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ABSTRACT In this paper, we consider multi-hop wireless networks with decode-and-forward relays.
Intermediate relays have no fixed power supplies and thus need to replenish energy via wireless energy
harvesting from the source signal. The technique of simultaneous wireless information and power transfer
(SWIPT) is utilized between every two adjacent nodes to transport both information and energy. Three
general protocols of SWIPT are considered: power-splitting (PS), time-switching (TS), and hybrid which
is a combination of PS and TS protocols. For each protocol, we formulate optimization problems to decide
optimal PS and TS ratios so as to maximize end-to-end throughput under two schemes. Scheme 1 allows
different PS and TS ratios at each relay, and Scheme 2 uses uniform PS and TS ratios for all the relays. The
proposed optimization problems are shown to be non-convex. With a series of transformations, we turn
the proposed non-convex optimization problems to be convex ones. Insightful analysis of the system
performance is presented in the part of numerical results.

INDEX TERMS Decode-and-forward relay, energy harvesting, multi-hop networks, power-splitting, time-
switching.

I. INTRODUCTION
Multi-hop wireless relaying network is a promising solution
for extending coverage and enhancing system performance
for wireless communication, and is especially useful for
wireless sensor network (WSN), Internet of Things (IoT),
and small-scale indoor networks [1]. The multi-hop wire-
less relaying network in a WSN, IoT, or small-scale indoor
network, requires stable energy supply for relay nodes since
replacing the build-in battery of relay nodes involves great
expenses [2]. One candidate solution is the wireless energy
harvesting (EH) technique [3], [4]. Generally there are three
categories of wireless EH [5]: 1) Near field transfer via mag-
netic induction, resonant coupling, or capacitive coupling,
which will be effective within one meter and can transfer
multiple watts of power; 2) Far field transfer via directive
power beaming, which can transfer several milliwatts of
power at a distance of several meters; 3) Far field transfer

via scavenging several microwatts of power from ambient RF
signal sent by cellular base station and TV tower, generally
hundreds or thousands of meters away. Among these three
techniques, far field transfer via directive power beaming
is preferable since it can offer enough power at a relative
long distance for a multiple-hop relaying network. In this
paper, we will adopt the far field transfer via directive power
beaming as the wireless EH solution for multi-hop wireless
network. For the ease of presentation, when wireless EH is
mentioned in the following, we mean far field transfer via
directive power beaming is utilized.

For wireless EH, since radio frequency (RF) signals can
be also used for transporting information, a specific tech-
nique of simultaneous wireless information and power trans-
fer (SWIPT) is developed, which can deliver both energy
and information simultaneously via RF signals [6]. In the
framework of SWIPT, there are three conventional protocols:
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i) power-splitting (PS) protocol; ii) time-switching (TS) pro-
tocol; and iii) hybrid protocol. In PS protocol, there is a
power splitter at the receiver which splits the received signal
into two parts. One part is for EH and the other part is for
information decoding. In TS protocol, a switcher is imple-
mented at the receiver which switches between the state of
information decoding and EH periodically. In hybrid proto-
col, a switcher and a power splitter are concatenated at the
receiver. The received signal will be first switched for EH
and then switched to the power splitter periodically. When
the received signal is switched on the power splitter, it will be
divided into two flows as the way in PS protocol [7], [8]. With
PS protocol implemented, when a larger portion of power is
left for EH, more power of energy can be collected while
less information rate can be achieved. Similar event happens
when a larger portion of time is left for EH with TS protocol
implemented. Thus both the PS ratio and TS ratio affect the
tradeoff between information rate and power of EH in SWIPT
and resource allocation (in terms of PS ratio and TS ratio) is
an important issue for SWIPT.

By implementing the SWIPT technique in a multi-hop
relay network, the source node is able to send both energy
and information to the relay nodes hop-by-hop, and each relay
can make use of the received energy to forward the received
information. Thus information is delivered from the source
node to the destination node in the multi-hop relay network
without any additional energy supply for the relay nodes. This
configuration is especially useful when there is single or mul-
tiple obstacles, e.g., several walls, high-rise furniture, etc in
indoor communications, between the transmitter (source) and
the receiver (destination), which is also a usual application
scenario. Instead of direct channel, relays can help to form an
alternative signal propagation channel with a strong lone-of-
sight (LoS) component and very low path-loss due to shorter
distances. Although relaying requires more time slots for the
communication, it can achieve higher SNR. Therefore, it is
worthwhile to investigate whether we truly get benefits with
multi-hop relaying in term of throughput.

Among the works on multi-hop relay network with wire-
less EH, the system performance is analyzed or end-to-end
throughput is maximized by performing resource alloca-
tion. Most of the current research concentrates on dual-hop
relay network with decode-and-forward (DF) or amplify-and-
forward (AF) relays, which are surveyed in the following. In
[9], multiple source-destination pairs are aided via one DF
relay node, which is wireless powered by multiple source
nodes. Outage performance is analyzed under various trans-
mission power allocation strategies for forwarding informa-
tion from the relay node to the destination node. In [10], sym-
bol error rate is derived for a AF relay network implementing
PS protocol and TS protocol. In [7], analytical expression of
ergodic capacity and outage capacity are deduced under PS
protocol and TS protocol for a DF relay network powered by
the signal from source node. In [11], a similar problem as
shown [7] is studied while the DF relay is powered by the
signal not only from source node but also from co-channel

interference. In [12], the outage probability and diversity gain
are analyzed when multiple wireless powered relay nodes
are randomly distributed in the neighbourhood of one source
node. In [13], outage probability is derived with multiple
relays for a AF relay network. In [14], optimal time ratio
under TS protocol is found so as to maximize the end-to-
end throughput in a AF relay network. In [8], the end-to-
end throughput is maximized by optimizing the PS ratio and
TS ratio in a DF relay network with hybrid protocol. In [7],
one AF relay with multiple antennas is assumed. PS ratio and
antenna selection strategy are optimized jointly so as to max-
imize the achievable rate. In [15], one DF relay with multiple
antennas under PS protocol is considered, optimal PS ratio
and antenna clustering strategy are designed to maximize the
throughput.

All the papers discussed so far consider dual-hop relay net-
works, general multi-hop (two or more hops) relay networks
are seldom considered except [16], [17]. In [16], neither the
source nor the relays have constant power supplies but each
node harvests energy from external co-channel interferences.
For a fixed EH duration (similar to the TS ratio), the signal-
to-noise ratio (SNR) outage probability is analyzed. In [17],
both TS protocol and PS protocol with AF and DF relaying
are considered and how to calculate PS ratio and TS ratio to
satisfy a given throughput is investigated.

