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ABSTRACT This paper proposes a Polarization-Enabled Digital Self-Interference Cancellation (PDC)-
based Full-Duplex (FD) network with an energy-harvesting-enabled source and a Self-Energy Recycling
(SER)-enabled relay. The fixed power supply at the relay is only used in the first phase to broadcast energy
signals to the source. During this process, the receive antenna of the relay also receives the energy signals,
allowing the relay to recycle its own energy. In the remaining phase, the recycled power is used at the relay
to forward signals from the source to the destination, using the PDC-based full-duplex technique. An in-
depth analysis and comparison of the throughput of the proposed system with that of the non-recycling
counterpart are presented. The power saving and throughput improvement capabilities of the SER enabled
system is researched. In particular, the consumed power in the proposed system can be reduced by up to 80%
to achieve the same throughput compared to the non-recycling system for a small-to-medium distance range
between the relay and the destination. Alternatively, the proposed FD-SER system can boost the system
throughput by 1.61 times the non-recycling counterpart with the same power consumption.

INDEX TERMS Self-energy recycling, full-duplex, self-interference, RF-powered relay channel.

I. INTRODUCTION
The Energy Harvesting (EH) technology has become
increasingly attractive as an appealing solution to provide
long-lasting power for energy-constrained wireless sensor
networks. Different from absorbing energy from the inter-
mittent and unpredictable natural resources, such as solar,
wind, and vibration, harvesting energy from the Radio Fre-
quency (RF) signal radiated by ambient transmitters has
received tremendous attentions. The RF signal can convey
both information and energy at the same time, which facili-
tates the development of Simultaneous Wireless Information
and Power Transfer (SWIPT). Besides, ambient RF is widely
available from base stations, WIFI hot spots, and mobile
phones in the current information era. The RF approach
is cost-effective for communication networks as peripheral
equipment needed to utilize external energy sources can be
avoided.

Relaying and Full-Duplex (FD) techniques have gained
considerable attraction from researchers for their ability
to improve system throughput. Besides, the demand for
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low-labor-cost and long-lifetime wireless communication
systems has been increasing in recent years. Thus, the
FD relaying system with wireless power transfer has also
attracted the attention of many scholars. However, the main
challenge for the FD transmission is to deal with the Self-
Interference (SI) signal. SI signals can be suppressed by Self-
Interference Cancellation (SIC) methods. The three main
types of SIC methods are passive cancellations, digital can-
cellations, and analog cancellations, which can be applied
jointly to maximize the SI suppression [1]. The FD EH
relaying systems are studied in [2], [3] to increase system
spectral efficiency, where SIC methods are applied to sup-
press SI signals. Alternatively, SI signals can also be uti-
lized in a Self-Energy Recycling (SER) process [4]-[16]
to improve the energy efficiency. The literature comparison
of wireless power transfer-aided SER relaying systems is
illustrated in Table 1. More specifically, in [4], a buffer-
aided Half-Duplex (HD) wireless-powered SER relay sys-
tem with two antennas at the relay and one antenna at the
source and destination is considered. A fixed-antenna assign-
ment and an adaptive-antenna assignment are proposed to
improve the system throughput. The authors in [S]-[12] con-
sider two-phase SWIPT systems with SER at the relay node.
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FIGURE 1. Schematic of the proposed FD-SER system.

With T representing the total block duration, the first phase
of the duration 7'/2 is used by the source for sending infor-
mation to the relay. The second phase of the remaining time
T /2 is used by the relay for receiving energy signals from
the source, and concurrently, transmitting information to the
destination. Particularly, a portion of its own transmit signal
can be harvested and reused by the relay via the loopback
channel. The SI signal at the relay is in fact beneficial since
the relay not only harvests energy from the source, but also
recycles energy from the self-interfering link. In all these
time-switching-based SWIPT relaying systems [5]-[12],
the information signal is transmitted and received in differ-
ent phases, so that the SIC is not required to eliminate SI.
However, this also means that the relay cannot receive infor-
mation from the source and transmit information to the desti-
nation at the same time, thus limiting the system throughput.
In [13], [14], the SER-based decode-and-forward FD relay-
ing networks are studied with an efficient power allocation
strategy. The relay in these systems works in a FD mode and
receives information from the source and its own transmitter.
A portion of the received signal is used for the EH process
while the remaining portion of the received signal is used
for the decoding and forwarding information to the desti-
nation. However, the disadvantage of the methods proposed
in [13], [14] is that the practical EH circuits cannot forward
the received information and simultaneously extract power
from the same received signal [17]. In [15], the authors
consider a FD relaying system with multiple transmit and
receive antennas at the relay. The proposed antenna allocation
scheme can allot the antennas at both transmit and receive
ends for either SER or information relaying. The spectral
efficiency and energy efficiency are improved at the cost
of a complicated antenna allocation technique. In [16], the
authors study a power-splitting based amplify-and-forward
FD system, where the signal transmission and reception and
SER are performed in one phase. However, there are no
specific SIC schemes mentioned in [13]-[16].

