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We investigate the end-to-end performance of the selective decode and forward (S-DF)
relaying network over time selective independent but not necessarily identically distributed
(i.n.i.d.) Nakagami-m fading channel considering practical communication constraints such as
mobile nodes and imperfect channel state information (CSI). The per block average pairwise
error probability (PEP) is investigated for both optimal and equal power allocation scenarios.
Simulation results have been presented for various values of fading severity parameter and
channel variance. The end-to-end performance is examined for various node mobility
scenarios and for various antenna configurations at the source, relay and destination nodes.

Simulation results confirm the accuracy of the analytical results.

1. INTRODUCTION

Cooperative wireless communication enables efficient use
of communication resources, so that user devices can
collaborate with each other in wireless transmission in
wireless networks. This is a promising technique for the 5th
Generation (5G) wireless system [1]. With the advent of the
Internet of Things (loT) [2] as a promising technique that
strives to revolutionize the global world through uninterrupted
connectivity of smart devices, vision of Smart Cities is close
to a reality. 5G technology will be a potential key technology
for future 10T systems. The upcoming 5G technology assures
low latency, high reliability, high data rates, uninterrupted
connectivity, high throughput and better performance.
However, the performance of any system gets worse when
such a system fades deeper, which is usually on a single link
scenario.

Literature describes the amplify-and-forward (AF) [3] and
decode-and-forward (DF) [4] cooperative communication
protocols as the most popular choices for cooperative relay-
based communication due to their robust performance and
implementation simplicity. In [5], the authors investigated the
performance of wireless powered relay with AF cooperative
communication protocol over frequency flat Nakagami-m
fading channels considering the non-linearity of the energy
harvester. The closed-form expressions for outage channel
capacity is obtained using the complementary cumulative
distribution function (CCDF) of the end-to-end signal to noise
ratio (SNR). In [6], the authors investigated the AF relaying
protocol over correlated Rayleigh fading channel conditions.
In this work outage probability (OP) of best relay selection
(BRS) based AF wireless system is investigated considering
correlated source to destination (SD), source to relay (SR) and
relay to destination (RD) fading links.

In [7], the authors derived the maximum likelihood decoder
for the decode and forward (DF) cooperative communication
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network using complex valued constellations including M-ary
pulse amplitude modulation (M-PAM), M-ary quadrature
amplitude modulation (M-QAM) and M-ary phase shift
keying (M-PSK). The relay and source nodes employ
orthogonal-space time block code (OSTBC) transmissions. A
low-complexity piecewise linear decoder is derived for
arbitrary complex-valued constellations, which performs like
maximum likelihood decoder for all SNR values. However,
AF relaying suffers from noise amplification and fixed DF
fears performance degradation in case of improper decoding at
relay as described in [3-7]. To overcome this problem S-DF
relaying protocol is used in which if the SNR of a signal
received at the relay exceeds a certain threshold then the relay
decodes the received signal and forwards the decoded
information to the destination.

In [8], the authors investigated the symbol error rate (SER)
performance of the S-DF relaying network based multiple
relayed relaying network for M-QAM signalling. The Q(.)
function is used to obtain the closed form (CF) expression of
SER and asymptotic-SER over frequency flat Rayleigh fading
channel. However, if the channel between the source and the
relay suffer a severe fading and the SNR falls below the
threshold; the relay remains idle. In the past, some significant
works have been done by the researchers on S-DF based
cooperative communication systems [9-11]. Further, it is
observed that the performance of S-DF protocol-based system
can be improved with the use of multiple parallel relay nodes
which helps in achieving diversity gain.

In [11], the authors investigated the S-DF relaying network
over Nakagami-m fading links. Results show that with
increase in link gain and fading severity parameter system
performance improves. In [12], the authors have used relay
selection schemes to investigate the performance gain of S-DF
based cognitive radio networks over Rayleigh fading channels.
CF expressions of OP and channel capacity are derived
considering the effect of both peak-power and peak-



interference constraints. However, in above work, the authors
did not consider real time constraints such as Doppler spread,
imperfect CSI and time-selective fading links. It limits the
applicability of the outcomes developed in the above scenarios
in practical situations. In [13], the authors investigated the
multiple input multiple output (MIMO)-space time block code
(STBC) based S-DF relaying protocol over pinhole or keyhole
Nakagami-m fading channel conditions considering channel
estimation error. The CF PEP expressions are derived for dual
hop (DH) and multiple hop (MH) S-DF relaying protocol over
Nakagami-m fading channel, with perfect and imperfect CSI,
and with and without the pinhole condition. But in this work,
the authors did not consider the time selective fading. In works
[14], the authors investigated the AF relaying protocol
considering imperfect CSI and nodes-mobility. Conventional
relaying (CR) and BRS protocols is investigated over time
selective fading channel. In case of static conditions, the BRS
relaying network performance is better than the CR relaying
network but in case of mobile nodes and imperfect CSI
condition, the CR relaying network performance is better than
the BRS relaying network. However, in [14], the system
performance is limited due to the noise amplification problem
because of the consideration of the AF relaying protocol.

In [15], the authors investigated a secure communication
system under multiple attack types such as jamming, spoofing,
and eavesdropping from unmanned aerial vehicle (UAV). The
real time communication scenarios are considered such as
imperfect CSI and limited number of pilot symbols. To deal
with the joint impact of imperfect channel estimation and
smart attack, a Nash equilibrium (NE) based algorithm is
proposed to suppress the smart attack from the UAV. In the
work [16], the authors considered DF based mixed MIMO
radio frequency/free space optics (RF/FSO) relaying network
for underlay cognitive radio conditions. Consequently, a PEP
performance analysis is demonstrated, and CF expressions are
derived for the per-frame average OP, considering both
orthogonal-STBC transmission and transmit antenna selection
(TAS) at the secondary user (SU). The analysis assumes that
the RF links between the SU-primary user (PU) and SU-relay
are Nakagami-m fading distributed, while the FSO link
between the RD eNodeB is assumed to be affected by optical
channel impairments, such as atmospheric turbulence, path
loss and pointing errors, thus including the important
characteristics of both the fading links. The impact of PU node
mobility on the PEP and OP performance of the cognitive
radio network is investigated in this work and improved OP
performance is achieved for the MIMO-RF/FSO DF cognitive
relaying network within contrast to single antenna AF systems
given in the existing works.

