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Abstract. In this paper, we consider a wireless energy harvesting network,
where two source nodes exchange information via a decode-and-forward
(DF) relay node. The network adopts the time switching relaying (TSR) or
power splitting relaying (PSR) protocols. In the TSR protocol, transmitting
process is split into three time slots. In the first time slot, two source nodes send
the signals to the relay node simultaneously and the relay node harvests energy
from the radio frequency (RF) signals. In the second time slot, two source nodes
send the information signals to the relay node simultaneously. In the third time
slot, the relay node decodes the signals and then forwards the regenerated signal
to two source nodes using all harvested energy. In the PSR protocol, every
transmission frame is divided into two equal time duration slots. The energy
constrained relay node splits the received power into two parts for energy
harvesting (EH) and information processing in the first time slot, respectively,
and forwards the reproduced information signal to the source nodes in the
second time slot. We derive the analytical expressions of the ergodic capacity
and ergodic throughput of the network both for the TSR and PSR protocols.
Numerical results verify the theoretical analysis and exhibit the performance
comparisons of two proposed schemes.
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1 Introduction

Conventional wireless communication devices utilize the constant power supply such
as batteries to support their operations. These devices need the human to change
batteries periodically and this shortcoming limits the lifetime of wireless devices and
causes the difficulty for maintaining them. In recent years, wireless harvesting energy
has attracted more and more attention in the literature. Radio frequency (RF) can carry
energy as well as information, so we can utilize this ability to accomplish simultaneous
wireless information and power transfer (SWIPT). Utilizing the wireless harvesting
energy technology, wireless devices such as wireless senor network have the infinite
lifetime in the theory [1, 2].

In this field, a classical model consisted of three nodes which are one source node,
one relay node and one destination node is well studied. In [3], the authors studied the
outage probability and ergodic capacity of the above model. In [3], the system utilizes
the power splitting relaying (PSR), the time switching relaying (TSR) or ideal relaying
(IR) architectures to accomplish energy harvesting and information transmission, and
the relay node uses the amplify-and-forward (AF) or decode-and-forward
(DF) schemes to forward the received signal to the destination node. In [4], the
authors studied the ergodic capacity of the system when the relay node uses the DF
scheme. In [3, 4], all the analytical expressions evaluating the performance of the
system have the integral forms, so the authors only use software tools to find the
optimal parameters resulting in maximal ergodic capacity or minimal outage proba-
bility. On the basis of [3-6] studied the optimal power splitting factor which leads to
maximal ergodic capacity or minimal outage probability. In [5], the system adopts the
AF or DF schemes but not considering the direct link form the source node to the
destination node. In [6], the system adopts the AF scheme and considers the direct link.
Utilizing the high signal to noise ratio approximation, the authors obtain the closed-
form solution of the optimal power splitting factor in [5, 6].

All above papers studied the one directional transmission only from the source
node to the destination node. The authors in [7] studied the outage probability and
ergodic capacity in the AF two-way channels and the authors in [8] studied the
throughput of the system with a multiplicative relay node in the two-way channels. The
authors in [9] split the whole transmission process into three time slots and derived the
end to end throughput of the system. Simulation results verified the performance of the
proposed scheme is superior to that of in [8]. The authors in [10-12] studied the
ergodic outage probability of one-way log-normal fading channels.

To the best of our knowledge, the ergodic capacity and ergodic throughput of two-
way DF network based on the TSR and PSR protocols considered in this paper have
not been investigated in prior work.

The rest of this paper is organized as follows. Section 2 describes system model. In
Sect. 3, we derive the ergodic capacity and ergodic throughput of the proposed TSR
and PSR schemes. Numerical results are presented in Sect. 4. Finally, Sect. 5 con-
cludes the paper.
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2 System Model

As shown in Fig. 1, a wireless energy harvesting network consists of three nodes,
which are two sources nodes, denoted by S1 and S2, and one energy constrained relay
node which needs harvesting energy for its operation, denoted by R, respectively. R has
no fixed power supply and needs harvesting energy for its operation. i and g are the
channel coefficients between S1 and R and between S2 and R, respectively. The direct
path between S1 and S2 is negligible, thus the information transmissions between two
source nodes need a relay node [4]. We assume the channels are reciprocal and quasi-
static Rayleigh block fading, so the channels remain constant during each block
transmission time 7. It is assumed that perfect channel state information (CSI) is
available at all nodes. All nodes are equipped with a single antenna. It is assumed that
the processing power required by the information decoding circuitry at the relay node is
negligible as compared to the power used for signal transmission from R to S1 and S2.

