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Abstract— A generic and novel distribution, referred to as
N∗Nakagami, constructed as the product ofN statistically inde-
pendent, but not necessarily identically distributed, Nakagami-
m random variables (RVs), is introduced and analyzed. The
proposed distribution turns out to be a very convenient tool for
modelling cascaded Nakagami-m fading channels and analyzing
the performance of digital communications systems operating
over such channels. The moments-generating, probability den-
sity, cumulative distribution, and moments functions of the
N∗Nakagami distribution are developed in closed form using the
Meijer’s G-function. Using these formulae generic closed-form
expressions for the outage probability, amount of fading, and
average error probabilities for several binary and multilevel mo-
dulation signals of digital communication systems operating over
the N∗Nakagami fading and the additive white Gaussian noise
channel are presented. Complementary numerical and computer
simulation performance evaluation results verify the correctness
of the proposed formulation. The suitability of the N∗Nakagami
fading distribution to approximate the lognormal distribution is
also being investigated. Using Kolmogorov-Smirnov tests, the rate
of convergence of the central limit theorem as pertaining to the
multiplication of Nakagami-m RVs is quantified.

Index Terms— Cascaded fading, bit error rate (BER), outage
probability (OP), Nakagami-m, lognormal fading, central limit
theorem (CLT), multiple-input multiple-output (MIMO), keyhole
channels, Kolmogorov-Smirnov test, applied stochastic models.

I. I NTRODUCTION

RADIO signals generally propagate according to the
mechanisms of reflection, diffraction, and scattering,

which roughly characterize the radio propagation by three
nearly independent phenomena: Path loss variance with di-
stance, shadowing (or long-term fading), and multipath (or
short-term) fading [1]. Except path loss, which is only dista-
nce dependent, the other two phenomena can be statistically
described by fading models with parameters determined by
using experimental radio propagation measurements. These

Paper approved by F. Santucci, the Editor for Wireless Systems Performa-
nce. Manuscript received February 25, 2005; revised February 17, 2006; and
July 22, 2006. This paper was presented, in part, at the IEEE International
Symposium on Wireless Communication Systems (ISWCS2005), SienaItaly,
September 2005.

G. K. Karagiannidis is with the Division of Telecommunications, Electrical
and Computer Engineering Department, Aristotle University of Thessaloniki,
54124 Thessaloniki, Greece (e-mail: geokarag@auth.gr).

N. C. Sagias is with the Institute of Informatics and Telecommunications,
National Centre for Scientific Research “Demokritos”, Agia Paraskevi, 15330
Athens, Greece (e-mail: nsagias@ieee.org).

P. T. Mathiopoulos is with the Institute for Space Applications and Remote
Sensing, National Observatory of Athens, Metaxa & Vas. Pavlou Street, Palea
Penteli, 15236 Athens, Greece (e-mail: mathio@space.noa.gr).

Publisher Item Identifier 10.1109/TCOMM.2006.XXXXXX

channel models find use in the design and pretest evaluation
of wireless communications systems in general and of fading
mitigation techniques in particular. As expectations for the
performance and reliability of wireless systems become more
demanding, the significance of accurate channel modelling in
system design, evaluation, and deployment will continue [2].

Due to the existence of a great variety of fading environ-
ments, several statistical distributions have been proposed for
channel modelling of fading envelopes under short-term, long-
term, and mixed fading conditions. Short-term fading models
include the well-known Rayleigh, Rice [3], Hoyt [4], and
Nakagami-m [5] distributions. Recently, some other statistical
distributions such as Weibull [6]–[8] and spherically invariant
random process (SIRP) models [9, pp. 315–322], have been
found to fit well with experimental short-term fading for
mobile communications. For long-term fading conditions, it
is widely accepted that the probability density function (PDF)
of the fading envelopes can be modelled by the well-known
lognormal distribution [10], [11]. When short- and long-term
fading conditions coexist in wireless mobile channels, several
mixed models have been proposed in order to simultaneously
take into account both types of fading impairments. The
most popular among these fading models encompass the
Suzuki [12], Nakagami-lognormal [11], and Rice-lognormal
[13] models. A comprehensive summary for the above fading
statistical models can be found in [14, Section 2]. Recently,
attention has been given to the so-called “multiplicative”
fading models [15]. Such models do not separate the fading
in several parts but rather study the phenomenon as whole.
A physical interpretation for these models is justified by
considering received signals generated by the product of a
large number of rays reflected viaN statistically independent
scatterers [15]. ForN = 2, the so-called double Rayleigh
(i.e., Rayleigh∗Rayleigh) fading model has been found to
be suitable when both transmitter and receiver are moving
[16]. For higher values ofN , Coulsonet al. have studied the
distribution of the product ofN correlated Rayleigh distributed
random variables (RVs) via computer simulations [17]. It is
interesting to note that the double Rayleigh model has been
recently used for keyhole channel modelling of multiple-input
multiple-output (MIMO) systems [18], [19]. Extending this
model by characterizing the fading between each pair of the
transmit and receive antennas in the presence of the keyhole
as Nakagami-m, the double Nakagami-m (i.e., Nakagami-
m ∗Nakagami-m) fading model has also been considered [20].

