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This paper investigates a full-duplex relay network assisted by radio frequency (RF) power station in ubiquitous electric Internet of
Things (UEIoT), where a wireless sensor on high voltage transmission line collects electric data and then transmits data to a
destination via a full-duplex decode-and-forward relay. The destination receives and processes the data to inspect the state of
high voltage transmission line. Both the sensor and relay do not have fixed energy source; so, they first have to harvest energy
from a RF power station and then complete information transmission by using the harvested energy. As the line-of-sight (LOS)
propagations often exist in outdoor application scenarios of UEIoT, the Rician fading channel is adopted in the network. To
explore the system outage performance, the explicit expressions of the outage probability and throughput of the system are
derived by using mathematical analysis. Simulation results validate the correctness of our theoretical analysis and also evaluate

the effects of system parameters and deployment position of power station on the outage performance.

1. Introduction

The ubiquitous electric Internet of Things (UEIoT) aims to
realize the interconnection of all things and human-computer
interaction in the power system by integrating modern infor-
mation technologies, including wireless sensor networks, artifi-
cial intelligence, and advanced communication technologies
[1]. The State Grid Corporation of China has planned to ini-
tially build UEIoT by 2021 to support the development of grid
business and some other emerging businesses. By 2024, UEIoT
will be established to form an energy internet ecosystem with
joint construction, cogovernance, and sharing [2, 3]. UEIoT
has attracted much attention from academia to industry [4, 5].

The UEIoT can be applied to a large number of outdoor
and field application scenarios, such as field power line inspec-
tion. Unfortunately, although wireless sensors are deployed on
the high-voltage line, they cannot be driven directly by the
power of the high-voltage line. So, recently passive Internet
of Things [6] has attracted attention and become an important
part of UEIoT, where the sensors can be wirelessly charged by
harvesting energy of the radio frequency (RF) signals emitted
by wireless power stations [7-9]. The authors in [7] realized
a practical wireless powered sensor network and investigated
the efficiency of RF energy harvesting (EH). In [8, 9], an IoT
powered by a static and mobile base station was, respectively,
studied, where a number of wireless sensors first harvested
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energies from base station and then transmit their information
to the base station. The works in [6-9] considered the linear
EH model, while [10, 11] further considered a more practical
nonlinear EH model. In [10], a wireless powered cognitive
radio sensor network was studied, where two primary users
communicate to each other with the help of a sensor node with
nonlinear energy harvester and accurate expressions of the out-
age probability and throughput were derived for the primary
system. [11] considered a downlink nonorthogonal multiple
access (NOMA) network, where the near user was equipped
with a nonlinear energy harvester, and the outage probabilities
and throughput for both the far and near users were derived.

On the other hand, to complete information delivery,
wireless sensors generally communicate by using relaying
mode due to the long distance among sensors in IoT [12].
Compared with traditional half-duplex relay, full-duplex relay
can use the same frequency band to simultaneously receive
and transmit information; so, the transmission delay and sys-
tem spectrum efficiency are greatly improved [13, 14]. Owing
to these merits, full-duplex relay has attracted increasing inter-
est [15-17]. In [15], an optimal beamformer design was pro-
posed for a full-duplex decode-and-forward (DF) relay
system with self-energy recycling. [16] extended the one-way
relay system in [15] to two-way relay one and analyzed outage
performance of the system. The authors in [17] studied effect
of residual self-interference (SI) on the stability performance
of the full-duplex amplify-and-forward (AF) relay system.

