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This paper investigates the impact of node mobility and imperfect channel state in-
formation (CSI) on the end-to-end performance of a selective decode-and-forward (S-DF)
based multiple-input multiple-output (MIMO) space-time block-code (STBC) coopera-
tive wireless system. A closed form expression is derived for the per-block average
pair-wise error probability (PEP) for several configurations in terms of number of phases,
hops and relays over time selective Rayleigh fading channel, with best relay selection
(BRS) and path selection (PS). Further, a framework is developed for deriving the diver-
sity order (DO) for each configuration. Results show that when both destination node
(DN) and source node (SN) are immobile, system performance does not encounter as-
ymptotic error floor although relay node (RN) is mobile. Although with mobile RN, the
movement of either the DN or the SN critically affects system performance by asymptotic
error floors. System performance is analyzed for both equal power and optimal power
scenario and the results show that system performance improves with optimal power.
Simulation results are in close agreement with the analytical results at high signal to
noise ratio (SNR) regimes.

Keywords: channel state information, optimal power allocation, selective decode and for-
ward, node mobility, relay selection, path selection, pairwise error probability

1. INTRODUCTION

Cooperative wireless communication [1] significantly improves the data transfer
rate and improving the bit error rate (BER) through the additional cooperation diversity
inherent in such wireless systems [2]. Cooperative communication is the natural choice
for 5th Generation [2] wireless communication system and has already employed in the
4th Generation system along with MIMO [3]. Along these lines, it is noteworthy to ex-
amine the performance of the relay assisted communication system considering practical
conditions like imperfect CSI and outdated CSI, Doppler effects, time-selective fading
channel, mobile nodes and so forth. In recent times, these problems have been intensive-
ly examined in the works [4, 5, 7, 14-16]. In [4], the authors investigated the effect of
imperfect CSI at the RN on the end-to-end system performance. Variable gain Amplify
and Forward (AF) network is considered in this work. In [5], symbol error rate (SER)
performance analysis has been considered for multiple relay S-DF relaying network,
assuming time-varying channel, due to the Doppler spread effect, and using the pilot-
symbol-assisted modulation (PSAM) technique for their modeling.

Relay selection that instructs a subset of RNs in the relaying network to forward
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symbol has been considered as an effective technique to enhance the end-to-end reliabil-
ity of the relaying network [6]. In [7], the authors employed the 1st order autoregressive
process (AR1) to model the time-varying fading channel links of orthogonal STBC-AF
network, considering the BRS and conventional cooperation protocols a closed form
SER expression is derived. In this work, CSI is not necessary at the RNs and at the DN.
For decoding purpose, differential coherent detection is considered at the DN. In [8], the
authors investigated the multiple hop AF and decode-and-forward (DF) relaying network
with considering the BRS, which improves the end-to-end system performance of the re-
laying network by reducing the system complexity. However, in this paper authors have
not considered the time-selective fading channel. In [9], the authors have investigated the
end-to-end error performance of multiple relay hybrid incremental DF cooperation sys-
tem with an opportunistic relay selection under Rayleigh fading channels. Simulation
outcomes reveal that system performance improves by increasing RNs.

n [10], the authors investigated the PS based relaying network, in which the RN
selects either the direct source-to-destination (SD) or source-relay-destination (SRD)
fading link for data transmission. This work proposes a generalized network, which is
appropriate for numerous physical layer techniques. In [11], the authors analyzed single
relay MIMO S-DF relaying network in which the SN, RN and DN are employed with N,
Nr and Np antennas, respectively. The authors have proposed joint antenna and PS tech-
nique, which jointly chooses the single transmit and receive antenna pairs, along with the
selection of either cooperation mode SRD transmission or direct mode SD transmission.
The authors have used maximum-minimum-maximum criterion of instantaneous SNR. A
closed-form bit error rate (BER) expression for the S-DF MIMO system with M-PSK
modulation is derived. But this work has not considered time selective fading and node
mobility. In [12], the authors employed a maximum-minimum technique for PS towards
S-DF relaying network and present the associated SER performance over time invariant
independent and identically distributed (i.i.d.) Rayleigh channels. But this work consid-
ers only single antenna and cannot be employed to MIMO scenarios, which is essential
for 5th generation wireless communication systems. In [13], the authors investigated
multiple hop cooperative communication system considering path selection and node
mobility. In this work, two path consistency based path selection strategy has been pro-
posed for multiple hop cooperative communication. In [14], the authors analyzed the
outage probability for the path selection based MIMO beamforming relaying network
considering imperfect CSI and moving nodes. But this work is limited to the single relay
cooperation system and is not applicable for multiple relay scenarios.

However to the best of our knowledge, above, works have not addressed the end-to-
end performance analysis of BRS and PS based S-DF [16-18] relaying network consid-
ering both node mobility and imperfect CSI. In this work, we consider modified har-
monic mean function (HMF) of its SR and RD instantaneous channel gains as an appro-
priate metric for relay selection. We calculate the ratio between the SD channel gain and
MHM and comparing it with cooperation threshold. If this ratio is greater (less) than the
cooperation threshold, then cooperation mode SRD transmission will take place. Other-
wise, the source sends signal directly to destination, i.e. SD mode of transmission will
take place.

The organization of the paper is as follows. The system model is given in Section 2.
In Section 3, a closed form expression is derived for the per-block average pair-wise
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error probability (PEP) for several configurations in terms of number of phases, hops and
relays over time-selective Rayleigh fading channel, with BRS. In Section 4, PEP perfor-
mance for PS based S-DF protocol is given. Section 5 analyses the effect of node mobil-
ity on the PEP performance along with asymptotic floor. Simulation results and discus-
sion are pro-vided in Section 6 and finally conclusions are given in Section 7.

2. SYSTEM MODEL
2.1 Channel Model

We assume all the fading channel links are time-selective in nature. Also, we as-
sume links will not vary for every STBC codeword matrix. It differs in a time-selective
way from one STBC codeword to another STBC codeword within a block. The time
selective MIMO fading links can be modeled using AR1 as [7, 14-17, 19],

Z,(p)=vZ,(p-1)+1-U'E,(p); i € {SD,SR,RD}. (1)

