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Combining Energy Harvesting and Cooperative

Communications for Low-Power Wide-Area Systems

Xuan Nam Tran, Van-Phuc Hoang, Ba Cao Nguyen

Abstract

This paper presents the combination of energy harvesting (EH) at the wireless sensor and cooperative communications for
low-power wide-area (LPWA) systems. Firstly, the Internet of Things sensor harvests the energy from the power beacon with
multiple transmit antennas via radio frequency signals and then uses the harvested energy to transmit signals to multiple gateways
with multiple receive antennas. Then, the cooperative communication 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 the Rayleigh 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.
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 half of transmission blocks for EH can maximize the system performance. Moreover,
when the number of transmit antennas at the 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.

Index Terms

Low-power wide-area network, long range, energy harvesting, cooperative communication, outage probability, throughput,

symbol error probability.

I. INTRODUCTION

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
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(5G) and beyond networks [[1], [2]. Specifically, EH can supply enough power for sensors in the Internet of Things (IoT) systems,
heterogeneous networks (HetNets), mobile devices, and extremely remote area communications. In addition, wireless devices
can transmit the RF signals over the air for a long range (LoRa), thus, EH from RF signals can be applied for various devices
that are located in the restricted areas, where the traditional energy grid is extremely difficult to be deployed. Consequently,
the researches and experiments about EH are fast developed to soon apply this technique for the current and future wireless

systems [3]]-[5].

In the literature, the linear and non-linear energy harvesters have been proposed to apply EH technique for wireless devices
[1]I, [6]]. In particular, the wireless devices can harvest the energy from base stations [[7]-[9] or from power beacons [10]. The
mathematical analysis was used to derive the expressions in terms of outage probability (OP), throughput, and symbol error
probability (SEP) of the EH communication systems [7]], [10]]. It was shown that for a certain EH system, there is an optimal
value of time switching ratio which can minimize the system OP/SEP. Also, using multiple antennas at power beacon can
greatly improve the performance of EH systems because of a significant increase about the amount of harvested energy. In
addition, 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 [11]]. Furthermore, EH technique is now 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 [[7], [10]-[/13]. 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

(6], [14), [15].

On the other hand, the current wireless communication systems such as ZigBee, Long-term Evolution (LTE), WiFi, and
Bluetooth are usually designed for short-range networks, where these systems can achieve reliable communications and high
speed data transmissions [[16]. However, the disadvantages of these systems are high energy consumption and high cost in
deployment. Consequently, these systems cannot suitable for LoRa communications because of the low power consumption
requirement of LoRa 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 many advantages of LPWA systems [16], [17].
Particularly, LPWA technologies can reduce the power consumption with 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 [16]], [18]-[20]]. The recent reports observed that, LPWA systems are highly promising for IoT requirements.

Beside the applications of LPWA systems for [oT devices, the performance of LPWA systems has been also investigated in

the literature. In [[19]], a disruptive approach was proposed to increase the number of users used in LoRa systems. By applying
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time-power multiplexing, the network capacity was significantly improved because the gateways can transmit more-than-one
packets at the same time. Similarly [19]], the works in [18] considered LoRA 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
consideration. It was shown that the OP was greatly impacted by the interferences, distances, and the number of IoT devices.
In [21]], 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 far distance of 8.33 km. Together with the measured experiments, the mathematical
analysis of LPWA systems was firstly performed in [22]]. Specifically, [22] derived the OP and bit error rate (BER) expressions

of LPWA system 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. However, the combination of these two techniques have not been applied in the literature. In
particular, the amount of harvested energy can fully satisfy the power requirements of IoT devices in LPWA systems. Therefore,
exploiting EH technique for LPWA systems is inevitable in the future. This observation motivates us to considered an EH-
LPWA system where 10T sensor can harvest the energy from power beacon and then use the harvested energy for transmitting
signals. By using 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 system

with EH technique. The main contributions of the paper are summarized as follows:

o We investigate an EH-LPWA system where EH technique is exploited. Specifically, IoT sensor is located in a restricted
area, where the traditional power grid is extremely difficult to deploy. Thus, it has to harvest the energy from power beacon
before transmitting signals to gateways. In addition, power beacon and gateways are equipped with multiple antennas.

o We derive the exact signal-to-noise (SNR) ratio at all gateways and server center, and then obtain the exact closed-form
expressions of OPs, throughputs, and SEPs of the considered EH-LPWA system over Rayleigh fading channel for both
cases without and with cooperative communications. We validate all derived expressions through Monte-Carlo simulations.

o We evaluate the performance of the considered EH-LPWA system for various scenarios. Particularly, the numerical results
clarify that the data transmission rates, the distances, the time switching ratio for EH, and the number of transmit/receive
antennas greatly impact on the OPs, throughputs, 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.
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The rest of this paper is organized as follows. Section [[I] presents the system and signal model of the considered EH-LPWA
system without and with cooperative communication. Section |[lII| analyzes the system performance by mathematically deriving
the OP and SEP expressions for both cases without and with cooperative communication. Section [[V] provides numerical results

and discussions. Finally, Section |V|concludes this paper.

