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Abstract—1In  this paper, the end-to-end bit error
performance of a dual-hop (DH) energy harvesting (EH)
amplify-and-forward/decode-and-forward (AF/DF) system is
investigated. In this system, the source communicates with the
destination over an intermediate relay when the direct link
between the source and the destination is in deep fade. The
channels are assumed to be exposed to Nakagami-m fading and
all nodes are equipped with one antenna. The relay uses power
splitting (PS) and time switching (TS) relaying protocols to
harvest energy and uses it to forward the decoded signal or to
transmit the amplified version of the received signal to the
destination. The bit error probabilities of the considered DH-AF
and DH-DF systems are analytically derived for both EH
protocols and their performances are comparatively evaluated.
Moreover, a system optimization is performed to maximize the
bit error rate (BER) performance. For the TS mode, a list
of mixture of modulations is provided for different spectral
efficiency values and different time allocation parameters. Our
comprehensive results on the BER performance of AF- and
DF-aided DH networks with EH in the relay, provide basic
guidelines for the design of the future DH-EH systems.

Index Terms— Energy harvesting, dual-hop network, DF/AF
relaying, performance analysis.

I. INTRODUCTION

NERGY harvesting (EH) from radio frequency (RF)

signals is a promising approach that has been regarded
as an alternative solution to the power efficiency issue [1], [2].
In EH, nodes can both harvest energy and process the informa-
tion concurrently. As a result, the EH node does not need to has
an external source of energy since it uses the harvested energy
to forward the received signal to a destination. In the literature,
practical EH techniques are classified as power splitting (PS)
and time switching (TS) relaying. In PS, the EH node divides
the incoming signal power in two parts for EH and information
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processing (IP) during the whole transmission interval. In TS,
a certain fraction of the transmission interval is reserved to EH
while the reminder fraction to IP. For both protocols, EH node
uses the harvested energy to transmit the received signal to
its destination. On the other hand, an ideal (unrealistic) EH
node, which is commonly considered in the literature [2]-[4],
simultaneously harvests energy and processes information with
the total received power.

A dual-hop decode-and-forward (DH-DF) relaying network,
where the relay applies PS and TS protocols, is considered
in [5] and the achievable throughput at the destination is
derived from ergodic capacity. In [6], the outage perfor-
mance of an amplify-and-forward (AF) cooperative EH system
is derived when the source has the knowledge of channel
statistics. Given a total power constraint for the whole sys-
tem, the TS parameter is optimized to improve TS perfor-
mance compared to PS. In [3], the outage probability and
ergodic capacity of delay-limited and delay-tolerant transmis-
sion schemes are derived for the DH-AF relaying strategy by
considering PS, TS and ideal EH protocols. Overall sum bit
error rate (BER) in a two-way physical layer network coding
AF relaying system is derived for two and three transmission
intervals in [7] where the relay harvests energy applying TS.
Moreover, the mixture of modulations approach is proposed
in [7] to maintain the spectral efficiency at a fixed value
when the TS parameter « varies and the BER performance
is analytically evaluated for fixed spectral efficiency values.
An adaptive EH protocol in a half duplex AF transmission
system applying TS and PS protocols together is considered
in [8], where the system throughput is obtained by deriving
expressions for the outage probability and ergodic capacity.
The results are compared with the conventional PS and TS
protocols and it is concluded that the adaptive EH protocol
provides better performance in moderate transmission rates
where the throughput curves of PS and TS cross over each
other. In [9], a source communicates with a destination via an
EH relay in which the channels are exposed to Nakagami-m
fading and all nodes are equipped with multiple antennas.
The system throughput is derived for both PS and TS where
transmit/receive antenna selection and maximum ratio trans-
mitter/maximum ratio combiner (MRT/MRC) are employed
for each hop. Achievable rate for the DH-AF relaying sys-
tem, in which the relay is equipped with multiple antennas,
is studied in [10]. The relay uses antenna selection (AS)
and PS to decode the information and harvests energy.
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Moreover, an optimization is jointly effectuated for AS and
PS to improve the system performance. PS and TS protocols
are considered in [11] to analyze the performance of a DH
system with DF relaying. In [11], the relay harvests energy
from both the received signal and the interference signals at the
same frequency, which in fact increases the relay transmission
power. However, this causes a decrease in the relay’s received
signal-to-noise ratio (SNR). A dynamic power splitting (DPS)
receiver operation, which splits the signal power for IP and
EH, is proposed in [4]. TS, static PS and on-off PS are
studied as the special cases of DPS. Moreover, integrated
and separated practical information and EH receivers are
presented in [4].

In [12], a wireless powered communication network is
proposed for which the source itself is a power-constraint
node and harvests energy from the energy transmitters. The
relays or destination have constant powers and the source
transmits data to the destination with the harvested energy.
In [12], two different protocols are proposed and jointly
optimized to maximize the throughput for EH. In the first
protocol, the relay cooperates only to transfer energy to the
source. However, in the second protocol, the relay not only
transmits energy to the power-constraint source but also it
forwards the received signal from the source to the destination
in order to improve the system performance.

