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ABSTRACT
Device-to-device (D2D) connections among mobile devices
is promising to meet the increasing throughput demand over
cellular links. In particular, when mobile devices are in close
proximity of each other and are interested in the same con-
tent, D2D connections such as Wi-Fi Direct can be oppor-
tunistically used to construct a cooperative networking sys-
tem. In this setup, it is crucial to understand, quantify, and
exploit the potential of cooperative mobile devices when D2D
connections are used in conjunction with cellular.

This paper presents our work on effectively utilizing net-
work coding for cooperative mobile devices that have D2D
and cellular connections. In particular, we first develop “Con-
tent -Aware Network Coding” algorithm for cooperative mo-
bile devices utilizing cellular and D2D connections. The
core idea behind content-aware network coding is to deliver
high quality multimedia content to mobile devices by tak-
ing into account the importance of each packet. Then, we
develop Network Coding with Multiple Interfaces (NCMI)
framework, which jointly uses cellular and D2D links to de-
liver content. NCMI minimizes the amount of time to deliver
data to all mobile devices by making a decision on which
network coded packets should be transmitted over cellular
and D2D connections. We demonstrate the benefits of our
algorithms through simulations.

1. INTRODUCTION
The widely-used and popular applications in today’s mo-

bile devices place an increasing demand on high quality con-
tent, bandwidth, and energy [1], [2]. Cooperation among
mobile devices, facilitated by improved computational, stor-
age, and connectivity capabilities of these devices, is a promis-
ing approach to meet these demands.

In this paper, we consider an increasingly popular appli-
cation of broadcasting a common content (e.g., video), to a
group of cooperating mobile devices within proximity and
transmission range of each other. E.g., a group of friends
may be interested in watching the same video on YouTube,
or a number of students may participate in an online ed-
ucation class. In such a scenario, the content server may
just broadcast the video via cellular links. However, mo-
bile devices may receive only partial content due to packet
losses over wireless broadcast links. The remaining missing
content can then be recovered thanks to cooperation among
the devices via device-to-device (D2D) connections such as
WiFi-Direct or Bluetooth. The fundamental question in this

context, and the focus of this work, is to design and analyze
efficient network coding algorithms that delivers content to
mobile devices by taking into account content, utilizing both
cellular and D2D connections.

In particular, we first develop “Content-Aware Network
Coding” algorithm for cooperative mobile devices utilizing
cellular and D2D connections [3], [4]. The purpose of content-
aware network coding is to deliver high quality content to
mobile devices by taking into account importance of each
packet. Then, we develop Network Coding with Multiple
Interfaces (NCMI) framework, which jointly utilizes cellu-
lar and D2D links [5]. NCMI minimizes the amount of time
to deliver data to all mobile devices by making a decision
on which network coded packets should be transmitted over
cellular and D2D connections.

2. SYSTEM MODEL
We consider a networking model, which consists of co-

operating mobile devices. Let N be the set of cooperating
devices in our network where N = |N |. These devices are
within close proximity of each other, so they are in the same
transmission range and can connect to each other via D2D
links such as WiFi-Direct or Bluetooth. The cooperating
mobile devices in N are interested in receiving the pack-
ets pm,m = 1, 2, . . . ,M from the setM where M = |M|.
Packets are transmitted in two phases. In the first phase, an
access point or a base station broadcasts the packets inM to
the cooperating mobile devices inN . We consider that there
is no error correction mechanism in the first phase, which is
dealt with in the second phase.

In the second phase, the devices cooperate to recover the
missing contents via using (i) their D2D connections only or
(ii) simultaneously utilizing cellular and D2D connections.

In this phase, at each transmission opportunity, the best
network-coded packet with its corresponding transmitter is
selected by taking into account (i) content of packets, and (ii)
completion time; T , which is the minimum amount of time
that can guarantee packet recovery for all mobile devices.

