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Abstract—We investigate selection beamforming for a coop-
erative network that consists of a source, a destination, and two
amplify-and-forward (AF) relays, which are all equipped with
multiple antennas. The transmit and receive beamforming tech-
niques are respectively applied at the source and destination, and
the linear processing operator of the selected AF multiple-input
multiple-output (MIMO) relay is optimized. We consider that
the source has the instantaneous channel state information (CSI)
of the channels from the source to relays but no information
regarding the CSI of the channels from the relays to the desti-
nation. Partial relay selection (PRS) is employed, i.e., the source
routes its information signal to the relay which offers better
first-hop signal-to-noise ratio (SNR). Considering a Rayleigh
fading environment, we derive an exact closed-form expression
for the outage probability at the destination. The validity of the
outage probability expression has been confirmed with numerical
simulations. We also present the asymptotic analysis of the PRS
scheme for the considered multiantenna system and derive the
expressions of diversity gain. It is shown that, the overall diversity
gain is where
, , and are, respectively, the numbers of antennas

at the source, destination and the th relay. For the condition
that can be easily

met with practically realizable antenna configurations, it is shown
that PRS provides the same diversity order as opportunistic
relaying (OR).

Index Terms—Amplify-and-forward MIMO relay, beam-
forming, opportunistic relaying, outage probability, partial relay
selection.

I. INTRODUCTION

U SER COOPERATION DIVERSITY, or cooperative di-
versity, [1], [2] has emerged as a promising technique to

improve spatial diversity gain in wireless networks. The key
phenomenon in cooperative communications is that a source
takes the help of user terminals that are in its coverage area to
relay its signal to the destination. Since the destination sees the
replicas (most likely independent copies) of the source signal,
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the diversity gain will be enhanced. Various relaying protocols
for cooperative communications such as amplify-and-forward
(AF), decode-and-forward (DF) [2], coded-cooperation [3], and
compress-and-forward [4] have been presented. Among them,
the AF scheme is attractive due to its simplicity, since the relay
simply forwards the signal and does not need to decode it. How-
ever, the application of more than one relay increases feedback
requirements and the overall implementation cost. Moreover, in
order to avoid mutual interference as well as to achieve full di-
versity and multiplexing gains, the beamformers or space-time
codes applied over the set of relays need to be jointly optimized.
Such optimization also requires strict time and phase synchro-
nization among the relay nodes. Towards this end, relay se-
lection has been recognized as an effective way to reduce sig-
naling overhead and complexity but keep intact the benefits of
multiuser relay cooperation. The basic idea in relay selection
is to select the best relay from a number of available relays,
according to some well defined criteria. The significant results
in the area of relay selection appeared in [5], where relay se-
lection schemes are based on instantaneous signal-to-noise ra-
tios (SNRs) of both source-relay and relay-destination links.
In the literature [6]–[10], several other relay selection methods
[also known as opportunistic relaying (OR)] have been pro-
posed, which mainly rely on instantaneous SNR of two-hop
links from the source to the destination.1 Another common as-
pect of all of these works is that they have been limited to co-
operative systems where all nodes are equipped with a single
antenna.
It has been shown that (see [11] and the references therein)

the performance of cooperative relay systems can be further en-
hanced by accommodating multiple antennas at each node and
thus forming multiple-input multiple-output (MIMO) diversity
systems. The bounds on the diversity-multiplexing tradeoff for
cooperative MIMO relay systems have been analyzed in [12]
for different relay protocols. In [13], assuming Rayleigh fading,
the outage probability of the AF protocol is derived in a mul-
tihop MIMO relay network that employs transmit antenna se-
lection (TAS) and maximum ratio combining (MRC). However,
there have been very few works that extend the relay selection
protocols of [5], [6] to a multiantenna relay network. Recently,
the authors of [14] propose joint relay-and-antenna selection
schemes using TAS and extend the selection schemes of [5] and
[6] to a network with multiple multiantenna DF relays. The pro-
posed selection schemes of [14], however, require the destina-
tion to have the knowledge of instantaneous SNRs of all links
from the source to relays and from the relays to the destination.