An energy harvesting system with spatial modulation is
considered in [13] where a PS receiver architecture is assumed
at the receiver. Computational complexity of this system
has been analyzed and the optimal PS factor is determined
to maximize the system throughput. Another EH system
with SM, in which the source harvests RF energy from an
energy transmitter, has been analyzed in [14]. The source is
equipped with multiple antennas in which some of them are
active during the information transmission, and this enables
self-energy recycling at the antennas, which provides more
harvested energy at the source node.

Two-way relaying (TWR) EH systems are studied
in [15]-[19]. In [15] and [16], TS and AF are considered.
Throughput from the outage probability and ergodic capac-
ity are derived in the Nakagami-m fading channel in [15].
Moreover, the MRT/MRC technique is applied at the source
and destination. In [16], bidirectional multiple access broad-
cast and time division broadcast techniques are proposed.
Furthermore, three power transfer policies are investigated
at the sources. In [17] and [18], a TW system with PS
architecture is considered. In [17], the energy efficiency opti-
mization problem under the rate and total power constraints
is studied. In [18], a PS energy accumulation scheme in a
TWR system is considered, in which the relay is assumed to
be a power-constraint unit and equipped with a rechargeable
battery. If the amount of energy at the relay battery reaches a
predefined threshold, the relay applies PS and forwards the
signal to the destination. However, if the energy is below
the threshold level, the relay harvests all of the received
signal energy in its battery. In [19], the performance of a
three-step DF system, in which PS is used at the relay,
is analyzed where bidirectional communication of two sources
is allowed.
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Fig. 1. Considered dual-hop system.

EH systems are mostly studied in the literature from the
outage performance perspective. To the best of our knowledge,
the bit error performance of DH-(AF/DF) relaying systems
with an EH relay in Nakagami-m fading channels as well
as comparisons between various EH protocols have not been
studied in the literature yet.

In this paper, bit error performance of the DH system with
an EH relay is investigated. For the AF relaying system,
the relay harvests energy from the received RF source signal
and then using the harvested energy, it forwards the noisy
version of the received signal to the destination. For the DF
relaying system, the relay decodes and harvests the source
signal and then using the harvested energy, transmits the
decoded source signal to the destination. For AF/DF relaying
strategies, PS, TS and ideal EH protocols are considered.
Bit error probability (BEP) of the system is analytically
derived for the aforementioned EH protocols under AF/DF
strategies. Computer simulations are performed for different
system parameters and the results are found in perfect match
with those analytically obtained.

The main contributions of this paper are summarized as
follows:

o BER analysis of PS, TS and ideal operational EH pro-
tocols in a DH network with a power constraint relay,
which enables wireless energy harvesting and information
processing simultaneously, is derived.

o A unified BEP analysis is presented for the PS, TS and
ideal protocols.

— An upper bound on the end-to-end BEP is evaluated
for the DH-DF system.

— End-to-end BEP for the DH-AF system is derived
using CDF of the received SNR.

o Results are given for different system parameters. More-
over, the optimum system parameters minimizing the
BEP are determined.

o« BER performance comparisons between AF and DF
relaying EH systems are provided.

o To make a fair comparison between TS and the other
protocols, on an equal spectral efficiency basis, the idea
of mixture of modulations given previously in [7] is
generalized for different spectral efficiency values.

The rest of the paper is organized as follows. In Section II,
the considered system model is presented. Section III is des-
tinated to the BEP analysis and in Section IV, theoretical and
computer simulation results are presented. Finally, Section V
concludes the paper.

II. SYSTEM MODEL

The considered dual-hop system model 1is given
in Fig. 1 where all nodes are equipped with one antenna.
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h and g represent the channel fading coefficients between
links S—R and R—D, respectively. d; and ds denote the
link distances. Both channels are assumed to be exposed
to Nakagami-m fading. In the sequel, s and s stand for
the transmitted signal from the source and the decoded
signal at the relay, respectively. Moreover, it is assumed
that F{|s|?} = E{|5]*} = 1. n, and ng denote additive
white Gaussian noise (AWGN) samples at the relay and
the destination with distributions n, ~ CN(0,02) and
ng ~ CN(0,03), respectively. Note that since the system
performance is analyzed for distances d; and ds, which are
smaller than unity, the path-loss for both links S—R and
R—D are assumed to be equal to Lgr = 1/(1+d5) and
Lpp =1/(1+ dg), respectively, to ensure that the path loss
is always smaller than unity for any distance, where ¢ is the
path-loss coefficient [20]. P; is the source transmit power,
P, is the relay transmit power and FP; is the average power
consumed by the system during 7' seconds. Moreover, Gray
mapping is applied for all modulation schemes performed at
the source and relay transmitters."

