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Abstract—In this paper, we examine the end-to-end average

pairwise error probability (PEP) and output probability (OP)

performance of the maximum ratio combining (MRC) based

selective decode and forward (S-DF) system over an ηηη–µµµ scat-

tering environment considering additive white Gaussian noise

(AWGN). The probability distribution function (PDF) and cu-

mulative distribution function (CDF) expressions have been

derived for the received signal-to-noise (SNR) ratio and the

moment generating function (MGF) technique is used to de-

rive the novel closed-form (CF) average PEP and OP expres-

sions. The analytical results have been further simplified and

are presented in terms of the Lauricella function for coherent

complex modulation schemes. The asymptotic PEP expres-

sions are also derived in terms of the Lauricella function, and

a convex optimization (CO) framework has been developed for

obtaining optimal power allocation (OPA) factors. Through

simulations, it is also proven that, depending on the num-

ber of multi-path clusters and the modulation scheme used,

the optimized power allocation system was essentially inde-

pendent of the power relation scattered waves from the source

node (SN) to the destination node (DN). The graphs show that

asymptotic and accurate formulations are closely matched for

moderate and high SNR regimes. PEP performance signifi-

cantly improves with an increase in the value of ηηη for a fixed

value of µµµ . The analytical and simulation curves are in close

agreement for medium-to-high SNR values.

Keywords—5G, MIMO, MRC, non-homogeneous fading chan-

nel, PEP, S-DF, SNR.

1. Introduction

With the explosive growth of cellular traffic, researchers are

increasingly interested in improving performance of wire-

less networks in real-time propagation conditions. There-

fore, they focus on the different systems, including mas-

sive multiple-input multiple-output (m-MIMO), device-to-

device (D2D) communication, spatial modulation (SM)

techniques, machine-to-machine (M2M) communication,

non-orthogonal multiple access (NOMA) systems, and co-

operative wireless communications over real-time propaga-

tion environments [1]–[4].

The use of multiple-input-multiple-output (MIMO) net-

works over multipath fading links can significantly increase

spectral efficiency (SE) and quality of service (QoS). How-

ever, installation of multiple antennas is not possible in the

case of some wireless devices. As a result, space time block

code (STBC) introduces the cooperative diversity (virtual

MIMO) approach to mitigate multipath fading and to in-

crease diversity gains (DGs). In a 1
2 transmit diversity sys-

tem, Alamouti suggested in [4] that orthogonal space-time

codes achieve DG levels that are comparable to those of

MRC systems.

The increasing popularity of smartphones and tablets has

recently accelerated the use of wireless local area networks

(LAN). This means that a dense network of access points

exists in apartments, buildings and public places, causing

signal interference and increasing the time needed to trans-

mit and receive data.

Cooperative communication is a very recent idea and stim-

ulates the emergence of popular modern wireless communi-

cation systems, especially those characterized by high data

rates or the fifth generation (5G) wireless communication

systems. In 5G and beyond 5G wireless communication

networks, cooperative communication schemes are seen as

a practicable technique to expand network coverage while

maintaining a high data rate [5]–[6]. Several developing

applications have been implemented, including M2M net-

works, D2D networks, wireless sensor networks (WSNs)

and vehicle-to-vehicle (V2V) 5G networks, to relay wire-

less networking. In a relaying network, the relay node

(RN) receives the signal from the SN, manipulates it by
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performing specific operations, e.g. some basic processing

operations or complex and advanced signal processing op-

erations that depend on the nature of the RN, and then it

relays or forwards this signal to the DN.

In cooperative communication, the networks are di-

vided into three popular categories: amplify-and-forward

(AF), decode-and-forward (DF), and compress-and-forward

(COF). The RNs decrypt incoming signals in DF systems

and then forward the decoded signals back to the next RN,

preventing noise spread. The AF protocol only amplifies

the signal that is later forwarded to the next node. COF

compresses, encodes and transmits received data to the

next-hop device. However, the main drawbacks of the DF

and AF approaches include noise amplification and erro-

neous signal propagation, respectively [7]–[8].

To fix the error propagation and noise amplification prob-

lem, the S-DF relaying protocol is considered in [9]–[11],

under various fading channel conditions. In the case of

S-DF relaying, the RN compares the threshold SNR with

instantaneous SNR. If the threshold SNR is greater than

instantaneous SNR, then the RN will remain idle. The au-

thors examined a MIMO-STBC S-DF cooperative network

under Rayleigh fading channel circumstances in [9]. The

performance of the system is examined for OPA and equal

power allocation (EPA) factors. The AF and S-DF pro-

tocols are compared, and the curves reveal that the S-DF

protocol performs significantly better than the AF protocol.

The line of sight (LOS) scenario was not considered in

the Rayleigh fading channel conditions. In the case of

wireless channels, both fast fading and shadowing, some-

times also known as small-scale fading and large-scale fad-

ing, have been observed. Statistical distributions, such

as Rayleigh, Nakagami-m, and Weibull, have been pro-

posed in the literature to characterize small-scale varia-

tions in the fading channel envelope [10]–[11]. The av-

erage PEP analysis of the MIMO-STBC S-DF relaying

network across the extended Nakagami-m fading channel

conditions was explored in [12]. Both LOS and non-line

of sight (NLOS) propagation scenarios were considered by

the authors. In [13], the authors examined the S-DF re-

laying technique under keyhole fading channel conditions.

Performance under keyhole Nakagami-m and Nakagami-m

fading channel circumstances is compared. Symbol error

rate (SER) performance under keyhole Nakagami-m fad-

ing channel conditions is worse than that under Nakagami-

m fading channel circumstances, as shown by the simula-

tion curves. However, whereas articles [10]–[13] looked

at MIMO-S-DF performance under frequency flat time-

invariant fading, in real-time propagation conditions, the

channel becomes frequency selective, owing to multipath

fading, and time selective due to movement between the

communicating nodes.

The authors of paper [14] examined PEP and OP perfor-

mance of the S-DF relaying protocol under time selective

fading channel circumstances. In their study, the authors

of [15]–[16] considered poor channel state information

(CSI) and calculated the OPA factors. The authors of [15]

examined OP and PEP performance of the MIMO STBC

S-DF relaying network under time selective Nakagami-m

fading channel circumstances, while accounting for poor

CSI and node mobility. The results demonstrate that when

node mobility increases, SER decreases considerably. The

authors of [16] obtained the OP expression of the MIMO

OSTBC and found the OPA factors under the time selec-

tive fading connections, while accounting for poor CSI. The

PDF of the sum of i.i.d. gamma RVs and CDF is obtained

and utilized for investigating performance of the coopera-

tive communication system. To acquire the OPA factors,

a mathematical framework is obtained. The results show

that SN mobility has a higher influence than DN mobil-

ity on the average OP performance. As a result, coop-

erative systems are limited by an asymptotic error floor

with a higher SNR value in other node mobility condi-

tions. Simulation results show that the only ideal approach

to distributing the power equally between the SN and RNs

is possible when the SR fading link is stronger than the RD

link.