II. SYSTEM MODEL

The considered EH-LPWA system is illustrated in Fig. [I] The system consists of a power beacon (B), an IoT sensor (S), K
gateways (G1, Gs ..., 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. 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. Since EH from RF signals can
provide stable energy to IoT devices used in 5G and B5G networks [1]], [6], the considered EH-LPWA system can be deployed
in various applications including the traffic management, health care systems, environmental monitoring, and smart buildings

[23[]-[26]].

Energy harvesting aT

Signal transmission (1-o.)T

G1

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

There are two stages corresponding to time switching (TS) protocol for the system operation, as shown from Fig. [2] Firstly,
S harvests the energy from B using the interval o', 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

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

_ naT Padgd||hgs|?

E
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Fig. 2. TS protocol for the considered EH-LPWA system.

where 7) is the energy conversion efficiency (0 < n < 1); Py is the total transmission power of B; dpg is the distance between
B and S; 2 < 8 < 6 is the path-loss exponent; hgg is the channel vector from M transmit antennas of B to one receive
antenna of S. Then, all the harvested energy at S is transformed to the power for signal transmission. The transmit power of

S is thus given as

Es _ naTPpdg{|hps|® _ naPp|hps|?

Bo0-ar = MO-aT M1 -adly

(€5

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

ya, = hsa, v/ Psdggkxs + 2ay,s 3)

where hgg, is the channel vector from one transmit antenna of S to IV receive antennas of the kth gateway; zg is the transmitted
signal at S; dsq, is the distance from S to the kth gateway; zq, is the Gaussian noise at the kth gateway with zero mean and
variance of o2, i.e., zg, ~ CN(0,0?).

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

the signal-to-noise (SNR) ratio at the kth gateway is calculated as

_ s, P Psdsé,

glen 5 “)

g

In the case of cooperative communications, all the distances from S to all gateways are normalized for combining the signal

at the server center [22]]. Thus, the received signal at C is now expressed as

K

ye = | Ps Y IIhse, [I%dy o + 2c, ®)
f=1

where dg = min(dsg,, dsG,, ---» dsGy ), and z¢ is the Gaussian noise term.

From (3)), the SNR at C is computed as

X 2 7—8
Ps k21 [hsa, [|*dg

Yo = = : (©)
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Replacing Ps from (2) into (@) and (6), the SNR at the kth gateway and C are, respectively, expressed as

I?

_ naPg|hss|?[bsc,

. , @)
k
Mo2(1 - o)dggdsg,
K
naPg|hes|? 3 |hsa, |I?
o k=1
Yo = ()

Ma2(1 — a)dygdy
III. PERFORMANCE ANALYSIS

A. Outage Probability

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

communication are, respectively, computed as

Pi = Pr{(1—a)log,(1 +7c,) < R}, )

Po :Pr{(l—a)logQ(l—i-'yc) <7z}, (10)

where g, and ¢ are, respectively, given in and (B); R is the pre-defined data transmission rate. It is better to note 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) when the
bandwidth is normalized as 1 Hz.

Let v, = 27« — 1 be the outage threshold, @) and (I0) can be rewritten as

P =Pr {76, <7}, (11)

Po =Pr{vc <y} (12)

From and (I2)), the OPs of the considered system are derived as 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 Rayleigh fading channel are given as

N+4+m

S ER Mz—:l 1 Mo?(1 - Oé)dBBSdgGk%h 2 . ) Mo2(1 — Oé)dBBSd’gGk%h a3)
b I'(N) 4= m! naPp N=m naPp ’
M-—1 B 48 KN;m 3 3
2 ~ 1 [ Mo?(1 — a)dggdyyin Mo?(1 — a)dpedyYin
=1- — 570 Krnoml 2 Bs% 14
Pe I'(KN) mz::() m! ( naPg KN naPp ’ 14)
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where T'(.) is the gamma function; Ky _,,(.) and Kxny—r(.) are the N — m and KN — m order modified Bessel functions
of the second kind [27]], respectively.

