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Abstract

In this letter, we propose a novel power splitting protocol for energy harvesting half-duplex AF
relaying communication systems. In our proposed system, the relay harvests energy from the source
transmissions, by employing adaptive PS protocol, for powering the retransmissions to the destination.
The proposed model system is investigated in cases maximize and non-maximize ergodic capacity.
Firstly, we perform the analytical mathematical analysis for deriving the integral closed-form expression of
the outage probability and the ergodic capacity. Then, the analytical analysis of the system performance
can be convinced by Monte-Carlo simulation with helping Mat Lab software. Finally, the numerical analysis
provides practical insights into the effect of various system parameters on the system performance of the
proposed system. This paper can be considered as a recommendation for the energy harvesting
communication network.
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1. Introduction

Energy harvesting relay network, which uses a radio frequency (RF) signal for wireless
power transfer, has attracted much attention because of prolonging the lifetime of a wireless
network. This solution based on the fact that RF signal can carry both energy and information
simultaneously and replace or recharge batteries incurs a high cost and can be inconvenient or
hazardous (e.g., in toxic environments), or highly undesirable (e.g., for sensors embedded in
building structures or inside the human body). At the beginning, it has not been widely used in
practice due to the high propagation loss of RF signals. The new techniques in a small cell,
transmission using large-scale antenna arrays MIMO, millimeter-wave communications, and the
advancements in low power electronics significantly reduce the propagation loss and achieve
much higher efficiency energy consumption [1-5]. From that point of view, has a high potential to
be widely implemented in the next-generation wireless communication systems. In the last
decades, there are many works focused on the WPCNSs solution. Such as some papers
presented the process energy harvesting through the RF signals in cooperative wireless
networks by a MIMO relay system the difference between the energy transfer and the
information rates to provide the optimal source and relay precoding. In the literature of the
others, the authors investigated multi-user and multi-hop systems for simultaneous information
and power transfer with a dual-hop channel with an energy harvesting relay, the transmission
strategy depends on the quality of the second link. In these previous papers, the authors only
focused on the WPCNs by using only the Rayleigh fading channels or only Rician fading
channel [6-12]. For this new model, the question of system performance is still open and is
necessary to investigate, and this is the aim of our paper.

In this paper, the system performance analysis of the half-duplex energy harvesting
relay network is proposed, analyzed and derived in details. In this analysis, we consider the
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amplifier-and-forward at the helping relay and the time splitting (PS) protocol. All the

transmission channels are the Rician environment with random distribution signal. Firstly, we

perform the analytical mathematical analysis for deriving the integral closed-form expression of
the outage probability and the ergodic capacity. Then, the analytical analysis of the system
performance can be convinced by Monte-Carlo simulation with helping Mat Lab software.

Finally, the numerical analysis provides practical insights into the effect of various system

parameters on the system performance of the proposed system. The main contributions of the

paper are summarized as follows:

- Propose the system model of the half-duplex energy harvesting relay network for the
amplifier-and-forward the half-duplex energy harvesting relay network modes at the helping
relay in the PS protocol.

- Derive the integral closed-form expressions of the outage probability and ergodic capacity of
the proposed system in the maximize and non-maximize cases.

- The impact of the main system parameters on the system performance is investigated with
the Monte Carlo simulation.

The rest of this paper is organized as follows. Section 2 describes the system model
and the EH protocol that is used in this paper. Section 3 provides the detailed performance
analysis of the system. The numerical results to validate the analysis are presented in section 4.
Finally, conclusions are drawn in section 5.

2. System Model

In this section, we consider a half-duplex (HD) relaying network with one source, one
destination and one relay as illustrated in Figure 1. Let denote the source is D, the relay is R,
and the destination is D. In the proposed model in Figure 1, every node has only one antenna
and operates in a half-duplex mode. Then we denote the channel gain between S node and the
relay R as h, and between R node and D node as g. Here, both channels are assumed Rician
fading channels. Throughout this analysis, the following assumptions are proposed:

- The source node cannot directly transfer energy and information to the destination node
because of the weak transmission line. Then these processes are only performed by helping
of an intermediate relay.