However, none of those analyses considered non-homo-

geneous fading channel environments. Nonetheless, the

documented performance and OPA experiments were con-

ducted using Rician, Nakagami-m, and Nakagami-m fad-

ing channels. These fading channel models, as described

in [9]–[15], are based on the concept of homogeneous scat-

tering environments, which is not practical in most radio

propagation scenarios, because the surfaces in the major-

ity of spatial radio propagation environments are spatially

correlated, as proven by previous research. The η–µ dis-

tribution, a generalized fading model used to give an es-

pecially precise fitting to genuine measurement data while

also encompassing the well-known Rayleigh, Nakagami-m,

and Hoyt distributions as specific instances, was proposed

to solve this issue in [17]. The distribution was proven

to have properly accommodated small-scale variations in

the NLOS communication situations, where the two pa-

rameters designated η and µ are defined and valid for two

distinct forms which correspond to two physical models, as

described in paper [17]. In addition, work [18] gives the

PDF of the immediate SNR.

2. Related Work

In 5G networks, stochastic modeling and characterization

of the wireless fading channel have a significant impact

on bit error rate (BER) and OP performance. So, precise

channel modeling is necessary for identifying 5G commu-

nication protocols and techniques that are efficient and cost-

effective. However, the fading distributions described in the

literature fail to take into consideration non-linearity of the

medium.

Under non-homogeneous circumstances, such as α–µ ,

κ–µ , and η–µ , an exact OP calculation for diversity re-

ceivers was provided in [17]. Yacoub proposed η–µ fading

in [17] as a generalized distribution to describe diverse

fading situations. The η–µ distribution may also be used
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to represent non-LOS situations. For the study of wire-

less communication networks, several researchers utilize

the η–µ fading distribution. η–µ distribution also simu-

lates generalized fading, such as Nakagami-m fading.

The MRC approach was chosen as one of the diversity

receivers in [18], and a detailed performance study of the

L-branch system over η–µ fading channels considering im-

perfect CSI was presented. The authors have investigated

the OP and SER performance under α−µ fading chan-

nel scenarios, considering 4-quadrature amplitude modula-

tion (QAM) techniques. For mmWave fluctuating two-ray

fading links, an SER investigation was performed in [19].

In [20], the authors derived the CF expression of the av-

erage SER and BER for M-ary cross QAM symbols with

MRC diversity reception over i.i.d. η–µ fading links. Rect-

angular and cross QAM methods were also investigated in

a similar manner in [21]. In [22], the net throughput for

relaying users in a NOMA network over κ–µ shadowed

fading channels was analytically evaluated.

In [23], the authors investigated OP and SER for κ–µ
shadowing distribution, in an interference-limited scenario.

In [24], the authors studied spatial modulation techniques

over α–µ , κ–µ , and η–µ fading channel models. Using

non-homogeneous channel distributions, the research con-

ducted in [25]–[29] examined physical layer security and

secrecy capacities for various system models. In [25], the

authors examined secrecy capacity over κ–µ fading chan-

nels. In [26], the authors examine the secrecy capacity

performance over κ–µ fading connections for MIMO net-

works [26]. To significantly improve on the results of the

analysis performed in [26], a complete physical layer se-

curity study for MIMO networks was given in article [27],

under the η–µ and λ–µ fading scenarios.

As an alternative, in [28], the authors investigated secrecy

capacity for wireless communication networks under α–µ
fading conditions. As it was the case in [25]–[29], they also

examined physical layer security for a α–κ–µ and α–η–µ
fading scenarios, with SISO fading links. Three parameters

of the fading models were examined as well, namely α , η ,

µ or α , η , µ .

In papers [30]–[33], the authors examined AF, best re-

lay selection (BRS) DF, and cognitive AF (CAF) relaying

networks. In [30], the authors verified SER performance

of dual hop (DH) CAF relaying networks over η–µ fad-

ing channels. Under mixed κ–µ and η–µ circumstances,

in [31], the authors investigated α–µ fading channels.

Mixed-fading links were utilized to evaluate performance

of the BRS approach for D2D wireless networks [32].

In the literature, only the well-known AWGN noise was

taken into account when evaluating the performance of dif-

ferent system models across non-homogeneous fading chan-

nels. The α–η–µ distribution is a fading distribution used

in N-LOS communications to characterize small-scale vari-

ations in a faded signal. In the α–η–µ distribution, the

fading signal is composed of numerous multipath clus-

ters traveling across a non-homogeneous medium. Non-

linearity of the propagation medium and the number of

clusters are represented by the exponents α and µ , re-

spectively. The α–µ distribution may be used to produce

Rayleigh, Nakagami-m, and Weibull fading channel dis-

tributions. To assess performance of the system through

multiple fading models, the α–µ model can be employed.

Paper [34] indicates that several common decaying distribu-

tions are generated in a precise manner by α–µ , α–µ , and

µ values, including η–µ , α–µ , λ–µ , Nakagami-m, expo-

nential, Weibull, one-sided Gaussian, Hoyt, and Rayleigh.

The α–η–µ distribution may also be used to approximate

the Rice and lognormal distributions. The authors of [34]

looked at BER performance of the DF relaying network un-

der α–µ fading channel conditions. The end-to-end SNR’s

PDF, CDF, and MGF were calculated in this work. CF

expressions for the system’s average OP, net throughput,

and average BER were calculated as well. The resulting

expressions may be used to compare the performance of

multi-hop relaying networks with other well-known fading

channel models, by simply inserting the relevant values for

the α and µ parameters. In [35], the authors looked at

BER performance of a DH AF beamforming network with

multiple antennas, only at the DN and SNs and with both

hops subjected to κ–µ fading channel circumstances.

The κ–µ fading channel model is of the generalized variety

and may properly represent realistic fast fading in LOS sce-

narios. It also includes specific cases for Rayleigh, Rician,

and Nakagami-m scenarios. In article [36], the authors de-

rived the CF expressions of the OP, average BER, and net

throughput for a MIMO STBC S-DF relaying network over

κ–µ fading channel conditions. They analyzed those fad-

ing links that are subjected to i.i.d. κ–µ fading conditions.

According to simulation results, the stronger LOS compo-

nent increases BER performance. It has been demonstrated

that the in the case of LOS scenarios, MIMO STBC S-DF

relaying systems can function effectively, and BER perfor-

mance improves significantly. Through MC simulations, it

was determined that theoretical findings closely matched

the actual results, thus validating the derivations produced.