1Note that the two-hop SNR is composed of the SNRs of links from source
to the relay and from the relay to the destination.
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It is worthwhile to note that relay systems having perfect
global channel state information (CSI) and all multiantenna
nodes (source, destination and relays) have been investigated
in [15] and [16], from an optimization perspective rather than
from a performance analysis perspective. In [15], it is shown
that the joint optimization of source and relay precoders is a
nonconvex optimization problem in general, where suboptimal
solutions are obtained using an iterative approach. In [16], the
authors preselect a limited number of relays that have better
two-hop channel quality and employ semi-orthogonality among
either spatial eigenmodes or antenna pairs of the preselected
relays for jointly optimizing the source and relay precoder
matrices.
Due to various reasons, it is generally difficult to obtain

perfect global CSI. Collecting the global CSI at a central node
demands significant amount of traffic, particularly in a fast
time-varying environment and is undesirable for low-cost sys-
tems where bandwidth restrictions can be severe (e.g., ad hoc
and sensor networks) [17]. An alternative approach that does
not require global CSI at the central node or each relay node
was proposed in [18]. This scheme, known as partial relay
selection (PRS), selects the best relay according to the CSI of
only the channels from the source to relays and thus reduces
signaling overhead required for cooperation. In [18]–[21], the
performance of PRS scheme is analyzed for CSI-assisted and
fixed-gain AF relaying systems, respectively. However, all of
these works [18]–[21] assume that all nodes are equipped with
a single antenna. Recently, [22] studies diversity performance
of PRS method for a CSI-assisted AF relaying system that
consists of a single-antenna source, multiple single-antenna
relays, and a multiantenna destination.
In this paper, we investigate selection beamforming tech-

nique for a relay network, in which the source, destination, and
two AF relay nodes are all equipped with multiple antennas.
Linear processing schemes (i.e., beamforming and MIMO
relay precoding) are applied to the appropriate nodes, and the
source and the relays are considered to transmit with some
power constraints. Instead of assuming global CSI at one or
more nodes, we consider practical scenario of interest, in which
the nodes have instantaneous CSI of only local channels. In
particular, the source knows its channels to the relays, the
destination has the CSI of its channels with the relays, and each
relay knows its channels with the source and destination. Based
on this local CSI, the PRS scheme is employed, i.e., the relay
that gives better SNR in the first-hop link is selected. In this
case, the optimal source and destination beamformers, and the
relay precoders have the same simple closed-form solutions as
in the case of a two-hop relay system with no direct link from
the source to the destination [23]. Based on these solutions,
the exact outage probability at the destination node is derived
in closed-form for a Rayleigh fading environment. We also
derive an asymptotic expression of the outage probability for
determining the diversity order of the system.
To the best of our knowledge, performance analysis for

PRS with beamforming at all multiantenna nodes is a new
problem that has not been investigated and solved before.
The problem is interesting because the exact diversity order
of the PRS scheme for the considered system model is not
previously known. Moreover, the problem is challenging since

the state-of-the-art technology [5]–[10], [13], [14], [18]–[22]
used for the performance analysis of relay selection schemes
are either not applicable or not easily extendable for our
considered setup of multiantenna nodes with beamforming.
Note that the outage probability at the destination can be
readily expressed as the product of the outage probabilities
of individual source-relay-destination (two-hop) links when
OR is used (cf. Remark 4, Section IV). Consequently, in such
a case the final closed-form expression easily follows from
the outage probability expressions of the two-hop channels.
Similarly, with some simple steps, it can be shown that OR
achieves full diversity (cf. Remark 4, Section IV). However,
unlike in the case of OR, neither the exact outage probability
expression nor the exact diversity gain of the PRS scheme is
known. These facts have motivated us to study PRS instead of
OR. In particular, our objective is to answer the following two
key questions:
1) Knowing that the performance of PRS is inferior to that of
OR, how does the former’s performance degrade in terms
of the outage probability?

2) Can full diversity be ever achieved in PRS?
This paper provides analytical results to answer both questions.
With these discussions on the motivations, we are now ready to
summarize the main contributions of this paper as follows.
• We derive an exact closed-form expression for the outage
probability at the destination.

• The asymptotic analysis of the outage probability is pre-
sented to derive the diversity order.

• It is shown that the diversity order of PRS for the consid-
ered setup is given by

where and are the numbers of antennas at the source
and destination, respectively, and is the number of an-
tennas of the th relay with 1, 2.

