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Abstract—Cooperative transmission protocols over fading chan-
nels are based on a number of relaying nodes to form virtual multi-
antenna transmissions. Diversity provided by these techniques has
been widely analyzed for the Rayleigh fading case. However, short
range or fixed wireless communications often experience propaga-
tion environments where the fading envelope distribution is mean-
ingfully different from Rayleigh. The main focus in this paper is
to investigate the impact of fading distribution on performances of
collaborative communication. Cooperative protocols are compared
to co-located multi-antenna systems by introducing the concept of
cooperative fading region. This is the collection of fading distribu-
tions for which relayed transmission can be regarded as a compet-
itive option (in terms of performances) compared to multi-antenna
direct (noncooperative) transmission. The analysis is dealt with by
adopting the information theoretic outage probability as the per-
formance metric. Cooperative link performances at high SNR are
conveniently expressed here in terms of diversity and coding gain
as outage parameters that are provided by the fading statistics of
the channels involved in collaborative transmission. Advantages of
cooperative transmission compared to multi-antenna are related
to the propagation environment so that the analysis can be used in
network design.

Index Terms—Cooperative diversity, cooperative transmissions,
decode and forward relaying, distributed space-time coding, fading
channels.

I. INTRODUCTION

M ULTIPATH fading is one of the main limitations in wire-
less ad hoc and cellular networks as it causes mean-

ingful link performance degradation that is almost independent
of the network size. Depending on the nature of the propaga-
tion environment, there are different models describing the sta-
tistical behavior of the multipath fading envelope and thus of the
signal-to-noise power ratio (SNR). Although the Rayleigh dis-
tribution is widely used to model multipath fading with no direct
line-of-sight (NLOS) path, ad-hoc, sensors networks and more
generally fixed or short range applications, often experience
propagation environments where the power of the line-of-sight
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(LOS) component is either non zero or, in some cases, domi-
nate when compared to the random NLOS components. There-
fore, the influence of the propagation settings onto the overall
system performance depends on the statistics of the random
fading power, or better on the relevance of the diffusive (or
NLOS) contribution with respect to the direct (or LOS) [1].

Multiple antenna transmissions are known to provide spatial
redundancy (or diversity order) to reduce fading impairments.
In particular, the use of space-time codes is shown to combat
the fading effects by harnessing the diversity of the channel
without channel state information at the transmitter. Since hard-
ware, size and cost constraints limit the number of antennas that
can be deployed, recently it has been shown that instead of a
single terminal with multiple antennas, a cluster of single-an-
tenna nodes might form a kind of coalition to cooperatively act
as a transmit or receive array [2]. When terminals collaborate,
they typically first exchange messages to set up the coordinated
transmission and then cooperatively transmit the information
symbols thus creating a distributed multi-antenna system. Per-
formances can thus benefit from the cooperative diversity [3]
provided by multiple input (and, in case, multiple output) vir-
tual channel. Simple transmission protocols that can exploit co-
operation were first investigated for the Rayleigh fading case
in cellular [4] and ad hoc [2], [5] networks. In these works,
transmissions from source and relay(s) towards the destination
take place either through orthogonal channels (e.g., time, fre-
quency or code division) or by varying the degree of receiver
collisions [5]. Instead, in [3] cooperative diversity is assessed
by employing multiple coordinated relays that share the same
bandwidth to arrange a (virtual) antenna array by means of dis-
tributed space-time coding (D-ST). In [6] the analysis of coop-
erative systems is dealt with for the Rayleigh fading case by
defining the best relay location for cooperation to be beneficial
with respect to direct transmission. In this paper, the perfor-
mance analysis of cooperative transmissions with decode and
forward relaying is dealt with by embracing arbitrary fading
distributions for each link that is scheduled for transmission. As
a motivation to this work, consider the propagation setting in
Fig. 1 where a source node might decide to reach the desti-
nation with the help of relayed transmissions from a cluster
of nodes. Different channel power distributions are experi-
enced for the source-to-relays , relays-to-destination

and source-to-destination links (e.g., notice
that relays might be placed either in short range with the source,
or in strategic locations to benefit from a marginal diffusive
channel component). For a given propagation environment, the
main focus in this paper is to investigate the necessary condi-
tions on the channel power distributions of fading that makes
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Fig. 1. Propagation environment for cooperative and noncooperative transmis-
sions.

relayed transmissions to perform as if the source node would
be equipped with multiple antennas and employ a direct (non-
cooperative) multiple-input–single-output (MISO) transmission
towards the destination. To get more insight into how the prop-
agation settings can influence the performances of collaborative
transmission, we introduce the concept of cooperative fading
regions as the collection of channel power distributions that
make cooperation preferable (or comparable) to conventional
noncooperative MISO transmission according to a specific per-
formance criteria.