In an effort to generalize all previously mentioned re-
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search works, in this paper, we introduce and analyze the
N∗Nakagami distribution constructed as the product ofN
statistically independent, but not necessarily identically di-
stributed, Nakagami-m RVs. In this context, the statistics of
this distribution is studied deriving its moments-generating
function (MGF), PDF, CDF, and moments in closed form using
Meijer’s G-function1. Considering the proposed distribution as
the fading channel model of a digital communication system,
closed-form expressions are derived for the amount of fading
(AoF), outage probability (OP), and average symbol error pro-
bability (ASEP) for several families of binary and multilevel
modulation formats. Moreover, with the aid of the central
limit theorem (CLT), the convergence rate of the proposed
model towards the lognormal distribution as a function ofN
is investigated.

The rest of the paper is organized as follows. In Section II,
the statistics of theN∗Nakagami distribution is introduced
and analyzed. Section III provides the performance of digital
receivers operating inN∗Nakagami fading channel model,
while in Section IV, the convergence rate of theN∗Nakagami
distribution towards the lognormal distribution is examined.
Concluding remarks are provided in Section V.

II. D EFINITION AND STATISTICAL CHARACTERISTICS

Let us considerN ≥ 1 independent Nakagami-m2 distribu-
ted RVs{Rℓ}N

ℓ=1, each with PDF

fRℓ
(r) =

2mmℓ

ℓ

Ωmℓ

ℓ Γ (mℓ)
r2 mℓ−1 exp

(

−mℓ

Ωℓ
r2

)

(1)

whereΓ (·) is the Gamma function [22, eq. (8.310/1)],Ωℓ =
E〈R2

ℓ 〉, mℓ = Ω2
ℓ/E〈(R2

ℓ − Ωℓ)
2〉 ≥ 1/2, and E 〈·〉 denotes

expectation. As well known, the PDF in (1) includes the cases
of Rayleigh (mℓ = 1) and one-sided Gaussian (mℓ = 1/2)
distributions as special cases.

Definition 1 (TheN∗Nakagami distribution):We define
the distribution of the product,Y , of N independent, but not
necessarily identically distributed, RVsRℓ, i.e.,

Y
△
=

N
∏

i=1

Ri (2)

as theN∗Nakagami distribution.
Theorem 1 (Moments-generating function):The MGF ofY

is given by

MY (s) =
1/
√

π
N
∏

i=1

Γ (mi)

GN,2
2,N

[

4

s2

N
∏

i=1

(

mi

Ωi

)

∣

∣

∣

1/2 , 1

m1, m2,..., mN

]

(3)
whereG [·] is the Meijer’s G-function [22, eq. (9.301)].

Proof: See [23, Appendix].

1Similarly to other authors (e.g., [14], [21]) and since the Meijer’s G-
function is tabulated, expressions containing this special function are con-
sidered to be in closed form.

2For the conciseness of the presentation and for the rest of the paper the
term ‘Nakagami’ will be used instead of the actual ‘Nakagami-m’.

By applying the transformation given by [22, eq. (9.303)] in
(3), G [·] can be expressed using more widely used functions,
such as the generalized Hypergeometric3 [22, eq. (9.14/1)] .

Lemma 1 (Probability density function):The PDF ofY is
given by

fY (y) =
2

y
N
∏

i=1

Γ (mi)

GN,0
0,N

[

y2
N
∏

i=1

(

mi

Ωi

)

∣

∣

∣

−

m1, m2,..., mN

]

.

