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ARTICLE INFO ABSTRACT

Keywords: This paper presents the combination of energy harvesting (EH) at the wireless sensor and cooperative
Low-power wide-area network communications for low-power wide-area (LPWA) systems. Firstly, the Internet of Things sensor harvests the
Long range energy from the power beacon with multiple transmit antennas via radio frequency signals and then uses the
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harvested energy to transmit signals to multiple gateways with multiple receive antennas. Then, the cooperative
communications is applied at the server based on the gateway outputs. By mathematical analysis, we derive
the exact closed-form expressions of outage probabilities (OPs), throughput, and symbol error probabilities
(SEPs) of the EH-LPWA system over Nakagami-m fading channel in the cases without and with cooperative
communications. Our expressions can be considered as the first results applying EH for LPWA systems with
mathematical analysis. Then, we obtain the optimal value of the time switching ratio that minimizes the OPs
and SEPs and maximizes the throughput of the considered EH-LPWA system. Numerical results have clarified
that, the distances, path loss exponent, and data transmission rate have a strong impact on the OPs, throughput,
and SEPs. Particularly, using a half of transmission blocks for EH can maximize the system performance.
Moreover, when the number of transmit antennas at power beacon is equal to the number of receive antennas
at gateways, the system performance can be improved significantly. Finally, the accuracy of the obtained
expressions is demonstrated via Monte-Carlo simulations.

1. Introduction In particular, the wireless devices can harvest the energy from base
stations [8-10] or power beacons [11]. The mathematical analysis was
used to derive the expressions in terms of outage probability (OP),
throughput, and symbol error probability (SEP) of the EH communi-

cation systems [8,11]. It was shown that for a certain EH system, there

Recently, energy harvesting (EH) from radio frequency (RF) signals
has been widely used to satisfy the energy requirements of wireless
communication systems. Hence, it becomes a promising forthcoming
technique to be deployed in the fifth generation (5G) and beyond
networks [1,2]. Specifically, EH can supply enough power for sensor
in Internet of things (IoT) systems, heterogeneous networks (HetNets),
mobile devices, and extremely remote area communications. In addi-
tion, wireless devices can transmit the RF signals over the air for a long

is an optimal value of the time switching ratio which can minimize the
system OP/SEP. Also, using multiple antennas for the power beacon
can greatly improve the performance of EH systems because of a
significant increase about the amount of harvested energy. In addition,

range, thus, EH from RF signals can be applied for many devices that
are located in the restricted areas, where the traditional energy grid is
extremely difficult to be deployed. For example, RF EH power supply
is very promising for IoT based smart environment monitoring systems
with energy efficient Beat sensors and LoRaWAN communications [3].
Consequently, the researches and experiments about EH are developed
quickly so that we could apply this technique for the current and future
wireless systems soon [4-6].

In the literature, the linear and non-linear energy harvesters have
been proposed to apply the EH technique for wireless devices [1,7].

* Corresponding author.

the non-linear characteristics of energy harvesters cause the power
ceiling for the harvested energy leading to a error floor of OP/SEP in
EH system [12]. Furthermore, EH technique is combined with various
new techniques such as full-duplex (FD), cognitive radio (CR), spatial
modulation (SM), and non-orthogonal multiple access (NOMA) for
enhancements in both energy and spectral efficiencies [8,11-14]. In
addition to the mathematical analysis, the experimental measurements
were also used to investigate the amount of harvested energy and the
performance of EH communication systems in practice [7,15,16].

E-mail addresses: namtx@lqdtu.edu.vn (X.N. Tran), phuchv@Ilqdtu.edu.vn (V.-P. Hoang), nguyenbacao@tcu.edu.vn (B.C. Nguyen).

https://doi.org/10.1016/j.aeue.2021.153909

Received 17 April 2021; Accepted 23 July 2021
Available online 27 July 2021

1434-8411/© 2021 Elsevier GmbH. All rights reserved.


http://www.elsevier.com/locate/aeue
http://www.elsevier.com/locate/aeue
mailto:namtx@lqdtu.edu.vn
mailto:phuchv@lqdtu.edu.vn
mailto:nguyenbacao@tcu.edu.vn
https://doi.org/10.1016/j.aeue.2021.153909
https://doi.org/10.1016/j.aeue.2021.153909
http://crossmark.crossref.org/dialog/?doi=10.1016/j.aeue.2021.153909&domain=pdf

X.N. Tran et al.

AEUE - International Journal of Electronics and Communications 139 (2021) 153909

Energy harvesting oT

Signal transmission (1-0)T
}/”;”7,

Fig. 1. Illustration of the considered EH-LPWA system.

On the other hand, the current wireless communication systems
such as Long-term Evolution (LTE) and WiFi are usually designed
for short-range networks so that these systems can achieve reliable
communications and high speed data transmissions [17]. However, the
disadvantages of these systems are the high energy consumption and
the high deployment cost. Meanwhile, other systems such as ZigBee
and Bluetooth can consume the low power but these systems also
operate for a short-range with the low speed [18,19]. Consequently,
these systems are not suitable for LoRaWAN communications because
of the low power consumption requirement of LoRaWAN systems. In
this context, low-power wide-area (LPWA) network technologies have
been emerged as the promising connectivity solutions for IoT devices
in recent years due to their advantages [17,20]. Particularly, LPWA
technologies can reduce the power consumption with the low delay
sensitivity and wide coverage. Therefore, LPWA systems can solve
various issues in the current wireless communication networks such as
battery life, deployment cost, and coverage [17,18,21,22]. The recent
reports observed that, LPWA systems are highly promising for IoT
requirements. Specifically, the LoRaWAN is a physical layer technology
developed by Semtech, where an adaptive data rate chirp modulation
technology is used to allow the flexible long-range communications
with the low design cost and low power consumption [18,21,23].
Consequently, the LPWA system range depends on the transmission
power, coding scheme, and data rate [23]. To provide the robustness
performance of the LPWA systems, a type of the chirp spread spectrum
with the integrated forward error correction is often used. Also, a
special chirp spread spectrum technique can be used in a bidirectional
communications [18].