A. Outage Probability Based Analysis
The information theoretic outage probability is the criterion

employed in this paper to evaluate the system performances.
The outage probability can be asymptotically (for large signal to
noise ratio: SNR) approximated as , with
the “inherent” diversity order and coding gain as two outage
parameters that depend on the fading distribution of the channel
itself [1]. The reference setting for performance comparison is
based on a multiple antenna transmission from source towards
the destination (Fig. 2(a)). Link performances are character-
ized by an inherent fractional diversity order and coding
gain according to the statistical property of the channel.
Cooperative transmission protocols are shown in Fig. 2(b)–(e).
The source node first activates relaying nodes by using
links that have the same fading distribution and thus are charac-
terized by the inherent diversity and coding gain . Re-
layed transmission towards the destination is performed over
a channel that provides a diversity and a coding gain of

. The pairs , and are based on
the corresponding fading distributions and can be interpreted
as (outage) parameters that model the outage performance over
each link (see Fig. 1). Differently from [1] and [7], here we show
that these outage parameters can be evaluated in a general way
from the asymptotic behavior of the moment generating func-
tion (MGF) of the random fading power over each link.

Decode and forward based collaborative protocols are ana-
lyzed in this paper by evaluating the outage parameters (i.e.,
the diversity and coding gain pairs for each link) that make
the cooperation to be beneficial in improving the outage proba-
bility when compared to standard noncooperative MISO trans-
mission (Fig. 2(a)). When the outage probability is used as per-
formance metric, the cooperative fading regions turns out to be
the collection of outage parameters based on the pairs ,

and for which cooperation has better outage
performances compared to conventional MISO transmission in
Fig. 2(a) used as reference setting.

Fig. 2. (a) Direct noncooperative transmission, (b) DF, (c) O-DF, (d) S-DF,
and (e) D-ST cooperative transmission protocols. Each link is characterized by
the outage parameters as inherent diversity (d) and coding gain (c). For each
protocol, shaded nodes refer to terminals that are scheduled for transmitting
during a specific time fraction.

B. Overview of the Main Results
In what follows, we outline the original contributions of the

paper as compared to the existing works.
i) Section III extends the outage analysis of cooperative

protocols for fixed and selective (or adaptive) decode and
forward relaying methodologies [2], [3] (an overview
of existing results is given in Section II) in order to
embrace arbitrary fading statistics over each link. Fading
channels are described by the inherent (fractional) di-
versity and coding gain parameters as in [1].
However, differently from [1] these outage parameters
are evaluated in a general way from the asymptotic
behavior of the moment generating function (MGF) of
the random fading power over each link. Compared to
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[7], this novel approach to performance evaluation of
wireless communications requires only the knowledge
of the MGF of the measured fading power distribution.
MGF is a standard concept either in communication field
[22] and in mathematical statistics [18]. The proposed
method (details are in Appendix A) allows for closed
form high SNR performance evaluation of distributed
MISO (or MIMO) systems under arbitrary propagation
environments (that might include fractional diversities
and unbalanced fading cases).

ii) The concept of cooperative diversity [2] is generalized
herein to embrace arbitrarily distributed fading channels.
Cooperative diversity is shown to depend on both the
fading statistics and on the spatial redundancy offered by
the specific transmission methodology and coding algo-
rithm. In Section IV, we define the asymptotic coopera-
tive fading regions as the collections of fading power dis-
tributions that makes collaborative transmissions to pro-
vide a (cooperative) diversity that is larger than the di-
versity provided by noncooperative multi-antenna MISO
transmissions. In Section VII, we show how cooperative
diversity for arbitrary fading can impact on diversity-mul-
tiplexing tradeoff (DMT) analysis.

iii) Cooperative fading regions are defined in Section V by as-
suming (for both direct and collaborative transmissions)
that only a finite amount of power is available. Regions
highlight the necessary conditions on the channel power
distributions of fading that make relayed transmissions
to outperform noncooperative ST-coded multiple antenna
transmission (here used as reference setting). With the
aim of providing fading regions that can be readily used
for practical network design, closed form bounding re-
gions are also developed for each protocol by using the
large SNR outage approximation (technicalities are con-
fined in Appendix B). Bounding regions can be used ei-
ther to highlight conditions (e.g., requirements for the
fading distributions) that are necessary for cooperation to
enhance (or to perform as) direct transmission, or rather
more practical conditions that are sufficient to declare
the cooperation as impracticable compared to co-located
multi-antenna MISO transmission.

The rest of the paper is organized as follows. As a case study,
in Section VI asymptotic and finite SNR cooperative fading re-
gions are specialized to fit with Nakagami-m fading environ-
ments. Analysis of fading regions is dealt with numerically. Fi-
nally, we provide some basic design rules drawn from numerical
analysis and valid for different applications and propagation set-
tings.

