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Abstract—Secrecy capacity is a fundamental information-
theoretic performance metric to predict the maximum data rate
of reliable communication, while the intended message is not
revealed to the eavesdropper. Motivated by this consideration in
this paper, a unified communication-theoretic framework for the
analysis of the probability of nonzero secrecy capacity, the secrecy
outage probability, and the secrecy capacity of multiple-antenna
systems over fading channels is proposed. Specifically, a power-
ful frequency-domain approach is first developed in which the
integrals involved in the evaluation of the probability of nonzero
secrecy capacity and secrecy outage probability are transformed
into the frequency domain, by employing Parseval’s theorem. A
generic approach for the evaluation of the asymptotic secrecy
outage probability at high signal-to-noise ratio (SNR) region is
also introduced, thus providing useful insight as to the parame-
ters affecting the secrecy performance. Finally, a unified numer-
ical approach for computing the average secrecy capacity of
multiple-antenna systems under arbitrary fading environments is
developed. The proposed framework is general enough to accom-
modate any well-known multiantenna transmission technique and
fading model. Finally, the secrecy performance of several multiple-
antenna system setups is assessed, in the presence of generalized
fading conditions and arbitrary antenna correlation, while var-
ious numerical and computer simulation results are shown and
compared to substantiate the proposed mathematical analysis.

Index Terms—Characteristic function approach, generalized
fading channels, moment generating-function, multiple-antenna
systems, physical layer security, secrecy capacity.

I. INTRODUCTION

T HE RECENT rapid expansion and proliferation of
the wireless communication systems has prompted an

increasing demand for transmission security. Future communi-
cation systems will be decentralized and ad-hoc, thus rendering
the whole system vulnerable and susceptible to eavesdrop-
ping. Therefore, there has been a considerable recent attention
on studying the fundamental ability of the physical layer to
augment secrecy in wireless communications networks. The
seminal work on wiretap channel in [1] showed that perfect
secrecy can be achieved if the eavesdroppers channel is a
degraded version of the main channel. In a recent work [2],
it was suggested that it is possible to augment perfect secrecy
even when the main channel channel conditions are on average
worse compared to those of the eavesdroppers channel.
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Recently, considerable research efforts have been made
for investigating various transmission/reception scenarios for
secrecy enhancement. In this context, in [3]–[8] it was sug-
gested that multiple-input multiple-output (MIMO) techniques
can be employed as an effective means to improve secrecy
performance of wireless communication systems. In these
works, MIMO wiretap channels have been addressed from
an information-theoretic perspective and their secrecy capac-
ity was characterized. The secrecy performance of various
multiple-antenna schemes was addressed in a large number of
contributions for various system setups, including maximal-
ratio combining (MRC) and orthogonal space-time block codes
(OSTBC) with transmit antenna selection. Representative
examples can be found in [9]–[17] and references
therein.

Most of the aforementioned contributions employ the so-
called probability density function (PDF)-based approach to
compute performance metrics such as the average secrecy
capacity, the probability of non-zero secrecy capacity and the
secrecy outage probability. This approach requires the knowl-
edge of the PDFs of the received signal-to-noise ratio (SNR) for
the main channel and the eavesdropper channel. Such frame-
works have provided closed-form solutions for the aforemen-
tioned performance metrics assuming simple channel models,
namely Rayleigh, or Nakagami-m with integer fading param-
eters. Such closed form expressions, however, are attainable
in the cases where the PDF of the SNR for the main channel
and the eavesdropper channel can be expanded in a canonical
exponential form, i.e. when the aforementioned fading mod-
els are considered. However, the wireless applications in most
recent years have become increasingly sophisticated, thereby
requiring more complicated channel models and sophisticated
diversity techniques [18]. For several system setups and fad-
ing scenarios frequently encountered in practice, modeled by
generalized fading distributions (e.g, κ-μ, η-μ, generalized cor-
related Rice-Nakagami), the PDF of the SNR at the receiver
end is generally not available in a simple and canonical form.
Thus, the evaluation of these PDFs in terms of tabulated func-
tions can be a very cumbersome task. Specifically, in case of
a generalized fading scenario, the evaluation of the secrecy
performance of multiple-antenna systems involves the numer-
ical evaluation of a multi-fold integral. As the number of
diversity branches increases, this approach is rendered com-
putationally intractable and the corresponding results may not
converge.

On the other hand, the existing analytical frameworks
employ ad-hoc methods very different from each other.
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Consequently, the need of a unified framework for assessing
the secrecy performance of modern wireless communication
systems emerges. Recent advances on performance analysis
of digital communication systems over fading channels have
demonstrated the potential of employing either a moments-
generating function (MGF)- or a characteristic function (CHF)-
based approach for simplifying performance analysis in such
situations [19]–[21]. Such approaches allow for an efficient
computation of important performance indexes in those sce-
narios where the application of the PDF-based approach seems
impractical. It is also noted that so far such frameworks have
been extensively used for evaluating metrics such as average bit
error probability, outage probability and channel capacity [22].

However, the main motivation behind the introduction of
a novel MGF-based approach for secrecy performance anal-
ysis is the well-proven flexibility of employing this method,
due to the fact that an MGF-based method allows the quick
and simple evaluation of the secrecy performance in scenar-
ios where a PDF-based approach would either require very
cumbersome analytical derivations or where the method would
be too complicated to be used in practice. To prove and
appreciate the usefulness of an MGF-based approach for the
analysis of secrecy performance, in this work we propose sys-
tem setups (related to SIMO and MIMO systems) where using
an MGF-based approach is beneficial, if not the only practi-
cal way to keep the complexity of the analytical development
at a low level. For simpler system models and fading scenar-
ios, it is shown that the proposed MGF-based approach can
yield closed-form expressions for important performance met-
rics such as the secrecy outage probability and the probability of
non-zero secrecy capacity. Note that, to the best of the authors’
knowledge, these approaches have not yet been used in a sys-
tematic way for the assessment of the secrecy performance of
wireless systems.

The main contributions of this paper are summarized as
follows:

• A unified numerical approach for computing the average
secrecy capacity of multiple antenna systems in arbi-
trary fading environments is introduced. The proposed
approach only requires the knowledge of the moment
generating functions of the receiving SNR for the main
channel and the eavesdropper channel, yields accurate
results despite its simplicity while being easy to program.

• A generic frequency-domain approach is developed for
the evaluation of the probability of non-zero secrecy
capacity and secrecy outage probability. The correspond-
ing integrals are transformed into the frequency domain,
by employing Parseval’s theorem. Such a transformation
only requires the knowledge of the CHFs of the receiving
SNR for the main channel and the eavesdropper channel,
that can be evaluated in a straightforward manner for a
variety of multiple-antenna transmission schemes.

• In order to provide useful insights as to the parame-
ters affecting secrecy performance of multiple antenna
systems, a comprehensive frequency-domain approach is
also developed to assess the secrecy outage probability
in the high SNR regime. The proposed approach only
requires the knowledge of the moment generating func-
tions of the receiving SNR for the main channel and the

eavesdropper channel and can be employed to character-
ize the secrecy outage probability in terms of the secrecy
diversity order.