For the aforementioned literatures, most works put focus
on performance analysis and two-hop relay networks. How
to allocate resource to maximize the end-to-end throughput
in a general multi-hop relay network is not investigated.
In addition, the resource allocation works for two-hop relay
network only involves the optimization of one or two scalar
variable (such as PS ratio and TS ratio) and can offer little
help for the case of general multi-hop relay network, which
will involve the optimization of vector (such as the groups of
PS ratio and RS ratio in each hop).

In this paper, we investigate the end-to-end throughput
maximization problem in a wireless EH multi-hop relay net-
work under three SWIPT protocols. Separate and uniform PS
ratio and/or TS ratio in each hop are optimized in order to
maximize the end-to-end throughput. The original forms of
proposed optimal resource allocation problems in this paper
are non-convex, which makes it hard to find the global opti-
mal solutions. With a series of technical transformations, the
formulated non-convex optimization problems are converted
to be convex ones for the first time. Thus global optimal
solutions are achievable. Apart from these theoretical con-
tributions, this paper also analyzes the performance under
the distance dependent path loss model and the ITU indoor
propagation model in Section V-D, which highlights a trade-
off between number of intermediate relays and throughput for
some practical network parameters.

The rest of this paper is organized as follows. Section II
discusses the system model for wireless EH multi-hop relay
networks utilizing SWIPT technique. Section III performs
optimal resource allocation for the SWIPT in the multi-hop
DF relay network. Section IV presents numerical results and
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FIGURE 1. A multi-hop relay network with the source (R0), the destination (RM+1) and M intermediate relay nodes
(R1, · · · ,Rm, · · · ,RM ).

FIGURE 2. The time-frame architecture of the hybrid EH protocol at the mth relay.

analytical discussions, followed by concluding remarks in
Section V.

II. SYSTEM MODEL
This section describes the network model, implemented
schemes for the SWIPT, and the corresponding analytical
model for a multi-hop wireless EH relay network.

A. NETWORK MODEL
Consider a multi-hop wireless network as shown in Fig. 1.
The source node (R0) sends information to its destination
(RM+1) via M intermediate DF relay nodes denoted as
R1, · · · ,Rm, · · · ,RM . Thus, there are M + 1 hops between
R0 and RM+1. The intermediate relay set is denoted as
M = {1, 2, · · · ,M}. When RF signal is forwarded, SWIPT
is utilized only between two neighboring nodes at a time,
by assuming that non-neighboring channels are sufficiently
weak to be ignored due to obstacles and/or deep fading [16].
Denote the channel coefficient between node Rm−1 and node
Rm as hm, which is comprised of two components: i) the
distance dependent path loss such that the received power
decays with the distance1; and ii) multipath fading. All the
channels are assumed to be independent. During the packet
transmission, the channel coefficient does not change [18].
Every relay node has a single antenna and works in half-
duplex mode. Therefore, only after receiving a whole packet,
the rely node can send the packet to the next node. The com-
munication occurs in time-slot basis so that the slot length is
the time required to transmit one packet.

1We further consider the effect of the transmission frequency, number
of floors (or walls) between the transmitter and receiver, and the floor loss
penetration with numerical examples in Section V-D.

B. IMPLEMENTED SCHEMES FOR SWIPT
The hybrid protocol is assumed for the wireless EH relay
network as shown in Fig. 2 because this can derive PS and TS
protocols. Node R0 is the only node in the network with fixed
energy supply, while the intermediate nodes R1, · · · ,RM
have to harvest energy from RF signals. Denote the trans-
mission block period between two neighboring nodes as T
which is for both EH and information receiving. Thus each
intermediate relay is active for time 2T . The EH and infor-
mation transfer at each intermediate node takes place as the
following procedure. Let us consider the operation of the Rm
intermediate node:

• Step 1: Rm harvests energy from Rm−1’s RF signal for
αmT time, where 0 ≤ αm ≤ 1;

• Step 2: Rm−1 communicates with Rm over (1 − αm)T
time. A power fraction λm, where 0 ≤ λm ≤ 1, of that
received signal is for EH at Rm, and the remaining power
fraction (1−λm) of that received signal is for information
transfer (IT) from Rm−1 to Rm.

• Step 3: Rm transmits RF signals to Rm+1 over the next T
time.

When αm = 0 or λm = 0, the hybrid protocol reduces to the
PS or TS protocol, respectively.

Two implementation schemes are specified as follows.

• Scheme 1: Each node have different αm and/or λm, ∀m ∈
M.

• Scheme 2: All nodes have the same α = αm and/or λ =
λm,∀m ∈M.

Compare Scheme 1 and Scheme 2, Scheme 1 may contribute
to higher system utility while Scheme 2 is easier to be imple-
mented. Thus both Scheme 1 and Scheme 2 are investigated.
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C. ANALYTICAL MODEL
In this part, the analytical model under hybrid protocol is
build. Since PS and TS protocols are special cases of hybrid
protocol, their analytical model can be represented by the one
for hybrid protocol and is omitted. Denote the information
symbol atRm, ∀m ∈M, as sm, which has unit average energy.
The received signal at Rm, ∀m ∈M, can be written as

EH Step 1 : y(1)m =

√
Pm−1

dβm
hmsm−1 + nrm,a + nrm,c

EH Step 2 : y(2)m =
√
λm

(√
Pm−1

dβm
hmsm−1 + nrm,a

)
+ nrm,c

IT Step 2 : y(3)m =
√
1− λm

(√
Pm−1

dβm
hmsm−1 + nrm,a

)
+ nrm,c (1)

where β is the path loss exponent, and nrm,a and nrm,c
are additive noises at the antenna and the down-converter
of node Rm, respectively. nrm,a and nrm,c are assumed to
be independent and identically distributed (i.i.d.) complex
Gaussian random variables with means being zero and vari-
ances being Nrm,a and Nrm,c, i.e., nrm,a ∼ CN (0,Nrm,a) and
nrm,c ∼ CN (0,Nrm,c). Since EH is not necessary at the
destination node, the received signal at node RM+1 can be
written as

yM+1 =

√
PM

dβM+1
hM+1sM + nrM+1,a + nrM+1,c (2)

where nrM+1,a ∼ CN (0,NrM+1,a) and nrM+1,c ∼

CN (0,NrM+1,c).
For EH, the Rm harvests energy i) for αmT time duration

from the RF signal y(1)m , and ii) for (1 − αm)T time duration
from the RF signal y(2)m , with the rectification efficiency (the
ratio between output power and input power for an energy
harvester) ηm, 0 < ηm ≤ 1.2 Thus, the harvested energy at
Rm is