Fig. 1. System model.

The information transmission process in the TSR protocol as shown in Fig. 2, the
transmission process is divided into three time slots. In the first time slot «7’, S1 and S2
send the signals to R using the same powers. The second time slot (1 — «)7/2 is used
for information transmission form the source nodes to R, and the third slot (1 — a)7/2
is used for information transmission form R to the source nodes. R consumes all the
harvested energy when it forwards the information signal to the source nodes. o denotes
the time fraction harvested energy from the source nodes and determines the ergodic
capacity and ergodic throughput of the network, which is the key performance
parameter of the network.

T
Energy '
harvesting from Source-to-Relay Information | Relay-to-Source Information
RF signal Transmission Transmission
e
al (1-a)T/2 (1-a)T/2

Fig. 2. The transmission block structure of the TSR protocol.

The information transmission process in the PSR protocol as shown in Fig. 3, the
whole transmission block time is 7, and the transmission process is divided into two
equal time slots denoted by 7/2. In the first time slot 7/2, S1 and S2 send the signals to
R using the same power simultaneously. P denotes the received signal power at R. The
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power splitter at R splits the received signal power P in p : 1 — p proportion. The
fraction pP is used for EH, and the remaining fraction (1 — p)P is used for information
processing. R forwards the information signal to S1 and S2 using all the harvested
energy in the second time slot 7/2. The channels are reciprocal and quasi-static Ray-
leigh block fading among all nodes. It is assumed that perfect channel state information
(CSI) is available at all nodes. All nodes are equipped with a single antenna. The
processing power required by the information decoding circuitry at R is negligible
compared to the power used for signal transmission [4, 7, 9].

~ T »
EH at relay (pP) Relay-to-sources information
Sources-to-relay information transmission
transmission ((1-p)P )
< T/ ’ ] T / D) =

Fig. 3. The transmission block structure of the PSR protocol.

3 Analysis of Ergodic Capacity and Throughput

In this section, we analyze the performance of the proposed model for the TSR and
PSR schemes.

3.1 Time Switching Relaying Protocol

The received signal at R in the first time slot (1—a)7/2, y%(k) can be expressed as

yR “ dmhsl “ dmgs2 +naR )+nCR<k) (1)

where P; is the transmitting power of S1 and S2, d{" and df are the path losses from S1
and S2 to R, respectively, and m is the path loss exponent. s;(k) and s;(k) are the
signals transmitted by S1 and S2. We assume that s1(k) and s,(k) have unit power.
nqar(k) and n.g(k) denote the baseband noise signal received by the antenna at R and
the noise due to RF band to baseband signal conversion, respectively. n,g(k) and
n.r(k) are the additive white Gaussian noise (AWGN), which have zero-mean and
different variances oﬁ and og, respectively. Noting that in the formula (1), all the signals
are expressed as the sampling signal forms.

On the basis of formula (1), the harvested energy E} during the energy harvesting
time slot o7 can be expressed as

£ =t (0 + e ). @
2
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where 1 € (0, 1) is the energy conversion efficiency which depends on the rectification
process and the energy harvesting circuitry. In the formula (2), the noise energy is
negligible because the noise energy is much smaller compared to the harvested energy
in fact. Using (2), the signal-to-noise-ratio (SNR) of the signal transmitted by S1 and
then received at R is derived as

P, 2
Vgl,R = d’”&z |h|”. (3)
1

In the formula (3), > = 62 + 62 is the variance of overall AWGN at R.

