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Abstract

This paper analyzes the performance of a two-hop half-
duplex multi-relay system based on energy harvesting. The
relay has energy harvesting and storage functions, and adopts
an adaptive AF/DF transmission strategy and PS protocol.
Based on three relay selection schemes, namely Energy
Optimal Selection (EOS), Channel Gain Optimal Selection
(GOS), and Energy and Channel Gain Optimal Selection
(EGOS), the outage performance is compared. First, the finite
state Markov chain (FSMC) is used to model the energy
arrival and use status of each relay, and the energy transfer
steady-state matrix is obtained. Then we use the Gauss
Chebyshev formula to derive the analytical expression of the
communication outage probability (COP). Finally, an
optimization model for minimizing the COP for three relay
selection schemes is constructed. The EOS and GOS schemes
optimize power allocation for energy harvesting and
information transmission, and the EGOS scheme jointly
optimizes power allocation and energy thresholds. We use a
one-dimensional search algorithm based on the golden section
and a two-dimensional search algorithm based on iteration to
solve these optimization problems. The simulation results
show that the EGOS is the best among the three relay selection
schemes.

Keywords: Adaptive AF/DF, FSMC, Multi-relay, Relay
selection, SWIPT

1 Introduction

With the development of wireless communication
technology, the application of wireless services has become
more and more extensive, resulting in high energy
consumption and a large amount of carbon emissions.
Therefore, the research of green communication has become
the focus. Energy harvesting technology can obtain energy
from the surrounding environment [1], using renewable
natural resources such as solar energy and wind energy. In the
simultaneous wireless information and power transmission
(SWIPT) system, nodes can collect energy from wireless
signals for signal processing and forwarding, which extends
the life of energy self-sufficient equipment [2]. Therefore, the
new energy harvesting technology of obtaining energy from
wireless signals has caused a wide range of people [3].
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The performance analysis of the wireless system has
important reference value for the design and optimization of
the network. In [4], it derives the outage probability of a
single-relay system in TS mode, and analyzes the influence of
different time slot division ratios on the outage probability.
The authors of [5] proposed a modified time-switching
relaying (TSR) protocol, derived the outage probability, and
compared it with the traditional TSR protocol and power-
splitting relaying (PSR) protocol. With a three-node half-
duplex relay system with two source nodes and one relay node,
a non-linear amplifier-based two-way relay system outage
probability analysis framework is proposed in [6]. Authors in
[7] proposed an adaptive maximum ratio combining (MRC)
protocol on the basis of TSR and PSR protocols, which used
interrupt probability to characterize throughput, and analyzed
the throughput performance during transmission. However,
the above-mentioned literatures only study the single-relay
system, and do not consider the multi-relay system.

Multiple relays can improve system capacity because the
channel state has a direct impact on system performance. The
channel state depends on the relay location and small-scale
fading. Multiple relays can generate multiple different
channels, and select a relatively good channel to complete
information transmission, thereby improving the quality of
information transmission. In addition, compared with the
single-relay system, the energy harvesting efficiency of the
multi-relay system will be higher. In [8], it adopts the relay
selection scheme with the most harvested energy, and derives
the outage probability of the amplify and forward (AF)
strategy based on the multi-relay system. Under the
framework of decode and forward (DF) strategy with multiple
relays, based on the channel gain optimal selection scheme, a
new closed expression of the outage probability under the time
switch protocol of the energy harvesting relay network is
derived in [9]. Authors in [10] studied the downlink
cooperative multiple-input single-output wireless sensor
network of non-orthogonal multiple access technology, and
proposed a power split ratio optimization algorithm and an
optimal antenna-relay-target selection algorithm. The authors
of [11] studied the SWIPT two-way relay non-orthogonal
multiple access system, and derived the analytical expressions
of outage probability and ergodic capacity. However, the
above literatures only consider the optimal energy or the
optimal channel gain to select a relay, and do not consider both
at the same time. In addition, they also do not consider energy
storage, which would cause the relay to clear its energy at the
beginning of the next time slot even if it is not involved in
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communication. This does not match the actual situation,
because most devices are now equipped with rechargeable
batteries that can store energy.