Where the terms vsp, sz and vUrp denote the correlation coefficients for the SD so source-
to-relay (SR) and relay-to-destination (RD) links respectively. These correlation coeffi-
cients can be evaluated using Jakes model [7, 14-17, 19] as, v = Jo(2[If.v,/Rsc), where v,
is the relative velocity, Rs = 1/Ts is the symbol transmission rate, Ts denotes the signal
time, ¢ denotes the light speed, f. is the carrier frequency and Jy(-) denotes the zeroth-
order Bessel function of the 1% kind [14]. The random process Ei(p) is a zero mean cir-
cular shift complex Gaussian noise (ZMCSCG) {i.e., ~ CN(0, ¢2)} and denotes the time-
varying component of the associated link [15]. In system model, we consider that the DN
employs low complexity maximal ratio combiner (MRC) receiver [2]. However, it is
difficult to get instantaneous CSI corresponding to the transmission of every STBC code-
word due to the time-selective nature of the fading links. Hence, similar to works [7, 14-
17, 19] we assume imperfect CSI at the RN and DN. The estimated channel matrices for
RD, SR and SD links can be written as [19], Zgp(1) = Zrp(1) + Ze,,(1), Zsr(1) = Zsr(1)
+ Ze (1) and Zsp(1) = Zsp(1) + Ze (1), respectively, estimated at the beginning of each
block and in this way used to detect each STBC codeword Xs(p), 1 < p < Nj, in the conse-
quent block. The MIMO channel matrices Zsg(1)eC™V, Zzp(1)eC">*N and Zsp(1)e
CN>N are comprised of entries " (p), h” (p) and A*” (p) which are ZMCSCG with
variance 5y, 35, and J., respectively. The channel error matrices Ze,(1), Zey(1) and
Zie,,(1) comprise of entries, which are ZMCSCG with variance o%,,, 0%, and 0%, res-

pectively. By using Eq. (1), Zeg,(p) can be modeled as [7, 14-17, 19],

~ [)—1 .
Z gy (P) =l Ly ) =0 Z. () +1-03, D v Eg, (i). )
i=1
2.2 Signal Model

Consider multiple hop multiple relay multiple phase S-DF cooperative communica-
tion system employing BRS strategy with Nz, Np and Ny are the number of antennas em-
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ployed at the RN, DN and SN respectively. In order to keep the data rate of the SR link
same as that of the RD link, we employ the same STBC at the RN and SN. This also
means that Nz = Ng = N [14-22]. Schematic representation of BRS based S-DF relaying
scheme is given in Fig. 1 (a).
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T

Fig. 1. (a) Schematic representation of BRS Fig. 1. (b) Schematic representation of path se-
based S-DF cooperative communica- lection based single relay S-DF coopera-
tion protocol. tive communication protocol.

The BRS based S-DF relaying scheme can be described as follows. Let C = {Xi(p)}
denotes the STBC codeword set, where each codeword of the set C is expressed as, Xj(p)
eC™Ts and 1 <j <|CJ, where |C| denotes the cardinality of the codeword set C [14-16,
19]. The fundamental idea of the proposed S-DF relaying technique relies upon choosing
best RN among the L RNs to cooperate with the SN, in the event that it needs coopera-
tion. The received symbol block at the DN in case of direct SD transmission mode is
modeled as [7, 14-17],

Yoo [p1= P/ NR0'Z o [UX [ p1+ Wy [ 1. 3)

Where P, N and R¢ denote the total available power budget, number of antennas at the
SN and coding rate respectively. For cooperation mode, the received symbol blocks at
the RN and DN can be modeled as [15, 20],

Yo p1= B/ NRV L[+ 2. ) X[ p1+ W [ P, )
YeolP1 =B/ NRO 2y [N+ 2 T X [P+ Wiy [ ] (5)
B =P; if relay L decodes the symbol correcly
Where, < .
P, =0; if relay L decodes the symbolincorrecly

In Eq. (4), P> denotes the optimal relay power for source-best relay-destination transmis-
sion. The noise matrix Wsp[p], Wsr[p] and Wgp[p] are comprised of noise terms emerg-
ing because of the moving nodes and imperfect CSI respectively [15, 16, 19]. The effec-
tive noise variances 77sp, 77sz and 7gp for SD, SR and RD links can be modeled as [7,
14-16, 19],
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Mo = Ny + P(NR.) "0l "N,&? +P(NR.) ' (103 )N, 0,

SD

Tge =Ny + B(NR.) i "N,0” -+ R(NR.)™ (1-05 )N, &,

@ esp’

Mo =Ny + BNRY U "N,&> + B(NRY ™ (1-0y | N,& (6)

respectively. Where N, denotes the number of non-zero M-PSK symbols transmitted per
codeword [16]. The advantage of using STBC code-word is that, it orthogonalizes the
vector channel into a constant scalar channel by creating virtual parallel paths [15, 16].
The effective instantaneous SNR ysp(p), ysz(p), and yp(p) for the SD, SR and RD fading
links respectively can be modeled as [14-19, 22],

R R T MR Yo O

n=1

2(p-1)
Pug, ‘

7sp(P) = =
* 2NR 11, 2N, RCUSD

_ Ll 2 2(p-1) 2
R |2 WX (- X ()], BV ,Zﬂ >
2NRe 15 2N Rc M5k

Ysr(P) =

o |2 0 (o) - X, (], P . > Sa af

= (7
2NRc Mgy 2NR My

Yeo(P) =

The effective SNRs ysp(p), ysr(p) and yrp(p) are Gamma distributed in nature, having a
cumulative distribution function (CDF) and probability distribution function (PDF) and
is modeled as [14-17, 19, 22],

Fyt)= {0, A{T(®)}, i) = At H{T(®)} e, ®)

Where A-,-) denotes the lower incomplete Gamma function [14-17, 19, 22] and the quan-
tities (O, A) will be equal to [NNb, {Csn(p)Sk ], [N, {Csn(p)ert] and [NNo, {Cro(p)
Bfw}'l] for the SR, SD, and RD SNR’s respectively [14-17, 19, 22]. Where Csp(p), Cse(p)
and Crp(p) are given as [14-17, 19, 22],

o)~ [Tt (VR 170 (VR 27162, 470 (8. (1-03)2, |
Ca (p) = {;SRU_SZ‘I(QP_I) (NRC )_1}
(AR

")
respectively. The quantities B;ZeSR, SiSR, SZERD and BﬁRD are equivalent to N, O'2€s1e, N, O%SR,
N, UzeRD and N, o%.RD respectlvely [19]. The parameters ysz, 7zp and ysp are given as ysg =
P1/No, yep = P2/ Ny and ¥sp = P/Ny respectively. The quantities Sor, sp and Spp are de-

fined as, Sk = Sr + O'ESR, Sp = Sip + O'ZESD and Srp = Srp + UZERD respectively [14-16].
The terms J- sp and ougp, are equivalent to N, o sp and N, O%SD respectively, An, Ap, ..., A

L7 (NR) U6 47 (VR (102072, |
(VR

_ _ ~ L _ B 0N s )7
Coo ()= {7 700 (NR) 2, 7 (VR (1-07)7, | )
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represents the singular values (SVs) obtained after performing the singular value de-
composmon (SVD) [17] of the STBC codeword difference Xs(p) - Xi(p), hSD represents
the (7, n) coefficient of the matrix Zsp(1) = Zsp(1)U; for 1 <7, n < N and U eC™isa
unitary matrix, i.e., U;U = UU; = Iyxy and for orthogonal-STBC we take Ay = Ap = ... =
Aiv=A[16-19].