Il. MOTIVATION AND CONTRIBUTION

Inspired by the recent studies in the SER, we propose a
full-duplex self-energy recycling relaying system with EH
capabilities at both the source node and the relay node.
For brevity, the proposed system is named as the FD-SER
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system here. The source and destination are equipped with
a single antenna, while the relay has two antennas to facili-
tate FD transmission. The proposed two-phase time-splitting
protocol lets the source and relay harvest energy in the first
phase from the energy signal, which is broadcast from the
relay powered by a fixed power supply. A portion of the
energy of the transmitted signals is recycled at the relay
via the SI channel. In the second phase, the relay receives
information from the source and simultaneously transmits
information to the destination. The transmission of the source
and relay depends solely on the harvested energy. The SI
signal in this phase is canceled by a Polarization-Enabled
Digital Self-Interference Cancellation (PDC) scheme. The
proposed system suits the wireless sensor networks, such as
the body sensor networks [18] and the military sensor net-
works. For example, an energy-constrained sensor is placed
within the human body or underground so that replacing the
battery to prolong its lifetime is inconvenient. Instead, this
sensor can harvest energy from the nearby relay. The relay
node also can assist the source sensor to forward informa-
tion to the destination when direct communication is not
possible. The SER is enabled at the relay, which improves
the system energy and power efficiencies as proved later
in this paper. The proposed FD-SER system will be com-
pared with the FD non-energy-recycling EH relaying system
with wireless power transfer from the relay to the source
proposed in [19]. For brevity, the non-recycling system is
named as the FD-NER system, which is comprised of an EH
source, a relay, and a destination. In [19], the relay uses a
fixed power supply in the whole transmission process since
the relay does not have the self-recycling capability. Thus,
no loop-back SER channel nor SER power is considered in
the FD-NER system in [19]. The differences of the system
model and analytical expressions between this paper and [19]
will be elaborated in Section VI. The impact of the EH frac-
tion, transmit Signal-to-Noise (SNR) ratio, and Source-Relay
(S-R) distances and Relay-Destination (R-D) distances on the
system throughput in both systems are then examined in this
paper.

The major contributions of this work are summarized as

follows.

1) In this paper, a PDC-based FD-SER system is pro-
posed. We have proved that the throughput of the pro-
posed system is comparable with the throughput of the
FD-NER system in a small-to-medium R-D distance
range while the total power consumption is signifi-
cantly reduced.

2) The relation between the normalized power consump-
tion and the normalized throughput has been investi-
gated. It has been shown that the proposed recycling
system can save up to 80% of the total consumed
power while achieving almost the same throughput as
the FD-NER one. Alternatively, with the same total
power, the relay in our proposed FD-SER system can
use a higher power to broadcast energy to the source
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TABLE 1. The literature comparison of wireless power transfer-aided SER relaying systems, where (./) represents Yes, (x) represents No, (—) represents
SIC Schemes are not applicable, and (\ ) represents No specific scheme is mentioned.

No. of Assumption Energy Energy Self-energy Antennas Protocol Simultaneous Active
nodes of direct harvesting | harvesting Recycling transmission and SIC
link from S atS atR atR reception of scheme
toD information at R
[4] 4 VA X V4 v Single at S and | Decode-and- X -
D; Two at R Forward;
[5] 3 X X V4 Vv Multiple-Input | Amplify-and- X —
Single-Output Forward;
[6] 3 X X VA Vv Multiple at S Amplify-and- X -
and R; Single Forward;
atD
[7] 3 X X v Vv Single at S and | Amplify-and- X —
D; Two atR Forward;
[8] 3 X X Va4 Vv Multiple at S Amplify-and- X —
and R; Single Forward;
atD
[9] 4 X X VA Vv Multiple at S Amplify-and- X -
and R; Single Forward;
atD
[10] 3 v X v Vv Single at S and | Amplify-and- X -
D; Two at R Forward;
Decode-and-
Forward;
Quantize-
Map-Forward;
[11] 3 X X V4 Vv Multiple at S, Amplify-and- X —
R,and D Forward;
[12] 3 X X v Va Single at S and | Decode-and- X —
D; Two at R Forward;
[13] 3 X X Vv Vv Multiple at S Decode-and- Vv AN
and R; Single Forward
atD
[14] 3 X X VA Vv Single at S and | Decode-and- v AN
D; Two at R Forward;
[15] 3 X X VA Vv Multiple at R; Decode-and- v AN
Single at S and | Forward
D
[16] 3 X X Vv Vv Multiple at S Amplify-and- Vv AN
and R; Single Forward
atD
This 3 X v VA Vv Dual-polarized | Amplify-and- v Vv
paper antennas; Forward
Single at S and
D; Two at R
158810 VOLUME 9, 2021
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FIGURE 2. lllustration for the proposed two-phase protocol.

