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Abstract

Green communication and energy saving have been a critical issue in modern wireless communication systems. The
concepts of energy harvesting and energy transfer are recently receiving much attention in academic research field. In
this paper, we study energy cooperation problems based on save-then-transmit protocol and propose two energy
cooperation schemes for different system models: two-node communication model and three-node relay communication
model. In both models, all of the nodes transmitting information have no fixed energy supplies and gain energy only
via wireless energy harvesting from nature. Besides, these nodes also follow a save-then-transmit protocol. Namely, for
each timeslot, a fraction (referred to as save-ratio) of time is devoted exclusively to energy harvesting while the remaining
fraction is used for data transmission. In order to maximize the system throughput, energy transfer mechanism is
introduced in our schemes, i.e, some nodes are permitted to share their harvested energy with other nodes by means
of wireless energy transfer. Simulation results demonstrate that our proposed schemes can outperform both the schemes
with half-allocate save-ratio and the schemes without energy transfer in terms of throughput performance, and also
characterize the dependencies of system throughput, transferred energy, and save-ratio on energy harvesting rate.

Keywords: Energy harvesting; Energy transfer; Throughput optimization; Save-then-transmit protocol

1 Introduction

As the wireless communication technologies continue to
evolve, the requirement for green communication and
energy saving becomes more critical than ever. Espe-
cially, in some battery-powered wireless communication
networks, the wireless devices do not have constant en-
ergy supplies for their mobility. The lifetime of a
battery-powered network usually depends on the battery
capacity. How to prolong the lifetime effectively and
economically is still an open challenge. However, as a
promising technique, energy harvesting has emerged
and received significant attention in recent years [1-8].
Unlike the conventional scenario that wireless nodes are
going to die if they exhaust their battery energy, the en-
ergy harvesting technique makes the node energy inex-
haustible by means of recharging the battery from
nature (solar cells, water mills, or mechanical vibration

* Correspondence: daicq@cqupt.edu.cn

'Chongging Key Lab of Mobile Communication Technology, Chongging
University of Posts and Telecommunications, Chongging, China

Full list of author information is available at the end of the article

@ Springer

absorption devices, etc.). In this way, the energy harvest-
ing cannot only prolong the network lifetime but also
contribute to the green communication.

In [2,3], the arrivals of energy harvesting packets were
modeled as a stationary random process. Huang [2]
modeled the throughput as a Poisson point process, so
that the relationship between the throughput and the
energy arrival rate provides useful insight into the trade-
off among the node density, encoding rate, and the
amount of harvested energy. Tutuncuoglu and Yener [3]
developed some optimal power policies, which demon-
strated that the optimization problem is an instance of a
utility maximization framework. Xu et al. [4] studied the
downlink throughput of a coordinated multipoint enabled
cellular network, where the base stations are powered by
both the conventional grid and the harvested energy. In
[5,6], energy buffer and data buffer were adopted, with
which sensor nodes employ management policies to
optimize their throughput. A save-then-transmit protocol
was proposed in [7,8] to optimize the system performance
by finding the optimal save-ratio. Luo et al. [7] derived the
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properties of the optimal save-ratio which minimizes out-
age probability, while [8] studied the achievable through-
put optimization with regard to energy harvesting rate
under deterministic case and stochastic case.

