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Abstract—This paper treats multiple-input multiple-output
(MIMO) antenna subset selection employing space-time coding.
We consider two cases differentiated based on the type of channel
knowledge used in the selection process. We address both the
selection algorithms and the performance analysis. We first
consider the case when the antenna subsets are selected based
on exact channel knowledge (ECK). Our results assume the
transmission of orthogonal space-time block codes (with emphasis
on the Alamouti code). Next, we treat the case of antenna subset
selection when statistical channel knowledge (SCK) is employed
by the selection algorithm. This analysis is applicable to general
space-time coding schemes. When ECK is available, we show that
the selection algorithm chooses the antenna set that maximizes
the channel Frobenius norm leading to both coding and diversity
gain. When SCK is available, the selection algorithm chooses the
antenna set that maximizes the determinant of the covariance
of the vectorized channel leading mostly to a coding gain. In
case of ECK-based selection, we provide analytical expressions
for average SNR and outage probability improvement. For the
case when SCK-based selection is used, we derive expressions
for coding gain. We also present extensive simulation studies,
validating our results.

Index Terms—Antenna subset selection, MIMO, space-time
coding.

I. INTRODUCTION

M IMO (multiple-input multiple-output) technology
significantly enhances system performance. The extra

degrees of freedom afforded by the multiple antennas can be
used for increasing bit rates through spatial multiplexing [1]–[4]
or for improved diversity order through space-time coding tech-
niques [5], [6]. However, multiple antenna deployment requires
multiple RF chains (consisting of amplifiers, analog to digital
converters, etc.) that are typically very expensive. There is,
therefore, considerable incentive for low-cost, low-complexity
techniques with the benefits of multiple antennas. Optimal
antenna subset selection is one such technique. A selection
of antenna elements, which are typically much cheaper than
RF chains, is made available at the transmitter and/or receiver.
Transmission/reception is performed through the optimal
subset.

Previous Work

Early work in antenna selection has concentrated on the mul-
tiple-input single-output (MISO) channel or the single-input

Manuscript received May 20, 2001; revised May 20, 2002. The associate ed-
itor coordinating the review of this paper and approving it for publication was
Dr. Thomas L. Marzetta.

The authors are with the Information Systems Laboratory, Stanford Univer-
sity, Stanford, CA 94305 USA (e-mail: dagore@stanford.edu; apaulraj@stan-
ford.edu).

Publisher Item Identifier 10.1109/TSP.2002.803337.

multiple-output (SIMO) channel. This includes the hybrid
selection/maximal ratio combining approach in [7]. Recently,
there has been an explosion of interest [8]–[13] in application
of antenna subset selection techniques to MIMO links. In [8], a
criterion for selecting antenna subsets to maximize the channel
capacity is presented. In [9], an upper bound on the capacity
of a system with antenna subset selection is derived. In [10], it
is shown that antenna selection techniques applied to low-rank
channels can increase capacity. A fast selection algorithm based
on “water-pouring” type ideas is presented in [11]. In [12], an
antenna selection algorithm for minimizing error rate in spatial
multiplexing systems with linear receivers is presented. In [13],
exact expressions for average SNR increase through antenna
selection with Alamouti code transmission are presented.

Contributions and Organization of Paper

In this paper, we provide a comprehensive theory of antenna
subset selection algorithms and performance analysis when
space-time coding techniques are used over the MIMO link.
We treat antenna subset selection based on exact channel
knowledge (ECK) and statistical channel knowledge (SCK).
Our main contributions may be categorized as follows.

1) Selection Algorithms:We present algorithms for ECK-
and SCK-based selection with the antenna sets selected to min-
imize the probability of error. The algorithms are derived for the
case of joint selection at the transmit and receive ends. We show
that when ECK is available, the selection algorithm chooses
the antenna subsets that maximize the channel Frobenius norm.
This minimizes the instantaneous probability of error and maxi-
mizes the SNR. When SCK is available, the selection algorithm
chooses the antenna subsets that maximize the determinant of
the covariance of the vectorized channel. The selected subset
need not be optimal per channel instance, but it minimizes the
average probability of error (APE) over all possible channel re-
alizations. We further show that for certain channel models, joint
(transmit and receive) subset selection becomes decoupled, al-
lowing the transmit antennas to be chosen independently of the
receive antennas and vice versa.

