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Abstract

In this paper, we investigate two-branch cooperative DF relaying networks with selection combining at the
destination. Two intermediate relay-clusters (a conventional relay cluster and an energy-constrained relay
cluster) are utilized to aid the communication between the source and the destination. We study two cases:
direct link (DR) and no direct link (NDR) between the source and the destination. In each case, we consider
two relay selection schemes: best sourceaASrelay channel gain (BSR) and random relay selection (RAN). Thus,
we have 4 protocols: DR-BSR, DR-RAN, NDR-BSR, and NDR-RAN. For the performance evaluation, we derive
a closed-form expression for the outage probability of each of the four protocols. Our analysis is substantiated

via a Monte Carlo simulation. As expected, the results show that the DR case outperforms the NDR case, and
the BSR scheme outperforms the RAN scheme. The outage performances of the protocols are evaluated based
on the system parameters, including the transmit power, the number of relays in each cluster, the energy
harvesting efficiency, the position of the two clusters, and the target rate. The outage performance of the
system is improved when the transmit power increases, the energy harvesting efficiency increases, the distance
between the two clusters and the source and destination decreases, or the target rate decreases. We found good
matches between the theoretical and Monte Carlo simulation results, verifying our mathematical analysis.
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1. Introduction is simpler than the DF protocol, but along with the
signal, the noise is also amplified and forwarded to the
destination. In [4] and [5], the authors derived closed-
form expressions for symbol error probability (SEP),
bit error rate (BER), achievable spectral efficiency, and
outage probability of a dual-hop DF relaying network
over a Rayleigh fading channel and a Nakgami-m fad-
ing channel, respectively. The analysis of a dual-hop
two-way semi-blind AF relay network (partial chan-
nel state information (CSI)) was investigated in terms
of average sum-rate, outage probability, and average

In wireless communication, cooperative diversity is a
promising technique used to enhance data rates and
reliability, in which a source transmits data to a destina-
tion with the help of relays leading to acquire benefits
from both relayed communications and space diversity
[1]. The concept of cooperative communication was first
investigated in [2]. Cooperation expands the coverage
area of a cellular system, compared to non-cooperation,
as demonstrated in [3]. Two well-known relaying pro-

tocols are used in cooperative communication: decode symbol error rate over Rayleigh fading channels [6],
and forward (DF) and amplify and forward (AF). In the Nakagami-m fading channels [7], and generalized-k
AF protocol, the cooperating node or relay node ampli- fading channels [8]. The authors in [9] studied the
fies and forwards the source signal to the destination, hybrid AF-DF protocol, in which some relays amplify
whereas in the DF protocol, the signal is decoded at the  ype received signal and others decode and forward the
relay node, and it is then re-encoded and forwarded to signal, for mutltihop relaying networks. The authors
the destination. The implementation of the AF protocol ~ ;, [10] investigated the performance of dual-hop DF
relaying networks under the joint impact of hardware
impairment and co-channel interference.
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Diversity combining is a practical technique to effi-
ciently combine multiple received signals at the des-
tination receiver in both source-destination and relay-
destination communication links. Selection combining
(SC) and maximal ratio combining (MRC) are two
advantageous and popular linear combining schemes
[11]-[12]. The MRC scheme achieves full diversity
by compiling the signal-to-noise ratios (SNRs) of all
received signals, but its implementation requires many
multipliers and adders, leading to higher implementa-
tion complexity and cost for mobile devices than the
SC schemes that choose only the strongest diversity
path (the received signal with the highest SNR). The
performance of the DF relaying system with selection
combining has been widely studied [13]-[17].

Recently, wireless information and power transfer
technology has become an attractive solution for
prolonging the lifetime of energy-constrained wireless
devices by enabling each of them to simultaneously
harvest energy and process information from the
ambient radio frequency (RF) signals [18]-[21], [27],
[28]. Two practical energy harvesting architectures for
simultaneous wireless information and power transfer
are power-splitting (PS) and time-switching (TS). The
PS receiver splits the received signal into two parts
according to a power splitting ratio, one part for
harvesting the energy and the other one for information
processing. The TS receiver harvests energy from the
received signal during an initial interval in a time
block and then switches to processing the information
during the remaining interval of this time block.
Several works have investigated the application of
energy harvesting techniques in energy-constrained
relay nodes in cooperative wireless networks. In [22],
the authors evaluated the performance of a dual-hop
AF relaying system under both PS and TS architectures
in terms of outage probability, throughput, and ergodic
capacity. In [23], the authors analyzed the throughput
performance of three proposed wireless power transfer
policies in two-way energy-constrained AF relaying
networks. The performance of an energy-harvesting
relaying network with the assistance of multiple relay
nodes was studied in [24]. In [25], the authors derived
the exact outage probability for a DF energy-harvesting
relaying network with N-th best relay selection and
considering both PS and TS architectures.

To the best of our knowledge, no study has considered
a cooperative system model aided by two groups of
relays: conventional relay and energy-constrained relay,
and applying diversity combining at the destination.
This motivates us to analyze the closed-form outage
probability for this model. In this model, we consider
the communication between a source and a destination
assisted via two groups of DF relays (two relay
clusters), in which the first group consists of multiple
conventional relay nodes, and the second group
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includes multiple energy-constrained relay nodes. We
also consider the direct source-destination link. Two
relay selection schemes, i.e., best source-relay channel
gain selection (BSR) and random selection (RAN), are
presented in this paper. The best relay in each cluster is
selected following the BSR or RAN strategy to help relay
the source information to the destination: the best relay
in the conventional relay cluster decodes the source
signal, re-encodes, and then forwards to the destination;
the best relay in the energy-constrained relay cluster
harvests the energy, decodes the information from the
received signal, and then re-encodes and forwards it
to the destination. We present both cases: direct link
(DR) and no direct link (NDR) between the source
and destination. Therefore, we have four protocols:
DR-RAN, DR-BSR, NDR-RAN, and NDR-BSR. At the
destination, the selection-combining (SC) technique
is utilized to combine three received signals in the
DR case, or to combine two received signals in the
NDR case. To conduct performance evaluation and
comparison, we derive closed-from expressions for the
outage probabilities of the four protocols, and we verify
these analyses via Monte Carlo simulations.