Em = ηmPm−1gmαmT + ηmλmPm−1gm(1− αm)T

= ηmPm−1gm[αm + λm(1− αm)]T (3)

2The output power of an energy harvester is a non-linear function with
the input power, and is generally approximated by a logistic function [19].
However, modelling the input-output character of energy harvester as a
logistic function will lead to intractability of the focused research problem.
On the other hand, it can be seen that the output power of the energy harvester
will grow up linearly (the energy harvester lies in linear region) and then
keeps unchanged (the energy harvester lies in saturation region) with the
input power approximately according to themeasurement data shown in [19].
In this case, the most energy-efficient way is to let the energy harvester at
every relay node lie in linear region. In such a situation, linear model can be
adopted and ηm is a constant value larger than zero for m ∈M.

where gm =
|hm|2

dβm
includes both the distance dependent path

loss and multipath fading3 By assuming that each interme-
diate node utilizes all harvested energy Em during its trans-
mission time T , the transmit power of Rm can be given as
Pm =

Em
T , which can be written as

Pm = ηmPm−1gm[αm + λm(1− αm)]

= P0
m∏
i=1

giηi[αi + λi(1− αi)]. (4)

For information transfer, the received signal at R1 is y1,3 in
(1) which has (1−λ1)g1P0 signal power and (1−λ1)Nr1,a+
Nr1,c noise power. Similarly, the received signal at Rm,
m = 2, · · · ,M is y(3)m in (1) which has (1 − λm)gmPm−1
signal power and (1 − λm)Nrm,a + Nrm,c noise power. Thus,
the receive signal-to-noise ratio (SNR) at Rm, ∀m ∈M, can
be given as

γm =
(1− λm)gmPm−1

(1− λm)Nrm,a + Nrm,c

=
P0(1− λm)

∏m
j=1 gj

∏m−1
i=1 ηi[αi + λi(1− αi)]

(1− λm)Nrm,a + Nrm,c
(5)

where λ0 = 1, α0 = 1, and η0 = 1. The received signal
at RM+1 is yM+1 in (2) which has gM+1PM signal power
and NrM+1,a + NrM+1,c noise power. Thus, the receive SNR
at RM+1 can be given as

γM+1 =
gM+1PM

NrM+1,a + NrM+1,c

=
P0
∏M+1

j=1 gj
∏M

i=1 ηi[αi + λi(1− αi)]

NrM+1,a + NrM+1,c
. (6)

Therefore, the receive SNR of each hop can be given in a
general form for m = 1, · · · ,M + 1 as

γm =
am(1− λm)
1+ σm − λm

m−1∏
i=0

[αi + λi(1− αi)] (7)

where am =
(

P0
Nrm,a

)∏m
j=1 gj

∏m−1
i=0 ηi, σm =

Nrm,c
Nrm,a

, λ0 = 1,
α0 = 1, λM+1 = 0 and η0 = 1. The link throughput of every
hop can be given as

τm = (1− αm) ln (1+ γm) , ∀m = 1, · · · ,M + 1 (8)

where αM+1 = 0. Thus, the end-to-end throughput from
source R0 to destination RM+1 of multi-hop DF relaying can
be expressed as

τ =
1

(M + 1)
min {τ1, · · · , τM+1} . (9)

3 Note that perfect channel state information (CSI), i.e., gm for m ∈M∪
{M + 1}, is assumed here. In practise, the CSI may be non-perfect. In this
case, denote em =

(
gm − ĝm

)
where ĝm is the estimated gm and em is the

measurement error of gm for m ∈M ∪ {M + 1}, it is usually assumed that
||em|| ≤ δm, where δm is a fixed number form ∈M∪{M+1}, and the most
conservative system utility is aimed to be maximized [20], [21]. In this paper,
when non-perfect CSI is asummed as the way in [20] and [21], i.e., ĝm and
δm are known for m ∈M ∪ {M + 1}, the most conservative system utility
can be attained by replacing gm with

(
ĝm − δm

)
for m ∈ M ∪ {M + 1}.

In other words, the proposed method in this paper also works for the case
with non-perfect CSI.
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It can be seen that the throughput τ depends on both λm and
αm for m ∈M.

III. OPTIMAL RESOURCE ALLOCATION
In this section, λm and αm for m ∈M are optimized so as to
maximize the end-to-end throughput τ under PS protocol, TS
protocol, and hybrid protocol.

A. PS PROTOCOL
In the framework of PS protocol, αm = 0,∀m ∈ M
and λm,∀m ∈ M are configurable parameters. Thus,
λm ∀m ∈ M should be optimized. In PS protocol, the end-
to-end throughput maximization problem can be given as

max
λ1∈[0,1],··· ,λM∈[0,1]

min {τ1, · · · , τM+1} (10)

where throughput of each hop can be expressed as

τm = ln

(
1+ am

(
1− λm

1+ σm − λm

) m−1∏
i=0

λi

)
.

1) SCHEME 1
When Scheme 1 is implemented, the corresponding optimiza-
tion problem can be written as follows:
Problem 1:

max t

s.t. ln

(
1+

am(1− λm)
1+ σm − λm

m−1∏
i=0

λi

)
≥ t, ∀m ∈M,

ln

(
1+

(
aM+1

1+ σM+1

) M∏
i=0

λi

)
≥ t,

0 ≤ λi ≤ 1, ∀i ∈M. (11)
Problem 1 is a non-convex problem, the global optimal solu-
tion of which is hard to achieve. In the following lemma,
Problem 1 is transformed into an equivalent convex optimiza-
tion problem.
Lemma 1: Problem 1 is equivalent to the following convex

optimization problem
Problem 2:

max T

s.t. T − ln
(

lm
lm + σm

)
−

m−1∑
i=1

ln (1− li) ≤ ln (am) , ∀m ∈M,

T + ln (1+ σM+1)−
M∑
i=1

ln (1− li) ≤ ln (aM+1) ,

0 ≤ li ≤ 1, ∀i ∈M. (12)
Proof: For Problem 1, substitute λm with (1− lm),

then there is lm ∈ [0, 1]. Additionally, take logarithm on
both sides of every nonlinear constraint of Problem 1, set
T = ln

(
et − 1

)
and replace the term ln

(
et − 1

)
with T .