In the work [17], the authors investigated the MIMO
orthogonal frequency division multiplexing (OFDM) S-DF
relaying network with mobile nodes over time selective
Rayleigh fading links with imperfect CSI. CF expressions are
derived for the exact and asymptotic SER considering time
selective Rayleigh fading correlated multi tap channel and
imperfect CSI for the SR, SD and RD links. Results are given
to illustrate the cooperation system performance for various
OFDM fading channel and nodes mobility conditions. The
time selective Nakagami-m fading channel model best
captures wireless channels for mobile nodes as described in
the work on vehicular communication (VC) for wireless
access in vehicular environment (WAVE) related studies [18].
In addition, this has been well investigated for machine to
machine (M2M) wireless communication scenarios in [19] and
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experiential models based on Nakagami-m fading channel has
been proposed in [26]. In addition, the Nakagami-m fading
channel model is also valid for practical scenarios where nodes
are far apart from each other. As mentioned in the work on VC,
this model best captures the wireless channel for moving nodes.
Also, the time difference of the wireless streaming channel is
captured by the 1st order autoregressive fading (AR1) fading
channel model [20]. Thus, to examine the end-to-end error
performance of cooperative vehicular networking (CVN) [23],
the time-selective Nakagami-m fading channel is a standard
model considering the node mobility and imperfect CSI
estimation.

We conclude the following novel contributions from this
paper:

The CF per block average PEP, asymptotic PEP and
asymptotic error floor limit expressions are derived for MIMO
STBC S-DF system over time selective Nakagami-m fading
channel, with imperfect CSI, and with node mobility scenario.

Further, a framework is developed for deriving the diversity

order (DO) and results are sho ,F,(;.;.;.) wn for various

values of shape parameter.
Notation: The following notations are used for the
mathematical expressions presented in this paper.

|@|, trace {®} and ®" denote the modulus, trace and conjugate
transpose of the matrix @, respectively. The Euclidean norm
or Frobenius norm of matrix @ is denoted by || @ || [22],
denotes the Gauss hypergeometric function [22]. Expectation
operator is denoted by E{} and Q(u) denotes the

probability that a standard random variable (RV) Y takes a
value larger than u , i.e., P[Y>u] [9]. J,(.) denotes the

Bessel function of the first kind and zeroth-order [10] and @'
denotes the transpose of the matrix .

The rest of the paper is organized as follows; system model
of S-DF cooperation protocol is given in section 2. The DH
dual phase single relay S-DF cooperation protocol is
investigated in section 3. In this section, we derive the per
block average PEP expression over time selective Nakagami-
m fading channel with imperfect CSI and node mobility. Also,
in this section, Karush-Kuhn-Tucker (KKT) [12] based
convex optimization (CO) [21] framework is developed for
finding the DO and optimal source-relay power allocation
factors. Simulation results are shown in section 4. Finally, the
paper is concluded in section 5.

2.SYSTEM MODEL OF MIMO §STBC S-DF
COOPERATIVE COMMUNICATION SYSTEM

We consider a S-DF cooperative communication system in
which relay node is ready to collaborate with the source node
in forwarding its signal to the receiving node over orthogonal
channels, which could be attained either by code division
multiple access (CDMA), frequency division multiple access
or time division multiple access (TDMA). Let Nj, N and Ng
are the number of antennas employed at the destination, relay
and source nodes, respectively. In order to keep the data rate
of the SR fading link same as that of the RD fading link, we
herein propose to use the same Alamouti orthogonal space
time block code (OSTBC) at the source and relay, respectively.

This also means that, N; =N, =N [9-12]. Let Z,’f’n (7), and

Zf{n(r) denote the instantaneous channel gains for relay



transmit antenna to destination receive antennaand s source
transmit antenna {se(12,3,...,Ng)} to relay received

antenna, respectively. Also, the instantaneous channel gain for
the fading links from the s™ source transmit antenna to
destination receive antenna is represented by Zlff’n (z). The data
transmission is divided into two phases in the first phase of the
signal transmission source node transmit the Alamouti STBC
codeword X [r]e C™™ to relay and destination nodes,
respectively. Where T, and ¢ represents the number of time

slotsand 7" MIMO STBC code-word in ablock of M, code-
word matrices, respectively [9-11]. The received code-word’s
at the destination node, W [r]eC"™™ and at the relay,

¥ [r]e C"", corresponding to the MIMO STBC code-

word transmission from the source can be written as [9], [10],
[17],
Yolr]=

Py INR. Ny, [7]Xs [7]+ Zg [ 7], 1)

Werlr]= P I NR N [7]X [7]+ Z e [7]. @

where, Py and R. denote the available power at the source
node and coding rate, respectively. The SD N [7]e C ">*"

and SR Ng[r]e C"™ channel matrices are comprised of

terms which are statistically independent but not necessarily
identically distributed with each other, modeled as uniform
phase and Nakagami-m faded envelope with shape parameter,
m, >0.50; i  {SD, SR} and controlling spreads &3, and &z,
respectively. The physical phenomenon behind Nakagami-m
model is clustering of multipath waves. Clustering of
multipath waves yields to the Nakagami-m fading envelope.
More precisely, 2m squared zero average value equal-
variance Gaussians lead to a Gamma variate with shape
parameter m, whose square root is equal to the Nakagami-m
fading envelope [12]. In the relaying phase, relay node re-
transmits only successfully decoded signal to the destination
node, otherwise, it will remain in the idle state. The received
symbol blocks at the destination node W [r]eC"*",

corresponding to transmission from relay node can be written
as,

Weolz] = P I NR. N [7]Xs [2]+ Zp [7]- 3)
where, B, denotes the power transmitted from the relay. The
RD channel matrix N [z]e C"*" is comprised of terms,

which are statistically independent but not necessarily
identically distributed with each other, modeled as uniform
phase and Nakagami-m faded envelope with a fading severity
or shape parameter, m,, >0.50 and controlling spread 57,.

