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Overhearing is of great importance to wireless network coding in that it can be exploited to obtain the
side information needed for packet decoding. Recently, a new technique called virtual overhearing (VOH)
was proposed to allow a node to obtain the packet sent by another node that is multiple hops away for
free. This can overcome the limitation of overhearing and be used to discover more coding opportunities.
In this paper, we take advantage of VOH and propose two modes of exploiting VOH to increase coding
opportunities in wireless ad-hoc networks. First, we make use of VOH to increase the chance of finding a
route with coding opportunities for a new incoming flow. Second, and more importantly, we make use of
VOH to create coding opportunities between two established flows which are currently unmixable. Note
that most previous studies only attempt to find coding opportunities rather than create them. Based on
these two modes of VOH usage, we design two routing protocols: distributed coding-aware routing with
virtual overhearing (DCAR-VOH), and its enhanced version DCAR-VOH+. DCAR-VOH implements only the
first mode of usage, whereas DCAR-VOH+ incorporates both modes of usage. Our extensive simulations
indicate that VOH provides an effective way to discover coding opportunities, resulting in improved net-

work performance. The positive effect of the second mode of usage stands out especially.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Overhearing is of great importance to network coding in wire-
less networks. In the past decade, network coding [1] emerges
as a promising tool to effectively boost wireless network capac-
ity via packet encoding/mixing [2-4]. One important form of net-
work coding is the inter-flow network coding [6-8], which en-
codes packets from different flows using XOR [6] or random linear
combination [5] and serves those flows simultaneously with the
coded packet(s). To decode the coded packet, some node(s) on one
flow must be able to obtain the packet(s) or the side information
[9] from the other flows; overhearing is generally exploited for the
side information acquisition, as illustrated in Fig. 1(a). Many previ-
ous works [13-18] on inter-flow network coding exploit overhear-
ing for network coding opportunity discovery. For example, DCAR
[13] defines two conditions for an intermediate node to become an
encoding node for two flows: (1) this node must be an intersection
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node, i.e., a common node on the paths of the two flows; and (2)
with respect to this node, a downstream node of each of the flows
must be able to overhear an upstream node of the other flow.

Though overhearing provides an appealing way for the side in-
formation acquisition in network coding, it only takes effect in the
one-hop neighborhood of a node and thus is restrictive in cod-
ing opportunity discovery. Fig. 1(b) presents a general scenario in
multi-hop wireless ad-hoc networks to illustrate how overhearing
fails to bring about coding opportunities. It can be observed from
the figure that all the previous works [13-18] could not find any
coding opportunity at node M, the intersection node of flow 1 (f;)
and flow 3 (f3). This is because none of the downstream nodes of
f3, node E or G, can overhear packets of f;.

Recently, a new technique called virtual overhearing (VOH)
[9] was proposed to overcome the limitation of overhearing for
discovering more coding opportunities. VOH enables a node to ob-
tain a packet sent by another node that can be multiple hops away
for free. Thus, with VOH, a node can virtually overhear another
node that is far away. In fact, given the establishment of f; and
f> in Fig. 1(b), VOH can be applied to allow all upstream nodes,
i.e.,, nodes G and F, of node H on f, to obtain the packet (e.g., P1)
sent by node A on f; at no cost, details of which will be illustrated
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f1: A->M->B
f,: C->M->D
Transmission 1: A sends

Transmission 3: M mixes P, and P, and broadcasts to B and D
B gets P, using P, ® (P, ® P,), D gets P, using P; & (P; ® P,)

(a) network coding with overhearing

node A on fy: virtual
neighbor to node G

f1: A->M->B->C

virtual encoding node fy: F->G->H->A
L”'?(/ f3: D->M->E->G
C)
%(o virtual overhearing node

(b) network coding with VOH

Fig. 1. Inter-flow network coding examples.

in the next section where VOH is reviewed. Thus, with VOH in
Fig. 1(b), the intersection node, node M, of f; and f; is now en-
abled to encode packets from the two flows, because node B on f;
and node G on f3 can obtain the packets P; and P; respectively and
both can decode the coded packet, i.e., Py & P3, by node M.