A. DF Relaying

1) DF-PS EH Protocol: Transmission time schedule for the
PS protocol is given in Fig. 2(a). As shown in Fig. 2(a),
in PS protocol, the power of received signal at the relay is
divided into EH and IP operations with the energy proportion
of p/(1 — p), where p is the power harvesting factor. In the
first time interval of 7'/2 seconds, the received signal for IP
and the harvested energy at the relay are given as

Yr = A/ (1 - P)PsLSRhS + Ny (1)

and
Ey = npPsLsr|h|*(T/2) (2)

respectively, where 0 < 7 < 1 is the energy conversion
coefficient [4]. Considering the total power-constraint P, for
the system and the energy constraint P,T = P;T/2, we have
P, =2P,.

In the second time interval, the relay forwards the decoded
signal s to the destination using the harvested energy Ep.

'Notation: erfc(z) = (2//x) [° e~t*dt is the complementary error
function [21, (8.250-4)], Wy, ¢(-) is the Whittaker function [21, (9.220-4)],

I'(+) is the Gamma function [21, (8.310-D)], Gp.3" ( Zp

q
G-Function [21, (9.301)] and Kv() represents the vtP-order modified Bessel
function of the second kind [21, (8.432)].

) represents Meijer’s

aTl (1-a)T/2
(b)

b »
L]

(1-a)T /2

<&
«

Time schedule for (a) PS protocol, (b) TS protocol, and (c) ideal protocol.

The received signal at the destination can be expressed as

Ya = PrLrpgs + nq (3)

where Pr = EH/(T/Q) = insLSR|h|2'

2) DF-TS EH Protocol: From the transmission time sched-
ule given in Fig. 2(b) for TS protocol, in the first and second
time intervals of duration o7 and (1 — «)T/2 seconds,
respectively, the received signal at the relay is given by

Yr =V P,Lsrhs +n, “4)

where for oT" seconds, the harvested amount of energy at the
relay is Ey = nPsLsg|h|?>aT. Assuming that a total power
of P; is consumed in 7" seconds, the energy constraint for TS
is given as

P,T = P,aT + P,(1 — a)T/2. )

After simplifying, we have P, = 2P,/(1 + «).

In the third time interval of (1 — «)T/2 seconds, the relay
forwards the decoded signal to the destination for which the
received signal is as given in (3), where

P. =2Ey/(1—a)T = n(2a/(1 — «))PsLsr|h|*.

3) DF-Ideal EH Protocol: The time schedule for the ideal
EH protocol is given in Fig. 2(c), where during the first
time interval of 7'/2 seconds, the relay harvests energy and
processes the information from the received source signal
with the same total received energy. In the next time interval
of T'/2 seconds, the decoded signal is transmitted from the
relay antenna to the destination node using the harvested
energy. The received signal at the relay and the destination
are given as in (4) and (3), respectively. For this proto-
col, Eg = nPsLsr|h|*(T/2), the relay power is given as
P, =2Ey/T = nPsLsg|h|? and like PS, P = 2P;.

B. AF Relaying

In AF relaying strategy. the received signal at the relay is
normalized, amplified and then retransmitted from the relay
to the destination. Similar to DF relaying, three different EH
protocols are analyzed in the following.

1) AF-PS EH Protocol: Using the received signal y, at the
relay given by (1), the received signal at the destination is
expressed as

ya = (PrLrp/N)gyr + ngq (6)
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where N = Pi|h|?(1 — p)Lsg + o2 is a power constraint
factor applied at the relay. Substituting (1) in (6) and after
some simplification, we have

_ Vnlh|?p(1 — p)Pshgs
Yd =
VU )L+ S\ PuRR(L = ) + (1 + d)o?
nPs|h|?pgn.
+
1+ d5y/PuR(L = p) + (1 + dS)o?

2) AF-TS EH Protocol: The received signal at the destina-
tion is given as

+ng. (7)

(P-Lrp/J)gyr + na ®)

where J = Ps|h|>Lgr + o2. Substituting (4) in (8) and after
some simplification, we obtain

v/ 2n|h|?aPshgs

Yd =
V= @)1+ )1+ d5)y/PuIB[ + (1 + d)o?
\/2nPs|h|2agn,

V(L= )1+ )/ P2 + (1 + df)o?

Yd =

+

+ ng.

©)

3) AF-Ideal EH Protocol: The received signal at the relay
and destination are as given in (4) and (8), respectively. Sub-
stituting (4) in (8), considering P, = 2Eg /T = nPsLsg|h|?
and after some simplification, we have

\/n|h|?Pshgs

Yd =
V(L)1 +d5)y PR + (1 + dS)o?

P,|h|2gn,
+ nls |kl +ngq.

V(L + )P + (14 df)o?

(10)

III. BIT ERROR PROBABILITY ANALYSIS

A. BEP for DF Relaying

For the three-node DH relaying system given in Fig. 1,
the relay decodes the received signal from the source and
transmits the decoded symbol 5 to the destination. The
end-to-end BEP can be upper bounded as

PPF<1-(1-p7M(1-PpP) (11)
where Pbs B and PbR*D are BEPs of the links S—R
and R—D, respectively, which are calculated for different EH
protocols in the following.