This paper is arranged as follows. A description of
the system model is presented in Section 2. Section
3 presents the operation principles. In Section 4, the
closed form expressions for the RAN and BSR schemes
in the DR case are derived. The closed-form expressions
for the NDR case are presented in Section 5. Numerical
and simulation results are discussed in Section 6.
Section 7 provides the conclusions for this work.

Notation: The notation CN (a, b) denotes a circularly
symmetric complex Gaussian random variable (RV)
with mean a and variance b. £ {.} denotes mathematical
expectation. The functions fx(.) and Fx(.) present
the probability density function (PDF) and cumulative
distribution function (CDF) of RV X. The function
I'(x,y) is an incomplete Gamma function [26, Eq.

(8.350.2)]. C* = #La),

2. System model

As shown in Figure 1, we consider a cooperative
two-branch relaying network, which includes a source
node S, an energy-constraint relay cluster comprising
M nodes R,, (m=1,2,..,M), a conventional relay
cluster comprising N nodes R, (n=1,2,..,N), and a
destination node D. Here, there is a direct link available
from S to D. Thus, the communication from S to D can
occur via three paths: direct transmission, via R,,, and
via R,. In the network, all nodes are equipped with a
single antenna operating in half-duplex mode [25]

In Fig- 1, (hlm: dlm)z (th’dZn)i (h3rnrd3m): (h4n’ d4n):
and (hs,ds) denote the Rayleigh fading channel
coefficients and distances of the links S—-R,,, S -
R,, R,,—D, R,-D, and S - D, respectively, where
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Figure 1. System model

d, = g—fl, w € {1m, 2n, 3m, 4n, 5}, where d,, is the actual
distance and D, is the reference distance. Thus, the
corresponding channel gains g, = |h,|* are exponential
random variables (RVs) with parameter A, = (dw)ﬁ,
where f denotes the path-loss exponent (from 2 to 6).
We obtain the corresponding cumulative distribution
function (CDF) and probability density function (PDF)
as Fo (x)=1- e~*o* and fo, () = Ape ¥, We note
that the distances between two nodes in a cluster
are insignificant compared to the distance between a
node inside and a node outside a cluster. Thus, we
denote dy,, = dy, dy,, = dy, d3,, = d3, and dy, = dy and
then Ay, = A1, Ay, = Ay, A3, = A3, and Ay, = Ay, where
m=1,2,.,M and n=1,2,..,N. The best relays in an
energy-constraint relay cluster and conventional relay
cluster, which are denoted as Rj; and Ry, are selected
by the destination D, because D can obtain all fading
channel coefficients in the setup phase [25].
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3. Operation principles

In the first time slot, the source S broadcasts its signal
x (t), where 5{|x(t)|2 = 1}, with transmit power P to
all relays in the two clusters and destination D. The
received radio frequency (RF) signals at all relays and
the destination are expressed as follows:

Yim (1) = VPhyx () + nf,, (1) (1)
Yan (t) = VPhy,x () + %, (t) (2)
vs (1) = VPhsx (1) + n& (t) (3)

where yy,, (t) and nf,, (t), v2, (t) and nj, (t), and ps (t)
and n%(t) are the received RF signal and additive
white Gaussian noise (AWGN) at the m-th relay in the
energy-constraint relay cluster, at the n-th relay in the
conventional relay cluster, and at the destination D,
respectively; nf{, , n5,, n2 ~CN (0, Ny).

At the energy-constrained relay cluster, the best
relay is selected from the M nodes, denoted as Ry,
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to split the received RF signal vy, () = VPhpx (t)
1b(if) into two components, i.e., one for harvestmg
the energy (vip.(t)) and one for decoding the
information (yyp4; (t)). These two components are
expressed respectively as [25]

\/_hlbx
=Vl-pxy(t) =
(5)

where hj;, is the Rayleigh fading channel coefficient
of the link S — Ry, and p is the power-splitting ratio,
pe(0,1).

The signal pyp4;(t) is converted to a sampled
baseband signal yy; 4; (k) [25] as

Viben (£) = Vo X y1p (¢ t)++pni, (1) (4)

Yibdi (1)

Vibai (k) =

(6)
where n{, ~ (0, Ng) denotes the noise from the convert-
ing process.

In the conventional relay cluster, the best relay is
selected from the N nodes, denoted as Rb2, to receive
the RF signal from the source yy, (¢ = VPhyx (t)

ny, (t). Similar to (6), the sampled baseband 51gnals at
Ry; and D, e.g., v,y (k) and ys5 (k), are obtained by down
converting the received RF as

vap (k) = VPhyyx (k)
k) = VPhsx (k)

where hy;, is the Rayleigh fading channel coefficient of
the link S — Ryp; 15, ng ~ CN (0, Ny).

The received SNRs at Ry;, Ryy, and D in the first
time slot can be obtained from three sampled baseband
signals in (6), (7), and (8), respectively, as follows:

+ 1%, (k) + n5, (k) (7)

+nl (k) + S (k) (8)

1 - p) Plhyy)?
Y1 = % = w181h 9)
Plhyy)?
0= 2 — s (10
Plhs|?
s = T = wsgs (1)
A (1-p)P A p

where w] = m, Wy = m
The harvested energy at Ry, can be obtained from the

energy harvesting component (4) as
Eyy = 1pPlhyl’T (12)

where 71 is the energy conversion efficiency, 7 € (0,1); T
is the time duration for the first time slot.