This paper considers a two-hop half-duplex multi-relay
system and derives the outage probability based on energy
storage and an adaptive AF/DF transmission strategy under
three relay selection schemes. For clarity, we list the
contributions as follows:

« A two-hop half-duplex multi-relay system model based
on energy harvesting and storage is constructed, in which the
PS protocol is used to complete the SWIPT, and the relay
forwarding adopts an adaptive AF/DF transmission strategy.
The relays are very close to each other therefore the source to
relay channel links are identical besides being independent.
The relay selection scheme adopts the Energy Optimal
Selection (EQS), the Channel Gain Optimal Selection (GOS),
and the Energy and Channel Gain Optimal Selection (EGOS).
The destination node combines the direct signal and the relay
signal with the MRC criterion.

« The finite state Markov chain (FSMC) is used to model
the change of the relay energy storage state caused by energy
harvesting and information transmission, and the energy
transfer steady-state matrix for multiple relays is obtained. The
Gauss Chebyshev formula is used to derive the analytical
expressions about the communication outage probability
(COP) of the adaptive AF/DF transmission strategy under the
three relay selection schemes. For both the EOS and GOS
solutions, an optimization model that optimizes the power
splitting factor to minimize the COP is constructed, which is
solved by a one-dimensional search algorithm based on the
golden section. For the EGOS scheme, an optimization model
is constructed to minimize the COP by jointly optimizing the
energy level threshold and the power splitting factor, which is
solved by a two-dimensional search algorithm based on
iteration.

« The simulation results show that the EGOS scheme is
the best among the three schemes, and an optimal value can be
obtained by adjusting the energy level threshold and the power
splitting factor. We compared the adaptive AF/DF
transmission strategy, AF transmission strategy and DF
transmission strategy, and proved the superior performance of
the adaptive AF/DF transmission strategy. In addition, the
simulation results also show that the outage performance of
the multi-relay selection system is better than that of the
single-relay system. The farther the relay is from the source
node, the COP decreases first, then increases, and finally tends
to balance.

The rest of this paper is organized as follows. In Section 2,
the system model is described. In Section 3, the relay selection
and forwarding mechanism is introduced. In Section 4, the
energy transfer state matrix and the analytical expressions of
the COP are derived. In Section 5, the simulation results are

presented and analyzed. Finally, Section 6 concludes the paper.

2 Problem Formulation

As shown in Figure 1, we consider a two-hop half-duplex
SWIPT multi-relay system, including a source node S, a
destination node D, and N relay nodesR;, i e {1,2, ..., N}.
Relay can harvest and store energy. Assuming that there is a
direct link between the S and the D, the corresponding channel

of each relay is independent of each other, which hg

represents the Rayleigh fading coefficients of the channel link
fromthe S tothe D, th, represents the Rayleigh fading
coefficients of the channel link from the S to the R;, and
thD represents the Rayleigh fading coefficients of the

channel link fromthe R, tothe D.The channel links are all
subject to independent flat Rayleigh fading, and the distance
between relays is very close, so the corresponding channel
gains |he |, |hSRi |2, and |hRiD|2 respectively satisfy the
exponential distribution that satisfies the parameters
Ui =df , Uxp=df , 1i=df , where
dy, =dg +ds, represents the distance relationship, g is

the path loss coefficient. Because the path gain obeys an
exponential random distribution, the probability distribution

functionis f(x)=Ae™*.

———— Energy transfer *._ P
————————— » Information transfer “~-._---"

Figure 1. The relay network model

The energy harvesting of the relay adopts the PSR protocol,
as shown in Figure 2. Within % in each time slot, the source

node sends information to the relay node and the destination
node, where the relay node divides the received signal power
into two parts according to the proportional relationship of
1-p: p, one part enters the information processing module,

and the other part enters the energy harvesting module, where
p£ is the power division factor, which satisfies 0< p<1.

Assume that both channel information and node state
information are known. The relay selection is performed at the
source node, and the adaptive AF/DF selection strategy is
completed by the relay node. After relay selection and
adaptive AF/DF transmission strategy selection, the selected
relay R transmits information to the destination node within
T

S—>R
p Energy transfer
1- P S — Rj R — D
Information transfer Tnfarmation anefer
S—>D
Information transfer
T T Timeline

Relay selection
Adaptive AF/DF transmission strategy

Figure 2. The relay working mode
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3 Relay Selection
Mechanism

and Forwarding

After all relays have completed energy harvesting, an
optimal relay needs to be selected among N relays to complete
information transmission. There are three relay selection
schemes in this article, namely the EOS, GOS, and EGOS, will
be introduced in Section 3.1. After selecting the relay to
participate in the communication, for the relay transmission
strategy, this article considers adaptive AF/DF transmission,
which will be introduced in detail in Section 3.2.