The terms of the channel noise matrices Z.,[7], Z[7] and
Z[7] are statistically independent with each other, modeled
as zero mean circular shift complex gaussian (ZMCSCG) RVs
with variance N, /2 (per complex dimension), respectively.

This work considers mobile nodes, because of this, fading
channel links between destination, relay and source nodes
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become time-selective in nature and can be modeled using
AR1 process. Further, it has been considered that the fading is
approximately constant over the time interval of a single
MIMO STBC code-word while varying in a time-selective
manner from one MIMO STBC code-word to another MIMO
STBC code-word [14], [16]. The variation of the SD, SR and
RD channel matrix within a block is modeled as [17], [21],

Nglz]= pSDNSD[T_1]+\/1_p52D Qgplzl, 4
N [c]= PNz [7_1]+\}1_(p3R)2Q5R [z], ®)
Nep[7]= proNep[r -1+ \/1_ (pRD)Z ol7]- (6)

The SD, SR and RD fading link’s correlation coefficients
are denoted by pg, pix and pq,, respectively. We can

evaluate the correlation coefficients by using classical Jake's
model [17], given as, p=J,(27xf.v,/Rsc). Where

R, and c denote the carrier frequency, relative

velocity between two communicating nodes, symbol
transmission rate and velocity of light, respectively. The SD,
SR and RD random processes are denoted as Q¢[7], Qg[7]

and Qq[r], respectively, distributed as ZMCSCG, with
variances o4y, 04, and o, respectively [21]. This work

considers that the receiving node is employed by the low
complexity maximal ratio combiner (MRC) receiver [9], [12]
but due to time-selective nature of the fading channel links it
is tough to obtain the knowledge of instantaneous CSI
corresponding to the transmission of MIMO STBC code-word.
Hence, in this paper, like the works [16]-[17], imperfect CSI
is considered at the relay and destination nodes. The estimated
channel matrices for RD, SR and SD links can be modeled as
[16],

fc,vp,

N RD [1] = N RD [1] + NERD [1] )
—— N——

ESTIMATED CHANNEL MATRIX CHANNEL MATRIX CHANNEL ERROR MATRIX
N[ = Ngl +  Ngm
—

—
CHANNEL ERROR MATRIX

N[l

CHANNEL MATRIX

—
ESTIMATED CHANNEL MATRIX CHANNEL MATRIX

NSD [1] =
—

ESTIMATED CHANNEL MATRIX

+ N_ [ ,
—

CHANNEL ERROR MATRIX

and,

(")

respectively, estimated at the beginning of each block and in
this way used to detect each MIMO STBC code-word
Xs[7],1<s <M, in the consequent block [17]. The channel
error matric N _g[1], N_o,[1] and N_.,[1] comprise of entries,
which are ZMCSCG with variance 7,07, and oy,
respectively. By using (4), Ny,[z] can be modeled as [14],

[16],

N[zl = pi N [1] - pio' N oo [1] +

-1 .
\/1_ pSZD zpsrl;_l QSD [I]
i=1

(®)



Substituting the expression of Ny [z] given above in (1),
WY, [7] can be written as [14], [16]-[17],

¥, [7]= P/ NR. p3'N[IIX, [7]+ zs .9

EFFECTIVE NOISE MATRIX

DESIRED SIGNAL

where, effective noise matrix for SD fading link Zg" is given
below [16],

NOISE TERM ARISES DUE TO NODE MOBILITY

WHITE NOISE

—_——— -1 i i
Zgg = Zgplr] + N P 1- pgD) I'NR, Zpsrt;l_l(@so (1)X;[7]
i=1

NOISE TERM ARISES DUE TO IMPERFECT CSI

- P / NR. psrrgl N [1]xs [7]

The effective noise variance 7, of effective noise matrix
Z is given as [35], [37],

WHITE NOISE VARIANCE OF THE NOISE TERM

¥ ARIANCE ARISES DUE TO IMPERFECT CSI
NTsp = N, + (P /NR, )pszlgﬁl)NaO':
SD (10)

VARIANCE OF THE NOISE TERM
ARISES DUE TO NODE MOBILITY

—(P. /NR)(1- piS )N, &”

a7 esp

where, N, denotes the number of non-zero M-ary PSK

symbols transmitted per MIMO STBC codeword. Following
the similar approach, the received symbol blocks at the relay
and destination nodes, respectively, can be expressed as,

Y [r]= N, Py /NR; (pSR)FlNSR [11X,[7]

DESIRED SIGNAL (ll)

Eff
+ Z
EFFECTIVE NOISE MATRIX

Yeolr]= N |5R I'NR. (Pgo )TﬁlwaD [11X[7]

DESIRED SIGNAL (12)

Eff
+ Zeo
EFFECTIVE NOISE MATRIX

P, =P,; if relaydecodes the symbol correcly (13
if relay decodes the symbol incorrecly.

where, effective noise matrix for SR and RD fading link, Z5

and zEf

rp » Fespectively, are given below,

NOISE TERM ARISES DUE TO NODE MOBILITY

WHITE NOISE 1
Eff _ _ 2 / < 7-i-1, H x
ZE = Zglr] +P.A-(pg)?) NR. Y (p) " QulilX,[7]
i=1
NOISE TERM ARISES DUE TO IMPERFECT CSI

- R /NR; (pSR)T_i_l N e [ [7].

NOISE TERM ARISES DUE TO NODE MOBILITY

WHITE NOISE
Zeh = Ziolel +\Pall=(pe0)’) NR Y (9r) Qo li1Xs 7]

NOISE TERM ARISES DUE TO IMPERFECT CSI
—,/|5R INR, (9o ) N oo [UX [7].