II. OVERVIEW ON OUTAGE ANALYSIS OF COOPERATIVE
TRANSMISSION PROTOCOLS

The following analysis focuses on different cooperative pro-
tocols that involve transmission from a single antenna source
node towards a single antenna destination node (extension
to multiple antennas at the receiver is straightforward) with the
use of the channel for a time interval (without any loss of
generality, it can be set ). Destination can be reached (as

in Figs. 1 and 2) by a cooperative transmission where source
activates neighbor nodes to relay the message either by

simply repeating (after decoding) or by engaging a virtual
multi-antenna system through a distributed ST coding. The
direct ST-coded transmission from a source node equipped
with antennas (Fig. 2(a)) represents the reference
setting to be used for performance comparison of cooperative
transmission protocols.

As a baseline case, let be the transmitted symbol energy
from a single antenna source towards a destination, the transmit
power is and the signal to noise ratio (SNR) referred
to the transmitting side is , with the additive
white Gaussian (AWGN) noise power and the single-sided
noise power spectral density (to simplify, here we assume

and so that refers equivalently to SNR or transmit
power).

The baseband complex valued channel gain is , fading
power accounts for path loss and shadowing,
the instantaneous SNR at the receiving side is .
Assuming a channel with static fading for the whole
transmission duration, the maximum mutual information
over the link for source employing Gaussian codebook is

, for a target rate [b/s/Hz], the outage
probability is .

In the direct link with antennas (Fig. 2(a)) the diversity is
exploited by an orthogonal ST coded transmission. The outage
probability for noncooperative multiantenna transmission is
[10]

(1)

where subscript refers to the source-to-destination direct
link and . Notice that transmit
power of each antenna scales as in order to highlight the
benefits of diversity when constraining the overall transmit
energy to . The fading power for the th trans-
mitter–receiver pair is , all with the same density.

When collaborative transmission is accomplished
(Fig. 2(b)–(e)), the source terminal transmits the information
message for the fraction of the overall available duration

. During this interval, the nodes that are available for
cooperation (up to ) attempt to decode the received signal.
For the remaining fraction of time , the nodes that
successfully decoded the message and willing to cooperate
can relay the information to the destination node either by
forwarding a copy of the message through orthogonal channels
still using the same codeword (to allow for optimum combining
at the receiver) or by engaging a distributed orthogonal ST
coding.

In this work, we assume that each relay node might elect itself
as a collaborating node if decoding is accomplished. Although
straightforward, the analysis of more sophisticated relay selec-
tion strategies [11] are out of the scope of the present paper.
Since performance is based on outage probability, we assume
that a relay node fails in decoding during the source broad-
cast of duration whenever an outage event occurs, therefore
if where subscript refers to source-to-relay links
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with and . The probability
of this event

(2)

depends on the time fraction as highlighted in the argument
of function [12].

Four cooperative transmission protocols are considered as il-
lustrated in Fig. 2(b)–(e). In order to have the paper self-con-
tained, below we review the information theoretic outage prob-
ability for each scheme.

A. Fixed Decode and Forward Protocol—DF

Protocol description: Fixed Decode and Forward (DF) (see
also [2]) is sketched in Fig. 2(b). It is based on a fixed relaying
transmission where each collaborating node simply repeats the
same information message. The source node broadcasts the
message for the fraction , then each relay node
that decoded the message (and is willing to cooperate) repeats
the information symbols during the reserved1 time fraction

by repeating the same codeword. The source node
might have no knowledge whether the cooperating nodes
have successfully decoded the message or not, therefore relays
are transparent to the source node [13] (thus simplifying the
design of the medium access control MAC). Without the need
for the source node to transmit directly towards the destina-
tion, this protocol is indeed a simple extension of multihop
transmission (that can be, in this case, performed by multiple
collaborating relays) and it requires at least one relay to fully
decode the source information. At the destination, the receiver
exploits the full channel state information (CSI) for each link
by combining the noisy replicas from the relays.

Outage analysis: let be the number of collabo-
rating nodes that are willing to cooperate each for a
time fraction, the mutual information for the relays-to-destina-
tion link is , where
and is the signal to noise ratio at
the decision variable that results from the coherent combination
(e.g., by maximal ratio combining) of the signal replicas coming
from the relays. Notice that each node uses the same power

of the source node to preserve the maximum (in case all the
nodes collaborate) total energy consumption (including the

source node) .
Using notation to indicate the maximum mutual infor-

mation that is achieved by DF protocol, the outage probability
is [2], [3]

(3)
being

(4)

1Each relay and source node is guaranteed to have an exclusive access to the
wireless medium.

the probability that nodes out of can decode the source
message within the time fraction ; is defined
in (2).