Beside the applications of LPWA systems for IoT devices, the per-
formance of LPWA systems has been also investigated in the literature.
In [22], a disruptive approach was proposed to increase the number of
users used in LoRaWAN systems. By applying time-power multiplexing,
the network capacity was significantly improved because the gateways
can transmit more-than-one packets at the same time. Similarly [22],
the works in [21] considered LoRaWAN networks with an increase of
IoT devices. The uplink OP was investigated over Poisson distributed
channels when the interferences between IoT devices were taken into
account. It was shown that the OP was greatly impacted by the interfer-
ences, distances, and the number of IoT devices. In [24], a theoretical
analysis is conducted to investigate the feasibility of the transmission
of a LoRa wide-area system via various conditions such as the effects
of spreading factor (SF) and heights of transmit antennas. Their test
results indicated that the system can transmit and receive at a long
distance of 8.33 km. Together with the measured experiments, the

mathematical analysis of LPWA systems was firstly performed in [25].
Specifically, [25] derived the OP and bit error rate (BER) expressions
of LPWA systems and validated them via computer simulations.

As the above discussions, both EH and LPWA network technologies
have many advantages and can be applied for various applications in
IoT systems. Also, the benefits of EH technique have been discussed
and experimented to clarify the potentials of this technique when being
deployed in the LPWA systems [20,26]. However, the combination
of the EH technique and LPWA technology have not been applied
in the literature in terms of the mathematical analysis. Meanwhile,
this combination is very important due to the fact that EH from RF
signals has great potentials to supply the stable energy to low power
energy-constrained systems such as wireless sensor networks, IoTs,
and extremely remote area communications used in 5G and beyond
networks [1,2]. In particular, the amount of harvested energy can fully
satisfy the power requirements of IoT devices in LPWA systems. There-
fore, exploiting EH technique for LPWA systems is inevitable in the
future. This observation motivates us to consider an EH-LPWA system
where the IoT sensors can harvest the energy from power beacon and
then use the harvested energy for transmitting signals. By using the
mathematical analysis, we obtain the exact closed-from expressions of
OPs, throughputs, and SEPs of the considered EH-LPWA system. So far,
this is the first work that mathematically analyzes the performance of
LPWA systems with EH technique. The main contributions of the paper
are summarized as follows:

» We investigate an EH-LPWA system where EH technique is ex-
ploited. Specifically, the IoT sensor is located in a restricted area,
where the traditional power grid is extremely difficult to be
deployed. Thus, it has to harvest the energy from the power bea-
con before transmitting signals to gateways. In addition, power
beacon and gateways are equipped with multiple antennas.
We obtain the exact closed-form expressions of OPs, throughputs,
and SEPs of the considered EH-LPWA system over Nakagami-
m fading channels for both cases without and with cooperative
communications. Then, we derive the optimal value of the time
switching ratio that minimizes the OPs and SEPs and maximizes
the throughput of the considered EH-LPWA system. Due to the
generic properties of the Nakagami-m fading channels, we can
easily derive the OPs, throughputs, and SEPs of the considered
EH-LPWA system over other channels such as Gaussian, Rayleigh,
and Rician channels by changing the value of m. We validate all
derived expressions through Monte-Carlo simulations.
» We evaluate the performance of the considered EH-LPWA system
for various scenarios. Particularly, the numerical analysis results
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clarify that the data transmission rates, the distances, the time
switching ratio for EH, the number of transmit/receive antennas,
and the Nakagami parameters greatly impact on the OPs, through-
puts, and SEPs of the system. By using a half of transmission
block for EH, the system performance can be optimized. When
the total of transmit and receive antennas are constant, we can
use the number of transmit antennas at PB equal to the number
of receive antennas at gateways to achieve the lowest OP/SEP of
the considered EH-LPWA system.

The rest of this paper is organized as follows. Section 2 presents the
system and signal models of the considered EH-LPWA system without
and with cooperative communication. Section 3 analyzes the system
performance by mathematically deriving the OP and SEP expressions
for both cases without and with cooperative communication. Section 4
provides the detail calculatiions to obtain the optimal value of the time
switching ratio. Section 5 provides numerical results and discussions.
Finally, Section 6 concludes this paper.

2. System model

The considered EH-LPWA system is illustrated in Fig. 1. The sys-
tem consists of a power beacon (B), an IoT sensor (S), K gateways
(G{.Gy, ..., Gg), and a server center (C). Specifically, S has only one
antenna while B and G, (k = 1,2,..., K), respectively, have M and N
antennas. Since B and G, are equipped with multiple antennas, there
are parallel transmissions in the considered EH-LPWA system, i.e., the
EH channels (from B to S) and the information channels (from S to
G,). It is also noted that multi-antenna configurations are often used
in cellular technologies, however, these configurations can be used
in the LPWA systems to satisfy the requirements of connectivity to
massive number of devices distributed in the large geographical areas
at an unprecedented low-cost [17,18,20]. In addition, S is located in
a restricted area, it is difficult to supply power to it. Therefore, S has
to harvest the energy from B via radio frequency (RF) signals for data
transmission.! Noticing that in the case of we cannot deploy the power
beacon for transmitting the energy via RF signals, S can harvest the
energy from gateways. This is similar to that the relay harvests the
energy from source or base station in cellular network [5,6]. However,
the transmission power of gateways is often lower than that of the
power beacon. Meanwhile, the considered EH-LPWA system is applied
for long range transmission. Thus, the harvested energy from gateways
may not be enough for transmitting signals from S to gateways success-
fully. Therefore, the power beacon is chosen in our work to enhance
the harvested energy at S. Since EH from RF signals can provide
stable energy to IoT devices used in 5G and B5G networks [1,7], the
considered EH-LPWA system can be deployed in various applications
including the traffic management, health care systems, environmental
monitoring, and smart buildings [27-30].