The effective noise variances 7, and 7, of Zg &Z5
respectively, are given below [14], [16-17],

VARIANCE OF THE NOISE TERM

WHITE NOISE VARIANCE ARISES DUE TO IMPERFECT CSI

Ner = N, +(Ps / NRc)(pSR)Z(H) Na(GeSR)Z -
VARIANCE OF THE NOISE TERM (14)
ARISES DUE TO NODEMOBILITY
(P I NR) (L= (p5) )N, (0,55)°,
T NCESE VARIANCE OF THE NOISE TERM ARISES DUE TO IMPERFECT CSI
Mo= N, + (P! NRc)(PRD)Z(H) NaGEZRD - (15)

VARIANCE OF THE NOISE TERM ARISES DUE TO NODE MOBILITY

(P /NR;) (1_ (Pro ) ) N, (GeZRD)z

3. SINGLE RELAY DUAL PHASE DUAL HOP MIMO
STBC S-DF RELAYING NETWORK

3.1 PEP analysis

In this section, per-block average PEP expression is derived
for the dual phase DH single relay MIMO-STBC S-DF
relaying network. The schematic representation of single relay
S-DF protocol is shown in Figure 1. Let MIMO STBC code-

word set is denoted by C={X;[7]};1<s<|C|, where |C]|
denotes the cardinality of the set C . The average PEP for the
error event X, [z] — X,[z], when at the relay node, MIMO
STBC code-word X [r]e C"" confused for the MIMO
STBC code-word X,[r]eC™™, where |=#s, can be
expressed using (2) as [18],

Figure 1. Schematic representation of DH dual phase single
relay S-DF cooperative communication protocol



P> (X, [e] > X, 7] Ngs [11) =

\/b% (P [N IOX [~ X D]
Q £ (16)

2NR: 776

| (bR G X 1 X, LD
- 2NR: 7765

where, Q(®) {\displaystyle Q(x)}is defined as [9],

7l2 M2
Q@) = 1 J exp(#}dl//; for BPSK transmission. (17)
Vs 2sin“y

0

where, @,b and C are modulation dependent parameters

listed in Table 1 [24]. Like works [9, 12, 16, 17] by using the
singular value decomposition (SVD) of the MIMO STBC
codeword difference matrix X[z]—-X[7], conditional PEP

for the SR fading link can be written as,

Table 1. Modulation dependent parameters for various
modulation schemes [24]

Modulation schemes a b C
M-PSK 2 Zsinz(% 0
BPSK 1 2 0
BFSK 1 1 0

M-1) 6
M-PAM 2 viEl 0
MSK or QPSK 2 2 1
Coherent DPSK 2 2 2
. (M-1) 3 M)
M-QAM S i 4( ¥ j
P2~ (Xs[e] > X, [] N [1]) =
2(r-1) q 2 $ st 2
bP; (pe)™ Z/llnz [ﬁ,n(1)|
aQ n=1 A=1 (18)
2NR 7765
2(r-1) - 2 N sr 2
bP; (o)™ Zﬂ’ln z fﬁ,n (l)|
_ CQ2 n=l A=l
2NR. 75
where, 4,,4,,.....4, represents the singular values (SVs)

obtained after performing SVD of the MIMO STBCcodeword
difference matrix X, [r]—X,[r],Esﬁfn(l) are the complex
Nakagami-m channel coefficients of the resulting SR channel
matrix Ng[1]=Ng[1U, for 1<A,n<N, and U, e C"*" is
a unitary matrix, i.e., U"U,=UU" =1,,. For Alamouti
MIMO STBC or any other orthogonal space-time code,
Ay =4, =....= A =A. Using the identity given in (17), the
instantaneous PEP for SR fading link can be written as,
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PR (Xs[e] - X [7]| N [1]) =

wz | DP(pg)’ ’“Zﬂqn P (1)| (19)
T { P 4NR077SR sin? 0

74 bP, pSR Z(T DZ’% €Sr 1)|
— | exp| - de.
T '([ P 4NRc’75R sin’ 49

The average PEP for SR fading link can be derived by
averaging the instantaneous PEP over the probability density
function (PDF) of received instantaneous SNR of the SRy,

fading link. For averaging the instantaneous PEP, we will use
the moment generating function (MGF) based approach in this
work. It can be expressed as [9-12],

PSR (X[l = X [2]) =

zl2 zl4 20
_I (ZSII’I 9) __I [Zsm 9}16' 0

I I

MGF of Nakagami-m distributed instantaneous SNR is
expressed as,

2
mgg N

2
mSR N (2]_)

M, (s)=

2(r— 1

mSRN2+S SR P, (Psr)
2R 775

The average PEP for SR fading link can be derived by
evaluating I, and 1,.

I, can be evaluated in terms of the Gauss Hypergeometric

function:
For solving I, let us change the variable by substitution

cos? 9 =t, (22)

This leads to,
sin? @ =1-t, (23)
—2sin@cosHd b = dt. (24)

Thus, the limits of the integral would change from 0 to 1
and the integrating variable dé changes to,

do = (25)
2/tVi-t
Therefore, 1, can now be given as,
I, =
N MesNZ = Men N2 (26)
2, 0™ P (AN R )™ dt
7ol (DO&P, (o) 022 e
Z[SRS(':;SR)+4N2RCUSR—4NZRCUSRt
SR



After rearrangements and mathematical manipulations, this standard form of the Gauss Hypergeometric function defined
integral can be represented in the standard form, as given in as,
(27). The above expression represents the integral in the

-mggN

mgg N 1
= (4N~Rc’7$R) __ Jﬁ t-o.so(l_t)msRN-o.so 1- 4’~\IzRC”SR m— t (27)
o2 P (o )z(rrl)ﬂf oA O Py (pSR ) il )ﬂm
27| ANR, pjgp+ —R-STRZ__Tn. ANR fjg +—
SR - mg,

