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On the Performance of Transmit Antenna Selection
Based on Shadowing Side Information★

Ahmet Yılmaz, Ferkan Yılmaz, Mohamed-Slim Alouini and Oğuz Kucur

Abstract—In this paper, a transmit antenna selection scheme,
which is based on shadowing side information, is investigated.
In this scheme, the selected single transmit antenna provides the
highest shadowing coefficient between transmitter and receiver.
By the proposed technique, the frequency of the usage of the
feedback channel from the receiver to the transmitter and also
channel estimation complexity at the receiver can be reduced.
We study the performance of our proposed technique and in
the analysis, we consider an independent but not identically
distributed Generalized-K composite fading model. More specifi-
cally exact and closed-form expressions for the outage probability,
the moment generating function, the moments of signal-to-noise
ratio, and the average symbol error probability are derived.
In addition, asymptotic outage probability and symbol error
probability expressions are also presented in order to investigate
the diversity order and the array gain. Finally, our theoretical
performance results are validated by Monte Carlo simulations.

Index Terms—Transmit antenna selection, shadowing, compos-
ite fading channels, Generalized-K, diversity order.

I. I NTRODUCTION

SIGNIFICANT improvement can be obtained in the perfor-
mance of wireless communication systems when multiple

antennas are used at the transmitter side [1], [2]. However,the
employment of multiple antennas at transmitter increases the
cost, complexity, and power consumption due to the increase
in the number of required radio frequency (RF) chains [3], [4].
Transmit antenna selection (TAS) reduces the number of RF
chains and also the cost, complexity, and power consumption
since it relies on a single transmitter structure [3], [4]. In single
TAS, a transmit antenna providing the highest instantaneous
signal-to-noise ratio (SNR) at the receiver is selected andthe
selected antenna index is sent by the receiver to the transmitter
over a feedback channel.

Because of the advantages, TAS has attracted great interest
and has been for example studied in [5]–[10] for different
receiver combining techniques. For instance, in [5]–[7], the
performance of TAS has been investigated for Rayleigh fading
channels. In [8], [9] and [10], the authors have studied the
performance of TAS in Nakagami-m fading, considering the
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independent identically distributed (i.i.d.) and independent but
not identically distributed (i.n.d.) cases, respectively.

It should be noted that, in [5]–[10], the performance of the
TAS scheme has been studied for a channel model including
small-scale fading only. Moreover, in [5]–[10], the studied
TAS scheme requires continuous estimation of the channel
state information (CSI) coefficients of the branches at the
receiver. These CSI coefficients and thus the index of the se-
lected antenna change rapidly and as such a high rate feedback
channel is required. This is typically an undesired situation
because feedback channels have often low transmission rates
and their numbers are limited.

In this work, we focus on a single transmit antenna selection
method which is based on shadowing side information (SSI)
[11]. Since SSI changes slowly as compared to CSI, by
using TAS based on SSI the frequency of the usage of the
feedback channel and the channel estimation complexity at
the receiver can be reduced. In CSI based TAS, the receiver
has to estimate the CSI of all transmit antennas in order to
select the transmit antenna. On the other hand in the proposed
technique, TAS is done based on SSI, and receiver has to
estimate the CSI of only selected transmit antenna in order
to use in maximum likelihood detection. This leads to a
simpler receiver design. This technique can be used for the
system involving multiple antenna transmitters which havea
single RF chain. In addition, this technique can also be used
in distributed transmit antenna systems in which a mobile
station selects the best base station/access point [10]. Besides,
the next generation wireless communications systems require
higher data rate, which can be provided using millimeter wave
communications (60 GHz and beyond). In higher frequency
bands, shadowing effect comes into prominence [12], [13].
In addition, in these high frequency bands, CSI varies very
fast and TAS based on instantaneous CSI becomes useless
because the selected antenna index varies very fast. In this
context, we analyze the performance of TAS based on SSI
scheme in i.n.d. Generalized-K fading channels. Generalized-
K composite fading model [14], [15] is a generalization of
theK distribution [16], [17].

