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Abstract—With the increasing demand of reliable communi-
cations on move, cooperative communications has proved to be
an efficient solution to reduce the effects of unreliable nature of
wireless channel. In this paper, we study the Space-Time (ST)
cooperative communications aided by a fixed relay, forwarding
network coded bits to the destination. We present the perfor-
mance analysis in terms of outage probability. With analytical
results, we show that the investigated scheme outperforms the
cooperative transmission based on ST codes only. To be specific,
the analytical results show that ST codes with the help of
dedicated relay forwarding network coding can achieve diversity
order of 3 while ST codes based cooperative communications,
without use of network coding, only offers diversity order of 2.

I. INTRODUCTION

One of the major challenges of wireless channel is to
deal with the fading caused by multipath propagation of the
signal transmitted from source to the destination. To reduce
the effects of fading, multiple independent copies of the
signal are transmitted to average out the channel variations
due to multipath propagation. This technique is known as
diversity [1]. The most basic ways to provide diversity are
by means of frequency, time, and space [2]. The last form of
diversity, formally known as spatial diversity, is a way where
signal is transmitted or received by multiple, geographically
separated, antennas to achieve multiple independently faded
copies of the transmitted signal.

Cooperative communications has vastly been investigated
to provide the spatial diversity and the capacity improvements
to the wireless users [3][4]. It is a communication technique
where participating users act as a relay for each other, to
forward some information on behalf of the other user, for
reliable recovery of the message at the destination. Further-
more, as we move on to high frequencies, coverage problem
becomes prominent. Use of relay node is proposed by the
Third Generation Partnership Program’s Long-Term Evolution
Advanced (3GPP-LTE-Advanced) at cell edges to extend the
area of reliable reception [5][6]. With the introduction of the
relay node, we not only get coverage extension, but improved
capacity limits can also be achieved for the edge users. To
realize the relay assisted benefits, various relaying protocols
have been proposed [7][8].

Decode-and-Forward (DF) relaying strategy or protocol is
one of the many investigated relaying protocols where relay
decodes and then re-encodes the message received from the
transmitting user and forwards it to the destination.

Recently, two ST cooperating users exploiting the availabil-
ity of free user acting as a fixed relay was proposed and inves-
tigated [9][10]. The protocol uses two ST cooperating users
transmitting to a common destination and includes a relay node
forwarding network coded bits, of the messages received from
cooperating mobile stations, to the destination. It was shown
that the scheme outperforms cooperative transmission using
ST codes only for a range of SNR, and then beyond that range,
the protocol starts to degrade its performance.

In this paper, we change the channel model from [9][10]
by exploiting the orthogonal channel assignment to the relay
node. With analytical results, we show that the proposed
scheme improves the performance over cooperative transmis-
sion using ST codes only.

The rest of the paper is structured as follows. In Section II,
we describe our system model. Section III gives the mutual
information and the resulting outage probability of the scheme.
We discuss our results in Section IV. Finally, Section V
concludes our paper.

II. SYSTEM MODEL

As in [9][10], we consider a cellular region having two
mobile stations m1, m2, and a single base station at the center
of the cell. Both of the mobile stations have independent
information to be sent to a common destination. Furthermore,
these mobile stations are considered to be at the edge of the
cellular region with a fixed relay node between them and
the base station, as shown in Fig 1. Before explaining our

Fig. 1. Cooperative communications

scheme, i.e., cooperative ST codes with network coding, we
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briefly discuss here the classical, ST coding based, cooperative
transmission using Alamouti scheme [11] which works as
follows.

Transmission of the message from both of the mobile
stations to the destination is accomplished in two phases. In
the first Phase, mobile stations m1 and m2 broadcast their
messages denoted as s1 and s2, as illustrated in Fig. 2(a).
Along with the base station, both of the mobile stations, acting

(a) First Phase

(b) Second Phase

Fig. 2. ST Cooperative communications using Alamouti scheme

as cooperative partners, receive these messages from each
other. In the next phase, after decoding the message from each
other, mobile stations m1 and m2, using Alamouti scheme1,
send −s∗2 and s∗1, respectively, to the destination, as shown in
Fig. 2(b).

Our scheme only differs, from ST coding based cooperative
communications using Alamouti scheme, discussed above, in
the following sense.

In our scheme, in the first phase of transmission, along with
mobile stations m1, m2, and the destination, a fixed relay node
also receives the messages transmitted by each cooperating
user, as illustrated in Fig. 3(a). And, in the next phase, this
fixed relay node forwards network coded bits of the messages
received from the cooperating users to the destination, as
illustrated in Fig. 3(b).

Time slot allocation and the respective transmitted and the
received messages by mobile stations, m1, m2, relay node,
and the base station are shown in Table I. The abbreviation
BS is used for base station.

For practical reasons, only half duplex nodes are considered,
and the orthogonality is achieved using different time slots
used for transmission and the reception of the message from
each terminal. Block-fading channel is considered which stays
constant for at least four symbols, and the fading coefficients
are modeled as independent, circularly symmetric, complex
Gaussian random variables with zero mean and σ2

i,j variance.
Channel gain or the fading coefficient from mobile station mi

1Asterisk (∗) represents the complex conjugate operation

(a) First Phase

(b) Second Phase

Fig. 3. ST Cooperative communications using Alamouti scheme with network
coding

TABLE I
PROTOCOL DESCRIPTION

Time Slot Transmitting Node Transmitted Message Receiving Node
1 m1 s1 m2, BS, r
2 m2 s2 m1, BS, r
3 m1 −s∗2 BS
4 m2 s∗1 BS
5 r s1 ⊕ s2 BS

to the destination is represented as hi,0, and from relay to
destination is represented as hr,0. It is also assumed that the
cooperating nodes are synchronized by some external source.
Furthermore, each mobile station satisfies an equal power
constraint of Pi, and signal-to-noise ratio (SNR), is defined
as

γ =
P

No
(1)

where No is the received noise modeled as complex Gaussian
random variable distributed as No ∼ CN(0, 1). We assume
that the receivers are provided with the perfect channel state
information (CSI), but the receivers are not.

