be propagated to all nodes, the average dissemination
velocity in steady state essentially determines the time needed
for completion (beyond any initial transient period). The
dissemination velocity is a function of individual reception
probabilities Q1, Q2, . . . , QN within communication depth.
These reception probabilities in turn depend on topology
and communication parameters, such as inter-vehicle spacing,
transmit power, wireless channel, etc. In this subsection, we
first prove that the data dissemination in NC based broadcast
reaches a steady-state. The dissemination velocity in steady
state is then explicitly derived from a set of detailed balance
equations. Since it does not appear feasible to derive a similar
closed form result for random broadcast, its dissemination
performance in a large network is studied using simulation.
Let tk denote the time instant when node k first assumes the

disseminator role. Then according to our scheduling model,
nodes {1, · · · , k} all have the complete reference data set by
tk. Let Di(tk) denote the subspace dimension (a.k.a. rank(A))
at the i-th node at tk. At time tk, according to our commu-
nication model (nodes beyond the communication depth N
have negigible reception probabilities), node k+N and further

have received no packets, i.e., Dk+N+i(tk) = 0, ∀i ≥ 0.
Starting from tk, node k keeps broadcasting coded packets
till transfer to the (next) recipient node k + 1 is complete, at
time instance denoted by tk+1. Clearly, Di(·) over time at any
node i constitutes a non-decreasing sequence.
At these embedded time instances {t1, · · · , tk, · · · }, the sys-

tem’s status is determined by the instantaneous dissemination
wave front (the dissemination slope), represented by the sub-
space dimensions (ranks) at the 2nd, 3rd,· · · , N -th recipients
(relative to current disseminator). As the upper figure in Fig. 9
shows, the system status at tk is solely determined by the
vector Sk = {Dk+1(tk), · · · , Dk+N−1(tk)}, the dimensions
of the N − 1 recipients at tk.
All possible system status (states) at these embedded time

instances and the transition probabilities among them form a
discrete-time Markov chain. We use S to record the system
status over time:

S = {S1, S2, · · · , Sk, · · · }, (10)

in which

Sk = {sk
1 , s

k
2 , · · · , sk

N−1}, sk
i = Dk+i(tk), ∀1 ≤ i ≤ N−1 .

(11)
Note that Sk is used to emphasize the state at time tk. Since Sk

is not necessarily a unique Markov chain state, it is possible
that Sk1 = Sk2 , when k1 	= k2. For convenience, we overload
S by calling it Markov chain S from now on.
The following proposition states an important property of

this discrete-time chain S.

Proposition 2. A transition Sk → Sk+1 is of non-zero
probability if and only if

sk+1
i ≥ sk

i+1, ∀i = {1, 2, · · · , N − 2}. (12)

Since sk
i+1 and sk+1

i are the subspace dimensions at the
same node at time instances tk and tk+1, Proposition 2 states
the fact that a node’s subspace dimension is non-decreasing.
Fig. 9 graphically shows the Sk → Sk+1 transition, which is
composed of “right shift" and “add" operations.
The next theorem proves that the NC based data dissemina-

tion in an infinity 1-D lattice network will reach equilibrium.

Theorem 3. The discrete-time Markov chain S is irreducible
and ergodic, and hence possesses a steady state distribution
(equilibrium).

Proof: See Appendix D.
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Fig. 9. Definitions of dissemination wave front (dissemination slope) and
the Markov chain in data dissemination problem in an infinity 1-D lattice
network.

Using mean value approach, we can explicitly derive the
mean value S̄, as well as the average dissemination velocity
in equilibrium.