In the second time slot (duration time T), Ry
forwards the source data to the destination D with
transmit power Pj;, obtained from the harvested energy
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(1=p)Pxhypx (1) ++/1—pxn?, (t) Yab(

(1=p) P xhypx (k) + /1 —p xnf, (k) +ni, (k)

in Eq. 12 as P, = Ey,/T = 17pP|h1b|2 =1npPgyy. Here,
Ry; uses its own power, i.e., P, to forward the data.
The received sampled baseband signals at D that are
converted from the received RF signals transmitted by
Ry and R,y are respectively expressed as

V3p (k) = \Prphspx (k
k) = VPhyyx (k

where h3, and hyy, respectively, are the Rayleigh fading
channel coefficients of the links R,; — D and Ry, — D;
~ CN (0, Ny).

)+l (k) + 1, (k) (13)

) + ny, (k) + ng, (k) (14)

a [ a Cc
M3y Mg My My

The received SNRs of the two links R,; — D and Ry, —
D can be obtained respectively as
Pyylhzl*
3= = W381p83b (15)
L4 2N, 8168
Plhgy|?
= = 16
P4 N, V28 (16)

P
where w3 = 72’]‘3]0

In this paper, we consider two relay selection
methods. One is random relay selection (RAN),
in which the two best relays Rj,; and Ry, are
randomly selected from the M nodes in the energy-
constrained relay cluster and from the N nodes in
the conventional relay cluster, respectively. In this
scheme, the PDFs of the 5 RVs g1, %, L0, Sab

and g5 are respectively expressed as fo, (x) = deh¥,
foa (%) = Aze_ P f () = A€, fo (x) = AgeT
and f,. (x) = Ase” ’\5" And their CDFs are Fgu; (x)=1-
e ngb( x)=1 —e b, Fg3b( X)=1-e s, Fg4b (x) =

1- e"\4" and Fg (x) =1— eAs¥,

The other relay selection method is BSR, in which
the best relay at each cluster is selected based on
maximizing the channel gain between the relays in each
cluster and the source, expressed as follows:

Ryy = max |h = max

b1 oL aX M| 1m2| s glm 17)
Ry, = max |h = max

b2 n:1,2,...,N| 20l n:1,2,...,Ng2n

In the BSR scheme, the PDFs and CDFs of the
two RVs gy; and gzb are changed and expressed

5 fuu (9= MA T Gy E () =
M
(1 _e—/\lx) , fgzb( =N, Z C ( )ne—(n+1)/\zx
N
Fg,, (x) = (1 - e_"Z") .

4. Performance evaluation

In this section, we derive the closed-form expressions
of the outage probabilities for the two considered
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Using the PDFs of the three RVs g1;, g3, and g5 for the

relay selection schemes. Diversity selection combining
RAN and BSR schemes, we obtain

is used at the destination D; thus, the outage probability

expression can be formulated as
Pt
(o] @3X]
Pout =Pr [lzbl < lzbl’ lzbz < ¢t’ 1P5 < l)bt] Pr 2'1RAN = J /\le_/\lxl J Ase_/\3x3dx3dxl
Pr1 (ﬁ% 0
+Pr [y = Py, P < by, max (3, s) < ] - S .
A5W3
Pr2 (]8) - f /\16_/\1x1 f /\36 (/\3+ w2 Xl)x3dX3dX1
+Pr [y <y, y 2 iy, max (g, ¥s) < i "’—i 0
— Ay @ Astr Asipe A P
Pr3 =40 (/\1’ 2)_;’ w_i) — A ;52,392 (Al’ j>zt’ 2>3t’ Aiii’ wi)
+Pr{iy 2 ¢y, ¥y 2 Py, max (3, s, Ps) < ] (25)
Pr4 Pr2. 1BSR = M/\l ZO CM 1( )m
m
First, the term Pr1 in Eq. 18 can be rewritten as o
IP I e—(m+1)/\1x J- /\36—/\3X3dx3dx1
Prl_Pr[g1b< ;g2b< fg5 t] (19) Y 0
L2 ¥ ¥ “1
_Fglb( t)ngb( t)ng(w;) w‘;’il ( Jsws )
_ —(m+1)A1x Aae /\3+le Xde dx
By using the PDF of the RVs g13, 225, and g5 for the two f Oj > 3T
relay selection schemes RAN and BSR, we obtain term s u’1
- M/\l Z CM 1( )m

Pr 1 for each scheme, as follows:

_ M _ Aot _Asyy P )
@ [{1-e @ J|1-e 2 (20)

Q, ((m+1)A1,*3‘Pf, o
“A3 120 ((m +1) A, 2

/\sll’t A3 Azwy ﬂ) l

4 w3 4 )15(1)3’ w1

Pr 1RAN = (1 —€
(26)

A _hw Asin o
Prilgsg =(1-€e ©1 1-e @ 1-e @2 | (21) 0o oy 3
Pr 2'2RAN = J /\16_/\1x1 J‘ /\5 (E_/\st - e_('\5+“’3"1)x5)dx3dx1
Pt 0

Second, we calculate the term Pr 2 in Eq. 18 as o
_ —% _/\L1uxp Aspp A3 Aswp Py
Pr2:Pr[g1b> "Dt:g2b< ¢t’max(w3g1bg3b;w285)<l,bt] —(1—@ 2 )e T =-A Q3(/\1: wy ' ws }Asa)3lw_1)
[ (27)
Pr(gp > w, V38183 < P, W38183h > @285 vt
Pr 2'2BSR = MAI Z CZ\H}I—I (_1)Wl
—F (¥ Pr2.1 m=0
ga( wz) +P > ﬂ < < ® % 2
&y 2 wl,wzgs P, 03815830 < W285 f e—(m+1)Ax f As (e—/\5x5 e (A5+W1) )dx3dx1
bt
Pr2.2 . (me1)A1p
(22) M1 1—67% e (“11 t
The terms Pr 2.1 and Pr 2.2 are expressed as =M Y Cj_,(-1)" mtl
— Asthy Az A
. " ~aQs (G 1) Ay, 232 S 2 )
a ERSES 28)
Pr2.1 = fgw x1) f fes (x3) J fos (x5)dxsdx3dx, where Q1 (@1, @2, @3) = — 1 PIT (1 - p, p13)
p:
w1 (see Appendix A),
(23) Q3 (P1, 92, 93, Pas <P5) (1 —e"P2) e?1P4L (0, @1 (@5 + @4))
— 4 4 g -
Pr2.2="Pr [glb > w_i; 85 < t:g3b w32g15b] e P2 OZO’ (—(p3)q lZi el’q(f)ll 1F (1 - l, (] (PS)
Pt wyXs5 q! —
oo @y w37%] g9=1 +9,eP194T (0, @1 (@5 + @4))
q » P1L{P5 + Pa
= | fo (1) oj fgs (x5) OJ foz (x3)dx3dxsdx, (see Appendix B),
& Q3 (P, P2, @3, P4 P5) = (1 = €792) g 4T (<1, 1 py) +
(24) e 23?14 (0, 1 (@5 + @4)) —
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t+1