Change the objective function t as the objective function T .

Then Problem 1 is transformed to be Problem 2. Note that
maximizing t is equivalent with maximizing T = ln

(
et − 1

)
.

Thus Problem 2 is equivalent with Problem 1.
In Problem 2, there are two forms of nonlinear functions

in the constraints, i.e., p1(x) = ln (1− x) and p2(x) =
ln
(

x
x+σm

)
. Both p1(x) and p2(x) are concave functions. Thus

the functions in the constraints of Problem 2 define a convex
feasible region. In addition, the objective function of Prob-
lem 2 is linear. Therefore Problem 2 is a convex optimization
problem.

This completes the proof.

As a convex optimization problem, Problem 2 can be easily
solved by existing numerical methods.

2) SCHEME 2
When Scheme 2 is implemented, there is λ1 = · · · =
λM , λ. By utilizing the similar solution method as shown
in Lemma 1, the corresponding end-to-end throughput maxi-
mizing problem can be transformed into the following convex
optimization problem
Problem 3:

max T

s.t. T − ln
(

l
l + σm

)
− (m− 1) ln (1− l) ≤ ln (am) , ∀m ∈M,

T + ln (1+ σM+1)−M ln (1− l) ≤ ln (aM+1) ,

0 ≤ l ≤ 1. (13)

B. TS PROTOCOL
In the framework of TS protocol, λm = 0,∀m ∈ M and
αm,∀m ∈ M are configurable parameters. Thus, αm,∀m ∈
M should be optimized. In TS protocol, the end-to-end
throughput maximization problem can be formulated as

max
α1∈[0,1],··· ,αM∈[0,1]

min {τ1, · · · , τM+1} (14)

where the throughput of each hop can be given as

τm = (1− αm) ln

(
1+

am
1+ σm

m−1∏
i=0

αi

)
.

1) SCHEME 1
When Scheme 1 is implemented, the corresponding optimiza-
tion problem can be written as follows:
Problem 4:

max t

s.t. (1− αm) ln

(
1+

am
∏m−1

i=0 αi

1+ σm

)
≥ t, ∀m ∈M,

ln

(
1+

aM+1
1+ σM+1

M∏
i=0

αi

)
≥ t,

0 ≤ αi ≤ 1, ∀i ∈M. (15)
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Problem 4 is a non-convex optimization problem. For Prob-
lem 4, there is such a lemma.
Lemma 2: Problem 4 is equivalent with the following con-

vex optimization problem
Problem 5:

max T

s.t. T − ln(1− exm )

− ln

ln

1+
am

1+ σm
e

m−1∑
i=1

xi

 ≤ 0, ∀m ∈M,

T − ln

ln

1+ aM+1e

M∑
i=1

xi

 ≤ 0,

xm ≤ 0, ∀m ∈M. (16)
Proof: For Problem 4, define xm = log (αm), substitute

αm with exm , and follow the same transformation method in
the proof of Lemma 1. It can be shown that Problem 4 is
equivalent to Problem 5.

Next we prove Problem 5 is a convex optimization prob-
lem. In Problem 5, there are two forms of nonlinear functions
in the constraints:

• q1(x) = ln(1 − ex): The inner function (1− ex) is
concave with respect to x, and the external function ln (·)
is concave and non-decreasing. Thus, the composite
function ln(1−ex) is also a concave function [22, p. 83].

• q2({xi}) = ln
(
ln(1+ ae

∑
xi )
)
, a > 0: Since the com-

position with affine mapping can preserve the convexity
of a function [22, p. 79], the convexity of the func-
tion ln

(
ln(1+ ae

∑
xi )
)
is equivalent with the function

ln (ln(1+ aex)), whose second-order derivative is

d2 ln (ln(1+ aex))
dx2

= −
aex [aex − ln(1+ aex)]

[(1+ aex) ln(1+ aex)]2
.

(17)

Note that the term aex − ln(1 + aex) ≥ 0 because X −
ln(1+ X ) ≥ 0 for X ≥ 0. Therefore d2 ln(ln(1+aex ))

dx2
≤ 0.

Thus the function ln (ln(1+ aex)) is concave.

The concavity of function q1(x) and q2(x) makes sure that the
feasible region of Problem 5 is convex. Thus Problem 5 is a
convex optimization problem.

This completes the proof.

2) SCHEME 2
When Scheme 2 is implemented, there is α1 = · · · = αM ,
α. By utilizing the similar method used in Section III-B,
the corresponding end-to-end throughput maximizing prob-
lem can be transformed into the following convex optimiza-
tion problem

Problem 6:

max T

s.t. T − ln(1− ex)

− ln
(
ln
(
1+

am
1+ σm

e(m−1)x
))
≤ 0, ∀m ∈M,

T − ln
(
ln
(
1+ aM+1eMx

))
≤ 0,

x ≤ 0. (18)

C. HYBRID PROTOCOL
In the framework of hybrid protocol, both λm and αm
for m ∈ M are configurable parameters and should
be optimized. Although the real end-to-end throughput
is 1

(M+1) min {τ1, · · · , τM+1}, for ease of presentation,
we ignore the factor 1

(M+1) . The end-to-end throughput max-
imization problem can be formulated as

max
λ1∈[0,1],··· ,λM∈[0,1]
α1∈[0,1],··· ,αM∈[0,1]

min {τ1, · · · , τM+1} (19)

where throughput of each hop can be expressed as

τm

= (1− αm) ln

(
1+

am(1− λm)
∏m−1

i=0 [αi + λi(1− αi)]
1+ σm − λm

)

according to (7) and (8).