B. Optimized Time Allocation Decode
and Forward Protocol—O-DF

Protocol description: without requiring adaptive relaying
[2], DF protocol performances can be enhanced by optimizing
the time fraction for the source node to be active so that the
number of collaborating nodes is maximized. The optimized
slot allocation Decode and Forward protocol (O-DF) is out-
lined in Fig. 2(c). The source node employs an optimized time
fraction (that might be different from of DF)
that is needed for the broadcast phase to maximize throughput
performances, or equivalently to minimize the overall outage
probability. Optimization of time fraction is a tradeoff be-
tween the maximization of the number of nodes (out of ) that
successfully decode and collaborate (that would require high

) and the maximization of the time fraction reserved
for the cooperative transmission. O-DF protocol requires the
source node to be aware of the fading statistics for all the
scheduled links by periodic control message exchange. The
source node remains active for broadcast of optimized duration

while the relay nodes are scheduled to repeat the message
(as for DF) for a time fraction of each, still using
the same codeword. Notice that if then O-DF
coincides with DF.

Outage analysis: using the notation to indicate the
maximum mutual information that is achieved by O-DF pro-
tocol, the outage probability can be easily adapted from (3) as

(5)

and it is now optimized with respect to .

C. Selective (or Adaptive) Decode and Forward—S-DF

Protocol description: the Selective (or adaptive) Decode
and Forward [2] (S-DF) is in Fig. 2(d). The source node
exploits a feedback channel from the relays (by assuming a
perfect feedback channel) for ACK/NACK protocol. As a basic
difference to previous protocols, after a broadcast of fixed
duration , transmission can reduce to a direct
(from source-to-destination) link if all the available nodes
fail in decoding (NACK signalling). In this case, the source
is allowed to use the remaining time fraction by
complementing the codeword with incremental redundancy.
When collaborative transmission is accomplished (ACK sig-
nalling from at least one relay), each decoding relay repeats the
same codeword of the source node. The destination combines
all the signal replicas that can be up to (included the
copy from the source). In contrast to DF and ODF protocol
where direct link is not used, more sophisticated MAC design
is needed as the source needs to be aware of the presence of the
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relays (that cannot be transparent),2 moreover the destination
requires CSI of the source-to-destination link.

Outage analysis: the signal-to-noise ratio at the decision
variable becomes as it
follows from the coherent combination of the signal replicas
coming from the relays and from the single antenna source.
The mutual information for the relays-to-destination link is

, where . Using
notation to indicate the maximum mutual information
that is achieved by S-DF protocol, the outage probability is [2]

(6)

Notice that if none of the relays is capable of decoding (with
probability ), outage probability is the same as
that provided by direct transmission (1) (for

).

D. Distributed Space–Time Coding Protocol—DST

Protocol description: Distributed Space–Time coding
(DST) protocol [3] is in Fig. 2(e). In this scheme the collab-
orating nodes employ a distributed (orthogonal) space–time
coding by simultaneously serving as a row of the ST codeword
matrix [3]. After the source broadcasts for time fraction
(optimized as for O-DF), the relay nodes and the source use
the channel simultaneously for the whole time fraction
to form a coalition where symbol level synchronization is
mandatory. ST codeword matrix is therefore transmitted with
each node serving as a virtual antenna.

Space–time coding techniques can be easily adapted for a dis-
tributed implementation as for space–time block codes based
on orthogonal designs (orthogonal space–time coding, OSTC
[10]), quasi-orthogonal [14] and space–time trellis codes [15]. A
centralized (or distributed) assignment of codes to different co-
operating nodes is mandatory to ensure that each collaborating
node is serving as different virtual antenna.

In this paper, the OSTC is designed for the maximum of
transmit antennas (including the source node). Even if a few of
the cooperating terminals are missing due to decoding errors,
the codeword matrix still remains orthogonal thus allowing the
code to preserve the benefits arising from the residual diversity
[16].

Outage analysis: the mutual information for the re-
layed link is where, for decoding re-
lays, . The signal-to-noise
ratio at the decision variable (after ST decoding) is

. Notice
that to preserve the same total energy consumption as for
DF-based protocols (and direct transmission), transmit power

2Compared to DF and O-DF protocols, larger power consumption is needed
as source and destination terminals are required to be active for a longer period.

of each collaborating node is now scaled to . Using
notation to indicate the maximum mutual information
that is achieved by D-ST protocol, the outage probability at the
destination results from the optimization over of

(7)

III. LARGE SNR OUTAGE ANALYSIS IN FADING CHANNELS

In this section, the outage analysis is extended to embrace ar-
bitrary fading distribution over each link. Description of fading
channels is in terms of inherent (fractional) diversity and
coding gain parameters that are computed from the asymp-
totic behavior of the MGF of the random fading power over
each link. The MGF based approach is general as it leads to a
simple derivation of outage probability approximations for arbi-
trary number of transmitting antennas and heterogeneous/unbal-
anced fading over each link (technicalities are in Appendix A).