• For the condition
that can be easily met with practically realizable

antenna configurations, it is shown that PRS provides the
same diversity order as OR.

The main challenge in the performance analysis for the pro-
posed scheme originates from the statistical dependence of the
SNR at the destination and the decision criterion employed at
the source for routing.2 In particular, the outage probability in
the proposed scenario include sum of the joint probabilities,
each consists of statistically dependent random events with two
or more continuous random variables. As a result, the deriva-
tion of the exact outage probability requires solving multidi-
mensional integrals that need rigorous analysis. Moreover, the
asymptotic analysis of the proposed scheme also needs to deal
with the joint probabilities of statistically dependent random
variables. According to our best source of knowledge, such a
problem has not been solved in the literature.
The rest of the paper is organized as follows. The system

model is described in Section II. The outage probability expres-
sions are derived in Section III, and the corresponding asymp-

2Throughout this paper, the term routing is regularly used for relay selection
since the decision to select the best relay is made at the source and based on the
SNRs of only the channels from the source to the relays.
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Fig. 1. Physical layer routing scheme for a multiantenna cooperative system.

totic results are derived in Section IV. In Section V, analytical
and simulation results are provided. Section VI concludes the
paper.
Notations: Upper (lower) boldface letters will be used for

matrices (vectors); , , , and denote Hermi-
tian transpose, probability density function (PDF) of a contin-
uous random variable , the probability operator and the math-
ematical expectation, respectively. denotes the joint
probability of the random events and , and stands
for the space of matrices with complex entries.

II. SYSTEM MODEL

We study a cooperative network where signal transmission
from the multiantenna source to the multiantenna destination
is supported by two multiantenna relay terminals. The block
diagram for this system is shown in Fig. 1. It is assumed that
all nodes share the same frequency band. The source and
destination have and antennas, respectively, whereas
the th relay has antennas where 1, 2. The MIMO
channels between the source and relays are represented by

, whereas the channels between the re-

lays and destination are denoted by . The

path attenuation factors associated with the channels

and are denoted by and ,
respectively. We assume a Rayleigh flat-fading environment
where the channels are also considered to be spatially uncor-
related. Thus, the entries of and are
assumed to be independent, zero-mean circularly symmetric
complex Gaussian (ZMCSCG) random variables with unit
variance. We also assume that shadowing effect is negligible
in all the source-relay and relay-destination links, whereas the
direct link between the source and destination is neglected
due to higher path attenuation and possibly line-of-sight ob-
struction. We define the singular value decompositions (SVDs)
of and as and

, respectively, for all . Here,
and are the singular values in the descending order

(i.e., and ),
and are the ranks of and , respectively,

and and are their respective left/right
singular vectors. After these descriptions on system model, in
the following subsection, we describe how the nodes acquire
CSI required for relay selection and beamforming.

A. CSI Acquisition and Transmission Protocol

CSI acquisition: Note that, in order to implement relay selec-
tion and beamforming, local CSI is required at each node, i.e.,
the source needs to obtain the CSI of all source–relay –
channels, the th relay needs to obtain the CSI of the – and
relay–destination – channels, and the destination needs
to have the CSI of all – links. For this purpose, all nodes
transmit their training signals sequentially so that their respec-
tive neighboring nodes can estimate the local CSI. Because we
assume that all the nodes share the same frequency band, CSI
estimated at each transmit node (e.g., source, relays) can be con-
sidered as the transmit CSI due to channel reciprocity. The esti-
mated CSI at all nodes are assumed to have negligible uncertain-
ties. This assumption is valid in a slowly time-varying channel
environment if the training signals are properly designed. After
the training phase completes, it is easy to see that the source has
necessary CSI to identify the relay that provides better first-hop
SNR. As will be described later (cf.Data Transmission Protocol
below), at the end of the training phase, the data transmission
phase starts in which the nodes perform beamforming.
It is worthwhile to mention that the training-based CSI

acquisition scheme employed in our system does not incur
major penalty in terms of spectral efficiency provided that the
channels are slowly time-varying, particularly when the SNR is
sufficiently high enough [24]. Moreover, it is reported in recent
experimental results [25] that there exists complexity and
performance tradeoff between training-based (also called the
reciprocity based method) and feedback-based CSI acquisition
methods, and thus, the performance of the former method is
comparable to the latter method.
Data Transmission Protocol: Each symbol transmission