After the information transmission from the source nodes to R in the second time
slot, R first decodes the received signals and then constructs the transmitted signal as
sr(t) = s1(¢) ® s2(¢) applying physical-layer network coding (PNC), and finally sends
the regenerated signal to S1 and S2 in the third time slot. The received signal at S2 in
the third time slot can be expressed as

Yoo (k) = \/dP—EgSR(k) +nas52(k) +nesa2(k), (4)

where n,s (k) and n. s, (k) are the antenna and band conversion AWGNSs at S2, having
the zero-mean and different variances 6,21 and 63, respectively. P% denotes the trans-
mitted power by R, which is given by

E} P P
r__ "R 2SR o 25 ef? _
Ph = k= e+ 221sP) /-, )

After several mathematical manipulations, y§2, the instantaneous SNR at S2, is
given by

(@1 +arisl ) IsP
Vso = b ’ (6)

mg2m 2 (1_,
where by} = d‘d%m. Because S2 knows s,(k) and CSI, S2 can recover the data
transmitted by S1 via self-cancelation [9]. In delay-tolerant transmission mode, the
ergodic capacity at R considering the signal transmission direction from S1 to S2 can

be expressed as [4]

o0
a a
Chu= [ £, 0o+ = (A) / In(2), )

Y=
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where f1 (7 )7%6*?—2 is the probability density function (PDF) of yg  in (3),

SIR

a=d'c 2 / P;, and E;(x f e ' /tdt is the exponential integral. 4, is the mean of
exponential random varlable |h| . We can derive the ergodic capacity at S2 as follows

o0
T T
Crsr = /fysz(“/) logy (1 +7)dy, (8)
7=0
where
fo byyd;™y
bud ™ =Viy/bud"y— z_ 1dy™
fT( ) b“d me ,-»gl 1 blldfme \/-“1‘ [or1d; i L /b“dl ey blld VM— z .
¥l f - ond, ¢ " x7
T R 2 e Jo e
yr—L_dr
V0 Ay
)

fL(7) is the PDF of yg, in (6), and 4, is the mean of exponential random variable | gl
Due to the page limit, we omit the proof here. Noting that there is no closed-form
expression for f; (7), we can get the value of (8) by the way of numerical computation.

The ergodic capacity from S1 to S2 is given by

CsTl,sz = min(CSTLR, CITQ-,SZ)' (10)
Similarly, the ergodic capacity from S2 to S1 is given by

ng,m = min(ng,R, C1€,S1)' (11)
The ergodic throughput of the network can be expressed as

(1—o)
(CsTL,sz JFCst,SI) = T(CSTL& +Cl). (12)

52,51

(1 —a)/2T

Crsg = T

It seems intractable to get the optimal o that result in the maximal throughput. The
optimal o can be done offline by software tools for the given system parameters

3.2 Power Splitting Relaying Protocol

The received signal at R in the first time slot can be expressed as

y,’é(k) = \/;Z%hsl (k) + \/dizmsgn(k) +ng g (k). (13)
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Based on formula (13), the harvested energy E in the first time slot can be
expressed as

npP, T (|n]> g
EP =" | L L0 14
R 2 (d’f’ + a (14)

The signal for information processing in the first time slot at R is given by

= /1 — pyp(k) +n.r(k (15)

Using (15), the instantaneous SNR of the link from S1 to R is given by

2
P (1_p)Pv|h|

SRS T gz (16)

where 0% = (1 — p)o? + 62 is the variance of overall AWGN at R.

In the second time slot, R constructs the decoded signals as sg(k) = s1(k) @ s2(k)
applying PNC, and finally sends the regenerated signal to S1 and S2. The received
signal at S2 in the second time slot can be expressed as

PP
o (k) = \/dmg?R(k) +n452(k) +nes2(k). (17)
PE denotes the transmitted power by R, which is given by

Ey A" lel
PP =_"R —ypp - 4 = 18
L <d’”+d’” (18)

After several mathematical manipulations, the instantaneous SNR at S2 is given by

(a1 +aylgP)le”

= 19

’ySZ b12 ) ( )

where by, = d:sp 2 and o2 2, =¢2+02. In delay-tolerant transmission mode, the
ergodic capacity of the link from S1 to R can be expressed as [4]

