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Abstract— We study the performance in cooperative
diversity protocols employing relay selection, utilizing the
diversity-multiplexing tradeoff. We note that for the class
of orthogonal cooperation protocols studied by Laneman
and Wornell, there is no loss in performance if only
one (suitably chosen) relay participates in cooperation.
This observation also holds in systems which incorporate
decision feedback from the destination. We also quantify
performance loss due to relay selection in non-orthogonal
dynamic-decode-and-forward protocol studied by Azarian,
El Gamal and Schniter. Our results present a simple
alternative to distributed space-time codes for realizing the
potential gains in multiple relay, user cooperation systems,
and open new avenues for fruitful interaction between
routing and cooperative diversity.

I. I NTRODUCTION
Cooperative diversity is an attractive approach to improve performance in slow fading environments by creating distributed virtual antennas across different nodes
in the network. There has been a significant interest
understanding the theoretical limits of such systems
(e.g. [8],[9],[7],[1]) and therefore the study of practical
architectures that achieve some of these limits is a fertile
area of research.
Laneman et.al.[7] study a three node system with
one source, one destination and one relay and propose
several architectures which are amenable to practical
implementation. The performance is characterized using the diversity-multiplexing tradeoff, an analytic tool
proposed by Zheng and Tse [11] for multi-input-multioutput (MIMO) systems. Subsequently, Laneman and
Wornell [8] have generalized the three node scenario
to the case when multiple relay nodes help the source
and destination. These architectures require that relays
successful in decoding the source transmission help
the destination by employing a distributed space-time
code. While the performance of such systems increases
monotonically with the number of relays, these architec-

tures assume availability of optimal distributed spacetime codes across the relay nodes. While there has been
some progress towards constructing space-time codes for
the MIMO systems (e.g. [12]), and cooperative systems
involving a single relay (e.g. [13]) and multiple relay
systems involving global CSI knowledge (e.g. [14]), it
remains to be seen how such constructions can be generalized in practical networks involving multiple relays
and low complexity radio front ends.
One architecturally appealing approach in multiple
relay systems is relay selection. Based on end-to-end
channel conditions, only one relay is used for cooperation. The system then reduces to the single-relay case
for which several simple protocols exist. While such
relay selection schemes cannot in principle outperform
the protocols in [8] (that allow for simultaneous transmissions across the relays), we show a rather surprising
result that with a proper choice of relay selection criterion there is in fact no performance loss in the sense
of diversity-multiplexing tradeoff. While relay selection
has been considered recently by other authors, to the
best of our knowledge our work is the first to compute
the full diversity-multiplexing tradeoff of such systems
and show that there is no loss compared to architectures
based on distributed space-time codes. We refer to our
relay selection protocols as opportunistic relaying.
We observe that our relay selection protocols achieve
the same diversity-multiplexing tradeoff in [8] irrespective of whether the relay nodes do amplify-and-forward
(AF) or decode-and-forward (DF). Further, we extend
our result to the case where decision feedback is available from the destination and we observe additional gains
that increase with the number of rounds of feedback. Our
work sheds new insights into low-complexity practical
architectures that combine relay selection and cooperative diversity, without sacrificing system performance.
More recently it has been shown that simultaneous
transmission across the source and relay node(s) can

achieve better performance (e.g. [10],[1]). We note that
relay selection protocols incur a loss when simultaneous
transmissions are allowed and quantify the loss for the
dynamic-decode-and-forward protocols in [1]. However,
we also emphasize that simultaneous transmissions in the
same frequency band from distributed terminals, require
non-conventional transceiver designs and remain to be
tested in practice.
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II. C HANNEL M ODEL
In this section we describe the channel model under
consideration. We consider a system with one source
node, one destination node and M relay nodes. The
channel gain between the source node and relay node
i is asi , between the relay node i and the destination is
aid and between the source and destination is asd . We
assume that all channel gains are drawn i.i.d. CN (0, 1)
and remain constant throughout the course of transmission, as in the slow fading (quasi-static) channel model.
When the source transmits a symbol xs , the received
symbols at relay r and the destination are given by:
yr = asr xs + nr
yd = asd xs + nd

(1)

Here nr and nd represent additive noise at the relay and
destination respectively. We assume that these are complex Gaussian drawn independently from CN (0, N0 ).
Similarly, when the relay transmits a symbol xr , the
received symbol at the destination is given by:
yd = ard xr + nd

a) Relay Selection: Throughout this work, we assume that the relay-selection is done before the transmission of message from the source commences. For a
discussion on selection schemes after the source transmission concludes please refer to the full paper [5]. We
consider two possible objective functions in the process
of selecting the best relay with channel gains |asb | and
|abd |:

(2)

We shall assume an individual power constraint at
each of the node. In particular E[|Xs |2 ] ≤ P and
E[|Xr |2 ] ≤ P for r = 1, 2, . . . , M . Throughout we refer
∆
to ρ=P/N0 as the average SNR on each link. Finally,
note that in the high SNR regime of interest, neither
the individual power constraint nor the assumption of
equal average SNR at each node are crucial towards our
conclusions.
III. P ROTOCOLS WITH OR WITHOUT F EEDBACK
The protocols we consider have three main phases: (1)
Distributed relay selection. (2) Transmission from the
source and reception by the relay and the destination.
(3) Transmission from the relay and reception by the
destination. The three phases occur in the order as stated
and over orthogonal channel uses.
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(4)

It turns out that both of these choices provide the same
tradeoff performance and hence, are equivalent.
b) Transmission from Source and Relay: : During
the source transmission phase, the source transmits and
the relay and destination listen to the transmission.
During the relay transmission phase, the relay transmits
using either amplify-and-forward or decode-and-forward
protocols. If decision feedback is allowed, the relay only
transmits if it receives a NACK (Negative Acknowledgement) from the destination, indicating failure of
reception. In that sense, the ”best” available relay is used
only when necessary.
IV. R ESULTS
We first consider the setup of Laneman and Wornell
where the source transmits in first half slots and the
relay transmits in next half slots. We refer to these as
orthogonal cooperation protocols.
Theorem 1: The diversity-multiplexing gain of zerofeedback opportunistic and DF relaying as well as AF
relaying is:
d(r) = (M + 1)(1 − 2r)

(5)

Note that the diversity-multiplexing tradeoff in the above
Theorem is same as that for the M relay case studied
by Laneman [8], using space-time codes. Our result
shows that one can get essentially the same performance
via opportunistic relaying and using either analog or
digital relays. Thus the gains from user cooperation
arise fundamentally from the existence of multiple paths
rather than the use of distributed space-time codes. Note
that there has been a lot of interest in relay selection
algorithms for cooperative communications. To the best
of our knowledge, our result is the first one that makes
a precise statement regarding the diversity-multiplexing
performance optimality of relay selection protocols.

We next note that similar gains are also possible if a
decision feedback is available from the destination. In
this case, the relay will transmit only if the destination
fails to decode the source transmission.
Theorem 2: The diversity-multiplexing tradeoff of
both DF and AF protocols with a single-bit feedback
is given by d(r) = (M + 1)(1 − r).
We note that a single-bit decision feedback can provide the performance of a classical (M + 1) × 1 MISO
system with collocated antennas, which is substantially
better than the case without feedback in Theorem 1. Even
further gains are possible if multiple rounds of feedback
are permitted.
Theorem 3: The achievable diversity-multiplexing
tradeoff for AF protocols with L rounds of feedback
(i.e. 2L-1 NACKs) is given by d(r) = (M + 1)(1 − Lr )
for 0 ≤ r ≤ 1.
A similar result has been observed for the MISO systems
in [15] and for cooperative diversity systems employing
dynamic DF strategies in [2].
More recently, non-orthogonal relay transmission has
been proposed in [1] for improving the spectral efficiency. The source transmits over all available slots.
Whenever the relay is successful in decoding the message, it switches into transmitting mode and starts cooperating with the source. This protocol is called dynamicdecode-and-forward. The diversity-multiplexing tradeoff
of such protocols under relay selection suffers a loss. We
note however that opportunistic relaying is simpler and
can be implemented with existing radio front ends.
Theorem 4: The diversity-multiplexing tradeoff of
dynamic-decode-and-forward under relay selection is
given by:


(M + 1)(1 − r)
d(r) = 1 + (M + 1)(1 − 2r)

 1−r
r

0 ≤ r ≤ M1+1
1
(6)
M +1 ≤ r ≤ 1/2
1/2 ≤ r ≤ 1

V. C ONCLUSION
We explored the fruitful interaction between relay
selection (which can be viewed as a routing protocol) and
cooperative diversity (which is a physical layer protocol).
We hope that our work sparks further interest in
implementation of distributed relay selection protocols.
While one such protocol based on distributed timers has
been proposed in [4] and the experimental results have
been reported in [3], we believe this is a very fertile area
for further innovation.
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