These references aforementioned mainly focused on
the strategies of harvesting energy from nature to power
wireless nodes. In addition, wireless energy transfer via
radio signals is another solution to power the wireless
nodes [9-17]. In [9-12], information transmission and
energy transfer were processed simultaneously. Zhang
and Ho [9,10] studied a three-node network scenario, in
which one receiver node harvests energy and the other
receiver node decodes information separately from the
broadcast signal of the transmitter node. And the opti-
mal transmission strategy was derived to achieve various
tradeoffs between maximal information rate and energy
transfer. Ding et al. [11] studied a multiple source-
destination pairs communication system under four dif-
ferent relaying strategies, i.e., based on different princi-
ples, the harvested energy from multiple sources is
allocated among the different destinations by the relay
node. Chen et al. [12] adopted a Nash equilibrium-based
game theory for the multiple source-destination pairs
communication system with relay interference channels.
Where, both a pure network with a same relaying proto-
col and a hybrid network with mixed relaying protocols
are discussed. Xiang and Tao [13] proposed a scheme
considering the worst-case robust beam-forming design
for the energy receiver and the information receiver with
imperfect channel state information. In [14], a novel it-
erative resource allocation algorithm was proposed to
maximize the energy efficiency of OFDM downlink sys-
tems. In [15-20], a switching mode between energy har-
vesting and data relaying was adopted for receiver node
to solve the potential limitation that practical circuits
are not yet able to harvest energy and decode informa-
tion at the same time. In [15], an optimal mode switch-
ing rule was proposed to enable the transmitter node to
replenish energy opportunistically from the unintended
interference and/or the intended signal sent by the
transmitter node, and optimizes the outage probability.
Watfa et al. [16] proposed storing and forwarding tech-
niques for multi-hop wireless energy transfer to improve
energy transfer efficiency, ie, the main power source
prefer to transfer energy to the nearest nodes till they
are fully charged. Park and Clerckx [17,18] investigated
joint wireless information and energy transfer in a two-
user MIMO interference channel, where each receiver
chooses to either decodes the incoming information sig-
nal or harvests energy. Krikidis et al. and Nasir et al.
[19,20] studied a three-node cooperative network sce-
nario. In [19], a greedy switching policy was adopted
where the relay node transmits information when its re-
sidual energy can support decoding at the destination
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node. In [20], a relay node was designed to separate in-
formation processing and energy harvesting by means of
time switching and power splitting, and the achievable
throughput was evaluated in both delay-limited and
delay-tolerant transmission models.

All references discussed above only consider single as-
pect of energy management, ie., energy harvesting or
energy transfer. On the contrary, Gurakan et al. [21,22]
took into account both energy harvesting from nature
and energy transfer between nodes. This combination
makes a better contribution to the performance im-
provement. In [21], a throughput optimization problem
in two-way communication system scenario was investi-
gated, where users can harvest energy from nature and
can also transfer a portion of energy to each other.
Gurakan et al. [22] extended the solution of [21] to
adapt more network structures: relay channel and mul-
tiple access channel. Tutuncuoglu and Yener [23] con-
sidered a multi-access relay channel, where multiple
transmitter nodes and one relay node execute the strat-
egy of energy harvesting and energy transfer. And the
sum rate maximization problem was decomposed into
optimal energy transfer and optimal power allocation
problems for simplicity.

In order to optimize network resource management, we
research energy cooperation schemes by exploiting both
energy harvesting and energy transfer strategies. Based on
save-then-transmit protocol, we proposed two energy co-
operation schemes for throughput optimization: two-node
communication model with energy harvesting and energy
transfer (TCM-EH-ET) and three-node relay communica-
tion model with energy harvesting and energy transfer
(TRCM-EH-ET). Where, nodes in TCM-EH-ET model
can harvest energy from nature and transfer energy to
each other. In TRCM-EH-ET model, energy harvesting
and energy transfer are only considered on source node
and relay node. We assume that the nodes transmitting
information have independent exogenous energy arrival
processes to recharge their batteries and without consider-
ing energy expenditures on computation and sensing.

In this paper, we focus on finding appropriate save-ratio
and energy transfer rates for throughput optimization in
two-node communication model and three-node relay
communication model, which, to the best of our know-
ledge, has not been studied yet. Unlike the existing energy
harvesting and energy transfer models represented by en-
ergy queues [18-20], our proposed models depend on the
allocation of time fraction in each timeslot. We prove the
concavity of the achievable throughput and derive that the
optimal save-ratio and energy transfer rates are functions
of energy harvesting rate and channel coefficients for two
given system models. We also characterize the dependen-
cies of system throughput, transferred energy, and save-
ratio on energy harvesting rate through simulations.
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2 TCM-EH-ET model
As shown in Figure 1, in this section, we consider a self-
powered communication model consisting of two nodes:
node 1 and node 2. The two nodes have no fixed energy
supplies and harvest energy exclusively from nature to
recharge their batteries. For simplicity, we assume that,
in each timeslot, the energy harvesting rates of node 1
and node 2 are constants notated as x; and x, (x; >0,
x5 >0). In this model, we define that the harvested en-
ergy will be transferred from node 1 to node 2 when
x1 > %, and vice versa. When x; =x,, no energy transfer
is permitted between the two nodes. On account of the
self interference caused by the same physical channel,
node 1 and node 2 exchange their information under a
time division duplex communication model. We adopt
the save-then-transmit protocol for each timeslot (with
duration 7), which is divided into three phases, as
shown in Figure 2%

In the following, we give an example with the assump-
tion of x; > x5.