- The intermediate relay is an energy-constrained node. It first harvests energy from the S
node and uses this harvested energy for transmitting the source information to
the destination.

- Itis assumed that the processing power required by the transmit/receive circuitry at the relay
is negligible as compared to the power used for signal transmission from the relay to
the destination.

- We have assumed perfect channel knowledge at the destination and assumed negligible
overhead for pilot transmission, which is in line with the previous work in this
research field [3].

Figure 2 illustrates the energy harvesting and information transmission processes in the
proposed system. In which, T denotes the block time of all processes. Here, the S node
transfers the energy and information to the R node in the first half-interval time T/2. In the first
half-interval time T/2, the energy harvesting time is pT and the information transmission time is
(1-p)T/2, which p is the power splitting factor and 0<p<7. Finally, the R node transfers the
information from the S node to the D node in the remaining half-interval time T/2 [13-19].

hSR h
//; Relay RD
Source _ ——

d d, Destination

—— Information transmission
— — Energy harvesting (EH)

Figure 1. The proposed system model
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Figure 2. The energy harvesting and information processing in the proposed system

3. System Performance Analysis

In this paper, we consider a relaying network system, where each terminal operates in
half-duplex mode and has a single antenna. The two nodes S and D communicate with each
other via the help of relay R over Rician fading channels. There is no direct path between
S and D, the amplifier-and-forward modes is proposed in this model [19-26]. In the first interval
time, the received signal at the relay can be formulated by the (1):

1
Y :F (1_p)hsrxs +n, (1)
1

where: hg is the source to relay channel gain, di is the source to relay distance, y is the path
loss exponent, x, is the transmitted signal at the source, nr is the additive white Gaussian noise
(AWGN) with variance No, O<p<1 is power splitting ratio at the relay node,
E{|xs|2}= P, E{o}: expectation operator, Ps is average transmit power at the source.

The harvested power at the relay can be obtained as:

E._neRIh(T/2) _noPn[

P = )
47 (T /2) 47 (T /2) d7

where 0<n<lis energy conversion efficiency. The received signal at the destination can be
given by the following:

Yo = g X, + Ny (3

d7

Here we denote E{|xr|z} =P, and hy is the relay to destination channel gain, dz is the

source to relay distance, nq is the AWGN with variance No. In the AF protocol, the transmitted
and received signal at the relay has a relationship through the amplifying factor x, so u can be

expressed as the (4):

X P
4Ty ’(1 )P|;1 i @
r \l pd ls Sr + NO
1
by substituting (1), (4) into the (3), we have:
yd :Lhrdlu|‘L (l_p)hsrxs +nr‘|+nd :Mhrdyhsrxs +Lhrdrunr +nd (5)
d){ \/d_)’ xax X
2 ! 444444483 4444448

signal noise
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the end to end signal to noise ratio (SNR) can be calculated as:

(l—p),uz |hsr|2 |hrd |2 PS

E{|5ignal|2} d7d?
7e2e = . 2 = 2 2 (6)
E{|n0|se| } 12| N, N
d7 0

Substituting (2) into (6), and after doing some algebra and using the fact that No<<P, so
the end to end SNR can be obtained as:

_ np=p)¥ |, [|h[

" - @)
np|hg|” df +(@1- p)d;

eze

here we denote ¥ =P, /N, . Finally, the ergodic capacity of S-D link can be calculated as the
following:

1-p)¥|h, [ |h,[°
Cs,d =1|092(1+752e)=£|092 1+ Up( zp) ‘ 5"‘ ‘ f'd‘ (8)
2 2 nplh,| df +@1- p)d;
Remark
In this analysis, we will consider that hsr and ha belong to Rician fading channel and
they have a random distribution. Then the probability density function (PDF) of a random

variable (RV) ¢, where i=1 and 2 can be formulated as in [13]. Where o, = |hsr| |hm|
( I —bx
f,(0=3 Z ,,) ©)
where 5 _(K+De® | K+1 4 is the mean value of RV @, which i =1 and 2 respectively, and

P i

h E{h,[*
A= {dsm' },42: {drmd } K is the Rician K-factor defined as the ratio of the power of the
1 2

line-of-sight (LOS) component to the scattered components and 1,(e) is the zero-th order

modified Bessel function of the first kind. Finally, the cumulative density function(CDF) of RV ¢,
where i=1 and 2 can be computed as in [13].