Chn= [ ) logsl1 )y = i (&) /2, (20)

where f (7) =%e 5 is the probability density function (PDF) of 7 —in (16),

Vs1,R

ay=d"o%/(1 — )PS. The ergodic capacity of the link from R to S2 is given by
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o0
P _ P .
Chso = [ 1. logs(1 +3)d5 o)
’V:
where
£L0) bud™e % 1 bpd"e 1 e i 1 \/mblzdzimefvlkad
Ts2 = / —m T / —m m X,
52 2 b12d1 “/}.g )g 2 blZdl Y 4g Jo X)v/z
p 1 dy
Ve &)
(22)

f_fz (7) is the PDF of 3 in (19). Due to the page limit, we omit the deriving process of

ffz () here.
The ergodic capacity of the link from S1 to S2 is given by

Cgl 2= min(C§1,Rv Czlg,sz) (23)
Similarly, the ergodic capacity of the link from S2 to S1 is given by

ng,m = min(cgz,Rv Czle),s1)~ (24)
The ergodic throughput of the network can be expressed as

/2
Cpsr = - (Coi52+ Cirs1) =5 (Chi.52+ Chos1)- (25)

N —

Noting that there is no closed-form expression for f)’; , (), it seems intractable to get

the analytical expression for optimal p that result in the optimal throughput. The
optimal p can be done offline numerically for the given system parameters.

4 Numerical Results

The parameters selected in this paper are the same depicted in [4]. The distances d; and
d» are normalized to unit value. It is assumed that P;=1 W, m=2.7, and n = 1. 4; and
/g are set to 1.

We set that the baseband antenna noise variances at all nodes are equal to aﬁ, and
the conversion noise variances are equal to ¢2. Figures 4 and 5 respectively show the
analytical and simulation based results of the ergodic throughput with respect to o and
p. The analytical results of the TSR and PSR protocols are produced based on formulas
(7)—(12) and (20)—(25), respectively, and the simulation results are obtained by aver-
aging over 10° random Rayleigh fading channel realizations. The analytical results
perfectly match with the simulation results. This verifies our analysis.
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time slot of harvesting energy, o

Fig. 4. The ergodic throughput comparisons of the simulation results and analytical results for
the proposed TSR protocol with respect to « (62 = 62 = 0.01)
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Fig. 5. The ergodic throughput comparisons of the simulation results and analytical results for
the proposed RSR protocol with respect to p (62 = a2 = 0.01)

The resolutions of p and o, which are the proportion factor used for EH in proposed
PSR scheme and the time fraction used for EH in the TSR scheme, respectively, are
both set to 0.01 when we find optimal solutions. We fix ¢ = 0.01 or g2 = 0.01 and
change the other noise power. As shown in Fig. 6, the maximal ergodic throughputs
decrease with increasing the noise power both in the PSR and TSR protocols. When we
fix a2 or fix ¢, the performance of proposed PSR scheme is significantly better than
that of the TSR scheme in a wide range of SNRs, and only at low SNR the performance
of the TSR slightly outperforms that of the PSR when o2 fixed. In the TSR scheme, o2
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and ¢ affect the throughput in the same way, so the curves of the performance are
overlap completely disregarded fixed ai or fixed af. In the PSR scheme, the optimal
throughput with fixed o2 is higher than the optimal throughput with fixed o2 at the
beginning but inferior to it with the increasing noise power, due to the effect of the
proportion factor 1 — p.

IS

w

N
T

—©&— maximal ergodic throughput of PSR protocol(fixed o2)

maximal ergodic throughput, bits/s/Hz

—#— maximal ergodic throughput of PSR protocol(fixed o)

—— maximal ergodic throughput of TSR protocol(fixed o2)

1F —<%— maximal ergodic throughput of TSR protocolfixed o2)

0 1 | I
10 102 102 107 10°
antenna noise or signal band conversion noise, uf or ai, w

Fig. 6. Performance comparisons of two schemes

5 Conclusions

In the paper, we propose a wireless energy harvesting network, in which two source
nodes communicate with each other via a DF energy harvesting relay node over quasi-
static Rayleigh block fading. We derive the analytical expressions of the ergodic
capacity and ergodic throughput for the TSR and PSR protocols and compare the
performances of the PSR and TSR protocols by the simulations, the results verify the
analytical results and reveal the PSR scheme achieves significantly higher throughput
than the TSR scheme in a wide range of SNRs.
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