Proof: Replacing g, and v¢ in (7)) and @) into (1) and (T2)), respectively, the OPs are now expressed as

Pg|lhgs|?|h 2
o pe [ mePulbes sl
Mo?(1 — a)dBSdSGk

=Pr {||th||2|hSGk 17 <

0

Mo?(1 — oz)dgsdgc;k'yth
naPp

Mao?(1 - a)dgsdgGk Yih
1 = Flnpg|p2

2(y)d 15
naPgy >‘|f|hsck| (y)dy, (15)

K
naPsllhgs|?* Y- [[hsc, [
Pc =Pr h=1 Y
¢ { Mo2(1— a)digd? "

K
Mo?(1 — a)d’.d’?
=Pr{||th||QZhsck||2 < Mo = )dpgdyyn
k=1

naPg
[e%s} M 2 1— dﬁ dﬁ
- / L= P | — U= adosdyn ) |y z)dz, (16)
0 naPgz 2 Ihscy 2

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

To derive the exact closed-form expressions from and (T6), we firstly obtain the CDF and PDF of the instantaneous
h

channel gain following Rayleigh distribution. For only one channel gain, i.e., |h|?, the CDF and PDF are, respectively, given

as

Fipp(r) =1 —exp(—x), 2 >0, (17)

finp2(x) = exp(—x), = > 0. (18)

When maximal-ratio-transmission (MRT) and maximal-ratio-combining (MRC) techniques are applied at the transmit-
ter/receiver, such as MRT at power beacon and MRC at kth gateway or server center, the CDF and PDF of channel gains, i.e,
|hps||? are expressed as [28]:

-1

M m
X
Fngg|2 (%) =1 — exp(—x) - @ >0, (19)
m=0 !
aM—Lexp(—zx
f”hBS”z(I) = ¢ T Z 0. (20)

INCZO.
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Now, applying (19) and (20), the probabilities in (I3)) and (I6) are solved as

o0 Mo?(1 - a)dpgds N1 (M1 - a)digds "N exp(—
Py :1_/ exp (_ ( )dpg sc;ﬂth> Z 1 ( Jdpgdsg, 1en |y FGXP( y)dy
0

naPgy = m! naPgy (N)
_q 1 szl 1 Mo?(1 — O‘)dﬁBSdgGk%h m /oo oo [ — Mo?(1 — a)dﬁBsdggk%h Ay )
I'(N) = m/! naPg 0 naPgy ’

0o M-1 m o
Pc=1- / exp [ — Mo?(1 = @)dpsdy o, Z 1 (Mo?(1 - a)digdgym | KN exp(—2) dz
) 0 nalpz m! naPgz T(KN)

m=0

M—1 m
1 1 { Mo?(1 - a)d2.d’ % Mo2(1 — a)d2.d?
_1_ ( o’ ( naa]lBBS 0 Vth / exp | — o*( naO];)BzBS 0 Vth o | KNl (22
. 0

Applying [27, Eq. (3.471.9)], two above integrals are computed as

0 Mo2(1 — a)d?.d?
/ exp <_ 0= OMishein ) vty
0

naPpy
Nem
_, Mo?(1 - a)dpgdsg, ¥ ) ~ c Mo?(1 — a)dggddc, v 23)
== 77C¥PB N—m 77aPB )
/oo exp o MO-Q(l B a)dgsdg’yth _ ZKN—m—le
0 naPpz
8 B B
Mo?(1 — a)dhed, Mo?(1 — d ds Yin
- 2( : ( WQQ;BBS O%h> oo m( - UQQPBBS Ow> e

Replacing (23) and (24) into (2I)) and (22), respectively, we obtain the exact closed-form expressions of OPs of the considered

EH-LPWA system as in Theorem 1. Hence, the proof is completed.