is considered over two time slots. At the beginning of each
transmission (first time slot), based on the local CSI obtained
during the training phase, the source determines its route for
signal transmission. If the source finds that the – channel
is stronger than the – channel, the source broadcasts its
symbol by matching the beamformer to the –
link. Otherwise, the source matches its beamformer to the
– channel and broadcasts its symbol. In either case, the
source appends a flag-bit with the information symbol in order
to notify the selected relay its selection for transmitting the
source signal to the destination. The selected relay processes its
received signal with the optimized relay beamforming matrix
and transmits the resulting signal to the destination in the
second time slot. In this way, the destination receives signals
from one of the two relays, depending on the route selection
carried out by the source. The following remarks are in order.
Remark 1: With the aforementioned framework of CSI ac-

quisition, each node determines its beamformer locally after the
training phase. Thus, there is no exchange of additional feed-
back information between the neighboring nodes during the data
transmission phase, except the flag-bit that the source adds with
its data.
Remark 2: The aforementioned data transmission protocol

requires two time slots due to the assumption that the relays op-
erate in a half-duplex mode. However, if the relays can support
full-duplex transmission, e.g., if the cross interference between
the retransmit and the receive signals can be suppressed using
spatial nulling method [26], [27] or if the relay uses separate
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sets of directional antennas for transmission and reception [28],
the transmission protocol can consist of only one time slot. It is
important to emphasize that the statistical analysis of the con-
sidered protocol remains the same whether the relay is operating
in full-duplex or half-duplex mode.
Let be the index of the selected relay, where .

The signal received by this relay can be given by

(1)

where is the random source signal having zero-mean and unit-
variance (i.e., and ), is
the source beamformer and is the distance-dependent
path loss for the channel between the selected relay and the
source. Moreover, in (1), is the additive white Gaussian
noise (AWGN) vector whose entries are assumed to be zero-
mean with the variance , i.e., .3

The selected relay processes the received signal (1) with the
linear operator and sends the resulting signal
to the destination in the second time slot. Thus, the signal re-
ceived by the destination is given by

(2)

where represents the noise vector at
the destination having ZMCSCG entries of variances , and

is the distance-dependent path loss for the channel be-
tween the selected relay and the destination. The destination
uses receive beamformer to recover the source
signal . To this end, the detected source symbol can be ex-
pressed as

(3)

Substituting (1) and (2) into (3), and takingmathematical expec-
tation over independent realizations of signal and noise com-
ponents, the SNR at the destination can be expressed as

(4)

With the help of (1), the instantaneous transmit power of the
th relay can be given by

(5)
where the expectation is only taken with respect to signal and
noise realizations. Let and be the maximum transmit
powers available at the th relay and source, respectively. The
optimal source and destination beamforming vectors and ,
respectively, and the AF processing matrix can be obtained
by solving the problem of maximizing the destination–SNR (4)
under the source power constraint and the relay
power constraint .
It is well known that the optimal , and are those for
which both the links from the source to the selected relay and
from the selected relay to the destination form MRC plus max-
imum-ratio transmitting system [23]. Thismeans that and
should be matched to the – and – channels, respec-
tively, and should bematched to both the – and –

3For notational convenience, the variance of relay noise is assumed to be the
same for all relay nodes.

channels. Thus, the optimal , , and have the following
structure [23]:

(6)

where and are the scaling factors that control the
relay and source powers, and are the
left/right singular vectors corresponding to the largest singular
values of and , respectively. From (6), the rank-one
matrix can be viewed as a product of receive and transmit
beamformers of the th relay. Substituting (6) into (4), and
solving for and , the destination–SNR can be expressed as

(7)

where and are the largest
eigenvaluesof and , respectively,

, and . Note that, in the above equation,

and are the average SNRs of the – and –
links, respectively. The PDFs of and are
given by [29]

(8)

where the coefficients and have been calcu-
lated for different MIMO antenna configurations (see [29,
Tables I–IV]), and for notational convenience, we have de-
fined , ,

, ,

and . Note that, according to [29],

(9)

Let be the instantaneous SNR at the destination. The outage
probability at the destination is defined as