3.1 Relay Selection

According to the relay selection scheme, an optimal relay
R is selected for information transmission, and the
information is forwarded to the destination node. Assuming
that b, denotes the level of energy stored by the relay node

R, at the current moment. There are three relay selection

schemes:
+ EOS

In this scheme, R, with the most energy stored at the

current moment among the relay nodes is selected as the
optimal relay R, which can be expressed as

R =argmaxb, . 1)
iE{l,Z ,,,,, N}
+ GOS

In this scheme, R, with the largest channel gain between
R, and D isselected as the optimal relay R, which can be
expressed as

R=arg max|hR_D|2. 2)
ie{l,2,.,N}'
+ EGOS

In this scheme, when the energy stored by R, is greater
than the energy threshold 7, the relay node belongs to a
qualified set @, denoted as ®={R |b >z}, and R, with

the largest channel gain between R and D in @ s

selected as the optimal relay R. If the set ® =& is qualified,
it means that the remaining energy of all relay nodes is too
small. At this time, R, with the most energy stored at the

current moment is selected as the optimal relay R. The
expression is

arg max|thD|2 NOX30)
R=4 '« : 3)
arg maxb,® =2

ief1,2,..,N}

In order to reduce the outage probability as much as
possible, the selected relay R will transmit information with
the highest transmission power P, .Therefore, once R is

selected, all the stored energy will be used up, namely

p=x. (@)

3.2 Forwarding Mechanism

There are multiple strategies for relay forwarding, the most
common of which are DF and AF. DF means that the relay
first decodes the received source signal, and then sends the
decoded signal to the destination node. AF means that the
relay itself does not decode the source signal, but only receives
the received signal. The signal is amplified by a certain
amplification factor and sent to the destination node. Both
strategies have certain advantages and disadvantages. This
paper adopts an adaptive AF/DF transmission strategy [12]. If
R is selected for information transmission, R determines
the forwarding transmission strategy according to the
decoding situation. The process is shown in Figure 3.

' v ¥

SSendsinformationtoD‘ ’ R; harvest energy ‘ ’S sends information to R;

According to the relay selectiol
scheme,

R =R

R, keep silent

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

R works in DF R works in AF

According to the MRC combined signal, if it mee
the minimum transmission rate

success outage

\ J

end

Figure 3. The relay workflow

First, R harvest energy from the RF signal sent by S

and store it in the battery. The harvested energy is expressed
as

2 T
5 ®)

E =npPs |hSRi | ’

where 7 is the energy conversion factor, P, is the transmit

power of the S.
In the first time slot, S uses the transmit power P, to

send signal ¥, to R, and D. Assuming that ng ~ CN (0, ¢%)
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and np ~ CN (0, ¢%) are the additive white Gaussian noise at
R and D respectively. The received signal of R is

(A-p)P,hyzXs +n; , and the received signal of D is
Yo =\/€hs,3xS +n, . Therefore, the received signal-to-noise

ratio (SNR)of R and D are

(1-p)P, |hSR |2

YRE—— - (6)
ORr
P, |h, |
Vo= d §D| . (7
o—D

In the second time slot,
to send signal x; to D . If the R can be successfully
decoded, the DF transmission strategy is adopted. At this time,
the received signal of Dis y, :\/EhRDxR +np . Therefore,

the received SNR of the D with respecttothe R inthe DF
mode is

R uses the transmit power P,

P |h
"= lRD' (8)

O-D

If the R cannot be successfully decoded, the AF
transmission strategy is adopted. At this time, the received

signal of D is yDzﬁhRDﬁyRJrnD , Wwhere the

amplifying and forwarding factor is
1

\/(1_P)Ps |hSR|2 +O'é
D withrespectto the R inthe AF mode is

. Therefore, the received SNR of the

_ (1_p)Ps PR|hSR|2|hRD|2
Pe|heo|” o2 + (1~

©)

> .
PP |hSR| ULZ) +O'§O'é

According to the MRC criterion [13], the total received
SNR of the D under the two relay transmission strategies
can be obtained as

75F=70+min(7w71)- (10)
7§F=7o+72- (11)