The expression above is compared with Appell

b-1 c-b-1 -a
-7 -0 e (28) hypergeometric function of two variables X" and y', defined

ZFl(a,b;c;x)zﬁj'

as [22],
Comparing the above definition of the Gauss
Hypergeometric funct!on with the expression of 1, the ,:;1)0(1;11,11;),”; X,y =
parameters can be obtained as, " (33)
a=mguN?, b=0.50, c=1+myN? (29) eI - 1)
1
and [ort(1-0) " (1-0x)" (1-0y)" do
0
x= AN R e . (30) o . -
, bSZ P, (g )2V A2 Thus, comparing the integral 1, with the above definition
AN"Re77se + Mgs of Appell hypergeometric function various parameters can be

obtained as [22],
Using the identity given in (28) into (27), the I, can be
e>_<pres_sed in the form of Gauss Hypergeometric function, as 2 =MgN? +l’ll _ i,lf =m,N?, ¥
given in (31). 2 2
—Mgr N 22Rc’75Rt
bSSZR P (IOSR)Z(FHA2 .

3 1
"=mEN+ = X =2
2 2
I, = and y'=
(4N2RC77$RmSR)mSRNZ mSRNZ %

~ mge N
2(4N2Rc’75Rm5R +F (PSR)Z(H)bé‘sZRﬂ'Z) mSRNz +1 (31)

1
~ . meN? T N2 +=
c [baéRPS(pSR )2( l))LZJ (Mg 2)

a

—Xx I, = 2 ?
" Elmone LaemoNe: 1 22n | RengmgeN r(mSRN2+§)

2'1 SR ’2' SR 1 bP 52 (p )2(1—1)2’2 2
1450wl 2 (34)
AN "R 75aMgg
1.1 3.1 Mgy N°
F/(Al) mSRN2+E;E'mSRN2;mSRN2+ e =

I, can be evaluated in terms of the Appell hypergeometric 2’9’ D32, Py (peg )02

function of two variables: 2R g
Like the case of I, to solve 1,, let us change the variable

by substituting sin®@=t/2. Further manipulations of this Finally we can obtain P>~%(Xs[z]—>X[z]) by
substitution leads, 2sin&cosgdd =dt/2, substituting 1,and 1, in (20). In general, when there are more
dt than two MIMO STBC code-words, the total PEP for the

d9=ﬁ' decoding at relay node corresponding to the transmission of

4\/;\/1‘5 the 7" MIMO STBC code-word is upper bounded by the

union bound over all possible erroneous MIMO STBC code-
Also, the limits of integral would change from 0 to 1. words [9-12],
Therefore, 1, can now be given as,
PRl X, RETR(Xs[el - X [x)). (35)

mgeN? X [r]eC,
. N2 ot Xs[7]2X,[7]
— ¢ mSR
'Z_ZI , BSZLP. (o) VA2 t [t : Lo
°l mg;N +% Hats Following a similar approach, the average PEP of the
s (32) confusion event X, [z] — X;[z], corresponding to the direct
d

1 32 2(r-1) 72
:%j[u bsePs (p) 4 SD link for the z™ MIMO STBC block can be expressed as,

—mgeN? t
2Rc Mg Nt j 4\/E ’1_1
2 2

5, —MmgeN?
¢ j[thRNz’llz te bSZP, (e )2 22 it
227 meN 2 2R 7

-t
2
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(4NNDR(ZnSDrnSD)mSDNND I’nSDNND

PESﬁD (xs [T] - xi[T]) =—
2F | Mg NN,

c bSSZD P (Pso )22
2\2m 2R.nssMsr NN,

TMWImeNND+1)

(Mg NN + 5)

where, 82, = &% +07. The conditional PEP expression for
the error event X;[z] — X;[z], at the destination node, when

the relay node successfully decodes all the symbols received
from the source node during the broadcast phase, conditioned

PESRD (Xs [7]— Xi[T]‘NSD[l]‘ NRD[]'])

N
P i ”Zﬂf YEf Pl YA c’d |
— aQ b n=: n=1
ZNRCUSD ZNRCURD

where, 7% (1),7}% (1) are the complex Nakagami-m channel
coefficients of the resulting SD and RD channel matrices
Np[]=Ng[U, and Ngy[]=Ng[1U,, respectively.

Applying the MGF based approach, the instantaneous PEP for
the cooperation mode (SRD) fading link can be expressed as,

( b jde
2sin% @

F)ESRD (xs[f] - X [T]) =

zl2 b zl4
_I ’SRD(Zsm Hj __j Yoro

where,

Vsrp

spsg 1)2 [Sd (1)‘ P, (pRD)z(T 1)2/12
= o1

4NRC77 SDsm 0

3 of

4NR 7y RDsm 0

denotes the instantaneous SNR of the SRD fading link. Also
M,__(s) denotes the MGF of the SRD fading link, can be

PE™ (X[l = X;[7]) =

ix (4NNDRC77$DmSD)mSDNND mSDNN

2<4NNDRCUSDmSD + PS (pSD)Z(ril) ngZDlz) )

pN X
my NN, +1

%;1+mSDNND;

XFAD mSDNND +E,E,

1
+ bPy SSZD (IOSD)Z(T_l)/12 (36)
4NNDRCT75DmSD
11 31 —m<, NN
= My NN M NN + =5 — = 2(271) 2
22 bog, P (psp) A
2R:Nsp

7| 2(4NNgRe Mg + Py (930" VB35 1°)

2027\ 2R.neom NN,

clsp

c [wsop(pw)“f—mzj”w TN, )

I'(mg; NN, + )

mSDNN +1

xF(l) My, NN, +
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on the SD and RD channel gains g (1)= ﬁlff’n(l)‘z and

