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Abstract—Network coding is considered as a promising tech-
nique to improve diversity gain and network throughput in
multi-source relay systems. This paper presents an opportunistic
network coded cooperation scheme in wireless multi-unicast
system with non-ideal source-relay channels. In the conventional
network-coding-based cooperation schemes, the relay merges the
messages received from multiple sources and always forwards
them to the destinations without checking their reception status.
The destinations recover the sources’ messages either from the
direct transmissions or from the relay forwarding. Such mode
is easy to implement, but may lead to error propagation in
the event of decoding failures at relay. In contrast to these
works, the proposed scheme is opportunistic, where the relay
forwarding is determined by the quality of S — R channels, that
is, the relay does not assist transmission unless it has correctly
decoded the received sources’ messages. Systematic performance
analysis in the form of outage probability and spectral efficiency
is performed in this paper. Comparisons with the conventional
network coded multi-unicast and Incremental Relaying protocol
are made under a fixed system energy constraint. The outage
results show that the proposed scheme performs better than the
conventional network-coded schemes when source-relay links has
poor quality. Comparing with Incremental Relaying protocol,
the opportunistic scheme achieves a reduced system outage
probability as well as a higher spectral efficiency. This scenario
can be extended to general multi-user environment without much
cost.

Index Terms—Network coding, spectral efficiency, multi-
unicast, opportunistic transmission, outage probability.

I. INTRODUCTION

With the potential for remarkable benefits in terms of system
capacity and diversity gain, cooperative relaying, who has
been extensively investigated in [1]-[4], is proposed as an
effective means to improve system performance for future
generations of wireless networks. In a typical relay system
setup, the source broadcasts a message to the destination as
well as relay in the first phase; the relay, who is always
located between the source and destination, forwards the
received signal to the destination in the second phase. The
destination recover the sources message based on the two
phases’ transmission. Depending on the channel state of the
network, various forwarding strategies can be employed to
exploit the potential benefits provided by node cooperation,
among which Amplify-and-Forward (AF) and Decode-and-
Forward (DF) were introduced and carefully examined in [3].
In a relay cooperation system using AF technology, the relay

node, who acts as a virtual antenna, overhears the signal,
amplifies and forwards it to the destination, whereas in a DF
scheme, the relay node first decodes the received message,
re-encodes and forwards it to the destination. Transmission
diversity is thus achieved via the two methods, which enables
the network to combat channel fading. Similar to the single
source-destination pair, multiple source-destination pair can
also derive benefit from one relay node if all the terminals lies
in the coverage of the relay [5], [6], among which Multiple
Access Relay Channel (MARC) is a typical setup.

Network coding, where the packets of many separate mes-
sages flows can be mixed via algebraic operations [7], [8],
has drawn significant attention for its potential in achieving
splendid throughput increases. The core of network coding
technology is to allow and encourage data merging in the
intermediate nodes to save the system resources such as
bandwidth, power, and time slots. Although network coding is
first introduced for wired network, many works have proved
that it is also beneficial in wireless networks [9]-[11]. Net-
work coding is used to increase the efficiency of information
exchange in wireless environments was early proposed in [9].
The authors in [11] showed that network coding leads to a
better diversity performance in a distributed antenna system
(DAS). Actually, how to leverage network coding in wireless
physical layer networks for system capacity improvement is
still under intensive study recently.

As mentioned above, multi-source systems can derive sig-
nificant benefits from network coding in terms of throughput
and robustness. Therefore, there have been several proposals
for applying network coding to multi-sources relaying sys-
tems [12]-[16]. In [12] and [14], an XOR-based network
coding scheme is employed to facilitate the bi-directional
information exchange between a pair of nodes over two hops.
In [13], in order to improve both the reliability and throughput
for a two-stage DF network with multiple source-destination
pairs, network coding is combined with Best-Select coop-
eration which is performed by exploiting the instantaneous
channel state information (CSI). In [15]and[16], network-
coding-based MARC is proved maintaining the diversity gain,
because the broadcast nature of wireless networks is fully
exploited to provide a flexible transmission in the schemes.

The aforementioned works were mainly aimed at improving
the performance of a multi-source network with stationary
traffic flows. However, fading nature is stochastic in wireless
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networks. Sometimes channels condition between the sources
and relay may not so good to guarantee reliable decoding. In
such case, network-coded cooperation performed by the relay
would lead to error propagation. Based on this fact, we propose
an Opportunistic Network-Coded (ONC) multi-unicast scheme
in this paper, where the relay node decides whether or not to
transmit the network-coded information based upon the quality
of S — R channels. In other words, the relay will do nothing
unless it has correctly decoded the transmitted messages. The
concept here is similar to the Incremental Relaying mentioned
in [3], but network coding technology is not adopted in that
scheme.