To inherit the benefits of RF EH and full-duplex relaying,
some exiting works have investigated the full-duplex relay
networks powered by RF EH, see e.g., [18-21]. In [18], some
full-duplex AF relays first harvested energy from a source
and then received and forwarded the information of the
source to a destination by using the harvested energy. The
achievable information rate was maximized by designing
optimal power allocation and relay selection policy [18].
The authors in [19] further studied two-way relay system
and derived closed-form expressions of the throughput and
outage probability over Rayleigh fading channels. In [20], a
multidestination relay network was considered, where a
source first emitted energy to a full-duplex DF relay and then
the relay further used the harvested energy to forward the
information of the source to multiple destinations, and the
spectral efficiency of system was enhanced by jointly optimiz-
ing the time allocation, subcarriers, and transmission power
of the source and relay. Different from the works [18-21]
considered a relay network consisting of a source, a DF relay
and a destination, as well as a power station, where the source
and relay first harvested energy from the power station and
then cooperatively transmit information to the destination.

This paper also considers a full-duplex relay network
assisted by a dedicated power station in the UEIoT, as shown
in Figure 1. A wireless sensor (S) on high voltage transmission
line collects electric data and then transmits data to a base sta-
tion (D) via a dual antenna full-duplex DF relay (R). D receives
and processes the data to inspect the state of high voltage
transmission line. Both S and R do not have fixed energy
source; so, they first have to harvest energy from a RF power
station and then complete information transmission by using
the harvested energy. Different from [21], the Rician fading
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channel model is better suited in outdoor roadside scenario
with RF energy harvesting, according to the experimental
result [22]. As UEIoT is usually deployed in outdoor roadside
scenario, the Rician fading channel model is adopted in this
paper.

For such a network, our contributions are summarized as
follows. Firstly, the EH process and information transmission
are modeled for the full-duplex relay network powered by RF
power station. Then, the explicit expressions of the outage
probability and throughput of the system are derived by
using mathematical analysis in order to explore the system
outage performance. Simulation results validate the correct-
ness of our theoretical analysis, and the effects of system
parameters on the outage probability are also discussed.
Finally, the optimal deployment position of power station is
also investigated, which may provide some useful insights
on the future practical applications of UEIoT.

The rest of this paper is organized as follows. In section 2,
the system model is presented. Section 3 derives the outage
probability and throughput of the system. Section 4 shows
some simulation results to evaluate our theoretical analysis
and illustrate the system performance. Finally, this paper is
concluded in section 5.

2. System Model

We consider a full-duplex relay network assisted by RF
power station (PS) in UEIoT, as shown in Figure 1, which
is composed of a source (S), a relay (R), and a destination
(D), as well as a dedicated RF PS. S desires to transmit infor-
mation to D with the help of R. S and R do not have fixed
energy source; so, they have to harvest energy from PS and
then use the harvested energy to accomplish information
transmission. R adopts the decode-and-forward (DF) proto-
col. As the decoding processing power required at R is much
less than its transmit power, its decoding processing power is
thus ignored. PS, S, and D are equipped with single antenna.
R is equipped with two antennas, one is the receiving antenna
used to receive information from S or harvest energy from
PS, and the other is the transmitting antenna used to forward
received information to D in the full-duplex mode.

Figure 2 illustrates the time frame of the transmission
protocol. It is assumed that each time frame is with the time
period of T, which is divided into two parts, where the first
part is used for energy transfer and the second one is for
information transmission with full-duplex relaying. Consid-
ering there exist line-of-sight (LOS) propagations between
the nodes in the outdoor UEIoT, the links between any two
nodes are modeled as Rician fading channels. The channel
coefficients are assumed to be unchanged in each time frame
T, but may change independently between any two adjacent
time frames.

Specifically, during the first part with time interval of aT,
PS broadcasts energy to S and R, where « is the time division
factor satisfying 0 < & < 1. The energy harvested by S and R
can be, respectively, expressed by

Eg=aTnPgd," |h, |, (1)
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FIGURE 1: System model of full-duplex relay network in UEIoT.
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FIGURE 2: Time frame of the transmission protocol.

Eg = aTnPyd,"|h,)%, (2)

where h; and h, are the channel coeflicients of the links from
PS to S (PS-S) and from PS to R (PS-R), respectively. d, and
d, denote the distances between PS and S and between PS
and R, respectively. P, denotes the transmit power of PS. m
represents the path loss exponent. # is the energy harvesting
efficiency satisfying 0 <# < 1.