• The newly derived framework is employed to assess the
secrecy performance of several multiple-antenna wiretap
channels, namely:

1) MIMO wiretap channel employing OSTBC and
operating under generalized fading. The following
two distinct cases of interest are considered: In
the first case, a correlated MIMO Rayleigh wiretap
channel is considered. The second case addresses
the secrecy performance of a non-correlated MIMO
wiretap channel where the propagation in the legit-
imate link is dominated by a strong line-of-sight
(LOS) component, whereas for the other link, there
is no LOS signal present in its propagation chan-
nel. Fading in the legitimate channel is modeled by
the κ − μ distribution whereas in the eavesdropper
channel by the η − μ distribution [23]. To the best
of the authors’ knowledge, the secrecy performance
of wiretap channels with OSTBC in the presence of
mixed generalized fading has not yet been addressed
in the open technical literature. This is because of
the fact that an exact analytical solution is very dif-
ficult, if not impossible, to be obtained, based on the
conventional PDF approach.

2) A Rayleigh single-input multiple-output
(SIMO) channel with generalized-selection
combining (GSC) at the legitimate receiver and the
eavesdropper.

3) A correlated SIMO channel subject to general-
ized Ricean fading with MRC at the legitimate
receiver and the eavesdropper, assuming arbitrary
fading parameters and arbitrary correlation. Again,
to the best of the authors’ knowledge, the secrecy
performance of such wiretap channels in the pres-
ence of generalized correlated fading with arbitrary
fading parameters has not yet been addressed in
the open technical literature, since the conventional
PDF-based approach is rendered mathematically
intractable. Note that a special case of this very
general problem has been addressed in [16], where
the secrecy performance of a wiretap channel with
OSTBC was addressed, assuming that the legitimate
and eavesdropper channels experience correlated
Rice and Rayleigh fading, respectively. The authors
employed the Moschopoulos’ method to provide
infinite series representations of the secrecy outage
probability [24].

The proposed analysis is presented and verified by numerically
evaluated results accompanied with Monte-Carlo simulations
results.

The remainder of this paper is structured as follows.
Section II outlines the problem under consideration. In
Section III the proposed MGF- and CHF-based approaches for
the evaluation of the probability of non-zero secrecy capacity
and secrecy outage are introduced. In Section IV the proposed
framework is employed to derive corresponding analytical
expressions for three different system scenarios that are MIMO
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wiretap channels with OSTBC under generalized fading, SIMO
Rayleigh wiretap channels with GSC and generalized Ricean
SIMO wiretap channels with arbitrary correlation and MRC. In
Section V the various performance results and their interpreta-
tions are presented. Finally, concluding remarks are presented
in Section VI.

Mathematical Notations: Throughout this paper, ı = √−1,
C is the set of complex numbers, vec (·) is the vectorizing
operator that maps the elements of a given matrix into a col-
umn vector, ‖·‖2

F denotes the Frobenius norm of a matrix, (·)T

denotes the matrix transpose operator, (·)H denotes the matrix
hermitian transpose operator, IM denotes the M × M iden-
tity matrix, diag[·] denotes the diagonal matrix, ⊗ denotes the
matrix Kronecker product, Tr (·) denotes the trace of a matrix,
E〈·〉 denotes the expectation operator and Pr (·) denotes proba-
bility. The PDF of a random variable X is denoted as fX (·), its
cumulative distribution function (CDF) as FX (·), its moment
generating function (MGF) as MX (·), and its characteristic
function (CHF) as φX (·). In terms of mathematical functions
used in this paper, sgn (·) denotes the signum function, �{·}
and �{·} are the real and imaginary parts of a complex number,
respectively, [·]+ = max{x, 0}, 	x
 is the smallest integer not
less than x , z∗ denotes the conjugate of the complex number z,
F{g(t); t;ω} denotes the Fourier transform of the function g(t),
L{g(t); t; s} denotes the Laplace transform of the function g(t),
L−1{G(s); s; t} denotes the inverse Laplace transform of the
function G(s), � (·) is the Gamma function [25, eq. (8.310/1)],
and δ (·) is the Dirac’s delta function.

II. SYSTEM MODEL AND PROBLEM FORMULATION

A generic MIMO wiretap channel is considered which con-
sists of a transmitter A Alice, the legitimate receiver B Bob and
an eavesdropper Eve E. Throughout this analysis quasi-static
fading channels with generally distributed block fading in the
main channel from Alice to Bob (A → B), as well as in the
eavesdroppers channel from Alice to Eve (A → E) are consid-
ered. In both channels, it is assumed that the transmission block
length is less than or equal to the coherence time. Also, the
main channel and the eavesdroppers channel are assumed to be
independent of each other.

In this work, two eavesdropping scenarios are considered,
namely active eavesdropping and passive eavesdropping. Under
the active eavesdropping scenario, channel state information
(CSI) of the eavesdroppers channel is also known at Alice. In
such a scenario, a fundamental secrecy performance metric is
the achievable secrecy capacity of the MIMO wiretap channel,
defined as [2]

CS = [
log2(1 + γB) − log2(1 + γE)

]+
, (1)

where γB and γE denote the receiving SNRs for the main and
the eavesdropper channels, respectively. The average secrecy
capacity is given by [17, eq. (15)]

C̄S = 1

ln (2)

∫ ∞

0

FγE(x)

1 + x
[1 − FγB(x)] dx . (2)

Under the passive eavesdropping scenario, CSI of the eaves-
droppers channel is not available to either Alice or Bob. In such

a scenario, Alice transmits at a constant code rate RS . The trans-
mission from Alice guarantees perfect secrecy if CS ≥ RS . On
the other hand, if CS < RS , the transmission is vulnerable to
eavesdropping and perfect secrecy is not guaranteed. A useful
and practical metric for assessing the secrecy performance of
the wiretap channel is the secrecy outage probability, Pout. It
is defined as the probability that the secrecy capacity does not
exceed a predefined secrecy rate, RS . Specifically, the secrecy
outage probability is the probability that either there exists an
outage between Alice and Bob, or Eve can eavesdrop on data
such that perfect secrecy cannot be guaranteed. Mathematically
speaking, Pout can be expressed as [9]–[12]

Pout = Pr {CS < RS} =
∞∫

0

FγB

[
2RS (1 + x) − 1

]
fγE(x) dx .

(3)

Another relevant metric is the probability of non-zero secrecy
capacity, [9]–[12] that can be expressed as

PNZ = Pr {CS > 0} = 1 − Pr {CS < RS}|RS=0

= 1 −
∞∫

0

FγB(x) fγE(x) dx . (4)

Note that (2), (3) and (4) provide a general and unified PDF-
based approach for the assessment of the secrecy performance
of every communication system, for which the CDF of γB and
the PDF of γE are readily available. In a general multiple-
antenna scenario, the evaluation of (2), (3) and (4) involves
multi-fold integrals of PDFs or inverse Laplace transform
operations of the product of the corresponding MGFs. Such
approaches are certainly computationally inefficient, especially
for an increased number of antennas. Concerning this well-
recognized and cumbersome problem, it is more insightful to
transform the integrals appearing in (2), (3) and (4) in the
frequency domain, since simple and yet computationally inef-
ficient expressions for the MGFs or the CHFs of γB and γE
are readily available, for a variety of multiple-antenna systems
with or without correlation, and with the most of them being in
closed form.

III. FREQUENCY DOMAIN APPROACH

In this section, alternative expressions for (2), (3) and (4) in
the frequency domain, are derived.

A. Average Secrecy Capacity

Proposition 1: A numerically efficient method to evaluate
(2) in the frequency domain is deduced as

C̄S ≈ 2

π ln(2)

NJ∑
j=1

NK∑
k=1

v j x j wk

× �
{
MγE(c j + ı yk)

c j + ı yk

1 − MγB(x2
j − c j − ı yk)

x2
j − c j − ı yk

}
. (5)
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where NJ, NK are the numbers of integration points, x j , v j

are abscissas and weights, computed using the methodology
presented in [26], yk , wk are abscissas and weights, defined
respectively as [27]

yk = tan

[
π

4
cos

(
2 k − 1

2 NK
π

)
+ π

4

]
(6a)

wk =
π2 sin

(
2 k−1
2 NK

π
)

4 NK cos2
[

π
4 cos

(
2 k−1
2 NK

π
)

+ π
4

] . (6b)

and c j are arbitrary constants that guarantee the convergence
of (5).