In [37], the authors investigated 5G heterogeneous cellu-

lar systems operating over κ–µ shadowed fading channels.

Furthermore, asymptotic outcomes for BER, net through-

put and OP were obtained in simpler forms of fundamental

functions, making the system’s behavior and the influence

of channel parameters understandable. These theoretical

outcomes are general and they may be used to simulate

a variety of asymmetric and symmetric fading scenarios,

including Nakagami-m, Rayleigh, Rician, and mixed κ–µ
fading connections. In [38], the authors researched a DH

AF cooperative communications system, where RD and SR

fading links are subject to mixed η–µ and κ–µ fading

channel conditions. The RN is assumed to be fixed gain

and perfect CSI conditions are considered. The model-

ing of realistic DH transmissions is enabled by the use of

such mixed η–µ and κ–µ fading channels. It is possible

to obtain accurate theoretical expressions for OP and for

average BER of various complex modulation techniques,

in the form of fast converging infinite series. In [39], the
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authors derived a mathematical framework for investigating

BER and channel capacity of the relaying network over an

inverse gamma shadowing fading channel. Firstly, the pa-

per examined the advantages of inverse gamma over gamma

fading and log-normal fading models. Novel PDF and CDF

expressions were derived and the analytical results for BER

and channel capacity of selection combining diversity are

presented.

In [40], the authors investigated channel capacity over the

inverse gamma and η–µ composite fading channels. To

achieve that aim, precise theoretical expressions for net

throughput were derived, along with simple tight-bound

representations. Additionally, simple approximation for-

mulas for the high SNR regime were presented. Next, net

throughput was examined under various shadowing, multi-

path fading, and delay constraints scenarios. The simula-

tion results show that as the multipath fading and shadow-

ing parameters decrease, or the delay restriction rises, the

attainable SE decreases significantly. The authors of [41]

derived the CDF of the sum of the α–µ , κ–µ , and η–µ
RVs in the context of rare event Monte Carlo simulations.

A less complex and extremely efficient sampling scheme

was proposed to obtain higher diversity gains. The main

consequence of this approach is the relative BER of the sug-

gested estimators that are constrained by certain limits. The

authors estimated the OP of multibranch MRC and equal

gain diversity receivers over α–µ , κ–µ , and η–µ faded

links of the kind articles [36]–[41] with great accuracy.

In [42], the authors derived PDF of the instantaneous SNR

at the receiver side and investigated BER and asymptotic

BER performance of uplink SIMO networks with AWGN

noise over the non-homogeneous fading conditions, such

as η–µ , λ–µ , and κ–µ . The OP and BER performances

is shown for several fading parameter settings, receiver an-

tenna counts, modulation methods, and noise type com-

binations to illustrate these points. These simulations are

then used to verify correctness of the analytical frameworks

suggested for the systems concerned.

In [43], the authors investigated a DF-based MIMO net-

work over the κ–µ , η–µ , and mixed κ–µ and η–µ fad-

ing scenarios. After applying the MGF scheme, they de-

rived novel expressions of BER, considering the M-ary PSK

modulation symbols. Additionally, for high SNR, asymp-

totic BER expressions were examined to obtain OPA fac-

tors at the SN and RNs. The DO expression is derived for

various types of non-homogeneous fading channel distribu-

tions. As far as OPAs are concerned, the impact of the SD

distance on the performance of a fixed-relay network was

analyzed.

In earlier studies concerned with the performance of differ-

ent system models over non-homogeneous fading channels,

including those cited above, the well-known AWGN type

of channel was investigated only. Many outdoor, indoor,

and underwater applications make the AWGN distribution

problematic. Also, it is not taken advantage of in ultra-

wideband wireless networks to reduce impulsive noise and

multiuser interference [44]–[45]. However, as far as we

know, no work has been devoted to PEP performance of

the MIMO STBC network over η–µ .

Against this background we propose, in this paper, some

novel expressions of PEP for the MIMO STBC network

by considering non-homogeneous channels – not only to

eliminate the disadvantages of the AWGN model but also

to present PEP performance of the MIMO STBC network

with AWGN over η–µ fading channels.

The main contributions of our paper include the following:

• performance of the MIMO STBC network over η–µ
fading channels is theoretically analyzed in terms of

PEP;

• approximate CF average PEP is derived, using MGF,

are derived for the η–µ fading conditions under con-

sideration;

• asymptotic PEP expressions of MIMO STBC net-

works over non-homogeneous channels are analyzed

and compared with approximate results;

• CO framework is developed for finding DO and for

identifying optimal source-relay power allocation fac-

tors;

• in order to validate the theoretical analysis, exten-

sive computer simulations are performed. Simula-

tions fully agree with our numerical results obtained

in the course of the proposed analysis.

The mathematical expressions discussed in this work are

denoted by the following notations. The Lauricella function

and the Euclidean norm are represented by F (1)
A and ||X ||F ,

respectively. The conjugate transpose, absolute value, and

trace of matrix X are represented by X H , |X | , and trace(X),
respectively. E{.} is the expectation operator, and J0 {.}
denotes the 1st kind and 0th order Bessel function. The

gamma function and the lower incomplete gamma function

are represented by Γ(.) and γ (,), respectively. P(X > u)
denotes the chance that a given value of a standard normal

random variable X is larger than a specified value u.
The rest of the paper is organized as follows. The model

of a MIMO-STBC-based S-DF relaying system over η–µ
fading channel conditions is presented in Section 2. Sec-

tion 3 derives the per-block average PEP, OP, asymp-

totic error floor, and asymptotic PEP expressions for the

MIMO-STBC over η–µ fading channel conditions. Sec-

tion 4 presents simulation outcomes, while Section 5 con-

cludes the paper.

3. System Model

Consider a MIMO-STBC S-DF relaying network and let

S ∈ CK×ϕ denote the Alamouti STBC code-word matrix

transmitted from the SN. The MIMO-STBC-based S-DF

network is equipped with K number of antennas over the

ϕ time slots. The SN transmits the S ∈ CK×ϕ codeword to

the DN and RN simultaneously. The codewords received at
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the DN and RN are represented as BSD ∈CKD×ϕ and BSR ∈
CK×ϕ , respectively. Figure 1 is a schematic representation

of the S-DF relaying protocol over η–µ fading channel

conditions.

Fig. 1. Schematic representation of the S-DF relaying protocol

over η–µ fading channel conditions.