1) SCHEME 1
When Scheme 1 is implemented, the corresponding optimiza-
tion problem can be written as follows:
Problem 7:

max t

s.t. (1− αm)

ln

1+

am(1− λm)
m−1∏
i=0

[αi + λi(1− αi)]

1+ σm − λm


≥ t, ∀m ∈M,

ln

(
1+

(
aM+1

1+ σM+1

) M∏
i=0

[αi + λi(1− αi)]

)
≥ t,

0 ≤ λi ≤ 1, ∀i ∈M,

0 ≤ αi ≤ 1, ∀i ∈M. (20)
Problem 7 is a non-convex optimization problem, the global
optimal solution of which is hard to achieve. In Lemma 3,
we show that Problem 7 can be transformed to be a convex
optimization problem equivalently.
Lemma 3: Problem 7 is equivalent with the following con-

vex optimization problem
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Problem 8:

max T
s.t. T − ln

(
exm+ym − exm − eym + 1

)
+ ln(σm)+ xm

− ln

ln

1+ ame
xm+

m−1∑
i=1

yi

 ≤ 0, ∀m ∈M,

T − ln

ln

1+ aM+1e

M∑
i=1

yi

 ≤ 0,

e
2

(exm+ym−(1+σm)exm−eym+1) − 1 ≤ 0, ∀m ∈M,

xm ≤ ln
(

1
1+ σm

)
, ∀m ∈M,

ym ≤ 0, ∀m ∈M. (21)
Proof: Define bm =

1−λm
1+σm−λm

and cm = αm +

λm(1 − αm), then there is λm =
1−(1+σm)bm

1−bm
and αm =

cm−cmbm−1+(1+σm)bm
σmbm

. It can be concluded that the constraints
0 ≤ αm ≤ 1 and 0 ≤ λm ≤ 1 in Problem 7 are equivalent
with the following constraints

0 ≤ bm ≤
1

1+ σm
, (22a)

0 ≤ cm ≤ 1, (22b)
cm − cmbm + (1+ σm)bm − 1

σmbm
≥ 0. (22c)

Define xm = ln(bm) and ym = ln(cm), thus bm = exm and
cm = eym . Then the constraints in (22) can be written as

xi ≤ ln
(

1
1+ σm

)
, ∀m ∈M, (23a)

yi ≤ 0, ∀m ∈M, (23b)

e
2

(exm+ym−(1+σm)exm−eym+1) − 1 ≤ 0, ∀m ∈M, (23c)

equivalently. Thus the constraints 0 ≤ αm ≤ 1 and 0 ≤ λm ≤
1 in Problem 7 are equivalent with the constraints in (23).

Note that αm and λm can be expressed by bm and cm, thus
can be expressed by xm and ym. For Problem 7, substituting
αm and λm with their expressions with xm and ym, following
the same transformationmethod in the proof of Lemma 1, and
replacing the constraints 0 ≤ αm ≤ 1 and 0 ≤ λm ≤ 1 with
the constraints in (23), an equivalent optimization problem as
shown in Problem 8 can be obtained.

Next we prove Problem 8 is a convex optimization prob-
lem. Among the constraints of Problem 8, there are three
forms of functions.
• r1(x, {yi}) = ln

(
ln
(
1+ aex+

∑
yi
))

: By using the simi-
lar approach used in Section III-B, we can show that this
function is concave.

• r2(x, y) = ln
(
ex+y − ex − ey + 1

)
: Let us check the

Hessian matrix ∇2[r2(x, y)] whose elements can be
given as

∂2r2(x, y)
∂x2

= −
ex(1− ey)2

(ex+y − ex − ey + 1)2
≤ 0

∂2r2(x, y)
∂y2

= −
ey(1− ex)2

(ex+y − ex − ey + 1)2
≤ 0

∂2r2(x, y)
∂y∂x

=
∂2r2(x, y)
∂x∂y

=
ex+y(ex+y − ex − ey + 1)
(ex+y − ex − ey + 1)2

−
(ex+y − ex)(ex+y − ey)
(ex+y − ex − ey + 1)2

= 0.

Therefore, ∇2 f (x, y) � 0, and the function r2(x, y) is
concave.

• r3(x, y) = e
2

(ex+y−(1+σ )ex−ey+1) : Define r4(x, y) =(
ex+y − (1+ σ )ex − ey + 1

)
, we first show r4(x, y) is a

concave function under the condition that x ≤ ln
(

1
1+σ

)
,

y ≤ 0, and σ ≥ 1. Let us check the Hessian matrix
∇

2[−r4(x, y)] whose elements can be given as

∂2 [−r4(x, y)]
∂x2

= ex(1+ σ − ey)

σ≥1,y≤0
−−−−−−−−−−−−→

∂2 [−r4(x, y)]
∂x2

> 0

∂2[−r4(x, y)]
∂y2

= ey(1− ex)

x≤ln
(

1
1+σ

)
−−−−−−−−−−−−→

∂2 [−r4(x, y)]
∂x2

> 0.

Additionally, the determinant of ∇2[−r4(x, y)] is

det
[
∇

2[−r4(x, y)]
]

= ex+y
[
1+ σ − (1+ σ )ex − ey

]
x≤ln

(
1

1+σ

)
,y≤0,σ≥1

−−−−−−−−−−−−→ det
[
∇

2[−r4(x, y)]
]
≥ 0. (24)

Since all principle minors of matrix ∇2[−r4(x, y)]
are nonnegative, the matrix ∇2[−r4(x, y)] is positive
semidefinite. Thus, the function r4(x, y) is concave.
Next we show the function r3(x, y) is a convex function.
For x ∈ (−∞, ln

(
1

1+σ

)
] and y ∈ (−∞, 0], there is

r4(x, y) ≥ −σex ≥ − σ
1+σ > −1. Note that the function

f (z) = e
2
z is a convex function for z > −1 since

d2f (z)
dz2
= 4e

2
z z−4(1 + z) ≥ 0 when z ≥ −1. Then the

function r3(x, y), as a composition of f (z) = e
2
z and the

function r4(x, y), is a convex function by utilizing the
composition theorem in [22, p. 84].

Thus all the nonlinear constraints of Problem 8 define a
convex feasible region and Problem 8 is a convex optimiza-
tion problem.

This completes the proof.