2.1 The first phase (energy harvesting and transfer)
During time interval (0,077, node 1 and node 2 respect-
ively harvest energy E; = pTx; and E, = pTx, from nature
to recharge their batteries. Where, the save-ratio p is
subject to the constraint 0 < p < 1. At the same time, en-
ergy AE=pT¢é (§ is defined as energy transfer rate which
is the power transferred from one node to the other
node.) is transferred from one node harvesting more en-
ergy to the other node harvesting less energy. Obviously,
the simultaneous charging and discharging of the node
battery is not practical. And the model of simultaneous
energy harvesting and transfer can be depictured as the
Figure 3 below. The harvested energy x; of node 1 can
be separated into two parts. One part of energy x;—9 is
used for battery charging, the other part of energy J is
directly transferred to node 2. This model can avoid the
simultaneous charging and discharging of the node
battery.
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According to the assumption of x;>x,, energy is
transferred from node 1 to node 2. After energy transfer
process, the energy stored in node 1 and node 2
becomes

Ey = pT(x1-0) (1)
Ey = pT(x; + ad) (2)
where «a is the energy transfer efficiency (0 <a <1).

2.2 The second phase (data transmission)

During time interval (p7, 0.5(1 + p)7], node 1 transmits
information to node 2. The throughput of node 1 is
modeled as

oo, |, ot
= 0.5(1-p)log, [1 + 2}15(?11:;3))}

Riz(p,6) = ] -

2.3 The third phase (data transmission)

During time interval (0.5(1 + p)7, 7], node 2 transmits
information to node 1. The throughput of node 2 is
modeled as

_05(1-p)T (%2 + ad) pT-h
Ry (p,d8) = ———"—log, {1 + 05T }
= 0.5(1-p)log, [1 +%}

(4)

where % denotes the channel coefficient between the two
nodes®. The noise power at node 1 and node 2 are
and 7, with unit value respectively.

Therefore, the throughput of two-node communica-
tion model is

RSum(pva) = RIZ(P, 6) +R21(pa6) (5)

N
NG

| \
" B

f—————mm

———» Data transmission
—————— » Energy harvesting

E ﬂ R — » Energy transfer

O O Harvested energy
-—

“—

Node 1 Node 2

Figure 1 Two-node communication model with energy cooperation.
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k—pT—* 0.5(1— p)T % 0.5(1— p)T =
Vi | |

g——— Timeslot | ———————
7] Energy harvesting and transfer

[ ] Data transmission

Figure 2 Save-then-transmit protocol with energy cooperation in
timeslot /.

3 Throughput optimization for TCM-EH-ET
In this section, we focus on the throughput optimization
for TCM-EH-ET. The objective is

max Rgm(p,d) = 0.5(1-p)log, [1 +ph(xl—6)]

0.5(1-p)

ph(x; + ad)

BS5(1- 1+————=

+0.5( p)logz{ + 0.5(1=p)
st. 0<p<1
0< < x

(6)

To solve this mathematic problem, several lemmas solv-
ing some specific equations are defined and employed in
following sections.

3.1 Lemma 1

Assuming that continuous function z=flx, y) has
first-order and second-order continuous partial deriv-
atives at point (xo, yo). And fi(xo, ¥0) =0, fylxo, y0) = 0.
We define fi(xo, y0) = A, fay(xo, Y0) = B, fyy(xo, y0) = C.
If AC-B*>0 and A <0, we can confirm that flx, y) is
a concave function, which achieves maximal value at

point (xg, yo)-

Battery

Figure 3 Simultaneous energy harvesting and energy transfer model.

rR — > Data transmission
------- » Energy harvesting

W
_____ » Energy transfer
g E Harvested energy
O—0—0
D

Figure 4 Three-node relay communication model with energy
cooperation.