Corollary 1. S̄ = {s̄1, · · · , s̄N−1}, the average subspace
dimensions at the N − 1 recipients (2nd to N -th recipient
relative to current disseminator) in equilibrium, are

s̄k = M

∑N
i=k+1 Qi∑N
j=1 Qj

, ∀1 ≤ k ≤ N − 1, (13)

which are solutions to the following set of equations:⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

s̄2 + (M − s̄1)
Q2

Q1
= s̄1,

s̄3 + (M − s̄1)
Q3

Q1
= s̄2,

· · ·
s̄N−1 + (M − s̄1)

QN−1

Q1
= s̄N−2,

(M − s̄1)
QN

Q1
= s̄N−1,

(14)

where Qj is the reception probability at the j-th recipient.

Proof: Assuming each new packet is innovative, the time
needed for a disseminator to transfer to its immediate next
node is a Binomial random variable with mean M−s̄1

Q1
. The

number of packets received by the j-th (2 ≤ j ≤ N − 1)
recipient by the end of the dissemination step is (M − s̄1)

Qj

Q1
.

The first N − 2 equations in (14) come from the detailed
balance condition:

s̄j + (M − s̄1)
Qj

Q1
= s̄j−1, 2 ≤ j ≤ N − 1. (15)

The last equation is the boundary condition, i.e., the N -th
receiver (node k + N in Fig. 9) has no prior packets when it
first enters the communication range of a disseminator (node
k).

Given S̄, we have the average data dissemination velocity of
a reference data set measured by hops per slot in the following
theorem.

Theorem 4. Using NC based broadcast, the dissemination
velocity of a reference data set in steady state in an infinite
1-D VANET is:

VNC (hop/slot) =
1
M

N∑
i=1

Qi, (16)

Proof: We omit any inter-frame spacings as negligible
overheads. Under the ideal scheduling model, a disseminator
on average needsM− s̄1 successful transmissions to complete
transfer to the first recipient. Therefore, the dissemination
velocity is Q1

M−s̄1
and the result follows by plugging in

s̄1 = M

(
1 − Q1PN

j=1 Qj

)
from (13).

V. SIMULATION

In this section, simulation is used to validate our analytical
results for NC based dissemination, and also round out our
investigation by demonstrating gains from NC relative to 1)
random broadcast, and 2) a perfect feedback scheme.
Vehicle movement introduces non-zero Doppler spread.

However, the 156kHz carrier spacing in current 10MHz
802.11p channel meets the requirements imposed by the
observed 1.6kHz maximum Doppler spread in several mea-
surement studies of V2V wireless channel [26], [27]. Based on
empirical measurements on received signal strength in vehic-
ular environment [28], our simulation adopts Rayleigh fading
[29] links. All nodes use the same transmission power p and
modulation scheme to broadcast packets. The wireless channel
undergoes Rayleigh fading, and the path loss exponent is α.
Let γk be the received power for a transmission from a source
that is k hops (inter-vehicle spacing is d meters) away from
the receiver; then γk is an exponentially distributed random
variable with mean p(kd)−α with the following probability
distribution function (pdf):

fk(γk) =
1

p(kd)−α
exp

(
− γk

p(kd)−α

)
, ∀γk ≥ 0. (17)

There is no multi-access interference according to our ideal
scheduling model, and the receiver can decode the packet
successfully if and only if its received signal-to-noise-ratio
(SNR) exceeds a decoding threshold, i.e.,

Psucc = Pr (γk/n0 ≥ z) , z > 1, (18)

where n0 is the noise power, and z is the capture threshold
whose value depends on the channel coding and modulation.
In this 1-D lattice network, the reception probability at the
k-th recipient relative to current disseminator, is simply:

Qk = exp
(−z n0 p−1 (kd)α

)
, k ≥ 1. (19)

We compare three schemes - random (RND), network
coding based (NC), and with perfect feedback. In RND,
a disseminator keeps broadcasting random packets from its
buffer till the immediate next node receives the complete
data set, leading to significant redundancy due to lack of
feedback. Perfect feedback scheme simply provides an upper
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TABLE I
PARAMETERS USED IN DATA DISSEMINATION SIMULATION