(10)

where represents the quality of service (QoS) requirement
at the destination and is determined according to system specifi-
cations. According to the proposed data transmission protocol,
only one relay is active during the given two-time-slot period.
The destination observes if relay is selected,
whereas the destination observes if the relay is
selected. Mathematically, the index of the selected relay can be
described as

if
if

(11)

whereas the outage probability of (10) can be expressed as

(12)
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It is clear from (7) and (11) that the random events (
or ) and ( or ) are statistically
dependent. As a result, the computation of in (12)
becomes difficult. In a special case where the source can act as
a global router with the availability of the instantaneous CSI of
all – and – channels, the outage probability reduces
to the product of the outage probabilities of the two-hop links.
In this case (i.e., the OR scheme), the routing at the source will
be based on the maximum of the SNRs of the links via relays.
However, in the present analysis, we consider practical scenario
where the source has CSI of only its local channels, i.e., the
source does not have the CSI of any of the – channels.

III. PERFORMANCE ANALYSIS

In this section, we analytically characterize the criterion the
source employs for its route selection and derive the expression
for outage probability at the destination. Since the source node
has the instantaneous CSI of only its local channels, the source
chooses its beamformer based on the instantaneous SNRs of
channels from the source to relays. In particular, if the SNR
of the – channel is greater than that of the – channel,
the source matches its beamformer to the – channel, i.e.,

is applied. If the SNR of the – channel
is greater than that of the – channel, the source uses the
beamformer . The routing at the source is based
only on its local CSI and obviously, the knowledge of channels
from relays to the destination is not assumed. Substituting (7)
and (11) into (12) and after some simple steps, we can obtain

(13)

where and . In order to derive the closed-form
expression for the outage probability (13), we have to determine
the joint probabilities and in (13). However, it is clear that
the derivations of closed-form expression for follow simi-
larly to that of . In the following, we focus on the term . Notice
that , and are statistically independent continuous
random variables. As can be seen from (13), however, the events
that make the joint probability of (13) are not independent. The
two events of are dependent through the same random vari-
able . Integrating over random variables and

, we can express as

(14)

where is the upper limit for and it depends on . It is
clear that, for , the event is certain (i.e., the
probability of its occurrence is 1). In this case,

in (14) reduces to and the upper limit for
becomes independent of . As a result, for , (14)
can be written as

(15)

For the case , , and thus, (14) can
be rewritten as

(16)

In the remaining part of this section, we derive closed-form ex-
pressions for (15) and (16). To this end, (15) is expressed in
closed-form (see Appendix A) as

(17)

where is the lower incomplete Gamma function and
is the Gauss hypergeometric function [30]. With the

derivations of Appendix B, we can express (16) as

(18)
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As shown in Appendix C, the first integral of (18) can be ex-
pressed as

(19)

where is the modified Bessel function of the second
kind [30] with order . Using the derivations of Appendix D,
the second integral of (18) can be written as

(20)

where is the upper incomplete Gamma function. After
substituting (19) and (20) into (18) and then using (17), the first
part of the outage probability (13) is obtained. The term of
(13) can be obtained simply by interchanging and and
replacing by in (17) and (18)–(20).
Remark 3: The derived closed-form expressions for different

components of the overall outage probability appear to be long
and complicated due to multiple summation terms. However,
the upper limits for all the summation terms are finite and func-
tions of the numbers of antennas at the source, relay, and desti-
nation. In practical applications, the number of antennas is lim-
ited and, therefore, the burden for computing the closed-form
expressions is relatively low.

A. Special Case With

For a network with single-antenna source, destination and re-
lays, the first term of the overall outage probability of (13) can
be obtained by simply substituting

into (17) and (18)–(20). Noting that all and reduce
to for this case, of (13) can be expressed as

(21)

where , ,

, and the Gauss hypergeometric function (2, 1;2; )
can be shown to be equal to with the help of [30,

eqs. (9.100), (1.112.1)]. Furthermore, noting that

, we can simplify (21) to the following
form:

(22)

Interchanging and in (22) and replacing by ,
we can obtain the second term of the outage probability (13)
for the case . Summing the resulting

expression with (22), using the definitions ,

, and making the approximation that ,
we can obtain the following result for outage probability:

(23)

which is same as the outage probability expression derived in
[18, eq. (2)]. For , we find that (21) reduces to the
following form:

(24)

which is the outage probability of the two-hop link corre-
sponding to the first relay when each node is equipped with a
single antenna. For the approximation , (24) is the
same as the outage probability expression derived in [31, eq.
(27)]. In (21), after replacing by , and interchanging

and , we can get the second term of (13). In this
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case, the resulting expression for , also reduces to the
similar form like that of (24) with and replaced by
and , respectively. Consequently, such expression gives
the outage probability of the two-hop link corresponding to
the second relay, where again all terminals are single-antenna
nodes.