(and to itself) in the first phase, compared to the
FD-NER one, since the FD-SER system only uses the
harvested power to forward the signals from the source
to the destination in the remaining time. The throughput
of the proposed system is revealed to be boosted by
1.61 times that of the FD-NER system.

3) The trade-off between the proposed system and the
FD-NER one, with the same total power consumption,
is examined. It is shown that the proposed system is
very promising as it outperforms the FD-NER one in
most cases.

The rest of this paper is organized as follows. Section III
provides an overview of the system model and transmission
protocol. Section IV models the transmission of the energy
signal and the information signal in one block time. The
analytical expressions for the proposed FD-SER system and
the FD-NER system are derived in Section V. Section VI
presents the simulation results and Section VII concludes the

paper.

Ill. SYSTEM MODEL

In this paper, we consider an amplify-and-forward FD infor-
mation transmission system with an EH source (S), a hybrid
power-supplied-and-SER relay (R), and a destination (D) as
showninFig. 1. S and D are equipped with one dual-polarized
antenna each while R is equipped with two sets of dual-
polarized antennas, i.e., one for transmission and the other
for reception. The direct link between S and D is assumed to
be unavailable due to, for example, heavy shadowing effects.
Denote hgg, hrs, hrr, and hgp as the channel coefficients of
the Rayleigh block fading channels between S and R; R and S;
the transmit (Tx) and receive (Rx) antennas at R; and R and D,
respectively. We assume their expectation values satisfy
E(lhsrl’} = E{lhgs} = E{lhzg’} = E{lhrpl’} = 1,
where E{.} denotes the expectation operation. Denote d; and
d; as the distances between S — R and between R — D.
Denote ds as the distance between the Tx and Rx antennas
of the relay. The two-phase protocol used in our system is
illustrated in Fig. 2. The total duration of one block is 7. The
first and second phases, namely the energy harvesting phase
and the information transmission phase, occupy the duration
aT and (1 — «)T, respectively, where 0 < o < 1. The
following section analyzes the transmission process of energy
and information signals.
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IV. SIGNAL MODEL
A. ENERGY HARVESTING PHASE
During the energy harvesting phase, the antenna at S works
in the receiving mode. R works in a HD mode and uses
its fixed power supply P, to broadcast the energy signal.
S and R are equipped with linear EH modules. Thus, not only
S harvests the energy from R, but also the EH circuitry at R
recycles a portion of its own transmitted energy via a loop
channel higg. The polarization of the Tx antenna at R matches
the polarization of the Rx antennas at S and R for an optimal
reception. The harvested power at S and R will be used for
the information transmission in the next phase.

The received energy signal at the source node S is

P
Vs = _;hRSxe + ns, (D
dl

where P, is the fixed power supply at R, which is only used
in the first phase as the energy source, d is the distance from
the source to the relay, 8 is the path loss exponent, hgg is the
channel coefficient of the R — § channel, x, is the energy
symbol with E {|xe|2} = 1, and ny is the Additive White
Gaussian Noise (AWGN) at S with a variance of Nj.

Using (1), the total received RF energy Es of the source
node during the time «T is

n Py hgs)?
=«

E,
\} d{s

T, @

where 0 < 11 < 1 is the energy conversion efficiency of the
source node. Thus, the average RF power for transmission
during the next phase at the source is given by

_ E; _ rllaPr|hRS|2
A=)~ (1 —a)f

s 3)
In addition, the received energy signal at the relay node R
from its own transmitter is

P,
Yer = _ﬁhRRxe + ny, 4
d3

where n, is the AWGN at R with power Ny. The self-recycling
power which will be used to transmit information in the next
phase at the relay is

_ maP,|hgg|?