Platoon size 500 vehicles M 100 pks
p 1e-5 Watt d 100 m
α 3 q 128
RBPSK 3 Mbps zQPSK 5 dB
RQPSK 6 Mbps zQPSK 8 dB
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Fig. 10. Dissemination wave front (dissemination slope) in equilibrium.
Analytical curves are S̄ = {s̄1, s̄2, · · · , s̄N−1} from (13) in corollary 1.

bound for non-network-coding solutions; with feedback, the
disseminator only transmits packets that are not yet received
by the first recipient. In NC, a current disseminator broadcasts
network coded packets and embeds the NC coefficient in
the packet. Before a receiver can decode the data set, it
stores all packets and NC coefficients. When a new packet is
successfully received, the random coefficient is extracted and
appended to the coefficient matrixA (see Eq. 2) as a new row.
Then the receiver calculates the rank ofA. If rank(A) reaches
M , the data set size, the receiver can successfully recover
the original data set. Otherwise, it waits for more coded
packets. Parameter values used in simulations are summarized
in Table I.
We first validate the analytical result of the dissemination

wave front (dissemination slope) in equilibrium in Fig. 10.
Analytical result S̄ = {s̄1, s̄2, · · · , s̄N−1} is from the close
form (13) in corollary 1. In simulation, s̄j is computed by
averaging node (k + j)’s subspace dimension when node k
first reaches full buffer, for k = {1, 2, · · · , 500 − j}.
We plot the cumulative dissemination completion time

versus node index in Fig. 11. The reciprocal of the slope of the
cumulative completion time curve is the average dissemination
velocity. For the NC based broadcast, the simulation result
closely matches our predicted analytical estimate in (16).
Note that NC and perfect feedback achieves about the same
steady state velocity; however NC provides a better guarantee
that a packet is new or innovative as compared to perfect
feedback and achieves a slightly higher steady state velocity,
as explained below.
Table II shows (1) the average number of packets that a dis-

seminator broadcasts in order to transfer to the immediate next
node, (2) the average number of total and useful packets that a
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Fig. 11. Cumulative dissemination completion time of all three (RND,
Feedback, and NC) schemes. The curves’ slopes (also the reciprocals of
dissemination velocities) are 205.70, 42.57, and 39.52, respectively. The
analytical line has a slope of 1

VNC
= 39.31, where VNC = 0.0254 is

from (16).

TABLE II
RECEIVED AND TRANSMITTED PACKETS PER NODE IN DATA

DISSEMINATION

Schemes pks rcvd rcvd non-innovative pks pks sent
NC 100 <0.01 39.5
RND 524.9 424.9 205.7
Feedback 108.1 8.1 42.6

node receives. It is clear that over 80% of the transmitted and
received packets in random broadcast scheme are duplicates
due to the lack of feedback. Perfect feedback cannot eliminate
all redundancy (8% redundancy in simulation) because i)
feedbacks are not from all the multiple recipients; ii) even
with feedbacks from all recipients, there might not exist a
packet which is new to all. NC best exploits the broadcast
nature of wireless and renders (almost) each received packet
at any receipient innovative, and hence achieves the highest
efficiency.
Irregular 1-D topology with variable inter-vehicle spacings,

a good representation of a practical VANET topology, is also
simulated. As Fig. 12 shows, the average per step completion
time for both NC based broadcast and broadcast with perfect
feedback are slightly larger as the topology dynamics becomes
more significant. Standard deviations from both increase a
lot. This indicates that our analytical results from 1-D lattice
topology are still good predictor for the average dissemination
velocity and the cumulative dissemination completion time in
1-D irregular topology, which is validated in Fig. 13.