Z O 'T (1 -1, @105)
+9te‘”1"’4f (0, o1 (@5 + P4))

L

(see Appendix C).

Then, we can obtain the term Pr 2 for the RAN and
BSR schemes by substituting Eqgs. 25-28 into 22:

PrzRAN = (1 —e w2 ){PI'2 1RAN+Pr22RAN} (29)

N
Pr 2BSR = (]. - e’*’2) {PI' 2'1BSR + Pr 2'2BSR} (30)

Third, we calculate the term Pr 3 in Eq. 18 as

Pr3 = Pr(p 2 ] Pr ¢ < ;] Pr[max (g, s) < Py]
Pr w84y < ¥y, gap > &5

- Pr [gzb > %]Pr [gu; t] Pr3.1

+Pr[wyg5 < ¥, gap < 5]

Pr3.2
(31)
Because the PDFs of the RVs g4, and g5 in the two
schemes RAN and BSR are the same, e.g., Fgy, RAN (x) =
Fg,, sk (x) =1 — e %% and fo. ran ( x)=1-
e~ 45% we obtain:

fg5 BSR

¥t
()2

Pr 3. 1RAN Pr 3. 1BSR = J fg4b X4 ffgs X5 dxst4

_ Mgy A _ (A4+A5)¢
—_— — w — —_ w
=|1-e @« pYEp 1-e 2

(32)

Pr 3'2RAN =Pr 3'2BSR ( )
_Asyr _(Ag+As)ys
:(1_‘3 2 )‘Af—f’As(l—e @ ) (33)

By substituting Eqs 32 and 33 into 31, we obtain the
term Pr 3 for the two relay selection schemes:

_ MY /‘zwt Mg sy (AgtAs)pr
Pr3gan =|1—€ <1 Je l-e @2 —¢ @92 +e @

(34)

_ M M _ Aoty N
Pr3BSR: 1—-e @ ) 1-(1-e @« )
(35)

_ At Ay ~ (Ag+As)pr
l-e @2 —e @2 4e¢ “2

2 EAI

Fourth, we calculate the term Pr4 in Eq. 18 as

Pr4 = PI‘[ wW181b > ¢t; wW282p > 1101"
max (w381p83b, W284b W285) < Py
pr| 1816 2 Yr 381836 < Y1 ]
W381p83b = W284bs §4b = §5
w1816 = Y, w0284 < Py,
| ©3810830 < W284p, 84b = 85
w1816 = Y1, 03816836 < Pt
| 3816830 = W285,84b < &5
w181y = Py, w85 < Py, ]
wsglbgah < @285, 84h < &5
Pr[ glh 2 wl;gab "

W381b83b w3t
o, 284 84b 2 85 |

+Pr

= [1 —Fg,, (rlx%)]

+Pr

+Pr

Pr4.1

[ @1 > ffi,g4 lpt

w3 84b
| 830 < o gl,/g4b =85 |

=R (B s %]

+Pr

Z el < ’
+Pr g;’ls}jgu;g;fl 83t wasib
0, 2858 <85

_ Pr4.3
ngu”fi,gs B, ]

+Pr o
| 83b < &3 glb,g4b &

Pr4.4

(36)
The terms Pr 4.1 and Pr4.2 in Eq. (36) can be expressed
in the multiple integrals form, as follows:

Yt w3X1X3
(e8] w3X]
Pral= [ fo (x1) | fo,(x3) [ fo, (xa)
b 0 0 (37)
]

X4
| fog (x5)dxsdxydxsdx
0

l#t w3 X4
A'JJ3 Xl
Prd.2 = Ifglb x1) Jfgu; X4) I fg3h (x3)
u 0 (38)

X4
[ fos (xs)dxsdxsdxsdx;
0

By applying the PDFs for the four RVs gy, 34, 45, and
gs for the two schemes RAN and BSRs into Eqgs. 37 and

EAI Endorsed Transactions on
Industrial Networks and Intelligent Systems
032018 - 06 2018 | Volume 5 | Issue 14 | e2




Outage Performance of a Two-branch Cooperative Energy-constrained Relaying Network with Selection Combining at Destination

38, we obtain: '“
Pr4.2gan = j et j AgeHaxe
bt
(Ul
7/\3&72 X4
(1 - e”‘5x4) 1—e @® % |dxgdx
_Mr _ A A, Sl _(Ag+ds)yr
a— w —_ () — w — w
=e 1 1—e @ _/\4+/\5 1 1-e 2
(*4## A3¢r)
0o 1_e \ @2 T@3¥
Pt —/\4/11 [ 6_/\1x1' o2 dxl
o] w3X] /\4+ w3X
—A1x -A3x b3 3
Pr4.1RAN = I /\16 141 I /\36 3743 w1
bt 0 ,(MJr Asl/)t)
w1 l-e ) @3X]
Aqw3x|x3 _ (Ag+5)w3xgxs e
_ 3 A4 R BT bk B3 k) —A1xp d
l—e @ 1-e @2 dxsdx +A4h J 4 T X1
[( /\4+/\5 3% o Ag+As+ “,33)512
Pt [}
\ w3x] \ M gy A MY _ (Ag+a5)y
—_ —_ —_ —_ w —_ [ — w — w
- (1 )\4+)\5) J Apem it J Aze” 3B dxzdx, =e wfl-e @ st 1-e ?
0
. Ay Az Azwy Py
“1% _/\1Q3( b "wy 7 “wy ? Az’ w_l)
o @3] Agw3xix3 A o (/\ (Aa+As)pr A3 Azwy ﬂ)
— J /\le_/\lxl J A3€_/‘3X3€_ w) dedxl (A +As) 3 L w3 7wz’ (At A5)ws” Wy
' 0 (41)
01
Pt
w3X] (/\4+/\5)w3x1x3
—A1xq A3x3 5™
+/\4+/\5 J Are J Aze™"3¥3e @2 dx3dxq

w]