B. Symbol Error Probability

The SEP of the considered EH-LPWA system is expressed as

[eS) 5 ,
SEP = aE{Q(\/b7)} = \/% /F(%)e’%dt, (25)
0

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 [29]]. Other values of (a,b) are given as in Table 6.1
of [29]; Q(.) denotes the Gaussian function; 7 is SNR of the considered system, which is given as and for the cases

. . . . . . . . . 2 .
without and with cooperative communication, respectively. By changing the variable, i.e., x = %, (23)) can be rewritten as

_avh OOF(ac) bz
SEPfQ@O 7 exp( 2>dx. (26)

Based on (26), the SEPs of the considered EH-LPWA system are derived in the following Theorem 2.
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Theorem 2: The SEPs of the considered EH-LPWA system with energy harvesting in the cases without and with cooperative

communication over Rayleigh fading channel are, respectively, given as

Mo?(1 - a)digds
SEP;, :L\/E \/ﬁ_ LF(N—&- 1) exp [ 22 (1 — a)dggdsg,
22 b L'(N) 2 bnaPg

N4+m—1
) 1331 F(m + %) (b)—w Mo?(1 - a)dggdss, \ W 2Mo?(1 — a)dggdse, o7
= m! 2 naPg -, Mom bna Py J
avb | [2m 1 1 Mo2(1— a)dbydl
SEPq =—— |1/ = — I'(KN+ = BS 0
© oo l\/ b T(KN) ( + 2) xp ( baPs
M=1D(m + 1 _ KN4m 2 I N A 5 8 .8
" Z 2 (é) 3 Mo*(1 — a)dpgd W 2Mo*(1 — a)dpgdy 28)
m=0 m! 2 UaPB 7KN2+m7KN2*m bnaPB ’

where W._ (.) is the Whittaker functions [27].

Proof: To obtain the SEPs of the considered EH-LPWA system, firstly, we derive the CDF, F(z) in the cases of non-

cooperative and cooperative communications. Based on the definition of F'(z), i.e.,

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

we can easily obtain the CDFs of the considered EH-LPWA system in the cases of non-cooperative and cooperative com-
munications by replacing i, by = in the OP expressions. Therefore, the CDFs in the cases of non-cooperative (Fi(x)) and

cooperative (F¢(x)) communications are derived as

N+7n

M—1 2 B P 2
1 ( Mo*(1 — a)djgdse, © Mo?(1 -« dBSdSG
Fuo)=1-<"= > — : K : 30
k() N mz::O m'( naPg N=m naPg ’ (30)
1 (Mo (1 - a)dBydl e T Mo2(1 — a)dldl s
Fo(z) = — _ —/7BS Krnom| 2 — —TBST0" ) 31
c(@) mz::O m! ( naPp ) KN ( naPp Gl
Replacing (30) and (ZI)), the SEPs are now expressed as
00 _ bz M-1 2 = 2 B
SEP, — avb [P —3 L2 3 1 ( Mo*(1 - a)dgedsg, @ . Mo2(1 - a)dpgdsg, @ p
WO NG L(N) == m! naPg N=m naPg o
0 m=
exp (-~ ) MUy (MoP(1 - a)digd =
. a\/l; / 2 d — 2 Z i 9 ( - a) slsq,
2V/27 ) VT L(N) == m! naPg

Nt Mo2(1 — a)d2.d?
x/x + eXp(—b;)/CN_m<2\/ il HSI)DBBS SG”)M]. (32)
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o . 3 KN+m
av'b eXp(_b?) 2 &1 (M1 - a)digdlx Mo2(1 - a)dygdax
SEP¢ = 1- > = Krn—m dx
2271 vV [(KN) = m! naPg naPg

0
00 " _ KJ\{;—m
_avh UGXP(‘Z)C@_ 2 Mle<Ma2(1—a)ngd§>
0

m! naPg

T knimes Mo2(1 — a)dlod!
X/x e exp(—b?x Krn_ m( \/ g TIOéPB BS x)dx} (33)
0

Applying [27, Eq. (6.643.3)], two integrals in (32) and (33) are now calculated as

7 m— b MU2 1 — d/g dﬂ X
/xN+2 : exp ( — ij)ICN,m 2 ( s SGe™ ) gy
2 naPp

0

b 7N-;7n

—r(N 4 D) (m )ew (Mo?(lb;;gzésdg’ck> )

2 B 48
x ! W_ Nim om <2MU a a)stdSGk> (34)
2\/M<r2(1 a]))dBSdSGk 22 bna Py
natp
T seximes ba Mo2(1 — a)dlodl
/JI:KN+2 exp( ICKN m \/ g j; Bs% dx
) narypg
I‘(KN+1)I‘< +1>e Ma2(1 — a)dygdy (b)—w
= = m+ —)ex =
2 2) P bnaPs 2
1 2Mo%(1 — a)dldP
x W kNim KN-m 0”1 — @)dpsdy | (35)
9, | Mo?(1—a)dg.dg 22 bnaPg
naPg

Replacing (34) and (33) into (32) and (B3), we obtain the SEPs of the considered system as in the Theorem 2. The proof

is thus completed.