Since the Alamouti STBC codeword is considered at both

the RN and SN, the corresponding data rate will be the

same and, hence, we are considering KS = KR = K. The

received BSD ∈ CKD×ϕ and BSR ∈ CK×ϕ codewords can be

expressed as [18]–[20]:

BSD =

√

Φ0

K
ZSDS+ΠSD , (1)

BSR =

√

Φ0

K
ZSRS+ΠSR , (2)

where ZSD ∈ CKD×K and ZSD ∈ CKD×K represent the fad-

ing channel matrices between the SD and SR fading links,

respectively. Φ0 represents the power transmitted from the

SN. Matrices ΠSD and ΠSR consist of AWGN noise sam-

ples at the DN and RN, respectively. Each noise sample

is modeled as CN(0,N0), i.e. complex circularly symmet-

ric AWGN with zero mean and K0 variance. These chan-

nel matrices consist of the η–µ faded channel coefficients

with PDF [20]–[22]:

pd fκi(κi) =
2
√

πµi
µi+

1
2 zi

µi κi
µi− 1

2

Γ(µi)Zi
µi− 1

2 κ̄µi+
1
2

i

e
−2µiziκi

κ̄i ×

Iµi− 1
2

(

2µiZiκi

κ̄i

)

∈ {SD,SR} , (3)

where κi is the instantaneous SNR and κ̄i =
Φ0υ2

jnδ 2
i

4KK0
denotes

the average SNR. The average channel gain is represented

as δ 2
i , Zi and zi are the functions of fading parameters ηi

defined in [22] and µi is the fading parameter. υ jn de-

notes the singular values (SVs) obtained after performing

the singular value decomposition (SVD) of the codeword

difference matrix S0−S j and Ix (.) is the modified Bessel

function of the first kind and order x. At the RN, S-DF

protocol is employed and the RN will forward the sig-

nal received from the SN when the received instantaneous

SNR will be greater than the threshold SNR. The codeword

forwarded from the RN to the DN, denoted by BRD ∈CKD×ϕ

is expressed as:

BRD =

√

Φ1

K
ZRDS+ΠRD, (4)

where Φ1 represents the power transmitted at the RN. The

MIMO channel matrix ZRD consists of η − µ distributed

fading channel coefficients with PDF as:

pd fκRD(κRD) =
2
√

πµµRD+ 1
2

RD zµRD
RD κµRD− 1

2
RD

Γ(µRD)Z
µRD− 1

2
RD κ̄µRD+ 1

2
RD

e
−2µRDzRDκRD

κ̄RD ×

IµRD− 1
2

2µRDZRDκRD

κ̄RD
, (5)

where ZRD and zRD are the functions of fading parameters

ηRD defined in [22] and µRD > 0 is the fading parameter.

ΠRD matrices at the destination corresponding to the trans-

mission from RN, consist of noise samples with zero mean

and variance equal to
K0
2 (per dimension).

4. PEP Analysis of MIMO-STBC S-DF

Relaying Protocol

4.1. PEP Analysis

We commence our analysis by deriving the average PEP

expression for the MIMO-STBC (single relay system), as

shown in Fig. 1. Let C =
{

S j
}

represent the codeword

set, where codeword matrix S j ∈ CK×ϕ and 1 ≤ j ≤ |C|,
where |C|, represents the number of elements of the code-

word set C. The end-to-end PEP of the erroneous event

corresponding to S0 ∈ CK×ϕ being confused for the code-

word S j ∈ CK×ϕ at the RN, where j 6= 0, conditioned on

the channel matrix ZSR, is expressed as [23]:

PS→R

(

S0 →
S j

ZSR

)

= Q(
√

κSR) , (6)

where κSR =
Φ0‖ZSR(S0−S j)‖2

F
2KK0

denotes the instantaneous

SNR for SR fading link, S0 → S j represents the erroneous

event and PS→ R represents the error probability for the SN

to RN transmission. Let the SVD of the codeword differ-

ence matrix S0−S j be represented as S0−S j = U jΛ jV H
j ,

where U j ∈CK×K = IK , and the diagonal matrix Λ j ∈RK×K

be represented as [23]:

Λ j =









υ j,1 0 0 . . . 0
0 υ j,2 0 . . . 0
0 0 υ j,3 . . . 0
0 0 0 . . . υ j,K









K×K

. (7)

It contains the positive SVs υ j,1, υ j, 2, . . . ,υ j, K of the code-

word difference matrix. The VH
j ∈ Cϕ×K matrix contains

orthogonal row vectors which form a basis for the row space

of the difference matrix S0−S j, and satisfying the prop-

erty V jVH
j = IK . The Frobenius norm

∥

∥ZSR(S0−S j)
∥

∥

2
F

can therefore be simplified as [23]:
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Using S0 − S j = U jΛ jV H
j in the above expression, the

∥

∥ZSR(S0−S j)
∥

∥

2
F can be expressed as:

∥

∥ZSR(S0−S j)
∥

∥

2
F = Tr

{

ZSRU jΛ jV H
j V jΛ jUH

j ZH
SR
}

=

Tr
{

ZSRU jΛ2
jUH

j ZH
SR
}

= Tr
{

Λ2
j Z̃SRZ̃H

SR
}

=

K

∑
n=1

υ2
jn

K

∑̃
n=1
|z̃ñ,n|2 , (8)

where coefficient z̃ñ,n is the (ñ, n) entry of matrix Z̃SR =
ZSRU j for 1 ≤ ñ, n ≤ K. Therefore, the above expression

for the PEP conditioned on the ZSR can be simplified by

substituting this expression for
∥

∥ZSR(S0−S j)
∥

∥

2
F as [20]:

PS→R

(

S0S j

Z̃SR

)

= Q













√

√

√

√

√

Φ0
K
∑

n=1
v2

jn

K
∑

ñ=1
|z̃ñ,n|2

2KK0













. (9)

Further, it can be readily seen that the gain |z̃ñ,n|2 is η–µ
distributed. The MGF is expressed as [20]–[22]:

MGFκη−µ

(

gPSK
sin2(θ)

)

=




4µ2
SRzSR

[

2(zSR−ZSR)µSR+
gPSK κ̄SR

sin2(θ)

][

2(zSR+ZSR)µSR+
gPSK κ̄SR

sin2(θ)

]





µSR

,

(10)

where κ̄SR =
Φ0υ2

jnδ 2
SR

4KK0
denotes the average SNR and gPSK =

sin2( π
M ).