IV. ASYMPTOTIC ANALYSIS

It is rather difficult to obtain the diversity order for the pro-
posed selection scheme from the outage probability expressions
derived in Section III. These expressions are derived from the
exact PDFs and of (8). Notice that, for large
values of and , the outage probability (also
the symbol error rate [32]) is dominated by the small values of

and [33]. This gives rise to the importance of exam-
ining the behaviors of and at small values of
. According to [33], as , the asymptotic behaviors of

and can be characterized by [cf. [34] for the
use of similar asymptotic expression in a different application
with a MIMO relay]

(25)

where , , ,
, for 1, 2. In order to obtain the asymp-

totic expression for in (13), we apply the following upper
bound [35]:

(26)

which is accurate for medium to high values of and .
With the help of (26), of (13) can be approximated for large
values of and as

(27)

The joint probability in the above equation consists of statisti-
cally dependent random events characterized by three random
variables. Computing such probability demands dealing with
multidimensional integrals. Our main objective of this part is to
obtain the closed-form expression of based on (25). The key
steps involved are rewriting (27) as the sum of two joint prob-
ability terms, transformation into multidimensional integration
problems, and solution by selecting appropriate integral limits.
In (27), we know that if

and if
. Thus, using the total law of probability and

Bayes’ theorem [36], (27) can be expressed as the following sum
of two probabilities:

(28)

In Appendix E, we have proven that the first part of (28) can be
expressed as

(29)

As shown in Appendix F, the second part of (28) can be written
as

(30)

Finally, adding (29) and (30), (28) can be expressed as

(31)

The asymptotic expression for of (13) can be derived using
the similar steps. For the completeness of this section, the ex-
pression is shown as

(32)

Notice that the high SNR refers to the case when , and
for 1, 2 assume large values. Thus, without loss of

generality (w.l.o.g), consider , , ,
, i.e., the average SNRs of all links scale in pro-

portion to the average SNR of the – link. It is easy to see

that the terms and
of (31) and (32), respectively, do not affect the diversity. Then,
after analyzing the negative powers of in (31) and (32), we
find that the diversity order of the proposed selection scheme
is

. The following important observations can be
made from the above asymptotic analysis.
Remark 4: When perfect global CSI is available at the source,

i.e., when the th relay also feeds back information on instanta-
neous – channel to the source, OR can be implemented. In
such a case, the outage probability at the destination simplifies
to the product of the outage probabilities of the two-hop links
corresponding to the first and second relays. To illustrate this
fact, we first note that the proposed transmission protocol with
OR leads to the following outage probability at the destination:
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(33)

where follows from the fact that
for statistically independent random events

and , and denote the values of probability
terms and of (13) for and , respectively,
is due to the application of (26) and is due to the facts

that and
can be recast as the combined event . After
expanding (33) and using (25), we obtain

(34)

Again, assuming , , ,
w.l.o.g, it is straightforward to show that there are four
terms that dominate the asymptotic outage probability of
(34). These terms decrease with , ,

, and . Consequently, the diversity
order of
is achieved, which is also the maximum diversity order of the
system.
Remark 5: We have shown that the diversity order of

the PRS scheme for the considered multiantenna setup is
, which, in general,

is of course lower than the diversity order
of

OR scheme. This means that for the general antenna configura-
tion, the PRS method does not achieve the maximum diversity
order. This is due to the fact that the selection is based on the as-
sumption that the source does not have any CSI of the channels
from relays to the destination. However, when the condition

is satisfied, the PRS
scheme gives the same diversity order as that of OR scheme.
For , this implies that . Such antenna
configurations may be typical in an uplink communication
system where the destination (base station) has more resources
and processing capability than a source (mobile station).
Remark 6: It is important to emphasize how our results can

be valuable for practical systems. Note that PRS incurs no loss
in diversity if the antenna configurations meet the condition .
This condition can be met with practically realizable antenna
configurations. To illustrate further, consider an example

and . According to our results, PRS
and OR achieve the same diversity order of . Noting that PRS
does not require feedback (any type) of CSI of – channel
whereas the OR relies on this feedback, our results on diversity
confirm that the feedback information sent from the relays to
the source may not be useful to improve the diversity gain for
antenna configurations that meet the condition .