3.2 Lemma 2

We define that Ry,m,(p,0) satisty the conditions: —agi;““

— 9Rsum |
’ 90

) = 0. From lemma 1, we can

(p07 60) (Po; é\0
confirm that Ry,,(p, d) is concave and achieves maximal
value at point (pg, §p) when 0 <p < 1.

3.3 Lemma 3
The solution for the equation that has the form of In x =
ax + b (« and b are constant) is given by

where W{(-) refers to the Lambert W function [24].

The proof of lemma 1 can be found in [25]. And the
proof of lemma 2 and lemma 3 can be found in
Appendix.

The throughput optimization strategy for TCM-EH-
ET is demonstrated as follows. To simplify the equa-
tions, we introduce a new parameter

0.5(1-p)
Y = 8
ph(x1-6)-0.5(1-p) )
. 3Rum _ 9Rsum =
From function <5 ‘(Po,fso) = 0 and =3 |(p0,5o) =0,

we can get

ph(xy + ad) + 0.5(1-p) = a-[ph(x1-6) + 0.5(1-p)] (9)

In ph(x1-6) + 0.5(1—p)] ; {ph(xz +ad) + 0.5(1-p)

0.5(1-p) 0.5(1-p)
h(x1-9) h(xy + ad)
= ph(x1-8) + 0.5(1-p) ' ph(x + ad) + 0.5(1—p)
(10)
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—A— TCM-half EH-ET
—+— TCM-EH

System Throughput

25 | | | | | | | | |
0 10

Timeslot

Figure 5 Simulation result with x; and x, generated from 715, 5) and (5, 5).

20

From Equations (8) and (9), we can get

In [ph(xl—é) +0.5(1-p)
0.5(1-p)

7x1(Y—0c) —|—x2(1—Y) 05(1—p)

0= Y(1+4a)-2a = ph(x1-0) + 0.5(1-p)

1
=>lnY = - <hx1 + *hx2—0.5—
a 2

Put Equation (9) into Equation (10), we can get

ph(x1-8) +0.5(1-p)
' 0.5(1-p)

+In [a

2 1
(thl =+ —hxz—l——) + 2
a a

|

1
a) Y+ Inva-1

(12)

Figure 6 Simulation result with y; and y, generated from (5, 5) and I1(5, 5).
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Figure 7 Simulation result with x; and x, generated from (8, 8) and /13, 3).

According to lemma 3, we can get the value of Y from ~ w(Y-a) +x(1-Y)

. Sy =
Equation (12) 0 Y(1+a)-2a
0.5(1-Y)
1y —0.5—L). Y& =
y— W[(hxl + “hx2 0.5 25{) e i| (13) Po h<x1—60)Y—0.5Y 405
hxl +%]’LXQ—0.5—2*1‘1 (14)
Therefore, according to lemma 2, we can get the solu- Similarly, in case of x;<xp, the solution of max
tion of max Ry,,(p, ) from Equations (8), (11), and (13)  Rsum(p, 9) is
3.5
P
Q
® ®
3r i
o 0
®
L 25 2 1
a © 7NN @
5 Q A D p
g / A A\
c 2t 2 i
[= | K X Y !
5 A\ N/ ‘ £ - A & o P N
AN VAR \
?» 154 " A P P 4
N \/ S
il —o— TRCM-EH-ET |
—=4— TRCM-half EH-ET
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0 2 4 6 8 10 12 14 16 18 20
Timeslot

Figure 8 Simulation result with y; and y, generated from (8, 8) and /13, 3).
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Figure 9 Throughput versus energy harvesting rate x; and x,.
x(Y—-a) +x,(1-Y) % =0 oo 1
0= _
Y(1+a)-2a (15) leh—l—W(1—>
0.5(1—Y) Po = €
po = 2x h—l
h(x,-00)Y-05Y + 0.5 (2h-1) [W< 1 1
where the value of Y turns into (17)

w [(hxz + L ey —0.5- L), %ﬂ

Y =

16
hxy + L hxy-0.5- (16)