(4)
Proof: By applying the inverse Laplace transform

L−1 (·; ·) to (3), the PDF ofY [22, Section 17.11], [24, eq.
(3.38.1)]

fY (y) = L−1 {MY (s); y} (5)

can be expressed in closed form using [25, eq. (21)] as shown
in (4).
It is noted that forN = 1 and by using [25, eq. (11)], (4)
simplifies to (1). Furthermore, forN = 2 and by using [22,
eq. (9.34/3)], (4) simplifies to

fY (y) =
4 ym1+m2−1

2
∏

i=1

Γ (mi) (Ωi/mi)
(m1+m2)/2

× Km1−m2

(

2y

2
∏

i=1

√

mi

Ωi

)

(6)

whereKν (·) is theνth order modified Bessel function of the
second kind [22, eq. (8.432/1)] andν is an arbitrary constant
value. The same expression as in (6) can be also found in the
original Nakagami paper [5, eq. (90)]. Form1 = m2 = 1, (6)
becomes the so-called double Rayleigh fading model [16].

Lemma 2 (Cumulative distribution function):The CDF of
Y is given by

FY (y) =

[

N
∏

i=1

Γ−1 (mi)

]

× GN, 1
1,N+1

[

y2
N
∏

i=1

(

mi

Ωi

)

∣

∣

∣

1

m1, m2,..., mN , 0

]

.

(7)

Proof: Since the CDF ofY is given by

FY (y) =

∫ y

0

fY (x) dx (8)

by substituting (4) and using [25, eq. (26)], (7) can be obtained.

Lemma 3 (Moments):Thenth order moment ofY is given
by

E 〈Y n〉 =

N
∏

i=1

Γ (mi + n/2)

Γ (mi)

(

Ωi

mi

)n/2

. (9)

Proof: Using (2), thenth order moment ofY can be
expressed as

E 〈Y n〉 = E

〈

N
∏

i=1

Rn
i

〉

. (10)

3It is noted that, both Meijer’s G-function and generalized hypergeometric
function are built-in functions in the most popular mathematical software
packages such as MapleTM .
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Since the RVsRℓ are mutual independent, the above equation
can be expressed as the product of thenth order moment of
each RV as shown in (9).

III. PERFORMANCEANALYSIS AND EVALUATION

Let us consider a digital communication system operating
over the previously describedN∗Nakagami fading channel
and in the presence of additive white Gaussian noise (AWGN).
The instantaneous SNR per symbol at the input of its receiver
is given by [14]

γ =
Es

N0
Y 2 (11)

where Es is the transmitted symbol’s average energy and
N0 is the single-sided AWGN power spectral density. The
corresponding average SNR is

γ = E
〈

Y 2
〉 Es

N0
=

Es

N0

N
∏

i=1

Ωi. (12)

Dividing (11) and (12) by parts and using (7), the CDF ofγ
can be derived as

Fγ(γ) = FY





√

√

√

√

γ

γ

N
∏

i=1

Ωi





=
1

N
∏

i=1

Γ (mi)

GN, 1
1,N+1

[

γ

γ

N
∏

i=1

mi

∣

∣

∣

1

m1, m2,..., mN , 0

]

.

(13)

By taking the first derivative of (13) with respect toγ [26],
the corresponding PDF can be obtained as

fγ(γ) =
1

γ
N
∏

i=1

Γ (mi)

GN,0
0,N

[

γ

γ

N
∏

i=1

mi

∣

∣

∣

−

m1, m2,..., mN

]

.

(14)
Note that forN = 1 and by using [25, eq. (11)], (14) simplifies
to [14, eq. (2.7)], while forN = 2 and by using [22, eq.
(9.34/3)], (14) also simplifies to a previously known result
[20, eq. (31)]. With the aid of (11) and (12), thenth moment
of γ can be easily derived as

E 〈γn〉 = γn
N
∏

i=1

Γ (mi + n)

Γ (mi) mn
i

. (15)

A. Amount of Fading

The AoF is defined as the ratio of the variance to the square

average SNR per symbol, i.e.,AF
△
= var(γ)/γ2. Using (15),

AF can be easily expressed by a simple formula

AF =
N
∏

i=1

(

1 +
1

mi

)

− 1. (16)

From the above equation, it may be concluded that, sincemℓ ≥
1/2, then0 < AF ≤ 3N − 1.
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Fig. 1. OP performance as a function of the normalized outage threshold
for the N∗Nakagami fading channel and for different values ofN andm.