=4 (1= ) O (b G )
~MAs Qz( Ay, b Jatr 2ap ﬂ)

/\4;)3 wy 7 w3 ’(:\\460/% &l}h 50 \ " M-1
4 w3 atAs)y Azt 3W3 Yr _ m _1\m
+A1d3 Ag+As (/\4+/\5)w3Q (/\1 7wz 7 (Agtds)ws” o ) Prd.2gsp = M ZO Cya(=1)
m=
39) _(m+1)/\1ybt Agidy
e @ T
m+1 l-e )
_(m+1)/\11pt Agtd
e [G] /\4 1 _ e_%

T m+l Ayt s

~A Qs ((m+ 1) Ay, A Do dsn i)

) w3 4 /\4&) ’ w1
/\4/\1 Q3 ((m + 1) Alr (/\4+’\5)l1bt M Aswy ﬂ)

T wy 7 w3 (Ag+ds)ws” @

(42)
In Eq. 36, we see that the terms Pr4.3 and Pr4.4
can be derived from Pr4.1 and Pr4.2, respectively,
by replacing the RV g4, with g5 and g5 with g4. In
addition, their PDFs are Fg,, raN (X) = Fg, sk (¥) = 1 -
6_/\4x and fg5 RAN fgs,BSR( ) =1- 6_/\5x. Thus, we
obtain the followmg expressions:

M-1 00
Prd.lgsg = MA; Y Cﬁ_1(—1)m I e~ (m+1)A1x;

m=0 ot

@]

Agw3xyx3
T Wy

mlé)ﬁq (1 —€
-A3x
J Azem (A4+15)w3x1 x3 dxzdx,

_m W)
M-1
- A sy p 3RAN = -
_MA1(1—ﬁ) T Chiy (Z1)"Qy ((m+ 1) Ay, 22, 22 Pr4.3pan Pr41RAN|/\4<—/>\;\l?bt "
MA A3 ) C m = /\1 ( /\4+/\5)Q1 (;\)1’ /\ﬂ)l?} ’ f\Ul ) ¥
—_—= w
A Tt hdargOa (4B ESE) W)
Qz((m+1)11,(A4MS)¢CM, 4507 ,ﬂ) +M A T e
©r @ erklest @ Q. (1, Qatds Asd My i
(40) 2 (A S S e )
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Pr4.3psg = Pr4. 1BSR|/\4<—>/\5 =

1) Bl o130 52 )
_M/\l/\?’/\:)jg
A A

Z cn (—l)sz((erl)/\l,(f)_lff, i_‘ft tzi%)

M cr

(/\4+)L5) w3 Z:’ ( )

(Aa+As)pr Asp A3w )

Qz((m+1)/\1’ 40)25 :, 3)_3[' (/\4+3/{‘52)w3’ w_i)

(44)

Pr4.3gsg = Pr 4-1BSR|/\4<—>/\5 =

A
M/\l (1 - /\4+5/\5 w3 7wy
~MA A2

Asws

M-1
T Cﬁ_1<—1)m02(<m+ 1) Ay, o At

M/\1A3A5w2 C
(Ag+ds) w3 mé ( n”

Matds) Ay Ao P
Q, ((m +1) Ay, = wzs : w3 (/\4+3/\52)w3’ w_i)
(45)
M-1 . m
Pr 4'4BSR = Pr4'2BSR|/\4<—>/\5 =M Z CM—l(_l)
(m+1)Aq Py A5 _(m+1)1\11;:l_ (Ag+A5)pt
e w e @ - @
T(l_e N Iars wb ves vl £ N )
A A A
(o 10, 28 58 3
AsA (Ag+As5)Y Az, A3wy [
(/\4‘:-/\1 Q3 ((m + 1) /\1’ (©3)) 4 w_3’ (/\4+3/\5)(U3’ CU_[)
(46)

The term Pr 4.4 for the relay selection schemes RAN and
BSR can be obtained by substituting Eqs. 39-46 into 36:

o

Pr4.1geg + Pr4.256r }

Aoy
Pr 4RAN _ 5_3’72[ { Pr 4'1RAN + Pr 4'2RAN

Aot

Pr 4BSR = [1 - (1 —e @@

+Pr 4'3RAN + Pr 4-4RAN
+Pr 4'3BSR + Pr 4-4:BSR

It .

Finally, we obtain the outage probabilities of the
proposed system model with the two relay selection
schemes RAN and BSR, respectively, as follows:

PyutraN/BSR = PT 1raN/BSR + Pr 2RAN/BSR

49
+Pr3ran/Bsr + Pr 4ran/BSR (49)

5. No direct link

In this section, we consider the case of no direct link
between the source S and the destination D due to deep
fading. In this case, ¥5 is not present in the outage

< EAI

probability expression, which is given by

=Pr[; < ¢y, o < ¢y]

Pr5

+Pr [lPl > ¢t; l’bz < l,bt; ¢3 < lzbt]

Pré6

+Pr iy < Py, 1y > Py, 1y < ;]

Pr7

+Pr (i) > Py, Py > Py, max (3, ha) < 4]

Pr8

NDR
Paut

(50)