As presented in the literature, there are two common EH schemes,
e.g., time switching (TS) and power splitting (PS), often used for EH
wireless systems. Particularly, in the low data transmission rates, the TS
scheme can achieve higher OP and throughput performance than those
of PS scheme [31]. However, PS scheme is better than TS scheme for

! Since EH from RF signals is often used for a short range, the distance
between B and S may be short, not long as the LPWA system requirements.
Therefore, we can use a suitable frequency for B-S channel to satisfy the
requirements about the transmission ranges of the considered EH-LPWA sys-
tems. In the case that high frequencies (i.e., frequencies used in 5G or 6G
systems) have to be used in the considered systems, including the B-S channel,
we can locate B in a convenient location where B-S channel is available to
provide the supply power to S via RF signals. On the other hand, in the
case that the environment has high path loss exponent, it is necessary to
apply various methods such as orthogonal frequency division multiplexing and
channel coding for improving the system performance.
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Fig. 2. TS protocol for the considered EH-LPWA system.

high data transmission rates. Due to the fact that the LPWA systems
often operate in low data transmission rates [18], the performance
in terms of OP, throughput, and SEP of the considered EH-LPWA
system can be better than that with TS scheme. As a result, we use TS
scheme for considering the system performance. There are two stages
corresponding to TS scheme for the system operation, as shown in
Fig. 2. Firstly, S harvests the energy from B using the interval aT,
where « is the time switching ratio satisfying 0 < a« < 1 and T is
the transmission block. Secondly, S transmits signals to all gateways
using the remain interval (1 — «)T. Since the energy harvester at S is
configured for harvesting the energy via RF signals transmitted from
B, other signals such as noise term is filtered by the RF circuits of the
energy harvester [32]. In other words, the energy harvester at S only
receives the RF signal from B for harvesting the energy.

In the interval of EH, the harvested energy at S (denoted by Ej) is
given as

naT Pydy! || hgg]|?

Eg = T, (€D)

where 7 is the energy conversion efficiency (0 < 5 < 1); Py is the total
transmission power of B; dgg is the distance between Band S; 2 < <6
is the path-loss exponent; hyg is the channel vector from M transmit
antennas of B to one receive antenna of S.> Then, the harvested energy
at S is transformed to the supply power for signal transmission. The
transmit power of S is thus given as

oo s _ T BudyglbusP qapy g
STU-oT M(1-aT M(1-a)dl

2
The received signals at G, in the interval (1 — «)T is computed as

¥G, = hsg, Psds_gkxs + 26, 3)
where hgg, is the channel vector from one transmit antenna of S to N
receive antennas of the kth gateway; xg is the transmitted signal at S;
dsg, is the distance from S to the kth gateway; z¢, is the Gaussian noise
at the kth gateway with zero mean and the variance of 62, i.e., G, ~
CN(0,562).

At each gateway, maximum ratio combining (MRC) is applied to
maximize the received signal power. Consequently, the signal-to-noise

2 Tt is worth noticing that the energy harvester in practice is often nonlinear,
thus, the output power of the energy harvester depend on a saturation power
threshold P,,. In particular, when the input power is higher than P, the output
power is still unchanged. There are various factors such as diode and saturation
nonlinearities causing the nonlinear features of the energy harvester [1,10].
Furthermore, it is difficult to avoid the saturation nonlinearities of energy
harvesting circuits in realistic systems. Consequently, the harvested energy at
S with nonlinear energy harvester can be derived by extending (1) as

naTdg? Py lIhs |12

Es = M
S naTdgl Py
M

. Pyllhgsll> < Py,
Pyllhgg > > Py,



X.N. Tran et al.

(SNR) ratio at the kth gateway is calculated as

lIhsg, I Psd gl
_ 0k 578G @

Y
Gy 2

In the case of cooperative communications, the distances from S
to all gateways are normalized for combining the signal at the server
center [25]. Thus, the received signal at C is now expressed as

K

ye=1|Ps Z ||hsck||2d(;ﬂxs + zc, %)
k=1

where dy = min(dsg,, dsg, .- » dsg, )» and zc is the Gaussian noise term.

From (5), the SNR at C is computed as

K —
Ps X Iihs, 17dy”
re=E———> (6)
o

Replacing Py from (2) into (4) and (6), the SNR at the kth gateway

and C are, respectively, expressed as

naP|lhgs||* Ihsg, |1

76, = 5 B )
Mo2(1 — a)dBSdSGk
naPylhgs|® T, g, |12
Yc= Y ®
Mo2(l —a)d: d

BST0

3. Performance analysis
3.1. Outage probability

The OP of the considered EH-LPWA system is defined as the prob-
ability when the instantaneous data transmission rate is lower than
the pre-defined data transmission rate. Mathematically, the OPs in the
cases without and with cooperative communications are, respectively,
computed as

Pk=Pr{(1—a)10g2(1+ka)<R}, )

Pe =Pr{(1 — @) log,(1 +yC)<R}, (10)

where 76, and y. are, respectively, given in (7) and (8); R is the pre-
defined data transmission rate. It should be noted that, the pre-defined
data transmission rate is calculated as the number of bits transmitted
over the air per second via a bandwidth of 1 Hz. In other words, the pre-
defined data transmission rate is also called as the spectral efficiency
(bit/s/Hz) whenRthe bandwidth is normalized as 1 Hz.