A. Diversity Order for

The diversity order for this case can be determined easily
from the asymptotic analysis of (23). Note that, for small , we
know that and . After recalling the def-
initions of and , we can notice that these parameters become
small for large values of and , respectively.
Consequently, after applying the asymptotic approximations for
the functions and , the asymptotic expression for (23)
can be given as

(35)

where stands for higher powers of . From (35), it can be
seen that the diversity order of the proposed selection method
for remains 1. This result is in
agreement with that of [18] where all nodes are considered to
be equipped with only one antenna.

V. NUMERICAL RESULTS AND DISCUSSIONS

In this section, we first provideMonte Carlo simulations to as-
sess the accuracy of the closed-form expressions for the outage
probabilities (13) which is calculated with the help of (17) and
(18)–(20). We also ascertain the analytically derived diversity
gains for different antenna configurations. In all examples, we
take , and vary the
value of while keeping . The average SNR is de-
fined as . For all results, we take 3 dB (ex-
cept in Fig. 3 and 5 where varies), and

. Note that this is purely by way of example,
and any other values could just have been used. The outage
probability results are obtained using Monte Carlo simulation
runs during which the elements of MIMO channels
and change independently and randomly. The en-
tries of all MIMO channels are taken to be ZMCSCG random
variables with unit variance. The coefficients and
for different antenna configurations are directly taken from the
tables of [29].
The theoretical and simulated outage probabilities as a func-

tion of are shown in Fig. 2 for different values of .
In this figure, we take . In Fig. 3, the
outage probability is displayed as a function of the threshold
value of the destination SNR for different while keeping

and 5 dB. In Fig. 4, analytical
and simulated outage probabilities are compared for different
values of whereas , and are as-
sumed. Again, the outage probabilities are displayed as a func-
tion of in this figure. In Fig. 5, theoretical and simulation
results for outage probability have been plotted as a function of

for different . We take , , and
5 dB in Fig. 5. As expected, in Fig. 2 and Fig. 4, the

outage probability decreases for all cases when increases
whereas in Fig. 3 and Fig. 5, the outage probability increases for
increasing QoS requirements. Figs. 2–5 also demonstrate that
there is a fine agreement between the theoretical and simulation
results which verifies the correctness of our proposed outage
probability analysis.
Note that in Figs. 2 and 4, we have also plotted the curves

proportional to where is an integer value that de-
notes the diversity gain. The finematching between these curves
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Fig. 2. Analytical and simulated outage probabilities as a function of average
SNR .

Fig. 3. Analytical and simulated outage probabilities as a function of
.

and the theoretically obtained outage probability curves at high
values of confirms that the diversity gain results are in
accordance with our theoretically determined diversity order of

.

VI. CONCLUSION

We have investigated PRS method that performs physical
layer routing for a multiantenna cooperative network and an-
alyzed its outage performance. The proposed analysis is based
upon a setup that employs transmit and receive beamforming
techniques respectively at the source and destination, and re-
ceive plus transmit beamforming at the relay nodes. The exact
closed-form expression for the end-to-end outage probability
has been obtained for the PRS based routing scheme where all
the nodes only have their respective local CSI. The asymptotic
analysis of the outage probability is presented and expressions
for diversity gain have been derived. Despite the fact that the
PRS scheme does not assume instantaneous global CSI, it pro-
vides the same diversity order as the OR scheme for the case
where . Consequently,

Fig. 4. Comparison of analytical and simulated outage probabilities as a func-
tion of average SNR ( , ).

Fig. 5. Comparison of analytical and simulated outage probabilities as a func-
tion of ( , ).

for the antenna configurations that meet this condition, there is
no need to feed back any CSI of relay-destination channels to
the source for achieving the full diversity.