2) SCHEME 2
When Scheme 2 is implemented, there is λ1 = · · · = λM , λ

and α1 = · · · = αM , α. By utilizing the similar transforma-
tion method used in Section III-C.1, the corresponding end-
to-end throughput maximizing problem can be transformed
into the following convex optimization problem equivalently
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Problem 9:

max T

s.t. T − ln
(
ex+y − ex − ey + 1

)
+ ln(σm)+ x

− ln
(
ln
(
1+ amex+(m−1)y

))
≤ 0, ∀m ∈M,

T − ln
(
ln
[
1+ aM+1eMy

])
≤ 0,

e
2

ex+y−(1+σm)ex−ey+1 − 1 ≤ 0, ∀m ∈M,

x ≤ ln
(

1
1+ σ

)
,

y ≤ 0. (25)

IV. FURTHER DISCUSSION
A. COMPUTATIONAL COMPLEXITY
According to [22], the computational complexity to solve a
general convex optimization problem is O(Z3.5) where Z =
max(X ,Y ), X is the number of constraints, and Y is the
number of variables. By following this formula, the computa-
tional complexity for solving the formulated problems under
PS protocol, TS protocol, and hybrid protocol for Scheme 1
(corresponding to Problem 2, Problem 5, and Problem 8)
are O((3M + 1)3.5), O((2M + 1)3.5), and O((4M + 1)3.5),
respectively, and the computational complexity for solving
the formulated problems under PS protocol, TS protocol, and
hybrid protocol for Scheme 2 (corresponding to Problem 3,
Problem 6, and Problem 9) are O((M +3)3.5), O((M +2)3.5),
and O((2M + 3)3.5), respectively.

B. DISCUSSION ABOUT THE BATTERY
According to the working procedure introduced in II-B, every
intermediate relay node is active in two consecutive trans-
mission blocks, each of which is with time duration T . In
the first transmission block, the relay node, say node Rm,
harvests energy and decodes information from the transmitted
RF signals of node Rm−1. In the second transmission block,
node Rm transmits RF signals to node Rm+1 and node Rm+1
repeats the act of node Rm in its first transmission block. In
this process, a small battery is required to buffer the harvested
energy for the transmission in the forthcoming transmission
block. A discussion about the battery is as follows.

1) DISCHARGING
The battery (say on node Rm) is discharged for the following
two purposes.
• Support the RF signal transmission in the second trans-
mission block of node Rm. The power consumption for
transmitting RF signal is usually at the scale of milliwatt.

• Support the circuit power consumption of node Rm,
which can be at the scale of microwatt [23].

2) CHARGING
The battery (say on node Rm) can be charged in the following
two ways:
• Harvest energy from the transmitted RF signal of node
Rm−1 in the second transmission block of node Rm−1.

• Harvest energy from the transmitted RF signal of node
Rm′ for m′ ∈ M \ {m − 1,m}, especially from the
transmitted RF signal of the node Rm+1 since node Rm+1
is the one in the closest vicinity of nodeRm, in the second
transmission block of node Rm′ form′ ∈M\{m−1,m}.

3) BALANCING CHARGING AND DISCHARGING
In our proposed framework, for node Rm, the energy har-
vested from the transmitted RF signal of node Rm−1 is
designed to offset the energy for RF signal transmission
in the second transmission block of node Rm exactly, and
the circuit power consumption can be compensated by the
harvested energy from the transmitted RF signal of node Rm′
for m′ ∈M \ {m− 1,m}. 4

When the harvested energy (or energy level in the battery)
of a relay node (say relay node Rm) is above (or reaches) the
battery capacity, the charging has to be stopped but the data
transmission can go as planed since there is enough energy
in the battery. When the harvested energy (or energy level in
the battery) of a relay node (say relay node Rm) is not enough
to support the data transmission at desired rate, possibly due
to the change of channel state or little energy is harvested
to compensate the circuit power consumption in recent time,
the charging can go ahead but the data transmission has to
be interrupted until the CSI is updated or battery is charged
for a little while. Note that thanks to harvested energy from
the transmitted RF signal of node Rm′ for m′ ∈ M \ {m −
1,m}, the probability of data transmission interruption can
be decreased.

C. SPATIAL CHANNEL REUSE
In this subsection, we consider the case that spatial channel
reuse is utilized. In this case, node Rm for m ∈ {0} ∪M
will transmit signal periodically with period being K (K <

M + 1), i.e., node Rm will transmit signal at transmission
block m, m + K , m + 2K , ... for m ∈ {0} ∪M [24]. With
such an implementation, there maybe more than one node
transmitting signal simultaneously and interference among
nodes will happen. For information decoding at node Rm,
m ∈ M ∪ {M + 1}, the interference may come from node
Rm† where m† < (m− 1) and/or node Rm‡ where m‡ >

m, and is actually the linear combination of the transmit-
ted signal of all the node Rm’s interference source nodes.
Assuming the knowledge of CSI among any two nodes Rm†

4 We do not take the circuit power consumption and harvested energy
from the transmitted RF signal of node Rm′ for m

′
∈M \ {m − 1,m} into

quantitative analysis due to the following reasons: 1) Introducing the circuit
power consumption into system model will lead to the intractability of the
formulated problem. 2) Considering the transmitted RF signal of node Rm′
for m′ ∈ M \ {m − 1,m} will involve the interaction between battery and
multiple relay nodes over multiple fading blocks, which is a complicated
process and is hardly solvable and of great computational complexity even it
is solvable. 3) The circuit power consumption is generally small and can be
compensated by the ambient RF signal send by cellular base station or TV
tower, whose power is usually at the scale of microwatt [23], not to mention
the RF signal transmitted from nearby relay nodes, which can offer up to
milliwatt of power to the relay node Rm and always exists around the relay
node Rm.
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and Rm‡ , ∀m†,m‡
∈ {0} ∪M ∪ {M + 1}. By utilizing the

‘‘backward interference cancellation’’ method in [25], all the
interference to node Rm for m ∈ M ∪ {M + 1} can be
cancelled. Thus the end-to-end throughput in this case can be
written as

τs =
1
K

min {τ1, · · · , τM+1} =
M + 1
K

τ. (26)

From (26), it can be seen that the end-to-end throughput
with spatial channel reuse τs outperforms the end-to-end
throughput without spatial channel reuse, i.e., τ , (M+1)K times.
On the other hand, it should be noticed that the ‘‘backward
interference cancellation’’ method in [25] involves a lot of
computation and catching growing with 1

K . Thus in practical
application, K is not suggested to be too small.

V. NUMERICAL RESULTS AND DISCUSSION
This section provides simulation results based on the
system model in Section II. A fixed noise variance is
assumed. We consider either the Ricean fading channels
(i.e., hm−1,m ∼ CN (K/(K + 1), 1/(K + 1)) where K is the
Rice factor) or the Rayleigh fading channels i.e., hm−1,m ∼
CN (0, 1). The path loss exponent β is selected to be
4 or 6, which is suggested in [26]. When we consider
the multi-hop relaying, we place M identical DF relays
between the source and destination pair with equal distances,
i.e., dm−1,m = d/(M + 1) units, where d is the distance
between the source and the destination. We calculate the
throughput in nats per channel use (npcu) as we use natural
log in the analysis. The average throughput is calculated for
1000 independent channel realizations.