3. CONTENT-AWARENESS
In our content-aware setup, packets are recovered using

only their D2D connection, and each packet pm ∈ M has
a contribution to the quality of the overall content. We refer
to this contribution as the importance of packet pm. The
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importance of packet pm for device n is denoted by rm,n ≥
0. The larger the rm,n, the more important packet pm is for
device n. For example, in applications that the content is
video or image, rm,n is calculated as the distortion of the
content that device n experiences from lacking packet pm.
Therefore, the distortion value for device n is calculated as:

Dn =
∑

m|pm∈M

rm,n −
∑

m|pm∈Hn

rm,n. (1)

Compared to traditional cooperative network coding [6],
[7], [8], we take into account packet importances and also
distortion values for all devices, Dn, n ∈ N .

• Content-Aware P1: Our first problem minimizes the
completion time T under the quality constraint.

minimize T (2)
subject to Dn ≤ Dcons

n , ∀n ∈ N (3)

where Dcons
n is the maximum tolerable distortion for

device n. This problem is relevant if there are limita-
tions on the number of transmissions due to available
bandwidth or energy. E.g., if devices are conservative
in terms of their energy consumption, then the correct
problem is to minimize the number of transmissions,
which is equivalent to minimizing the completion time
T , while satisfying a quality constraint; Eq. (3).

• Content-Aware P2: Our second problem maximizes qual-
ity under the completion time constraint.

minimize f(D) (4)
subject to T ≤ T cons, (5)

where T cons is the maximum allowed completion time,
D is the vector of per device distortions; D = [D1, D2,
..., DN ], and f(D) is the function of the distortion vec-
tor; D. The problem of minimizing f(D) is relevant if
there are constraints on delay. E.g., if packets should
be played out before a hard-deadline constraint; T cons,
then the goal is to improve the content quality as much
as possible; Eq. (4), before the deadline; Eq. (5).

Based on the solution of Content-Aware P1 and P2, we
developed network coding algorithms, which improve the
quality and completion time significantly as compared to the
baselines. Note that our Content-Aware scheme uses only
D2D connections in the second phase to recover missing
packets. Next, we introduce our Network Coding with Mul-
tiple Interfaces (NCMI) framework that uses cellular and
D2D connections simultaneously in the second phase.

4. NETWORK CODING WITH MULTIPLE
INTERFACES (NCMI)

In our joint cellular and D2D setup, each mobile device
can receive two packets simultaneously in the second phase;
one via cellular, and the other via D2D connections. Let us
explain the benefit of joint cellular and D2D setup over D2D
only and cellular only setups by an example.
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Figure 1: Missing packets after broadcast
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Figure 2: Simulation results for NCMI for 5 devices and
different number of packets

Consider Fig. 1, where after broadcasting four packets,
p1, p2, p3, p4 from the base station, p1 is missing at device
A, p2 is missing at B, and p3 and p4 are missing at C.

In order to recover the missing packets (i) two network
coded packet transmissions; p1 + p2 + p3 and p4 should be
made by a base station in a cellular only setup, and (ii) two
transmissions of p1 + p3 from B, and p2 + p4 from A are
sufficient in a D2D only setup. On the other hand, in a joint
cellular and D2D setup, the simultaneous transmission of the
following packets is sufficient: (i) the base station broadcasts
p1+p3 via cellular links, and (ii) mobile device A broadcasts
p2 + p4 via D2D links. For this example, the number of
transmission slots is reduced to one from two as compared
to D2D only and cellular only setups.

As seen, mobile devices that use their cellular and D2D
connections simultaneously and cooperatively have a poten-
tial of improving throughput significantly. However, it is
crucial to understand and quantify the potential of network
coding for cooperating mobile devices in the joint cellular
and D2D setup. We consider this problem, and (i) develop a
network coding framework, called network coding for mul-
tiple interfaces (i.e., jointly operating cellular and D2D in-
terfaces) (NCMI), for cooperative mobile devices, and (ii)
characterize the performance of the proposed network cod-
ing framework, where we use packet completion time, which
is the number of transmission slots to recover all packets, as
a performance metric.

In particular, we (i) propose NCMI-Batch based on batch
network coding and NCMI-Instant based on instantly decod-
able network coding and (ii) provide upper bounds on the
completion time obtained from these schemes. Our simula-
tion results, e.g., Fig. 2, show that NCMI-Batch and NCMI-
Instant in the joint cellular and D2D setup (NCMI) outper-
form the baseline network coding methods in D2D only and
cellular only setups (NCSI) [5]. Also, the proposed NCMI
schemes perform close to their provided upper bounds.
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