Consider a generic single-input–single-output (SISO) trans-
mission with power and an arbitrary probability density func-
tion for , say , that describes the severity of
the fading over the considered link, the outage probability is

(8)

For high outage (8) is ruled by the behavior of the random
fading power density around zero, . Outage per-
formances in fading channels are thus primarily limited by the
(outage) events that cause the SNR to be small with
probability that depends on . This motivates the
following analysis.

The probability density function can be written
through the integral expansion [17]

(9)

where are the basis functions and
is the complete Gamma function.

The th order fractional derivative [17] of
in is defined from the Laplace transform (or

MGF) of (i.e., )

(10)

where denotes the Laplace inverse transform operator
evaluated at .

Definition 1: is the order of the first nonzero fractional
derivative of in so that from (9)

(11)
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The probability density function can be written for
small enough as a function of (Definition 1)

(12)

Substituting (12) into (8), the outage probability is a function of
and scales with the power as

(13)

where we used the notation to indicate that the equality holds
for asymptotically large .

For any given fading power distribution,3 the following
proposition can be used for evaluating the order of the first
nonzero fractional derivative.

Proposition 1: A necessary and sufficient condition for cal-
culating is

(14)

and finite.
Proof: Necessary condition comes from the fractional

derivative definition and the initial value theorem [18]. Proving
that the condition (14) is sufficient is trivial as

(15)
therefore is the smallest fractional derivative order that satis-
fies (14) and it is unique.

Remark 1: The value of satisfies (14) iff

(16)

and finite. Proof is trivial.
The model (13) can be adapted to describe the outage proba-

bility at high SNR similarly to [1] as

(17)

where is the fractional diversity
provided by the channel (or “inherent” diversity) and

is the coding gain. From (13) and (16), for a generic fading
power distribution, the diversity is related to the order of the
first nonzero fractional derivative as

(18)

Notice that if the MGF of the channel power distribu-
tion satisfies (14) (or (16)) for some then the provided
diversity is even though single antenna terminal is used
for transmission.

3Fading power distribution is only required to be finite (and right-continuous)
in zero: this assumption indeed holds for all the distributions that can be adjusted
to fit real fading measurements.

The coding gain from (13) and (18) is

(19)

and is in (14). Notice that for Rayleigh fading (as
) and , as expected. Extended results for multi-an-

tenna transmission that include cases with unbalanced/hetero-
geneous fading are given in the Appendix A. These asymptotic
results for high SNR will be now adapted to the cooperative pro-
tocols.

A. Direct MISO Transmission

The outage probability at high SNR for a ST coded an-
tenna transmission can be written as a function of the diversity

(18) and the coding gain (19) provided by the source-to-
destination channel with

(20)
(see (55) in Appendix A, with substitutions and

).
Assuming uncorrelated fading over each antenna, the (max-

imum) achievable diversity

(21)

scales with the number of antennas at the source node (as ST
coding is used) and with the term that depends on the fading
statistics.

B. Cooperative Transmission Protocols

In this section, we evaluate the terms in the outage perfor-
mances at high SNR of the cooperative protocols in Section II
for arbitrary fading power distributions over each link. The
probability that a relay node fails in decoding depends
on the time fraction reserved for broadcast, on the inherent
diversity (18) and on the coding gain (19) provided
by the source-to-relays channel with .
From approximation (17), the probability scales with the power

as

(22)

• DF protocol
Considering, for simplicity, the same fading power den-
sities over each relay-destination pair

, the probability for
cooperating nodes is similar to (20)

(23)
it depends on the diversity (18) and the coding gain
(19) provided by the relay-to-destination link. The high
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approximation of outage probability for the fixed DF pro-
tocol is found by substituting (22) for and
(23) into (3).

• O-DF protocol In O-DF the source node solves for the op-
timum time fraction based on the knowledge of the statis-
tics of all links (namely the coding and the diversity
pairs) that are scheduled for transmission and forwards the
time allocation decisions to the nodes. The outage prob-
ability at high SNR is found by minimizing the outage (3)
over where

(24)

For high the outage probability of the O-DF protocol is
found by solving the problem (5) with substitutions (22)
and (24).

• S-DF protocol The probability
is modelled as in (17) where diversity is provided in part
by the relays-to-destination channel and by the
source-to-destination link (see Appendix A). The
outage probability for S-DF protocol at high is found by
substituting (22) and (20) for and

(25)

into (6), where “equivalent” coding gain for the coopera-
tive source-relays to destination link is

(26)
and depends on diversities , and coding gains ,

provided by all the channels that are involved in coop-
erative transmission.

• D-ST protocol The outage probability for D-ST protocol at
high is found by solving problem (7) with substitutions
in (22) and (20) for and

(27)

is in (26).