2.3 Relay Selection Algorithm

Let metric £ be defined as the HMF, g of its SR and RD link variances as [20],

B = 1iq i Bro, @25k} = 2q1q2BroBsriqiBro + @2 fBsr) 5 i=1,2, ..., L. (10)

Where fie= |25 (0|, Bro=[i 52 (D[ g1 = 482 g2 = Blg(1 - ). 4 = (M~ D)2M)"
+ sin(2pi/M)(4pi)!, B = 3(M — 1) (M) + sin(2pi/M)(4pi)! — sin(4pi/M)(32pi)! and g &
P1/P denotes the power ratio, P; and P denote the source and total power respectively in
the case of cooperation mode. Let fnax denotes the optimal RN metric, which is ex-
pressed as [20],

Proax =max{p, p, ..., B} (11)

In the 1% phase of the signal transmission, the SN estimates the ratio Ssp/fmax and com-
pares it with cooperation threshold . Where fsp denotes SD path gain. If Ssp > fmax,
then direct SD transmission mode will take place. If fsp < finax, then cooperation will
take place. In this case SN will choose the optimal relay among the L relay nodes.

3. PERFORMANCE ANALYSIS
3.1 PEP Analysis

For analysis purposes, we consider orthogonal-STBC codeword. We derive the av-
erage PEP probability of direct SD transmission and source-best relay-destination modes
of transmission of S-DF relaying scenario. Then, these derived expressions are used to
derive the average PEP upper bound expression for S-DF protocol. The CDF of £ for i =
1,2, ..., Lis expressed as [20],

Pp(B) =1 = B(t) expi-t B2} Ki(B(ti) ™). (12)

Where #1; = (q1420,0k0)", t2; = (q255r)" + (q16kp)" and K(x) denotes the first-order
modified Bessel functions of the second kind [1, 2]. The CDF of Sn.x can be expressed

L
as[1,2,20],P, (B)=P.(B, <p.... 5 < B)=]]P,(B)and the PDF of S can be written
[1-5, 17-20], .

5P,;, (,3 )

Py (B)=—L=22Rp, (ﬂ)(]‘[(l exp( 0.50t2,ﬂ))]. (13)

Jj=1 =Li#j
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Where pg(-) is the PDF of 4. We apply an approximation Ki(x) ~ x120] in Eq. (13).
For simplicity, we consider symmetric links where all the RNs have the same SR and RD
channel gains, i.e., dsg, = dsr and Shp=Spp fori=1,2, . .

Lets, = {qlqzé':zggé?m} and L, = (qzé':zgg) + (qlé'}w) The CDF and PDF of fnax can be
modeled as [1, 2, 19, 20],

Pg_ (P = {1 - B'exp(=0.50PK (S, pp, (B) = L1 — B'exp(=0.506/)
KB ps (D), (14)

respectively, where pg (-) denotes the PDF of £, [1-5, 20], Bx = 1u(q1ro, 92558) 2 2192
BseBroiqiBro + q2 sk} !, modeled in Eq. (15) [20],

P8,(Bn) = 0.50 3,8 7exp(=0.5008,) (112K (Bt + 2Ko( Bty V) U (). (15)
~ 2 2 . .
Where g, = héik)(l)| s Bep = |h;ff” )(1)| and U(-)denotes the unit step function. The error

probability corresponding to the direct SD transmission error event @ = (fsp = ffmax)
can be expressed as [1-5, 19, 20],

B(®)=P.(By 2 af,) - TP (B, (Bu)d By (16)

_H(L)_ RN B )|
-§U< )m W ucﬁfwjﬂ J( l[aaD WP Z( J( v 2a+tn6§D'

Where we employ approximation K;(x) = x! in Eq. (16) [20], Bsp is an exponential ran-
dom variable (RV) with average channel gain equal to Sep. The relaying mode error proba-
bility corresponding to the error event @€ = (fsp < &finax) 1S given as, PAD°) =1 — P(D).
The average PEP is modeled as [15, 20],

P@)= P(e/DP@®) + P(e/D)P(@) . (17)

Direct SD Transmission Mode — Cooperation SRD Transmission Mode

Where P,(e/®)P(D) represent the direct SD transmission mode error probability and
P,(e/D°)P(D°) denotes the SRD transmission mode error probability. The error probabil-
ity for SD mode can be derived as follows. First, the instantaneous SNR for direct SD

Py 23 i

transmission is y, (p) = ool . The instantaneous PEP corresponding to

2NR 15
the direct SD transmission mode is written as [1, 19, 20],

pi

P(e/®,B,) =Y (P J exp( s1n2(pi/M)7/SD(p))sin’z(ﬁ))dﬁ. (18)

Thus, the average PEP for direct SD transmission mode is modeled as [1, 19, 20],
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B (e/®)P(P) = IR(e/ D, Bp ) E(P/ B )Py, (Bsp)d By

L L 2 2 2
~ Z[nJ(—l)"Fl (1+ tzzz’” + bP‘?S@Al J . (19)
=0 Nsp Sin”(0)

(M-1) pi
M

Where Ki(x) ~ x in Eq. (19), F,(x(0)) = i | x"@a0o11, 3,6, 10,17, 19, 20] and
P

A1 =0.50p5" " 2N'R¢'. For SRD mode, MRC is applied at DN. The instantaneous SNR
is written as,

NN
PRS2 Sl
SD ; ;| T.n .
2NR 1 2NR Mgp

n=1 I=1

2 . N Np oo 2
B3 22 Sl
. (20)

Yoro (D) =

Considering both scenarios when P, = 0 and P, = P,, the instantaneous PEP of the SRD
transmission mode is written as [20],

P (el O, By, Bixs Bro) = ¥ sao (D)) o P st (D) + ¥ (Fsip (D)), A=Fre(P).  (21)

Let us consider P(A/®¢, Bsp, Bsr, Pro) = ¥ (ysro(@)) Y (35r(p)) and PAB/®¢, f) = P (¥srp)
[1,2, 19, 20].

. 1 (M-D)M"' pi o . P
BAI O o B o) =~ [ exp(-bRAng sin ™ (0)By, ) exp(—bB Ay, sin” (0)3,, 46
4=0
(M-)M "' pi
I )
Xﬁ 9'[0 exp(_bPlA377SR S (H)ﬁSR)dgz' (22)

Since the value of P.(A/®¢, fsp, Psr, Pro) can be modeled as shown in Eq. (22), thus,
B(4) ©)E(@) = [ P(4] 0 HE(@" | B)p;(B)dB. (23)

Where S 2 [fsp, Bsr, frol, A2 = 0.50 03¢V 2NR:} and A3 = 0.500% V2N 'R, Further-
more,

P/ B) =P (B <! B Pins Bro) = U (@, = Pip): (24)
Substituting Egs. (22) and (24) into Eq. (23), we get,
(M-DIT (M-DIT
P(A/ ©°)P(®°) = /[ Hi ;fo jo exp(=BC(E)Byy) exp(~BL(6) By ) exp(~C(6,) Ry )

XU (P = Bsp ) P5(B)d0,d6,d . (25)
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2p-1) 92 2(p-1) 52
busé, A . 6)- buy A
5 SN (0)2NR,. Mg SIN (9)2]VRC

cally independent, thus 23(f3) = P (Bsp)P s BsrIP g (Bro) = Py ( Bsp)Pp( ). Where 5, 2
[Bsr, Pro). Integrating Eq. (25) w.r.t. Bsp, we get Eq. (26) [1, 14, 18, 20].