From the received signals at the relay given in (1) for PS
and in (4) for TS and ideal protocols, SNR of the link S—R
can be written as

A { (1 - p)PSLSR|h|2/U$7 PS

12
P,Lsgp|h|*/c?, TS and ideal. (12)

ST

Using (12) and the exact BEP of the link S—R given
in [22, Ch. 8], Pbsz can be substituted in (11).
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From the received signal at the destination given in (3),
SNR of the link R—D for all EH protocols can be expressed
as v.q = YZ where Z = |h|?|g|? and

npPsLsrLrp/oy, PS
Y 2 { n2aP.LsrLrp/((1 —a)o3), TS (13)
nPsLsrLrp/o3, ideal.

From [23, (5-17)], PDF of ~,4 is given as

Fooa ) = 5 F2(2) = 267 K (2 Mv) (14)

0,0, T

where G = F(myQ,/Qumy)Y2(1/X)C. mp, my, O, Qy,
e =0.5(mp +my), @ =mp —mg, F and fz(z) are defined
in Appendix I. The symbol error probability (SEP) of the link
R—D can be calculated as

PP = [5° Pu(elyra) frpa (7)dy (15)
where f, . (y) is calculated in (14) and Pjs(e|yra) =
aQ(v2b0v,4) = (a/2)erfe(y/by) is the conditional com-
mon approximate SEP for coherent modulation [22]. Here,
a and b are modulation specific constants.”> Note that the
given conditional SEP is a tight upper bound at high SNR.
In order to solve the integral of (15), we express erfc(-)
and K,(-) in terms of the Meijer’s G-function using [25,
(06.27.26.0006.01)] and [26, (14)]. Substituting in (15),
the integral can be rewritten as follows

o0
_ Ga [ ._ ! H? |~
P P=—2 TG by|  )Gosl dy
ﬁo 0,1 Q/2,-Q/2
(16)
where H = 2y/mumg/Q,Q,Y. Using [21, (9.311)] and

[26, (21)], the closed-form solution for the integral in (16)
is obtained as

0,1—2,0.5—¢,1—
prop - Gpegun (70 )
) 2/ P\ 40 o 50 050120

BEP for the link R—D can be obtained using the common
approximation [22] at high SNR as

PE-P ~ pE-Df (18)
where £ = logy M and M is the modulation level. The
end-to-end BEP can be upper bounded by substituting Pbs -
and PbR_D from [22, Ch. 8] and (18), in (11), respectively.

It is important to note from (17) that the end-to-end BEP
of the DF relaying system is dependent on the selected EH
protocol through G and H terms, while modulation specific
parameters a and b also affect the performance.

2For rectangular M-QAM, a = 4(1 — 1/v/M), b = 3/2(M — 1), for
non-rectangular M-QAM, a = 4, b = 3/2(M — 1), for M-PSK, a = 2,
b = sin?(w/M) and for BPSK, a = 1, b = 1 [24].
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TABLE I
MIXTURE OF MODULATIONS FOR TS PROTOCOL (R = 0.5 AND R = 1)