F, ()= j f (x)dx = 1——22 Ky che (10)

b 1= “n'

3.1. Maximize Capacity
In this case, it is necessary to obtain the maximum value of p for both outage probability
7e2e @nd ergodic capacityC,, . The following value of p maximizes the C,, S-D link can be

formulated as the following:

) 1 (11)
o=

14]h [T

Proof: See the Appendix A
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3.2. Non-maximize
In the non-maximize case, we can formulate the ergodic capacity and the outage
probability of the S-D link as the following:

21— F
c., zli RL0,, (12)
n2y 1+y

1-p)¥|h, [ |h, [ -
E ()Pt ) he [ Il _ _Pr[ npL-p)¥ o, <7]
e nplhg| df +(@- p)df npw,df +(1-p)d;

[ ¥ {npw,di +(1—p)dzl}]
=Prlm <

(13)

np(l-p)¥ o,
by the similar way as in the maximize case, we have:

)

wae(y):l_!aiaz > Z ||n| [

exp[ by {mow,df + (- p)d‘}} Z(b K)o

b" | ¥ {npe,df + (L p)df |
np-p)¥ o,

(14)

,€ do,
np(l-p)Y o, (1?

blrd ]w 14k py =1 k n !
F.()=1-2aae !ZZZ Ini(k!)? [?} { : }

1=0 k=0 n=0 -p) npo,

xexp |:_b17/—2:| x 605 e‘bz”)z d w,
np¥ o,

(15)

byydf Ik -1y k n 2 I gx)
E ) otoaag TS KL [1} {_dl } [d_}
Yeze () a,a,e zz{;zz kD2t (n—t)! ¥ 1-p) np (16)

w _bydf
XJ‘ a);—t xe np¥ w, Xe—bzquda)z

then the outage probability can be formulated as:

2n+k-t-1 k+t-1

[ blyd’

ZZZ H(kD2tI(n—t)! { }

1=0 k=0 n=0 t=0 1-p)

p k+t+l 2n+k—t+l p
2

(dj X(L] Tk, | 2 [P
np k4 np¥

F.. (y)=1-2aa,e
17)

finally, by substituting (17) into (12), we also obtain C, , for the S-D link.

4. Results and Discussion

In this section, some simulation results are presented to investigate the system
performances of the proposed system model. Both in theoretical and Monte Carlo simulation
results evaluate the system performance analysis. The curves in Figures 3 and 4 correspond to
the outage probability and ergodic capacity versus Ps/No. In Figures 3 and 4 we set the main
system parameters as di=0.65, d>=0.85, K=3, n=0.8, R=0.5, y =3 and A1=A2=0.5. In these

figure, Ps/No varies from 0 to 25. The results show that the outage probability has a decrease
when Ps/No increase from 0 to 25 as shown in Figure 3. In the same way, Figure 4 shows that
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the ergodic capacity increases when Ps/No increase from 0 to 25. In both Figures 3 and 4,
the analytical and simulation results agree very well with each other.

Figures 5 and 6 illustrate the effect of n on the outage probability and ergodic capacity.
It was shown that in Figures 5 and 6 we set Ps/No.=15 dB, K=3, p=0.3, R=0.5, y =3 and

A1=A>=0.5. The outage probability decreases while n increases from 0 to 1 as shown in Figure 5.
In another way, the ergodic capacity has a considerable improvement when n increases from 0
to 1 as shown in Figure 6. For cases, the analytical analysis and the Monte Carlo simulation

res

ults are the same for all n values.