2) Performance Analysis:We show through extensive anal-
ysis that for either case, antenna subset selection leads to an in-
crease in effective SNR visible through a parallel shift in the
average symbol error rate curves. We term this effect as coding
gain. In addition, ECK-based selection leads to a marked im-
provement in diversity. To make the analysis for ECK-based se-
lection tractable, we have assumed that selection capability is
available at one end only and that the channels exhibit uncor-
related fading. For ECK-based selection, we derive analytical
expressions for improvements in average SNR that serves as a
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Fig. 1. System diagram, selection schematic.

pointer to coding gain. Next, we derive expressions for outage
probability improvement that serves as an indicator of diver-
sity gain. These results are restricted to the case of transmit
selection with Alamouti code transmission or receive selection
with two receive RF chains and any orthogonal space-time block
code (OSTBC). The results hint that the diversity order obtained
through antenna selection is the same as if all antennas were
used. In the case of SCK-based selection, results are derived
for the case of joint selection with correlated fading channels.
We develop approximate expressions for coding gain. Diversity
gain may also be visible under extreme channel conditions.

The paper is organized as follows. Section II presents the
channel and signal model. Sections III and IV cover the main
results for ECK and SCK based selection, respectively. We con-
clude with a summary of results in Section V.

II. CHANNEL AND SIGNAL MODEL

Consider a point-to-point wireless link with transmit and
receive RF chains. Assume that there are( )

transmit and ( ) receive antenna elements.
out of and out of antenna elements are selected and
coupled to the transmit and receive RF chains, respectively; see
Fig. 1. Transmission and reception over the MIMO channel (of
size ) is performed through these selected antenna
subsets. We assume perfect channel state information and max-
imum likelihood decoding at the receiver. In addition, we also
assume knowledge of channel statistics at the transmitter and re-
ceiver. Before proceeding further, we first describe the notation
used in this paper for the reader’s convenience. All vectors and
matrices are in boldface.

transpose operation.
Hermitian transpose operation.
Frobenius norm of .

th element of .
Kronecker product of with .
expectation operator.

vec vectorized matrix .
Channel Model: Let be the ( ) channel matrix.

The channel is assumed to be flat Rayleigh fading, remaining
constant over a block of symbols and then changing indepen-
dently to a new realization (quasistatic fading). While an i.i.d.
channel assumption is common, in reality, measurements show
the presence of transmit and receive correlation. Therefore, we
assume correlated scattering at both the transmitter and receiver
and that the channel matrix can be modeled as the product of a
matrix inducing receive correlation, an i.i.d. complex Gaussian
matrix, and a matrix inducing transmit correlation, i.e.,

(1)

where is a matrix with i.i.d. circular com-
plex Gaussian elements with mean zero and variance
one, i.e., , and

, , and
are the covariance matrices inducing transmit and receive
correlation, respectively. We note that this model has been used
extensively in [14] and [15].

Signal Model: Since there are only transmit and re-
ceive RF chains, we are constrained to transmit and receive from

out of transmit and out of receive antennas,
respectively. Henceforth, for ease of presentation, we denote the
( ) channel between the selected antenna subsets by
and the transmit and receive covariance matrices for the selected
channel as and , respectively. Clearly, is a subset of

, is a principal sub-matrix of , and is a principal
sub-matrix of .

Let the symbols transmitted at theth time instant from the
transmit antennas be . We have the fol-

lowing signal model:

(2)

where
received signal vector;
total transmitted signal en-
ergy;
transmitted signal vector at
time ;

additive white Gaussian
noise vector with covari-
ance ;

channel ma-
trix between the selected
transmit and receive an-
tenna elements.

Assume that each frame issymbol periods long. Then, if we
stack the received signal vectors

(3)

where , , and
. Using the channel model from (1), we have

(4)
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III. ECK-BASED SELECTION

This section discusses ECK-based antenna subset selection.
We focus on orthogonal space-time block coding and, in partic-
ular, on the Alamouti code. First, we present the algorithm for
the case of joint antenna subset selection with correlated fading.
The antennas are selected to minimize the instantaneous proba-
bility of error in the process also maximizing the received SNR
of the data stream. This is followed by a detailed performance
analysis. To make the analysis tractable, we make the assump-
tions of

1) selection capability at either the transmitter or receiver
(not both together);

2) uncorrelated fading (i.e., and ).