4 Performance Analysis

Because R is selected from the set of qualified energy
storage states, in order to analyze the communication
performance, it is necessary to track the energy storage
evolution process of all relays. To facilitate analysis, the
energy storage of each relay is discretely divided into L+1
energy levels, denoted as {gl} where & =IC/L,and C

are the maximum storage capacity of the battery.
The energy storage state of the R, is modeled as a finite

state Markov chain [14], where each storage state corresponds

to the battery state when the R, selects the optimal relay R

after energy harvesting. It is assumed that the current state of
the battery is only related to the state of the battery for relay
selection in the last time slot, and has nothing to do with the
state in the past, so the Markov chain has a memoryless
characteristic.  Suppose the state of FSMC s

s;:(sl,s2 sN),me{l,Z,...,(L+1)N} ,

represents the energy storage state of the R., which satisfies

where S,

S €160 8L}
Let P=[p,,] represent the transition probability matrix
(TPM) of FSMC, where p,, represents the transition

probability from s; to sj . According to [15], it can be

proved that the transition probability matrix is irreducible and
row random, and there is a unique steady-state probability

vector 7 satisfies 7 =P’z we can get
r=[r,]=(PT=1+B)"b, (12)

where | is the identity matrix, B is a matrix with all
elementsof 1, b=(11...,1) .

The communication outage probability (COP) refers to the
probability of communication interruption during the
communication process. The total probability formula can be
used to obtain the COP under the adaptive AF/DF strategy as

COP(yth!yth) Z con(ytﬁ'ytﬁ)'ﬁm’ (13)

where y; and y, are the outage threshold for successful
relay decoding and the outage threshold for successful
information transmission, P,,, (74,7 ) is the conditional

outage probability when the energy storage state is =, , which
can be expressed as

Pr{70<7th |7T } =0
Pon (7076 ) = Pr{re 2 7a 78" <7 | 70}

+Pr{re <y v <7p |7} P >0
(14)

4.1 Energy Transfer Matrix

Because this paper assumes that the channels experience
independent fading and the relays are close to each other, all
relays have the same energy state transition. For convenience,
we introduce an indicator function to indicate whether the R,

is selected, that is

LR =R 5
2710R #R"

Let’s study the energy storage changing from ¢; to &

in the energy storage state s;, where p;, represents the
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energy storage state transition probability from &; to &, .
The energy storage changing is determined by the R

working mode, and the R, has only two working modes:

forwarding information and keeping silent.
+ &, =0, <¢g; Inthis case, the relay has no energy for

information forwarding. If it is selected, it will be interrupted
directly and energy will not be transferred. If it is not selected,
the relay only uses energy, does not consume energy, and the
energy level will not drop. Consequently, p;, =0.

+ &, =0,&; <& <L:Inthiscase, if the relay is selected,

then interruption occurs directly, and no energy transfer occurs.
If the relay is not selected, the energy accumulation is repeated
in the EH phase of the next time slot, and the transition
probability is

Pj« =(1_(Pi)Pr{kTCS E <%}

) 2kC _, 2Ak+C
npRTL o M pRTL

(16)

e

=(1—¢i){e

« 0<g; <L,0<¢ <g;:Inthiscase, the relay is selected,

consumes all energy in the current time slot to transmit
information, and then re-accumulates energy in the EH phase
of the next time slot, the transition probability is

kC (k+1)C
Pix =9 Pr{Tﬁ E <T}

. 2kC _, 2Ak)C (17)
=p|e liqusTL _e 1 pPsTL
i

« 0<¢;<L,g; <g <L:In this case, the relay may be

selected or not. If the relay is selected, all energy is consumed
in the current time slot to transmit information, and then the
energy accumulation is performed again in the EH phase of
the next time slot, and the accumulated energy at this time
reaches at least the energy of the current time slot. If the relay
is not selected, the relay keeps silent and only harvests energy
instead of consuming energy. In summary, the transition
probability is

L L
+(1—¢i)Pr{@ <E < W}

_, 2k _y, 2kane
=p|e L PP TL _g PRI
1

_, 2(k-j)C _, 2(k=j+1)C
—e 4 npPsTL

Pik =& Pr{k_cg E < (k+1)C}

(18)

npPsTL

+(1—<oi){e

«+ O0<egj<Lg =L or ¢ =L,g =L In this case, the

relay may be selected or not, in short, the battery is fully
charged at the end. Similarly, the transition probability is

P, =9 Pr{E, ZC}+(1—¢i)Pr{Ei > (L=J)C DC}
L) (9

% o 2(L-j)C
— P T PTL
=pe PPy +(1_¢i)e PPy

Remark: For EOS, ¢, =1 is satisfied only when the energy
level of R, is the maximum value among all relays at the
current moment. If it is not the maximum value, then the relay
only harvests energy and does not consume energy, that is,
@, =0. For GOS, the relay selection is only related to the
channel gain, not the energy level of the current time slot.
Therefore, each relay has an equal chance of being selected,
that is, all relays may be selected. For EGOS, because the
battery capacity is quantified, the relay qualified set @ is re-

expressed as cI)={Ri | b >%} , Where 7 is the energy

level threshold. Only the relay in @ can be selected, and the
other relays cannot, that is, the above five conditions of energy
storage changing should be changed to: 0<¢; <7,¢, <¢;;

Oﬁgjﬁr,gjﬁgk ; r<£jSL,OSgk<8]- ;

t<eg;<Lig<g <Lir<e<Lig =L or ¢g=Lg=L.