The remainder of the paper is organized as follows. The
system and channel models are described in Section II. In
Section III, the outage probability, moments and moment
generating function (MGF) and some symbol error probability
(SEP) expressions are derived. In addition, asymptotical out-
age probability and SEP expressions are found to obtain the
diversity order and the array gain of the TAS based on SSI.
Next, numerical and simulation results are given in Section
IV. Finally, conclusions are drawn in Section V.

http://arxiv.org/abs/1209.4065v2
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II. SYSTEM AND CHANNEL MODELS

We consider a wireless communication system in which the
transmitter is equipped withL antennas and the receiver is
equipped with a single antenna. The links between the transmit
antennas and the receiver are affected by ani.n.d. generalized-
K composite fading. The receiver selects a single transmit
antenna which provides the highest shadowing coefficient
between the transmitter and receiver. The index of the selected
transmit antenna is then sent by the receiver to the transmitter.
In our analysis, we assume an error/delay free feedback
channel.

Assuming that therth transmit antenna is selected the
conditional received SNR can be expressed as

γend,r = (Es/N0)h
2
r max
1≤ℓ≤L

{g2ℓ} = αmaxβr, (1)

whereEs is average energy per symbol,N0 is one-sided power
spectral density of the additive white Gaussian noise,hr is the
fading coefficient between the selected antenna and receiver
andgℓ, ℓ = 1, 2, . . . , L are the shadowing coefficients between
transmit antennas and receiver. In (1)βr = h2r, αmax =
max1≤ℓ≤L {αℓ}, and αℓ =

(

g2ℓEs/N0

)

, ℓ = 1, 2, . . . , L.
Since we assumegℓs andhℓs arei.n.d. Nakagami-m random
variables,αℓs and βℓs are Gamma random variables with
the parametersmα,ℓ andmβ,ℓ, E [αℓ] = E

[

g2ℓ
]

(Es/N0) =
(ΩℓEs/N0)

1. Without any loss of generality we assume that
E [βℓ] = 1.

III. PERFORMANCEANALYSIS

A. Outage Probability

Outage probability (Pout) is defined as the probability that
the received SNR (γend), falls below a certain threshold value
(γth) [18]. We can writePout = Fγend

(γth), whereFγend
(·)

is cumulative distribution function (CDF) of received SNR.

Theorem 1. When the rth antenna is selected, the CDF of
received SNR can be expressed as

Fγ
end,r

(x) = 1 +
2

Γ (mβ,r)
→
∑

κn,k

√

(xmβ,r)mβ,r+An,k

B
An,k−mβ,r
n

×Kmβ,r−An,k

(

2
√

xBnmβ,r

)

, (2)

where

κn,k =

L
∏

ℓ=1

(−1)nℓm
nℓ(kℓ+1)−1
α,ℓ

(γ̄kℓℓ kℓ!)
nℓ

,

Bn =

L
∑

ℓ=1

nℓ
mα,ℓ

γ̄ℓ
, An,k =

L
∑

ℓ=1

kℓnℓ. (3)

Proof: Proof of Theorem 1 is given in Appendix A.
In (2), γ̄ℓ = E [αℓ], Γ(·) is the Gamma function [19, Eq.

(8.310.1)] andKv(·) is thevth order modified Bessel function
of second kind [19, Eq.(8.407.1)]. As a short hand notation,

the following notation:→
∑

≡
∑

n∈θL

mα,1−1
∑

k1=0

· · ·
mα,L−1
∑

kL=0

, is used

in (2) and will be used from now on.

1In this paper,E [·] denotes the expectation operator.

The outage probability of the received SNR for any selected
antenna can be obtained by averaging (2) over antenna selec-
tion probabilities yielding

Fγ
end

(x) =

L
∑

r=1

PrFγ
end,r

(x), (4)

wherePr is the probability ofrth antenna selection. If the
rth antenna is selected, the shadowing coefficient of therth

antenna is the largest among all other coefficients. LetX =
X1, X2, . . . , XL−1 be the set of shadowing coefficients except
the selected one (αmax) which is bigger than the maximum
of X . As such, we can write the following equation forPr

Pr = P (max{X1, X2, . . . , XL−1} ≤ Xmax|αr)