Proof: By employing the well-known identity (1 +
s)−1 = ∫∞

0 exp[−(s + 1) t] dt and exploiting the definition of
the Laplace transform, (2) becomes

C̄S = 1

ln (2)

∫ ∞

0
exp(−s)L

{
FγE(x)(1 − FγB(x)); x; s

}
ds.

(7)

Then by employing [28, eqs. (1.1.1.20), (1.1.5.2), (2.1.1.1)], as
well as the change of variables s = t2, (7) becomes

C̄S = 2

π ln (2)

∫ ∞

0
exp(−t2)

×
∫ ∞

0
�
{
MγE(c + ı u)

c + ı u

1 − MγB(t2 − c − ı u)

t2 − c − ı u

}
du dt

(8)

where c is arbitrary constant. The integral with respect to
u can be evaluated by employing the change of variables
u = tan(θ) and a NK point Gauss-Chebyshev quadrature tech-
nique with abscissas yk and weights wk given by (6a) and
(6b), respectively. The integral with respect to t can be evalu-
ated numerically using a NJ-point semi-infinite Gauss-Hermite
quadrature (SI-GHQ) rule [26]. In particular, integrals of the
form

∫∞
0 exp(−t2) f (t) dt can be approximated as

∫ ∞

0
exp(−t2) f (t) dt ≈

NJ∑
j=1

v j f (x j ) , (9)

where the weights v j and the abscissas x j are given in [26,
Table II] for values of NJ up to 15. For NJ > 15, v j and x j

can be easily computed using the methodology presented in
[26]. Note that for a given value of j , different values of the
tuning parameter c may be required to guarantee the conver-
gence of each integral with respect to t . Thus, in general, c is
also a function of j , i.e. c = c j . In Section V, for the eval-
uation of the average secrecy capacity the parameters c j are
selected as c j = x2

j /4 to ensure convergence of the numerical
approximation. By combining both numerical approximations
for the corresponding integrals, C̄S is finally deduced as (5) thus
concluding the proof. �

B. Secrecy Outage Probability and Probability of Non-Zero
Secrecy Capacity

In order to provide simpler, alternative expressions for (3)
and (4), it is first shown that the following generic result holds.

Proposition 2: Let define the integral

I �
∫ ∞

0
fX (x) FY (T x + V ) dx, (10)

with X , Y being two positive random variables and V , T two
positive real constants. An equivalent expression for I can be
expressed as

I = 1

2
− 1

π

∫ ∞

0
�
{

1

ω
φ∗

X (T ω) φY (ω) exp (−ı V ω)

}
dω.

(11)

Proof: By employing the Parseval’s theorem [29], the
integral in (10) can be written as

I = 1

2π

∫ ∞

−∞
F∗{ fX (x); x;ω}F{FY (T x + V ) ; x;ω} dω.

(12)

To this end, the two above Fourier transforms should be first
derived. The first Fourier transform, can be readily obtained as

F{ fX (x) ; x;ω} = φX (−ω) . (13)

By employing the following three identities [29]

F

{∫ x

−∞
g(τ ) dτ ; x;ω

}
= − ı

ω
F{g(x); x;ω}

+ F{g(x); x; 0} π δ(ω) , (14a)

F {g(T x); x;ω} = 1

|T | F
{

g(x); x; ω

T

}
(14b)

and

F {g(x − a); x;ω} = exp(−ı a ω)F {g(x); x;ω} , (14c)

yields the next expression for the second Fourier transform

F{FY (T x + V ) ; x;ω} =
[
− ı

ω
φX0

(
−ω

T

)
+ π δ(ω)

]
× exp(i V ω) . (15)

By substituting (13) and (15) into (12), and by employing
the fundamental property of the Dirac’s delta function, i.e.∫∞
−∞ δ(t − t0) g(t) dt = g(t0), yields

I = 1

2
+ 1

2 π

∫ ∞

−∞
ı

ω
φ∗

X (ω T ) φY (ω) exp(−ı V ω) dω . (16)

In the above equation, by employing the hermitian property
of the characteristic functions and after some straightforward
manipulations, (11) is finally extracted, and this concludes the
proof. �

Proposition 2 can be readily employed for the evaluation of
Pout and PNZ, as follows.

Corollary 1: Generic integral representations for the secrecy
outage probability and the probability of non-zero secrecy
capacity for the multiple-antenna wiretrap channels can be
expressed as

Pout = 1

2

− 1

π

∫ ∞

0
�
{

1

ω
φ∗

γE
(2RS ω) φγB(ω) e−ı(2RS −1)ω

}
dω

(17)
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and

PNZ = 1

2
+ 1

π

∫ ∞

0
�
{

1

ω
φ∗

γE
(ω) φγB(ω)

}
dω . (18)

It is underlined that both (17) and (18) circumvent the need
for the PDF and CDF of the corresponding SNRs. Additionally,
the corresponding Fourier transforms can be obtained in a
relatively easy manner for a variety of system setups.

C. Asymptotic Secrecy Outage Probability Analysis

In order to provide further insights as to the parameters
affecting secrecy outage performance, a comprehensive fre-
quency domain approach for deducing the asymptotic outage
probability at high SNR region is hereafter presented.

Proposition 3: Let us assume that the MGF of γB can be
expressed for s → ∞ as MγB(s) = Cs−d + o(s−d) with d
being the secrecy diversity gain. Then, an asymptotic expres-
sion for Pout can be deduced as

Pout =
{

C
�(d+1)

∑d
k=0

(d
k

)
T k V d−k ak, if d integer

CV d

�(d+1) �(λ)

∑	d

k=0

(	d

k

)
bk, if d non-integer

(19)

where T = 2RS , V = 2RS − 1, λ = 	d
 − d and

ak = (−1)k ∂kMγE(s)

∂sk

∣∣∣∣∣
s=0

(20a)

bk = (−1)k
∫ ∞

0
exp(−s) sλ−1 ∂kMγE (s T/V )

∂sk
ds . (20b)

Proof: Assuming that MγB(s) = Cs−d + o(s−d)

for s → ∞, FγB(γ ) can be deduced as FγB(γ ) =
L−1

{
MγB(s)/s; s; γ

}
yielding FγB(γ ) ≈ Cγ d/�(d + 1).

Then, for high values of γB, (3) can be written as

Pout ≈ C

�(d + 1)

∫ ∞

0
(T x + V )d fγE(x) dx . (21)

If d is integer, then by employing the binomial identity
as well as the well known relationship between the nth
moment of a random variable X and its MGF, i.e. E〈Xn〉 =
(−1)n ∂nMX (s)

∂sn

∣∣∣
s=0

, the first branch of (19) is readily deduced.