Through the above analysis, we can get the energy state
transition probability of any relay according to the role of the
relay in the information transmission block, that is,
information forwarding or keeping silent. According to the

construction method of the FSMC transition probability
matrix (TPM) in [16], we can obtain the transition probability

P., from s to s, by multiplying the energy state
transition probabilities corresponding to all relays, thereby
obtaining the transition probability matrix P. After P is
given, the steady-state probability matrix x can be
calculated according to (12).

4.2 Outage Probability

In the communication process, the relay set whose relay
energy is interrupted is Q={m|P, , =0} . At this time, the

selected relay cannot participate in the communication, and
the D only receives the information from the directly

connected link. Because |hSD|2 obeys the exponential

distribution of 1/4,, », =a,|hy| obeys the exponential

distribution of a,/4, , where a, :isz . So the outage

D

probability of the direct link is

_AOV(E

P =Pr {7 <s | 7, } =1 * | (20)

col

If the relay can be decoded successfully, that is, the relay
forwarding adopts the DF transmission strategy, then the
outage probability is

P = Pr{re 270, 78" <7 7, } -

=Pr{ Ve 2 o Vo <Vos s <V = 7o | T}
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If the relay decoding fails, that is, the relay forwarding
adopts the AF transmission strategy, then the outage
probability is

Pove =Pr{7e <re 7" < | 7, |

(22)
=Pr{ye <VerYo <Vor¥2 <Vo =70 | T}

4.2.1 EOS

This scheme selects the relay with the most energy stored
at the current moment among the relay nodes as the optimal
relay R. According to (14), if PB; =0, the conditional outage
probability P, of the scheme is expressed by (20),

otherwise it is composed of (21) and (22).
When the relay can be successfully decoded, because

Ihs|* and |he,|* obey the exponential distribution of 1/4,
and 1/ 4, =a, |hg [
obey the exponential distribution of a /4 and a,/4,

1- p)P
A=p)R ’2)5 and a, =—=%

ORr Op

respectively, 7, and 7, = a, ||’

respectively, where a =

the outage probability of relay forwarding using DF
transmission strategy is

e ,ﬁx 742(7/15—)()
PcErC\;.S — .[ j'l '31 dY J‘ 20 e 3 [1—6 a, ]dx

hn (23)
Ak Y o
3 l:l_ Zan ﬂoaz e a,

e ® +
ﬂan_ﬂuaz ﬂaao_ioaz

=€

When the relay cannot be successfully decoded,
substituting (6) and (8) into y, <y, -y, can get
2 2 2
(AlthRl +A2|hSD| _A3)|hRD| <
, , , , , where
A4|hSR| _Aslhsol |hSR| _A6|hSD| +A7
A=(0-p)PRoy , A =PRor , A=Roopn |

A = (1_p)PSO—I§O-I§7/tII:1) , A =01-p)P Pso'é , A= PSO-RO-D )

A = O_é%l[w)o-éo-[z) Because of Vo < 73 )

A, |he|” = A [h |* [hes]” = A o | + A, >0 always holds. If
A lh

Al + A |hg [P A <0 e, |hg|’ sw, we

have that y,<y. -y, holds with probability 1; if
—“Alh P

Al + A |hg [P = A, >0 ik, |hg| >% , we

have that y,<y, -7  holds with  probability

Pr{|h |2 < A4|hSR|2_A5|hSD|2|hSR|2 _A6|h5D|2 +A7}

RD
A e[+ A v [ = A

Therefore, the outage probability of using the AF transmission
strategy for relay forwarding is

P
—R Therefore,

EOS
Pcon2

_Azlhso|2}

D
proh <o h e
{Isol a0|SR| A

D _ 2 R
e
+Pr % A &
|h |2<A4|hSR|2_As|hso|2|hSR|z_A6|hSD|2+A7
RD
A e[+ A, Iheo [ = A,
=P, +P,

(24)