IV. ASYMPTOTIC COOPERATIVE FADING REGIONS

In this Section the concept of cooperative fading region is in-
troduced by analyzing the outage approximation for the asymp-
totic case of infinite power budget, i.e., . Direct (nonco-
operative) transmission performed by a terminal equipped with

antennas is used as a reference to compare the outage per-
formances of collaborative transmissions from coordinated
relays. Since performance is assessed for asymptotically large
SNR, the regions where collaboration is beneficial are evaluated

by comparing the cooperative diversity for transmissions per-
formed over channels with different fading distributions with the
diversity provided by noncooperative transmission in Fig. 2(a).
The closed form of asymptotic cooperative fading regions
is thus derived regardless of the coding gains (as )
in terms of the diversities , and that are computed
from the respective channel power distributions, as shown in
Section III. Asymptotic fading regions are also given for varying
collaborating relays and number of antenna elements for
the reference of noncooperative transmission.

A. Asymptotic Fading Regions for Fixed Relaying Schemes
(DF and O-DF)

Fixed relaying based on decode and forward protocols (DF
and O-DF) with collaborating nodes provides
the same (cooperative) diversity that follows from the analysis
of outage probabilities (3) and (5) at large SNR

(28)

Notice that in Rayleigh fading the diversity
simply scales with the number of relaying nodes (see [2] for
the case ).

Fading regions are evaluated in terms of benefits with re-
spect to direct link. In other words, the cooperative diversity pro-
vided by collaborative transmissions is compared with the diver-
sity , as in (21), provided by noncooperative transmission
where the source node is equipped with antennas em-
ploying a space–time coded transmission (when ). For
fixed DF protocol the cooperative diversity (28) shows that for

, with

(29)

being the asymptotic cooperative fading region, the cooperation
is beneficial in providing higher diversity than the noncoopera-
tive case. From equality (28) the O-DF provides the same diver-
sity of the DF protocol and thus

(30)

Notice that, from (29), the condition
is required to guarantee that DF and O-DF protocols can provide
at least higher diversity than single antenna direct transmission

.

B. Asymptotic Fading Regions for Selective (or Adaptive)
Relaying Schemes (S-DF and D-ST)

Considering selective relaying based decode and for-
ward schemes (S-DF and D-ST protocols) with

collaborating nodes, the (cooperative) diversities
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from the outage probabilities in (6) and (7) coincide

(31)

In Rayleigh fading diversity scales with
the total number of nodes that are scheduled for transmission:

(see [2] for ). The cooperative diversity (31) of
the S-DF protocol, compared to the diversity provided by the
direct transmission (21), shows that for

with

(32)

being the asymptotic cooperative fading region for S-DF, then
cooperation is beneficial in providing higher diversity than the
noncooperative case. For D-ST case, it is from (31)

(33)

Notice that adaptive relaying provides a better diversity com-
pared to single antenna direct transmission for any
propagation setting as .
Adaptive relaying falls back to a single input direct transmission
in the worst case that all relays are unavailable for cooperation.
In all the other cases, the source node might benefit from both
the direct and the relayed links.

V. COOPERATIVE FADING REGIONS FOR FINITE SNR

Outage performances of the cooperative protocols are now
compared with the noncooperative case by assuming that only a
finite amount of transmit energy (or SNR ) is available for the
transmission towards the destination: for this case outage perfor-
mances are ruled by diversity and coding gain pair. Cooperative
fading regions at finite SNR follows by evaluating the propaga-
tion settings (diversity/coding gain pairs) that make any of the
cooperative protocols (for varying number of relaying nodes )
to be beneficial in improving the outage performances with re-
spect to the noncooperative case (where source node is equipped
with antennas).

To guarantee a fair comparison between the protocols, we set
a finite transmit energy level (where refers equivalently
to energy, or power, as ) to satisfy a given reliability re-
quirement for the direct (end-to-end) link. Once defined a refer-
ence energy level, the cooperative transmissions (for protocols
in Fig. 2) are designed so that the sum of transmit energy con-
sumptions for source and all relay nodes does not exceed the
maximum budget .

The reference energy level is established from the non-
cooperative transmission in Fig. 2(a) once constraining a spec-
ified outage probability at the destination to guarantee the
rate (outage capacity) . For a given pair and ,
the required energy at the antennas source node (recall

that each antenna uses a power ) can be easily derived for
any fading channel by solving for the equality

. It follows:

(34)

that holds for small enough so that outage probability (20)
holds true. Function is defined in Appendix B. Notice
that the transmit power required to achieve the pair and
diverges as or , as expected. Moreover, in
case of no fading or , since the outage probability in
(20) is exactly zero for , it is

(35)

The same energy in (34) obtained for noncooperative
MISO transmission is enforced for the cooperative schemes,
as is the maximum energy budget that is made available for
the whole transmission session. For DF and S-DF protocols
this is done by allowing each relay and source node to use the
channel for the same time fraction with the transmit
power . Transmit energy employed by each node is thus

. For O-DF and D-ST protocols, the single-antenna
source node broadcasts the information symbols with energy

so that up to relay nodes decode and cooperate. Next,
during the remaining time fraction , the residual available
energy for transmission is equally split among each
collaborating node by allowing each terminal either to use a
transmit power for a time fraction of (as in O-DF)
or to share (now also with source, as in D-ST) the available
time fraction to employ ST coding with a transmit power
of .