=

∫ ∞

0

FX,max(x)fα,r(x)dx, (5)

whereFX,max(·) is the CDF of the maximum ofL−1 Gamma
random variables. Substituting (A.7) withL−1 andfα,r(x) =
(mα,r/Ωα,r)

mα,rxmα,r−1 exp(−xmα,r/Ωα,r)/Γ(mα,r) into
(5), and using [19, Eq.(3.326)] we obtain after some manipu-
lations

Pr =
1

Γ(mα,r)

(

mα,r

Ωα,r

)mα,r
∑

n∈θL−1

mα,1−1
∑

k1=0

· · ·
mα,L−1−1

∑

kL−1=0

× κn,kΓ (An,k +mα,r)

(Bn +mα,r/Ωα,r)
An,k+mα,r

. (6)

B. Moments of the Received SNR

By using the first two moments of the received SNR, impor-
tant performance measures such as average received SNR and
the amount of fading (AF) can be obtained. AF is defined as
AFγend

=
(

Eγend
[x2]− (Eγend

[x])
2
)

/ (Eγend
[x])

2 [18]. The
pth order moment of the received SNR can be derived by
following integralEγend

[xp] = p
∫∞
0 xp−1 [1− Fγend

(x)] dx.
If (4) is substituted and [19, Eq.(7.811.4)] is used, we obtain
the following closed-form expression for the moments

Eγend
[xp] = −p

L
∑

r=1

→
∑

Prκn,kΓ
(

p+mβ,r +
An,k

2

)

Γ (mβ,r)

× Γ
(

p+An,k +
mβ,r

2

)

√

m
An,k+mβ,r+2p
β,r B

2An,k+mβ,r+2p
n

. (7)

C. Moment Generating Function

The MGF is a well known tool to obtain perfor-
mance of wireless communication systems [18]. The MGF
can be derived by using the CDF asMγ

end
(s) =

s
∫∞
0 e−sxFγ

end
(x)dx. By substituting the CDF given in (4)

and using [19, Eq.(6.643.3)], the following closed-form ex-
pression is obtained for the MGF

Mγ
end

(s) = 1 +

L
∑

r=1

→
∑ 2Prκn,kmβ,rΓ (An,k + 1)

√

e−µ/µmβ,r+An,k−1B
An,k
n

×
W−mβ,r+An,k+1

2
,
mβ,r−An,k

2

(µ)

Γ (mβ,r)
, (8)
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where µ = Bnmβ,r/s and Wa,b(·) is the Whittaker-W
function which is defined in [19, Eq.(9.222)].

D. Symbol Error Probability

By using the MGF based approach, the performance of
a wide variety of modulations can be expressed in a single
integral representation [18]. However, in this section we give
closed-form SEP expressions for modulations which have a
conditional SEP in the form

Ps = Eγend

[

aQ
(

√

2bγend

)]

, (9)

whereQ(·) is the GaussianQ-function defined by [18, Eq.
(4.1)], and the coefficientsa andb are modulation dependent
constants. (9) provides the exact SEP results for binary phase
shift keying (BPSK) (a = 1, b = 1), orthogonal binary
frequency shift keying (a = 1, b = 0.5), andM -ary pulse
amplitude modulation [a = 2(M − 1)/M , b = 3/(M2 − 1)].
Moreover, (9) provides approximate SEP results forM -PSK
[a = 2, b = sin2 (π/M)] and rectangularM -ary quadrature
amplitude modulation [a = 4−4/

√
M , b = 1.5/(M−1)] [22].

When (9) is rewritten in terms of CDF, the following SEP is
obtainedPs = a

√
b

2
√
π

∫∞
0

e−bx
√
x
Fγend

(x)dx, by substituting the
CDF given in (4) and then using [19, Eq.(6.643.3)], a closed-
form expression for the SEP is obtained as

Ps =
a

2
+

L
∑

r=1

→
∑ Praκn,kΓ

(

An,k +
1
2

)

Γ
(

mβ,r +
1
2

)

2B
An,k
n Γ (mβ,r)

√

πe−ξ/ξmβ,r+An,k−1

×W−mβ,r+An,k
2

,
mβ,r−An,k

2

(ξ) , (10)

whereξ = Bnmβ,r/b.