When x; = x,, energy transfer is not permitted between
nodes, i.e., AE = 0. The solution can be derived as

4 TRCM-EH-ER model

As shown in Figure 4, in this section, we consider a self-
powered three-node relay communication model con-
sisting of one source node S, one relay node R, and one
destination node D. S and R have no fixed energy supplies
and harvest energy exclusively from nature to recharge

\ \
4 \

\
\

Energy Transfer Rate
[
\

Figure 10 Energy transfer rate versus energy harvesting rate x; and x.
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Figure 11 Save-ratio versus energy harvesting rate x; and x,.

their batteries. We assume that, in each timeslot, the en-
ergy harvesting rates of S and R are constants notated as
y1 and y, (y1>0, y>>0). To maximize the system
throughput, energy transfer between S and R is
permitted.

For the three-node relay communication model, there is
a constraint in terms of causality: The relay transmits data
coming from the source. Therefore, the energy policies of
the source and the relay need to satisfy the data causality
constraint R.q<R,. Where, Ry, and R,y refer to the
throughput of S and R, respectively. Unlike the two-node
communication model presented in section 2, the

optimization problem of three-node relay communication
model is to maximize the throughput R4 Namely, we
have R q = R, when the system throughput is optimized.

Similar to TCM-EH-ET, we also adopt the save-then-
transmit protocol in TRCM-EH-ET*.

4.1 The first phase (energy harvesting and transfer)
During time interval (0,07], S and R respectively harvest
energy E; = pTy, and E; = pTy, from nature to recharge
their batteries. At the same time, energy AE=pT9 is
transferred between S and R.

Throughput

Figure 12 Throughput versus value of y;h; and y,h,.
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Figure 13 Energy transfer rate versus value of y,h; and y,h..
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_ 0.5(1-p)T
Rsr ==
T

= 0.5(1-p)log, [1 +

Pl m ]

0.5(1-p) T -1y
y1hp

0.5(1-p)ny,

log, [1 + s)

_ 5(1-p)T
R,d:%logz[l—i—

= 0.5(1-p)log, [1 +

Yy PT by ]

0.5(1-p)T -1y
hay,p

0.5(1-p)npy

(19)

Where Ry, and R, are the throughput of S and R
before energy transfer process. /1; and /, denote the

channel coefficients for the source-to-relay and relay-to-
destination channels, respectively. n, and n4 are the
noise power with unit value at S and R, respectively.

According to their different energy harvesting rate and
channel coefficients, the energy transfer policy has three
different methods.

In the following, we give an example with the assump-
tion of Ryq < Ry (y,hy < y,h1). Thus, energy AE is trans-
ferred from S to R. Then the energy stored in S and R
turns into

Es =pT(y,-9) (20)

Save-ratio

Figure 14 Save-ratio versus value of y;h; and y,h..
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Er =pT(y, + ad) (21)

4.2 The second phase (data transmission)
During time interval (p7, 0.5(1 + p)T], S transmits infor-
mation to R, the throughput of S is modeled as

ST 1

= 0.5(1-p)-log, {1 +

Ra(p.8) = Dot ]

0.5(1-p) T -ng
phl(yl—t?)}
0.5(1-p)

(22)

4.3 The third phase (data transmission)
During time interval (0.5(1 +p)7, 7], R forwards infor-
mation from S to D, the throughput of R is modeled as

_05(1-p)T (y, +ad)-pT -hy
Ra(p.) = 22U T g, 1.4 Dot

_ ~ Pha(y, + ad)

= 0.5(1-p)-log, {1 + 0.5(1-p)

(23)

Where Rg.(p, §) and R 4(p, &) are the throughput of S
and R after energy transfer.