PS→R(S0 → S j) =

1
π

π
2

∫

0

(

4µ2
SRzSR

)µSR
[

2(zSR−ZSR)µSR + gPSK κ̄SR
sin2(θ)

]−µSR

[

2(zSR +ZSR)µSR + gPSK κ̄SR
sin2(θ)

]µSR
dθ ,

(11)

The solution of PS→R(S0→S j) is as follows. Let cos2(θ)=t.
This will yield:

sin2(θ) = 1− cos2(θ) = 1− t , (12)

−2cos(θ)sin(θ)dθ = dt , (13)

The upper and lower limits of the integral will become 0

and 1, respectively. Also, dθ will become:

dθ =
−dt

2
√

t
√

1− t
. (14)

Then PS→ R(S0 → S j) can be expressed as:

PS→R(S0 → S j) =

22µSR(4µ2
SRzSR)

µSR

2π[4(zSR−ZSR)µSR+2κ̄SR]µSR [4(zSR+ZSR)µSR+2κ̄SR]µSR
×

1
∫

0

t−
1
2 (1−t)2µSR−1

2 dt
[

1− 4(zSR−ZSR)µSRt
4(zSR−ZSR)+2κ̄SR

]µSR
[

1− 4(zSR+ZSR)µSRt
4(zSR−ZSR)+2κ̄SR

]µSR
, (15)

PS→R(S0 → S j) =

MκSR(1)

1
∫

0

t−
1
2 (1− t)2µSR−1

2 dt
[

1− 4(zSR−ZSR)µSRt
4(zSR−ZSR)+2κ̄SR

]µSR
[

1− 4(zSR+ZSR)µSRt
4(zSR−ZSR)+2κ̄SR

]µSR
,

(16)

where

MGFκSR(s) =

(4µ2
SRzSR)

µSR

[2(zSR−ZSR)µSR+ sκ̄SR]µSR [2(zSR+ZSR)µSR+ sκ̄SR]µSR
.

(17)

The Appell hypergeometric function of two variables is

expressed as [29]:

F(1)
A

(

τ;ϑ ,ϑ ′;Ξ;†;♦
)

=

Γ(Ξ)

Γ(τ)Γ(Ξ−τ)

1
∫

0

tτ−1− 1
2 (1−t)Ξ−τ−1(1−tx)−ϑ (1−ty)−ϑ ′dt .

(18)

Comparing Eq. (17) with Eq. (18) we get:

τ =
1
2
, ϑ = 1, ϑ ′ = 1, Ξ = 2µSR +1 , (19)

† =
4(zSR−ZSR)µSR

4(zSR +ZSR)µSR +2κ̄SR
, (20)

and

♦=
4(zSR +ZSR)µSR

4(zSR +ZSR)µSR +2κ̄SR
. (21)

Therefore, PS→R(S0 → S j) can be expressed as:

PS→R(S0 → S j) =

1
2π

MGFκSR(1)
Γ( 1

2 )Γ(2µSR + 1
2 )

Γ(2µSR +1)
×

F(1)
A

(

1
2

; 1,2µSR +1;
4(zSR−ZSR)µSR

4(zSR−ZSR)µSR +2κ̄SR
;

4(zSR +ZSR)µSR

4(zSR +ZSR)µSR +2κ̄SR

)

. (22)

The overall possible space-time block-code codeword’s S j ∈
C, the upper bound of PS→R(S0 → S j) is expressed as:

P̄S→R ≤ ∑
S∈C,S j 6=X0

PS→R(S0 → Si) . (23)

With a similar procedure applied, the average PEP for the

SD fading link is expressed as:

P̄S→ D =
1

2π
MGFκSD(1)

Γ( 1
2 )Γ(2µSD + 1

2 )

Γ(2µSD +1)
×

F(1)
A

(

1
2

; 1,2µSD +1;
4(zSD−ZSD)µSD

4(zSD−ZSD)µSD +2κ̄SD
;

4(zSD +ZSD)µSD

4(zSD +ZSD)µSD +2κ̄SD

)

. (24)
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Let z̃(SD)

l̃n
, z̃(RD)

ln represent the η–µ fading channel coeffi-

cients corresponding to the effective SD and RD matrices

Z̃SD = ZSDUi and Z̃RD = ZRDUi, respectively. For erro-

neous event S0 → Si at the DN, when the RN decodes all

the data symbols transmitted by the SN during the first sig-

naling phase successfully, conditioned on the SD and RD

channel matrices Z̃SD, Z̃RD, PS is expressed below:

PS→D,R→D(S0 →
Si

Z̃SD
, Z̃RD) =

Q













√

√

√

√

√

Φ0
K
∑

n=1
υ2

in

KD
∑

l̃=1

∣

∣

∣
z̃(SD)

l̃,n

∣

∣

∣

2

2KK0
+

Φ1
K
∑

n=1
υ2

in

KD
∑

l=1

∣

∣

∣z̃(RD)
l,n

∣

∣

∣

2

2KK0













.

(25)

The average PEP for the cooperation mode is:

ẼZ̃SD, Z̃RD











Q







√

Φ0
K
∑

n=1
υ2

in

KD
∑

l̃=1

∣

∣

∣
z̃(SD)

l̃,n

∣

∣

∣

2

2KK0
+

Φ1
K
∑

n=1
υ2

in

KD
∑

l=1

∣

∣

∣
z̃(RD)
l,n

∣

∣

∣

2

2KK0

















=

1
π

π
2

∫

0

(

4µ2
SDzSD(2(zSD+ZSD)µSD+gPSK κ̄SD/sin2(θ))

−1
(

2(zSD−ZSD)µSD+gPSK
κ̄SD

sin2(θ)

)

)µSD

×




4µ2
RDzRD

(

2(zRD+ZRD)µRD+gPSK
κ̄RD

sin2(θ)

)−1

(

2(zRD−ZRD)µRD+gPSK
κ̄RD
sin2 (θ)

)





µRD

dθ .

(26)

After performing some algebraic manipulations, the expres-

sion can be represented in terms of a generalized Lauricella

hypergeometric function F (n)
D (.) of n variables [24] as:

PS→D,R→D(S0 → Si) =
∇MRC(gPSK)Γ(2µSD +2µRD + 1

2 )

2
√

πΓ(2µSD +2µRD + 1
2 )

×

F(4)
D

[

2µSD +2µRD +
1
2

; µSD,µSD,µRD; µRD;

2µSD +2µRD +1;
1

A1
,

1
A2

,
1

B1
,

1
B2

]

, (27)

where

∇MRC(gPSK) =

[

4µ2
SD(z2

SD−Z2
SD)

g2
PSK κ̄2

SD

]µSD

×
[

4µ2
RD(z2

RD−Z2
RD)

g2
PSK κ̄2

RD

]µRD

,

{

A1
A2

}

=
κ̄SDgPSK

2
[

zSD

{

−
+

}

ZSD

]

µSD

(28)

and
{

B1
B2

}

=
κ̄RDgPSK

2
[

zRD

{

−
+

}

ZRD

]

µRD

. (29)

Finally, the average PEP P̄e(S0 → Si) is:

P̄e(S0 → Si) =
P̄S→D(S0 → Si)× P̄S→R+
P̄S→D,R→D(S0 → Si)× (1− P̄S→R) .