APPENDIX A
DERIVATION OF (17)

In (15), whose PDF is simply obtained from
(8) as

(36)

Applying the PDF of from (8) into (15), and using the fol-
lowing expression [30, eq. (3.381.1)]:

(37)
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where is the lower incomplete Gamma function, we can
write (15) as

(38)

In the following, we complete the remaining task of deriving the
term . Noting that

(39)

where is the ratio of two independent random variables
and , the PDF of can be given by

(40)

Substituting (8) and (36) into (40), and applying some straight-
forward derivations, we can obtain

(41)

where we have used [30, eq. (3.381.4)]. With the help of (41),
we can write (39) as

(42)

Applying [30, eq. (3.194.1)] in (42), we get (42) in terms of the
Gauss hypergeometric function as

(43)

After substituting (43) into (38), we get the desired expression
(17).

APPENDIX B
DERIVATION OF (18)

It is evident that the probability term in (16) is zero for
which leads to . Noting

that
for a positive random variable and the positive constants
and with , (16) can be given by

(44)

Using the PDF of from (8) and applying (37), we can write

(45)

Using (36) and (37), and after some derivations, we obtain

(46)
In order to calculate , we first derive using the
PDF of in (8) and apply (37). Thus, we have

(47)

where the second equality is obtained after utilizing the series
expansion for (see [30, eq. (8.352.1)]) and using (9).
With the help of (47), we can express as

(48)
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Substituting (36) into (48), and using (9), we obtain

(49)

After computing the inner integrals and of (44) and having
(45), we can proceed to compute the outer integral of (44) with
respect to the variable . The computation of the latter integral
is rather involved. Using the alternative form of (45) (obtained
after [30, eq. (8.352.1)]), (46), (49), (9), and substituting

, (44) can be given by (18).

APPENDIX C
DERIVATION OF (19)

Applying the series expansion of lower incomplete Gamma
function [30, eq. (8.352.1) ] in (18), its first integral can be ex-
pressed as

(50)

where for brevity we have used the following notations:

(51)

Using the PDF of from (8), we have

(52)

Applying (52) and using the binomial expansion [30, eq.
(1.111)], the first integral of (50) yields

(53)

where the integral can be evaluated as [30, eq. (3.471.9)]

(54)

Using (52), we get the second integral of (50) as

(55)

Again applying the binomial expansion [30, eq. (1.111)] and the
result (54), we have

(56)

This completes the derivation of (19).

APPENDIX D
DERIVATION OF (20)

Using [30, eq. (8.352.3)], applying (52) and after some
derivations, we can write the second integral of (18) as

(57)

where . Applying [30, eq. (3.382.4)], we
get the first integral of (57)

(58)
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Using the binomial expansion (eq. (1.111) of [30]) and after
some steps, we get the second integral of (57) as

(59)

where the integral can be evaluated with the help of (54). Thus,
after substituting (59) and (58) into (57), we obtain (20).

APPENDIX E
DERIVATION OF (29)

For notational simplicity, we define ,

and . The first part of in (28) can be
expressed in terms of double integration as

(60)
where and are the upper limits for and , respectively.
It is obvious from (60) that
reduces to when the condition
is fulfilled, for which . However, can go to infinity.
The resulting integral in (60) can be separated into two parts,
for and . For , (60) can
be expressed as

(61)
We know that in (61) can take the fol-
lowing values:

for
for

(62)

With the help of (62), (61) can be expressed as

(63)

which after simple steps can be rewritten as

(64)

Applying (25) into (64), and after some lengthy but straightfor-
ward derivations, (64) can be expressed as

(65)

Since , for ,
, and thus (60) can be expressed as

(66)

which can be re-expressed as

(67)

Using the following relations:

(68)

(68) can be rewritten as

(69)

Substituting (25) into (69) and after some steps, we obtain

(70)

Summing (65) and (70), we obtain (29).

APPENDIX F
DERIVATION OF (30)

The second part of in (28) can be expressed in terms of
double integration as

(71)
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In (71), it is clear that . We rewrite the integral of (71) as
the sum of two integrals where and .
Thus, we have

(72)

It is not difficult to show that
can be expressed as

for
for

(73)

Also, note that is nonzero for .
Hence, using (73), (72) can be rewritten as

(74)

Now, with the help of (25) and after some derivations, the first
and second integrals of (74) can be expressed as

(75)

(76)

After adding (75) and (76), we get the expression (30).
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