If d is a positive real number, then d = 	d
 − λ, and (T x +
V )d = (T x + V )	d
−λ. By employing the well-known identity
[25, eq. (17.13/3)]

(T x + V )−λ = V −λ

�(λ)

∫ ∞

0
e
−
(

T x
V +1

)
s

sλ−1 ds, λ > 0, (22)

the binomial identity along with the definition of the MGF of γE
as well as the relationship between the nth moment of a random
variable X and its MGF, the second branch of (19) is deduced
thus completing the proof. �

IV. APPLICATIONS FOR THE PHYSICAL LAYER SECURITY

In this section we present three important applications for
which we derive the secrecy outage probability and the prob-
ability of non-zero secrecy capacity. In all three scenarios we

consider a MIMO wiretap channel, in which Alice, Bob and
Eve are equipped with NA, NB and NE antennas, respectively.
When generalized fading models are considered, the secrecy
outage probability and probability of non-zero secrecy capac-
ity are expressed in terms of a single integral that can be
easily evaluated numerically by employing standard numerical
integration algorithms or symbolic integration. When simpler
system models and fading scenarios are considered, it is also
shown that the secrecy outage probability and the probability
of non-zero secrecy capacity can be expressed in closed form.

A. MIMO Wiretap Channels With OSTBC

We assume that both (A) → (B) and (A) → (E) links
experience slow fading. Alice selects L transmit symbols,
s1, s2, . . . , sL , with E〈s2

k 〉 = 1, ∀k ∈ {1, 2, . . . , L}. The sym-
bols are encoded according to an OSTBC matrix Q ∈ C

NA×T

and transmitted during T time slots. The received signal at Bob
can be written as

Y = √
P HAB Q + NB, (23)

where P is the transmitted power, NB ∈ C
NB×T is the additive

white Gaussian noise (AWGN) matrix, with elements having
zero mean and variance σ 2

b , HAB ∈ C
NB×NA is the channel

gain matrix.
Since OSTBC is employed, the MIMO channels are reduced

to rank{HAB} parallel single-input single-output (SISO) chan-
nels [16]. These channels are combined using MRC and,
therefore, the k-th signal at Bob can be expressed as

yk = √
P sk ‖HAB‖2

F + nk (24)

where nB,k is the filtered zero-mean Gaussian noise with
variance σ 2

b ‖HAB‖2
F .

The received signal at Eve can be expressed as

Z = √
P HAE Q + NE , (25)

where NE ∈ C
NE×T is the AWGN matrix with elements having

zero mean and variance σ 2
e and HAE ∈ C

NE×NA is the channel
gain matrix.

Following a similar line of arguments as in the case of
the (A) → (B) link, the k-th combined signal at Eve can be
expressed as

zk = √
P sk ‖HAE‖2

F + νk (26)

where νk is zero-mean filtered Gaussian noise with variance
σ 2

e ‖HAB‖2
F .

In order to assess the secrecy performance of the consid-
ered system the MGFs/CHFs of the instantaneous SNR at
Bob and Eve should be deduced. The instantaneous SNRs at
Bob and Eve can be written as γB = γB ||HAB||2 and γE =
γE ||HAE||2, respectively, with γB = P/σ 2

b and γE = P/σ 2
e .

1) Correlated Rayleigh MIMO Wiretap Channels: In this
case, it is assumed that both HAB and HAE have mutually
correlated Rayleigh fading entries. Specifically, the elements
of HAB are characterized by a NANB × NANB correlation
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matrix RAB = E〈hAB hH
AB〉 where hAB = vec{HAB} [30],

[31]. Similarly, the elements of HAE are characterized by cor-
relation matrix RAE = E〈hAE hH

AE〉 and hAE = vec{HAE}.
Let us further assume that the correlation matri-

ces RAB and RAE are eigen-decomposed as
RAB = UAB �AB UH

AB and RAE = UAE �AE UH
AE

where �AB = diag[λ1,AB, λ2,AB, . . . , λNB NE,AB],
�AE = [λ1,AE, λ2,AE, . . . λNE NA,AE] and λi,AB, λ j,AE

are the non-zero eigenvalues of RAB and RAE, respectively,
∀i = {1, 2, . . . , NB NA}, j = {1, 2, . . . , NE NA}. Then, the
CHFs of γB and γE are given as [32, eq. (11)]

φγB(ω) = [
det
(
INB NA

− ı ω γB RAB

)]−1

=
⎡
⎣NB NA∏

i=1

(
1 − ı ω γB λi,AB

)⎤⎦
−1

(27a)

and

φγE(ω) = [
det
(
INE NA

− ı ω γERAE

)]−1

=
⎡
⎣NE NA∏

j=1

(
1 − ı ω γE λ j,AE

)⎤⎦
−1

, (27b)

respectively. The corresponding MGFs can be readily obtained
as MγB(s) = φγB(ıs) and MγE(s) = φγE(ıs). Therefore,
assuming active eavesdropping, the average secrecy capacity
can be readily obtained by employing Proposition 3.

Assuming passive eavesdropping, an integral representation
for the secrecy outage probability of the considered MIMO
wiretap channel can be deduced as in (28), shown at the bottom
of the page, where

θB(ω) = 2 arctan

⎡
⎢⎢⎢⎢⎣

sin

(
NB NA∑

i=1
arctan(γB ω λi,AB)

)

1 + cos

(
NB NA∑

i=1
arctan(γB ωλi,AB)

)
⎤
⎥⎥⎥⎥⎦

(29a)
and

θE(ω) = 2 arctan

⎡
⎢⎢⎢⎢⎣

sin

(
NE NA∑

j=1
arctan(γB ωλ j,AE)

)

1 + cos

(
NE NA∑

j=1
arctan(γE ω λi,AE)

)
⎤
⎥⎥⎥⎥⎦ .

(29b)

POSTBC
out = 1

2
+ 1

π

∫ ∞

0

1

ω

⎡
⎣NA NB∏

i=1

(
1 + γB

2 λ2
i,AB ω2

)− 1
2

⎤
⎦
⎡
⎣NA NE∏

j=1

(
1 + 22RS γE

2 λ2
j,AE ω2

)− 1
2

⎤
⎦

× sin
[
θB(−ω) − θE (−2RS ω) + (2RS − 1) ω

]
dω (28)

POSTBC
NZ = 1

2
− 1

π

∫ ∞

0

1

ω

⎡
⎣NA NB∏

i=1

(
1 + γB

2 λ2
i,AB ω2

)− 1
2

⎤
⎦
⎡
⎣NA NE∏

j=1

(
1 + γE

2 λ2
j,AE ω2

)− 1
2

⎤
⎦ sin [θB(−ω) − θE(−ω)] dω

(32)

The proof of (28) is given in the Appendix A.
Note that by employing the proposed CHF-based approach,

a numerically equivalent simple closed-form expression for the
secrecy outage probability of the considered MIMO wiretap
channel can be deduced. Specifically, in Appendix B it is shown
that the secrecy outage probability can be obtained as

POSTBC
out = 1 +

NB NA∑
i=1

ı ai

γB λi,AB
exp

(
− 2RS − 1

γB λi,AB

)
, (30)

where

ai = 1

ω

⎡
⎣ NB NA∏

k=1,k �=i

(
1 − ı ω γB λk,AB

)⎤⎦
−1

×
⎡
⎣NE NA∏

j=1

(
1 + ı 2RS ω γE λ j,AE

)⎤⎦
−1
∣∣∣∣∣∣∣
ω= 1

ı γB λi,AB

.

(31)

The probability of non-zero secrecy capacity can be readily
obtained by employing (28). Specifically, an integral represen-
tation for the probability of non-zero secrecy capacity of the
considered MIMO wiretap channel can be deduced as in (32),
shown at the bottom of the page.

Finally, an expression for the asymptotic Pout will be
deduced. The MGF of γB can be expressed as MγB(s) =
1/ det(INB NA

+ s γB RAB), which for s → ∞ can be simpli-
fied as MγB(s) ≈ [det(s γB RAB)]−1. Thus, MγB(s) can be
approximated as

MγB(s) ≈ s−NANB γB
−NANB [det(RAB)]−1 , (33)

wherefrom it is readily deduced that the secrecy diver-
sity gain of the proposed scheme is d = NA NB and C =
γB

−NANB [det(RAB)]−1. Since d is always integer, an asymp-
totic expression for Pout assuming high values of γB can be
readily deduced using Proposition 3.

