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Self-Energy Recycling for Low-Power Reliable
Networks: Half-Duplex or Full-Duplex?

Dian Echevarria Pérez
Hirley Alves

Abstract—Self-energy recycling (SER), which allows transmit en-
ergy reutilization, has emerged as a viable option for improving the
energy efficiency (EE) in low-power Internet of Things networks.
In this article, we investigate its benefits also in terms of reliability
improvements and compare the performance of full-duplex (FD)
and half-duplex (HD) schemes when using multiantenna techniques
in a communication system. We analyze the tradeoffs when con-
sidering not only the energy spent on transmission but also the
circuitry power consumption, thus making the analysis of much
more practical interest. In addition to the well-known spectral
efficiency improvements, results show that FD also outperforms
HD in terms of reliability. We show that sER introduces not only
benefits in EE matters but also some modifications on how to
achieve maximum reliability fairness between uplink and downlink
transmissions, which is the main goal in this article. In order to
achieve this objective, we propose the use of a dynamic FD scheme
where the small base station determines the optimal allocation of
antennas for transmission and reception. We show the significant
improvement gains of this strategy for the system outage probabil-
ity when compared to the simple HD and FD schemes.

Index Terms—Energy harvesting, full-duplex (FD), maximum
ratio combining (MRC), ultra-reliable communications (URC).

NOMENCLATURE
AWGN Additive white Gaussian noise.
CDF Cumulative distribution function.
CSI Channel state information.
GPD Generalized Pareto distribution.
HD, FD half/full duplex.
IoT Internet of Things.
MIMO Multiple-input multiple-output.
MRT/MRC Maximum ratio transmission/combining.
PDF Probability density function.
SBS Small base station.
sER Self-energy recycling.
SIC Self-interference cancellation.
SINR Signal-to-interference-plus-noise ratio.
SNR Signal-to-noise ratio.
UL/DL Uplink/downlink.
URC Ultrareliable communications.
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WET/WIT  Wireless energy/information transfer.

Symbol Definition
Vtd, Purs Pua  Path gains in links TD, UR, UD.

©gs PSI Path gain in sER and self-interference links.
Y/ Vsbs SNR at D/SBS.
Wid, Wor Beamforming vectors in TD and UR.
hi4, hy, Vectors of channel coefficients in TD and UR.
Pru Power drawn from sER.
Pg Power provided by the source.
Prr Pc Minus power consumed by active elements.
hud Channel coefficient in the link UD.
SIC Coefficient.
i Conversion efficiency in EH.
T Fraction of time where the SBS transmits.
T Time duration block.
M/N/P Number of transmit (receive)/receive/EH an-
tennas.
Q Total number of RF chains.

I. INTRODUCTION

LTRA-RELIABLE communications (URC) aims to pro-

vide packet error rates going from 10~ to 10~ almost

100% of the time, and is a key operation mode in current
and future wireless communication systems. Many envisioned
applications need to operate with reliability levels that match
those of cabled networks, e.g., vehicle-to-vehicle communi-
cations require error free operations 99.999% of the time in
the basic version of the service, teleprotection in smart grids
99.999%, factory automation 99.9999999%, and remote surgery
99.99999999% [11-[3].

Some cutting edge technologies have been linked to URC'
in recent years. That is the case of radio frequency (RF) energy
harvesting (EH), which has become a viable option for enhanc-
ing the energy efficiency (EE) in low-power Internet of Things
(IoT) networks by using the energy carried in RF waves, thus
supporting longer devices’ lifetimes [5], [6]. Some works have
focused on this direction, for instance, the authors in [7] analyzed
the delay and error probability in a scenario with wireless energy
transfer (WET) in the downlink (DL) and wireless information
transfer (WIT) in the uplink (UL) under strict latency and re-
liability requirements. Also, a short-packet cooperative scheme
enabling URC is studied in [11], where the relays are powered

'We are aware of the extreme mode known as ultra-reliable low-latency
communications (URLLC) [1], and other hybrid URC models foreseen for
6G [4]. However, herein we focus on native URC that has broader application.
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via WET. Therein, the error probability is investigated under
perfect and imperfect channel state information (CSI).

Meanwhile, full-duplex (FD) technology has been widely
studied in recent years because of its potential to promote relia-
bility and latency enhancements. FD also allows an improvement
in spectral efficiency (SE) since transmission and reception
occur simultaneously using the same frequencies with the help
of self-interference cancellation (SIC) techniques [8], [9]. For
example, the authors in [10] compared the performance of FD
and half-duplex (HD) relaying for URC.

Recently, a novel RF-EH concept termed as self-energy recy-
cling (sER) has also captured the attention of both academia and
industry. sER is a technique that allows us to reutilize part of the
transmitted energy by means of an “energy-loop” [11], [12]. FD
and sER techniques can be combined allowing a higher reuse
of the transmitted energy since the recycling process occurs un-
interruptedly while the devices are transmitting [11], [13]-[15].
The benefits of this combination in terms of SE, EE, among
others, have been investigated recently, e.g., [11], [16]-[18].
However, the impact of sER on the reliability performance of
either HD or FD configuration has not been investigated in the
literature. For instance, authors in [16] studied the benefits of
performing sER in an FD small base station (SBS) in terms of
EE but they did not consider the benefits regarding reliability.
An FD wireless-powered relay protocol with sER is proposed
in [16], while in [17], the focus is on sER in an FD relaying
multiple-input multiple-output (MIMO) orthogonal frequency
division multiplexing system. Rather than network reliability,
the authors maximized the SE and derived the optimal power
allocation per antenna. Authors in [18] investigated the impact
of sER on the EE and SE in an FD multiuser MIMO system
reserving a few antennas for sER from the total. However,
they derived expressions for the outage probability in the DL
channel only and did not focus on reliability improvements.
There are other related works where the benefits of SER were not
considered, for instance, the work in [19] studied a point-to-point
bidirectional spatial modulation FD MIMO system with transmit
antenna selection in Rayleigh fading channels. Expressions for
the outage probabilities were derived and a dynamic/flexible
arrangement of transmit and receive antennas was proposed.