(30)

At high SNR, 1− P̄S→R ≈ 1 and Eq. (30) is:

P̄e(S0 → Si) =

P̄S→D(S0 → Si)× P̄S→R + P̄S→D,R→D(S0 → Si) . (31)

The union bound of P̄e(S0 → Si) is:

P̄e ≤
|C|
∑
i=1

Pe(S0 → Si) . (32)

4.2. Asymptotic PEP Expression

Here, we derive the asymptotic PEP expression which pro-

vides significant understandings of the effect of the partici-

pating parameters on the end-to-end network performance.

The asymptotic PEP is investigated for higher SNR values.

For higher SNR values, the approximate MGF for the η–µ
fading channel can be expressed as:

MGFκη−µ

[

g
sin2(θ)

]

=





4µ2z
(

2(z−Z)µ + gκ̄
sin2(θ)

)(

2(z+Z)µ + gκ̄
sin2(θ)

)





µ

≈
(

4µ2z
gPSK κ̄2

)µ

sin4µ(θ) . (33)

Based on this, the conditional error probability P̄e can be

approximated as:

P̄ASY
e ≈
(

4µ2
SDzSD

g2
PSK κ̄2

SD

)µSD 1

∑
z=0

ARD

(

4µ2
RDzRD

g2
PSK κ̄2

RD

)µRD
×ASR

(

4µ2
SRzSR

g2
PSK κ̄2

SR

)µSR
,

(34)

where gPSK , ARD and ASR for the M-ary-phase shift keying

(PSK) constellations is:

gPSK = sin2
( π

M

)

, (35)

ARD =
1
π

(M−1) π
M

∫

0

sin4(µSD+µRD)(θ)dθ , (36)

ASR =
1
π

(M−1) π
M

∫

0

sin4µSR(θ)dθ , (37)

Equation (34) can be expressed, in terms of coding gain Gc
and DG Gd , as [25, Eq. (13)]:

Gd = 2µSD +2min(µSR,µRD) (38)
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Gc =
(

[

4µ2
SDzSD

g2
PSKϖ2

0 δ 2
SD

]µSD 1

∑
z=0

ARD

[

4µ2
RDzRD

g2
PSKϖ2

1 δ 2
RD

]µRD

×ASR

[

4µ2
SRzSR

g2
PSKϖ2

0 δ 2
SR

]µSR
) −1

Gd

. (39)

The power ratios ϖ0 and ϖ1 are expressed as ϖ0 = Φ0
Φ and

ϖ1 = Φ1
Φ , respectively. It can be readily seen that the DO

does not depend on the fading parameters, but it affects Gc.

Also, it is important to note that for µSD = µSR = µRD =
0.50 the value of Gd = 2 (Rayleigh fading case), which

confirms the results provided in [26].

4.3. Amount of Fading

Amount of fading (AOF) is a parameter that is useful for

evaluating the fading severity of a wireless communication

system, and it is given in [27, Eq. (1.27)] as:

AOF =
Variance(κMRC)

E(κMRC)2 =
E(κ2

MRC)−E(κMRC)2

E(κMRC)2 . (40)

The order moment of the κMRC in the considered set up

can be obtained by [27], [28], giving:

µn = (−1)n
[

dn

dsn (MGFκSD(s)MGFκRD(s)
]

s=0
. (41)

Based on this, the first two moments in Eq. (41) are ob-

tained for n = 1 and n = 2, namely:

E(κMRC) =
∂MGFκMRC(s)

∂ s
|s = 0 , (42)

E(κ2
MRC) =

∂ 2MGFκMRC(s)
∂ 2s

|s = 0 . (43)

In the case of i.i.d. fading links and when the RN decodes

successfully, the minimum value of the AOF can be calcu-

lated after performing some manipulations, such as:

AOF =
µSD(µSD +1)h̄2

1−2h̄2µSD−2h̄3µRD

(h̄1µSD + h̄4µRD)2 +

µRD(µRD +1)h̄2
4 +2δRDµSDh̄1h̄4

(h̄1µSD + h̄4µRD)
−1 , (44)

h̄1 =
κ̄SDzSD

µSD(z2SD−Z2SD)
, (45)

h̄2 =
κ̄2

SD
4µ2

SD(z2
SD−Z2

SD)
, (46)

h̄3 =
κ̄2

RD
4µ2

RD(z2RD−Z2RD)
, (47)

h̄4 =
κ̄RDzRD

µRD(z2RD−Z2RD)
. (48)

By remembering that the η–µ fading includes Rayleigh

distributions as well as Hoyt and Nakagami-m distributions,

the fading severity of these distributions can be calculated

by the modification described in [29]–[33].

4.4. Analysis of OPA Factors

To obtain OPA, EPA is not the preferable choice. When

SR and RD channel gains are different, EPA is not go-

ing to improve the system’s performance. In this sec-

tion, we compare the end-to-end system performance for

both EPA and OPA schemes considering the total avail-

able power constraints over the η–µ fading channel con-

ditions [33]–[38]. The Karush-Kuhn-Tucker (KKT)-based

non-linear optimization problem is:

ϖopt = arg min
ϖ

PSER , (49)

s.t. ϖ0 +ϖ1 = 1 , (50)

ϖ0 ≥ 0 ; ϖ1 ≥ 0 , (51)

where the power allocation matrix is represented as ϖ =
[ϖ0, ϖ1]. A careful investigation of Eq. (49) shows that

it is convex in nature, with parameters ϖ0 and ϖ1. The

Lagrangian of this KKT problem is [38]:

PSER +λ̄ (ϖ0 +ϖ1−1)− ε0ϖ0−ℜ1ϖ1 , (52)

where the Lagrangian multiplier is represented as λ̄ and ε0
and ℜ1 represents the slack variables. Taking the derivative

of expression (52) with respect to ϖ0 and ϖ0 and combining

both equations, we have:

∂PSER

∂ϖ0
=

∂PSER

∂ϖ1
. (53)

In order to obtain the OPA factors, asymptotic PEP given

in Eq. (34) can be expressed in terms of power allocation

factors as:

PSER ≈
[

4µ2
SDzSDN2

0

g2
PSKϖ2

0 λ 2
jnδ 2

SDΦ2

]µSD 1

∑
z=0

ARD

[

4µ2
RDzRDN2

0

g2
PSKϖ2

1 λ 2
jnδ 2

RDΦ2

]µRD

×ASR

[

4µ2
SRzSRN2

0

g2
PSKϖ2

0 λ 2
jnδ 2

SRΦ2

]µSR

. (54)

Equation (54) can be written in terms of the CO problem

as [39]:

min
[

ψ1

ϖ2(µSD+µSR)
0

+ ψ2

ϖ2µSD
0 ϖ2µRD

1

]

s.t. ϖ0 +ϖ1 = 1 ,
(55)

where

ψ1 = ASDASR

[

4µ2
SRzSRN2

0

g2
PSKϖ2

0 λ 2
jnδ 2

SRΦ2

]µSR

, (56)
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ψ2 = ARD

[

4µ2
RDzRDN2

0

g2
PSKϖ2

1 λ 2
jnδ 2

RDΦ2

]µRD

. (57)