VI. CONCLUSION

This work has explored horizontal peer-to-peer content
distribution using V2V ad hoc communications to supplement
vertical vehicular data download from cellular and road side
DSRC infrastructures. We studied a single source dissemina-
tion scenario with an ideal scheduler to understand the limits
(upper bound) of the benefits from network coding. The pmf’s
of dissemination completion time in the three-node case for
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Fig. 12. Average per step completion time with standard deviation error bar
in irregular 1-D topology. Inter-vehicle spacing is of uniform distribution.

both random and NC based broadcast are explicitly derived.
For a 1-D infinite network, we proved that NC based broadcast
reaches steady-state, and derived a closed form result for
the dissemination velocity in equilibrium. Simulation results
in large (500-node) 1-D lattice and 1-D irregular network
validated our analytical results vis-a-vis gains of NC relative
to random broadcast and perfect feedback, in presence of
Rayleigh fading links.
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APPENDIX

A. Proof of Lemma 1 - conditional pmf of T RND in a single
source-receiver pair case

In order to prove lemma 1, we first prove the following
intermediate result from classic coupon collection problem.
Consider a source-receiver pair where the source has the M
packets for dissemination and the receiver has none. The link
is always successful. Let UM,n be the number of receiver’s
missing packets after n (n ≥ 1) trials, its pmf is:

Pr(UM,n = j)=
(

M

j

) M−j∑
k=0

(−1)k

(
M − j

k

) (
M − j − k

M

)n

,

j ∈ {max{M − n, 0}, ..., M − 1}.
(20)

Proof: Let AM,n,i denote the event of missing packet
i after n trials when population is M . Using the inclusion-
exclusion rule of combinatorics, we can find the probability
that at least one packet is missing:

Pr(∪M
i=1AM,n,i) =

M∑
k=1

(−1)(k−1)

(
M

k

) (
M − k

M

)n

. (21)
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Fig. 13. Cumulative dissemination completion time of Feedback
and NC schemes in irregular 1-D topology. Inter-vehicle spacing is of
uniform distribution.

And also the probability that no one is missing:

Pr(∩M
i=1A

c
M,n,i) = 1 − Pr(∪M

i=1AM,n,i),

=
M∑

k=0

(−1)k

(
M

k

) (
M − k

M

)n

.
(22)

To find the probability that exactly j packets are missing,
we first choose j packets to be excluded out of M , then let
all M − j remaining packets to be received after n trials. The
pmf of UM,n is calculated as follows:

Pr(UM,n = j) =
(

M

j

)
Pr(∩M−j

i=1 Ac
M,n,i), (23)

where Pr(∩K
i=1A

c
M,n,i) =

∑K
k=0(−1)k

(
K
k

) (
K−k

M

)n
is from

(22). The result follows.
Eq. (20) is valid for the case that the receiver has no prior

knowledge, and one random packet is reliably received in each
trial (transmission). We next generalize (20) to the unreliable
link case. Let ŪM,n,Q be the number of missing packets after
n unreliable trials, where each trial is of success probabilityQ.
We first choose k trials out of n to be successful, then apply
(20) after substituting total trial number k for n. ŪM,n,Q’s
pmf is:

Pr(ŪM,n,Q = j) =
n∑

k=M−j

Pr(UM,k = j) Pr(B(n, Q) = k),

(24)

where B(n, Q) is a binomial random variable with success
probability Q.
In lemma 1, the receiver possesses c distinct packets before

dissemination, hence, only M − c packets are left to be
filled. And the wireless link has a success probability of
Q1. In a transmission, if the receiver successfully receive a
packet, and this packet is not among the existing c packets,
we call this a valid transmission. Its probability is simply
Q̄1 = Q1

(
1 − c

M

)
. To derive the conditional completion

time’s pmf, we consider the event that the receiver collects
all but one packets after n − 1 trials, and receive the exact
missing packet in the last (n-th) trial. That is,

Pr(T RND = n | C = c) =
Q̄1

M − c
· Pr(ŪM−c, n−1, Q̄1

= 1).

(25)
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The result follows after substitution of (24) into the above
expression.