The advantages of our work over the existing cooperation
protocols are shown in two aspects. On one hand, the proposed
scheme utilizes opportunistic relaying scheme, where the relay
does not cooperate unless it has correctly decoded some
messages form the sources. Due to exploitation of oppor-
tunistic relaying, the new scheme improves spectral efficiency
like incremental relaying by avoiding unnecessary relaying.
This property realizes more efficient use of the degrees of
freedom of the channel than the existing protocols where
the relay always perform cooperation. On the other hand,
network coding technology is adopted, which overall reduces
time slots compared with those not exploiting network coding.
As a consequence, with the same system energy constraint,
each transmit node will be allocated with much more transmit
power.

In this paper, we perform outage and spectral efficiency
analysis of the network-coding-based multi-unicast system. To
make a fair comparison, we assume that the same bandwidth
and transmit power are allocated in all setups, which however
were missing in the previous works. Compared with Incre-
mental Relaying scheme that does not exploit network coding,
the new scheme provides a higher spectral efficiency while
maintaining a slightly reduced system outage probability.
We especially compare the satic and opportunistic network-
coding-based schemes.

The rest of this paper is organized as follows. Section II
describes the ONC system model. In Section III, outage
probability, and spectral efficiency for the proposed scheme are
analyzed. In Section IV, performance evaluation are presented
to verify the performance improvement of the new scheme.
Section VI concludes the paper.

II. SYSTEM MODEL
A. Channel Model

The multi-unicast system considered in this paper is de-
picted in Fig. 1, which consists of five nodes, where two
sources S, and S, communicate with two destination nodes
D, and D, assisted by one half duplex relay R. The channels
are assumed to be flat-fading, mutually spatially independent,
with additive white Gaussian noise (AWGN) and modeled as

Yij = hijij + nij, (D

where h; ; represents the fading gain of the corresponding
channel, in which ¢ € {a,b,r} and j € {r,p,q}, x;; and
yi,; are the inputs and outputs of the channel, n;; is the
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Fig. 1. Multi-unicast model with two sources-destination pairs.
A
S, transmits S, transmits R transmits | O.NC'-
X, X, X, ®X, Multi-unicast
S, transmits | S, transmits R transmits R transmits Conv.cmi.onal
X, X, X, X, Multi-unicast
T/2 Time
Fig. 2. Timing channel allocation of the conventional and the proposed

network-coding-based multi-unicast system.

additive Gaussian white noise with variance Ny. Channels
are modeled as zero-mean, circularly symmetric complex
Gaussian random variables with variances 1/«; ;. Hence |h; |
is Rayleigh distributed and |h; ;|? is exponentially distributed
with exponent c; ; respectively.

In addition, all the transmit terminals are assumed to have a
common transmit power denoted as P. Then the instantaneous
SNR of the channel can be denoted as v;; = |h;; 2]\%.
As all nodes work in the half-duplex mode, transmission
orthogonality should be satisfied.

In the conventional multi-unicast cooperation schemes, a
source transmits a signal z; in the first half time slot. Then
the relay forwards the same information in the second half time
slot employing AF or DF scheme in TDMA mode. The pro-
posed network coding based transmission scheme, however,
realize network coding and spectral efficiency simultaneously.
In the new scheme, the source transmits two different symbols
z, and x; in the first two half time slots respectively. Then
the relay may forward the XOR z,, € x;, to the destinations in
third half time slot, as shown in Fig. 2. This scheme may save
1/4 time slot compared with the conventional scheme, and
improve the spectral efficiency as well as power efficiency.

B. Description of ONC-Multi-Unicast Scheme

In this subsection, the operation of ONC-multi-unicast
Scheme will be described in details. Due to the exploitation of
opportunistic relaying, the proposed scheme improves spectral
efficiency as incremental relaying scheme in [3], since the
relay is only employed when helpful.

During the first two half time slots, S, and S}, transmit their
own data towards the distinct destination nodes as well as the
relay at spectral efficiency R bit/s/Hz respectively. Based on
decoding result, the relay chooses to work either in a static
or a opportunistic mode [3]. In the static mode, the relay de-
codes the messages and performs the network coding without
checking the decoding status. Apparently, if at least one of
the two messages is incorrectly decoded, the network-coded
message does not help in recovering the sources’ messages at
the destination. Such mode is simple to implement, but may
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lead to error propagation; While in the opportunistic mode, the
relay does not perform network coding unless both sources’
transmissions are correctly decoded. If the received SNR at R
from S; is not high enough to guarantee successful decoding,
the relay will not perform network coding. It either forwards
the correctly decoded one of the two messages (if any), or
keeps idle. For clarity, we broadly categorize the opportunistic
protocols into three disjoint cases as follows.