The terms Pr5 and Pr7 under the two relay selection

M-1 " P _ _
) Y Ch (=)™ ((m +1) 4, 25 —f) schemes are easily obtained as
m=0

_Myr _Aoyr

ProganN=(1-¢e ) 1-e ‘”2) (51)
_ MY M _ Aot N

Pr5gsr =1 -¢ 1 l-e @2 (52)
A\ Aoy _ My

Pr 7RAN = (1 —e “ e @®2 |[1—-e @ (53)

i \M o \N g
Pr7gsg =1 —-e <1 1-|1-¢e @2 (1—e “’2)

(54)
The term Pr 6 in Eq. 54 is obtained as
Pr6 = Pr [glb z i—i;gzb < i_;' W381b83h < 1Pt]
Pt
Fg,, ( ) J fglb x1) OJ fgsb (x3)

“’1

Then, substituting the PDFs of the three RVs g1, g2
and g3; of the two schemes RAN and BSR, we obtain

A
PT6RAN:(1—€ Twy )/\ Ql(Alr 3lpt ll)t) (56)
w3 W
_ Aoty N
PI'6BSR:(1—€ “}2)
M-1 \ (57)
MAy T Cliy (<10 ((m+ 1) Ay, 3 )
m=

The term Pr 8 is rewritten as

s

Pr8 =Pr [gw > w,’ max (03815830, W284b) < ll’t]

=[1-Fo, ]

lP
Prigiy = w’ ®38183h < Y1, W381p83b > W2 &4b

rga 2

Pr81=Pr2dly, ..

+Pr

Py
gy = o, wygs < Py, w381p83p < w2g4h]

Pr8.2=Pr2.2l, ..
(58)
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The terms Pr8.1 and Pr8.2 can be derived in the
same way as Pr2.1 and Pr2.2 in Eqgs. 23 and 24,
respectively, by changing the RV g5 to g4;,. Thus, Pr 8.1
and Pr8.2 for the two schemes RAN and BSR are
obtained from the results in Eqs. 25-28 by replacing A5
with A; because the PDFs of g5 and gy, with the two
relay selection schemes are Fg, ran (X) = Fg,, Bsr (¥) =

1 — e and fo, raN (%) = fos Bsr (¥) = 1 — 75"

M-1
Prg.lgsR:MAl Z C]\m/ffl(_l)m
m=0
Ql((m+l)/\1 g ﬂ) }

’ w3lw1

-3 /\:’02)302((m+ I)Al’@ Az Azwy  Pr

[©3)) 4 w3 4 /\40)3’ [}

(60)
A\ My
Pr8.2gan =|1-¢ ©2 |e @ (61)
Ny A3t Asw,
-A1Q3 (/\1’ (izt’ (f)3t')\z31“’§""_;)
M-1
Pr8.2psg = M ZO Chii (=)
m=
_ Mg —W
(1_6 ) e ©

Qs ((m+ 1) Ay, At Dot daen 1)

7wy’ w3’ /\4(U3’ (5]
Substituting Eqs. 59-62 into 58, the term Pr8 for the
two schemes can be obtained as

_Aoyr
Pr 8RAN =e “ (PI‘ 8'1RAN + Pr 8~2RAN) (63)

N
_Aavr
Pr SBSR = [1 - (1 —-e 2 ) ](Pr 8'1BSR + Pr 8'2BSR)

(64)
The outage probabilities for the two schemes in the case
of no direct link S — D are expressed as follows:

NDR
Py rRany/BsR = PT ORAN/BSR + PT 6RAN/BSR (65)
+ Pr 7ran/BsR + P 8rany/BsrR

6. Numerical results

In this section, we present Monte Carlo simulations
to verify our derivations and compare the outage
performances of the considered protocols for the system
model in Fig. 1 and the system with no direct link
S — D. Consider a network in a two-dimensional plane
with the following coordinates for the source S, the
destination D, the energy-constrained relay cluster
R1, and the conventional relay cluster R2: (0,0),
(1,0), (xr1,Yr1), and (xgp, Yr2), respectively. Then, the
distances of the links S —R1, S—R2, R1-D, R2-

D, and S - D are, respectively, d; = (xr1)? +(yR1)2,

2 EAI

dy = (xr2)* + (Yr2)%, d3 = \/(1 —xg1)’ + (Yr1)°, dy =

\/(1 - xR1)2 + (sz)Z, and ds = 1. In all the simulations,

we assume the path loss § =3 and the noise Ny = 1.
For ease of presentation, we call the two protocols in
Section 4 DR-RAN and DR-BSR, and the two protocols
in Section 5 NDR-RAN and NDR-BSR.

Fig. 2 shows our evaluation and comparison of the
performances of the four protocols, i.e., DR-RAN, DR-
BSR, NDR-RAN, and NDR-BSR, versus the transmit
power P from -5 dB to 10 dB. We observe that, as
expected, the outage performances of all the protocols
are significantly improved when the transmit power
P increases. In Fig. 3, the outage performances of all
protocols are presented versus the power splitting ratio
p varying from 0.1 to 0.9. The performances are the
worst when p is at 0.1 or 0.9. This phenomenon can
be explained as follows. When p = 0.1, the harvested
energy at the best relay in cluster R1 is insignificant;
thus, it is difficult to use that amount of energy to
successfully forward the source data to the destination.
And when p = 0.9, the harvested energy is large, but
the decoding performance at the best relay in cluster
R1 is low. Therefore, there is an optimal value of p that
balances the decoding performance and the harvested
energy at the best relay in cluster R1. For example, the
optimal value of p in this scenario is around 0.6; at
this point, the outage performances of all the protocols
achieve their best.