. 7, JULY 2018

« IP time/T R=0.5 R=1 « IP time/T R=0.5 R=1
1/20 ~1/2 My Mo 8/15 7130 (6/7YM2,(1/7)M3 (5/T)M 4,(2I7T) M5
1712 11/24 (10/11)M1,(1/11) M2 | (9/11)M2,(2/11)M3 | 11/20 9/40 (7/19)M2,(2/9) M3 (5/9)M4,(4/9) M5
177 3/7 (5/6) M1 ,(1/6) M2 (2/3)M2,(1/3)M3 5/9 2/9 (3/4)M2,(1/4) M3 (1/2)M4,(1/2) M5
1/6 5/12 (4/5)M7,(1/5) M2 (3/5)M2,(2/5) M3 8/14 3/14 (2/3)M2,(1/3) M3 (1/3) M 4,(2/3) M5
1/5 2/5 (3/4) M7 ,(1/4) M2 (172)M2,(1/2)M3 | 23/40 17/80 (A1/17)M2,(6/17)M3 | (5/17)M4,(12/17) M5
1/4 3/8 Q@B3YM1,(1/3)Ms | (1/3)M2,(23)Ms | 3/5 15 (1/2) Ma,(1/2) M35 Ms
4/14 5/14 (3/5)M1,(2/5) M2 (1/5)M2,(4/5)Ms | 10/16 3/16 (1/3)M2,(2/3) M3 (2/3)Ms5,(1/3) Mg
1/3 1/3 (1/2)M71,(1/2) Mo M; 2/3 1/6 Ms; Mg
3/8 5/16 (2/5)M7,(3/5) M2 (4/5)M3,(1/5)My4 | 14/20 3/20 (2/3)M3,(1/3) M4 (1/3)Me,(2/3) M7
4/10 3/10 (I3)M1,213)Ms | Q3)Ms,(1/3)Ms | 5/7 /7 (1/2)M3,(1/2) My M-
5/12 7124 (2/7) M1 ,(5/7) M2 (4/7T)M3,(3/7)M4 6/8 1/8 My -
3/7 2/7 (1/4) M1 ,(3/4) M2 (1/2)M3,(1/2)M 4 719 1/9 (1/2)M4,(1/2) M5 -
8/18 5/18 (1/5) M7 ,(4/5) M2 (2/5)M3,(3/5)M4 | 8/10 1/10 Ms -
11724 13/48 (2/13)M7,(11/13) M2 | (4/13)M3,(9/13)My4 | 10/12 1/12 Me -
172 1/4 Mo My 12/14 1/14 M~y -
TABLE II where the constants a and b are determined by the modulation
A, B,C AND D CONSTANTS order. In (20), using [21, (3.381)], I; is expressed as
o0 7b'y
e 1 1
A P21 ) h= [ Sod=r <—) e
e o VY Vb \2
B Py(1 + df)o?
PS mebs( V) and
C | 1=p)Ps(1+d5)(1+d5)o2 2 ma—1 ek ,
I == SN Tk (22)
D | (1+d5)%(1+dS)o2o? (myg) “~k=0  &i=0
A 2a P2 where
1—« 00 o—by
2c — i
B Ps(1 dé 2 13 7/ A(k (2 ’y)d’}/ (23)
TS g oy o VY
c Py(1+d5)(1 + d5)o? Here, T'(k,i) and A(k,i,7) are defined in Appendix II.
: : . . _ 52 _ mpB
D (14 d)2(1 + df)o202 Considering the integral variable v = §°, @ = o x T b,
mg—i+2k—1 . mpmgeC .
A P2 :gf,v:mg—z,ﬁzh/ﬂlTjA and using
[21, (6.631-3)] we have
B nPs(1+ d5)o?
ideal S( ! I. = 2 % 05(_)—0.5uﬁ—11'\ I1+v+u r l-v+u
¢ | P+d)A+d5)03 ’ ' 2 2
2 2
£42 £y 2 2 I} 16}
D (1 + dl) (1 + d2)UTJd X exp (@) W_0.5u70_51, (@) (24)

B. BEP for AF Relaying
The end-to-end SNR of the received signals in (7), (9)
and (10) is given as
AWl
Blh|?|g|*> + C|h|? + D
where the constants A, B, C' and D are listed in Table II for
different EH protocols. The CDF of ~ at high SNR, where
D =0, is calculated in Appendix II. BEP of the system can be

obtained using the CDF of SNR given in (32) of Appendix II
as [24]

19)

L
i

avb [X et
A Fy()dy

~ —_— L — I
b Qkﬁo \/,77 (1 2)

(20)

where ©u = 2w + 1 and the constants A, B, C' and D are
given in Table II. Substituting (24) in (22) and then /7 and I
in (20), we finally obtain the BEP of the system.

As seen from (20), the BEP performance of AF relaying
system is dependent on the considered EH protocol through
only Is, which itself contains EH protocol dependent terms
T(k,i) and Is.

IV. PERFORMANCE EVALUATION

This section deals with theoretical and computer simulation-
aided end-to-end BER results of the considered DH-(AF/DF)
systems for different system parameters. Unless otherwise
stated, we set the path loss exponent to £ = 2.7, energy
harvesting efficiency to = 1 and Q, = Q, = E[|h|?] =
E[|g|?] = 1. We consider o2 2 = 02, The source to

= 0, =
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TABLE III
MIXTURE OF MODULATIONS FOR TS PROTOCOL (R = 1.5 AND R = 2)

« IP time/T R=15 R=2
1/20 ~1/2 M3 My
1/12 11/24 B/11)Ms,(3/11)My | (T/11)M4,(4/11)Ms5
1/7 3/7 (1/2)M3,(1/2) M4 (1/3)M4,(2/3) M5
1/6 5/12 (2/5)M3,(3/5) M4 (1/5)M4,(4/5) M5
1/5 2/5 (1/4)M3,(3/4) M4 Ms
1/4 3/8 My (2/3)Ms5,(1/3) Mg
4/14 5/14 (4/5)M4,(1/5) M5 (2/15)Ms5,(3/5) Mg
1/3 173 (1/2)M4,(1/2) M5 Mg
3/8 5/16 (1/5)M4,(4/5) M5 (3/5)M¢,(2/5) M~
4/10 3/10 Ms (1/3)M¢,(2/3) M~
5/12 7124 (6/7)Ms5,(1/7)Me (1/7)Me,(6/7) M~
3/7 2/7 (3/4) M5, (1/4) Mg M~
8/18 5/18 (3/5)M5,(2/5) M -
11/24 13/48 (6/13)M5,(7/13) Mg -
172 1/4 Msg -
8/15 7/30 (4/7)Me,(3/T)M~7 -
11/20 9/40 (1/3)Me,(2/3) M7 -
5/9 2/9 (1/4) M, (3/14) M~ -
8/14 3/14 M7 -

destination distance is set to unity while the source to relay
distance is assumed variant and the three nodes are co-linearly
located. Moreover, in all figures, theoretical curves are denoted
by straight lines and markers represent computer simulation
results.