We derive exact expressions for average SNR improvement. For
the case of transmit selection with Alamouti code transmission,
we also derive an expression for the improvement in outage
probability.

A. OSTBC and Optimal Selection

We first motivate the use of the channel Frobenius norm
as a selection metric when an OSTBC is transmitted over the
channel. Then, we present the selection algorithm.

1) Review of OSTBC:Orthogonal space-time block codes
provide maximal diversity order in a fading channel and have
very low coding/decoding complexity. Coding and decoding is
performed [16], [17] in such a way that the receive SNR of the
data stream is

(5)

where . The probability of symbol error is
upper bounded by

(6)

where is a constant depending on the constellation. Full rate
OSTBCs for complex constellations exist only when the

transmitter has two antennas. However, codes for more than two
transmit antennas with complex constellations can be designed
at the expense of rate [17], e.g., the maximum known code rate
for and is .

From (5) and (6), we may conclude that maximizing the
channel Frobenius norm maximizes SNR as well as minimizes
the instantaneous probability of error. We use this observation
to develop the selection algorithm.

2) Antenna Selection Algorithm:There are a total of
possible selections of transmit and receive an-

tennas. The optimal antenna subset is chosen to minimize the
instantaneous probability of error. It is clear from the obser-
vations made above that the optimal antenna subsets should
maximize the channel Frobenius norm. For joint selection at
the transmitter and receiver, this corresponds to finding the

submatrix of the channel with the
highest Frobenius norm. In case of transmit side selection

or receive side selection side only,
the algorithm selects the out of columns or out
of rows with the highest Frobenius norm, respectively.

Joint selection requires computation of the Frobenius norms
of a total of possible selections and then a search
procedure for the maximum norm. This computation should not
be a problem in practical systems where the number of transmit
and receive antenna elements rarely exceeds four to five.

B. Performance Analysis

ECK-based selection leads to significant performance im-
provement in the form of coding gain as well as increased di-
versity order. We develop analysis for average SNR that serves
as a pointer to coding gain. This analysis is general and is appli-
cable to any OSTBC. Next, we derive an expression for outage
probability improvement that indicates diversity gain. These re-
sults are restricted to the cases of transmit selection with Alam-
outi code transmission (or receive selection with and
any OSTBC). We present extensive simulations supporting our
analysis.

1) Average SNRAnalysis: We develop analysis for transmit
selection in this section (easily extended to receive
selection). The selection algorithm chooses the out of
transmit antenna elements that maximize the Frobenius norm of
the channel. The SNR of the received data stream (5) is

(7)

Let be the Frobenius norms of the
columns of the channel matrix (). are i.i.d.
chi-squared variables with probability density function (p.d.f.)
given by

(8)

and cumulative distribution function (c.d.f.) given by

(9)

The average SNR is

(10)

where are the indices of the selected
transmit antennas.

Equation (10) and the fact that the selection algorithm
chooses the columns with the highest Frobenius norm suggest
that we are interested in the first-order statistics of the
highest variables among i.i.d. chi-squared variables with
p.d.f. and c.d.f., per (8) and (9).

For purposes of analysis, we generate a new set of ordered
variables from such that

. is the largest of
random variables distributed according to (8). is the th
largest of random variables, and so on. The average SNR

is

(11)
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TABLE I
EXPECTEDVALUE OF HIGHEST AND SECONDHIGHEST ORDEREDSTATISTICS,

TRANSMIT SELECTION, ALAMOUTI CODE

We are now ready to state our first result. The average value of
the th statistic is

(12)

where and is the coefficient of
in the expansion of . Details of the derivation
are provided in the Appendix.

Equation (12) has been tabulated in [18] for
and . These values can be substituted in (11) to
obtain the average SNR. We reproduce some values for
(Alamouti code) in Table I. The two rows (in the table) for each

correspond to and , respectively. We
define the gain in average SNR as

(13)

where is the average SNR for the OSTBC with no
antenna selection (or random antenna selection). The selection
gain can be substantial, as we will see shortly.