2 . L
g,n(l) €{f’n (1)| , respectively, is given below,
PP ”Zﬂ Y Py “Z% Simaf| | G)
ZNRCUSD 2NRc’7 RD
expressed as,
Msp NNp
m., NN
M (S) — SD D
VsrD P(p)rl)ﬂz
mSDNN +sw
2R.115p (38)
MgpNNp
5 M, NN
32 2(r-1) 72
mRDNND+S§RDPR(pRD) A
2R:77zp

where, 6%, = 0z, + 07 Following the similar approach used
in deriving the simplified expression of
PP (Xslrl=> X [2]) & PP (Xs[el > X[z]) , the
average PEP for the cooperation mode, PS™° (X;[z] — X;[7])

can be expressed, as given in (39). The end-to-end error
probability — expression  for the erroneous event
Xs[z]— X,[z], corresponding to MIMO STBC code-word

transmission can be written as,

1 1
,F| M NNy, —;1+my NN ; =
P 5o NNp +bP5552D(pSD)2(771)/12
4NN, R 755 Mg
3.1, —m., NN
mSDNNDVmSDNN PPy ‘“2 = 2(2-1) 2
2'2 Pog Py (Psp) %
2Rc715p



a (4NN Re 775 Mg ) ™™ [ M NN, 1. . 1
x on B mRDNND,2,1+mRDNND, % 2D 2
| 2(4ANNGR: 7o Msp + Py (00 ) b8 A7) ™ [Mo NN +1 4 PO (Pep) ™ 4
% 4NNDR077RDmRD (39)
. 1
o (BP0 TN ) 11 . 3.1 mpNN,
3 xFy? | Meg NN + =5 = Mg NN s me s NN + = =5 — 2D 32
2N27 \ 2Rc17ppMep NN, [(Meo NN, +2) 22 22 bogPs (Pro) A
2 2R 7kp

PE[Xs[z] = X,[z]] = PP [X,[7] = X [7]] %

Direct SD Transmission
Error Probability

+ (@A- PESﬁR) X

—_—
Probability when relay
decodes correctly

(40)

S—R
PE

Error Probability whenrelay
decodes incorrectly

pRe (XS[T] - Xi[z']) .

SRD(Cooperation Mode Transmission)
Transmission Error Probability

Substituting (20), (36) and (39) into (40) and employing the
fact that 1-PS”% ~1 at high SNR in (40), yields the

PF[X,[r]— X;[z]] corresponds to the erroneous event
X[z]1—> X[z] when X [r] confused for the X[z], as
given in (41). Using the end-to-end error probability

expression given in (41), the error bound for the ML decoding
(optimum decoding) at the destination node corresponding to

™ MIMO-STBC code-word block can now be readily
obtained by considering the union bound over all the PEP
terms corresponding to the X [z]— X[r] over-all the
possible code-words X;[r]eC. Finally, the per-block

average PEP bound at the destination can be expressed, as
given in (42).

expression  for  the  average  end-to-end PEP
P* [Xs[r] = X [7]] =
1
(4NN, R 775 Mgy ) ™™ [mg NN ¢ (b(;szD (9 ) Az]sw F(mSDNND+§)X
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mppNNp
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3.2 Asymptotic error floor analysis

Now, in order to theoretically support our claims about the
performance degradation due to imperfect-CSl and mobile
nodes, it is useful to obtain the asymptotic error floors for the
single relay S-DF protocol by ignoring N, in (10), (14) and
(15) for single relay scenario, as expressed below [16-17],

o =P Vol +(1-pS )l (43)
R = (pSR)Z(Fl) (UESR)Z +(1_ (psR)Z(T 1))( SR) (44)
= (Pro )2 (Oupo)’ + (1 (Pro )2 ) (Ouro)®s  (45)

using 7,75 and 7., in (42), one can readily obtain the
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asymptotic error floor for per block average PEP, as given in
(46).

Various conditions arise due to nodes mobility:

When all nodes are static and perfect CSI condition

According to Jake’s autocorrelation model [21], when all of
the nodes are static, i.e., the relative speed between any two
communicating nodes of them is zero, the correlation
parameters pg, ps, and pg, reduceto 1. By considering this

condition, the asymptotic limit for PE s still given by (46),
but with the following  modified parameters:
g = o:SD Tl = O, aNd gy = 0 s Furthermore, if the

estimation processes throughout the network are perfect, i.e.,

G:SD 0’q =0’ =0, the value of 7,7, and 7., reduces

to zero which reduces (46) to zero, i.e., the asymptotic error
floor in (46), as expected, vanish, i.e., impact of node mobility
is removed.



When source and destination nodes are static and relay node
is mobile

Corollary 1: In DH single relay S-DF cooperative
communication networks with perfect CSI, even though the
relay is in motion, the system performance does not experience
asymptotic limits if both source and destination are static.

Proof: In this scenario, py, =1 while pg, and p., are

<1.Under this condition, the asymptotic limit for PE is still
given by (46), but with the following modified parameters:

Nsp = O-:SD VMg = (psR)Z(T_l) O':SR + (1— (psR)z(T_l) )O‘ezSR )
TTro = (Pro) + (1_ (pRD)Z(T_l) )GeZRD'

Furthermore, if the estimation processes throughout the
network are perfect, i.e., a:SD =0’ = 0 o =0, the value of

2(r1) ;2
eRD

Mo, e @Nd 775, reduces to zero which reduces (46) to zero,

i.e., the asymptotic error floor in (46), as expected, vanish, i.e.,
impact of node mobility is removed. Despite that both
scenarios (a) and (b) do not provide asymptotic limits in the
case of perfect estimation, this does not mean that they provide
same performance results over all the non-infinite SNR range.
Later in the simulation results section, we will show that
scenario (b) provides worse performance than scenario (a) due
to the relay mobility.

When relay and source nodes are static and destination node
is mobile

Corollary 2: In DH single relay S-DF cooperative
communication networks, even though relay is static, the
system performance is severely degraded by asymptotic limits
if destination node is in motion.

