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Abstract—In this letter, we propose a novel power splitting (PS)
protocol for energy harvesting (EH) cooperative 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. Unlike
existing PS protocols, which are not optimal in terms of capacity
maximization, our proposed adaptive PS protocol maximizes the
achievable capacity between the source and destination. Further,
we present analytical expressions for the outage probability
and average achievable capacity. Simulation results validate the
analytical expressions and show that the achievable capacity for
the proposed PS protocol is better than the existing PS protocol.

Index Terms—adaptive power splitting, amplify and forward,
capacity maximization, decode and forward, energy harvesting.

I. INTRODUCTION

OOPERATIVE communication (CC) systems can

achieve higher performance than non-CC systems. A
CC system comprises of a source, destination and a relay.
In CC, the communication between source and destination
is accomplished in two transmission phases. In the first
transmission phase, the source transmits while in the second
transmission phase the relay transmits to the destination. In
conventional CC the relay uses its own battery energy to
power its transmissions towards destination. This can result
in exhaustion of the relay battery and due to this reason
the relay may not participate in CC. This problem can be
avoided if energy is harvested from wireless transmissions
[1-13]. This is achieved at the relay through wireless energy
harvesting (EH) from the source transmissions.

In general there are two types of protocols that are imple-
mented at the relay to harvest energy from the source trans-
missions. These are time splitting (TS) protocol and power
splitting (PS) protocol [1]. In PS protocol the received signal
is divided into two parts during the whole receiving time. One
part is fed to the EH circuitry while the other part is fed
to the information processing circuitry. The implementation
complexity of the PS protocol is less as compared to that of
TS protocol.

The existing literature on PS protocol can be divided into
two categories. One category deals with the fixed PS protocol
[2-4] while the other category discusses adaptive PS protocol
[5-9]. In fixed PS protocol, the PS ratio is constant over all the
receiving times. However, in the adaptive PS protocol the PS
ratio can vary over different receiving times. The adaptation of
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the PS ratio is dependent on the channel conditions between
the source and the relay.

An adaptive PS protocol for amplify-and-forward (AF)
relaying is presented in [5]. However, outage probability
is not analyzed in their work. Further, the computation of
their proposed PS ratio involves many arithmetic operations.
For decode-and-forward (DF) relaying, in the conventional
adaptive PS protocols the PS ratio also depends on the data
rate of the communication [6], [8-9]. Therefore, they can work
for fixed data rate communication systems only. In this paper
we propose a novel adaptive PS protocol which maximizes
the capacity of the CC system. The capacity maximization is
achieved by maximizing the signal to noise ratio of the overall
cooperative system. Further, we have provided novel analytical
expressions for outage probability and average achievable
capacity with the proposed PS ratio in AF and DF relaying
systems. It is shown that the outage probability of the proposed
scheme is same as the scheme in [6] while proposed scheme
outperforms existing scheme in terms of average capacity.

II. SYSTEM MODEL AND PROBLEM FORMULATION

We consider a CC system which comprises of a source,
destination and an EH relay. We assume that there is no
direct connection available between source and destination and
therefore communication is possible only with the help of the
relay. The channel between source and relay is represented
by h,, while the channel between relay and destination is
represented by A, 4. The channel gains |hs,|? and |k, 4)?
follow exponential distribution with means A, , and A, 4, re-
spectively. Further, the channels are assumed to be quasistatic
which means that the channels remains constant over one
transmission time while they can have different values over
different transmission times. The relay can use either the AF
or DF relaying protocol. The whole transmission time, 7', is
divided into two transmission phases. In the first transmission
phase, the source transmits to the relay while in the second
transmission phase the relay transmits to the destination. The
relay uses PS protocol for EH and it uses only the harvested
power during the first transmission phase to transmit during
the second transmission phase. The signal that is sent to the
information decoding circuitry at the relay during the first
transmission phase is given as follows [6]

y= (1 _p)PShs,r$+nr> (D

where P; is the transmit power of the source, n,. is the additive
white gaussian noise (AWGN) with variance Ny and 0 < p <
1 is PS ratio at the relay. The harvested power during the first
transmission phase is [6]

Ph, = pPs|hs,7’|2~ (2)

1089-7798 (c) 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/LCOMM.2018.2808960, IEEE