The authors in [9] mainly investigate how the extra coding op-
portunities brought about by VOH improve network performance
in a simple practical network, but they fail to consider how to
make better use of VOH in a general network, e.g., in multi-hop
wireless ad-hoc networks. In this paper, we take advantage of VOH
and propose the following two modes of VOH usage to increase
coding opportunities. Refer to Fig. 1(b) again.

Increasing the chance of finding a route with coding opportunities
for a new incoming flow: Consider the situation when f3 in Fig. 1(b)
is the last flow to enter the network. Here, f3 could be made aware
of the existing VOH between node G on f, and node A on fj, and
take it into consideration in the route discovery process. By doing
so, f3 could find a route with coding opportunities, thanks to VOH.
Actually, this routing strategy falls into network coding-aware rout-
ing [12], which aims to find coding opportunities for a new incom-
ing flow with existing flows before its establishment. It is shown
in many previous works [13-18] that coding-aware routing yields
more coding opportunities and thus benefits network performance.

Allowing any new emerging of VOH (caused by new flow establish-
ment) to create coding opportunities between two established flows
which are currently unmixable: Consider the situation when f; is
the last flow to enter the network. The establishment of f; will
then enable VOH between node G on f, and node A on f;, which
creates coding opportunities for f; and f3 at node M. It is similar if
f is the last flow to be established.

Our work in this paper is based on the two modes of VOH us-
age, and compared with [9], it has the following major contribu-
tions.

- First, we propose distributed coding-aware routing with virtual
overhearing (DCAR-VOH) to implement the first mode of VOH
usage. DCAR-VOH allows an incoming flow to consider existing
VOH for coding opportunity discovery during its route setup.

» Second, we further propose an enhanced version of DCAR-
VOH, namely DCAR-VOH+, to additionally implement the sec-
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Node C: virtual encoding node
Node F: virtual decoding node
Node B: virtual neighbor to either node E, A, or S;

Fig. 2. Conditions of VOH.

ond mode of VOH usage. DCAR-VOH+ allows a third flow to
create coding opportunities for two currently unmixable flows.
This makes it superior to many prior network coding schemes
[13-18] in general, because if two existing flows are not mixable
in those prior schemes, they will never be mixable regardless of
the setup of other flows.

Third, we propose and implement an adaptive encoding mech-
anism in both DCAR-VOH and DCAR-VOH+. With this mecha-
nism, the packet mixing at the encoding node is controlled such
that the decoding of the coded packets could be guaranteed.
Fourth, we conduct extensive computer simulations to study
the performance of the two routing schemes in various network
conditions, and show that DCAR-VOH+ stands out in most sit-
uations.

The rest of this paper is organized as follows. Section 2 reviews
VOH and describes the mechanisms for its discovery. The designs
of DCAR-VOH and DCAR-VOH+ are introduced in Sections 3 and
4, respectively. Section 5 gives the summary of the system imple-
mentation and analyzes the protocol complexity. Section 6 presents
our simulation results, and Section 7 concludes this paper and dis-
cusses possible directions for future work.

2. VOH and its discovery

In this section, we first briefly review the conditions of VOH
and illustrate how it works, and then we introduce five key defini-
tions related to VOH. Finally, we describe the mechanisms for VOH
discovery.

2.1. Conditions of VOH

For one node, say node A, to virtually overhear another node,
say node B, the conditions are generalized in [9], which are re-
stated as follows.

(1) Nodes A and B must be on the paths of two established
flows, say f; and f,, respectively.

(2) There must exist one downstream node, say node C, of node
A on f; that is able to directly overhear the packet sent by
node B on f,.

(3) There must further exist one downstream node, say node F,
of node C on f; that is able to directly overhear the packet
of fz.

Once the three conditions are met, node A on f; can virtu-
ally overhear node B on f, and obtain the packet of f, sent by
node B for free, as will be illustrated later. Fig. 2 presents a typ-
ical scenario where node A on f; virtually overhears node B on
fo. Let us examine how the three conditions are met in Fig. 1(b)
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