Proof: When the destination node is in motion and the other
nodes are static; p; =1while pg, and py, are <1. In this case,

PF <

the asymptotic limit is given in (46), but with the following
modified parameters:

N S 2(c-1)
Nlsg =0 17150

_ 2 2c-1)) 2
=P O +(1_pSDT )O'

esp
and 77zp = (Pro) Ocrp T (1_ (Pro )2([_1) )UEZRD'

In this scenario, it is significant to note that the PEP term
for the event when relay node decodes the MIMO STBC code-

word correctly, i.e.,  (1-PS”F) in (40) contributes to the

\—,—/
Probability when relay
decodes correctly

asymptotic error floor for the per-block average PEP.

When relay and destination nodes are static and source node
is mobile

Corollary 3: In DH single relay S-DF cooperative
communication networks, even though relay is static, the
system performance is severely degraded by asymptotic limits
if the source node is in motion.

Proof: When the source node is in motion and the other
nodes are static; py, =1while pg, and pg, are <1. In this case,

the asymptotic limit is given by (46), but with the following
modified parameters:

2(r-1) __2

— 2~ 2 2 201\ 2
Tro = (Or0)™s 7o _psDT O-eso +(1_pSDT )O-eso'

and 77, = (pSR)Z(Fl) (05r)* + (1_ (psR)Z(Til) )(O-eSR)z'

In this scenario, it is significant to note that the PEP term
for the event when relay node decodes the MIMO STBC code-
word incorrectly, i.e., PSR in (40) contributes to

Error Probability whenrelay
decodes incorrectly

the asymptotic error floor for the per-block average PEP.
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3.3 DO analysis and optimal power allocation

3.3.1 DO Analysis

In this sub-section we demonstrate the DO analysis and will
develop a framework to evaluate the optimal source-relay
power allocation factors, which will further enhance the end-
to-end error performance of the relaying network. At high
SNR, since the union bound is tight, the source and relay SNRs,
P, /N,, P, /N, > . We consider that each receiving

terminal  has perfect channel  estimation, i.e.,
0l =00 = =0 and nodes are static, i.e.,
0 =05 =05, =0 . Applying the above mentioned

conditions in (41) and at high SNR, considering the

PE[X;[r] - X;[7]]

P

N mSRN2+mSDNND ) ) 1
(_0) (K, =K, )(K{ =K} )

dominating terms corresponding to m,n=0,1in the identity
,F(a,b;c;z) = z(a) (b) a for the Gauss Hypergeometric

function and Appell hypergeometric function of two variables
[22],

By (ot y'i X, y) =
i (Zl)m+n (Ll)m (4)n

=0 (}/")m+r| r(m+l)r(n+1

)(X') )

m,n

where, (x), is the Pochhammer symbols [22], one can
simplify the expression in (41), as given in (47).

ﬂNNDmSD+NZmSR
0

(47)

N NNpmsp N NNpmMgo . , , . 1
(?Oj (FJ (K=K (KL —K)

where, S, and g, are the optimal source-relay power factors,

By =P IP, B =
2 \MseN? 7o NZ
P, /P, K, = [Mj [ (sin?0)™" do,
Vs bos 0
2 \MseN? 274
Kzzi[—ZRszRN J _[(sm H)mSR ,
Vg bog °
MspNNp /2
_a[2R msgNN J I(szg)mwNNDdg
Vs bog, o

MsoNNp 774

o
[ZR <M, NN, [ (sin H)mSDN ° 40
o1l

l

_C
4 bdg 0

MepNNp /9

2R m NN MroNNp
ngD !(sm 0)" "do

MeoNNp /4

pNNp d9

2R NN . M
Kg—g[% f(ano)

Using the PEP expression expressed in (47) for the error
event X,[z] —» X;[z], the asymptotic PEP approximation of

the above system can be obtained at high SNR employing the
union bound, as given in (48). Asymptotically tight PEP
expression expressed in (48) can be further simplified as,

PE < ERl (NO / P) NNpmgp *szsR + ERZ (NO / P) NNpmgp +NNpMgp , (48)

where, the terms R, and R, are appropriately defined

constant terms.
Depending upon the various values of the product of the DO
and shape parameter of the fading links, various cases arise,
Casel: When the product of the DO and shape parameter of
the RD fading link is greater than the product of the DO and
shape parameter of the SR fading link, i.e.,
NNym., > N?mg,. Then in high SNR regimes, the first term

291

ﬂONNDmSD ﬁlNNDmRD

is the dominant term in PEP expression, PEP can be expressed
as,

PE <, (N, / P)WNomo#Nmsn
So, DO can be derived as,

m log(P*)
piNg—e 100(P / Ny)

DO =- =NNymg, +N°mg,.  (49)

Case 2: When the product of the DO and shape parameter
of the SR fading link is greater than the product of the DO and
shape parameter of the RD fading link, i.e.,
NN m., < N’mg,. Then in high SNR regimes, the second

term is the dominant term in PEP expression, PEP can be
written as,

P® <R, (N, / P)\Nemso Moo (50)
So, DO can be derived as,
E
DO=— lim —1°9P) _ NN mg, +NNym..  (51)

PN, 109(P 1 Ny)

Also, for the general case, when the product of the DO and
shape parameter of the SR fading link is equal to the product
of the DO and shape parameter of the RD fading link, i.e.,
NN m., = N?mg,. Then in high SNR regimes, the DO can be

expressed as,

DO = min(NNymg, + N*mg,, NNymg, + NN m.,) =

(52)
NN, Mg, + N min(Nmg;, NDmRD).

3.3.2 Optimal power allocation
The expression (47) can be modeled as a CO problem for
deriving the optimal source-relay power allocation factors S,

and g,.