P ,
T U —wdf

)
where 0 < 1y < 1 is the energy conversion efficiency of the
relay node. Generally, the system is appropriate for any values
of n1,m € (0, 1). In practice, we assume 1y > n; since
the receiver at R is closer to its own transmitter than the
receiver at S, thus having a larger input power into the EH
circuit [20], [21]. The harvested power Py and P, will be used
in the second phase for information transmission as there is no
fixed power supply at S and R in the information transmission
phase.
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B. INFORMATION TRANSMISSION PHASE

In this phase, the antenna at S works in the transmitting
mode. The source uses the harvested power P, to transmit
the information signal to the relay. The relay works in the FD
mode to receive information and forward information at the
same time on the same frequency. The power used by the relay
to forward information is the recycled power P,,. The power
supply P, is switched off in this phase for saving energy.
The polarization of the antenna at S and the antennas at R
is different from the first phase. Specifically, the polarization
of the Rx antenna at R matches that of the Tx antenna at S
but differs from that of the Tx antenna at R. The aim is that
R receives the maximum power of the desired information
signal from S while receiving the minimum amount of the SI
power from its own transmitter. Denote the polarization state
of the desired information signal as S and the polarization
state of the SI signal as I. S and I are given as below

S = [cos(es)  sin(ey) exp(sz)]T,
I =[cos(e;) sin(e))exp(i5)] (6)

where ¢;, &5 € [0, /2] are polarized angles of the dual-
polarized antennas, &;, s € [0, 2w] are phase differences
between the vertical and horizontal polarized components of
the dual-polarized antennas, and (.)T represents the transpose
of a vector or matrix. S and I are unit vectors, i.e., SHS =
I"T = 1 and S # I. The received signal at R is

P P
yr = —;hSRst + _eﬂthRIxr +N,, )
\ d! V df

where x; is the loop-back interference signal, i.e., a delayed
version of y, which will be mentioned later in (17), and
E{|x,|?} = 1. hgg is the SI channel of the relay. The AWGN

. n .
at Ris N, = |:nH ], where ng represents the horizontal
v

polarized component and ny represents the vertical polarized
component. ng and ny obey the Gaussian distribution with a
zero mean and a variance of %

The desired received signal in y, is interfered by the SI
signal x,. The signal x, can be canceled by the PDC scheme
utilizing the polarization states S and I and the oblique pro-
jection Qgy. To explain the oblique projections, we first intro-
duce the orthogonal projections. An orthogonal projection
has a null space that is orthogonal to its range [22]. For an
orthogonal projection Ps whose range is (S) and null space is
(I) = (S)+, we have

PsS = S,
PsI =0, ®)

where 0 is a zero vector, i.e., 0 = [0 O]T.
The well-known formulas to build orthogonal projections
with the range (S) and (I), respectively, are given by
Ps = S(sHs)~'sH,
P = 10D 'Y, ©)

158812

where ()M is the Hermitian transposition of a complex vector
or matrix, and (.)~! is the matrix inversion. Pg is called the
projector onto (S). The orthogonal projection with the range
(S)*is

P; = E —Ps
= E — SSH, (10)
where
1 0
E= [o 1]. (11)

Based on (9), the orthogonal projection onto the linear sub-
space (S I) is

sHs  sHp] ™' [sH
Ps =[S 1] |:IHS IHI} [IH]. (12)

In contrast, the projection matrices of oblique projections
are not orthogonal. For an oblique projection Qs; whose
range is (S) and null space is (I), we have

QsiS =8,
QsiI = 0. (13)

The oblique projection can be built by decomposing the
orthogonal projection Pgy, i.e.,

Psi = Qst + Qrs, (14

where
sHs  sH[] ™! [sH
Q=[S 0] [IHS IHI} [IH]’
sHg  sH[7™! [sH

It is easy to realize that Qg satisfies the properties in (13).
This means Qgy is the oblique projection with the respec-
tive range (S) and the respective null range (I). Similarly,
Qgs is the oblique projection with the respective range (I)
and the null range (S). We choose Qs; as the oblique
projection of the PDC scheme in our system to pre-
serve the desired signal while canceling the SI signal.
From (15), the oblique projection with the range (S) can be
simplified to

Qsi = S[S"'PiS]'s"PL, (16)

where PIl = E —P; = (E —I1") s the orthogonal projection
with the range (I).

The received signal at R, y,, is processed by the PDC
scheme, which includes two main operations. Firstly, the
oblique projection operator Qsy is applied to maintain the
desired signal and cancel the SI signal by utilizing the prop-
erty Qsi[S I] = [S 0]. Secondly, the remaining S in the
signal part after the oblique projection will be eliminated by
multiplying SH, i.e., SHS = 1, which can de-polarize the
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desired signal. Thus, the post-processed signal at the output
of the PDC scheme y, is expressed as

A P P
5 = SHQg ( /_;hSRSXs + /—eﬁthRIxr + Nr)
d dy
P A
= d—;hSRxx + n,, (I7)
V 4

where 7, = SHQgN,. Denote o as the polarization dis-
similarity factor of S and I. The expression of p can be
defined as

1 —|IHs)? = 1 — sHHs

= stipis, (18)

S
Il

where || - || denotes the Euclidean norm. The power of 7, is
E[||SHQSI N,||2] = 12\/_2. From (18), when the vectors S and

I are orthogonal, i.e., s = o, p gets the maximum value 1.
The value p = 0 occurs when IS = 1. However, S # I
leads to p # 0. Thus, the range of p is p € (0, 1]. Eq. (17)
shows that the PDC scheme can eliminate the effect of the
SI channel. However, the oblique projection also causes the
residual noise at the relay SHQg; N, with the variance ]2\’—0
This output noise power is considered as the side-effect of
the PDC scheme.