5 Throughput optimization for TRCM-EH-ET
In this section, we focus on the throughput optimization
for TRCM-EH-ET. The objective is

max Ru(p,8) = 0.5 (1-p)-log, [1 +

st. 0<p<1
0<d <y
Riq (P75) :Rsr(pvé\)

pha(y, + vfc?)]
0.5(1-p)

(24)

On account of the restriction above, we utilize the La-
grange multiplier method to solve the problem. The cor-
responding destination function is modeled as

Pha(y, + ad)
L(p,6) = 0.5(1-p)-log, |1 + ————
(0.0) = 05(1-p) dog, 1 + 222

Iy (y, -6
phi(y )] 25)

/1{0.5(1—,0) log, [1 + 0.5(1-p)

pha(y, + ad)

-0.5(1-p)-I 1+—FFF—+

( P) 0g2|: + 0~5(1—P)

The first-order continuous partial derivative of L(p, &)
can be expressed as
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oL aphy(1-p)
26~ "N L in(y, + a8) + 05(1p)
-0.51 Phip)
n2-[phi(y,-6) + 0.5(1-p)]

(26)

aL

oL _ pha(y, + ad)
p

0.5(A-1)log, {1 + 0.5(1-p)

~ phi(y,-9)
0.5Mog, [1 Y

ha(y, + ad)
n2-[phy(y, + ad) + 0.5(1-p)]
h(y,-9)
b2 [pls (9,-8) + 0.5(1-p)]

(27)
~0.5(1-1)

+0.51

oL

=3 = 05(1-p) log, {1 + phl(yl_(s)]

0.5(1-p) (

28)

Pha(y, + ad)

-0.5(1-p) - 1+——=

From % =0, % =0and %
O 5l oy, 00) =% 55l (. 00) =025 (5, 60)
= 0, the solution to Equation (25) can be derived as

_ iy —hay,
- h] + O.’hz

- hz(yz + 0560)—05—05W[(2h2(y2 + 0»’6())—1) ‘6_1]
PO = Ty (v, + a60)~05] { W[(22(y, + adg)-1) ¢ 1] + 1}

(29)

o

Similarly, in case of Ryq > Ry (y,ha > y,h1), energy AE
is transferred from R to S. Then the energy stored in S
and R turns into

Es = pT(y, + ad) (30)
Er = pT(y,-0) (31)
The corresponding destination function is modeled as
hy (y,—6
L(p,8) = u-log, [1 —+—'£M +

u
A{ﬂ'Ing {1 + ’W} _u-log, [1 + M} }

(32)
The solution to Equation (32) is

_ hyy,~hiy,
0 0{1’11 + hz
hay(y,~60)-0.5-0.5W[(2h3(y,~80)-1)-e71]

P07 T2 (3,-80)-0.5] {W (22 (3,~00)-1) € 1] + 1}
(33)

When Ry = Ry (y,hy = y,h1), energy will not be
transferred between R and S, i.e., AE =0.
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The corresponding destination function is modeled as

h
L(p,8) = p-log, [1 +p—;y2 +

(34)
A{ﬂ'logz {1 +ph2y2} -u-log, {1 + phzy]} }
H 14
Similarly, the solution to Equation (34) is
So=0
hyy,~0.5-0.5W[(2hyy,-1)-e7!] (35)

PO = (h39,-0.5) {W[(2hzy,-1) ¢ 1] + 1}

6 Simulation analysis
In this section, our simulation results are based on the
following premises:

e The channel coefficients are modeled as Rayleigh-
distributed in stochastic case and remain unchanged
in each timeslot.

e Energy harvesting rate is Gamma-distributed in sto-
chastic case, because Gamma distribution can model
many positive random variables [26] and remain un-
changed in each timeslot.

e The noise at each node is assumed as zero-mean
and unit-variance.

e The energy transfer efficiency «a is equal to 0.8.

We suppose that x is subject to a Gamma distribution,
ie, x ~I'(k, 0). Where k (k>0), 8 (6 >0), and I(-) refers
to the shape parameter, the scale parameter, and the
gamma function, respectively. Thus, 20 samples of en-
ergy harvesting rates are generated for our simulation.

In this paper, we simulate three schemes in two-node
communication model, i.e,, TCM-EH-ET, TCM-half EH-
ET (the save-ratio p =0.5), and TCM-EH schemes (with-
out energy transfer). We also simulate three schemes in
three-node relay communication model, i.e., TRCM-EH-
ET, TRCM-half EH-ER (the save-ratio p=0.5), and
TRCM-EH schemes (without energy transfer).