Unlike PS and ideal relaying for which the transmission
time interval is fixed and equals to 7'/2, for the TS case,
information processing time is variant and dependent on the
parameter «, where o7 and (1 — «)T, respectively stand for
EH and information processing time intervals in Fig. 2(b). As a
result, BEP should be calculated only during the time interval
of (1—a)T in which the information processing time intervals
for link S — R and R — D are equal to (1 — «)7'/2. On the
other hand, for both PS and ideal EH relaying protocols, infor-
mation processing time interval is equal to 7'/2 for each link
(Figs. 2(a) and 2(c)). Consequently, to make a fair comparison
between TS protocols and the other protocols such as ideal and
PS, on an equal spectral efficiency basis, the idea of mixture of
modulations given previously in [7] is generalized for different
spectral efficiency values. As a result, Tables I, III and IV are
provided for mixture of modulations. From Fig. 2(b), as «
increases less, time is allocated for the information processing
((1 — «)T'/2) per link. As a result, by increasing the « value,
we need to increase the modulation order to maintain the
same spectral efficiency, namely, the same total number of
the transmitted bits for a fair BER comparison among three
protocols. However, it turns out that not for every value of o an
M-(QAM/PSK) modulation scheme is possible (M has to be
an integer power of 2). Therefore, we have considered mixture
of two modulations schemes to maintain the same spectral
efficiency. In Tables I, III and IV, mixture of modulations
are calculated for different rates (bits/sec/Hz). Furthermore,
in these tables, « begins by considering small values and lower
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TABLE IV
MIXTURE OF MODULATIONS FOR TS PROTOCOL (R = 2.5 AND R = 3)

« IP time/T R=25 R=3

1720 ~1/2 M5 M6

1/12 11724 (6/11)M5,(5/11)Mg | (5/11)Mg,(6/11)M~

177 3/7 (1/6) M5,(5/6) Mg M~

1/6 5/12 Ms -

1/5 2/5 (3/4)Mse,(1/4) M~ -

1/4 3/8 (1/3)Me,(2/3) M~ -

4/14 5/14 M~ -

10° w 10° w

o T8 o TS
o Ps o PS

O Ideal O Ideal

102 102
x 14
L L
o o
107 103
my =my =1
my =my = 2/
10 10
10»5 L 10-5 L L L
0 10 20 30 0 10 20 30
SNR [dB] SNR [dB]
(a) (b)
Fig. 3. DH system end-to-end BER performance versus SNR for

di = d2 = 0.5 and R = 1, (a) AF and (b) DF.

modulation orders (more information processing time) while
higher a values correspond to higher order modulations (less
information processing time).

As an example, when o = 1/7, the necessary bandwidth is
determined by the R—D transmission interval of 37'/7 sec-
onds, which is lower than that of S—R transmission. In order
to maintain the spectral efficiency of R = 1 bits/sec/Hz,
we should transmit 7 bits by 3 symbols during 7' seconds,
namely, by two 4-QAM symbols each transmitting 2 bits
and one 8-QAM symbol transmitting 3 bits. The necessary
bandwidth is (25)~! = £ Hz and the spectral efficiency is
R=(2x(2/3)+3x(1/3))x (3/T)/(7/T) = 1 bit/sec/Hz>.

Figs. 3(a) and 3(b) depict the BER of DH-AF and
DH-DF systems, respectively, for dy = d2 = 0.5. In Fig. 3,
for each SNR value, the corresponding optimum p or « values
are numerically calculated as shown in Fig. 4. These optimum
values are applied to obtain the curves given in Fig. 3 for
PS and TS protocols. From Figs. 3(a) and 3(b), PS provides
approximately 3 and 4 dB gains in SNR compared to TS,
for the BER values of 1072 and 103, respectively, for both

3Note that in Tables. I, III and IV, My, stands for 2P-QAM (PSK)
constellation.
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SNR [dB]
(b)

Fig. 4. Optimum p and « values in terms of minimum BEP for
d; =d2 = 0.5 and R =1, (a) AF and (b) DF.

mp = mg = 1 and my = my = 2 cases. Furthermore, for
mp = mg = 1, DF and AF system performances are nearly
equivalent for all protocols, which is consistent with the results
given in [27] for the non-EH DH system. However, when
mp, = mg = 2 for which the impact of AWGN increases,
DF provides better performance than AF because of decoding
at the relay, which avoids forwarding the noisy version of the
signal.