During the second part with time interval of (1 — &) T, by
using the harvested energies, S and R cooperatively transmit
information to D with the full-duplex mode; that is, S trans-
mits information to R, and R simultaneously receives infor-
mation of S and forwards the information to D. From (1)
and (2), the available transmit power at S and R can be,
respectively, expressed by

Eg naPyd,"|h,

= or ™ (e G)
_ Er W“PBdgm‘hﬂz
PR_(I—oc)T_ (1-a) )

Let x5 and xy, respectively, represent the signals transmit-
ted by S and R, with E[jxg|’] = Py and E[|xg|’] = Py. nyg
denotes the additive Gaussian white noise (AWGN) with
the mean of 0 and the variance of N, at the relay node R.
The signal received at R can be expressed as

yr=1/d5" hyxg + hppxp + 1, (5)

where the first term of right part \/d;" h;x is the desired sig-
nal, and the second term hypxy is the self interference (SI). h,
represents fading coeflicient of the link from S to R (S-R). gy
represents the channel coefficient of the link between the
transmitting antenna and receiving antenna of R. d; is the
distance between S and R.

R adopts self-interference cancellation (SIC) technology
to eliminate SI. However, it is hard to completely eliminate
SI in practice, and therefore, the residual self-interference
(RSI) always exists [23], which may limit the system perfor-
mance of full-duplex mode. In order to describe the RSI,
denote it as npy, and then the signal received at R can be
transformed into [24]

yr =1/ 45" h3Xs + ngg + np, (6)

where np; is modeled as a complex Gaussian distribution
with mean of 0 and variance of Nyg [25]. Ny is propor-
tional to the transmit power Py of R, that is,

Npgp = QPp, (7)

where Q represents the SIC capability and indicates the
strength of the self-interference cancellation capability of
relay. The smaller the value Q is, the stronger the relay SIC
capability is.

Simultaneously, R also decodes and forwards signal to D
while receiving the signal from S. The signal received at D can
be expressed as

Yp=1/ dy"hyxg + np, (8)

where h, denotes the fading coeflicient of the link from R
to D (R-D), and d, represents the distance between R and D.
np represents the AWGN with the mean of 0 and variance of
N, at D.



Following (6), the received signal-to-interference and
noise ratio (SINR) for decoding at R can be given by

dy" Pg|hs)?
L ©)
RSI 0

By substituting (3) and (7) into (9), and using some
simple mathematical transformations, we can obtain that

Vp= dImd;m(qu)f} (10)
K 0d)"e, + (1/0)
where @ = nay,/(1 - a) with y, = Pz/Ny, and ¢, = |h;|* (i =

,2,3,4).

Similarly, by using (4), (7), and (8), and after some math-
ematical transformations, the received signal-to-noise ratio
(SNR) at D can be given by

Yp=2d,"d," 9,9, (11)

3. Outage Performance Analysis

In this section, we analyze the outage probability of the sys-
tem. As R adopts DF protocol, it will decode the information
of S and forward the information to D if the information is
correctly decoded. Let y,, be the required SINR for successful
transmissions for both S-R link and R-D link. Then, the out-
age probability of the system can be expressed by

=P {yr <vu})PA{yp <vu}>
(12)

Py =P {yr <yum )+ (1

where P.{y,<y,,} is the outage probability of the first
hop (i.e., S-R link), and P {y, <y,,} is the outage proba-
bility of the second hop (i.e, R-D link) . For convenience,
PA{yr <ys} and P{y,<y,} are represented as P, p
and P, p, respectively.

Define R,, (in bps/Hz) as a target transmission rate
threshold. According to the Shannon formula, we can have
that

Ry = (1-a)log, (1 +7yy,), (13)

and thus y,, can be calculated as y,, = 28+/(1-9 — 1.