Simulation results (from Figures 5, 6, 7, and 8) show
that the throughputs of both TCM-EH-ET and TRCM-
EH-ET outperform all of their counterparts.

In Figure 5, we notice that, in two-node communica-
tion model, the throughput of TCM-EH-ET is very close
to that of TCM-EH. That is because the energy transfer
depends on the relationship between energy harvesting
rates (x; and x,). Since x; and x, are generated by the
same Gamma distribution I(5, 5), x; is very close to x,.
Thus, the possibility of energy transfer decreases. In
addition, the throughput of TCM-half EH-ET is obvi-
ously lower than that of TCM-EH-ET, the reason is that
the optimal save-ratio p dynamically changes according
to energy harvesting rate (x; and x,).
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In Figure 6, we notice that, in three-node relay com-
munication model, the throughput of TRCM-EH-ET is
apparently better than that of TRCM-EH although y;
and y, are also generated by the same Gamma distribu-
tion. The reason is that, in three-node relay communica-
tion model, energy transfer depends on not only the
relationship between energy harvesting rates (y; and y,),
but also the relationship between channel coefficients
(1, and hs).

Compared with Figure 5, in Figure 7, the throughput
of TCM-EH-ET obviously outperform that of TCM-EH,
that is because the difference between energy harvesting
rates (v and x,) is increased, which is caused by differ-
ent Gamma distributions (8, 8) and I(3, 3). Compared
with Figure 6, Figure 8 shows the similar phenomenon
for the same reason.

Figures 9, 10, and 11 show various performances ver-
sus energy harvesting rate x; and x, in TCM-EH-ET.

Figure 9 shows that, whether energy harvesting rate x;
or x, increases, the throughput of TCM-EH-ET also in-
creases. It demonstrates that higher energy harvesting
rate leads to higher throughput performance.

Figure 10 shows that, in TCM-EH-ET, the energy
transfer rate & becomes high as the gap between x; and
x, increases. When x; is close to x,, the energy trans-
ferred between nodes is reduced to zero. Obviously, ac-
cording to Equations (14) and (15), when x; is close to
Xo, the energy transfer rate § may equal zero. That
means the energy transfer may stop even if x; is not
equal to x,.

In Figure 11, we see that, as the energy harvesting rate
(x; and x,) increases, the TCM-EH-ET tends to reduce
the save-ratio. It means that, with higher energy harvest-
ing rate, TCM-EH-ET prefers to leave less time for en-
ergy harvesting but more time for data transmission.
However, as we discussed above, when x; is close to x,,
the energy transfer process goes to stop. Thus, the node
with lower energy harvesting rate cannot get the energy
from the other node and have to increase save-ratio to
continue optimizing the throughput performance. More-
over, we also see that there is a drop when x; equals x.
That means the optimal throughput performance has
been achieved and do not need increase save-ratio. Ac-
tually, the optimal throughput performance has been
achieved since energy transfer rate § equals zero.

Figures 12, 13, and 14 show various performances ver-
sus y1h1; and y1h, in TRCM-EH-ET.

In Figure 12, we see that, as y;/1; or y,h, increases, the
throughput of TRCM-EH-ET increases, too. Obviously,
bigger energy harvesting rate and better channel coeffi-
cients lead to higher throughput.

Figure 13 shows the energy transfer performance in
TRCM-EH-ET. The energy transfer rate becomes high
as the gap between yi/1; or y,h, increases. It means that
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more energy needs to be transferred to improve the
throughput performance. Figure 13 also shows that
when x; is close to x,, the energy transferred between
nodes is reduced to zero.

In Figure 14, as the value of y,/1; and y,h, increases,
TRCM-EH-ET tends to reduce save-ratio. This is be-
cause, with higher energy harvesting rate and better
channel coefficients, TRCM-EH-ET can allocate more
time for data transmission.