E. Asymptotical Performance Analysis

The analytical performance expressions derived in previous
sections do not reveal any information about the diversity
order of the network. Therefore, in order to provide further
insight on our performance analysis and obtain the diversity
order of the TAS scheme based on SSI, we use the high
SNR approximation technique presented in [23] to derive
asymptotical outage probability and SEP expressions.

Theorem 2. The outage probability of the TAS scheme based
on SSI can asymptotically be expressed as:

Pout ≈ (ζ/d) (γth/γ̄)
d
+O

(

γ̄−d
)

(11)

where γ̄ = κ1γ̄1 = κ2γ̄2 = · · · = κLγ̄L, κℓ, ℓ = 1, . . . , L, are
positive constants and d = min (dα, dβ), dα =

∑L
ℓ=1mα,ℓ,

dβ = min1≤r≤L (mβ,r). In (11), ζ is given as follows:

ζ =



















































L
∑

j=1

PβZLΓ (∆d) (κj)
∆d

Γ (dβ) d
−dβ
β (mα,j)

∆d−1
, dα > dβ ,

L
∑

j=1

mα,jZL ln

(

γ̄jψd
−1

β

xmα,j

)

d−dαβ Γ (dβ) /Pβ
, dα = dβ , (12)

PβLZLΓ (−∆d) (dβ)
dα

Γ (dβ)
, dα < dβ ,

where ∆d = dα − dβ , ψ denotes Euler’s constant [24, Eq.
(1.7.7)], ZL =

∏L
ℓ=1

(mα,ℓ/κℓ)
mα,ℓ

Γ(mα,ℓ+1) and Pβ is the selection
probability of the antenna whose instantaneous SNR distribu-
tion has the smallest mβ,r.

Asymptotic SEP expression of TAS based on SSI for the
modulations, which have a conditional SEP given in (9), can
also be obtained as

Ps ≈ 2d−1aζΓ (d+ 1/2)
(

d
√
π
)−1

(2bγ̄)
−d

+O
(

γ̄−d
)

(13)

Proof: The proof of Theorem 2 is given in Appendix B.

Since SEP is obtained asymptotically asPs ≈ (Gaγ̄)
−Gd ,

whereGa andGd denote array gain and diversity gain (order),
respectively, we can deduce the array gain expression asGa =

2b
(

2d−1aζΓ (d+ 1/2)/(d
√
π)
)−1/d

, and the diversity order
expression as

Gd = min {dα, dβ} . (14)

IV. N UMERICAL RESULTS

In this section, we give some numerical results investigating
the performance of TAS based on SSI. Numerical results,
which are obtained based on our theoretical results are sup-
ported by Monte Carlo simulations, in whichN repeated
random experiments based on the system model are executed
and then the number of occurrences of the interested event is
counted and divided byN , which gives the estimation for
the probability of the interested event. In this work,N is
taken to be 20 million. In the numerical results,mα = 1 and
mα = 3 are used for heavy shadowing and light shadowing
cases, respectively [25].

Figure 1 depicts the outage probability performance of the
TAS scheme based on SSI for different number of antennas,
i.i.d. channels andmα,ℓ = mα & mβ,ℓ = mβ , ℓ =
1, 2, . . . , L. In Figure 1, the curve withL = 1 shows the outage
probability performance of single transmit antenna system. As
seen in Figure 1, as the number of antennas at the transmitter
increases outage probability performance of the system also
increases. Moreover, formα = mβ = 1, the outage probability
performances of the TAS scheme based on SSI forL = 2,
L = 3 andL = 4 are 9 dB, 11 dB and12 dB better than
that of L = 1 case atPout = 10−4, respectively. Since
in TAS based on SSI, the transmit antenna is selected with
respect to shadowing coefficients, the fading coefficient ofthe
selected antenna ends up being assigned randomly. Therefore,
the presented result in Figure 1, illustrates performance of
the systems limited (determined) by statistical properties of
fading coefficients. Since

∑L
ℓ=1mα,ℓ ≥ min1≤r≤L (mβ,r),

the negative slopes of the curves (i.e., diversity orders) for TAS
based on SSI curves are the same as the curve forL = 1. This
means that only an array gain can be obtained in this case. The
performance improvement of the TAS based on SSI is much
more in heavy shadowing case. Since the antenna selection
is done based on shadowing coefficient, TAS based on SSI
provides more gain when the channel has severe shadowing.
Also as seen in Figure 1, the analytical and simulation results
are in perfect agreement.
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Fig. 1. Outage probability results for TAS based on shadowing for different
number of antennas andi.i.d. channels.