IV. 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 power beacon and the noise power, i.e., SNR = Pg/02. Additionally, the energy harvesting
efficiency is chosen as n = O.Sﬂ 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 Tab.

Fig. 3] illustrates the OPs of the considered EH-LPWA system versus the average SNR with four gateways (X = 4). The

transmit and receive antennas at B and G are chosen as M = N = 3. The distances are dgs = 1, dsq, = 2, dsa, = 3, dsa, =4,
'In practice, the energy harvesting efficiency 7 depends on the rectification process and the energy harvesting circuitry. The measurements and experiments
demonstrated that, it ranges from 0.13 to 0.95 [30]. Therefore, it is often selected as 0.5 [S]], [31], 0.8 [9], or 1 [6]. Thus, the assumption n = 0.85 in this

paper is still valid for consideration. However, it may be lower than 0.85 in practical scenarios.



XUAN NAM TRAN et al.: COMBINING ENERGY HARVESTING AND COOPERATIVE COMMUNICATIONS FOR LOW-POWER WIDE-AREA SYSTEMS 11

TABLE I

SIMULATION PARAMETERS FOR EVALUATING THE SYSTEM PERFORMANCE.

Notation Description Fixed value Varying range
20, 25 dB;
SNR Signal-to-noise ratio 30 dB
0~ 40 dB
o? Variance of Gaussian noise 1 none
n Energy harvesting efficiency 0.85 none
« Time switching ratio 0.5 0.1~0.9
dBs Distance between B and S 1 none
dsa & Distance from S to the kth gateway 2 3,4,5
B8 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)
0
10 ==
)
o
Q. 2
> 10§
=
<
o)
o
o
)
-4
10t
g
=]
@]
S
S
10_6 T I I I N I
0 5 10 15 20 25 30 35 40

SNR [dB]

Fig. 3. The OPs of the considered EH-LPWA system versus the average SNR for K = 4, M = N = 3, dgs = 1, dsg, = 2, dsg, = 3, dsa; = 4,

dsg, =5, 8=3, a =05, R = L5 bit/s/Hz.

dsg, = 5, and the path loss exponent is § = 3. The time switching ratio is o = O.SEI The predefined data transmission rate

21t is noteworthy that the system parameters are chosen by measurements and experiments in practice. Specifically, the distances are often nominalized [32]
or selected from 1 to 3 [11]. The path loss exponent ranges from 2 to 6, thus, many works chose it as 8 = 2.5 [9]], 8 = 2.7 [11], [32], and 8 = 3 [22].
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 [32], [33]]. Similar to the measurements and experiments reported in previous works [5], [6], [11]], [22], [31],
[32], in this paper, we use 5 = 2 or 3, @ = 0.5 and n = 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.
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is R = 1.5 bit/s/Hz El The analysis curves in Fig. [3| are plotted by using (T3) and (T4) corresponding to the OPs at gateways
(denoted by G1, G2, G3, and G,) and server center (denoted by SC), respectively. Meanwhile, the markers denote the simulation
results. It is obvious from Fig. [3] the distances greatly impact on the OPs of the considered EH-LPWA system because the OP
of G significantly lower than that of G,4. Also, the cooperative communication can remarkably improve the performance of
the considered EH-LPWA system. Specifically, when the OP requirement is 10~3, the case of cooperative communication only
needs SNR = 17 dB, meanwhile, G1, G2, Gs, and G4 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 communication, the performance
in the case with cooperative communication is much better than that in the case without cooperative communication. In other
words, yc given in (8) is greatly higher than v, given in (7), the OP with cooperative communication is significantly lower

than those without cooperative communication.

Outage Probability (OP)

1 1 \ 1 §
0 5 10 15 20 25 30 35 40
SNR [dB]

10 : : -

Fig. 4. The impact of data transmission rates on the OPs of the considered EH-LPWA system, for K =2, M = N = 3, dgs = 1, dsg, = 2, dsa, = 4,

B8 =3, a=0.5 R =1,2,3 bit/s/Hz.

Fig. [] 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 of high data transmission rates greatly reduces the performance of the considered EH-LPWA
system. Particularly, at SNR = 40 dB, the OP at Gy is only 1072 for R = 3 bit/s/Hz while it is nearly 1075 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

3Note 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.
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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, dgs = 1, dsg, = 2,

dsg, =4, =3, R = 1.5 bit/s/Hz.