1
(M-DI_(M-DII - exp(—{PIC(el) + %)aﬂlnaxj

Where C(8) = .Since fsp, Psk and frp are statisti-

P.(A/ )P (D) = jﬂ = RO L PC@IL, Pz (B)
Xexp(_(ﬁzc(gl)ﬂmy + P,.C(0,) B ))dgzd‘gld:gl : (26)

It is difficult to derive the expression of Eq. (26) for fmax expressed in Eq. (11). Thus, we
get a PEP upper bound expression via a worst case condition. Replacing fs and S, in
Eq. (26) by their worst case values in terms of fnax. Then, we average (26) over fmax
only. Since, Buax = 1:(q1Bro, 2 fsr), We can write Siax = {2¢28sz} " + {2¢1 5o} Then,
we replace Ssg and Brp by their worst case in terms of Suax as, Bsg —> Buax(22)" and Brp
— Bnax(2¢1)". Thus, upper bound of Eq. (26) is written as [20],
(M-I
P(A/®)R@)<IT? [ W (14 RCQ)5,) df
" 27)

(0.50BC(8)g;" +0.50RC(6,)q;' ))

(M-n1t (M
o B

~ 92'
“ | -M, ((BCO)+65)a+050BC(G)g" +0.50RC(0,)q;')

Where Mp_ () is the MGF of S and it can be approximated as [1, 20],
L“L-1
M, ()= LZ;[n ](—1)" M, (y+0.50nz,). (28)

Where we applied Ki(x) ~ x! and Mg (-) in the MGF of £3,. It is shown in [1, 20] that for
two independent exponential RV with parameters A, and A, the MGF of their HMF is

expressed in Eq. (29) [19, 20].
3.5 Ath—Ahtr
FE
l6ﬂlﬂ2 X(4(/71+ﬂ2)2 1( "y’ 2 /11 ﬂ2+\/7/72+}/J
XA+ A+ 2k +7) (A+A4+2|A% +7)
F(Zl 5 /11"'/?2 m*?’} (29)
22 j+d+ Ak +y

Where Eg () represents the average value w.r.t. £, and »F(.,.;.;.) is the Gauss hyperge-
ometric function [1, 2, 14, 20]. Applying similar procedure as done in Egs. (22)-(27), we
get[1, 2,5, 20],

My, () =E, (ep(=1f3,) =

(M DIl

P(B/CD‘)P(CD‘)< I e (0502C@O)") M, ((PCO)+85)a+050ECO) )

1+EAO), 1+ECORCG,)

(305



1232 RAVI SHANKAR AND R. K. MISHRA

The unconditional error probability of the SRD mode can be expressed as [19, 20],

B e/ D)E (D) = B(A/ D) B (D),

R p@)),

| +R(B/O)P@),

=p’

€2y
L 2
P(e)<L! %Oy F, HL 1+t25SZDn+ bPS3A, +Li L=hen x
r 2a 1 " 2a 1y sin® () n=0\7? T
(M -DT
M-DI r bP, 4, LY 1 T M ( bP 4, + ’”z]dgz
T ( lsp sin2(91)2q1 2 I 0,=0 o 2q,15p sinz(ﬁz) 2 10
g [leé‘Aj (H bR, ] '
N Sin’(6,) np 8in’ 6, (32)

Since P(A/D°)P(D)|5=p in Eq. (26) is a nonnegative term, therefore an upper bound on
the PEP of SRD transmission mode can be derived by neglecting this term from Eq. (31).
Moreover, we can neglect the negative term in Egs. (27) and (30). Therefore, an upper
bound on the total PEP can be derived by adding Egs. (19), (27), and (30), after neglect-

ing the negative terms, as glven in Eq. (32). In Eq. (32), we apply identity Z( )( )" (x
n=0

+ny) = {H(x + ny)} [20] for direct SD PEP in Eq. (19).

3.2 DO Analysis
For getting the DO expression, we apply a high SNR approximation in Eq. (32), the
approximated P,(e) is given as,
L 2AL+1) (Ot
2 2 + 7 _1\(_1y¢ M -2
P(e)<L! L0y E bPSG, A, +Z L-1)(=) J' Msp SIN” 6
2a 1, sin”(0) o\ 18 O bRS. A,
(M-I (33)

M
7/ P —Y N Y - A
"\ 2qngpsin 6, 2 ) 11 "\ 2¢,Ngpsin" 6, 2

6,=0

Applying approximation of the MGF of two independent exponential RV Mg (7)) =
0.50(q1 S5m0 + 255) 7" [1, 2, 19, 20], we get,

(M-DI1

L+1 L M 2
posu Lo | [ L] IO, i (g5 gor et [ T 0
P ) \2a) &, n.,, bR,
(M-DTI (34)
M
x( ! L j ! d6,)de,.

P P
H(bp?z+m‘2j 1 6=0 H[bpl 3 +nt2]
=0\ \77rp SIN~ 6] -0\ GaTlsp SN~ 6,
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p(e)<u( J U’(ZL) [ j ‘ —(qlap(;(s) H}J 1(2L+2)+(R] AI(L)] (35)

Where I(p) —L T sin? (6)d 4. Substituting g —A—2 q, = B and ¢ —;+
o2, e gl T ad
and using P1 gP and P, = (1 — g)P, we get,

4,%rp

p —2(L+1)
PV(e)S{CGx—} . (36)
Msp

Where CG denotes the coding gain expressed in Eq. (37).

2 2(L-1)
(gd-g) g
L' 2 + 2 Q2
G BS., A5,

2AL+H) &2
b6y,

_ 2 2 Q2 2
[g(l 2g)+ g JI(ZL) (A CZRD +%J(A2L1(2L+2)+BLI(L)) 4
BS,, A g sgl-g

a )(L+1).
Qa)* g (1-g)

)x(
(37

The DO expression is given as, DO = —Limsnr—=10g(P{e)/log(SNR). By substituting Eq.
(35) in DO expression given above, we get, DO = NNp + NLmin(N, Np).