Finally, note that the analysis for receive antenna selection
is easily obtained by replacing

with and with in (12).
Simulations: Each curve in Fig. 2 depicts the gainin av-

erage SNR for transmit antenna selection (
) with . We note significant improvement in av-

erage SNR. In addition, observe that the gain with transmit an-
tenna selection is higher when fewer number of receive antennas
are used. This makes sense since, as the number of receive an-
tennas increases, the column squared Frobenius norms, which
are essentially chi-squared variables, look increasingly equal,
thereby reducing selection leverage. The curves in Fig. 3 depict
the average SNR gain for receive antenna selection
with Alamouti code transmission ( ). The gains with re-
ceive antenna selection for the case are the same as the
gains with transmit antenna selection with two receive antennas

Fig. 2. Average SNR gain with ECK-based transmit selection (Alamouti
code).

Fig. 3. Average SNR gain with ECK-based receive selection (Alamouti
scheme).

(top-most curves in Figs. 2 and 3). This is as it should be since
these two cases are identical from an analytical point of view.

2) Outage Probability—Transmit Selection With Alamouti
Code: Antenna selection results in increased system diversity
with the improvement in outage capacity/probability being a
good indicator of such an increase. In this section, we derive
an approximate expression for outage probability improvement
that is revealed by simulations to be quite accurate. We restrict
our treatment to transmit antenna selection with
(Alamouti code transmission). The results allow us to conclude
that the diversity order achievable through antenna selection is
the same as if all antennas were in use.

The outage capacity [4] corresponding to an outage
probability is defined as

(14)

i.e., is the probability that the capacity is less than a
certain outage value . The capacity (maximum achievable
mutual information) of the system ( , Alamouti code
transmission) with transmit antenna selection is clearly given
by

(15)
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Fig. 4. Outage probability with ECK-based transmit selection (exact and
approximated)M = 2.

and are as defined previously. We have

(16)

where we have replaced and with and , re-
spectively, for notational convenience. is the joint distribu-
tion of the highest and second highest order statistic and is given
by

(17)

where and are as defined in (8) and (9), respectively.
Equation (16) works out to

(18)

The second expression is tedious to integrate. Instead, we sim-
plify the computation by working with an approximation. We
have

(19)

Simulations: The approximated theoretical outage proba-
bility is compared to the exact value in Fig. 4. The figure re-
veals (19) to be a very tight bound in the region of interest
(i.e., in the outage region). The improvement in outage prob-
ability is considerable. For example, the outage probability for

bits/Hz reduces drastically from 10% with no se-
lection ( ) to about 2.0% with to about
0.5% for . Note that the outage behavior of received
SNR is easily obtained from the above analysis.

Fig. 5. SER curves for ECK-based transmit selection (Alamouti code, 2 Rx
antennas, 4-QAM).

Diversity Order: Equation (19) indicates that the slope of the
outage probability curve is the same as if all antennas were
used. Furthermore, note the following inequality:

(20)

where the first inequality is obvious, and the second inequality
follows from the fact that the sum of the first variables of
an ordered set (of positive variables) is greater thantimes
the average of the set. Since , (20) may be
rewritten as

(21)

The parameter of interest,viz. , is bounded
between two quantities both of which are chi-squared with

degrees of freedom. This hints at order
diversity.1 From (19) and (21), we may conclude that transmit
antennas selection extracts the same diversity gain as if all
antennas were used.

Figs. 5 and 6 depict the average symbol error rate curves
for transmit and receive antenna selection, respectively, for var-
ious selection configurations. We assume the transmission of the
Alamouti code. Both coding and diversity gain promised by the
analysis are visible through the parallel shift (coding gain) and
the increased slope (increased diversity order) of the curves. In-
crease in or increases system diversity as well as coding
gain. Furthermore, observe that the curves (in Fig. 6) corre-
sponding to and have the
same slope, i.e., selecting two out of three antennas provides the
same diversity as if all three antennas were in use. This substan-
tiates the observation made above that antenna subset selection
extracts the same diversity order as if all antennas were used.

This completes the discussion on ECK-based selection. In the
following section, we focus on selection algorithms and perfor-
mance analysis based on channel statistics.

1This inequality can be easily extended to cover the case of any orthogonal
space-time code and for receive selection as well.
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Fig. 6. SER curves for ECK based receive selection (Alamouti code, 2 Tx
antennas, 4-QAM).