Communications Letters

JOURNAL OF KTEX CLASS FILES, VOL. 13, NO. 9, SEPTEMBER 2014

The signal to noise ratio at the information processing circuitry
of the relay is given as follows

(1= p)Pshs,r?
N sy = ————————.
SNR;, N

The capacity of the source to relay link can be obtained with
the help of (3) as follows

3)

1- Pshsr2

1 (
srzfl 1
G, 2°g< + No

Since the relay transmits with P, power therefore the SNR

of the relay to destination link corresponding to this transmit

power is given as follows

Ph|hrd|2 PPs|hS,T‘2|hnd|2
No Ny '

In existing adaptive PS protocols the PS ratio is dependent on

the rate of communication and |, ,-|>. For example for a data
rate of s, = R the PS ratio can be obtained from (4) as

follows [6]
(22 — 1)>
A 6
’Y|hs r|2 ©

SNR; 4 &)

p:mist = max (Oa 1-

PS ratlo is that if

the channel COIldlthIlS are good (i.e. if |hs,.|? > 1)) then
only the least required power which can ensure successful de-
coding at the relay is forwarded to the information processing
circuitry while the rest of the received power is forwarded
to the EH circuitry. However, there is a problem with this
adaptive PS ratlo If channel conditions are not good (i.e.

if |hs? < = @71 and 1 — (2|h ‘2) < 0) then the whole
received 51gna1 will be forwarded to information processing
circuitry even when it cannot decode it.

On the contrary, if a fixed value of p is used then it is
possible that unnecessarily higher ratio of the received signal
is fed to either EH circuitry or information processing circuitry
[6]. To address this problem we propose a novel PS protocol
that maximizes the overall signal to noise ratio of the CC

system.

where v =

III. PROPOSED PS PROTOCOL

We divide this section into two subsections. The first
subsection proposes the PS protocol for DF relaying while
the second subsection proposes PS protocol for AF relaying.

A. Decode-and-Forward relaying

For decode-and-forward relaying the overall SNR from
source to destination can be written as follows

SNRPT 4 =min (SNR, ., SNR, 4)

@)
P)V s %, oy s 1P Rl ?) -

= min ((1

Lemma 1:
The following value of p maximizes the SN Rfj in (7).

1

1+ |hr,d|2 (8)

* p—
PDF =

2

Proof:
We know that min (SNR;,, SNR, 4) =
min ((1 — p)y|hs,r |2, pylhs, rdl?) is maximized when

all of its argument becomes equal. Therefore, the value of
pPhr can be obtained by equating SNR; . to SNR, 4.

B. Amplify-and-Forward relaying
For amplify-and-forward relaying the received SNR at the
destination can be written as follows [Eq. 4, 10]
SNRs; . SNR; 4
SNR;,+SNR, 4

SNRAF ~ SNRAE =

©))
_ (1- p)7|hs,7“|2p|hr,d|2
(1 =p) + plhr.al?
We have the following lemma for SN }%ﬁg
Lemmaq 2:
SN Rde is a concave function of p and the value of p which
maximizes the SN R;“dF is given as follows
AF = . (10)
PAF = 1+ |h/'r‘,d|.
Proof: .
2 AF

It can be observed that -4 s negative for 0 < p < 1.

Therefore, we conclude that SN RAg is a concave function
of p for 0 < p < 1. In order to find the value of p which
maximizes SN Rfj we differentiate the SN R;“j with respect
to p and equate it to zero. After some simplifications we have
the following possible solutions for p*

1

*
PAF = 77 O

11
T+ ] (1

" 1
PAF = 1— ‘hr,d|'

1 .
Tl results in value of p% » > 1 or p% <0,
therefore we pick p% p =

Since pp =
1 i
T+ Tha] as the solution.