To calculate P, , and P_, p, firstly it can be seen that
there are two multiplied random variables ¢; in (10) and
(11). Following the Rician distribution, the probability
density function (PDF) f, (x) and cumulative probability
function (CDF) F

tively, given by [26]

o, (%) of the random variable @; are, respec-

folw= B DTy

l

K+ 1\'K/x 0,
( ) ze v (14)
A

=0
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x o 1B mym
F(px_(x):Jf (x) dx—l—eKz Z KB e,

0 = = mil
(15)

where B; = ((K; +1)/A;)(i=1,2,3,4). K; and A, represent the
Rician factor and the mean of random variables P
respectively.

In order to facilitate the derivation and analysis, define an
auxiliary variable Y;;=¢,¢;, and the CDF of Y;; can be

expressed as

Fy (y) :Pr{Yij <}’} :Pr{‘Pi‘Pj <)’}

“ o0 (16)
_Pr{(Pi < %} = L F, (%j)f% (goj)dgoj.

By using (14) and (15), the CDF of Y in (16) can be fur-
ther calculated as

00 o L gipm " sy
Fy,,(y>:j0 {1—‘3"(‘2 > T (%) e B‘””}fw, (¢))de, (17)
) B,-%,Aje_p,%i (Bf_Kf)k - kd

& ok T

’ ) 0‘10: 1 KI_K_k
“1-2 ()Y 3y e (58) Ko (2/BB),

where A; = Bje™ and K (-) are the modified Bessel function
of the second kind [27].

Then, by using (10) and (17), the outage probability of
the first hop can be derived as

d\"d" ¢,
P =P 1 3 173
out_R r{‘QB ;m¢2+(1/®) <Yth}

{1, < Lol (00

d,"d;s
0 Yo (Qpd5" @, + (1/D

= [ fator, (M O gy,

21-A,
where

(B,K,)IK! K ;¥
n2!(k)* (1)’

o0 [ee] [ee]
acanen § 85§
q=0 =0 k=0 z=0
_JOO 9,-B:9» |:BlB3yth(‘QBd2m(P2 +

(P —-m j—m
0o d,"d;

B,B,y,, (Qd," ¢, +
'Kk—z+l <2\/ = th(d—rfld—rfl
1 3

Similarly, by using (11) and (17), the outage probability
of the second hop can be derived as

ktm+1

<1/®>>} :

(1/@)))6@2.
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TaBLE 1: System simulation parameter table.
Parameter Explanation Default value/value range
n Energy harvesting efficiency 0.8/0-1
A Mean of ¢, 1
d; Distance 3m
m Path loss coefficient 2
(0] SIC capability -20dB
Ry, Transmission rate 0.05 bits/s/Hz/0.01-0.5 bits/s/Hz
o Time division factor 0.4/0-1
Yo Power station transmit power and noise power ratio Pz/N, 0-50dB
K; Rician factor 2/0-4
P = Y Yai_g (20) 0o —b
out_D Y,y (Dd;md;m > 10 o< -‘s\\: -
S XK
A \\\ \’*\\ Sk
where 5 ‘2\:£\\x\‘\\\*\
= w0 NN
N N
© = 2¢ (KatKy) i i v KIK,! ( ByByyu, )Ner 5 ByByyu —g &\\ \Q\\\X\\\ \:\ e
=2e —m _3-m —n —m _3-m | * o \\ N &\ ~ S \\ = -
7 5 Pl &) Y 04T 5 LN s
5 N AN s < _
(21) e} 1072_ \A\ \Q\ S\\'S\ * = e — o
\\&7\0\\7 \?\‘G——D-_{
Substituting (18) and (20) into (12), we can obtain the \\A 0\0\9-
outage probability of system as Al e
107+ bt
. . . . . . . . - A — 4
0 5 10 15 20 25 30 35 40 45 50
ut = Pr{Vr <V} + (L= P{yr <V DPAYp <Vur} P/N,(dB)
=(1-A)+(1-(1-4))(1-0)=1-A406. . Ana K=0 «  AnaK=2 o  AnaK=t
--- Sim K=0 --- Sim K=2 --- Sim K=4
EP— AN 4l e =0 @ - =2 Appr K=4
So, by substituting (19) and (21) into (22), the outage ; iEErK K:_lo ) 2§§rKK; 32 . AES Ke5
probability of the system is expressed as o Sim K1 o SimK=3 —__ SimK=5
<<<<<< Aper:I Aper=3 Aper:S