2) Generalized MIMO Wiretap Channels: In this case, we
consider mixed fading conditions for A → B, and A → E

links: The A → B link is subject to η − μ fading, and the A →
E link is subject to κ − μ. Note that these two distributions fit
well experimental data and include as special cases well-known
fading channel models, such as the Nakagami-m, Rice, and
Hoyt models. On one hand, the κ − μ distribution is a generic



320 IEEE TRANSACTIONS ON COMMUNICATIONS, VOL. 64, NO. 1, JANUARY 2016

distribution for modeling a great variety of LOS channels. On
the other hand, the η − μ distribution accurately models small-
scale fading for various NLOS conditions. Assuming that the
entries of HAB and HAE are independent but non-identically
distributed (i.n.i.d) κ − μ and η − μ random variables, respec-
tively, the CHFs of γB and γE are given as [33]

φγB(ω) =
NB∏
i=1

{[
μB,i (1 + κB,i )(

1 + κB,i
)

μB,i − ı γB,i

]μB,i

× exp

[
ı μB,i κB,i ω γB,i

(1 + κB,i ) μB,i − ı ω γB,i

]}
(34a)

and

φγE(ω) =
NE∏
j=1

⎧⎪⎨
⎪⎩

1[
1 − ı ω γE, j

2 μE, j (hE, j −HE, j )

]μE, j

× 1[
1 − ı ω γE, j

2 μE, j (hE, j +HE, j )

]μE, j

⎫⎪⎬
⎪⎭ (34b)

respectively, where μB,i and μE,i are related to the fading
severity, hE, j = (2 + η−1

E, j + ηE, j )/4, H = (η−1
E, j − ηE, j )/4

with 0 < ηE, j < ∞, κB,i > 0 designates the ratio between the
total power of the dominant propagation components and that
of the scattered waves.

Assuming active eavesdropping, the average secrecy capac-
ity of the considered system can be evaluated numerically
by employing Proposition 1, with MγB(s) = φγB(ıs) and
MγE(s) = φγE(ıs).

Assuming passive eavesdropping, by following a similar line
of arguments as in the proof of (28), i.e. by substituting (34)
into (17) and employing (A-1) and (A-2), an integral repre-
sentation for the secrecy outage probability of the considered
SIMO wiretap channel can be deduced, after some straightfor-
ward manipulations, as in (35), shown at the bottom of the page,
where

�B,E(ω) =
NE∑
j=1

{
μE, j arctan

[
ω T γE, j

2 μE, j (hE, j − HE, j )

]

+ μE, j arctan

[
ω T γE, j

μE, j (hE, j + HE, j )

]}

−
NB∑
i=1

{
μB,i arctan

[
ωγB,i

μB,i (1 + κB,i )

]

+ ω (1 + κB,i ) μ2
B,i κB,i γB,i

(1 + κB,i )
2 μ2

B,i + ω2 γ 2
B,i

}
, (36)

POSTBC, mixed
out = 1

2
+ 1

π

∫ ∞
0

sin
[
�B,E(ω) + Uω

]
ω
∏NE

i=1

[(
1 + ω2 T 2γ 2

E,i

4μ2
E,i (hE,i −HE,i )

2

)μE,i /2 (
1 + ω2 T 2γ 2

E,i

4μ2
E,i (hE,i +HE,i )

2

)μE,i /2
]∏NB

j=1

(
1 + ω2γ 2

B, j

μ2
B, j (1+κB, j )

2

)μB, j /2

× exp

⎡
⎣−

NB∑
j=1

ω2μB, j κB, j γ
2
B, j

(1 + κB, j )
2μ2

B, j + ω2γ 2
B, j

⎤
⎦ dω (35)

U = 2RS − 1 and T = 2RS . To the best of our knowledge, the
result in (35) is new.

Next, an asymptotic expression for Pout will be deduced. The
MGF of γB can be expressed as

MγB(s) =
NB∏
i=1

{[
μB,i (1 + κB,i )(

1 + κB,i
)

μB,i + s γB,i

]μB,i

× exp

[ −sμB,i κB,i γB,i

(1 + κB,i ) μB,i + sγB,i

]}
. (37)

For s → ∞, it can be observed that the product of exponen-
tials in (37) can be approximated as exp(−∑NB

i=1 μB,iκB,i )

whereas the product of the remaining terms as
∏NB

i=1[μB,i (1 +
κB,i )/γB,i ]

μB,i . Thus, MγB(s) can be expressed in the form

MγB(s) ≈ Cs−d , with d = ∑NB

i=1 μB,i and

C = exp

⎛
⎝−

NB∑
i=1

μB,iκB,i

⎞
⎠ NB∏

i=1

[
μB,i (1 + κB,i )

γB,i

]μB,i

.

(38)

As it is evident, the secrecy diversity gain depends on both the
number of antennas NB as well as the fading parameters μB,i .
Finally, an asymptotic expression for Pout assuming high values
of γB can be readily deduced using Proposition 3.

B. SIMO Wiretap Channels With GSC

According to this scenario, both the main and the eavesdrop-
pers channels are assumed to undergo quasi-static Rayleigh
fading, while NA = 1. In the main channel, Bob com-
bines the LB strongest receive antennas with 1 ≤ LB ≤ NB.
In the eavesdroppers channel, Eve combines the LE (1 ≤
LE ≤ NE) strongest receive channels. Let |h�B ,B|2, |h�E ,E|2
denote the channel power gain from the single transmit to
the �th receive antenna at Bob and Eve, respectively, with
E〈|h�B ,B|2〉 = �B, ∀�B = 1, 2, . . . , NB, and E〈|h�E,E|2〉 =
�E, ∀�E = 1, 2, . . . , NE.

Since both Bob end Eve employ GSC, channel coeffi-
cients |h�B,B|2 and |h�E ,E|2 are arranged in descending order
as |h(1),B|2 ≥ |h(2),B|2 ≥ · · · ≥ |h(NB),B|2 and |h(1),E|2 ≥
|h(2),E|2 ≥ · · · ≥ |h(NE),E|2, respectively.

The instantaneous received SNR in the main and the eaves-
dropper channels can be expressed as

γB =
LB∑

�B=1

|h(�B),B|2 . (39a)
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and

γE =
LB∑

�E=1

|h(�E),E|2 . (39b)

respectively. The characteristic functions of γB and γE can be
expressed as [34, eq. (B.3)]

φγB(ω) = 1

(1 − ı ω �B)LB−1

NB∏
rB=LB

1

(1 − ı ω �BLB/rB)

(40a)

and

φγE(ω) = 1

(1 − ı ω �E)LE−1

NE∏
rE=LE

1

(1 − ı ω �ELE/rE)
,

(40b)

respectively.
Assuming active eavesdropping, the average secrecy capac-

ity of the considered system can be evaluated numerically
by employing Proposition 1, with MγB(s) = φγB(ıs) and
MγE(s) = φγE(ıs).