The received signal at the destination is

g2,
Yd = _ﬁhRDyr + ng
d;

hrphsra/Ps hrp
_ &hro ;Rﬁ Axs—i-é R;)nr—i-nd, (19)
dl d2 \Y d2
where £2 = m denotes the amplifying factor

P 2p

at the relay in the] AF protocol, and P; and P, follow
Egs. (3) and (5), respectively. It is reasonable to assume that
the Rayleigh fading channelsthR|2 and |hRS|2 are indepen-
dent and identically distributed (i.i.d.) exponential random
variables (RVs) with mean Ay, |hgp|? is an i.i.d. exponential
RV with mean A4, and |hRR|2 is an i.i.d. exponential RV with
mean A,.

V. THROUGHPUT ANALYSIS

In this section, the throughput of the proposed FD-SER sys-
tem is analyzed. From (19), the end-to-end SNR from the
source to destination is

PsPer |hsr|*hrp|?

P& |hsg|*hrp 2 B .8 hsg2Ps | N
= B B dydy | =Eg= 473
dl d2 dj (20)
VSD = — = .
gD 2N Por lhrp 2N
&7 RDL 0 4 N er |iRD|“No +No
2pd,

B [ 1hsr12Ps | Mo
2pd2 dﬂ J +Z
1

Define X1 £ |hsgl®, X2 £ |hgs)>, Y = |hgp|*, and Z =
|hrR |2. From (3), (5), and (20), the SNR ysp at the destination
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is given by
aX1X2YZ
VSO = oYz + dXi Xy @h

where

a = 2P*a*nimp,

b=dPdld! N2 - ),

¢ = Pyamd;  No(1 — ),

d = 2an; pPdl dfNo(1 — a). (22)

The outage probability P,,; is defined as the probability when
the system SNR ysp is below the threshold SNR yy;,, where
Vih = 2R _ 1, and R, is the source transmission rate in
bits/sec/Hz.

Py = Pr{VSD < Vth}
aX1X2YZ
_ < i
b+ cYZ +dX1 Xp
= Pr{aX1X2YZ < yu (b + cYZ + dX1X5)}
= Pr{YZ(aX1X2 — yimc) < ymb + ymdX1Xa}. (23)

The Probability Density Function (PDF) of XX, is given

by [23], [24]
2
fia(@) = 55 Ko (2 /%) , (24)

where Kj,(x) is the n-th order modified Bessel function of the
second kind. The Cumulative Distribution Function (CDF) of
YZ is [2], [24]

Z Z
Fyz()=1-2 /)\derl (2 /Am)' 25)

From (23), the outage probability is

Pr{vz < vuprpdio} -y x, > o
Pour = ’

aX1X2—cyim
1, X1 X, < b

CYth

=/ " P ()dx

o0 b+ ypdX1 X
+ / Fyy Yinb + ymdX1 X2
Vi aX1 Xy — cyum

)fx1 X, (X)dx.
(26)

a

Substituting (24) and (25) into (26), we have

P L N £ W,
out = )@%{ho )\%Mlu X,
_ Yinb+xymd

whereu-%/%'

Because the information is transmitted in the dura-

tion (1 — )T (seconds), the system throughput can be
computed as

R(@) = (1 — Pyy)Re(1 — )

= R.(1 — a)é /: Ko (2\/;) uky () dx. (28)
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FIGURE 3. Two-phase protocol of the NER system.

Recall that R, is the source transmission rate. The final
expression of the throughput in (28) depends on the outage
probability, which in turn depends on the self-recycling power
at the relay, P, as shown in (20) and (23).

VI. NER SYSTEM

For comparison, the FD relaying system with an EH-enabled
source and an ordinary relay without the energy-recycling
capability in [19] is analyzed below. The system protocol is
illustrated in Fig. 3 where there is no energy recycling at the
relay. As a result, different from the proposed SER system
which can switch from the fixed power to the self-recycled
power and vice versa at the beginning of each phase, in the
NER system, the relay must use the fixed power supply P
during the whole block time T'. In the EH phase, the RF signal
is sent from the relay to the EH receiver at the source node.
In the information transmission phase, the harvested energy
at the source is used for transmitting information to the relay
and, at the same time, the fixed power supply at the relay is
used for transmitting information to the destination.