It is shown in Fig. 3 that for the TS case, for both DF and AF
systems, the results are given for SNR values approximately
higher than 10 dB. We observe from Fig. 4 that, in TS protocol,
for both AF and DF relaying, the optimum value of « is equal
to 5/7 when the SNR value is below 9 dB and 6 dB and,
6 dB and 4 dB for m;, = my = 1 and m = my = 2
cases, respectively. However, for above these SNR values,
the optimum « is equal to 1/3. From Table I, for R = 1,
the corresponding modulation schemes are 128-QAM when
a = 5/7 and 8-QAM when a: = 1/3. On the other hand, since
we have assumed the common approximation of P, ~ Ps/k,
which is valid for the high SNR, at low SNR values where a
higher modulation order (128-QAM for av = 5/7) is required
(as can be seen from Figs. 4(a) and 4(b)), the computer
simulation and theoretical results do not match perfectly with
each other. Therefore, the corresponding SNR values for
128-QAM have not been considered in Fig. 3 for both AF and
DF systems. However, the results are given for SNR values for
which @ = 1/3 and 8-QAM is employed. Finally, for PS and
ideal protocols, the curves in Fig. 3 have been given for SNR
values above 0 dB since for these protocols, the same spectral
efficiency value (R = 1) is achieved with a lower modulation
order (4-QAM).

In Figs. 4(a) and 4(b), the optimum p and « values,
which minimize the BEP, are depicted with respect to SNR
for DH-AF and DH-DF systems, respectively. From these
curves we conclude that for PS protocol, the optimum value

IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. 17, NO. 7, JULY 2018

10°

! !
——TS-(M-PSK)
----- TS-(M-QAM)
— — ~PS-(4-QAM)
Ideal-(4-QAM)

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
pora

Fig. 5. DH-AF system end-to-end BER performance versus p and o for
SNR =30 dB, d1 =d2 =0.5and R = 1.

of p increases from 0.54 to 0.72 and from 0.47 to 0.73 for
AF and DF, respectively, when SNR increases from 0 to 35 dB.
We observe that, in TS protocol, for both AF and DF,
the optimum value of « is equal to 5/7 when the SNR value is
below 9 dB and 6 dB and, 6 dB and 4 dB for m;, =m, =1
and m;, = m, = 2 cases, respectively. However, for above
these SNR values, the optimum « is equal to 1/3. From
Table I, for R = 1, the corresponding modulation schemes
are 128-QAM (PSK) when o = 5/7 and 8-QAM (PSK) when
a = 1/3. Note that since the optimization for TS protocol is
performed for specific values of «, the resulting curves are
discontinuous for both AF and DF cases in Fig. 4.

Figs. 5 and 6 show the BER performances of DH-AF
and DH-DF systems versus p and «, respectively, for the
parameters of d; = dy = 0.5, SNR = 30 dB and R = 1. For
comparison purposes, the BER curves of the ideal protocol
are also depicted in these figures for PS and TS protocols. For
channel parameter values m; = my, = 1, DH-AF and
DH-DF systems provide approximately the same performance
while for m; = my, = 2, DH-DF system outperforms
DH-AF system. From Figs. 5 and 6, for TS protocol when
R = 1, the optimum « value for both DH-DF and DH-AF
systems is equal to 1/3, which corresponds to 8-QAM (PSK)
modulation from Table I. However, for PS and ideal protocols,
the employed modulation is 4-QAM and independent of p.
Note that for TS, BER curves are not smooth due to the
use of different modulation levels for different o values to
maintain the spectral efficiency at a fixed value. Moreover, PS
gives better BER performance compared to TS when p > 1/3
and p > 0.2 for the my = my = 1 and my, = my = 2
cases, respectively, for both AF and DF relaying. Furthermore,
theoretical and computer simulation results perfectly match
for PS, TS and ideal protocols.

In Fig. 7, BER performance is provided with respect to d;
for PS, TS and ideal protocols. For each d; value, the optimum
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10° w w
——TS-(M-PSK)
----- TS-(M-QAM)
— — —PS-(4-QAM)
Ideal-(4-QAM)

pora

Fig. 6. DH-DF system end-to-end BER performance versus p and « for
SNR =30dB, d; =d2 =0.5and R = 1.

107 107"
oTs 0 TS
o PS o PS
< Ideal <4 Ideal

e
] -3
u 10

my=m, =1
9

‘/mh:mg:2

10

Fig. 7. DH system end-to-end BER performance versus dp for
SNR= 30 dB, R =1 and (d1 + d2 = 1). (a) AF and (b) DF.

« and p values are employed in Fig. 7 for both systems.
The results show that d; = 0.5 gives the optimum BER for
both DH-AF and DH-DF systems. In case of R = 1, for PS
and ideal protocols, the employed modulation is 4-QAM and
independent of p while for TS protocol, @ = 1/3 gives the
optimum results for both DH-AF and DH-DF systems and
all values of d;, where R = 1 corresponds to 8-QAM. From
Figs. 7(a) and 7(b), it is concluded that PS protocol provides
better performance than TS for both AF and DF cases.