III. MUTUAL INFORMATION AND OUTAGE PROBAILITY

In this section, we give the mutual information of the
investigated scheme, i.e., cooperative communications based
on ST codes aided by a dedicated relay node forwarding
network coded bits to the destination. Later, considering the
fact that the mutual information, depending on the channel
realization between source and the destination, is a random
variable, we define outage probability and derive the same for
the investigated scheme.
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A. Mutual Information

The mutual information, between transmitting mobile sta-
tion mi and the destination, can be bounded as follows.2

I ≤ 2

5
log

(
1 +

γ

2

2∑
i=1

|hi,0|2
)
+

2

5
log

(
1 + γ|hr,0|2

)
(2)

As seen, the resulting expression consists of two parallel
mutual information terms. First is due to Alamouti scheme
used by cooperating mobile stations [12] and the second is
because of the relay node, sending network coded bits to
the destination. The factor 2

5 in front of mutual information
expression, indicates the fact that five time slots are used by
the two cooperating mobile stations [13].

B. Outage Probability Definition

We consider a quasi-static fading channel model which stays
constant for some time and after that it changes from one
channel realization to another [1]. As we see, the mutual infor-
mation expression (2) is dependent on the channel realizations
hi,0 and hr,0, that is, the channel between cooperating users
and the destination, and from relay node to the destination;
and therefore, is considered to be random. It means that the
resulting rate, supported by the channel between nodes, is not
constant and is modeled as a random variable.

Information theoretic outage probability defines an event
when the channel mutual information can not satisfy a certain
target rate. This target rate may be set by some application
such as audio, video, or some multimedia application.

Mathematically, the probability of outage can be written
as [14]

P [R] = P [I < R] (3)

where R is used to represent the rate requirement set by some
particular application.

C. Outage Probability

For our scheme, using mutual information expression (2)
and the outage probability definition (3), we derive the outage
probability for the investigated scheme as follows.

P [R] = P [I < R]
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2All logarithms are taken to base 2, unless indicated explicitly

Let |hr,0|2 = y,
∑2

i=1 |hi,0|2 = x, and 2
5R
2 −1
γ = ε, then
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In the second step, we used the inequality, showing the lower
bound on the resulting outage probability, because the mutual
information expression (2) used here shows an upper bound
on the mutual information of the investigated scheme.

The second last equation is due to the law of total probabil-
ity theorem and in the last equation, we used the cumulative
distribution function (cdf) of y, that is exponential random
variable. PX(x) is simply the probability distribution function
(pdf) of sum of two exponential random variables.

A general form of PX(x) for the sum of m independent
exponential random variables is given by [15]

f(x) =
λ

(m− 1)!
(λx)m−1exp(−λx) (5)

where λ > 0 represent the parameter of the exponential
distribution.

IV. RESULTS AND DISCUSSION

Fig. 4 displays the outage probability curves based on (4),
derived in Section III. To achieve these curves, (4) is evaluated
at different values of SNR, and the required spectral efficiency
R, is set to one.
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Fig. 4. Outage probability for space-time Codes with network coding based
cooperative communications
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For sake of simplicity, we have taken λ = 1, but it
will not affect our final conclusion about the result. For
comparison purpose, we also show the outage results for
non-cooperative or direct transmission, and the cooperative
communications based on Alamouti scheme without using
relay node forwarding network coded bits to the destination.
The analytical expression for outage probability for two user
cooperative communications, based on ST codes, can be seen
in [16] [17].

As clear from the figure, for high SNR, cooperative com-
munications schemes, either based on Alamouti scheme only
or Alamouti scheme with network coding, outperform non-
cooperative transmission. The resulting gain, due to coopera-
tive communications, can be seen as a slope of corresponding
outage probability curve for high SNR. As seen in Fig. 4, when
cooperating users use Alamouti scheme only, we can see from
outage probability curve that the full order diversity of two
is achieved. On the other hand, when we look at the outage
curve for our scheme, i.e., cooperation based on ST codes
with network coding, the maximum achievable diversity order
is three. This shows that with this simple scheme, utilizing
availability of free user or a dedicated relay in the network,
we can outperform non-cooperative transmission as well as
cooperative communications using Alamouti codes only.

While most of the cooperative communications protocols
offer gain only for high SNR, the results also show that the
investigated scheme has improved performance for low SNR
as well. One of the efforts, to improve the performance of
these cooperative communication protocols for low SNR, is
given in [18][19].

V. CONCLUSION

We investigated a cooperative transmission scheme where
cooperating users exploit a fixed relay node, proposed for
future cellular networks. Two cooperating users using ST
codes based on Alamouti scheme are considered which are
further aided by a dedicated relay which forward network
coded bits of the information received from cooperating users
to the destination. We used outage probability as a perfor-
mance metric to evaluate the performance of the investigated
scheme. With analytical results, we showed that the investi-
gated scheme outperforms, by offering diversity order 3, both
the non-cooperative and cooperative communications using
Alamouti scheme only, which offer diversity order of 1 and 2,
respectively.
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