Differentiating PSER with respect to ϖ0 and ϖ1 as:

∂PSER

∂ϖ0
=
−2(µSD + µSR)ψ1

ϖ2(µSD+µSR)+1
0

− 2µSDψ2

ϖ2µSD+1
0 ϖ2µRD

1

, (58)

∂PSER

∂ϖ1
=− 2µRDψ2

ϖ2µSD
0 ϖ2µRD+1

1

. (59)

Using the relation given in Eq. (53), we get:

(µSD + µSR)ψ1

ψ2
=

ϖ2µSR+1
0

ϖ2µRD
1

(

µRD

ϖ1
− µSD

ϖ0

)

. (60)

It can be readily seen that the left-hand side of Eq. (60)

depends solely on the fading channel’s parameters, so this

side will always be positive, and it yields to:

ϖ0µRD ≥ ϖ1µSD . (61)

By applying the constraint ϖ0 +ϖ1 = 1, the following con-

ditions are obtained:

µSD

µSD + µRD
Φ < ΦS < Φ (62)

and

0 < Φ1 <
µRD

µSD + µRD
Φ . (63)

For simplicity, µSR = µRD = µ and by substituting Q = ϖ0
ϖ1

,

Eq. (60) can be expressed as:

Q2µ+1− µSD

µ
Q2µ − (1+

µSD

µ
)

ψ1

ψ2
= 0 . (64)

For 2µ = 1 the power allocated for the source and relay can

be given as:

Φ0 =
µSD +

√

µ2
SD +(1+2µSD)ψ1

ψ2

1+ µSD +
√

µ2
SD +(1+2µSD)ψ1

ψ2

Φ (65)

and

Φ1 =
1

1+ µSD +
√

µ2
SD +(1+2µSD)ψ1

ψ2

Φ . (66)

5. Average OP Analysis of

a MIMO-STBC-based S-DF

Relaying Network

In this section, we investigate the average OP of a MIMO-

STBC-based S-DF relaying network over η–µ fading chan-

nel conditions. The channel is in outage when the instan-

taneous SNR κSR is lower than the SNR γ0-threshold.

Let Pr(Φ̄) represent the probability of the event Φ̄ corre-

sponding to the instantaneous SNR κSR(k) of the SR fad-

ing link being lower than the SNR outage threshold γ0,

and Pr(Φ) = 1−Pr(Φ̄) represent the probability of the com-

plementary event Φ̄, when κSR(k) is larger than γ0. The

per-frame average OP P̄OUT (γ0) at the destination for the

selective DF based MIMO-OSTBC cooperative system can

be written as:

P̄OUT (γ0) =

Eκ̂
[

Pr(κSD ≤ γ0)Pr(Φ̄)+Pr(κSD +κRD ≤ γ0)Pr(Φ)
]

,
(67)

where κ̂ = [κSD,κSR,andκRD] and Pr(κSD ≤ γ0) are the

probabilities of outage at the destination for the events Φ̄
and Φ, respectively. Since the SR, SD and RD links fade

independently, can be simplified as:

P̄OUT (γ0) =

EκSD [Pr(κSD ≤ γ0)]×EκSR

[

Pr(Φ̄)
]

+

EκγSD+γRD
[Pr(κSD +κRD ≤ γ0)]×

{

1−EκSR

[

Pr(Φ̄)
]}

,

(68)

P̄OUT (γ0) = F̄κSD(γ0)× F̄κSR(γ0)+

F̄κSD+κRD(γ0)× (1− F̄κSR(γ0)) , (69)

where F̄κSR(γ0), F̄κSD(γ0) are provided in Eqs. (72), (74)

and F̄κSD+κRD(γ0) is the CDF of the sum of the two inde-

pendent gamma RVs which can be evaluated in Eq. (75).

The instantaneous OP of the SR fading link is:

F̄κSR(κ̄SR,γo) = P(κ̄SR ‖ZSR‖2
F < γo) . (70)

The average OP can be evaluated by substituting Eq. (3) in

the above expression as:

F̄κSR(κ̄SR,γ0) =

γ0
∫

0

2
√

πµSR
µSR+ 1

2 zµSR
SR

Γ(µSR)Z
µSR− 1

2
SR κ̄µSR+ 1

2
SR

κ̄µSR− 1
2

SR ×

e−
2µSRzSRκSR

κ̄SR × IµSR− 1
2

(

2µSRZSRκSR

κ̄SR

)

dκSR . (71)

OP is the CDF of the received instantaneous SNR, as men-

tioned earlier and as seen above. Thus, the CDF of η–µ
distributed instantaneous SNR, given below, may be used to

compute the OP of MIMO-STBC systems over η–µ fading

channels.

F̄κSR(κ̄SR,γo) = 1−YµSR

(

ZSR

zSR
,

√

2µSRzSRγ0

κ̄SR

)

, (72)

where

Yµ (ω ,φ)

is called the Yacoub’s integral [17]–[19]. It is defined as:
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Yµ (ω ,φ) =

√

√

√

√

π(1−ω2)µ 2
3
2−µ

Γ(µ)ωµ−1
2

×
∞

∫

φ

e−
t2
2 t2µ Iµ− 1

2
(tω2)dt ,

(73)

where

−1 < ω < 1

and

φ ≥ 0 .

Using Yacoub’s integral the F̄κSD(γ0) and F̄κSD+κRD(γ0)
are:

F̄κSD(κ̄SD,γo) = 1−YµSD

[

ZSD

zSD
,

√

2µSDzSDγ0

κ̄SD

]

, (74)

F̄κSD+κRD(γ0) =

{

1−YµSD

(

ZSD

zSD
,

√

2µSDzSDγ0

κ̄SD

)}

×
{

1−YµRD

(

ZRD

zRD
,

√

2µRDzRDγ0

κ̄RD

)}

. (75)

6. Simulation Results

In this section, the end-to-end performance and OPA of

MIMO-STBC-based S-DF relaying networks is investigated

over the η–µ fading channel conditions. Over i.i.d. and

i.n.i.d. channels, exact and asymptotic formulas for the end-

to-end PEP, assuming MPSK modulated signals, is ob-

tained. The analytic expressions obtained are then em-

ployed to gain insight into the various fading parameters

in the η–µ fading channel scenarios, as well as to assess

their impact on end-to-end PEP and OP performance. To

that aim, performance curves depicting average PEP versus

SNR in dB for M-ary QAM modulation symbols are shown,

Fig. 2. PEP versus SNR performance, in dB, for 4-PSK sym-

bols over i.i.d. η–µ fading channel conditions considering µSD =
µSR = µRD = 0.50, ηSD = ηSR = ηRD = 0.50, and average channel

gains of the SD, SR and RD links are: δ 2
SD = δ 2

RD = δ 2
SR = 0 dB.

with the overall transmit power being assigned equally or

optimally to the SN and RN using the power strategy de-

veloped in Section 3. Figure 2 demonstrates the average

PEP performance as a function of SNR for MIMO STBC-

based S-DF cooperative systems utilizing EPA factors, i.e.