3.3 Optimal Power Allocation

In the absence of cooperation, all the available power is transmitted through the SD
fading link. In the cooperation mode, we find the optimal powers P, and P, which in-
crease the end-to-end reliability subject to the power constraint P, + P, < P. Substituting

2
q, = A—2 and ¢, = B in Eq. (35) and using the relation g = Pi/P, we get,
g g(l-g)

s.t. Py+P,<P.
(3%)

The expression (38) is a basically a convex optimization [16-19] problem and it can
be solved by using convex solver such as CVX software [15, 20].

min +
2L+3 L+2 +1
PR FR

R P

, {(Aml(zL)+B3AL1(2L))5;D (BZLAJ(4L)+ABL”I(2L+2))§SZR}

4. SINGLE RELAY S-DF COOPERATION SCENARIO
4.1 PEP Analysis

In case of single relay based S-DF protocol, we consider path selection, i.e., source
selects either direct SD transmission path or relay assisted SRD transmission path. Let
#in(p) be defined as [10], ymin(p) = min{ysz(p), yro(p)}. The Schematic representation of
path selection based single relay S-DF cooperative communication protocol in given in
Fig. 1 (b).

This metric is similar to the one given in [10, 14] for BRS over time varying fading
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channel. Let « is the cooperation threshold such that direct SD transmission mode is
chosen for the event ¢= {ysp(p) = aymin(p)} and relay assisted SRD transmission mode is
chosen for ¢ = {ysp(p) < aymin(p)} [10]. Let average PEP for the events ¢ and ¢ respec-
tively be defined as P(en¢) and P(en¢). The average PEP expression is modeled as [10,
18, 20],

P = P(eng) +  Pleng) . (39)

(R ——
DIRECT SD TRANSMISSION MODE ~ SRD TRANSMISSIONMODE

P, (en¢) is modeled as [10, 18, 20],

(Yo (P)dysp (D). (40)

Ysp

P(eng)=[P(e! .75 (PIR@/ vsn(P)f,

Where PAd/ ysp(p)) = F,, (3sp(p)/c) and F,_ (x) presents the CDF of the SNR metric yimin(p)

n

and is modeled as [10, 18], F, (x) = Fy,(X) + Fy (x) — Fy(x)Fy,(x). For the event ¢,
P.(e/ ¢, ysp(p)) is given as [10, 18],

(M-DIT

Bro(P) == [ explsin’ L My (p) s (O)do. (1)

P(e

Substituting the expressions of P(e/¢, ysp(p)) and P/ ysp(p)) given above in Eq. (40),
P,(en¢) can be written as [10, 14, 18, 20],

(M-DI/M [ o
Reng)=— | { [exp{—sin® 11/ Myygp (p)} F, (7507(’”)13 (m(p))dyso(p)}dé’

sk D
0 0

(42)

(M-DIVM[
| { Jew{ 6170 (P Loy (m(p»dm(p)}a

M-DIVM
1 (M-1)

— { [exp{~sin* 1/ My () (“DT(”))FM(“DT(’”)J;SDWSD(;J))dySD(p)}Ja

Following Eq. (9), expressions for Fy (rsp(p)e’), F, (sp(p)er') and fo (7sp(p)) are mo-
deled as [10, 18],

7NN, aCr(P)53, /73 (P))
(NN, =1)!

7(N23aCSR(p)5?R /7SD(P))
(N*-1)!

F Arso(p)/ af = JE, (ro(p)/a)=

and
oo (P) = s (P (Cop (153 ) " (NN, =D exp(—750 (P} Con(P)E3)

respectively. Substituting the expression of Fy (ysp(p) @), Fr,(ysp(p)/a) and fsp(ysp(p))
into Eq. (42) and neglecting the negative term in Eq. (42), PEP upper bound in modeled
as,

1
TI(N* =1)(NN,, =1)!(C,, (p)SSZD y'™o

P(eng)<
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(M-1)pi/lM| sinz(pi/M)i | 2 | -
’ ! heXp{_{ S'@) Gy )SngySD(”)}”[N ’mj(m(p)) dm(p)}de

Beng)

1
TV ~ )N, ~DI(Cy (PO,

+ (M-1)pilM| o 2,
« [ sin (pi/M) | 1 y ) 1 NNp-1
| “ exp{ ( w® ]ym@} y[N o ](ym(p)) %(p)}de

Beng)

0 0

(43)

oM (g +a, -1

x !
Employing the identity J.x"l'le"/}”;/(a11 ,aux)dx = L F (L +ay; 1+a,;

a 0 all(al —i_lgl)ﬂlJra]l
L) [1, 20], P' (e ¢) can be simplified as,
o+ B
Pleng)= (NN, + VD! x
' TIV (N, ~DX(Cp (P)53) ™ (@Cie(P)55)
(M-1)pi/ M 1 - 1
J I : %, FY1, NN, + N*; N> +1; - KO
0 sin’(2) sin’(2)
( 1 M 1 ),WD+N2 ( 1 ) M 1 )NNDWz

aCe(PB si’(0)  Cy(p)L, aC(P)3% si’(0)  Cop(P)3S,

o

Where , F (1, 4, +v;;1+v;; ) denotes the ordinary hypergeometric function [10, 14].

1 1
Following the similar procedure Pf(equﬁ) can be written as,

-1
P end)- SRS o
IINN, (NN, =DI(Cy, (p)Ogp) 2 (aCrpy (p)Orp) " ”
(M-1) pil M 1 1
_‘- ; N, < 2F| L2NN; NNy, +1; - e
0 L sin'(7) L L sin' () o
aCo (P, sin*(0)  Cop(P)S, aCo (P8, si(0)  Cy(p)os,

Substituting the expressions of P,l.(emgzﬁ) and Pf(equﬁ) derived above and neglecting the
negative term, i.e., P(eng) yields the upper bound in (8) for error event ¢ = {ysp(p)} >
AJmin(p) corresponding to direct SD transmission, is expressed as,

Plerd)< (NN, +N*-)! .
} TIN? (NN, ~D)U(Cy, (p) )™ (aCr(p)S )" N
(M*IJ)‘M/M 1' s F| LN, + NE:N? 41 1' — 0
0 . sinz(%) . . sinz(%) .