IV. SCK-BASED SELECTION

ECK-based antenna selection may not always be feasible,
especially when the channel changes rapidly. In such sce-
narios, we can attempt subset selection based on channel
statistics. Channel statistics generally depend on large-scale
scatterers/distance between the transmitter and receiver [19],
[20] and change slowly, if at all, even in mobile environments.
This section focuses on SCK-based antenna subset selection
for general space-time codes. Unlike ECK, in which the
selected antenna sets minimize theinstantaneousprobability
of error, when SCK is available, we target our selection toward
minimizing theaverageprobability of error. Towards this goal,
we first develop a general expression for the APE in correlated
fading. This expression assumes that the antennas sets have
been selected at the transmitter and receiver and remain the
same over all channel instances. We use this expression to
motivate antenna subset selection and to develop the selection
algorithm. We further show that joint selection becomes de-
coupled and that SCK-based selection leads mostly to a coding
gain. Diversity gain might also be available under extreme
channel conditions.

A. APE and Antenna Selection

In this section, we derive expressions for the APE in corre-
lated fading channels. We use the special form of the expression
to develop an antenna selection algorithm.

1) APE: Let be the transmitted codeword, and let
be some other codeword that is not equal to the transmitted code-
word. Define the th error matrix as .
The probability of decoding the codeword instead of ,
where , is given by the pairwise error probability (PEP)

(22)

where we have used the Chernoff bound, and
. It is easily verified that may be expressed as

(23)

where and . From (22) and
(23), the PEP averaged over the channel statistics is

(24)

where , and . When the
channel is as per (1), we have . We reiterate that

and are principal sub-matrices of and , respec-
tively, and correspond to one particular selection. Furthermore,
note that

(25)

so that we may rewrite (24) as

(26)

At high SNR, this reduces to

(27)

where and are the ranks of and , respectively,
is the th singular value of , and is the th singular

value of . If and are both full rank, then
we have

(28)

Equation (27) shows the dependence of the diversity order on
the rank of the transmit and receive covariance matrices. Specif-
ically, the diversity order is driven by the product of the rank
of and . A decrease in rank by one in causes the
diversity order to decrease by the rank of , and vice versa.
We also note a coding gain hit due to the transmit and receive
correlations.

The results in (27) and (28) correspond to one particular se-
lection of transmit and receive antenna subsets. In general, the
transmit and receive covariance matrices are different for dif-
ferent selections, and the goal is to choose the antenna sets that
minimize (28).

2) Antenna Selection Algorithm:We now present the algo-
rithm for joint antenna subset selection with correlated fading.
The choice made by the algorithm need not be optimal per
channel instance, i.e., it may not minimize the instantaneous
probability of error, rather it minimizes the APE over all
possible channel realizations. There are a total of
possible selections. However, we can leverage the result in (28)
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to note thatunder the assumptions of the channel model (1),
the antenna subset selection at the transmitter and receiver
becomes decoupled. Joint selection may be performed by
selecting the optimal transmit antennas independently of the
receiver, and vice versa. Transmit selection is performed by
choosing the principal sub-matrix of with the highest
determinant. Receive selection is performed by choosing the
principal sub-matrix of with the highest determinant.
Note that because of this decoupling, we need to search over
only selections instead of , as before.

B. Performance Analysis

We define the selection gain as the performance improvement
through transmission on the optimal antenna sets instead of any
other selection. Let and be the transmit and receive
covariance, respectively, corresponding to the optimal antenna
sets. Let and be the corresponding covariance matrices
for any other selection. From (28), we may conclude that selec-
tion gain is mostly manifested in the form of a coding gain. In
extreme situations, we may also have diversity gain.

1) Coding Gain: Assume that and are both full rank.
From (28), the performance improvement is given by

The effect, at high SNRs, is the same as if there were coding in
the system (i.e., a parallel shift in the symbol error rate curves).
Hence, we term this gain as “coding gain,” which is approxi-
mately given by

2) Diversity Gain: In extremely correlated channel condi-
tions, it is possible that some subsets of the antennas will be
fully correlated. In these cases, either the transmit or receive
covariance matrices (or both) may be low rank. Since the rank
of the covariance matrix plays a role in the diversity advantage,
statistical selection may also improve the diversity advantage
(by increasing the slope of the error rate curve). Letand be
the rank of and , respectively. Then, the diversity order
gain is given by , where and are the ranks
of and , respectively.

A diversity effect (region of SNR where the curves corre-
sponding to optimal selection and any other selection show vari-
able slopes) may also be visible in lower SNR regimes when
both covariance matrices are full rank with ill-conditioned
and well-conditioned . For example, the curves for dif-
ferent antenna sets have different slopes for certain regions of
SNR, indicating difference in diversity order even if the cor-
responding covariance matrices have the same rank. To under-
stand this effect, consider the following simplified case.