B. Outage Probability

The outage probability,Pout, is defined as the probability
that the received SNR per symbol falls below a given threshold
γth. Using (13), this probability can be obtained as

Pout (γth) = Fγ (γth) . (17)

It is noted that for low values ofγth/γ (i.e., highγ) and by
using the asymptotic expansion for the Meijer’s G-function
presented in Appendix , an accurate and simple approximation
of (17) is obtained.

Having numerically evaluated (17), in Fig. 1,Pout is plotted
as a function of the normalized outage threshold,γth/γ, for
the N∗Nakagami channel withN = 4, 8, and 12, and for
different values ofm = mℓ. These results clearly show that for
a fixed value ofN , Pout improves asm increases. This occurs
because by increasingm the fading severity of the cascaded
channels decreases, and hence the deep fades generated by
the product of Nakagami fading envelopes also decreases. The
obtained results further indicate that for a given value ofm, a
threshold forγth/γ exists above (below) whichPout improves
(degrades) with increasingN . For example, form = 2 this
threshold is around -15 dB. Although not shown in Fig. 1
similar thresholds have been found for other values ofm.

C. Average Symbol Error Probability

The most straightforward approach to obtain the ASEP,P se,
is to average the conditional symbol error probabilityPse(γ)
over the PDF ofγ, i.e.,

P se =

∫ ∞

0

Pse(γ) fγ(γ) dγ. (18)

For Pse(γ) there are well-known generic expressions for
different sets of modulation schemes, including:
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i) Binary phase/frequency shift keying (BPSK/BFSK), and
for higher values of the average input SNR, diffe-
rentially encoded BPSK (DEBPSK), quadrature phase
shift keying (QPSK), minimum shift keying (MSK),
and squareM -ary quadrature amplitude modulation (M -
QAM), with M ≥ 4, in the form of

Pse(γ) = A erfc
(

√

B γ
)

(19)

where erfc(·) is the well-known complementary error
function [22, eq. (8.250/4)];

ii ) Non-coherent BFSK (NBFSK) and binary differential
phase shift keying (BDPSK), in the form of

Pse(γ) = A exp(−B γ); (20)

iii ) π/4-differential QPSK (π/4-DQPSK) with Gray enco-
ding, M -ary phase shift keying (M -PSK), andM -ary
differential phase shift keying (M -DPSK), withM ≥ 4,
in the form of

Pse(γ) = A

∫ Λ

0

exp[−B(θ) γ] dθ. (21)

In the abovePse(γ) expressions the particular values ofA, B,
and Λ depend on the specific modulation scheme employed
and can be found in [27, Table 1]. In the following, (18) is
solved in closed form using the Meijer’s G-function for each
one of the above sets of signals for theN∗Nakagami fading
channel.

Using (14), (18), and (19), it can be easily recognized that
for the first set of modulating schemes (i.e., BPSK, BFSK,
DEBPSK, QPSK, MSK, and squareM -QAM), it is necessary
to evaluate definite integrals, which include Meijer’s, power,
and exponential functions. Since such integrals are not tabu-
lated, the solution can be found with the aid of [25, eq. (21)],
so that the ASEP can be expressed as

P se(γ) =Aπ−1/2

[

N
∏

i=1

Γ−1 (mi)

]

× G N , 2
2, N+1

[

1

B γ

N
∏

i=1

mi

∣

∣

∣

1/2 , 1

m1, m2,..., mN , 0

]

.

(22)

Similarly, for the second set (i.e., NBFSK and BDPSK), the
ASEP can be derived as

P se(γ) =
A

N
∏

i=1

Γ (mi)

G N,1
1,N

[

1

B γ

N
∏

i=1

mi

∣

∣

∣

1

m1, m2,..., mN

]

(23)
while for the third set (i.e.,π/4-DQPSK with Gray encoding,
M -PSK, andM -DPSK), is given by

P se(γ) =A

[

N
∏

i=1

Γ−1 (mi)

]

×
∫ Λ

0

G N,1
1,N

[

1

B(θ) γ

N
∏

i=1

mi

∣

∣

∣

1

m1, m2,..., mN

]

dθ.

(24)
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Fig. 2. ABEP performance of a Gray encoded QPSK modulation scheme
received over theN∗Nakagami fading channel for different values ofN and
m.

The integral in the last equation can be evaluated via numerical
integration using any of the well-known mathematical software
packages (e.g. available in MathematicaTM).