A. VERIFICATION OF MULTI-HOP RELAYING
For an example, we consider the following network setup.
The distance between the source R0 and destination RM+1
is 40m. Identical seven DF relays are placed in equal dis-
tances, i.e., in 5m. The noise variance is -50 dBm and the
energy conversion efficiency is η = 0.7. We consider the
traditional direct communication (M = 0) and a multi-hop
network for M = 7 with energy harvesting PS relays. We
assume Rayleigh fading (i,e, h0,M+1 ∼ CN (0, 1)) with path
loss exponent β = 6 for the direct communication. Since
properly placed relays are benefited from LoS components,
we assume Ricean fading with the Rice factorK = 7 and path
loss exponent β = 4 for the relaying channels. The source
transmit power varies from 0 dBm to 20 dBm.

In Fig. 3, we plot the average throughput versus transmit
power, and compare the performance with direct transmission
(no relay) and a multi-hop relay network with M = 7.
As shown in Fig. 3, the multi-hop relaying outperforms the
direct communication for the simulated P0 range. Further,
multi-hop relaying achieves throughput gain around 15 and
5 over the direct transmission at 0 dBm and 10 dBm, respec-
tively, which are significant improvements, especially for
low-power applications. Thus, multi-hop relaying is suitable
for EH.

FIGURE 3. The variation of average throughput versus transmit power for
the PS EH protocols with Scheme 1 when η = 0.7.

B. COMPARISON OF TWO SCHEMES
In this section, we compare the performance of two schemes
for each SWIPT protocol in Fig. 4. Fig. 4a and Fig. 4b are
with PS protocol, Fig. 4e and Fig. 4d are with TS protocol,
and Fig. 4e and Fig. 4f are with hybrid protocol. Each fig-
ure implements both Scheme 1 and Scheme 2. The distance
between the source R0 and the destination RM+1 is 10 units as
compared to a reference distance, the noise variance is 10−8,
the path loss exponent β = 4, and the energy conversion
efficiency is η = 0.7.
Fig. 4a, Fig. 4c and Fig. 4e show the average throughput

versus transmit power which varies from 0 dBm to 40 dBm
(i.e., 1mW to 10W) for three multi-hop relay networks with
M = 2, 4, 6. Fig. 4b, Fig. 4d and Fig. 4f show the average
throughput versus number of relays which varies from 3 to
7 for three transmit power levels P0 = −10, 10, 30 dBm.
We have following observations based on Fig. 4:

• As shown in Fig. 4a, the network with M = 6 out-
performs the network with M = 2 for both schemes
when P0 < 22.5 dBm. Moreover, when P0 increases,
throughput with less number of relays, i.e., M = 2,
starts to increase. As each hop can gain a sufficient
SNR level with high transmit power, the throughput may
mainly depend on the number of time slots (M + 1)
spent for the whole communication. On the other hand,
when P0 decreases, the network with more relays (e.g.,
M = 6) may have better throughput. Then the SNR of
each hop may be the key as received signal power can
be faded rapidly due to distance dependent path loss.
Therefore, we can reduce the distance between nodes by
introducing more intermediate nodes. However, the net-
work with M = 2 outperforms the network with M =
4, which means that we cannot always expect better
performance with more relays at low transmit power
because throughput depends on path loss, fading channel
and communication time. Unlike the case with M = 6,
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FIGURE 4. Comparison of Scheme 1 and Scheme 2 under PS, TS and hybrid protocols. (a) PS: throughput vs
transmit power. (b) PS: throughput vs number of relays. (c) TS: throughput vs transmit power. (d) TS:
throughput vs number of relays. (e) Hybrid: throughput vs transmit power. (f) Hybrid: throughput vs number of
relays.

we do not achieve sufficient SNR level in each hop to
outperform the throughput with M = 2.

• The Scheme 1 outperforms the Scheme 2 in all cases.
As shown in Fig. 4b, when M increases, the throughput

difference between two schemes (denoted as 1τ ) also
increases, e.g., 1τ ≈ 0.001, 0.028 npcu for M = 4, 6,
respectively, atP0 = 10 dBm. For the PS protocol, while
we can tune six optimization parameters (each at every
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TABLE 1. Throughput gains calculated based on Fig. 4b, Fig. 4d, and Fig. 4f according to (27).

FIGURE 5. Comparison of three EH protocols PS, TS and hybrid protocols for Scheme 1 and Scheme 2. (a) Scheme 1.
(b) Scheme 2.

relay node) to maximize the minimum throughput in
Scheme 1 with M = 6, we always have only one opti-
mization parameter in Scheme 2 for any M which has a
less degree of freedom to adjust the overall throughput.

• Now we consider how multi-hop relaying is effective
in different power levels. We calculate throughput (TP)
gain between two networksM = 3 andM = 7 for three
transmit power levels P0 = −10, 10, 30 dBm as

TP gain: ηP0 dBm =
(TPM = 7)− (TP M = 3)

(TP M = 3)
(27)

which is tabulated in Table 1. It is very clear that
we achieve a significant gain with more relays at a
very low transmit power, e.g., the gain is 118.67 at
−10 dBm while it is 1 at 30 dBm for the PS protocol
with Scheme 1. In some cases, we get negative gains,
e.g., 30 dBm for the TS protocol with Scheme 2, which
means that we better have network with M = 3 rather
than M = 7.

Although, we discuss the observation based on the PS proto-
col, similar observations can be seen in other two protocols.
Note that the trends of end-to-end throughput in Fig. 4b,
Fig. 4d, and Fig. 4f do not indicate the increasing monotonic-
ity of end-to-end throughput withM . WhenM goes to infin-
ity, the end-to-end throughput will go to zero since the term

1
M+1 will go to zero while the term min(τ1, τ2, . . . , τM+1)
will be finite giving finite transmit power in (9).

C. COMPARISON OF THREE SWIPT PROTOCOLS
In this section, , we compare three EH protocols for
each scheme in Fig. 5. The path loss exponent β = 4.
Three SWIPT protocols are compared with two multi-
hop networks with M = 2, 6 in Fig. 5a and Fig. 5b
for Scheme 1 and Scheme 2, respectively. We calculate
throughput gain achieved by the hybrid protocol based on
Fig. 5 as

TP gain: ηP0 dBm =
TP hybrid− TP PS/TS

TP PS/TS
× 100% (28)

which is tabulated in Table 2. While the hybrid protocol
outperforms the TS protocol for any transmit power, the per-
formance gain is very significant with more relays at low
power region, e.g., the gain with M = 6 at 0 dBm are 77%
and 120% for Scheme 1 and 2, respectively. However, while
the hybrid protocol outperforms the PS protocol specially
at low transmit power region, both protocols have similar
performance at moderate or large transmit power region.
Since this paper develops convex optimization problems to
calculate optimal values numerically, it is difficult to discuss
this behavior analytically. However, [8] shows analytically
that the hybrid protocol may reduce to the PS protocol at
moderate or high power region for a traditional dual-hop relay
network. Thus, we may expect the similar behavior for a
multi-hop relay network with more than one relay.
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TABLE 2. Throughput gain achieved by the hybrid protocol calculated based on Fig. 5 according to (28).