Assuming passive eavesdropping, by following a similar line
of arguments as in the proof of (28), i.e. by substituting (40)
into (17) and employing (A-1) and (A-2), an integral repre-
sentation for the secrecy outage probability of the considered
SIMO wiretap channel can be deduced, after some straightfor-
ward manipulations, as in (41), shown at the bottom of the page,
where U = 2RS − 1, T = 2U ,

�B(ω) = 2 arctan

⎡
⎣ sin

(∑NB
i=LB

arctan(�B ωLB/ i)
)

1 + cos
(∑NB

i=LB
arctan(�B ωLB/ i)

)
⎤
⎦

+ 2(LB − 1) arctan

[
sin (arctan(�B ω))

1 + cos (arctan(�B ω))

]
(42a)

PGSC
out = 1

2
+ 1

π

∫ ∞

0

1

ω

(
1 + ω2�2

B

)− LB−1
2
(

1 + ω2 T 2 �2
E

)− LE−1
2

NB∏
rB=LB

(
1 + ω2 �2

B

L2
B

r2
B

)−1/2

×
NE∏

rE=LE

(
1 + ω2 T 2 �2

E

L2
E

r2
E

)−1/2

sin [�B(−ω) − �E(−T ω) + U ω] dω (41)

PGSC
NZ = 1

2
− 1

π

∫ ∞

0

1

ω

(
1 + ω2�2

B

)− LB−1
2
(

1 + ω2 �2
E

)− LE−1
2

⎡
⎣ NB∏

rB=LB

(
1 + ω2 �2

B

L2
B

r2
B

)−1/2
⎤
⎦

×
⎡
⎣ NE∏

rE=LE

(
1 + ω2 �2

E

L2
E

r2
E

)−1/2
⎤
⎦ sin [�B(−ω) − �E(−ω)] dω (45)

and

�E(ω) = 2 arctan

⎡
⎣ sin

(∑NE
i=LE

arctan(�E ωLE/ i)
)

1 + cos
(∑NE

i=LE
arctan(�E ωLE/ i)

)
⎤
⎦

+ 2(LE − 1) arctan

[
sin (arctan(�E ω))

1 + cos (arctan(�E ω))

]
.

(42b)

By employing the proposed CHF-based approach, closed-
form expressions for the secrecy outage probability can be
deduced in a similar fashion as in the OSTBC MIMO wiretap
channel as

PGSC
out = 1 +

LB∑
r=1

Ur−1ar

�(r) ır−1
exp

(
− U

�B

)

+
NB∑

r=LB+1

br−LB
exp

( −U r

�B LB

)
, (43)

where

ar = ı NB−NE(T �E)1−LE�
1−NB

B

(LB − r)!

dLB−r

dωLB−r

⎡
⎣ 1

ω
(ω + ı/�B)

× (ω − ı T −1/�E)1−LE

NB∏
r1=LB

r1 /(�B LB)

ω + r1 ı/(�BLB)

×
NE∏

r2=LE

r2/(T �ELE)

ω − r2 ı/(�E LET )

⎤
⎦
∣∣∣∣∣∣
ω=− ı

�B

(44a)

and

br = ı NB−NE(T �E)1−LE�
1−NB

B

⎡
⎣ 1

ω
(ω + ı/�B)1−LB

× (ω − ı T −1/�E)1−LE

NB∏
rB=LB

rB/(�B LB)

ω + rB ı/(�BLB)

×
(
ω + ı

r + LB

�BNB

) NE∏
rE=LE

rE/(T �ELE)

ω − rE ı/(�E LE T )

⎤
⎦
∣∣∣∣∣∣
ω=− ı (r+LB)

�B LB

.

(44b)
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Note that relevant results for wiretap channels with antenna
selection are available in [15]–[17].

An integral representation for probability of non-zero secrecy
capacity of the considered SIMO wiretap channel can be
deduced as in (45), shown at the bottom of the previous page.

Finally, an asymptotic expression for Pout will be deduced.
The MGF of γB can be expressed as

MγB(s) = 1

(1 + s �B)LB−1

NB∏
rB=LB

1

(1 + s �BLB/rB)
. (46)

For s → ∞, it can be observed that (1 + s �B)LB−1 ≈
(s �B)LB−1 and (1 + s �BLB/rB) ≈ s �BLB/rB. Thus,
MγB(s) can be approximated as MγB(s) ≈ C s−d with d =
NB μB and C = �

−NB

B

∏NB
rB=LB

[
rB/LB

]
. As it is evident,

the secrecy diversity gain depends only on the number of anten-
nas NB. An asymptotic expression for Pout assuming high
values of γB can be readily deduced using Proposition 3.

C. Correlated SIMO Wiretap Channels With MRC

According to this scenario, a SIMO wiretap channel model
is considered where NA = 1. Let rB and rE be NB × 1 and
NE × 1 complex Gaussian random vectors, denoting the com-
plex channel gains from the single transmit antenna to the
receive antennas at Bob and Eve, respectively. It is assumed
that rB and rE have mean values ηB and ηE, respectively, and
covariance matrices CAB = E〈(rB − ηB) (rB − ηB)H 〉 and
CAE = E〈(rE − ηE) (rE − ηE)H 〉, respectively.

In the main and the eavesdroppers channel, Bob and Eve
combine the NB and NE receive antennas, respectively, using
MRC. The instantaneous SNR in the main channel can be
expressed as

γB = �B

mB

(
ηH
B ηB + Tr{CAB}) rH

B rB (47a)

and in the eavesdropper’s channel as

γE = �E

mE

(
ηH
E ηE + Tr{CAE}) rH

E rE (47b)

The parameters �B and �E correspond to the average SNR at
the output of the MRC receiver at Bob and Eve, respectively
and the parameters mB and mE denote the diversity order of
the signal recovered by each branch at the legitimate receiver
and the eavesdropper, respectively. Based on (47), their CHFs
are given as [35, eq. (18)]

φγB(ω) =
exp

[
ı ω �B λH

B

(
IN 2

B
− ı ω

�B
mB

QAB

)−1
λB

]
[
det
(

IN 2
B

− ı ω
�B
mB

QAB

)]mB

(48a)

and

φγE(ω) =
exp

[
ı ω �E λH

E

(
IN 2

E
− ı ω

�E
mE

QAE

)−1
λE

]
[
det
(

IN 2
E

− ı ω
�E
mE

QAE

)]mE

(48b)

respectively, where QAB and QAE are the normalized covari-
ance matrices defined as QAB = CAB/(ηH

B ηB + Tr(CAB)),
QAE = CAE/(ηH

E ηE + Tr(CAE)) and λB, λE are the normal-

ized mean vectors defined as λB = ηB/

√
ηH
B ηB + Tr(CAB)

and λE = ηE/

√
ηH
E ηE + Tr(CAE), respectively. Given (48),

generic integral representations for Pout and PNZ can be read-
ily deduced using (17) and (18). In the special case of ηE = 0
and mB = mE = 1, an alternative methodology for the perfor-
mance evaluation of the wiretap channel has been proposed in
[16].