%t o3 + 2 St o3 + 2
aCq(p)og  sin"(0)  Cy(p)dg, aCy(p)og  sin’(0)  Cy(p)dy,



1236 RAVI SHANKAR AND R. K. MISHRA

N (2NN, -1)! s
TINN,, (NN, ~D(Cy,(P)0g,) ™ (@Crp (P) 7)™
(M=1)pil M 1 1
i s o F5| L2NN NN, +1; ' —
‘ - sinz(%) L . sinz(%) .
= : R -+ + -
aCu(p)oy,  sin*(0)  Co(p)S5, aCy(p)Sy  sin’(0)  Cy(p)os,
(44)

The error probability corresponding to the event ¢ = {ysp(p) < a¥min(p)} can be de-
rived analogously. The instantaneous SNR at the destination node for the SRD mode of
transmission, ie., relay assisted transmission is well approximated as, Yend-io-ena(p) =
min{ ysz(p), 7zp(p)} = ynin(p) [10, 14, 18]. The error probability expression for the event
¢={rsp(p) < aymin(p)} is given as [10],

Ple O §)=IxPrleld, mPAHN(1)dn,

Where integration variable y, = {Voin (P)- Vsp (D)}

(M-DIT

M
Employing E(e/ci?,%)=% [ eXp(
simplification [10, 18], ’

sin’ (pi / M)y,,,,(P)
sin’(6)

Jd& leads to the following

e[ [ e SEUD N () o (00, (P )
e T T p=0de=0 *P sin’(6) rotp=? 10 V50 PNV sp\PN . Fin PN in (P

F (@i (P))
(45)
The term f; _ (x) represents the PDF of ymin(p) and is expressed as [10, 18], f;,  (x) =

mi

Jrse¥) F Frep(¥) = Fr()frp(X) — F(X) fr(x). Employing £, (x)in Eq. (45), Py(emﬁ) is
modeled as,

M-)pi
E(em%)i Af Ie(e/aﬁ,ym(p)e@/yw(p)):jp:ﬁw%(p))dym(pmw@mn(p»dym(m do
B (@hin(P)
B(erp)
(M;I)p © @irin (P)
i j !me/c?ﬁ,ym(p»e@%(p))ymiwj;w%(p))d@(p)ﬁm(ym(p)m(p) do
F oy (@in (P)

B(e )

o
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(M 1>;z
%in(P)
—é jjﬂd¢%@w@mmmJ'&pa@ma@F@<mmp«@M@@ww
0 7sp(P)0
B (i (P)
B(erd)
“ Dpi ()
;j ﬁ%%m@ﬂWm@»f VoMY (DF, G DV, o D), (D) O
To(P)=0
B (@in(P))
Perd)

(46)
Following Eq. 9), F, (a7,,(p))and f,

Vsr
7| NN, %m(p)j
[ SD(p) O _
o —and £, (P ==L
(AN, =D (Ca@) (W -)!
respectively. Using expressions of F, (ay,,,(p))and f,

7sr

(7min (p)) can be written as,

F (@)= Gn ()" w[m@q

CalPou
(7..m (P)) and employing the

S 1!
A e -D! F(Lp+csl4c—3 ) [1, 10, 14, 19],

identity » ¥ e Mg, ax)dx = -
! T g epyt a+h

P! (e " @) can be simplified as,

e‘wma):(N%NN”_m[ 5 ] ( P ]

(N> =1)INN,! Cor(P)oir Cy (PO,
(M-DIT o
’ G (47)
T 1 —x,F| LN* +NN,; NN, +1; CoPVw 0
0 i N+, i (ﬂ)
a LSm(]T,[)L 1 @ o, 1~2
Csu(p)SSZD I Sinz(g) I CSR(p)SSZR CSD(p)éVSD sin’ (g) CSR(p) 55R

Following Eq. (9) f5, (smin(p)) can be written as,

Y o™ V(D)
L Wrin () —[ o S;DJ (AN, —1) exp( Co(p) S;D)-

Using expressions of f;_(ymin(p)) and employing the identity

I 4L W;/(vl,ax)dX—M F Ly +v;l+v;
0 v +4)"" o+

can be simplified as,

y[1, 191, Pi(eng)
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—1\
Prz (eng)= (ZNND~2 1?6/, 2w,
IINN, (NN, =D Cyp (P)0gr) 2 (aCrpy (p)(05p) "
(M-1)pil M 1 1
J. pi 20N £ 1L2NNp; NN, +1; . NNp+N?
0 ;20 Pl .2, Dl
1 ] +sm (M)+ 1 ) | Lsmz(ﬂ)L |
aCo(p)3y,  sin’(0)  Cyp(P)O, aC (P2, sin’(0) * Co(p)3S,
(48)

Substituting the expressions of P,(eng) and P2(eng) derived in Egs. (47) and (48)
and neglecting the negative term, i.e., P2(end) and P;(eng) yields the upper bound in (46)
for error event @ = {ysp < Qymin} corresponding to relay assisted SRD transmission, is

expressed as,

— (N*+NN, -1)! Y e Y™
(eng) < Y "[ ~2j — J x
I(N° =D!NN,! Cq(P)Og Cyp(P)Sg, N
(M-D)IT o
M 2
| ! —— | LN* + NN NN, +1; Coo(P)%y 0
. N>+NN), . 2, Di
’ o sinz(%) . o« +s1n (H)L L
Cop(P)O2, i sin’(6) +CSR(p)5§R Co (PO siN*(0)  Cy(p)ong
(2NN, —1)!
"TINN, \(NN, —DI(C 52 ) 5y
» (NN, =DUC, (p)5) 7 (@Crpy (P)Or)
.
(M=1)pilM| 1 1
= ZI\WDE L2NNp; NN, +1; ) N
0 ey .o i
L +sm (M)+ L L +Sm2(1‘7)+ L
aCo(P)oy,  SI(O)  Cop(P)y, aCy (PO, s(O)  Co(P)s
(49)

Substituting the expressions of P.(eng) and P.(en¢) given in Egs. (44) and (49) respec-
tively in Eq. (39), yields the average PEP bound for path selection based S-DF as,

L Y
£ < 2 (NND +]y2 NIN) PRV
TIINNNN, —DUCsp (p)Fp) " (aCsr (P)O 5
e '
(M-1)pi/ M 1 1
—  E| NN, +N*;N* +1
0 L pl NNp+N° L pl NNp+N
1 ‘ s (M) 1 1 sm (H) 1

aC %, S(O) Co(p) W) SO Cop)
(2NN, -1)!
+ II | -DIC 5”2 Mo (C 5”2 NNp X
NN, (NN, =DUCyy (p)O5p) 7 (aCrpy (P)S1)
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(M-1)pilM 1 1
| . aw, of1| L2NNp; NN, +1; : pree
0 L) P
aCo ()3 SiN*(0) * Co (PO, aCo(p)e, sin(6)  Co(P)SS,
2 N? NN,
(N +NND—1)!{ 1 j ( P j §
H(N2 -1DINN,! Cq (p)é‘;R Cy (17)5320 -
(M-DIT a
M 2
| ! —,F| L, N +NN,; NN, +1; Coo(P)% 16
i NN, 2, i
’ o sinz(%) ! o SO (M) o
=+ + = 2 T2 - 2
Cyo(p)2, sin’ () Cy(p)ds, Cop(P)Sy,  sin'(0)  C(p)Sy
(2NN, -1)!
T TINN, NN, —1)I(Co ()05 52y,
b (NN, =DUCsp (P)3p) 7 (ACpy (P)Opy) B
(M-)pilM| 1 1
; B L2AN, AN, + ' Y
' 1 Sinz(}\ﬂ/g 1 1 sinz(%) 1
WGP S0 oD WGPy SO G,
(50)

4.2 DO and Optimal Power Allocation Analysis

We demonstrate the optimal source-relay power allocation for path selection based
S-DF cooperative communication protocol. For analysis purposes, at high SNR condi-
tions, we consider that all nodes are static and perfect CSI conditions, i.e., Usp = Usg =
Urp = 1, Ocy, = Oc,, = Oc,, = 0 and oy, = oc,, = O, = 0. Using the identity »F'1(a1, b1; ci;
_ (@) (B (2)

n=0 (cl)(n)n!