Assume the transmission of an OSTBC and that there is no
transmit correlation, i.e., . Assume also that
is ill-conditioned and that is well-conditioned. For an

OSTBC, , where is a constant. Inserting
in (26)

(29)

where is the th singular value of and
is a function of the singular values, e.g.,

and
.

Assume that is full rank but ill-conditioned
with . Then, for a
certain range of , we have , implying

,
which in turn implies that the slope of the curve (diversity
order) is . However, at high enough SNR, we
have , implying

so that we have full -order
diversity. If is well-conditioned, there are regions of
SNR where the corresponding symbol error rate curve has full

-order diversity, whereas the curve for exhibits
-order diversity.

In general, we can conclude that if we have a well-condi-
tioned and an ill-conditioned , we will observe a differ-
ence in diversity order in lower ranges of SNR. At high enough
SNR, however, the curves will eventually become parallel (with
the same diversity order).

Simulations: We assume correlated fading with the channel
model per (1). We use the covariance matrices in (30) gen-
erated using the GWSSUS model for correlated fading. See
[19] for more details on the model. Fig. 7 depicts the average
symbol error rate curves for two scenarios with receive selec-
tion ( ), where the transmit
covariance has been assumed to be identity, and the receive
covariance matrices for the two scenarios are given by
and , respectively. Fig. 8 depicts the average symbol error
rate curves for a system with transmit and receive selection
( ), where the transmit
covariance matrix is given by , and the receive covariance
matrix is given by

(30)

Discussion:
—The selection algorithm (based on maximizing determinant

of the covariance; see Table II) predicts that the best receive
antennas are 1 and 2 (or 2 and 3) for scenario I and receive
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Fig. 7. SER curves for SCK based receive selection (Alamouti code, two Rx
antennas, 4-QAM, scenarios I and II).

Fig. 8. SER curves for joint SCK-based selection (Alamouti code, 4-QAM).

TABLE II
SELECTION RULE FOR SIMULATED SCENARIOS

antennas 1 and 3 for scenario II. The prediction is accurate as
the corresponding curves in Fig. 7 are clearly optimal in terms
of having the minimum average symbol error rate. Further, note
the diversity effect in scenario II, even though the covariance
matrices corresponding to both selections are full rank. This is
because the covariance matrix for receive antennas 1 and 2 is
very badly conditioned (but still of rank 2), whereas the covari-
ance matrix for antennas 1 and 3 is better conditioned.

—Fig. 8 depicts the four possible choices for joint transmit
and receive selection. The algorithm predicts that transmit an-
tennas 1 and 2 and receive antennas 1 and 3 are optimal and is
clearly validated in the figure.

—Clearly, statistical selection can significantly enhance per-
formance (2–4 dB in the examples considered). In general, these
gains will vary depending on the exact structure of and .

V. CONCLUSIONS ANDCOMMENTS

Since the cost of transmit/receive RF chains is a significant
factor limiting the use of multiple antennas in wireless links,
we believe that antenna subset selection, which is a low-cost
low-complexity technique that retains the diversity benefits of
multiple antennas, is a promising solution. In this paper, we ad-
dressed the problem of optimal MIMO subset selection with
space-time coding in flat fading channels. We developed algo-
rithms and performance analysis for ECK- and SCK-based se-
lection. We characterized the selection gain and presented ex-
tensive simulations corroborating our analysis.

The analysis for ECK-based selection assumed i.i.d. channels
for analytical tractability. In reality, the channels will be corre-
lated, and the selection gains, especially the diversity benefit,
will be mitigated. The exact performance loss depends on the
degree of correlation present in the channel. Furthermore, we
have limited our treatment in this paper to flat fading channels.
The selection gains in presence of delay spread might be miti-
gated due to sufficient frequency diversity in the channel. This
is an interesting topic for future work.

APPENDIX

DERIVATION OF AVERAGE SNR THROUGH ORDERED

STATISTICS APPROACH

From (11), the average SNR is

(31)

where has been defined earlier. Essentially,
we are interested in the first-order moments of the highest
ordered statistics of i.i.d. chi-squared variables. The p.d.f.
of the th highest statistic is

(32)
where

(33)

We have
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(34)

where

and is the coefficient of in the expansion
of
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