According to the exponential distribution characteristics,

2 _A(A—ApX)
P, = J'(l—e A Jioe‘ﬂxdx
we have 0 ,
o7t Johs (oA -AA) 7
=1l-e * +Le All-e )
LA - A
7R
a8 a -4 AY-Axy—Agx+A;
P, = _[ (1—e iy Jioﬂie‘““dxdy
0 A3—-Ax

Ay =P b
711 7417
[e A e 2 Jﬂoe’*’*dx

Vm 7 Tt

a Aay AsXy—AgX+A;
_J' J' e | AVHAXA o8 MY dxdly

Ay oA -AA)7h i
,ﬁli v 1 "2 /7l ,/’[17
__AA Al-e  *A )-e *(l-e

TIA LA

,qo/i'
ao)_l

Because of the complexity of the integrand function in I,
we use the Gauss Chebyshev formula to find an approximate

_17z) . f, = cos(zn,\zl_lzt) ,

1 2

I (g o)

solution [17]. Let f, :cos(2nl

w
W, =— W, =— X
* N 2a,

2
X, = Ltﬁ_—A‘;_Azan fn + 7_tﬁ+—A3_A2Xn1

© 2 2A © 28 2A
N, represent the parameters of complexity and accuracy,
then

n

J, where Ny,

B Ry Ak
Izﬂoﬂi.[ f e AVIRCA T dxdy
0 A-Ay ,
A
=i§WW = fz%h[%ﬁ A3_A2X”1]|
et 28 (28, 27 )°

(25)

12A4xn2 ’AZABanxnz ’ﬂQAGanJrAZAI

ot Ay Ay Aty

where |, =4 A€

)
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In a given state ;m , the remaining energy of the optimal
max|s,,S,,...,Sy |-C
relay R can be found as by (m)= [5 2L ul ,

and Pam

2bT(m) can be obtained according to (4).

Therefore, the outage probability of the EOS scheme is

Py = 2 Pano T 2 Py (Pa) + Piy (P ) 7, - (26)

meQ meQ

4.2.2 GOS

This scheme selects the relay with the maximum channel
gain between the relay node and the destination node as the
optimal relay R. At any time, there are N relays that can be
selected. At this time, the cumulative distribution function

(CDF) of |ho|* and 7 =a,|he|* are respectively

Fp09= (1-e )N = g[:j(—l)”e%x : (27)

n=0

22y N —nﬁx
F.(0)= [1 eazJ Z[ ](—1)"e % (28)

The outage probability of relay forwarding using DF
transmission strategy is

P GOs

o =Py 270 75" <7 17, )
=Pr{r, 2%?%<7£%£73—7}

j_l 31 78 ﬂn N (Kh )
_7{ dyf {Z;(n j( e ]dx.
= N ( 1) ﬂ'oa Zﬁy‘h Ala};‘h . ;“l:i ;vz:Z}’zE
= HZ_(;( J ni,a, — 4,3, [ e J

(29)

The outage probability of relay forwarding using AF
transmission strategy is

2
pees _ Pr{|hsn| R }

A

D _ 2 R
|hSD|2<7;h,A3. Azlhsol <|hSR|2<7;h’
a A a
2 A4|hSR|2 _A5|hSD|2|hSR|2 _A6|hSD|2 +A7
lheo|” <

AithRlz +A2|hSD|2 _A3
=P21+i[:j(—1)“-l'

n=0

(30)

In the same way, the Gauss Chebyshev formula can be used
to obtain

m
a, a LAY AXY-AX+HA
. — XAy~ A —— = —
U=[ [ &ze Arshch - dxdy
0 A-Ax
A
N; N —
:ﬂg/’i«li:i h_ fZ ' fZ yth . }/Ih A3 AZX”l .
Ny
m=1ln,=1 ZA
' ZaNA Xy, — AN Xy Xy —ApNAXny +220Ay
P VRN )

the remaining energy of the relay

» 2b, (m
node can be found as b, (m):¥, and = w (M)

5
In a given state s,

Ri,m —

can be obtained according to (4). Because N relay nodes
have the same chance of being selected as the optimal relay
R, we need to calculate the average of the conditional outage
probability under all circumstances. Therefore, the outage
probability of the GOS scheme is

GOs
PCOP Z PconO ' ﬂ.m

meQ

+z[ 3 (P By )+

. (31)

c(;r?zs R;,m? N)):|”m

4.2.3 EGOS

Inagivenstate s
is introduced. If @ =

, the qualified set of relaysis @, , and
{RIb(j)>7} =D, then
@, =1, there are |®m| relays that can be selected according
to GOS, otherwise ®_ ={R |argmaxh (j)} , at this time,