IV. OUTAGE PROBABILITY ANALYSIS
A. Decode-and-Forward relaying

The source to destination SNR for decode-and-forward
relaying can be obtained by putting (8) into (7) as follows

_ ’Y|hsm|2|h ,d 2
1+ |k,

The corresponding expression for outage probability is given

as follows
hs T 2 hr 2
oo 1+ |hrql? _ 2
B / Pr (hs,7'|2 < W) /\r,de Aralfir.al d‘hhd|27
0 7

(13)
where ;;, depends on the required data rate (v, = 225 — 1).
Using the cumulative distribution function (CDF) of |hs}r\2
and [Eq. 3.324, 14] we can write PPF" as follows

out
PO — / ll—e_
0
s, Vth )\3 r)\r )\s r/\'r
_q _ge g [MthAswdvd g (g [VthAsrArd |
Y Y

SNRDY (12)

DF
Pout -

As,r’Yt}L(l‘Hhr,»,d\ )
’Ylhr,dl2

2
‘| Ar)de_kr,d‘hndl dIhT«,d|2

(14)
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where K, (.) denotes the modified Bessel function of second
kind and nth order. Since the diversity order is defined

. log P{ﬁf . .
as —limy_, o0 “Togat therefore we can show that diversity
order for DF scheme is 1 since lim, o2 K;(z) — 1 and

lim, ,ge™® — 1 — .

B. Amplify-and-Forward relaying
After putting the PS ratio p% - in (9) we can write the SNR
for amplify-and-forward relaying as follows

h Q‘h d|2
SNRAF _ 7| s,T T,
SET (L4 [y al)?

The outage probability for amplify-and-forward relaying is
defined as

o 2l
PAF —p 7| s,T T, —_
out r < (1 + |h7‘,d )2 < Vth

00 1 h'r‘ 2
/ Pr (|hs,r 2 Vth( + | ’d|) > )\r,de_kr'dlhr’d‘2d|hr,d
0

<
YNheal®
(16)
Using the CDF of |k -|? and the approximation ¢ *1"r.dl ~

_ 27pAs,r
Sven A :
1-— 3{2 “- we can write
T,

As,ry AsrAr AsrAr
PAF o g5t [th s Arnd g (2,/%" = ’d>
0 Y

A
—As.rTth Oozvth)\sr —Ithiig 2
+e 7 / “RTST o Ak al® g Aralheal g g, )2
0

'Y|hr,d

15)

2

a7)
The above integral can be easily solved with the help of [Eq.
3.471.9, 14] as follows

As, 7 Vth 4’Yth)\s.,r>\$,d (’YthAs,T ) 174 %
vy
Y ’7)\r,d

K1/2 (2 'Yth)\s,r)\r,d> )
\/ Y
(18)

The diversity order for AF scheme can be shown to be 1 since
limg 0 2K /2(x) — 0.

PAF o pDF 4 -

out — T out

V. AVERAGE CAPACITY ANALYSIS
A. Decode-and-Forward relaying

The average capacity for decode-and-forward relaying is
given as follows

1 o0
Os[,)dF = E\hr,d|2 [2/0 IOg <1 +

2
NP d|hs,7«|21

s Pl
1+ ‘h'r,d|2

As,r(lhy ‘2+1)
1 El ()\s7r(|hr7d2 + 1)) e'th;'Q‘|

=E
[ al? [ln (2)2 ’Y|hr,d|2
(19)

where F;(.) is the exponential integral and E,[.] denotes
the expectation over random variable v. It is not possible

3

to analytically solve (19) however we can use the following
approximation for the exponential integral [15]

N+1141
E1 [{,C] ~ 4\/571'0,]\704 Z Z vV bn€_4b"biw7 (20)
n=1 i=1
where aN = ﬁ’al = 2[1+2abn — Cot(?nN—ii)ﬁ_Clo:r(en),bi =
”t(f};ll)—)*_i‘:((’i)’eo = 0,0, = 533,60 = 3745 Using this
approximation we can write (19) as follows
1 NA+1141 oo
2
Cst ~ 2\/§7raNaI Z Z \/a/ )\T,de_)\r,d'hr,dl
7 In(2) n=1 i=1 0
Cabubder | Asr ) ((hral+1
xe( o >< e al® >d|hr,d|2
21

which can be easily solved with the help of [Eq. 3.324, 11]
as follows
N+1I41

C’ff ~ ln1(2)4\f27mNa1 Z Z \//\ndbnefg\/gKl (2 C)\r,d) .

n=1 i=1
(22)
bnbidsr _ Asir

where ( = 5 =

B. Amplify-and-Forward relaying

The average capacity for amplify-and-forward relaying can
be written as follows

<1
0

_ 2
)\s,'r‘e As,r|hs,r| d|h/s,'r‘2

) 2 (hyql+D?
L (Rl )A(H) y
0

T2 NTE

(1 + |hral)?