Recall the equation (1), it is also the received energy signal
at S in the NER system. The harvested power at S is P; as
illustrated in (3). The received signal at the destination of
the NER system is similar to (19), except that the amplifying
factor at R is

P
2 _ r
T Ty (29)
d’ 2p

n

Thus, the end-to-end SNR and the outage probability as
illustrated in [19] are
PrP.v|hsm2|hRn|22
apa (337G )

Yn = T NP o P : (30)

No |, Pslhggl?
2d2’”p(5+ an )

+ No

where P; follows (3). The outage probability, P,, in the NER
system is

a'ynX*Y
P,=Pr{ ———— , 31
n {b/X2+c/Y+d, < Vth ( )
where
d = 27)105pr,

b = 2Vthp771(¥Prd5NO7

158814

¢ = ymNoPr(d{ (1 — ),
d' = yuNG(d] 5 (1 — a). (32)

and X 2 |hsg|*|hrs|*, Y = |hepl*.
The system throughput is computed as [19, Eq. (35)]
e}
Ry(a) = R(1 — )
v/d

C/Z + d/
u/ = 2 —2 Y, . (34)
As(dz—b)

The outage probability of the SER system proposed in this
paper depends on four random variables, |hsg|?, |hgs|?,
|hRD|2, and |hRR|2 where hgg is the channel gain of the loop-
back channel at the relay, while that of the NER system in [19]
depends on three random variables, |sg|2, |hgs|%, and |hgp|>.
As a result, the derivation of the outage probability and the
throughput in the two systems are considerably different.
This can be seen clearly from (23), where four variables X,
X5, Y, and Z are involved (unlike (31) in the NER system
where three variables |hsg|?, |hgs|?, and |hgp|? are involved).
Besides, in (28), the integration is taken over the product of
the two modified-Bessel functions of the second kind (rather
than the integration of the single modified-Bessel function of
the second kind in (33) in the NER system).

1 _=
'K1(u)—e *ddgz, 33
u 1(u)kde z (33)

where

VIl. NUMERICAL RESULTS

We assume the path loss exponent is 8 = 3. Since the
efficiency is proportional to the average signal power at the
input of the rectifier [20], we assume that the EH efficiency
at Sisny = 0.4 and at R is n, = 0.8 (except Fig. 13
where we consider the whole possible range of n; and two
different values of 7,). The noise power Ny is assumed to
be —90 dBm, and the transmission rate of the source is
8 bits/sec/Hz. The polarization dissimilarity factoris p = 1,
i.e., the polarization states of the desired signal and the SI
signal are orthogonal, except Fig. 12 where we consider the
whole possible range of p. The carrier frequency of 300 MHz
is considered and the distance between the Rx antenna of the
relay and its Tx antenna is d3 = 1 m to make sure the two
antennas experience independent fading. In this paper, we aim
to quantify the power saving and the throughput improvement
when adopting SER. The protocols of the SER and NER
systems are illustrated in Figs. 2 and 3, respectively. For a fair
comparison, the EH fraction, «, of the SER and NER systems
is set to be the same in each comparison to keep the harvested
energy at the source to be the same.

Fig. 4 illustrates the throughput comparison between the
proposed FD-SER system R.(«x) (cf. Eq. (28)) and the
FD-NER system Rj(«) (cf. Eq. (33)). The notations A.SER
and S.SER stand for the analytical results and the simulation
results of the SER system, respectively. A.NER represents the
analytical results of the non-energy-recycling system in [19].
The results show that the throughput of the proposed FD-SER
system almost reaches that of the FD-NER system within the
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whole range 0 < o < 1 when the R-D distance is d = 50 m.
Recall that the relay only uses the power oP, in the whole
block T in the proposed system, while it uses the power
P, in the FD-NER system. Thus, we define the normalized
power consumption as the ratio of the consumed power at the
relay of the FD-SER system to that of the FD-NER system,
ie., % = “}f:’ = «. Note that 0 < o« < 1. This means
that the FD-SER system can save the power consumption by
(1 — a)P, Watts while having almost the same throughput
as the FD-NER one for the small-to-medium R-D distance
range (some tens of meters). With the increase of d», the
throughput of the FD-SER system is getting worse than that
of the FD-NER system as expected, because the self-recycled
energy at the relay is limited.