Let y,, = 21—« — 1 be the outage threshold, (9) and (10) can be
rewritten as

Py =Pr{ka <y[h}, an

Pc =Pr{yC <m}- 12)
From (11) and (12), the OPs of the considered system are derived

by the following Theorem 1.

Theorem 1. The OPs of the considered EH-LPWA system with energy
harvesting in the cases without and with cooperative communications over
Nakagami-m fading channel are given as

- 2 B 4P i
2 (ﬂ)mk,\, mM=l oy (miMo*(1 - a)stdSkalh !
I'(m N)\Q, QnaPy

Qum M1 — a)dgsdgGk Y\ 2
X
QmynaPy

P, =1

i=0
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momy Mo2(1 — a)dgsdgGk Yin
X K n-i| 2 , (13)

‘Qs'rilaPB

_— 2 (mk>kaNm~‘Az/I:_ll mMo*(1 - a)dhdlyy, \'
T T T KN\ @, il Q. naPy

5 my KN—

QmMoX(1 -yl dly, \ 2

X
QminaPy

mom, Ma2(1 — a)d? .d*y,
X KkaN—i<ZJ e Bs 07th s a4

‘Qs‘anaPB

where my, m;, and Q,, £, denote the Nakagami parameters and the average
channel gains of B-S and S-G,, channels, respectively; I'(.) is the gamma
function; K, y_;() and K, xn_;(.) are the m N —i and m KN — i order
modified Bessel functions of the second kind [33], respectively.

Proof. Replacing G, and yc in (7) and (8) into (11) and (12), respec-
tively, the OPs are now expressed as

na Py |hggl|?|lhsg, |1
Mo>(1 - a)dpodfs,
Mo2(1 - a)dgsdgGk Y
na Py

Il Mo2(1 - a)dgedls v,
I = Fiinggl2 naPay fllhsok 12 ("dy,

= Pr{ s lIhsg, II” <

(15)
2 K 2
na Py |lhggll®> ¥, Ihsg, |l
Pc=Pr <7h
Ma2(1 - aydldl
K Mo(1 - a)d? d’y,
=Pr{ [Ihgg|? Y Ilhgg, > < ——50—
{ k=1 * naPy
. Mol — a)d’ d’y,
—1- _ 7 P esTolth
B /0 [1 F”hBSZ< naPyz TEK, g, 2%
(16)

where F(.) and f(.) are the cumulative distribution function (CDF) and
the probability density function (PDF) of the instantaneous channel
gain amplitude, respectively.

To derive the exact closed-form expressions from (15) and (16),
firstly, we obtain the CDF and PDF of the instantaneous channel gain
following Nakagami-m distribution. For only one channel gain, i.e., |A|?,
the CDF and PDF are, respectively, given as

Fyp(0 = rsym. )
--en(-) T A() <20 a7
i) = (%)m%em(—%), x>0, (18)

where y(.,.) is the lower incomplete gamma function; m and Q2 are,
respectively, the Nakagami parameter and the average channel gain of
|,

When maximal-ratio-transmission (MRT) and maximal-ratio-
combining (MRC) techniques are applied at the transmitter/receiver,
such as MRT at power beacon and MRC at kth gateway or the server
center, the CDF and PDF of channel gains, i.e, ||hgg||> are expressed
as [34]:

mgM—1
=0

mgx 1/ mgx\i
Fingg12() = 1= exp( - ) ) X ) ). xx0 a9
1
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meM—l ( mgx
N
Tm ) P\" g

s

S s 2 (¥) = (%‘Z)MSM ) x>0 20)

Now, applying (19) and (20), the probabilities in (15) and (16) are
solved as

o m Maz(l — a)dBSdSG Yth
P, =1 —/ exp
0 QnaPgy

ms M —1 1/ m Maz(l —ot)dBS 3G, /th
I_' ‘erlaPBy

X

i=0

N ymeN-1
x (ﬂ) r- exp(-’"—ky)dy
2 T(m,N) 2
1 : g \men "1 m Mo (1 - a)dBSdSG Y
=T T N) (_) il Q. naPy

® m,Mo>(1 — a)d” 7,
. S SG th m
X / YN == exp i 24 dy, (21)
0 QnaPgy R

&) m Mo>(1 - a)dBS Oy‘h
Pc =1 —/ exp( —
0 QnaPyz
sM-1 1{m Mo2(1 —a)dBS ()ylh '
X -_—
Z i! QnaPyz

r O\ KN 7k KN—1 mz
) (LYY iy,
r'(mKN) o

S L (e (M )
T(mKN)\ 2, 4o Q.naPy

o Mo2(1 - a)d?
% / ZKN=i=1 gy mMo>(1 = )dgodf v B
0 QnaPgz 2
Applying [33, Eq. (3.471.9)], two above integrals are computed as

2
/oo o N i my Mo (1 _a)dBS SGy Yth mgy
Yk exp - ——|dy
0 QnaPgy 1o

my N=i

<ka Mao2(1 —a)dBS 5y ylh> p
=2

Q mynaPy

mom, Mo2(1 — a)dﬁsdgGk Yin
X Ko il 2 , 23
N Q.2 naPy @3

o 2(1 —
/ KN g mgMo=(1 nt)dBS Om _mz\
0 QnaPyz 2,

KN—-i

Mk
) QumMo*(1 —a)dBS Oyth 2
B QmynaPy

2
mgm; Mo>(1 ot)dBS 07’111
X K il 2 . 24
kaNl( J Qst”aPB 24)

Replacing (23) and (24) into (21) and (22), respectively, we obtain
the exact closed-form expressions of OPs of the considered EH-LPWA
system in Theorem 1. Hence, the proof is completed.