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 server center or use the cooperative communication with two gateways and higher data transmission

rate (R = 2 bit/s/Hz).

Fig. [f] determines the impact of the time switching ratio o on the OPs of the considered EH-LPWA system for different
SNRs, i.e., SNR = 20, 25, 30 dB. As observed from Fig. EL the OPs are minimum when o = 0.5. In other word, 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 « and transmit power of sensor. When « is low, that means the time duration for EH is
low and the time duration for signal transmission is high, leading to the transmit power of sensor is also low. Thus, the OP
performance is low. When « is higher, the time duration is higher for EH but lower for signal transmission. Consequently, the
transmit power of sensor is higher but it is difficult to detect successfully received signals at the gateways because of lower
time duration for signal transmission. On the other hand, in the case of we cannot use the optimal value of o (o = 0.5), we
can use a < 0.5 to achieve better performance of the considered EH-LPWA system. It is because the OPs with oo = 0.2,0.4
are lower than those with o = 0.8, 0.6, respectively. It is better to note that, although the optimal problems were not presented

in our analysis, however, by using obtained expressions, i.e., the OP expressions given in (I3) and (T4), we can figure out an
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optimal « for improving the performance of the considered EH-LPWA system. As the results, depending on a specific value
of the transmission power of the power beacon in practice, we can choose a suitable value of time switching ratio « to achieve

the better performance of the considered EH-LPWA system.
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Fig. 6. The throughput of the considered EH-LPWA system versus the average SNR for two data transmission rates, K = 4, M = N = 3, dps = 1,

dsc, =2, dsa, =3, dsgy =4, dsg, =5, 8=13, a =0.5, R = 1,2 bit/s/Hz.

In Fig. [6l we evaluate the throughput of the considered EH-LPWA system, where the throughput is computed as 7 =
R(1—a)(1—7P), herein, P is given as (I3) and (I4) for the case of without and with cooperative communication, respectively.
Since a = 0.5, there is only a half of transmission block for transmitting signals, thus, the throughput is reduced a half in
comparison with the case without energy harvesting. It can be seen from this figure, in the case of low data transmission rate,
i.e., R = 1 bit/s/Hz, all gateways and server center can get a half of the target throughput at SNR > 30 dB. However, with
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 server center. On the other hand, the differences between the throughput of all gateways are significant in low
SNR regime, especially for R = 2 bit/s/Hz. An other observation from Figs. BH] is that the data transmission rates can be
chosen higher, 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 easy observation.

The SEPs of the considered EH-LPWA system versus the average SNR for two modulation schemes, i.e., 4QAM (a = 2,b =
1) and 16QAM (a = 3,b = 1/5), are illustrated in Fig.[7] We use and (28) to plot the analysis curves of SEPs in the case

without and with the cooperative communication, respectively. Similar to the OPs, with the higher order modulation scheme,
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Fig. 8. The impacts of number of transmit antennas at power beacon and number of received antennas at gateways on the SEPs of the considered EH-LPWA
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the higher SEPs can be achieved. In particular, the diversity order of the G;, Go, and the cooperative communication system
is three, which is equal to the number of receive antennas at Gy and G,. Meanwhile, the diversity order of the G3 and Gy
is two, it is less than the number of receive antennas at G3 and Gy4. These results are reasonable, because the distances from
sensor to G; and Gy are less than these from sensor to Gz and G4 (dsg, = 2, dsg, = 3, dsa, = 4. dsg, = 5).

Fig. [§] 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
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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 server center increase. Meanwhile,
these SNRs depend on the transmit power of IoT sensor (Ps) and SGy, channel gains (||hsc,||?). When M increases, the
harvested energy at S will increase leading to Pg increases. Similarly, when N increases, the received signal power at the
gateways will be increased because ||hsg, ||? 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 Ps and ||hsg, ||?. In other words, in the
case of M = 4, N = 2, Ps increases but ||hgq,||? 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 ||hgsg, ||? increases but Ps 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.

V. CONCLUSION

Applying energy harvesting for sensor in IoT systems is inevitable for future wireless networks, especially for low-power
wide-are systems. Therefore, in this paper, we exploit EH for LPWA system and mathematically analyze the performance
of the EH-LPWA system by deriving the exact closed-form expressions of outage probability, throughput, and symbol error
probability to clearly show the system behaviors for both cases without and with cooperative communications. 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 communication can be equal to the number of receive antennas at the
gateways for a 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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