Using (22)–(24), the ASEP of all these coherent and non-
coherent binary and multilevel modulation schemes can be
evaluated. As a typical example, in Fig. 2, the average bit
error probability (ABEP) of Gray encoded QPSKP be =
P se/ log2(M) (M = 4) is presented, as a function of the
average SNR per bit,γb = γ/ log2(M), for several values of
mℓ = m and N . As expected, these performance evaluation
results show thatP be improves asm increases and/orN
decreases. This happens because asm increases and/orN
decreases, the probability that any of the cascaded fading
channels is in deep fade increases significantly. Thus, the
higherm and/or lowerN are, the lower is the fading severity
of the channel. As illustrated in Fig. 2, the above analytical
performance evaluation results have also been verified by
means of computer simulations. It is also noted that similar
behavior has been also observed forPout (see Fig. 1).

IV. L OGNORMAL DISTRIBUTION APPROXIMATION

In this section, using statistical tools and arguments, an
accurate approximation for the lognormal distribution with the
proposedN∗Nakagami distribution is presented. In particular,
by performing specific statistical tests, the convergence rate of
CLT for the N∗Nakagami towards the lognormal distribution
is investigated.

A. Problem Statement and Preliminaries

Let µΥ andσ2
Υ be the mean and the variance, respectively,

of a lognormally distributed RVX, which has the following
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CDF

FX(x) = 1 − 1

2
erfc

[

ln(x) − µΥ√
2 σΥ

]

. (25)

The average SNR per symbol,γ = E
〈

X2
〉

Es/N0, is given
by γ = exp

(

µΥ + σ2
Υ/2

)

.
In order to identify the necessary conditions for the

N∗Nakagami distribution,Y , to become a lognormal distri-
bution,X, it is convenient to define another RV,Υ = ln(Y )

∆
=

∑N
i=1 ln (Ri). By applying the CLT and for largeN , Υ tends

towards the normal (Gaussian) distribution, so thatY tends to
be lognormal distributed [28, pp. 220–221]. For the limiting
case whereY ≡ X, both distributions have the same mean
µΥ = E〈ln(Y )〉 and varianceσ2

Υ = E〈ln2(Y )〉 − E〈ln(Y )〉2.
Hence, using (2) and [22, eqs. (4.352/1) and (4.358/2)], these
can be obtained as

µΥ =
1

2

N
∑

i=1

[

Ψ(mi) − ln

(

mi

Ωi

)]

(26)

and

σ2
Υ =

1

4

N
∑

i=1

Ψ(1) (mi) (27)

respectively, whereΨ(1) (·) is the first derivative of the Di-
gamma functionΨ(·) [22, eq. (8.360)].

B. K-S Goodness-of-Fit Tests

In order to measure the difference between two CDFs, a
number of statistical tests, such as the absolute value of the
area between them, or their integrated mean square difference,
may be applied [29]. However, a particularly simple and
computational efficient measure is the Kolmogorov-Smirnov
(KS) statistical test defined as the maximum value of the
absolute difference between the two CDFs ofX and Y [28,
pp. 272–273]. Thus, for comparing one data set fromFY (·)
to the knownFX (·), the K-S statistical test is defined as

T △
= max |FX(x) − FY (x)| . (28)

Definition 2 (Null hypothesisH0): We define H0 as the
null hypothesis under which observed data ofY belong to
the CDF of the lognormal distribution,FX (·).

To test H0, the K-S goodness-of-fit test comparesT to
a critical level Tmax, as a function ofN and for a given
significance levelα. Any hypothesis for whichT > Tmax,
is rejected with significance1 − α, while any hypothesis
for which T < Tmax is accepted with the same level of
significance.

Following [17], but without loss of generality, we consider
that the RVsRℓ are independent and identically distributed
Nakagami RVs (Ωℓ = Ω and mℓ = m). For comparison
purposes, the performance test results presented here have
been obtained from (28) using (25)–(27), forTmax = 0.09
for at least104 samples and a significance level ofα = 5%
[17, Table I]. Fig. 3 presents performance evaluation results for
the K-S goodness-of-fit test,T , versus the number of RVs,N ,
with m as parameter. Similarly to [17], these comparisons have
been obtained by averaging the results of 30 simulation runs,
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Fig. 3. Hypothesis testing distribution using the K-S Goodness-of-Fit test
for the N∗Nakagami to approximate the lognormal distribution with 5%
significance level.

each for at least104 samples. The performance results of Fig. 3
show that form ≤ 2 and N < 30, H0 is rejected with 95%
significance although the distribution is clearly converging
towards the lognormal distribution with increasingN , which
agrees with the observations made in [15], [17]. However, as
m and/orN increase,Y converges for relatively low values
of N towards the lognormal distribution. For example, when
m ≥ 10 andN ≥ 7, H0 is accepted with 95% significance.