_ XX B,K,)IK! K ¥
Py = 1 - 4A,e KKKk 31 T § Y (léwzj)z(;');

(1/@))] kR

'JOO(P 9,-B:9 |:BIB3Yth(Qd£m(P2 +
2

: d,"d;"
B,B Qd)"e, + (1/D
K (2 \/ o107, + >>) do,
1 3

i KoK, {3234)%] ’
= plal(th)? |[@dy)"d,"

ByByyu,
o <2\/W |

Finally, the system throughput for a delay limited
scenario can be expressed as

R=Ryp(1 = Poy) (1 - a). (24)

F1GURE 3: The system outage probability versus Py/N,, for different
Rician factor K.

4. Simulation Result

This section presents some simulation results to verify our
obtained theoretical results and demonstrate the system per-
formances. For clarity, the simulation parameters are listed in
Table 1. In the figures of the section, the marker of Ana+
denotes the numerical results calculated by the derived closed
expression, the marker of Sim+ denotes the simulation
results obtained by Monte Carlo method, and Appr+
denotes the numerical asymptote in high SNR regime. In
the following, we will discuss the effect of system parameters
and PS position on the system performance, respectively.

4.1. The Effect of System Parameters on Performance.
Figures 3 and 4 show the effect of the ratio of the PS transmit
power to the noise power (i.e., y, = P3/N,) on the system out-
age probability and throughput with different values of the
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FIGUre 5: The system outage probability versus time switching
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Rician factor, respectively. From Figures 3 and 4, it can be
seen that the results calculated by the closed expression
match the results obtained by Monte Carlo simulation well,
which demonstrates the correctness of our obtained theoret-
ical results.

From Figures 3 and 4, one can also find that for a fixed
Rician factor K, the greater the value of y, is, the smaller the
system outage probability becomes, and the larger the system
throughput becomes. This is because with the increment of
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y, for given N, the energy harvested by S and R increases,
which yields higher SINR of both R and D. It can also be found
that for fixed y,, the greater the value of the Rician factor is,
the lower the outage probability of the system becomes, and
the larger the system throughput becomes. The reason is that
the larger Rician factor means the stronger LOS, which
increases the energy harvested by both S and R. Finally, from
Figure 3, it can be seen that the outage probability gradually
approaches an numerical asymptote in high SNR regime. This
indicates that increasing the transmit power of PS cannot infi-
nitely decrease the outage probability of the system.

Figures 5 and 6 show the effects of the time division factor
« on the system outage probability and throughput for differ-
ent values of y,, respectively. The results calculated by the
closed expression fit well with those obtained by Monte Carlo
simulation, confirming that the derived closed-form solution
of the system outage probability is completely accurate again.
One can see that for a fixed a, the larger y, is, the lower out-
age probability is and the larger throughput is, which agrees
with Figures 3 and 4.