Fig. 8 shows the BER performance with respect to the
channel parameter m,, for two fixed m, values and R = 1,
where the optimum p and « values are applied. From the
theoretical and simulation results, it is concluded that the
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o TS
o PS
< Ideal

10-6 I I | | 10.5 L L | |
2 4 6 8 10 2 4 6 8 10
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(a) (b)
Fig. 8. DH system end-to-end BER performance versus mj for

SNR =30 dB, di =d2 = 0.5 and R =1, (a) AF and (b) DF.

10° 10°

x o
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R R
(a) (b)
Fig. 9. DH system end-to-end BER performance versus R for

SNR = 30 dB, d1 = dz = 0.5 and M-QAM, (a) AF and (b) DF.

BER performances of the DH-AF and DH-DF systems are
approximately equivalent for m, = 1, however, for my = 2,
DH-DF system slightly outperforms DH-AF. PS protocol
provides better performance than TS since higher values of
the channel parameters enable the relay to correctly decode
the received signal and to harvest much more energy.

The BER performances of DH-AF and DH-DF systems
versus R for different system parameter values are given
in Figs. 9(a) and 9(b), respectively. In this figure, M-QAM
is considered since it outperforms M-PSK for M > 4.
Also, the BER curve of the ideal protocol is depicted in
this figure for comparison purposes. For each value of R,
these curves are obtained for corresponding optimum values
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of p and a. From Figs. 9(a) and 9(b), we observe that PS
outperforms TS for both DH-AF and DH-DF systems, where
the maximum difference between two systems are obtained
when R = 2.5. Moreover, due to our approximation in (20),
increasing R results in increased modulation order for which
the approximation in (20) becomes loose, especially when
mp = mgy = 1, for both DH-AF and DH-DF systems.

V. CONCLUSION

In this paper, we have considered the energy harvesting
issue in a conventional DH relaying network where the relay
applies PS, TS and ideal protocols with AF/DF relaying
techniques to harvest energy from the received RF source
signal and to transmit it to the destination with the harvested
energy. Tight closed-form analytical expressions for the BEP
of both DH-AF and DH-DF systems have been derived and
approved by the computer simulations. Moreover, since IP
time interval varies in TS protocol with respect to the parame-
ter «, the mixture of modulations technique has been applied
to maintain a constant spectral efficiency level. Finally, optimal
values of the system parameters, which minimize BEP, have
been obtained for both DH-AF and DH-DF systems. Our work
has shed light on the BER performance of AF and DF-aided
DH networks employing EH and provided guidelines for the
system designer. An adaptive selection of time slots for EH
systems can be considered as a future work.

APPENDIX I
PDF oF THE PRODUCT OF TWO CHI-SQUARE
DISTRIBUTED RANDOM VARIABLES

The PDF of random variable Z = |h|?|g|* is given
in [23, 6.148] as

1 z
fz(z) = /0 ;f|h‘2(l‘)f‘g‘2 (;) dx (25)
where for i € {h, g}, [28, 2.3.21]

Substituting (26) in (25), after simplification and using
[21, 3.478,4] we have
z) 27

o\ /2
ol =28 ()t
where m;, and m, are the Nakagami fading parameters and

ngh,
Qn = E[|h?], Q4 = E[|g|*], Q@ = mp — mg, e = 0.5(my, +
mgy) and F = (myp, /Qp)™" (mg/Qp) ™ (mp) 1T (my) L.

mpmmg
QpYy

APPENDIX II
CDF OF THE SNR IN AF STRATEGY

The received SNR at the destination for AF relaying is
given as
Alh[*g]?

_ 28
7= BRPGR + CIhE+ D (28)
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where the constants A, B,C' and D differ for PS, TS and
ideal protocols. For high SNR, taking D = 0, (28) can be
rewritten as

_AXY
T BX+C

where Y = |h|? and X = |g|?. Using [23, Ch. 6], the CDF
of v can be calculated as

ro = [ (3(pS) 1X) e G0

Assuming that the channels are exposed to Nakagami-m
fading, CDF of the channel gain is given in [28, 2.3.24] as

k
mp—1 1 m
Rl = 1= exployma /20 3 1 ()

v (29)

€1V

Substituting (26) and (31) in (30) and using a binomial
expansion [21, eq. (1.111)] and [21, eq. (3.471.9)], after some
simplification, CDF of 7 can be written as

S Tk AR i.)

mp—1

2
F’Y(P)/) =1- F(mg) Zk:o

(32)
where
N 1 mp \ " Cmy a k—i
T%J)%—MW!Q%A> (Qg) BT,
. mp B o mpmgC
A@nuv)=exp(—(iAv>vaf4 2 ?iﬁ%gv
g

and k = (mgy — i + 2k)/2, respectively.
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