1) The relay correctly decodes both of the two sources’
messages. Then the relay performs the network coding
and forwards the network-coded message to destinations
in the third half time slot.

2) The relay failed to decode any of X, and X;. Then the
relay keeps idle in the third half time slot.

3) The relay succeeds in decoding only one of the two
sources’ messages. Then it merely forwards the correctly
decoded message in the third half time slot.

III. PERFORMANCE ANALYSIS AND IMPROVEMENTS

Outage probability is an analytical measurement for block
fading environment, which denotes the probability of event
that the instantaneous mutual information I is smaller than the
data rate R. Consider the point-to-point transmission of S, to
the destination D,, for example. When the instantaneous SNR
of the channel 7, , = |ha,p|2%J is less than some threshold,
the destination D, will wrongly decode X,. Then an outage
is said to occur, and the outage probability is

R
QF 1>’ 2
a.p

where X, represents X, in outage, the channel coefficient
|hap|? is exponentially distributed, and T, is the average
SNR of the channel A, p.

According to the decoding status at the relay, there are sev-
eral possibilities of transmission. We will analyze the outage
probability of the network-coding-based multi-unicast system
for each case in the following.Without loss of generality, we
only consider the outage event of the signal X, at destination
D,,, which can be easily modified to other events.

Let Xi(j *) be the correctly decoded message of source i
k)

P(Xa) = Plap <28 —1) =1 exp(—

transmitted from node j to node k; while YZ(-]’ denotes the

corresponding outage.

A. Relay operating in static mode

In this mode, relay try to decode the messages and always
performs network coding without checking the decoding sta-
tus. Depending on the quality of S; — R channels, the outage
computation can be classified into two cases.

CASE 1: The relay succeed in decoding both sources
messages, and forwards the network coded symbol X, g, =
X, @ X, to the destinations. Then the outage event of source
S, is

Y(a,l) = X(Sa,r) ,Xlgb,r) 'Y((;Lp) ) (X[()b,p))

+X§’é§)b>, 3)

where '+ and '+’ represent the logical ‘or’ and 'and’ operators
respectively, and the subscript 1 denotes the case 1. Because

the broadcast nature of wireless communication, D, can
overhear X, at the first half time slot, and D, can overhear X,
at the second half time slot. So even if X, sometimes fails
to be received from the direct transmission, the destination
D, is also able to recover the message by combining X
and X, g p, provided that both X, and X, g, are correctly
received. Therefore, we can write the system outage event X ¢
as

Xy = X0 X0 X () +Xf;"gb>

+ X((la,r) _Xlgb,r) .yl()b,Q) ) <Xl()a q))

CASE 2: At least one signal is wrongly decoded at the
relay. In this case, the transmission by the relay node does not
help in message recovery at the destinations, and the outage
events at the destination merely depend on direct transmission.
Then the outage of X, is

Xap) = (X
Therefore the system outage in case 2 is

Koo = (X(“” + X ”) . (X( “P X ”). (©6)

Because of the independence of outage events, the system
outage probability is

(a, >+X£br>> X((}a,m_ )

P(X (o) =P(X(®) - P(x"") - P(X\?)

.P< ~:P)) +X((1@9)b>

+ P(Xlg‘”)) . P(X(l”)) . p(yib@)

~(a.0)) (rq)
-P<Xb‘“1 + X, b)
+P(X(‘“)+X§,br)) P<X(“”’)+X(b"”>,

@)

where all individual probabilities in (7) can be computed by

Q).

B. Relay operating in opportunistic mode

Similarly, there are several possibilities of forwarding ac-
tions depending on the decoding results at the relay node. In
the following, we will analyze the outage probability for each
case.

CASE 1 : Both sources messages are lost at the relay.
Then the relay keeps idle. Hence the outage events at the
destination D), is decided by the direct transmissions only,
that is

(@) |

- — —(b,r) —==(a,
Xy = Xo X)X, ®)

Then the system outage event is

o = X072 (X074 307 )

CASE 2 : The relay only correctly decodes one message
from the two sources. Without loss of generality, we only
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consider the relay correctly decodes message from .S,, but
fails to X3. In this case, the relay just forward X, instead of
performing network coding. Then the outage event becomes

Y(Q,Q) — X((law) . yl()bﬂ“) ) y((lc)’ (10)

= MRC X(gaJ’) th"ap)

bined message at the destination. The outage event of D, can
be obtained similarly, and the system outage event in case 2
is

where X,EC) ) represents the com-

Ko =X - X" <X( X q)>

L x ) X ) (X(c> +X( m))