D. ADDITIONAL DISCUSSIONS
As we have noticed in previous numerical examples,
the hybrid protocol with Scheme 1 outperforms both PS and
TS protocols for any scheme at any transmit power. However,
for a network with M relays, while the hybrid protocol may
optimize 2M parameters jointly, PS or TS protocol may
optimize only M parameters. Further, the hybrid protocol
has different PS and TS ratios at each relay. Since the TS
ratio may have effect on the transmission time, each relay
may need different transmission rates as time-slot lengths
are not necessarily equal. Thus this may also increase the
implementation complexity. As the hybrid protocol’s perfor-
mance improvement is not significant compared to the PS
protocols, specially at practical transmit power region, e.g.,
P0 ≥27 dBm (500mW), the PS protocol shows good trade-
off between performance and implementation complexity.
In the next numerical example, we thus focus on the PS pro-
tocol based on Scheme 1 with some practical parameters and
a path loss model which can be applied indoor or small-scale
commercial networks. For example, the ITU indoor propaga-
tionmodel estimates the path loss inside a room or closed area
delimited by floors/walls or other obstacles, which is given as

L = 20 log(f )+ N log(d)+ Lf (n)− 28 (dB) (29)

where f , d, N , n and Lf (n) are frequency of transmission
(MHz), distance (m), the distance power loss coefficient,
number of floors (or walls) between the transmitter and
receiver, and the floor loss penetration factor for n floors,
respectively. We use typical parameters chosen based on var-
ious measurement results and additional general guidelines
in [26, Tables 2 and 3]. We use f = 900MHz with 25MHz
bandwidth, N = 20, Lf (1) = 9 dB, and Lf (2) = 19 dB.
We consider the source and destination pair in an indoor
office or commercial area which are in 10m apart. We place
M = 2, 3 or 4 intermediate relays, i.e., d = 10/3, 2.5 or 2m,
respectively, while having n = 0, 1, or 2 walls between two
nodes. These represent different indoor scenario including
large, medium and small room sizes. The noise power is -
100 dBm. We assume Rayleigh fading channels when there
are wall(s) between nodes, i.e., n = 1 or 2. Otherwise,
we assume Rician fading channels, i.e., no wall between
nodes, n = 0. The notation (M , n) in Fig. 6 and Fig. 7 means
that there are M relays in the networks and n walls between
two neighbouring nodes. In Fig. 6 and Fig. 7, the cases with
(2, 2), (3, 1), (3, 0), and (4, 0) are investigated. Among these
configurations, there is at most one wall within a distance
of 5/3m, which simulates the scenario of office cubicles,
and there may be no wall within a distance of 10m, which

FIGURE 6. The variation of average throughput versus transmit power for
the PS EH protocols with Scheme 1 when η = 0.7.

FIGURE 7. The variation of average throughput versus rectification
efficiency η for the PS EH protocols with Scheme 1 when P0 = 30 dBm
(1 W).

simulates the scenario of hall. We do not consider the direct
communication.5

Fig. 6 shows the average throughput versus total transmit
power which varies from 27 dBm (500mW) to 40 dBm when
η = 0.7. This figure shows the importance of positioning

5The reason is as follows. In some of the investigated scenarios, e.g. with
(2, 2), which means that there are 6 walls between the source node and
destination node, there is no instruction on how to set the parameters for
the model in (29).
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intermediate relays. If we locate three relays with no walls
instead of n = 1, then we may have a LoS component
(K = 1) together with no penetration factor. The throughput
improvement is approximately 4341 times which is a huge
impact. Thus, the loss penetration factor Lf (n) has a signif-
icant impact on the performance. Further, if we locate four
relays instead of three relays with no walls, then we may
have a stronger LoS component (K = 4). However, (3, 0)
with K = 1 and (2, 2) with Rayleigh fading still outper-
form (4, 0) with K = 4, because higher number of relays
needs longer communication time, and causes the propa-
gation of the rectification inefficiency (which is discussed
in Fig. 7).

Fig. 7 shows the average throughput versus the rectification
efficiency η which varies from 0.1 to 1 when transmit power
is 30 dBm (1W). Similar to the previous case, networks (3, 0)
with K = 1 and (2, 2) with Rayleigh fading outperform other
cases. For example, the throughput of network (3, 0) with
K = 1 is approximately 2000 times higher than that of the
network (4, 0) with K = 4 at η = 0.5, however this value is
approximately 1000 at η = 1. It is interesting to notice that
the network (4, 0) with K = 4 underperforms network (3, 1)
with Rayleigh fading when η ≤ 0.3 because the effective
rectification efficiency drops with order M , i.e., ηM . When
η varies from 0.5 to 1, the throughput increases by approxi-
mately 4 times and 17 times whenM = 2 andM = 4, respec-
tively. Thus, we may design a network with higher number of
relays when the rectification circuitry has a higher conversion
efficiency.

VI. CONCLUSION
In this paper, we consider multi-hop wireless networks with
wireless EH DF relays. We provide unified system and ana-
lytical models which are valid for PS, TS or hybrid protocol.
End-to-end throughput is targeted to be maximized by opti-
mization of the PS ratio and TS ratio under two schemes.
Although the formulated optimization problems are non-
convex, we transform the optimization problems into convex
ones. Numerical results show that the hybrid protocol always
outperforms both PS and TS protocols, while PS protocol
can approach the hybrid protocol closely in moderate or high
transmit power region, which indicates that PS protocol is a
good candidate to achieve the trade-off between performance
and implementation complexity. Our results will pave the
way for applying the EH technique in a multi-hop relay
network.
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