7 Conclusions

In this paper, we studied energy cooperation based on
save-then-transmit protocol in wireless communication
system and proposed two schemes (TCM-EH-ET and
TRCM-EH-ET) to optimize system throughput. In both
models, the nodes which transmit information have no
fixed energy supplies and gain energy only via wireless
energy harvesting from nature. We utilized convex
optimization method and Lagrange multiplier method to
solve the optimal save-ratio and energy transfer rate in
TCM-EH-ET and TRCM-EH-ET, respectively. The simu-
lation results validated our schemes’ advantageous per-
formance in terms of system throughput and also
depictured the characteristics of network throughput,
transferred energy, and save-ratio. Considering the sys-
tem throughput is maximized as a sum-throughput,
which might lead to a large gap to the individual
throughput of each node, therefore, we will focus on the
throughput fairness issue in our future work.

Endnotes

*We adopt the time-division strategy for throughput
optimization in both two-node communication model
and three-node relay communication model. Note that
the second and third time intervals could generally be
different for optimal solutions, however, in this paper,
we assume they are equal for design simplicity.

PSince the wireless channel condition is complex, for
simplicity purpose, some literatures [22,23] used the par-
ameter /1 to represent the conventional channel coeffi-
cient and the parameter a to characterize the energy
transfer efficiency, respectively. Here, we also employ
the two parameters in our work. As the conventional
channel coefficient, / is used to characterize the effect of
path loss, shadowing, and multipath fading. As the en-
ergy transfer efficiency, a is defined as the ratio of the
energy harvested by the receiver over the energy trans-
ferred by the transmitter.

“To get the optimal strategy of energy harvesting for
the three-node relay communication model, S can har-
vest energy in both the third and the first phases, since
it only sends in the second phase. Thus, its harvested
energy can be 0.5(1 + pT)y;. Similarly, since R only sends
in the third phase, it can harvest energy in both the first
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and the second phases. Thus, its harvested energy is
0.5(1 + pT)y,. However, this optimal strategy will bring
relativity to adjacent timeslots, and we will study it in
our future work. To simplify the problem, we only focus
on the current timeslot that S and R only harvest energy
at the first phrase of time interval (0,07] as considered
in Section 4.

Appendix
A. Proof of lemma 2

The first-order continuous partial derivative of Ry (p,
§) can be expressed as

ORsum _ ph(x1-9) ph(x; + ad)
ap = —0.510g2 [1 + 05(1_p):| —0.510g2 [1 + W]
05]’[(9{?1—6)
In2[ph(x,-6) + 0.5(1-p)]
0.5h(x; + ad)
In2[ph(x; + ad) + 0.5(1-p)]
(36)
ORgum _ ph(1-p)
o8 Im2[ph(x-6)-p + 1]

In2[ph(x; + ad)-p + 1]

The second-order continuous partial derivative of
Ryum(p, 0) can be expressed as

a2Rsum _ 05/),’1
0pds  In2[ph(x,-6) + 0.5(1-p)]
~ 0.5aph
In2[ph(xy + ad) + 0.5(1-
_ Phsa o P (38)
In2(1-p) [ph(x1-8) + 0.5(1-p)
. 0.25ah(1-p)
1n2(1-p)[ph(xs + ad) + 0.5(1-p)]?
PRaum _ 0.5/ (x,-6)
P (l-p)ph(xi-0) H05(1p)f 5
) 0.5h*(x; + ad)®
In2(1-p)[ph(x; + ad) + 0.5(1-p))
PRoum _ 0.51°p*(1-p)
26> In2[ph(x,-8) + 0.5(1-p)]* (40)

0.5a21*p*(1-p)
In2[ph(x; + ad) + 0.5(1-p))?

From Equations (38), (39), and (40), we can derive the
following relationship
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0.25h0"p,?

(1n2)* [poh(x1-8) +2o.5(1_p)]“

>0

AC-B? =

| (41)
. (x1—60) + E (x2 -+ 6[60)

where A, B, and C refer to azR%‘"‘ |

astum
9 S|
and azfg—z“"‘ | (Po 50) ) respectiveply. (p 0 60) P (,Do, 50)

Thus, when 0<p<1 and A <0, we have AC - B*>0,
which proves the validity of lemma 2.

B. Proof of lemma 3
The solution of lemma 3 can be derived as

Inx =ax—+Db

>x = e“eb

>—axe ™ = —geb
W(—aeb)

a

(42)

S>x = -
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