@, =0 represents the optimal relay R to be selected

according to EOS. If the relay participates in the
communication, the outage probability is

a factor ¢,

5 o IR G 0D+ PR 0D)|
+(l_¢m)( cgnolS (F)R.m)+ cgnozS m))
Therefore, the outage probability of the EGOS scheme is

PCE(;OS Z con0 7[ + Z PcEnG OS (33)

meQ meQ

4.3 Optimization Problem

For the theoretical analysis of (26), (31) and (33), it can be
seen that the COP of EOS and GOS schemes has a minimum
value with respect to the power splitting factor p , and the
COP of the EGOS scheme also has a minimum value with
respect to the energy level threshold = and power splitting
factor p . Through the simulation results, the above
conclusions can be proved. Therefore, this paper constructs
the COP minimization problem of three relay selection
schemes respectively, which is expressed as follows:
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min P
o P (34)
st0<p<1
min PSS

p P (35)
st0<p<1

min P>
T.p
st0<z<L. (36)
0<p<1

For EOS and GOS schemes, the minimum COP can be
obtained by optimizing the power splitting factor p . This
paper proposes a one-dimensional search algorithm based on
the golden section, represented by Algorithm 1. For the EGOS
scheme, due to the need to jointly optimize the energy level
threshold z and the power splitting factor o to obtain the

minimum COP, this paper uses a two-dimensional search
algorithm based on iteration, represented by Algorithm 2.

Among them, e{EOS,GOS,EGOS} .

Algorithm 1. One-dimensional search algorithm based
on golden section

1: Initialize the maximum iterations | i=0, a=0,
b=1, ¢=10"

2: p=a+0.382*(b-a), p,=a+0.618*(b-a)

3: repeat

4: if PCTOP (pll 2') > PCTOP (pz’T)

max !

5: a=p,p =p,p, =a+0.618*(b—a),i++
8: else

9: b=p,,p,=p.,p,=a+0382*%(b-a),i++
10:  endif

11:until [a—bl<e or i>1

. a+b o« .
12: p :Tlpcop = PcTop(P 1T)

Algorithm 2. Two-dimensional search algorithm based
on iteration

1: Initialize P, =1
2:for 7=0:L

3:  Substitute 7 into Algorithm 1to get Py, p
4 if P <Pl

5. Peer = Peop ™ =7, p™ = p
6

7.

*

end if
end for

5 Simulations

In this section, a Monte Carlo simulation experiment is
conducted to discuss the influence of different parameters on
the outage probability of the adaptive AF/DF transmission
strategy under different relay selections. The basic parameters
available from [9, 16] are as follows: the number of relays

N =4 , the upper limit of battery storage capacity
C =0.001) , the number of energy levels L=6, the
predefined energy level threshold z =2, the total length of
the time slot T =1s, the energy conversion factor 77 =0.5,

the power splitting factor p=0.7 , transmission rate
threshold Ry, =1bps/Hz , SNR threshold
re=yn =21, ol =0} =-20dBm ,
distance dgy =6m, di; =2m, dg, =4m, the path loss

noise power

coefficient B =2.7. Assume SNR:&Z.
JR

Figure 4 shows the variation of the COP in the three relay
selection schemes with the transmit power of the S. First of all,
the theoretical value and the simulation value are in good
agreement, which verifies the correctness of the derivation of
the outage probability formula for the three relay selection
schemes in this paper. Secondly, it can be seen that under the
same parameters, the EGOS scheme is the best scheme among
the three schemes. This is because the scheme not only
considers energy and sets an energy threshold, thereby
effectively reducing the COP, but also considers the channel
gain, which further helps to reduce the COP. However, the
other two schemes only unilaterally provide limiting
conditions for the reduction of COP. Therefore, the EGOS
scheme is the optimal scheme.