3.2. Symbol error probability
The SEP of the considered EH-LPWA systern is expressed as

SEP = aE{Q(\/by)} =—/

e T dl (25)
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where (a, b) is a couple of the modulation types, i.e., (a,b) = (1,2) and
(a, b) = (2, 1) for the binary phase-shift keying (BPSK) and 4-quadrature
amplitude modulation (4-QAM), respectively [35]. Other values of (a, b)
are given as in Table 6.1 of [35]; O(.) denotes the Gaussian function; y
is SNR of the considered system, which is given as (7) and (8) for the
cases without and with cooperative communications, respectively. By
changing the variable, i.e., x = %, (25) can be rewritten as

SEP =

\/_ TEx exp( -2 )ax. (26)
wardo x 2

Based on (26), the SEPs of the considered EH-LPWA system are derived
in the following Theorem 2.

Theorem 2. The SEPs of the considered EH-LPWA system with energy

harvesting in the cases without and with cooperative communications over
Nakagami-m fading channel are, respectively, given as

r(mnN+1
s, [ o L) e

2 B 4k
y \J 2,0, naPy (msmkMa (1 —a)dBSdSG >
p

mymy Mo2(1 — a)dgsdgc b2y naPy

X

mxi—l r(i+ %)(b)_'"k;‘”"(msMO'z(l — bl >"

= i! 2 QnaPy

my N
<mSQkM02(1—a)d§SdsﬂG > 2
X

'Qsmkr]aPB
2mgm Mo>(1 — a)dgsdgG
, 27
b2, 2, naPy (27)

X W myN+i mkN—i<
Tz T2

1

24/ 27 b I"(kaN) (Q_k

y Q.0 Py mm Mo*(1 - aydl df
exp
mm Mo2(1 — a)d® .d* b, naPy

BS™0

. 1 .
g 1{1) 2 it
SRy (st

= i! 2 QnaPy

XN~
m. 2, Mo*(1 — a)dgsdg =
X

Qomna Py

(28)

2mmMa>(1 — a)d? dl
XW m i m —i 5
- kl<zN+’ szN b2, naPy

where W_(.) is the Whittaker functions [33].

Proof. To obtain the SEPs of the considered EH-LPWA system, firstly,
we derive the CDF, F(x) in the cases of non-cooperative and coopera-
tive communications. Based on the definition of F(x), i.e.,

F(x) =Pr{y < x}, (29)

we can easily obtain the CDFs of the considered EH-LPWA system in the
cases of non-cooperative and cooperative communications by replacing
7 Dy x in the OP expressions. Therefore, the CDFs in the cases of
non-cooperative (F,(x)) and cooperative (F-(x)) communications are
derived as

LR Yy
T(mN)\Q, &) QnaPy

N-i

<.kaSM0'2(l — a)dpsdl; x >mkz
X

F(x) =1

LymnaPy
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mom, Mo2(1 — a)dgsdgG
x K il 2 , (30)
k ‘QS‘Qk']aPB
. ’ ( )kaN ms%d: L1 mMo(1— a)dydgx
¢ " T(mKN) &l Q. naPy
K
QmMa>(1 — )l dlx
X
QsmknaPB
mm Mo2(1 — a)d” .d’x
x Ky kil 24| —— BS 07 ), (31)
k ‘Qs‘anaPB

Replacing (30) and (31) into (26), the SEPs are now expressed as

sEp, =-2V% wexp( X> 1 : (mk)MkN
= - =k
27/27 Jo Vx I'(m.N)
mM=t L mMoP(1 - adfdgs x
X i
= i Q. naPy
5 8 m N—i
QumMo*(1 - a)dBSdSG 2
X
Qmyna by
mom, Mo2(1 — a)dgsdgG
X Ky noil 2 dx
QQnaPy
X
a\/z /°° exp(—;) 4 2 <mk )'nkN
= x — e
227z | Jo Vx T(mN) \ 82y
mM-1 | mSMaz(l—a)ngdgG i
X =
= i Q. naPy
5 my N—i
Qm;Mo(1 —a)st Gy 2 /00 my N+i—1 bx
9 A ()
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Now, applying [33, Eq. (3.361.2)], the first integral in (32) and (33)
can be found as
(€D)]

mexp(—%") 2r
/0— -

Then, applying [33, Eq. (6.643.3)], two second integrals in (32) and
(33) are now calculated as

m N+i—1 mem
/ x = exp(—b—x)lcm N_,-<2¢ -
0 2 k

Mo2(1 - a)d? d _mN+
1 1 mgmy BS SG b 3
=r( N+—)F<'+—) (—)

M T )Ty )P b2, Qna Py 2

Mo?(1 - a)dpsdge, x
dx
Q, .anaPB

B P
y 1 W 2mgm Mo(1 — a)dydgs
; ﬂ 7mk;V+1,mk§/—r b.QS.anaPB >
mgmy Mo=(1— a)dBS SG
QQnaPy

(35)

b alx

©  m KN+i—1 bx mgm Mo%(1 —t)()a'BS 0
2 -—= K |2 d
/0 X eXp( 2 ) kaN1< \J 5) anaPB X

mom Mo2(1 — a)d” _ KN+
:F(kamg)r(H;)exp( k ST

b2, 2, naPy
o 1 W 2mom Mo>(1 — a)dgsdg
my KN+i my KN—i .
e R b2 naPy

2 mxmkMo'z(l—a)ngdg T2
V QQena Py

Replacing (34), (35) and (36) into (32) and (33), we obtain the SEPs
of the considered system as in Theorem 2. The proof is thus completed.