Definitions

For any cooperative transmission scheme, cooperative fading
region for finite SNR is defined so that if

then the cooperation protocol at hand has better outage per-
formances with respect to the noncooperative case. In the fol-
lowing, cooperative fading regions are defined for each of the
collaborative transmission protocols once the available energy
at distributed multiantenna system is constrained to be the same
as the direct transmission in (34) with outage and rate require-
ments and , respectively.

Definition 2: Cooperative fading region for fixed decode and
forward (DF) is

(36)
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with defined in (3) and where . From diver-
sity definition, it is clearly

Definition 3: Cooperative fading region for selective decode
and forward (S-DF) is

(37)

with defined in (6) and where . It is
.

Definition 4: Cooperative fading region for optimized decode
and forward (O-DF) is

(38)

with defined in (5)
and where . It is .

Definition 5: Cooperative fading region for distributed ST
coding is

(39)

with defined in (7) and where . It is
.

A. Bounds for Cooperative Fading Regions at Finite SNR

With the aim of developing cooperative fading regions that
are analytically simple to be used for practical network design,
closed form bounding regions are evaluated herein for
each cooperative protocol by using the large SNR outage ap-
proximations developed in Section III. To simplify, here it is
used the following comprehensive model for the bounding re-
gions referred to the energy from (34):

(40)
where parameters , , , and are ex-
plicitly defined in Table I for each cooperative protocol. Notice
that factors and rule the limiting case of (that
holds for asymptotic fading regions, Section IV) as

(first equality comes from (34)).

Parameter relates to the relaying methodology (that can be
either fixed or selective), and account for the design of the
time division access (that might be, in this case optimized or
not) and the distributed coding technique (e.g., repetition based
or orthogonal ST coding). From Table I all parameters rely on
the specific outage parameters (therefore, the diversity order
and the coding gain of each scheduled link), the number of
the available (deployed) neighbor relays and the number of
antennas at the source node when comparing to the nonco-
operative case.

For any given propagation scenario characterized by the
(outage) parameters , and , since

the bounding region in (40) that is associated to a

TABLE I
COOPERATIVE FADING REGIONS PARAMETERS

specific cooperative transmission protocol that uses up to
relays should be considered as follows.

i) is a nec-
essary (but not sufficient4) condition that is required for
cooperation to perform at least as if a noncooperative ST
coded antenna transmission would be employed.

ii) is a suffi-
cient condition to prove that the cooperation is not of any
benefit compared to noncooperative ST coded antenna
transmission.5

The following Proposition defines the closed form of the
bounding regions , , and for all the
considered cooperative transmission protocols that are valid for
high (but still finite) (or small ) so that high SNR outage
probability approximation (17) holds.

Proposition 2: For a given outage requirement , the fol-
lowing (convex) regions:

1)

;

2)

;

3)

;

4)

;
are such that , ,
and , parameters , , , and are listed
in Table I (notice that ).

Proof: The proof is in Appendix B.
4Cooperative transmissions suffer from performance degradation compared

to co-located multiantenna transmissions due to imperfect synchronization/co-
ordination among collaborating relays. This aspect is not considered in this
paper.

5At least under the simplifying assumption of a ST coded transmission that
uses an antenna array with uncorrelated signals.
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TABLE II
DIVERSITY ORDERS (d) AND CODING GAINS (c) FOR NAKAGAMI-M AND RICE

FADING POWER DISTRIBUTIONS

The following remark shows that for large enough (or for
small enough, see (34)) the bounding regions in Proposi-

tion 2 are tight in predicting the exact cooperative fading regions
and approach the asymptotic fading regions.

Remark 2: For a given outage requirement that de-
fines the power constraint in (34), bounding regions ,

, and are such that 1) ;

2) ; 3) ; 4)

.
Proof: The proof is trivial as, from Table I

(41a)

(41b)

(41c)

(41d)

VI. COOPERATIVE FADING REGIONS FOR NAKAGAMI-
FADING CHANNELS

The asymptotic and finite SNR cooperative fading regions
that were developed in previous sections in terms of the inherent
diversity and coding gain of the fading channels are now
specialized for the statistical parameters of Nakagami- fading
distributions. Diversities and coding gains are now computed
by using the mappings in Table II obtained from the asymptotic
behavior of the Nakagami- fading power MGF (for each link
involved in transmission) and in term of the fading degrees .
Mappings can be similarly derived for Rice fading as in Table II
and thus it follows the corresponding fading regions (not de-
tailed in this paper, but it is just a straightforward extension). In
addition, the average channel powers might be different so that