We observe in Figs. 2 and 3 that the DR-BSR
and NDR-BSR protocols improve in performance
when the number of relays is increased in cluster
R1 (M =2,4) and/or cluster R2 (N =2,4) due to
increasing the decoding performance and the amount
of harvested energy at the best relay in cluster R1,
and increasing the decoding performance at the best
relay in cluster R2, while the DR-RAN and NDR-
RAN protocols have unchanged performance because
the best relay is randomly selected. In addition, as
expected, the DR-RAN and DR-BSR protocols achieve
higher performance than the NDR-RAN and NDR-BSR,
respectively. And the outage performances of the DR-
BSR and NDR-BSR protocols are higher than those of
the DR-RAN and NDR-RAN, respectively. Thus, we
do not show the DR-RAN and NDR-RAN in the next
figures. Moreover, we see that the gaps between the
curves M = 2 and M = 4 of the protocol DR/NDR-BSR
shown in Figure 2 are bigger than those between the
curves N = 2 and N = 4 in Fig. 3. Therefore, the system
is improved more when we increase the number of
relays in cluster R1 (M) than when we increase the
number of relays in cluster R2 (N). This finding is
shown again in Fig. 6.

In Fig. 4, the impact of the position of cluster
R1 on the outage performance is shown. It can be
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Figure 2. Outage probability versus transmit power P in dB for the four protocols and for M of 2 and 4 with (xgy, yr1) = (0.5,0.3),
(xr2, VR2) = (0.5,-0.3), ¢y = 1 bit/s/Hz, p = 0.5, 7 = 0.5, and N = 2.

observed that the outage performance is the worst when
the cluster R1 is farthest away from the source and
destination (yg; = 0.7), and it changes very slightly
when xg; is changed from 0.1 to 0.9. This can be
explained as follows. When yg; = 0.7, for all values
of xp; from 0.1 to 0.9, the distances from the source
to cluster R1 and from the destination to cluster
R1 are relatively long, so the decoding performance
and energy harvesting of the link from S to cluster
R1, as well as the decoding performance of the link
from cluster R1 to D, are too low. In this case,
successful transmission occurs almost via the links S —
D and S—clusterR2-D; hence, the outage performance
changes slightly as xg; changes. When cluster R1 is
positioned nearer to the source and destination, e.g.,
yr1 = 0.4, the outage performances of the DR-BSR and
NDR-BSR increases. As cluster R1 continues moving
nearer (yg; = 0.1), their outage performances continue
to improve. Additionally, there is a big change in the
outage performance when xp; changes. For instance,
the outage performance is the best when xz; = 0.1
because, at this position, the best relay in cluster R1

2 EAI

can easily decode the source data and harvest enough
energy for forwarding the data to the destination.
The performance is decreased significantly when xp; =
0.9. In addition, the DR-BSR protocol achieves higher
performance than the NDR-BSR protocol for all values
of XR1 and VR1-

Fig. 5 shows the impact of the position of cluster
R2 on the outage performance. As expected, the DR-
BSR protocol outperforms the NDR-BSR protocol for
the same position of cluster R2, and they both achieve
higher performance when cluster R2 is closer to the
source and destination. For example, the performance
when yg, = —0.1 is higher than when yi, = -0.4 and
yro = —0.7, for all values of xp,. Especially, the two
protocols achieve their highest performances when xg,
is around 0.7 because this is the optimal position for
balancing between decoding the information of the two
links S — R2 and R2 - D.

Fig. 6 presents comparisons of the outage probabili-
ties of the DR-BSR and NDR-BSR protocols versus # for
(M,N)=(2,4)and (M, N) = (4, 2). As we can see in Fig.
6, the outage performance of the DR-BSR or NDR-BSR
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Figure 3. Outage probability versus power splitting ratio p for the four protocols and for N of 2 and 4 with (xg1, vr1) = (0.5,0.3),
(xRr2, ¥r2) = (0.5,-0.3), P = 5 dB, ¢; = 1 bits/s/Hz, p = 0.5, 1 = 0.5, and M = 2.

protocols in the case of (M, N) = (4, 2) is better than in
the case of (M, N) = (2, 4). In addition, the effect of the
direct link S — D on the system performance is large.
As we can see, the DR-BSR protocol (considering the
presence of direct link S — D) gains higher performance
than the NDR-BSR protocol (no direct link S — D) for
both cases of (M,N)=(2,4) and (M, N) = (4,2). Fur-
thermore, as shown in this figure, the outage perfor-
mances of all protocols increase significantly when
increases, due to increasing the amount of harvested
energy as well as the decoding performance at the best
relay in cluster R1.

Fig. 7 presents the outage probabilities of the DR-BSR
and NDR-BSR protocols with respect to transmit power
P in dB for ¢; of 0.3, 0.7, and 1. The performance of the
system is high when the requirement for the outage rate
is low, i.e., the outage performances increase when the
target rate 1p; decreases.

Finally, as we can see in Figs. 2 to 7, the theoretical
results match very well with the simulation results,
verifying our derivations in Section 4 and 5.

2 EAI

7. Conclusions

In this paper, we investigate the selection-combining
technique at the destination for a system model
of a 2-branch cooperative communication system
including one energy-constrained relaying branch and
one conventional relaying branch. We study two relay-
selection schemes (RAN and BSR) for two cases, one
with the existence of a direct link (DR) and the other
without (NDR) between the source and destination.
Thus we considered four protocols: DR-RAN, DR-BSR,
NDR-RAN, and NDR-BSR. We derived the closed-form
expressions of the outage probabilities for evaluation
and comparison of the performances of the four
protocols. We derived these theoretical expressions
using the Monte Carlo simulation method. From the
simulation and theoretical results, we discovered the
following. 1) The outage performance of the DR/NDR-
RAN protocols do not depend on the number of relays
in the two cluster. 2) The DR/NDR-BSR protocols
improve the system performance when the number of
relays in the two clusters increase; moreover, the system
achieves higher performance by increasing M than by
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Figure 4. Outage probability versus xg; of the DR-BSR and NDR-BSR protocols for yg; of 0.1, 0.4, and 0.7 with (xgo, Yr2) =
(0.5,-0.3), P =5 dB, ¢, =1 bits/s/Hz, p = 0.5,y = 0.5, M = 3, and N = 3.