=0, simplified expression of the average PEP upper bound can be expressed as,

[10, 14, 19] and taking the dominant terms corresponding to n

Z])

p< (NN, N2 —1)!(NRC)NN”+2N N {(NND +N2)(P/PO)N2 (N, /P)NND+NZ
TIN?I(NN,, = D)X(85)™" (a65)" (sin® (pii / M)™
(2NN, —D!(NR.)** 2NN, )(P/ B)™ (N, / Py

IINN, (NN, -1) !(§§D MNp (aﬁﬁD)NND (Sinz(pi / M))zNN”
(VNN - DINVR)™ ¥ @™ E(NN,, + N*)(P/ )"

TI(N? = D)INN,)USZ)" (82" (sin®(pi / M) ™
N (2NN, = 1) !(NRC)Z’WD o™ E(2NN, D)
TI(NN, (NN, ~DYA(82,)™ (sin®(pi / M)y

NNp +N? (5 1)

(No/P)

2NN,

(P/R)™ (N, P)
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The average PEP upper bound derived in Eq. (16) can be further simplified as,
P, < Ki(No/PY"Vo N + Ko(No/ PY Vo + K3(No/ PYVorN + Ky(No/ Py, (52)

Where K, K>, K3 and K are suitably defined constant terms. DO can be derived as,

log(P.
DO =— Lim —8E) __ in NN, NNY. (53)
Ni_m log(P/ N,)
Let the optimal source-relay power allocation factors ao and a; for the SRD transmission
be Py/P and Pi/P respectively. Substituting ay and a; in Eq. (51), average PEP upper
bound can be further simplified as,

G G

P < ~ T
(ao)N- (a)™"

=

(54

Where C and C; are appropriately defined constant terms, given below,

(NN, + N> =1)I(NR.)"™W»*?* NV £(NN, + N?)
MIN2 (NN, =DM (@82,)" (sin® (pi | M )Mo+
. (N + NN, —1)I(NR,)™>*¥' ™o (NN, + N*?)
TN =1)I(NN ,)WS5)" (82,) (sin? (pi / M )™

Cl — (NO /P)NND+NZ

(2NN, = DI(NR.)** EQ2NN )

[INN, (NN, =D, (ad;,)"™" (sin® (pi / M ))*M»
(2NN, —DI(NR. )M a™ E(2NN )
IT(NN,)((NN, -1 (55,)" (sin® (pi / M ))*">

C, =(N, / P)*"»

Further, average PEP upper bound expression given in Eq. (54) can be modeled as a
convex optimization (CO) problem of deriving the optimal source-relay power allocation
factor (OPF) ao and ay, as expressed below:

. C C
mln{( )]NZ + W}s.f. a,+a, <1. (55)
ay, a a, a, D

The Karush Kuhn Tucker (KKT) based CO method can be used to evaluate the op-
timal source-relay power allocation factor a¢ and a;. Differentiating Eq. (55) and setting
the resultant expression to zero that the OPF qy is expressed as the non-negative value of
the quadratic expression,

CoNp(ao) ' = C\N(1 — ayy™Woil = . (56)

Eq. (56) can be solved by using standard software such as MATLAB.
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5. NODE MOBILITY IMPACT AND ASYMPTOTIC FLOOR

Further, to represent the impact of mobile nodes and imperfect CSI on the system
performance, one can evaluate the asymptotic error floor by ignoring Ny in Egs. (4) and
(5) at high SNR i.e., ysr(p), 720(p) o and substltutlng the resulting expressions in Egs.
(32) and (50) [7] where the terms 7sp, 75z [] and 77zp[i] are defined as [14-16, 19],

s =V 02, + (=05 oy, (57)
A= (g [N (6 ) + (1= g [ ")) ), (58)
wlil= W[ (0L ) + (1= (U [1N** )0 ). (59

Various cases arise due to mobility of SN, DN and RN, as expressed below:

Case 1: In this case we consider mobile SN and static RN and DN i.e., vsg[i] < 1, vsp <
1, and vrp[i] = 1Vi. Also we consider the perfect CSI scenario for MRC detection. In
this scenario, it can be easily seen both the quantities #jsg[i] and 7jsp are non-zero quanti-
ties and 7gp[i] = 0 because vrp[i] = 1Vi. Also, we consider the perfect CSI scenario for
MRC detection. Therefore, every PEP term relating to the states [0, 0, 0, ..., 0, 117, [0, 0,
0,..,1,01%,10,0,0,...,1,11%, ...,[1,1, 1, ..., 1, 1]" in Egs. (32) and (50) equal to zero
because Si[n] =0 for 1 <n <2t —1[7, 10, 14, 20]. In this scenario, just the PEP terms
relating to the states [0, 0, 0, ..., 0, 0]7 contributes in Egs. (32) and (50), which exhibit
that the wireless framework encounters an asymptotic error floor because of the mobile
SN.

Case 2: Let us consider RN and SN are static and only the DN is mobile i.e., vsp, Urp[i]
< 1 and vsg[i] = 1Vi. Also, we consider the perfect CSI scenario for MRC detection.
Further 7sg[i] zero because vsg[i] = 1 and under this scenario, it can be easily seen that
the quantities 77sp and 7jzp[i] are non-zero Vi.

Therefore, every PEP term relating to the state [0, 0, 0, ..., 0, 0]%, [0, 0, 0, ..., 0, 17,
[0,0,0,...,1,01%, ....[1, 1,1, ..., 1, 0] in Eqgs. (32) and (50) tends to zero because S*(1)
=0 for 0 < n < 2L — 2. In this scenario, just the PEP expression relating to the state [1, 1,
1, ..., 1, 0]7 contributes in Egs. (32) and (50), which exhibit that the wireless framework
encounters an error-floor because of the mobility of DN [7, 10, 14, 20].