Moreover, the outage probability and ergodic capacity versus K is shown in
Figures 7 and 8, respectively. Similarity, we set di=d2>=1, Ps/No.=10 dB, n=0.8, p=0.3, R=0.5,
¥ =3 and A1=A2=0.5. From Figure 7 we see that the outage probability decreases while K varies

from 1 to 4. In contrast, the ergodic capacity increase while K varies from 1 to 4 as shown in
Figure 8. Furthermore, Figures 9 and 10 show the outage probability and ergodic capacity
versus di=d. In the same way, outage probability increases and the ergodic capacity decreases
while di=d: varies from 0.5 to 1.5. In all figs, the simulation and analytical results totally agree
with each other.
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4. Conclusion

This study proposes the EH half-duplex
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Figure 10. Ergodic capacity versus di=d:

relaying network in maximize and

non-maximize cases of ergodic capacity. In this model, we consider AF relaying, where the
energy-constrained relay node harvests energy from the received RF signal from the source
and then uses the energy to forward the source’s information to the destination. Furthermore,
the analytical expressions for the outage probability and ergodic capacity of the proposed model
system are derived. By using the Monte Carlo simulation, the research results show that the
analytical and simulation results are the same for all possible system parameters.
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Appendix A

azyeZe

It is easy to observe that >

is negative for 0< p <1. Hence, we conclude that y,,,

is a concave function of p for 0 < p <1. We can find the value of p which maximize SNR by
differentiating the SNR concerning p and equate it to zero. After some algebra, we have the

following possible solutions for p" o 1 or o= 1
X x
14|, | [7% 1-|hy| [
df df
With o= 1 results in a value of p™>1 or p’<0, therefore we choose o = 1 as
X dl
1-|h| [ 14|h | 7%
d7 d;
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the solution. Replace (12) into (7) we have the value of outage probability in the maximize case
as the following:

max __ U\P‘h ‘z‘hrd‘z _ Ulela)z (Al)

}/eZe 2
f x
[l+hrd 77d ] dl [1+ a)ﬂ]le dzl
dz
2 2

Then ergodic capacity of the S-D link can be calculated as:

1 % _FmaX(}/)

cry = j f o (1), L+ 1)dy = [—E"dy (A2)
In2y  1+y
o () =Pr(y <y)=pr| — X%
a)znd“
(1+ (A3)
7 2
7[1+ ngfl J d7 [ f“’znd ]
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where y =22% —1is threshold and R is the source rate of the proposed system. From the (4),(5),
we have:
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(A5)

for this analysis, we use the following equations:

w,ndf ’ ,
by| 1+ 277)(1 ] dz
oxo| - y( ds o] 229 o 23707 o[22 (A6)
¥, Y w, ‘P\/E\/— v

furthermore, we apply Taylor series for exp _2byyd7d? | as (A7):
o
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[ 2b y\jdfdz ]m C l)m[Zbly\[dfdz” ]m

/ Zd7 ® v © ¥

exp| — 2b17 d Z \/w_z\/_ z \/; 2—ml2 (A7)
‘P\jwj n | = m! ~ m!

then we have:
bly[H w10 J W . [my\/d dt]
dz 2 oo 2 A8
exp| — — =m§ por wm’zxexp{ slyaﬂ exp[—bﬁsl} (A8)

Now by applying the equation (x+y)“:i[?)x“‘y‘ to (A5), the outage probability can
t=0

demonstrate as follow:
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apply [3.471,9] of the table of integral [15], the (A10) can be reformulated as
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Zn( 2) Kl+kb1m+n 1b (2n|)}/n+m (d/) (dl) 2
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finally, the outage probability of the proposed system can be calculated as

{ hlydx} R ( Z)m |+kb12n+3m12k+[_2bZk_HZAMm_Z (an)(dl)T
() =1-2 : —
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n b4
in (A12) K, (e) is the modified Bessel function of the second kind and vt" order by substituting
i i the

the expression of the ergodic capacity of

(A12) into (A2) we will have

S-D link CJ§*. End of Proof.
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