In Figure 2, SEP performance results of TAS based on
SSI are presented for BPSK modulation, different number of
antennas andi.i.d. channelsmα,ℓ = mα = 1 & mβ,ℓ =
mβ = 4, ℓ = 1, 2, . . . , L. As shown in Figure 2, TAS scheme
based on SSI not only provides an array gain as in the cases
presented in Figure 1 but also provides a certain diversity gain.
For the presented results since shadowing coefficients (with
mα,ℓ = mα = 1, ℓ = 1, 2, . . . , L) dominate fading coefficients
(with mβ,ℓ = mβ = 4, ℓ = 1, 2, . . . , L), then performance
of the system is limited by the shadowing coefficients and
by selecting transmit antenna based on shadowing coefficients
(i.e., SSI) diversity gain can be obtained. For the presented
results, diversity order of the system is equal to2, 3 and4 for
L = 2, L = 3 andL = 4, respectively. Moreover, negative
slopes of the exact curves and asymptotical curves are very
compatible especially in the high SNR regime.

Figure 3 presents SEP performance of BPSK modulation
over i.n.d. channels, forL = 3, mα = {mα,1,mα,2,mα,3} =
{1, 1, 1}, mβ = {mβ,1,mβ,2,mβ,3} = {2, 3, 1} andL = 2,
mα = {mα,1,mα,2} = {3, 2}, mβ = {mβ,1,mβ,2} = {2, 3}.
In Figure 3, we compare TAS based on SSI to random
TAS without shadowing where single transmit antenna is
selected randomly and shadowing effect is ignored. As seen
in Figure 3, SEP performance of TAS based on SSI is slightly
better or worse than that of random TAS without shadowing.
This means that by using TAS based on SSI, the shadowing
effects on the transmitted signal are eliminated or enlightened.
Moreover, it is clearly seen that the diversity orders of the
curves are as given in (14).

In Figure 4, the SEP performance results are presented in the
presence of correlation between shadowing coefficients In the
simulations, power correlation model is used [18]. According
to results as the correlation increases between shadowing
coefficients the gain coming along with TAS based on SSI
reduces.
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Fig. 2. SEP results for TAS based on shadowing for different number of
antennas,i.i.d. channels and BPSK modulation.

0 10 20 30 40 50 60
10

-7

10
-6

10
-5

10
-4

10
-3

10
-2

10
-1

10
0

Average SNR per branch [dB]

S
E

P

TAS based on Shadowing,

(Asymptotic)

TAS based on Shadowing,

(Exact)

TAS based on Shadowing,

(Simulation)

Random TAS w/o Shadowing,

(Simulation)

L = 2,
m
 
 = {3,2},

m
!
 = {2,3}

L = 3,
m
 
 = {1,1,1},

m
!
 = {2,3,1}

3

( )

Fig. 3. SEP results for TAS based on shadowing for different number of
antennas,i.n.d. channels and BPSK modulation.

Figure 5 illustrates the impact of the feedback error on
the SEP performance of the TAS based on SSI for different
channel conditions and probability of feedback error (pe). In
order to simulate the feedback error case we use the same
feedback channel model described in [26], [27]. In this model,
index of the selected antenna is sent by using binary digits and
antenna index requiresk = ⌈log2(L)⌉ bits, whereL is the
number of transmit antennas and⌈x⌉ denotes nearest integer
which is greater than or equal tox. The feedback channel
is modeled as binary symmetric channel; thus probability of
feedback error (pe) is the same for each feedback bit. Index
of the selected antenna is received correctly and incorrectly
with the probabilityPcf = (1 − pe)

k and Pef = 1 − Pcf ,
respectively. According to results in Figure 5, in the presence
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Fig. 4. Impact of the correlation between shadowing coefficients on the
performance of the TAS based on SSI for different fading parameters and
different correlation coefficients.

of feedback error performance of the TAS based on SSI de-
grades. However, as the probability of feedback error reduces
performance of the system improves.
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Fig. 5. Impact of the feedback error on the performance of theTAS based on
SSI for different fading and shadowing parameters and different probability
of feedback errors and BPSK modulation.