CO problem is modeled as, By changing B >0to—£ <0 and noting that the above

CO problem is minimization problem, the Lagrangian based
; @, @, mathematical framework is given as,
min NNpMep +NZm + NNpmsp aNNpMgp
o B ﬂo pMsp SR ﬂo ﬂl ,
st. B, + 3 <1, L' (S ) =
@, @, , , (58)
— + — m+§,8+,8—l,§>0
and, ﬂONNDmSD+N Meg IBONND suﬂlNND RD ( 0 1 )
B, =0. 53 - . o
PP 53) where, £’ denotes the Lagrange multiplier. Differentiating
where, @, and , are expressed below, L'(/3,, ,) with respect to /3, we get,
N0 Mg NZ g NN , , aL'(ﬂO’ﬂl) B —ZU]_(NNDmSD +N2mSR)
o, = F (Kl_KZ)(Kl_KZ)' 0B - ﬁNNDmSD+N2mSR
0( ) 0 (59)
N NNpMgp +NNpMgp ' ' ' ’ -, NNDmSD ,
o, = (?Oj (Kl - KZ )( K3 - K4 ) (54) + ﬂONNDmSD +1ﬁ1NNDmRD + é/ !
One can see that the KKT conditions-based CO framework Putting (59) equal to zero, we get,
can be employed for deriving the optimal source-relay power
allocation factors £, and . In the mathematical CO e wl(NNDmSD + NZmSR)+ @, (NNymg,) (60)
framework, the KKT conditions are 1" order necessary ﬁONNDmSD+N2mSR BiNomo 1 pNNo e,

conditions for finding the optimal solution of nonlinear
programming (NLP) [25], subject to the satisfaction of some

regularity conditions. Allowing inequality constraints, the Differentiating L'(/5;. /) with respect to /4, and putting

KKT will tend to NLP generalizes the concept of Lagrange the resultant expression equal to zero, we get,
multiplier which allows only equality constraints. Consider the , @, (NNymgy ) 61)
following nonlinear minimization problem: &= BNomso gNNoep 1 *
0 1
. @, o P , . . .
2?,'2 f(B.8 )= NNDmSD1+N2mSR i ﬂNNDmSD;}NNDmRD , Substituting the value of £’ obtained in (61) into (60), we
Py 0 1 get,
st. >0, i=01. (55)

NNpMgp +1 NZmgg +1 NZmgg
. (1_180) " 8_(ﬂ0) " +(1_ﬂo)(ﬂo) ™ =0. (62)
where, @, and @, are given as,
where, ¢ is expressed in (63). Further, we can find out the
Mg N +msp NN o, solution of the quadratic expression given in the equation (62)
@, 2(—j (K =Ky)(K{=K;), (56) by using standard mathematical computing software such as

P MATHEMATICA or MATLAB.
N NNpmsp N NNp Mg . . . .
@, =2 -2 (K[ -Ky)(K;—K;).  (57)
P P
NNymy, + N2mg, ) (K, — K, ) (N, )V s Moo
( p'''sp SR)( 1 2) No : szSR >NNDmRD
= (NNDmSD)(K’;_KA;) P
(NNDmSD +N ZmSR )( K1 _ KZ) N NNpMgp ~Nmgg (63)
L ; N’mg, < NNpme,
(NNymg, )(K; —K;) P
4. SIMULATION RESULTS process, and due to incorrect CSI estimation, the estimated
channel variances are assumed to be corrupted by Gaussian
Monte Carlo (MC) simulations are conducted to confirm the errors. For such a system model, an approach is proposed to
accuracy of the theoretical results for the considered MIMO derive a tight approximate expression for the system's
STBC based S-DF cooperative communication protocol over conditional PEP. This approach is based on utilizing the AR1
time selective Nakagami-m fading channel conditions model to derive exact expressions for the per block average
considering imperfect CSI and node mobility conditions. Due PEP of the Alamouti decoder's decision variables, and on
to nodes mobility, the system's links are characterized by time- benefiting from the central limit theorem to approximate some
selective fading channels, which are modeled by the AR1 of the non-Gaussian interference and noise terms. The
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obtained conditional PEP expression is function of both the
fading channel correlation parameters and the estimation error
variances, and thus, it is valid for mobile as well as static nodes
for imperfect as well as perfect channel state information
estimation processes. We consider S-DF relaying protocol and
assume that the relay can check whether the decoding result is
correct or not. Per block average PEP performance is
investigated for both equal and optimal power allocation
scenarios. To investigate the accuracy of the investigation for
M-PSK signals, we employ M = 4 to check the M-PSK results.
Figure 2. shows the PEP performance of dual phase DH
relaying protocol over time selective Nakagami-m channel
with imperfect CSI and node mobility for equal and optimal

power allocation. The results show that analytical results are
in exact match with the simulated results at high SNR regimes
and the per block average PEP performance for optimal power
is better than PEP performance for equal power allocation.
Figure 3. shows the per block average PEP performance of
MIMO Alamouti STBC S-DF relaying protocol with QPSK
modulation for various node mobility scenarios. Results show
that for the network conditions when,
Pr <L peo =1 pp <1, source  mobility  significantly
degrades the per block average PEP performance in contrast
to the network condition with only relay is mobile, i.e.,

P <L pro <L pgp =1.
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Figure 2. Per block average PEP vs. SNR in dB of MIMO Alamouti STBC S-DF relaying protocol with QPSK modulation for
optimal and equal power allocation with f. =5.9GHz,R; =9.6kbps, N, =L R. =L N =N, = 2,52 =0.01,
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5. CONCLUSION

This paper comprehensively investigates the performance
of DH MIMO-STBC cooperative wireless systems over time-
selective and possibly i.n.i.d. Nakagami-m fading links. CF
expressions have been derived for the per-block average PEP
with time selectivity arises due to node mobility and imperfect

CSI. The results show that analytical results are in exact match
with the simulated results at high SNR regimes and the per
block average PEP performance for optimal power is better
than PEP performance for equal power allocation. Specifically,
we found that the source mobility significantly degrades the
per block average PEP performance in contrast to the network
condition with only relay and destination nodes are mobile.
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For other node mobility scenarios, the system is constrained
by an asymptotic error floor with a higher SNR regime.
Results show that with increase in the fading severity
parameter per-block average PEP performance improves.
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