, and .
Experimental data show that Nakagami- is a general para-

metric fading distribution that can be adjusted to fit
a variety of channel measurements [22], [23]. According to set-
tings in Fig. 2, the fading channel between source and destina-
tion node is modeled as a Nakagami- distribution with fading
figure , source-to-relays is characterized by fading figure

and collaborative transmission from relays is performed

Fig. 3. Number of relaysN to have same diversity performances as noncooper-
ative direct transmission. The required N is shown versus the Nakagami factor
m for the source-to-relays (m = m) and relays-to-destination (m = m)
fading channel and for m = 1, M = 2 and M = 6. Solid lines refer to
adaptive relaying as for SDF and DST protocols, dashed lines analyze DF and
ODF protocols.

over a channel with Nakagami factor . A derivation of a
closed-form expression of the outage probability of distributed
orthogonal space-time coding deployed over Nakagami fading
channels with different channel gains and fading parameters is
given in [24]. Error rate performances of DF protocols for fixed
multi-antenna two-hop relay networks with Nakagami- faded
links is given in [26]. For the case of a multihop system (DF
protocol with relay) performance analysis is provided in
[25].

A. Asymptotic Cooperative Fading Regions

Using mappings in Table II, asymptotic coopera-
tive fading regions become:

(42)

(43)

As a numerical example, in Fig. 3 we compute the required
number of relays to have same (cooperative) diversity perfor-
mances as if the source node would employ ST-coded transmis-
sion with antennas. The required is computed for fixed and
adaptive relaying to satisfy conditions (42) and (43) with strict
equality. Results are shown versus the (same) Nakagami factor

for the source-to-relays (here ) and relays-to-desti-
nation fading channels and for (Rayleigh
fading), and . Solid lines refer to adaptive re-
laying as for SDF and DST protocols, dashed lines analyze DF
and ODF protocols. The most promising propagation settings
that can motivate the use of cooperative transmissions (e.g., that
require a lower number of relays compared to the number of
antennas for noncooperative transmission) primarily arise when
the Nakagami factor for the relayed links is larger than (so
that milder diffusive fading is experienced compared to direct
source-to-destination link).

Authorized licensed use limited to: Politecnico di Milano. Downloaded on March 31, 2009 at 10:42 from IEEE Xplore.  Restrictions apply.



4918 IEEE TRANSACTIONS ON INFORMATION THEORY, VOL. 54, NO. 11, NOVEMBER 2008

TABLE III
PARAMETERS FOR COOPERATIVE FADING REGIONS IN

NAKAGAMI-m ENVIRONMENTS

B. Cooperative Fading Regions at Finite SNR
When considering a finite SNR, by using substitutions in

Table II, the required transmit power for an outage reliability
of and follows from (34) as

(44)

The corresponding cooperative fading regions for the consid-
ered protocols are defined as

(45a)

(45b)

(45c)

(45d)

while the corresponding bounding regions are found by using
the model (40) and the parameters listed in Table III

C. Numerical Analysis
In this section, cooperative fading regions are evaluated

numerically for Nakagami- fading by assuming that a finite
power budget (or finite SNR as in Section V) is available for
transmission (cooperative fading regions for Rice fading could
be similarly derived from Table II).

The available power from (34) is computed from the fol-
lowing source-to-destination link requirements:

Fig. 4. Finite SNR ( �P = 10 , �R = 2 [b/s/Hz], ` = ` = ` =2) co-
operative fading regionsR (on top) andR (at bottom) for fixed DF and
S-DF protocols (boundaries are in solid lines) with varying Nakagami factors
m , m , for m = 1 (Rayleigh fading) and m = 1:3. N = 2 relays are
available for cooperation. For direct transmission (Fig. 2(a)), used as reference,
the source node is equipped with M = N antennas. Bounding region R̂
(with R̂ � R ) and R̂ (with R̂ � R ) limits are in dashed
lines, dotted lines refer to the asymptotic regionsR andR for ��!1.

and .6 Path loss model is with exponent .
Distance between the source and the destination is set to
(Fig. 2(a)) so that . Source-to-relays and re-
lays-to-the destination distances are and

(Fig. 2), respectively. Average channel powers for each
cooperative link are balanced: .

The cooperative fading regions are analyzed (Figs. 4, 5) by
comparing the performances of the collaborative transmission
protocols considered in this paper with respect to direct link
with antennas (Fig. 2(a)) for varying fading parameters and
number of relay terminals . Cooperative regions are illustrated
as shaded areas in all figures to highlight the propagation set-
tings for source-to-relays and relays-to-destination links where
cooperation is beneficial in providing enhanced performances
with respect to the multi-antenna case in Fig. 2(a) used as ref-
erence.

Fig. 4 shows finite SNR cooperative fading regions (in terms
of boundaries delimited by solid lines) (top) and

6Lower outage probability �P is for higher power (e.g., �� � 15 dB for
�P = 10 ) and thus the tightness of the bounding regions to the exact re-
gions.
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