Fig. 5 compares the throughputs of the two systems versus
the transmit SNR for different R-D distances, d». The transmit
SNR at the relay is defined as ;—6. The throughputs of the
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two systems are almost the same for the whole considered
transmit SNR range, if the R-D distance is in a small-to-
medium range. For a long-distance range, the throughput of
the FD-SER system is slightly worse than that of the FD-NER
system unless the transmit SNR is large enough.

Fig. 6 plots the effect of & on the harvested energy at
the source node and the self-recycled energy at the relay
node in our proposed SER system when P, = 1 Watt and
T = 4.256 ms [25]. The S-R distance is d; = 20 m and the
distance between the antennas at the relay is d3 = 1 m. The
results show that the recycled energy at R is around sixteen
thousand times the harvested energy at S due to the influence
of path loss and energy conversion efficiencies. The results
also reveal that adopting the SER technique at the relay can
reuse a significant amount of energy.

Fig. 7 plots the normalized throughput of the FD-SER
system Ilg—z for different values of the normalized power con-

sumption %‘1 (ak.a. a) for P, = 1 Watt. The result shows

that, when P, = 0.2P,, the throughput is R, = 0.97R,, for
d» = 50 m and R, = 0.66R,, for d» = 200 m. This means
that the FD-SER system can save 80% of power to achieve
97% of the throughput achieved in the FD-NER counterpart
for d» = 50 m, and 66% of the throughput for d = 200 m.
The worst point is P, = 0.06P,, for both d = 50 m and
dr = 200 m. At this point, 94% power is saved to have
90% of the throughput achieved in the FD-NER system for
dr = 50 m, and 25% of the throughput for d» = 200 m.
These observations indicate that our FD-SER system can save
a large amount of power, while still being able to achieve a
relatively high throughput in a small-to-medium R-D distance
range.

Fig. 8 illustrates the optimal EH fraction, «, for different
relay transmit powers when d; = 20 m and d> = 50 m in both
the SER and NER systems. Fig. 8 shows that the optimal «
decreases with the increase of P, and the optimal « is almost
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the same in these two systems for the considered distances of
S-R and R-D.

Fig. 9 illustrates the throughput performance in both the
SER and NER systems when « = 0.4 and d; = 20 m. In this
figure, P, is selected as 0.25 Watts and 0.1 Watts for the SER
and NER systems, respectively, to guarantee the same total
consumed power in the two system for a fair comparison.
Recall Figs. 4 and 8, it is clear that « = 0.4 will optimize
the throughput of the NER system for a wide range of d from
50 m to 200 m when P, = 0.1 Watts. However, « = 0.4 is not
the optimal value of the SER system when P, = 0.25 Watts.
This means Fig. 9 compares the throughput of the SER system
with the optimal throughput of the NER one, given that the
total power consumption of the two systems is the same.
Thus, this figure shows the minimum throughput improve-
ment that could be achieved by the proposed SER system,
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compared to the NER counterpart, for the considered set of
parameters.

Fig. 10 examines the impact of the distance d> and the
transmit power at the relay, P,, on the throughput of the
FD-SER and FD-NER systems. Our analyses are derived for
generic o values. As we need to make sure that « is the same
in both the SER and NER systems for a fair comparison,
the parameter « = 0.2 is chosen in both system as an
example for illustration. Besides, the EH fraction « is set
to be 0.2 as it is the optimal value for P, = 1 Watt as
shown in Fig. 8. Thus, the following figures (Figs. 10-13)
show the upper bound of the throughput improvement that
could be achieved by the SER system, compared to the NER
counterpart. Fig. 10a compares the throughput of the SER
and NER systems when the same transmit power is used at
the relay and @« = 0.2 in both systems. From Fig. 10a, the
throughputs of these two systems are almost the same when
d» is less than 90 m for P, = 1 Watt and when d5 is less than
50 m for P, = 0.1 Watts. These observations prove that the
consumed power in the proposed system is reduced by 80% to
achieve the same throughput compared to the non-recycling
system for a small-to-medium range of d,. Fig. 10b shows
that the throughput of the FD-SER system is 5.08 bits/sec/Hz
when dy = 20 m and 4.75 bits/sec/Hz when d = 200 m.
Meanwhile, the throughput of the FD-NER system reduces
slowly from 3.15 bits/sec/Hz at d, = 20 m to 3.12 bits/sec/Hz
at d» = 200 m. Note that the power consumed at the relay
of the proposed FD-SER system is 0.2 Watts when o =
0.2 and P, = 1 Watts, which is exactly the same as the
power consumed at the relay of the FD-NER system with
P, = 0.2 Watts. This result shows that, with the same con-
sumed power, the throughput in our FD-SER system can be
up to 1.61 times higher than that in the FD-NER system. This
is because the FD-SER system saves the energy consumed in
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the second phase by adopting the SER technique. The relay
in the FD-SER system uses a higher power, compared to the
FD-NER one, to transmit energy signals to the source and
itself in the first phase. Thus, the FD-SER system boosts the
system throughput by 1.61 times the FD-NER system with
the same power consumption.