(36)

4. Optimizing the time-switching ratio

Since the performance of the considered EH-LPWA system depends
on the time switching ratio «, in this section, we derive the optimal
value of « that minimizes the OPs. In particular, we will find an optimal
value of « (denoted by a*) to achieve lowest OPs. Consequently, the
SEPs will be minimum and the throughputs will be maximum with a*.

The optimization problem for improving the performance of the
considered EH-LPWA system can be expressed as

min Py, Pc. 37)
st.0<a<1
To solve this optimization problem, the linear programming method is
applied to derive a*, i.e.,

a; = arg min P, (38)
a

ag, = arg min P, (39)

where o7 and o, are, respectively, the optimal values of « for the

considered EH-LPWA system without and with cooperative communi-
cations. The calculation method to obtain a* for both the cases without
and with cooperative communications is summarized in Algorithm 1 as
follows.
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Algorithm 1 Optimal Time Switching Ratio Calculation Algorithm

1: Solve % =0 for a = a;

O<ay<1

P
.if) — <0fora<
2: if o a <

E<Of0ra>a0
Ja

3: then
4:  Output optimal value
at = ap;
5: else
Output optimal value o* = @J;
7: end

@

It is worth noticing that in the case of a* = (§ (where § is the empty
set), there is not any value of «* for the considered EH-LPWA system.
Thus, based on the certain feature of the expression ’;p we can choose
a suitable value of « to improve the performance of the considered
EH-LPWA system.

On the other hand, since the OP expressions given in (13) and (14)
are very complex, it is too difficult to take the derivative from these
expressions. Therefore, before taking the derivative of OP expressions
with respect to a, we use approximate functions to reduce the com-
plexity of the OP expressions. In particular, the Bessel function can be
approximated as [36]

K00 xS (2) 40)

Then, the OP expressions given in (13) and (14) are, respectively,
approximated as

k I'(mN)\ Q, &l Qna Py
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Then, taking the derivative of 'Wap and Z i with y, = 21 -« —1, we

have
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m,Mc>(1 —a)dBS SG Yth i1
X
QnaPy

BS "SGy
QnPy

x [_$<21Ru_1>+1;a<2ﬁ—l)ﬁln2]. (43)

KN
2 1 (mk )kaN Z i(m KN — i — 1) R
da ~ T'(mKN)\Q, i! m,

i=0

i-1

m,Mc>(1 —a)dBS OVth '

X
QnaPy

my Mo2d’ d?

BS0

QnPy
y [‘%(2'2 _1) 1;(1(2]% _1)(1 Z{a)z ln2]. (44)
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From (43) and (44), it can be easily shown that a:ﬁ
ap*P

—£ =0 when
da

1/, 2 l—a
3

Now, we rewrite (45) as

1=Rln2. (46)
a 1-—a

my Mq2d? d?

= 0 and

® R B
(217'1 _1)(1_a>2 n2=0. (45)

Then, we can easily obtain «, from (46) as

1
= TrRM2
Since «; satisfies the second condition in Algorithm 1, this is the
optimal value of the time switching ratio of the considered EH-LPWA

system. In other words, we have

e A F Ty “®

(47)

5. Numerical results and discussions

In this section, the performance of the considered EH-LPWA system
is evaluated via mathematical expressions in the previous section. To
demonstrate the correctness of our derived expressions, the Monte-
Carlo simulations are also provided in all investigated scenarios using
107 channel realizations. In all scenarios, the average SNR is calculated
as the ratio between the average transmit power of the power beacon
and the noise power, i.e., SNR = Pg/c?. Since the power beacon is a
power transmit station, the transmit power of the power beacon can
be high. Thus, the SNR range is set from 0 to 40 dB. Meanwhile, the
transmit power of LoRa transmitters is often lower than 10 dBm in
practical scenarios. Additionally, the energy harvesting efficiency is
chosen as n = 0.85.° Other parameters are varied to investigate their
impacts on the OPs and SEPs of the considered EH-LPWA system. To
clarify, the simulation parameters are listed in Table 1.

Fig. 3 illustrates the OPs of the considered EH-LPWA system versus
the average SNR with four gateways (K = 4). The transmit and receive
antennas at B and G are chosen as M = N = 3. The distances are

3 In practice, the energy harvesting efficiency n depends on the rectification
process and the energy harvesting circuitry. The measurements and experi-
ments demonstrated that, it ranges from 0.13 to 0.95 [37]. Therefore, it is
often selected as 0.5 [6,38], 0.8 [10], or 1 [7]. Thus, the assumption # = 0.85
in this paper is still valid for consideration. However, it may be lower than
0.85 in practical scenarios.
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Table 1
Simulation parameters for evaluating the system performance.

Notation Description Fixed value Varying range
SNR Signal-to-noise ratio 30 dB 20, 25 dB; 0 ~ 40 dB
o2 Variance of Gaussian noise 1 None

n Energy harvesting efficiency 0.85 None

a Time switching ratio 0.5 0.1~09

dys Distance between B and S 1 None

dsc, Distance from S to the kth gateway 2 3,4,5

Path-loss exponent 3 2

K Number of gateways 4 2

M Number of transmit antennas at B 3 2,4

N Number of receive antennas at kth gateway 3 2,4

R Pre-defined data transmission rate 1.5 bit/s/Hz 1, 2, 3 bit/s/Hz
(a,b) A couple of the modulation types 2,1) 3,1/5)

mg, my Nakagami parameters 2 1

Q0,09 Average channel gains 2 1
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Fig. 3. The OPs of the considered EH-LPWA system versus the average SNR for K =4,
M =N =3, dgs =1, dsg, =3, dsg, =4, dsg, =5, dsg, =6, f=3, =05, & =02, =2,
m, =m, =2, Py =30 dBm, R = 1.5 bit/s/Hz.

dgs = 1, dsg, = 2, dsg, = 3, dsg, = 4, dsg, = 5, and the path loss
exponent is # = 3. The time switching ratio is « = 0.5.°> The predefined
data transmission rate is R = 1.5 bit/s/Hz.° The analysis curves in Fig. 3
are plotted by using (13) and (14) corresponding to the OPs at gateways
(denoted by G,, G,, G3, and G,) and the server center (denoted by SC),

4 As presented in [35, Eq. (2.29)], the unit of the distance depends on a
certain reference distance. Thus, most of works such as [25,39] neglected the
unit of the distance.