In the special case of correlated Nakagami-m fading, i.e.
when ηE = ηB = 0, the CHFs of γB and γE can be expressed
as

φγB(ω) =
⎡
⎣NB∏

i=1

(
1 − ı ω μi,AB

)⎤⎦
−mB

(49a)

and

φγE(ω) =
⎡
⎣NE∏

i=1

(
1 − ı ω μi,AE

)⎤⎦
−mE

, (49b)

respectively, where μi,AB and μi,AE are the eigenvalues of
�B
mB

QAB and �E
mE

QAE, respectively.
Assuming active eavesdropping, the average secrecy capac-

ity of the considered system can be evaluated numerically
by employing Proposition 1, with MγB(s) = φγB(ıs) and
MγE(s) = φγE(ıs). Assuming passive eavesdropping, by fol-
lowing a similar line of arguments as that in Section IV-A1, an
integral representation for the secrecy outage probability of the
considered SIMO wiretap channel can be deduced as in (50),
shown at the bottom of the page, where U = 2RS − 1, T = 2U ,

�B(ω) = mB arctan

⎡
⎢⎢⎢⎢⎣

sin

(
NB∑
i=1

arctan( ω μi,AB)

)

1 + cos

(
NB∑
i=1

arctan(ω μi,AB)

)
⎤
⎥⎥⎥⎥⎦

(51a)

PSIMO
out = 1

2
+ 1

π

∫ ∞

0

1

ω

⎡
⎣NB∏

i=1

(1 + ω2 μ2
i,AB)−mB/2

⎤
⎦
⎡
⎣NE∏

i=1

(1 + ω2 T 2 μ2
i,AE)−mE/2

⎤
⎦ sin [�B(−ω) − �E(−T ω) + U ω] dω

(50)
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and

�E(ω) = mE arctan

⎡
⎢⎢⎢⎢⎣

sin

(
NE∑
i=1

arctan( ω μi,AE)

)

1 + cos

(
NE∑
i=1

arctan(ω μi,AE)

)
⎤
⎥⎥⎥⎥⎦ .

(51b)

Finally, using (18) along with (49) the probability of non-zero
secrecy capacity of the considered SIMO wiretap channel can
be deduced as in (52), shown at the bottom of the page.

Next, an asymptotic expression for Pout will be deduced. The
MGF of γB can be expressed as

MγB(s) =
exp

[
−s �B λH

B

(
IN 2

B
+ s �B

mB
QAB

)−1
λB

]
[
det
(

IN 2
B

+ s �B
mB

QAB

)]mB
.

(53)

For s → ∞, it can be observed that IN 2
B

+ s (�B/mB) QAB

can be approximated as s (�B/mB) QAB. Therefore, the

denominator in (53) can be written as
[
det
(

s �B
mB

QAB

)]mB =
(s �B/mB)NB mB [det (QAB)]mB and the numerator as

exp
(
−mB λH

BQ−1
AB λB

)
. Thus, MγB(s) can be expressed in

the compact form MγB(s) ≈ C s−d , with d = NB mB and

C =
(

mB

�B

)NBmB exp
(
−mBλH

BQ−1
ABλB

)
[det (QAB)]mB

. (54)

As it is evident, the secrecy diversity gain depends on both the
number of antennas NB as well as the fading parameter mB.
Finally, an asymptotic expression for Pout assuming high values
of γB can be readily deduced using Proposition 3.

V. FRAMEWORK VALIDATION

Using the analytical results derived in the preceding sections,
some representative numerical results are provided herein to
demonstrate the secrecy performance of the considered MIMO
and SIMO wiretap channels. All results are substantiated by
employing semi-analytical Monte-Carlo simulations. Note that
in a semi-analytic framework, the knowledge of the system
under analysis is exploited to reduce the computational load and
complexity that full Monte Carlo simulations would require.
In this way, the strengths of both analytical and Monte Carlo
methods are effectively combined. Moreover, it is assumed that
NJ ∈ {15, 30} and NK ≥ 100 for sufficient numerical accu-
racy. For the evaluation of the secrecy outage probability, it is
assumed that RS = 2 for all considered scenarios. Furthermore,
all results are derived assuming γE ∈ {0, 5}dB.

PSIMO
NZ = 1

2
− 1

π

∫ ∞

0

1

ω

⎡
⎣NB∏

i=1

(1 + ω2 μ2
i,AB)−mB/2

⎤
⎦
⎡
⎣NE∏

i=1

(1 + ω2 T 2 μ2
i,AE)−mE/2

⎤
⎦ sin [�B(−ω) − �E(−ω)] dω (52)

Fig. 1. Average Secrecy Capacity of OSTBC, assuming exponential correlation
at both the transmitter and the receiver sides.

Fig. 2. Secrecy Outage Probability of OSTBC, assuming exponential correla-
tion at both the transmitter and the receiver sides.

A. MIMO OSTBC Wiretap Channel in a Rayleigh Fading
Environment

Figs. 1 and 2 depict the average secrecy capacity and
the secrecy outage probability of the MIMO OSTBC wire-
tap channel, respectively, with NA = 2, NB = 2 and NE =
2. Throughout this analysis, the Kronecker correlation model
is assumed for both the main and the eavesdropper’s chan-
nels, where RAB = RA ⊗ RB, RAE = RA ⊗ RE with RA,
RB and RE denoting the antenna correlation at Alice, Bob
and Eve, respectively. An exponential correlation model is

assumed, that is RA =
(

1 ρA

ρA 1

)
, RB =

(
1 ρB

ρB 1

)
and RE =
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Fig. 3. Average Secrecy Capacity of OSTBC, assuming i.n.i.d κ-μ and η-
μ fading conditions at the legitimate receiver and the eavesdropper channels,
respectively, for μE = 0.6, ηE = 0.1716, μB = 0.75, κB = 8.47, and various
values of δ.

(
1 ρE

ρE 1

)
and various values of ρA, ρB and ρE . The correlation

matrix of such a model is described by and corresponds to the
scenario of multichannel reception from equispaced diversity
antennas, since the correlation between the pairs of combined
signals decays as the spacing between the antennas increases
[22]. In all cases, the comparison among Monte Carlo simula-
tions, (5) (28) and (30) confirms the validity of the proposed
analytical framework. Moreover, the asymptotic secrecy outage
probability results correctly predict the secrecy diversity gain
for high SNR values.

B. MIMO OSTBC Wiretap Channel in a Mixed Generalized
Fading Environment

In this case, the eavesdropper channel is subject to η − μ

fading with μE,i = μE = 0.6 and ηE,i = ηE = 0.1716, ∀i =
{1, . . . , NE}. Fading in the legitimate channel is modeled by
the κ − μ distribution with fading parameters obtained from the
following test cases: Test Case 1: μB, j = μB = 0.875, κB, j =
κB = 1.5798, Test Case 2: μB, j = μB = 1.1685, κB, j =
κB = 2, Test Case 3: μB, j = μB = 0.75, κB, j = κB = 8.47,
∀ j = {1, . . . , NB}. It is noted that the above mentioned val-
ues of fading parameters for both channels have been obtained
by field measurements carried out in [23] for different prop-
agation environments. An exponentially decayed power pro-
file is assumed, i.e. γB, j = γB exp[−δ ( j − 1)] and γE,i =
γE exp[−δ (i − 1)] with δ being the decaying factor.

Fig. 3 depicts the secrecy outage probability for the consid-
ered wiretap channel assuming Test Case 3 and various values
of δ. As it can be observed, analytical results and Monte-
Carlo simulations are in excellent agreement. Figs. 4 depicts
the secrecy outage probability for the considered wiretap chan-
nel and, again analytical results and Monte-Carlo simulations
are practically indistinguishable to each other. Moreover, the
asymptotic expressions for high SNR values correctly predict
secrecy performance. However, it should be pointed out that for

Fig. 4. Secrecy Outage Probability of OSTBC, assuming i.n.i.d κ-μ and η-
μ fading conditions at the legitimate receiver and the eavesdropper channels,
respectively, with δ = 0.1, μE = 0.6, ηE = 0.1716 for the following test cases:
Test Case 1:μB = 0.875, κB = 1.5798, Test Case 2:μB = 1.1685, κB = 2,
Test Case 3:μB = 0.75, κB = 8.47,.

large values of κB, i.e. when a strong LOS hop exists, a large
coding gain can be achieved from this LOS component. This is
evident from the presence of the factor exp(−κBμB) in C of
(38). Thus, large SNR values are required so that the asymptotic
behavior of the secrecy outage probability will show up. To this
end, no asymptotic curves for Test Case 3 are presented.