From Figure 5, one can see that for a fixed y,, with the
increment of the value of «, the outage probability decreases
first and then increases. On one hand, when the value of « is
close to 0, the time allocated for energy harvesting is rela-
tively short. In this case, the less energy can be harvested by
S and R and therefore, the outage probability of system is
close to 1. On the other hand, when the value of « approaches
to 1, the time assigned for information relaying transmission
becomes very short, and thus the outage probability of sys-
tem tends to be 1. In addition, it can be found that there is
an optimal value of «, which makes the outage probability
of system reach the lowest. For example, for y, = 30, when
« is equal to about 0.6, the system achieves the best outage
performance.
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From Figure 6, one can also see that for a fixed y,, with the
increment of the value of , the system throughput increases
first and then decreases. The reason is as follows. When the
value of « is close to 0, S and R do not have energy to transmit
information, while when the value of « is close to 1, S and R do
not have time to transmit information. Moreover, it can be
found that there is an optimal value of «, which makes the sys-
tem throughput reach the largest. For example, for y, = 30,
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FIGURE 9: The considered coordinate system.

when « is equal to about 0.08, the system achieves the best
throughput performance. Finally, by comparing Figure 6 with
Figure 5, it can be found that the optimal values of « are differ-
ent for the best outage probability and throughput.

Figures 7 and 8 discuss the effect of transmission rate
threshold R,;, on the system outage probability and through-
put with respect to y,, respectively. It can be seen that for
fixed transmission rate threshold R, as the value of y,
increases, the outage probability gradually decreases, and
the throughput gradually increases, and they tend to be sta-
ble, which is consistent with the results in Figures 3 and 4.
Moreover, from Figure 7, one can observe that for a fixed
Y,» the smaller the value of R, is, the lower the value of sys-
tem outage probability becomes. This is because when R,
becomes smaller, y,, =281 —1 also becomes smaller,
which further causes lower outage probability. Finally, from
Figure 8, it can found that the larger the value of R, is, the
larger the system throughput becomes. The reason is that
from (24) one can see that with the decrement of system out-
age probability, the throughout gradually increases.

4.2. The Effect of Power Station Position on Performance. In
order to discuss the effect of power station position on per-
formance, we consider a coordinate system, as shown in
Figure 9. § is located at the origin of coordinate, R is located
at the positive X-axis, and their distance d; is set to be 10 m.
D islocated in the fourth quadrant and its distance d, from R
may be set to 5m, 10m, 20 m, or 30 m. PS moves at a straight
line whose distance h from the X-axis is set to be 10 m. The X
-axis coordinate of PS is denoted by x, which is used to rep-
resent the position of PS. Besides, the ratio of PS transmit
power to the noise power y, is set to be 40 dB, and other sys-
tem parameters are set according to Table 1.

Figures 10 and 11 show the system outage probability and
system throughput with respect to PS position x for different
distances between R and Dd,, respectively. It can be found
that with the increment of the X-axis coordinate of PS x,
the outage probability first decreases and then increases while
the throughput first increases and then decreases. And there
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FiGure 10: The system outage probability versus PS position x for
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F1GURE 11: The system throughput versus PS position x for different
distances between R and Dd,.

is an optimal PS position whose X-axis coordinate is located
between S and R, which makes the outage probability of
system reaches the lowest or system throughput reach the
largest. The reason is when the X-axis coordinate of PS is
located between S and R, and both hops are balanced, which
leads to lower outage probability and larger throughput. It
can be also seen that with the increment of distance between
Rand Dd,, the outage probability increases, and the through-
put decreases, which is caused by larger path loss from R to D
. Finally, one can see that with the increment of distance
between R and Dd,,, the optimal PS position is gradually close
to R. This is because when PS is closer to R, it can supply
more energy to R to alleviate the effect of larger path loss
from R to D.

Wireless Communications and Mobile Computing

5. Conclusion

This paper has studied the communication outage perfor-
mance of full-duplex relay networks powered by RF energy
harvesting in UEIoT, where the outdoor Rician fading chan-
nel model is adopted and full-duplex relaying protocol is
employed. The explicit expression of the outage probability
of the system has been derived. Simulation results have vali-
dated the correctness of our theoretical analysis and also
evaluated the effects of the transmit power of the power sta-
tion, the Rician factor, the time division factor, and system
transmission rate threshold on the system outage probability
and throughput. The optimal deployment position of power
station is also investigated, which provides some useful
insights on the future practical applications of UEIoT.
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