CASE 3 : Both of the messages are correctly decoded at
relay. This is the same as the first case of the static mode,
and equation (3) and (4) can be applied here. Therefore, the
system outage probability in the opportunistic mode can be
expressed as

Y

58 a,r b,r ~(a,p)
P(X(y)) =P(X{"") - P(x;"") - P(X,"")
x| )
P( ? aeg b)
P( @ q) +Xa@)b>
L Xy )y P(X(“’“ X q))
# PO P (X 4 X))
+ P(x") - PxX) . P (Xl(,c) - Xff’“),
(12)
where P Y((IC) and P( X, X9 are the CDFs of the sum of

two exponentially distributed random variables, which is given
by equation (14). In equation (14), A\, = ﬁp, Ay = ﬁ and
w = 228 _1 is the threshold [3]. Then we can use equation )
and (14) to evaluate the individual probabilities accordingly.

IV. NUMERICAL RESULTS

In this section, we present some numerical results to eval-
uate the proposed scheme. We use monte-carlo simulation in
Matlab for 10% runs to estimate the outage probability for
the new scheme. Besides, the conventional multi-unicast and
the Incremental Relaying schemes in [3] are also presented
for comparison. An information rate of R = 1 is assumed.
Moreover, results are based on symmetric source-destination
and source-relay channels, that is, I'y , = 'y, g = L'y .
Apparently, the selection of operation modes mainly depends
on the quality of the source-relay links I'; ..

In order to illuminate the superiority of the opportunistic
network coding, we first exhibit the outage probability curves
of static protocol with and without network coding, which is

o
]

T

System Outage Probability

N
=T +5dB

af;. ap

—+&— without static NC
—<— with static NC
—— without static NC
—o6— with static NC
10 i i i i i i
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SNR(dB)

Fig. 3. Outage probability vs SNR of static protocol with and without network
coding. NC is short for Network coding, and results are based on 2 different
values of I'; .
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Fig. 4. Outage probabilities of IDF and opportunistic network-coding-based
protocols. IDF stands for Incremental Decode-and-Forward, ONC is short for
Opportunistic Network-Coding

shown in Fig. 3. We can find an interesting phenomenon that
the protocol without network coding always performs better
compared to that in static mode. So it is not necessary to
employ network coding in static modes in terms of outage
probability even though the protocols are relatively simple to
implement. Fig. 4 shows the outage probabilities of IDF and
the opportunistic network-coding-based protocols. It is easy to
find that the opportunistic network-coding scheme maintains
a lower system outage probability than IDF. Actually a stable
SNR gain of 0.5dB is achieved by the new scheme compared
with IDF.

Next, we study the spectral efficiencies of IDF and the op-
portunistic network-coding-based protocols. Apparently, both
of the two schemes are rateless, because they do not always
perform message forwarding. Based on the analysis in Sec-
tion III, expected spectral efficiency of ONC-based protocol
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Fig. 5. Spectral Efficiency comparison of IDF and opportunistic network-
coding-based protocols. R = 1 b/s/Hz.

is
SONC =R P{y., <2 —1}
2R
+ 5 Py <27 = 1}P{m, <2 -1} (14

R
+ §P{7a,r >2f — I}P{'Yb,r <2f - 1}§
while that of IDF protocol elaborated in [3] is,

SIPE =R . exp(—a;; (2% — 1)P/4Np)

15
- §(1 — exp(—a;; (21 — 1)P/ANy)), (1
where i € {a,b} and j € {p,q}.

We can see that the opportunistic network-coding-based
protocol exceeds the IDF protocol in terms of spectral effi-
ciency. Moreover, both IDF and the proposed scheme provide
an expected spectral efficiency approaching R (= 1 bit/s/Hz)
as SNR(, q;) approaches to oo, which can be understood
intuitively.

Based on these results, one can observe that compared with
the schemes without network coding and IDF, the opportunis-
tic network-coding-based protocol provides a reduced system
outage probability while maintaining an increased expected
spectral efficiency, which comes from the employment of the
network coding technology and the opportunistic forwarding.

V. CONCLUSION

In this paper, we propose an opportunistic network-coding-
based multi-unicast protocol, and present the outage proba-
bility and spectral efficiency analysis of various cooperative
transmission schemes including the conventional multi-unicast
and the IDF scheme. By employing network coding technol-
ogy, the time slots are reduced in the transmission, which can

be translated into the higher spectral efficiency and increased
transmit power. On the other hand, by employing opportunistic
scheme in the protocol, unnecessary forwarding by relay is
avoided, which results in efficient use of the degrees of free-
dom of the channel. We proved that our scheme outperforms
IDF in terms of system outage behavior and spectral efficiency
via theoretical analysis and numerical results. Moreover, we
observed that the static protocols do not benefit from network
coding in terms of outage probability.
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