C. SIMO Wiretap Channel With GSC in a Rayleigh Fading
Environment

Figs. 5 and 6 depict the average secrecy capacity and the
secrecy outage probability of the SIMO wiretap channel, with
GSC at both the legitimate receiver and the eavesdropper, for
various configurations of NA, NB and NE. Once again, the
results obtained by employing the proposed analytical frame-
work agree well with the corresponding ones obtained with
Monte Carlo simulations.

D. SIMO Wiretap Channel in an Arbitrary Correlated
Generalized Fading Environment

Figs. 7 and 8 depict the average secrecy capacity and the
secrecy outage probability of SIMO 1 × 3 wiretap channels in
arbitrarily correlated generalized fading environments, respec-
tively, assuming mE = 2, various values of mB, ηB = ηE =[
0.25 eı π/4 0.5 eı π/6 eı π/8

]T
and covariance matrices given by

[35]

CAB = CAE =
⎛
⎝ 1 0.5 e

ı π
2 0.25 e

ı π
4

0.5 e− ı π
2 2 0.125 e

ı π
8

0.25 e− ı π
4 0.125 e− ı π

8 3

⎞
⎠ .

(55)

Again, analytical and simulation results are in very good
agreement for all considered test cases. Finally, Fig. 9 por-
trays the probability of non-zero secrecy capacity of the
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Fig. 5. Average Secrecy Capacity of SIMO Rayleigh wiretap channels with
GSC at the legitimate receiver and the eavesdropper.

Fig. 6. Secrecy Outage Probability of SIMO Rayleigh wiretap channels with
GSC at the legitimate receiver and the eavesdropper.

Nakagami-m SIMO wiretap channel, with MRC diversity
reception at both the legitimate receiver and the eaves-
dropper, for various values of mB, assuming mE = 1.5,
NB = NE = 4. An exponentially decayed power profile is
assumed, i.e. ��B,B = γB exp[−δ (�B − 1)] and ��E,E =
γE exp[−δ (�E − 1)] with δ being the decaying factor,
assumed to be equal to 0.5. The channel gains are character-
ized by the envelope correlation matrices RAB and RAE whose
elements can be obtained in terms of the elements of CAB and
CAE by using the methodology presented in [36]. The enve-
lope correlation matrix for both channels is assumed to be [36,
eq. (55)]

RAB = RAE =

⎛
⎜⎜⎝

1 0.795 0.604 0.372
0.795 1 0.795 0.604
0.604 0.795 1 0.795
0.372 0.604 0.795 1

⎞
⎟⎟⎠ . (56)

Fig. 7. Average Secrecy Capacity of SIMO 1 × 3 wiretap channels in arbitrar-
ily correlated generalized fading environments with mE = 2 and various values
of mB.

Fig. 8. Secrecy Outage Probability of SIMO 1 × 3 wiretap channels in arbitrar-
ily correlated generalized fading environments with mE = 2 and various values
of mB.

Fig. 9. Probability of Non-Zero Secrecy Capacity of SIMO 1 × 4 wiretap
channels in arbitrarily correlated Nakagami-m fading environment.
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As it is evident, the proposed framework provides an efficient
means for the secrecy performance evaluation of the wire-
tap SIMO Nakagami-m channel with arbitrary correlation and
arbitrary fading parameters.

VI. CONCLUDING REMARKS

In this paper, a new concise, frequency-domain approach for
evaluating the secrecy performance of a broad class of SIMO
and MIMO wiretap channels has been introduced. The frame-
work enables a simple computation of the average secrecy
capacity, the secrecy outage probability and the probability of
non-zero secrecy capacity of wiretap channels in a variety of
fading environments, provided that the MGF or the CHF of the
instantaneous SNR at the legitimate receiver and the eavesdrop-
per is readily available. A unified frequency domain approach
for assessing the asymptotic secrecy performance of SIMO and
MIMO wiretap channels is also introduced, thus providing use-
ful insights as to the parameters affecting secrecy performance.
The generality and computational efficiency of the proposed
framework renders it a potentially useful tool to the system
engineer for performance evaluation purposes.

APPENDIX A
PROOF OF (28)

Proof: By substituting (27) in (17) and by employing the
following identities

(a + b ı)c+d ı = (a2 + b2)(c+ı d)/2 eı(c+ı d) arg(a+ı b), (A-1)

with a, b, c, d being real, and

arg(a + ı b) = 2 arctan

(
b√

a2 + b2 + a

)
, (A-2)

(28) can be obtained after some straightforward algebraic
manipulations. �

APPENDIX B
PROOF OF (30)

Proof: By substituting (27) into (16), yields

POSTBC
out = 1

2
+ 1

2π

∫ ∞

−∞
ı

ω

NB NA∏
i=1

[(
1 − ı ω γB λi,AB

)]−1

×
⎡
⎣NE NA∏

j=1

(
1 + ı 2RS ω γE λ j,AE

)⎤⎦
−1

dω. (B-1)

By employing a partial fraction decomposition, (B-1) can be
written as

POSTBC
out = 1

2
+ ı

2π

∫ ∞

−∞
A exp(−ı U ω)

ω
dω

+ ı

2π

NB NA∑
i=1

ai

∫ ∞

−∞
exp(−ı U ω)

1 − ı ω γB λi,AB
dω

+ ı

2π

NE NA∑
j=1

b j

∫ ∞

−∞
exp(−ı U ω)

1 + ı T ωγE λ j,AE
dω ,

(B-2)

where U = 2RS − 1 and T = 2RS . Using the Fourier trans-
form pair F {1/x; x;w} = π sgn(w)/ ı , the integral J1 =∫∞
−∞ A exp(−ı U ω)/ω dω can be readily evaluated yielding

J1 = πU

ı
. (B-3)

The remaining integrals can be evaluated by employing [25,
eq. (3.382/6)] and [25, eq. (3.382/7)]. The integrals J2 =∫∞
−∞

exp(−ı U ω)

(1+ı T ωγE λ j,AE)
dω are zero ∀ j ; therefore, Pout can be

deduced as in (30), with ai given by (31), thus concluding the
proof. �

APPENDIX C
PROOF OF (43)

Proof: By substituting (40) into (16), yields

PGSC
out = 1

2
+ 1

2π

∫ ∞

−∞
ı exp (−ı U ω)

ω(1−ı ω �B)LB−1(1+ı T ω �E)LE−1

×
NB∏

rB=LB

1

(1 − ı ω LB/rB)

NE∏
rE=LE

1

(1 + ı T ωLE/rE)
dω.

(C-1)

By performing partial fraction decomposition, (C-1) can be
written as

PGSC
out = 1

2
+ ı

2π

∫ ∞

−∞
A exp(−ı U ω)

ω
dω

+ ı

2 π

LB∑
i=1

ai

∫ ∞

−∞
exp(−ı U ω)

(ω + ı/�B)i
dω

+ ı

2 π

NB∑
rB=LB+1

br−LB

∫ ∞

−∞
exp(−ı U ω)

ω + ı r/(�BLB)
dω

+ ı

2π

LE∑
i=1

ci

∫ ∞

−∞
exp(−ı U ω)

(ω − ı T/�E)i
dω

+ ı

2 π

NE∑
rE=LE+1

dr−LE

∫ ∞

−∞
exp(−ı U ω)

ω − ı r/(�BLBT )
dω ,

(C-2)

while using [25, eq. (3.382/6)] and [25, eq. (3.382/7)], Pout can
be deduced as in (43), with ai , bi given by (44a) and (44b),
respectively, thus concluding the proof. �
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