5 Tt is noteworthy that the system parameters are chosen by measurements
and experiments in practice. Specifically, the distances are often nominal-
ized [39] or selected from 1 to 3 [12]. The path loss exponent ranges from 2 to
6, thus, many works chose it as = 2.5 [10], f# =2.7 [12,39], and g =3 [25].
For half-duplex transmission, the time switching ratio « is often chosen from
0.3 to 0.5 because this range can minimize the OP (or SEP) and maximize
the throughput of the half-duplex wireless systems [39,40]. Similar to the
measurements and experiments reported in previous works [6,7,12,25,38,39],
in this paper, we use f =2 or 3, « = 0.5 and 5 = 0.85 for the system evaluations.
On the other hand, we also change the value of « from 0.1 to 0.9 to determine
its impact on the OP of the considered EH-LPWA system.

® Note that the predefined data transmission rates are corresponding to
the modulation types and the bandwidth. For example, R = 1.5 bit/s/Hz is
equivalent to transmit 3 bits (8-QAM) per second via a bandwidth of 2 Hz.
Similarly, R = 1,2, and 3 bit/s/Hz are equivalent to transmit 1, 2, and 3 bits
(corresponding to BPSK, 4-QAM, and 8-QAM) per second via a bandwidth of
1 Hz.

0g .
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Fig. 4. The impact of data transmission rates on the OPs of the considered EH-LPWA
system, for K =2, M =N =3, dgg =1, dsc‘ =2, dsc,z =4,=3,a=05, 2 =Q, =2,
m=m, =2, R =1,2,3 bit/s/Hz.

respectively. Meanwhile, the markers denote the simulation results. Ad-
ditionally, the OPs of the considered EH-LPWA system with nonlinear
energy harvester are also provided with the saturation power threshold
P, = 30 dBm for convenience in the comparison with those when using
linear energy harvesters. It is obvious from Fig. 3, the distances have
a great impact on the OPs of the considered EH-LPWA system because
the OP of G, significantly lower than that of G,. Also, the coopera-
tive communications can remarkably improve the performance of the
considered EH-LPWA system. Specifically, when the OP requirement is
1073, the case of cooperative communications only needs SNR = 17 dB,
meanwhile, G, G,, G3, and G, need 27, 32, 35, and 38 dB, respectively,
to satisfy this requirement. Since the received signal power at the server
center is significantly enhanced with cooperative communications, the
performance in the case with cooperative communications is much
better than that in the case without cooperative communications. In
other words, y¢ given in (8) is greatly higher than y;,_ given in (7), the
OP with cooperative communications is significantly lower than that
without cooperative communications. An important observation from
Fig. 3 is that, under the impact of saturation power threshold, the OPs
with nonlinear energy harvester reach the error floors in the high SNR
regime, especially in the cases without cooperative communications.
Fig. 4 presents the impact of data transmission rates on the OPs of
the EH-LPWA system for R = 1,2,3 bit/s/Hz. For easy observation,
we choose K = 2 gateways. It can be seen that the high OPs can be
achieved with high data transmission rates. In other words, the usage
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Fig. 5. The OPs of the considered EH-LPWA system versus the time switching ratio «
for different SNRs, K =2, M = N =3, dgg = 1, dgg =2, dyg, =4, =3, 2, =2, =1,
my=m, =1, R =1.5 bit/s/Hz.

of high data transmission rates greatly reduces the performance of the
considered EH-LPWA system. Particularly, at SNR = 40 dB, the OP at
G, is only 1072 for R = 3 bit/s/Hz while it is nearly 10> for R = 1
bit/s/Hz. On the other hand, the OPs at G, in the cases of R = 1
bit/s/Hz and R = 2 bit/s/Hz are similar with the OPs at server center
in the cases of R = 2 bit/s/Hz and R = 3 bit/s/Hz, respectively.
Therefore, depending on the requirements of the considered EH-LPWA
system in practice, we can choose the cases with or without cooperative
communications corresponding to the suitable data transmission rate
to reduce the signal processing complexity. For example, when SNR
is fixed at SNR = 25 dB and the OP is required as 1073, we can
either use one gateway (G;) and choose R = 1 bit/s/Hz to avoid the
signal processing complexity at the server center or use the cooperative
communications with two gateways and the higher data transmission
rate (R = 2 bit/s/Hz).

Fig. 5 determines the impact of the time switching ratio a« on the
OPs of the considered EH-LPWA system for different SNRs, i.e., SNR =
20, 25, 30 dB. Herein, we use (48) to derive the OP curves with the
optimal value of a. Be noted that in the case of 2, = @, = 1 and
s = my; = 1, the Nakagami-m fading channels become the Rayleigh
fading channels. As observed from Fig. 5, the OPs are minimum when
a = a* =049 ~ 0.5 for the investigated parameters (calculated from
(48)). In other words, the usage a half of one transmission block for EH
is optimal for the considered EH-LPWA system. It is reasonable because
the performance of the system depends on both a and the transmit
power of the sensor. When « is low, the time duration for EH is low
and the time duration for signal transmission is high, leading to the
low transmit power of the sensor. Thus, the OP performance is also low.
When « is higher, the time duration is higher for EH, but it is lower for
signal transmission. Consequently, the transmit power of the sensor is
higher but it is difficult to detect successfully the received signals at the
gateways because of the lower time duration for signal transmission.
On the other hand, in the case that we cannot use the optimal value of
a (@ = 0.5), we can use a < 0.5 to achieve better performance of the
considered EH-LPWA system. It is because the OPs with a = 0.2,0.4 are
lower than those with « = 0.8,0.6, respectively.