V. CONCLUSIONS

A novel distribution, referred to asN∗Nakagami, con-
structed as the product ofN statistically independent (but
not necessarily identically distributed) Nakagami RVs, was
introduced and analyzed. Basing on this generic distribution,
a number of open research problems have been addressed.
Firstly, it was used for performance studies of digital com-
munication systems employing various families of modulation
schemes operating over theN∗Nakagami fading channel
model. Secondly, by performing K-S tests, a quantification
of the convergence rate of the CLT demonstrated that even for
smallN , the proposed distribution accurately approximates the
lognormal distribution and that interestingly, the convergence
rate increases with an increase ofm. It would be interesting to
conduct experimental channel measurements which can verify
the suitability of the proposedN∗Nakagami distribution to
indeed model realistic wireless fading channels.
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APPENDIX

Let z > 0, {ai}p
i=1, {bj}q

j=1 arbitrary real number, and
m, n, p, and q arbitrary positive integers. Forz → 0, the
following asymptotic expansion of the Meijer’s G-function
[30, eq. (07.34.06.0006.01)]

G p,q
m,n

[

z
∣

∣

∣

a1,...,an, an+1,...,ap

b1,...,bm, bm+1,...,bq

]

=

m
∑

k=1

m
∏

j=1
j 6=k

Γ (bj − bk)
n
∏

j=1

Γ (1 − aj + bk)

p
∏

j=n+1

Γ (aj − bk)
q
∏

j=m+1

Γ (1 − bj + bk)

zbk

(A.1)

holds, where the arguments in Gamma functions must not be
negative integers.

REFERENCES

[1] G. L. Stüber,Mobile Communication, 2nd ed. USA: Kluwer, 2003.
[2] L. J. Greenstein, J. B. Andersen, H. L. Bertoni, S. Kozono, D. G.

Michelson, and W. H. Tranter, “Channel and propagation models for
wireless systems design,”IEEE J. Select. Areas Commun., vol. 20, no. 3,
pp. 493–495, Apr. 2002.

[3] S. O. Rice, “Statistical properties of a sine wave plus random noise,”
Bell Syst. J., vol. 27, pp. 109–157, Jan. 1948.

[4] R. S. Hoyt, “Probability functions for the modulus and angle of the
normal complex variate,”Bell Syst. J., vol. 26, pp. 318–359, Apr. 1947.

[5] M. Nakagami, “Them-distribution - A general formula of intensity
distribution of rapid fading,” inStatistical Methods in Radio Wave
Propagation, W. G. Hoffman, Ed. Oxford, UK: Permagon Press, 1960,
pp. 3–36.

[6] F. Babich and G. Lombardi, “Statistical analysis and characterization of
the indoor propagation channel,”IEEE Trans. Commun., vol. 48, no. 3,
pp. 455–464, Mar. 2000.

[7] M. A. Taneda, J. Takada, and K. Araki, “A new approach to fading:
Weibull model,” in Proc. IEEE International Symposium on Personal,
Indoor, and Mobile Radio Communications, Osaka, Japan, Sept. 1999,
pp. 711–715.

[8] N. C. Sagias and G. K. Karagiannidis, “Gaussian class multivariate
Weibull distributions: Theory and applications in fading channels,”IEEE
Trans. Inform. Theory, vol. 51, no. 10, pp. 3608–3619, Oct. 2005.

[9] K. Yao, Spherically Invariant Random Processes: Theory and Applica-
tions. Norwell, MA: Kluwer, Jan. 2003, vol. 27.

[10] G. L. Turin, F. D. Clapp, T. L. Johnston, S. B. Fine, and D.Lavry,
“A statistical model of urban multipath propagation,”IEEE Trans. Veh.
Technol., vol. VT-21, p. 19, Feb. 1972.