B. Proof of Theorem 1 - pmf’s of T RND
1 and T RND

2 in a
three-node network

Since node 1 has no prior knowledge, (4) immediately
follows from (3) after setting c = 0.
Let random variable C denote the number of distinct pack-

ets received by node 2 when transfer to node 1 is complete.
Conditioned on C, we have

Pr(T RND
2 = t2) =

M∑
c=0

Pr(T RND
2 = t2 | C = c) Pr(C = c),

(26)
Pr(T RND

2 = t2 | C = c) is given by (3) in Lemma 1.
Conditioned on node 1’s completion time T RND

1 , Pr(C = c)
can be calculated as following:

Pr(C = c) =
∞∑

t1=M

Pr(C = c | T RND
1 = t1) Pr(T RND

1 = t1),

≈
∞∑

t1=M

Pr(Rx c distinct pks out of t1 r nd b’casts)

Pr(T RND
1 = t1),

=
∞∑

t1=M

Pr(ŪM,t1,Q2 = M − c) Pr(T RND
1 = t1).

(27)
In the derivation, we assume that successful packet reception
events by nodes 1 and 2 are independent. Pr(ŪM,t1,Q2 =
M − c) is given by (24). The result follows after substituting
(27) and (3) into (26).

C. Proof of Theorem 2 - pmfs of T NC
1 and T NC

2 in a three-
node network

Pmf of Node 1’s completion time (8) immediately follows
from (7) after setting c = 0.
Using conditional probability, pmf of T NC

2 is calculated as
follows:

Pr(T NC
2 = t2) =

M∑
c=0

Pr(T NC
2 = t2 | C = c) Pr(C = c),

=
M∑

c=0

Pr(T NC
2 = t2 | C = c)

∞∑
t1=M

Pr(C = c | T NC
1 = t1) Pr(T NC

1 = t1),

(28)
where Pr(T NC

2 = t2|C = c) and Pr(T NC
1 = t1) are given by

(7) and (8), respectively. Since we assume every coded packet
is innovative, conditioned on T NC

1 - Node 1’s completion time
- the pmf of the number of innovative packets received by
Node 2 follows a Binomial distribution:

Pr(C = c | T NC
1 = t1) =

(
t1
c

)
Qc

2(1 − Q2)t1−c. (29)

By substituting (7), (29), (8) into (28), the result follows.

D. Proof of Theorem 3

It is easy to verify that the chain S is memoryless, that
is, conditioned on the present state Sk, its future Sk+1 and
past Sk−1 are independent. Because a node’s rank si ∈
{0, 1, · · · , M}, ∀1 ≤ i ≤ N − 1, this Markov chain has
(M + 1)N−1 (finite) states.
A finite state Markov chain has steady state distribution if it

is irreducible and ergodic. We first prove the irreducibility of
S by showing that any state has a non-zero probability path to
any other states. Let’s consider two states {s1, s2, · · · , sN−1}
and {s∗1, s∗2, · · · , s∗N−1}. According to proposition 2, the tran-
sition {s1, s2, · · · , sN−1} → {s2, s3, · · · , sN−1, s

∗
1} is of

non-zero probability, regardless of the value of s∗1. In an
iterative way, the following path of non-zero probability is
constructed:

{s1, s2, · · · , sN−1} → {s2, · · · , sN−1, s
∗
1} → · · ·

→ {sN−1, s
∗
1, · · · , s∗N−1} → {s∗1, s∗2, · · · , s∗N−1}.

(30)

We have proved that all states of S communicate with each
other, hence S is irreducible.
Next we prove that S is ergodic (aperiodic and

positive recurrent). It can be verified that the state
{s1, s2, · · · , sN−1}, s1 ≥ s2 ≥ · · · ≥ sN−1 has a non-zero
probability self-loop. Therefore, this state is aperiodic. Since
all states of S belong to the same class (irreducibility), they
are all aperiodic. Further, all states of a finite state irreducible
Markov chain are positive recurrent, hence, S is ergodic.
Due to its irreducibility and ergodicity, S has a steady state
distribution that is independent of its initial state.
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