V. CONCLUSIONS

In this work, a new transmit antenna selection scheme has
been proposed. In this scheme, a single transmit antenna is se-
lected based on the shadowing side information. Exact closed-
form outage probability, moments, MGF and SEP expressions
have been derived for the generalized-K fading composite
channel model. In addition, the diversity order and array gain
of the system have been obtained by deriving asymptotical

outage probability and SEP expressions. According to the
obtained results, as the number of antennas increases, the
performance of the TAS based on SSI improves and the
shadowing effect on transmitted signal can be eliminated. In
addition, the diversity order of the system is equal to minimum
of sum of shadowing parameters (mα,ℓ, ℓ = 1, 2, . . . , L) and
minimum of fading parameters (mβ,ℓ, ℓ = 1, 2, . . . , L).

APPENDIX A

Proof of Theorem 1: The CDF of the conditional received
SNR given in (1) can be obtained as follows

Fγend,r
(x) =

∫ ∞

0

Fβ,r (x|u) fα,max(u)du, (A.1)

where Fβ,r (x|u) is the conditional CDF of SNR
for the rth branch which is given byFβ,r (x|u) =
γ (mβ,r, xmβ,r/u) /Γ (mβ,r), where γ(·, ·) is the lower
incomplete Gamma function [19, Eq. (8.350.1)]. Besides, by
using [21, Eq.(07.34.03.0088.01)] and [19, Eq.(9.31.5)],it
can also be expressed in terms of the Meijer-G function [19,
Eq.(9.301)] as

Fβ,r (x|u) = 1−
G0,2

2,1

[

u
xmβ,r

∣

∣

1, 1−mβ,r

0

]

Γ(mβ,r)
. (A.2)

In (A.1), fα,max(·) is PDF of αmax. Since theαℓs have a
Gamma distribution, their CDF is expressed asFα,ℓ(x) =
γ (mα,ℓ, xmα,ℓ/γ̄ℓ) /Γ (mα,ℓ). By using the property of the
lower incomplete Gamma function given in [19, Eq. (8.352.6)],
Fα,ℓ (x) can be expressed as

Fα,ℓ (x) = 1− e
−xmα,ℓ

γ̄ℓ

mα,ℓ−1
∑

k=0

1

k!

(

x
mα,ℓ

γ̄ℓ

)k

, (A.3)

when themα,ℓs are restricted to be integer values. Sinceαmax
is the highest one amongαℓ, ℓ = 1, 2, . . . , L, we can write
the CDF ofαmax in terms of CDFs ofαℓs as,Fα,max(x) =
∏L
l=1 Fα,ℓ(x) [20]. If (A.3) is substituted we obtain

Fα,max (x) =

L
∏

ℓ=1







1− e
−

xmα,ℓ
γ̄ℓ

mα,ℓ−1
∑

kℓ=0

(xmα,ℓ)
kℓ

γ̄kℓℓ kℓ!







.

(A.4)

Lemma. Let gℓ (x) be an arbitrary function, θL is the set of
binary numbers whose lengths are L and nℓ is the ℓth element
of binary number n. Note that one can show that the following
equation is valid

L
∏

ℓ=1

{1− gℓ (x)} =
∑

n∈θL

L
∏

ℓ=1

(−1)
nℓ [gℓ (x)]

nℓ . (A.5)

Proof of Lemma: In order to prove the Lemma, we give
some illustrative examples. Letxl be an arbitrary variable or
arbitrary function, we can write following equation:

2
∏

ℓ=1

(1− xℓ) = (1− x1) (1− x2)

= x01x
0
2 − x01x

1
2 − x11x

0
2 + x11x

1
2.
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In general, one can show that powers ofxℓs are the binary
numbers and they are elements of the set including binary
numbers whose lengths are upper limit of production. More-
over, signs of the terms are minus or plus when sum of the
powers is an odd number or even number, respectively. In this
way we can write a general expression as given in (A.5) for
the product given in (A.4).