Φ0 = Φ1 = Φ/2, for symmetric and balanced η–µ fading

channels considering the 4-PSK constellations.

Furthermore, the η–µ fading parameters are: µSD = µSR =
µRD = 0.50, ηSD = ηSR = ηRD = 0.50, and the average

channel gains of the SD, SR and RD links are: δ 2
SD =

δ 2
RD = δ 2

SR = 0 dB. Because of the good agreement be-

tween the exact outcomes of PEP and OP expressions and

the results of corresponding computer simulations, their

validity has been shown. A complete diversity order of 2

can be attained, with the exact results being firmly limited

by asymptotic curves in the spectrum from low SNR val-

ues to high SNR regimes. The DG (exact), DG (asymp.)

and DG Eq. (39) – are given as 1.95, 2 and 2, respectively,

where it is assumed that Φ0 = Φ. MIMO-STBC-based S-

DF systems outperform direct transmission (SD transmis-

sion) scenarios by roughly 15 dB and 21.5 dB, respectively,

at 104 target PEP.

Fig. 3. PEP versus SNR performance, in dB, for 4-PSK symbols

over i.i.d. η–µ fading channel conditions considering with µSD =
µSR = µRD = 1.50 and ηSD = ηSR = ηRD = 1 as well as balanced

links, i.e. average channel gains of the SD, SR and RD links are:

δ 2
SD = δ 2

RD = δ 2
SR = 0 dB.

In the same context, Fig. 3 shows the average PEP

performance as a function of SNR for 16-QAM mod-

ulation symbols for a single relay MIMO STBC-based

S-DF network considering the EPS factors over symmet-

ric η–µ fading channels with µSD = µSR = µRD = 1.50
and ηSD = ηSR = ηRD = 1 as well as balanced links, i.e.

average channel gains of the SD, SR and RD links are:

δ 2
SD = δ 2

RD = δ 2
SR = 0 dB. It is further demonstrated that

the exact analytical PEP curves closely match the simu-

lation curves for medium and high SNR values, and that

the asymptotic curves tend to be nearly the exact copies

of those for PEP lower than 104. As a result, in actual

S-DF relaying system designs with high SNR, the provided

asymptotic formulas might provide important system per-

formance insights.
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In Fig. 4, a MIMO STBC S-DF single relay network is

considered with QPSK symbols and EPA factors taken into

account. The simulation parameters are given as: µSD =
µSR = µRD = {1,2,3} and the average channel gains of the

SD, SR and RD links are: δ 2
SD = δ 2

RD = δ 2
SR = 0 dB. It

is evident that the Hoyt distribution is equal to the η–µ
fading distribution when µSD = µSR = µRD = 0.50. We

can see the impact of the scattered-wave power ratio on

the average PEP of the proposed MIMO-STBCD-based S-

DF network by changing the value of η . This proves that

PEP is inversely proportional to η , since when η increases

from 1 to 3 for all values of µ , an average gain of 2 dB is

observed for the target average PEP of 10−5. Furthermore,

when µ increases from 1 to 3 and µ increases from 2

to 3, average improvements of 3.89 dB and 1.65 dB are

attained.

Fig. 4. PEP vs. SNR, in dB, with µSD = µSR = µRD = {1,2,3},

η increases from 1 to 3 QPSK and EPA factors.

Fig. 5. SER vs. SNR with µSD = µSR = µRD = µ = {0.50}
with η increasing from 1 to 3 for 4-PSK considering the EPA

factors.

In the similar manner, Fig. 5 demonstrates the average OP

performance for 4-PSK modulation symbols under the inde-

pendent and non-identically distributed η–µ fading chan-

nels, for single relays with EPA factors. The simulation

parameters are: δ 2
SD = δ 2

SR = 1,δ 2
RD = 10 dB,µSD = µSR =

µRD = µ = {0.50} dB, with η increasing from 1 to 3.

When the values of η change from 1 to 3 for δ 2
RD =

10 dB, for the considered values of µSD = µSR = µRD =

µ = {0.50}, the system’s performance improves signifi-

cantly. At OP of nearly 1.25 dB and 1.75 dB, gains are

achieved when the values of ηSR and ηRD change from 1

to 3 for the considered values of η .

Fig. 6. PEP vs. SNR performance, in dB, for quadrature PSK

symbols over i.i.d. fading channel conditions for OPA factors.

Figure 6 shows PEP performance of the proposed OPA

scheme and assumes a greater channel variance from the

RNs to the DN, with a constant scattered-wave power ratio

for single relays and QPSK constellations. The simulation

parameters are: µSD = µSR = µRD = µ = 0.50, δ 2
SD = δ 2

SR =
0 dB, δ 2

RD = 100 dB and η = 0.50. The OPA factors are

ϖ0 = 0.90 and ϖ0 + ϖ1 = 1-0.98. It has been assumed

that when µ is small, such as µ = 0.50, the proposed OPA

scheme creates a cooperation mechanism offering minor

benefits which, however, grow as µ increases. Indicatively,

the optimal method surpasses the EPA scenario by at least

1.5 dB when µ = 0.50 for a PEP of 10−4.

7. Conclusion

In this paper, we have investigated end-to-end PEP and

average OP performance of MIMO-STBC-based S-DF re-

laying networks under η–µ fading channel conditions. The

exact and asymptotic end-to-end PEP expression, assuming

modulated M-ary-PSK and M-ary-QAM complex modu-

lated symbols, have been produced on i.i.d. fading links.

The analytical expressions acquired were then used to ob-

tain insights into different fading factors and their effect

on end-to-end system performance under non-homogeneous

fading channel conditions. The data given were then used

in the development of an asymptotically optimal power dis-

tribution system, within a total sum power limit, which

showed that the standard EPA technique was substantially

outperformed. The OPA system is also demonstrated to

be virtually separate from the power ratio parameter dis-

persed waves from SN to DN, depending upon the number

of multipath clusters and on the chosen modulating system.

The curves demonstrate that for moderate and high SNR

regimes, the asymptotic and exact expressions are closely
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matching. PEP performance is noticeably increased as and

increase as with a PEP of plots show that the OPA schemes

outperform the EPA schemes.
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