Fig. 11 plots the throughput performance of the proposed
FD-SER system versus the Source-Relay (S-R) distance
d; when o = 0.2, with the non-cycling system serving as
a benchmark. As mentioned above, the relay-transmitting
power in the second phase of the FD-SER system depends
on the harvested energy while the FD-NER system relay has
the fix power supply. When o« = 0.2 and P, = 1 Watts, the
total consumed power of the FD-SER system is exactly the
same as that of the FD-NER system with P, = 0.2 Watts.
The total Source-Destination (S-D) distance is set to be 200 m
and the S-R distance is d» = 200 — d; m. Fig. 11 aims to
explore the effect of relay location on the system throughput
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in comparison with the NER counterpart. As a result, the
same total S-D distance of 200 m is considered in both
systems. The results show that the throughput in both systems
decreases as d; increases due to a larger path loss in the S-R
link. Consequently, the received signal strength at the relay is
poorer and the throughput decreases. However, the proposed
system still outperforms the FD-NER system, unless d; is
under 10 m, where the former is slightly inferior than the
latter. This is because, when d; is too small, the relay is too
far from the destination. Due to the limited recycled energy
at the relay, the system throughput will be reduced. Fig. 11
thus shows the trade-off between the two systems. For this
simulation scenario, if the relay has to be put more than 10 m
away from the source due to, for example, the unavailability
of the physical place for the installation of the relay (like
in mining tunnels), the proposed FD-SER system is a better
choice than the counterpart. This demonstrates the usefulness
of our proposed system in a realistic scenario. Clearly, the
optimal relay location in the proposed system is approaching
the source node, rather than the middle point between the
source and the destination which is a well-known observation
for a conventional half-duplex, non-energy harvesting system
reported in the literature.

Fig. 12 plots the throughput of the FD-SER and FD-NER
systems versus the polarization dissimilarity factor, p, when
o = 0.2. The comparison of the two systems is based on
the same total energy consumption, so P, = 1 in the SER
system and P, = 0.2 in the SER system. The analytical
results show that the throughput increases with the increase
of p. Since 0 < p < 1, the maximum throughput is obtained
when p = 1, i.e., the polarization states of the desired signal
and the SI signal are orthogonal. Fig. 12 indicates clearly
that our proposed system still outperforms the FD-NER one
even when the polarization states of the antennas are not
orthogonal.
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Fig. 13 illustrates the impact of the energy efficiency at S,
N1, on the system throughput. We set « = 0.2, d; = 20 m,
dy = 200 m, and P, = 1 Watt in the FD-SER system and
P, = 0.2 Watts in the FD-NER system. Note that usually
n2 > 11 as the distance between the transmit-end and the
receive-end of the energy signal at R is closer than that
at S. Fig. 13 reveals that throughput is proportional to 1 in
both systems. The increase of the efficiency at R, 13, in the
FD-SER system will improve further the system throughput.
In addition, if n; increases by 0.4, the throughput increases
by about 0.4 bits/sec/Hz to 4.8 bits/sec/Hz. This figure also
shows the variation of 7, in terms of 7, = 0.4 and 1, = 0.8.
If ny increases by 0.4, the throughput increases by about
0.2 bits/sec/Hz. Thus, it is clear that the throughput depends
more on 7 rather than 7;.
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VIil. CONCLUSION

In this paper, we have proposed a Polarization-Enabled Dig-
ital Self-Interference Cancellation (PDC)-based FD relaying
network with an EH-enabled source and a SER-enabled relay.
The relay only uses its fixed power supply in the first phase to
broadcast energy signals to the sources. During this process,
it also recycles part of its own transmitted energy. In the
remaining phase, the relay uses the recycled power to forward
signals from the source to the destination in a PDC-based
FD communication mode. Analytical expressions have been
derived for the outage probability and throughput of the
system, confirmed by our simulations. The paper reveals that,
compared to the FD-NER system, our proposed system can
save significantly the total consumed power while achieving
almost the same system throughput for a small-to-medium
R-D distance range. Alternatively, with the same power con-
sumption, our system outperforms the counterpart in most
cases. Therefore, it is a promising solution to save power
or boost the system throughput in FD EH relaying systems.
Our future works include extending the two-antenna relay to
a multi-antenna structure, considering other SIC techniques,
such as the analog least mean square loop [26], and examining
the correlated fading channels between antennas [27].
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