increasing N. 3) The DR model outperformed the NDR  We can express the integral as following
model, and the BSR scheme outperformed the RAN

scheme. 4) The outage performances of all protocols Te—q)lx (1 _ efq)z/x)dx = Te"ﬁlxdx — Te*"’lxe"PZ/xdx
improved when the transmit power P increased, the @3 P3 @3
energy harvesting efficienc increased, the distances 00 00 0
betwf?én the tW(g) clustersy an the source and the = jei(mxdx_ f eq)lx[l * );1 %pﬁ]dx
destination decreased, or the target rate ¢, decreased. (I of3 -
5) The theoretical results match the simulation results =_ I e P1x| Y (“F:Z)pr]dx
well. @3 pm1 P W
(A1)

Using [26, Eq. 3.381.3]: [ x'"le™#dx = T (v, pu), we

obtain:

Q1 (1, 92, 03) = [ e1%(1-e7#/%)dx =
P3
T3 CoaP ) p (42)
- Zl o 1P T (1 =p,@193)
p:

We note that, in the Numerical results part, we choose

1201313'3“‘1ix A: Finding Qi (91, 92,93) = the value for T is large enough, i.e., T ~ 20m to obtain
f e~ P1x (1 - e—<pz/>c) dx the closed form results.
3
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Figure 5. Outage probability versus xz, of the DR-BSR and NDR-BSR protocols and for yg, of -0.1, -0.4, and -0.7 with
(xr1,vr1) = (0.5,0.3), P = 5 dB, ¢; = 1 bits/s/Hz, p = 0.5, = 0.5, M = 3, and N = 3.

Appendix B:  Finding Q) (@1, 92, @3, 94, @s) =  First, we calculate I;. By setting u = x + ¢4, the integral
Ty x (1meP2e703%) I, can be expressed as
fe X+Qy X
¢s o o ( :
_ [ e 1¥ _ e~ P1(u-04
We can express the integral as following I = f s 4% = J A
¢s P5+P4
B2.1 — B2.2
P2 e [ du"? en T (0, 1 (s + )
P5+P4
(B2)
where (B2.2) can be obtained from (B2.1) by using [26,
Eq. 3.381.3].
I e —px (1meP2e793) X Next, we calculate U, as following
X+ @y
0 0 e*‘iﬂl"{1+)o:o (7;’,3 q(iq e e _ppx q . (mx </’1X
_ —p1x q=1 " E —dx|+ \9 €~
= J i+¢4dx e 2 I e dx (pj x+(P4 l_ 014 j I X+<P4
¥s - P5 - 1
(1 _e_<p2)J' N e B HW;J‘ e =L 61,4017 'T (1 =1, 9195) + 8,1 74T (0, 01 (@5 + 1))
X+ @y = 7 ()7 (x + @4) (B3)
&/____, & where 6 a<q”[1 ] 9—[1] =
lq ’ = |7
I Uq 1 - l) dx Lxte x=0 a (x)q X=—@4
(BL) oy
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Figure 6. Outage probability versus # of the DR-BSR and NDR-BSR protocols and for (M, N) = (2,4), and (M, N) = (4, 2) with
(XRIJ;URI) = (05, 03), (-XRZJ }]Rz) = (05, —0.3), P=5 dB, l,l)t =1 bitS/S/HZ, and p= 0.5.

Substituting (B2) and (B3) into (B1), we obtain: We can express the integral as following

x+(p4
Ps
oo oo xe7¢1x[l+%+§ (_ﬁ3)kﬁ]
—P1x — = : X
Qs (@1, P20 @3, Pa P35) = (1= P2) 10T (0, 1 (5 + o) = | gy dx—1e7% | T dx
e P2 § (- '3)‘1 ¥s ¥s
L (1-e9 >f“_wd 0 f e
=(1-¢e%2 Xx+e P2 X
IZ 01,001 T (1 = 1, o1 p5) + 8,eP174T (0, @y (g5 + @4))] X+ @y )+ N
=1 Ps Ps
(B4) —_— —_
L I;
> (= k7 —P1x
_efq,zz( 53) J k—e1 dx
= (%) (x + ¢4)
Ps
Appendix C: Finding Q3 (@1, 92, @3, @4, ¢5) = Vi1
o _ 1—g’((’2g7(p3/x)
xe ‘?"1"(— X T
(pfs X+@Qy (Cl)
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(o]

By setting u = x + ¢4, the integral I, = f %dx can
Ps
be rewritten as
o — u
12 — J‘ (X_(P4)6(P1j£p4e ?1 du
P5+P4
o

(o)
45 )Pl PaP1Y P1P4 1
— J (x=04 <P5)§ N du+ J psettPae Pl 4

u

P5+P4 P5+P4

(C2)

Usi e

sing [26, Eq.  3.383.9]: [ —dx=
u

u'T (v+1)T (v, up), and [26, Eq. 3.381.3], the integral
I, is derived as

I = e?1%4 (@4 + ps)
[ (=1, @1 (P4 + @5)) + Q5?1 4T (0, @1 (@4 + @5))

(C3)
The integral I5 is expressed from (B2) as:
Lo [ g mro c4
= = 1
o= [ S dx = T O (a3 (CH
Ps

< EAI

The integral Vj_; can be expressed as following

(o)
-p1x —-p1x
Y T | e(x)lt dx] + vy | ;({‘)4 dx
1 Ps
k-1
= Zl Tp1 1 T (1= £, 105)
=

+0r_1 €194 (0, @y (@5 + @4))

where

)
(x)k—l

1 T
[ ] Vk-1 =

k-1 = G101 dx | Tres
1 .

= ——=—  Finally,

(~ga)*! Y

2
x=0

substituting (C2),

X==Q4
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(C4), and (C5) into (C1), we obtain

Q3 (91, 92, 3, 4, @5) =

(1 — e~#2) P14 (Pa+ @5)T (=1, @1 (¢ + @5))
+@sT (0, o1 (4 + @5))

+e P2qp3e?1%4T (0, 1 (@4 + @5))

(o]

k-1
_ —p5)k T 17T (1 -,
ey o) tg tk-191 T ( P195)

k=2 +0r_1€P194T (0, @1 (@5 + @4))

(Co)
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