-3
®

10°

COP

—*—EOS

102 F ——GOSs
—S—EGOS

-k - EOS-Simulation
-« - GOS-Simulation
- - EGOS-Simulation

10 : : : : :
5 10 15 20 25 30 35
SNR (dB)
Figure 4. COP versus the transmit power of the S in the three

relay selection schemes

Figure 5 shows the variation of the COP in the EGOS
scheme with the energy level threshold 7. It can be seen that
as the ¢ increases, the COP first decreases and then
increases, which means that there is an optimal energy level
threshold 7, in this scheme. This is because as the =

increases, the energy storage status in the energy qualified set
= {Ri | b, >%} is higher, and then the optimal selection

of channel gain can effectively reduce the COP. But with the
further increase of the energy level threshold z, the number

of nodes in ®={Ri|bi>§} gradually decreases,

resulting in the energy qualified set becoming
@, ={R |argmaxh } . At this time, the relay selects only

according to the energy storage state without considering the
merits of the channel gain, so that the COP increases. Figure
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6 shows the variation of the COP with the power splitting
factor p . It can be seen that the COP first decreases and then

increases with the increase of the p in the three relay selection
schemes, indicating that there is an optimal power splitting
factor p,, to optimize the outage performance. The above
two figures prove that the optimization problems (34), (35),
(36) have optimal solutions. And Figure 7 shows that the

algorithm proposed in this paper can obtain the optimal COP
of the three schemes.

T
—*—EOS

——GOos
—©—EGOS

o

(e}

o

107! M
. . . . .
0 1 2 3 4 5 6

Figure 5. COP versus the energy level threshold 7 in the
EGOS scheme
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Figure 6. COP versus the power splitting factor p in the

three relay selection schemes
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Figure 7. COP after the three relay selection schemes
optimization

Figure 8 compares the COP of AF transmission strategy,
DF transmission strategy and adaptive AF/DF transmission
strategy in the EGOS scheme. It can be seen that the COP of
the three transmission strategies all gradually decrease with
the increase in the transmit power of the S. This is because its
growth not only increases the SNR of the direct link, but also
benefits the relay energy harvesting. As a result, the energy
stored by the relay increases, thereby reducing the probability
that all relays have no energy, and increasing the probability
that the relay transmission power P, is at a larger energy

level. In addition, compared with the AF transmission strategy
in [8] and the DF transmission strategy in [9], the adaptive
AF/DF transmission strategy has superior performance under
the condition of high SNR.

10° ¢ ®
107"
o
o
o
—%— AF8]
) —&— DF[9]
10 —O— Adaptive AF/DF
10-3 L 1 1 L L
5 10 15 20 25 30 35

SNR (dB)
Figure 8. COP versus the transmit power of the S
three transmission strategies

in the

Figure 9 shows the variation of the COP with the
transmission rate threshold R,, . It can be seen that as R,

increases, the COP increases significantly. This is because the
increase in R, will make it more difficult for the SNR

obtained under the same conditions to reach the threshold,
which will more easily lead to communication outage. In
addition, by comparing with the single-relay system in [7], the
simulation results prove the superiority of the multi-relay
selection system in this paper. The more relays, the lower the
probability of being selected for each relay, the more
opportunities the relay will have for energy harvesting, so that
it will transmit information with greater power and reduce the
COP when it is selected.

Figure 10 shows the variation of the COP with the relay
location. It can be seen that as the relay is farther fromthe S,
the COP of the GOS scheme gradually increases, while the
EOS and EGOS schemes first decrease and then increase. This
is because the outage performance of the GOS scheme is
completely dependent on the channel gain, regardless of
energy, and the closer the relay is to the S, the more energy
is harvested, which improves the outage performance. The
EOS scheme itself does not consider the influence of channel
gain on the outage performance. Although the closer the relay
is to the D, the harvested energy decreases, but the channel
gain increases. Therefore, when the scheme has sufficient
energy, the increase in channel gain will decrease COP. But if
the energy is insufficient, even if the channel gain increases,
the COP will be improved. The EGOS scheme is a balance
between the EOS scheme and the GOS scheme, so it has the
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characteristics of two schemes. In addition, when the relay is
far away from the S, the relay will not be able to carry out
cooperative communication due to serious insufficient energy
storage. At this time, only the direct link is working, so the
results of the three schemes are consistent.

10—2 L 1 L 1 I
0.8 1 1.2 14 1.6 1.8 2

Rm(bps/Hz)

Figure 9. COP versus the transmission rate threshold R,

T
—*—EOS

10"

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

dSR/dSD

Figure 10. COP versus the relay location

6 Conclusion

For the two-hop half-duplex multi-relay system, this paper
proposes three relay selection schemes based on energy
storage, namely EOS, GOS, and EGOS. First, the finite state
Markov chain and the Gauss Chebyshev formula are used to
derive the analytical expressions of the communication outage
probability. Then the optimization models for minimizing the
communication outage probability of the three relay selection
schemes are constructed, and we use a one-dimensional search
algorithm based on the golden section and a two-dimensional
search algorithm based on iteration to solve these optimization
models. The simulation results show that the EGOS is the
optimal scheme.
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