Apgeralbrdl® qip, 412,
23)
This integral cannot be solved analytically. However, we can
use (20) to get

1 N+11+1 A
~—— 42 Ve 26, [ 2oL,
n(2) TaNay nzz:l ; e Cr Ar7d§ ,d

< (2yEC ).

(24)
Comparing (24) with (22) it can be easily observed that
C’gj > Cﬁf . This is because K;(z) decreases with increas-

ing z and 1 > ’/A)\Zic for A, g > 1 and ¢ > 0.

C. Capacity comparison of the proposed DF with Existing DF

In the existing DF scheme [6] the overall SNR is
SNRgr}i?st - ’yminzl(?\hser(l - p:a:ist)7p:xist|hsyr|2|h7¥d|2)'
When |h, > > 277_1 there are two possibilities. Either
s, o P(1 = Plgist) > PrgistllsnPlhral® or |hs 21 —
Pivist) < Pryist|Psr|?|hral|®. Tt can be easily verified that
both of these possibilities result in SNRDE, < SNRDY.
Therefore, we can say that the achieved capacity of the

proposed scheme is higher than the existing DF scheme.

AF
Cs,d
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VI. SIMULATION RESULTS AND DISCUSSION

We provide two types of simulation results. First, we com-
pare the outage probability of the proposed PS protocol with
the existing PS protocol. Secondly, we compare the average
capacity of the proposed PS protocol with the existing PS
protocol in [6]. For simualtions we use A\s, = Ay g = 1,7 =
5—40 dB,R = [1,3,5] bps. Further, for the theoretical
results of average capacity we use / = N = 50 in (22) and
(24).

From Fig. 1 we can see that the outage probability of the
proposed PS protocol for DF protocol is smaller than that
of the AF protocol. This is because the SNR for the DF
protocol is higher than the AF relaying protocol. Further, it
can be observed that the outage probability of the proposed
PS protocol is same as that of the existing PS protocol. This
is because, for a fixed data rate, when an outage occurs for
existing PS protocol then no other PS ratio can guarantee
successful decoding at the destination. Since, the proposed
PS protocol maximizes the SNR therefore we observe that the
outage probability of the proposed PS protocol is same as that
of the existing PS protocol.

HDF prop. PS,
-1 |1 DF exist. PS,
QAF prop. PS,
E3DF prop. PS,
DF exist. PS,
AF prop. PS,
HEIDF prop. PS,
éDF exist. PS,
AF prop.‘PS, R

5 10 15 20 25 30 35
7 (dB)

R

Outage probability

e,
o

pe)

DO www = o

Fig. 1. Outage probability comparison of proposed and existing scheme [6].
Theoretical results are marked with circles.

From Fig. 2 we can see that the proposed PS protocol
outperforms existing PS protocol in terms of average capacity.
This is because the PS ratio in the existing protocol is not
optimal in terms of the overall SNR between the source and
destination. On the other hand, since the proposed PS protocol
maximizes the overall SNR between source and the destination
therefore it performs better than the existing protocol in terms
of average capacity. The improvement in capacity can also be
explained with the reasoning provided in section V-C.

6 T
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Fig. 2. Capacity comparison between proposed and existing scheme [6].
Theoretical results are marked by circles.

In terms of implementation, we can see that the proposed PS
protocol is easier to implement. This is because the proposed

PS ratio depends on only one parameter (channel condition
|h.a|?) while the existing PS ratio depends on data rate (R),
channel conditions (|hs,-|?) and transmit SNR ~. Further, no
comparison with zero is required for calculating the PS ratio in
the proposed PS protocol however it is required, according to
(6), while calculating the PS ratio in the existing PS protocol.

VII. CONCLUSIONS

This letter presented a novel PS protocol for EH CC
systems. Unlike the existing PS protocols, the PS ratio in the
proposed protocol is only dependent on the channel conditions
between the relay and destination. The outage probability of
the proposed scheme is similar to that of the existing PS
protocol. However, the proposed PS protocol outperforms the
existing PS protocol in terms of average capacity. Further,
analytical expressions and simulation results show that DF
outperforms AF relaying scheme.
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