[11] F. Hansen and F. I. Meno, “Mobile fading-Rayleigh and lognormal
superimposed,”IEEE Trans. Veh. Technol., vol. VT-26, pp. 332–335,
Nov. 1977.

[12] H. Suzuki, “A statistical model of urban multipath propagation,” IEEE
Trans. Commun., vol. COM-25, pp. 673–680, 1977.

[13] F. Vatalaro and G. E. Corazza, “Probability of error andoutage in a Rice-
lognormal channel for terrestrial and satellite personal communications,”
IEEE Trans. Commun., vol. 44, no. 8, pp. 921–924, Aug. 1996.

[14] M. K. Simon and M.-S. Alouini,Digital Communication over Fading
Channels, 2nd ed. New York: Wiley, 2004.

[15] J. B. Andersen, “Statistical distributions in mobile communications using
multiple scattering,” inProc. General Assembly of the International
Union of Radio Science, Maastricht, The Netherlands, Aug. 2002.

[16] V. Erceg, S. J. Fortune, J. Ling, A. Rustako, and R. Valenzuela,
“Comparisons of a computer-based propagation prediction tool with
experimental data collected in urban microcellular environments,” IEEE
J. Select. Areas Commun., vol. 15, no. 4, pp. 677–684, May 1997.

[17] A. J. Coulson, A. G. Williamson, and R. G. Vaughan, “A statistical
basis for lognormal shadowing effects in multipath fading channels,”
IEEE Trans. Commun., vol. 46, no. 4, pp. 494–502, Apr. 1998.

[18] D. Chizhik, G. J. Foschini, and R. A. Valenzuela, “Capacities of multi-
element transmit and receive antennas: Correlations and keyholes,”
Electon. Lett., vol. 36, no. 13, pp. 1099–1100, June 2000.

[19] D. Chizhik, G. J. Foschini, M. J. Gans, and R. A. Valenzuela, “Keyholes,
correlations, and capacities of multielement transmit and receive anten-
nas,” IEEE Trans. Wireless Commun., vol. 1, no. 2, pp. 361–368, Apr.
2002.

[20] H. Shin and J. H. Lee, “Performance analysis of space-timeblock codes
over keyhole Nakagami-m fading channels,”IEEE Trans. Veh. Technol.,
vol. 53, no. 2, pp. 351–362, Mar. 2004.

[21] V. A. Aalo, T. Piboongungon, and C.-D. Iskander, “Bit-error rate
of binary digital modulation schemes in generalized gamma fading
channels,”IEEE Commun. Lett., vol. 9, no. 2, pp. 139–141, Feb. 2005.

[22] I. S. Gradshteyn and I. M. Ryzhik,Table of Integrals, Series, and
Products, 6th ed. New York: Academic, 2000.

[23] G. K. Karagiannidis, T. A. Tsiftsis, and R. K. Mallik, “Bounds of
multihop relayed communications in Nakagami-m fading,” IEEE Trans.
Commun., vol. 54, no. 1, pp. 18–22, Jan. 2006.

[24] A. P. Prudnikov, Y. A. Brychkov, and O. I. Marichev,Integral and Series.
Vol. 5: Inverse Laplace Transforms, 5th ed. London: Gordon and Breach
Sc. Publ., 1992, vol. 5.

[25] V. S. Adamchik and O. I. Marichev, “The algorithm for calculating in-
tegrals of hypergeometric type functions and its realization in REDUCE
system,” inProc. International Conference on Symbolic and Algebraic
Computation, Tokyo, Japan, 1990, pp. 212–224.

[26] A. P. Prudnikov, Y. A. Brychkov, and O. I. Marichev,Integral and Series.
Vol. 3: More Special Functions. New York: Gordon and Breach Sc.
Publ., 1989, vol. 3.

[27] M. Z. Win, G. Chrisikos, and J. H. Winters, “MRC performance for
M -ary modulation in arbitrarily correlated Nakagami fading channels,”
IEEE Commun. Lett., vol. 4, no. 10, pp. 301–303, Oct. 2000.

[28] A. Papoulis,Probability, Random Variables, and Stochastic Processes,
3rd ed. McGraw-Hill, 1991.

[29] W. H. Press, S. A. Teukolsky, W. T. Vetterling, and B. P. Flannery,
Numerical Recipes in C, 2nd ed. New York: Cambridge University
Press, 1997.

[30] Wolfram. (2006) The Wolfram functions site. Internet. [Online].
Available: http://functions.wolfram.com/