Case 3: Let us consider DN and SN are static and RN is mobile i.e., vsg[i], vrp[i] <1V i
and vsp = 1. Also, we consider the perfect CSI scenario for MRC detection. In this case
Nsp 1s zero because vsp = 1 and under this scenario, it can be easily observed that the
terms 7jsg[{] and 7jzp[i] are non-zero. Therefore, in this scenario asymptotic error floor
reduces to zero because all the PEP term relating to the states [0, 0, O, ..., 0, 0], [0, O,
0,..0,11,70,0,0,..,1,0% ..., [1,1,1,..., 1,11, ..., [1, 1, 1, ..., 1, 1]7 in Egs. (32)
and (50) tends to zero. This case arises because of the fact that the terms Sy(n) =0; 1 <n
< 2F — 1 are reduced to zero for 7sp =0 [7, 10, 14, 20].
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Table 1. Obtained DO for BRS and Conventional S-DF protocol in various conditions.
Node Mobility scenario DO

SN, RN and DN are mobile (Direct SD transmission) 0
SN, RN and DN are static (Path Selection Based single relay S-DF | min(NNp, NN)
cooperation protocol)
SN, RN and DN are static (BRS based S-DF Protocol) NNp+NLmin (N, Np)
SN and DN are static, RN are mobile (Conventional S-DF) NNp
SN, RN and DN are static, DO of RD link = DO of SR link (Con- LNN+ NNp
ventional S-DF Protocol) [15]
SN, RN and DN are static, DO of RD link > DO of SR link (Con- KNN+ NNp
ventional S-DF Protocol) [15]
SN, RN and DN are static, DO of RD link < DO of SR link (Con- KNNp+ NNp
ventional S-DF Protocol) [15]
SN, RN and DN are static (Conventional S-DF Protocol) [15] NNp+NLmin (N, Np)

6. SIMULATION RESULTS AND DISCUSSIONS

Monte Carlo simulations have been carried out in this section for verification of an-
alytical results for S-DF cooperation protocol derived in the previous sections. In simula-
tions, Alamouti STBC code is used; code-word symbols are 4-PSK modulated. Simula-
tion parameters are given as, f. = 5.90x10° GHz, Rs = 9600 bps, Ny = 1, Rc = 1, 0251. =
{0.01}; i€ {SD, SR, RD}, N=2, Np =2, oﬁ, ={0.01}; ie {SD, SR, RD}. For perfect CSI,
we take OZE‘. = 0. Figs. 2-8 demonstrate the end-to-end error probability performance of
multi-hop BRS based S-DF and conventional multiple hop cooperative communication
protocol. Simulation results exactly match with analytical results at high SNR regimes.
Also, simulation outcomes confirm that in the case of static nodes and perfect CSI, con-
ventional multiple hop S-DF cooperation protocol protocols achieves full DO which is
equal to NNp+ NLmin{N, Np} = 12. In Table 1 we have given various DO expressions
for various node mobility conditions. Figs. 2-4 show that per-block average PEP perfor-
mance degrades due to the presence of mobility and imperfect channel estimation. In the
presence of these practical constraints the PEP performance is lower in comparison to
PEP performance when all nodes are static and knowledge of perfect CSI, that is, v; = 1;
i€ {SD, SR, RD}. The simulation outcomes show that with an increase in cellular user’s
velocity v, the PEP performance decreases because of the increase in value of the chan-
nel correlation coefficient v;. Results verify that, in case of node mobility S-DF protocol
experiences error floors. Fig. 3 shows plots between per-block average PEP versus SNR
in dB at optimal power factors f, £, 1 < f< 2 obtained by solving the CO problem given
previous sections by using CO solver such as CVX solver software for S-DF protocols
with L = 2 relay nodes. From Fig. 4, it can be seen that system performance improves by
using optimal power allocation factors in comparison when f = 1/3, i = 1/3, /= 1/3
for several channel scenarios. Also system performance for optimal power allocation is
more promising when the RD link variance is very high as compared to the SR link var-
iance. This system performance improves because of the fact that when the RD link var-
iance is very high as compared to the SR link variance, almost all available power is al-
located to SN for better reception at the RN because SR link strength is very low. In oth-
er word the probability of error free decoding at the relay node and destination node is
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very high. However, when the SR link gain is high as compared to an RD link variance,
we get Sy = i = [ = 1/3. That is, equal power allocation is the only possible optimal
solution. Further, it can be observed from Figs. 3-4 that the optimal power allocation
factors optimize the PEP performance in the lower and medium SNR ranges. But at high
SNR conditions the per-block average PEP curve approaches to asymptotic curve that is
PEP is tight at high SNR values for both equal power and optimal power allocation sce-
narios. This happens because the per block average PEP performance at high SNR be-
comes independent of source and relay powers because of the mobility of nodes and im-
perfect CSI conditions. Fig. 5 presents that, when SR link is same to RD link, i.e.,
O4y = Onp» per-block average PEP performance when RNs are mobile is better than the
PEP performance when the SN is mobile. Since SR and RD links have same channel
gain, both DN and SN mobility, for equal velocity, have a similar impact on the per
block average PEP performance. However, when the RD link gain is higher than the SR
link gain, i.e., 5y, > 5S2R , shown in Fig. 6, PEP performance when DN is mobile is better
than PEP performance when the SN is mobile. However, when the SR link gain is higher
than the RD link gain, i.e., 5o, > &, , PEP performance when the SN is mobile is better
than PEP performance when DN is mobile, as displayed in Fig. 7. From Figs. 5 and 6 we
can show that there is a slight gap between the simulated per-block average PEP perfor-
mance and analytic per block PEP performance in the lower SNR values. An analogous
development can be observed in papers [7, 14] on the end-to-end performance of or-
thogonal-STBC based dual hop cooperative communication system. This happens be-
cause PEP upper-union bound expression is tight only for higher SNR range. Also, it can
be observed that from Fig. 7 that when the SR and RD link gain increases, this perfor-
mance gap decreases significantly. Fig. 8 demonstrates that in the case of knowledge of
perfect CSI and when only RNs are moving, the system performance does not experience
the error floor limit and DO is equal to NNp = 4. It is significant to the node that system
performance of the cooperation network employing S-DF protocol experiences error
floor limit. In Figs. 9-10 we compare the per block average PEP performance of the BRS
based S-DF protocol and the conventional S-DF and AF protocol over the time varying
channel with imperfect CSI and node mobility conditions. In the case of immobile nodes,
both relaying schemes do not experience asymptotic error floors limits because of the
mobility effect is removed. It can be observed that, in this case, the BRS based S-DF
protocol’s performance outperforms that of the conventional S-DF and AF protocol at
low as well as high SNR regimes. Also, it can be observed from Figs. 9-10 that in case
when the SN and the DN are not moving (only RNs are moving), the PEP performance
does not experience asymptotic limits.

7. CONCLUSIONS

We investigate the PEP performance for BRS based S-DF protocol over time vary-
ing fading channel conditions. The closed form PEP expressions are derived for several
configurations in terms of number of hops, phases, and relays over Time selective Ray-
leigh fading channel, with BRS. Further, a framework is developed for deriving the DO
and optimal power allocation factors for each configuration. Simulations have been per-
formed to verify the derived analytical results.
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