By using our novel representation given in Lemma above
we can expressFα,max (x) as

Fα,max (x) =
∑

n∈θL

L
∏

ℓ=1



−e−
xmα,ℓ

γ̄ℓ

mα,ℓ−1
∑

kℓ=0

(xmα,ℓ)
kℓ

γ̄kℓℓ kℓ!





nℓ

(A.6)
Sincenℓ ∈ {0, 1}, (A.6) can be expressed as

Fα,max (x) = →
∑

κn,ke
−xBnxAn,k , (A.7)

whereκn,k, Bn andAn,k are as given in (3). The PDF of
maximum ofi.n.d. Gamma random variables can be obtained
by taking the derivative of (A.7), and can be written as
fα,max(x) = →∑κn,ke

−xBnxAn,k−1 (An,k − xBn) and can
also be expressed by using [21, Eq.(07.34.03.0228.01) and
Eq.(07.34.20.0001.01)] in terms of the Meijer-G function as

fα,max(x) = →
∑ κn,k

B
An,k−1
n

G1,2
1,1

[

xBn

∣

∣

∣

∣

−1

An,k − 1, 0

]

. (A.8)

Using properties of the Meijer-G function given by [19, Eq.
(7.811.1) and Eq. (9.31.1)],Fγend,r

(x) in (A.1) can be derived
as

Fγend,r
(x) = 1−→

∑
κn,kG

2,0
0,2

[

xBnmβ,r

∣

∣

∣

−
mβ,r, An,k

]

Γ(mβ,r)B
An,k
n

.

(A.9)
Using [19, Eq.(9.31.1) and Eq.(9.34.3)], the Meijer-G function
in (A.9) reduces to a modified Bessel function of second kind,
and thenFγend,r

(x) can be written as given in (2).

APPENDIX B

Proof of Theorem 2: Using the proposed method in [23]
to obtain asymptotic outage probability and SEP expressions
as given in (11) and (13), respectively, we have first to express
the PDF of the received SNR asfγend

(x) ≈ ζ (x/γ̄)d +
O
(

γ̄−d
)

. The PDF of received SNR can be obtained as

fγend
(x) =

L
∑

r=1

∫ ∞

0

fβ,r (x|u) fα,max(u)du, (B.1)

where

fβ,r(x|u) =
(mβ,r

u

)mβ,r xmβ,r−1

Γ (mβ,r)
e−x

mβ,r
u , (B.2)

and

fα,max(x) =

L
∑

j=1

fα,j(x)

L
∏

ℓ=1
ℓ 6=j

Fα,ℓ(x). (B.3)

We can asymptotically express theFα,ℓ(x) by using the
property of lower incomplete gamma function given by [24,
Eq. (45:9:1)] asFα,ℓ(x) ≈ (xmα,ℓ/γ̄ℓ)

mα,ℓ /Γ (mα,ℓ + 1).

If we substitute approximateFα,ℓ(x) expression into (B.3)

together with fα,j(x) =
(

mα,j

γ̄j

)mα,j
xmα,j−1

Γ(mα,j)
e
−xmα,j

γ̄j , we
obtain after some manipulation

fα,max(x) ≈ ZLx
−1+dα

L
∑

j=1

mα,je
−xmα,j/γ̄j . (B.4)

If (B.2) and (B.4) are substituted into (B.1) then by the help
of [20, Eq. (3.471.9)] and after some manipulatons we obtain

fγend
(x) ≈

L
∑

r=1

L
∑

j=1

√

(xmβ,r)
dα+mβ,r (mα,j/γ̄j)

mβ,r−dα

xΓ (mβ,r) /(2PrZL)

×mα,jKdα−mβ,r

(
√

xmα,jmβ,r

γ̄j/4

)

. (B.5)

By using the asymptotic properties of the modified Bessel
function of second kind given in [24, Sect. (50:9)], we can
express thefγend

(x) after several manipulationsfγend
(x) ≈

ζ (x/γ̄)d + O
(

γ̄−d
)

where d = min (dα, dβ) and ζ is as
given in (12). Consequently, we can write the asymptotic
outage probability and SEP expressions given by (11) and (13),
respectively.
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