In Fig. 6, we evaluate the throughput of the considered EH-LPWA
system, where the throughput is computed as 7 = R(1 — a)(1 — P),
herein, P is given as (13) and (14) for the cases without and with
cooperative communications, respectively. Since a = 0.5, there is only a
half of transmission block for transmitting signals, thus, the throughput

m
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Fig. 7. The SEPs of the considered EH-LPWA system versus the average SNR for two
modulation schemes, K =4, M = N =3, dgs = 1, dsg, =2, dsg, =3, dsg, =4, dsg, =5,
p=3,a=05 Q=92 =2, m=m =2.

is reduced by a half in comparison with the case without energy
harvesting. It can be seen from this figure that in the case of low data
transmission rate, i.e., R = | bit/s/Hz, all gateways and server center
can get a half of the target throughput at SNR > 30 dB. However, with
the higher data transmission rate, i.e., R = 2 bit/s/Hz, it needs SNR
= 38 dB to achieve a half of the target throughput for all gateways
and the server center. On the other hand, the differences between
the throughput of all gateways are significant in the low SNR regime,
especially for R = 2 bit/s/Hz. Another observation from Figs. 3-6
is that the higher data transmission rates can be chosen, i.e., R =
4,5, ... bit/s/Hz. Although higher R will reduce the OP and throughput
performance of the considered EH-LPWA system, the features of the OP
and throughput curves are still similar to those in the case of R = 1,2,
and 3 bit/s/Hz. Thus, we often use R = 1,2, and 3 bit/s/Hz in most
figures for the easy observation.

The SEPs of the considered EH-LPWA system versus the average
SNR for two modulation schemes, i.e., 4-QAM (a = 2,b = 1) and
16-QAM (a = 3,b = 1/5), are illustrated in Fig. 7. We use (27) and
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(28) to plot the analysis curves of SEPs in the cases without and with
the cooperative communications, respectively. Similar to the OPs, with
the higher order modulation scheme, the higher SEPs can be achieved.
In particular, the diversity order of the G,, G,, and the cooperative
communication system is three, which is equal to the number of receive
antennas at G; and G,. Meanwhile, the diversity order of the G; and
G, is two, it is less than the number of receive antennas at G; and G,.
These results are reasonable, because the distances from sensor to G,
and G, are less than these from sensor to G3 and G, (dsg, =2, dsg, =3,
dgg, =4, dsg, =5).

Fig. 8 investigates the impacts of the number of transmit antennas
at power beacon and the number of receive antennas at gateways on
the SEPs of the considered EH-LPWA system with M + N = 6, using
4-QAM. As shown from Fig. 8, the case of M = N = 3 (circle two in
this figure) is the best case and the case of M = 4, N = 2 (circle one
in this figure) is the worst case among three considered cases. These
results are reasonable for the considered EH-LPWA system. It is because
the performance of the considered system is improved when the SNRs
at the kth gateway and the server center increase. Meanwhile, these
SNR values depend on the transmit power of IoT sensor (Pg) and SG,,
channel gains (||hSGk [I>). When M increases, the harvested energy at
S will increase leading to Py increases. Similarly, when N increases,
the received signal power at the gateways will be increased because
lIhgg, ||> increases. As the results, when M + N is a constant, we need
to find the certain values of M and N to achieve the best performance
of the considered system. In that context, the case of M = N = 3
is the best case in among three investigated cases because this the
case can balance both P and lIhgg, ||2. In other words, in the case
of M = 4, N = 2, Ps increases but ||hsck||2 significantly decreases in
comparison with the case of M = N = 3, thus, the performance in the
case of M =4, N = 2 is lower than that of M = N = 3. Similarly, in the
case of M =2, N = 4, although Ilhgg, || increases but Py greatly reduces
in comparison with the case of M = N = 3, thus, the performance in
the case of M = 2, N = 4 is also lower than that of M = N = 3. From
this observation, we can use the number of transmit antennas at power
beacon equal to the number of receive antennas at gateways to achieve
the best performance of the considered EH-LPWA system.

6. Conclusion

Applying energy harvesting for sensor in IoT systems is inevitable
for future wireless networks, especially for low-power wide-are sys-
tems. Therefore, in this paper, we exploit EH for LPWA system and
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mathematically analyze the performance of the EH-LPWA system by de-
riving the exact closed-form expressions of outage probability, through-
put, and symbol error probability to clearly show the system behaviors
for both cases without and with cooperative communications. Notably,
we obtained the optimal time switching ratio to minimize the OPs, SEPs
and maximizes the throughputs of the considered EH-LPWA system.
Numerical results have confirmed that the distances and the data
transmission rates have great impacts on the OPs, throughputs, and
SEPs of the considered EH-LPWA system. Specifically, the usage of
a half of time duration of transmission block for energy harvesting
can achieve the best performance for the EH-LPWA system. Also, due
to the time duration for energy harvesting, the considered EH-LPWA
system throughput cannot reach the target throughput. In addition, the
diversity order of the considered EH-LPWA system in the case without
cooperative communications can be equal to the number of receive
antennas at the gateways for certain distances. Furthermore, the usage
of cooperative communications significantly improve the performance
of the considered system. We also pointed out that, by using a number
of transmit antennas at the power beacon equal to the number of
receive antennas at gateways, the best performance of the considered
EH-LPWA system can be achieved.
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