Authors in [20] evaluated an accumulate-then-transmit frame-
work for multiuser scheduling in an FD wireless-powered sys-
tem with multiple IoT devices powered via EH and one FD
hybrid access point (HAP). The FD HAP operates with limited
number of antennas and does not exploit the benefits of sER.
Similarly, in [21], the authors analyze a simultaneous wireless
information and power transfer system with FD IoT nodes. The
total transmit power is minimized with a joint optimization of
the hybrid precoder, decoding rule, and power splitting ratio,
all this with fixed number of antennas for transmission and re-
ception and without exploiting sSER. Meanwhile, authors in [22]
minimized the system outage probability in the presence of an
FD decode-and forward EH relay by properly tuning the power
splitting factor. Therein, SER was not available and devices were
assumed to be equipped with single antennas. The design of a
low complexity FD transceiver with antenna subset selection
in a relay network was proposed in [23]. In that work, the
authors determined the number of antennas required for trans-
mission and reception at the relay node for maximum diversity
gain. However, the focus was not on reliability and again SER
was not exploited. It is worth mentioning that most of these
works assume that the energy is only consumed on transmission,
thus ignoring the energy consumed in the RF circuits.
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None of previous works has considered the impact of the
use of the self-recycled energy on the system reliability, while
the number of transmit and receive antennas always remains
fixed. Aiming at filling this research gap, herein? we focus on the
outage probability analysis of an antenna-dynamic FD system
with sER. Our main contributions are three-fold.

1) We derive closed-form expressions for the outage proba-

bilities of HD and FD schemes under the influence of sER.
We show numerically that FD usually outperforms HD in
terms of reliability when considering a fixed number of
transmit and receive antennas.

2) we propose an FD scheme that dynamically adopts
the configuration of transmit and receive antennas that
minimizes the maximum outage probability of UL
and DL channels assuming the use of state-of-the-art
transceivers [25]. The proposed FD strategy outperforms
traditional HD and FD schemes in terms of outage prob-
ability.

3) We discuss the performance gains from sER, as well as
its influence on the optimal system configuration. For
instance, we show that for 6 EH antennas the optimal con-
figuration changes to 5 transmit and 11 receive antennas
with respect to the setup without sER (6 transmit and 10
receive antennas).

This article is structured as follows. In Section II, we briefly
describe the system model and main assumptions. In Section III,
we analyze the HD scenario and derive the expressions for the
outage probability and harvested energy, while we focus on
the FD scenario in Section IV. Section V discusses numerical
results, and finally, Section VI concludes this article.

Notation: Boldface lowercase letters denote vectors whereas
boldface uppercase letters denote matrices. For instance,
x = {x;}, where x; is the ith element of vector x; ||-|| is
the Euclidean norm of a vector. The superscript (-)* denotes
complex conjugate of a vector, and (-)¥ is the conjugate trans-
pose. E{-} denotes expectation. I'(a) is the gamma function,
I'(a, b) is the upper incomplete gamma function with parameters
a and b [26, Eq.(8.2.1-8.2.2)], and ((a,b) is the beta func-
tion. 1 Fy(-) is the confluent hypergeometric function of first
kind[26, Eq.(13.2.2)] and o F} (-) is the Gauss hypergeometric
function[26, Eq.(15.2.1)]. The acronyms and main symbols used
along this article are summarized in the Nomenclature.

II. SYSTEM MODEL AND ASSUMPTIONS

We consider a wireless communication system with an SBS
serving one DL and one UL single-antenna device operating
at a constant rate (ry and rg,, respectively) under quasistatic
Rayleigh fading, i.e., the channel remains constant during a
transmission block and changes independently from block to
block. The SBS is assumed to be powered by a regular source
that can provide Pg power units at most. In addition, part of the
transmitted energy is recovered at the SBS via sER and it is used
to assist the communication. FD and HD duplex configurations
are analyzed, and in both scenarios, diversity techniques such
as maximum ratio transmission (MRT) and maximum ratio
combining (MRC)? are used at the SBS. Finally, the total number
of RF transceivers is denoted by (), while full CSI is assumed at

2Notice that our work here summarizes the main outcomes from Dian’s Master
thesis in [24], but extending the analysis toward a reliability-centric approach
and evaluating the impact of the number of EH antennas.

3We assume MRT and MRC because they can be implemented easily in
practice if full CSI is available. Also, some works have considered them, for
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<—— DLchannel

<—— ULchannel

SBS

Fig. 1. Communication system operating in HD mode. The SBS communi-
cates with D and U through the DL and UL channels, respectively. It is also
equipped with @ RF chains and P antennas for EH.

the SBS and D in order to perform coherent decoding methods,
which is a common assumption in these settings [7], [29].

III. HALF-DUPLEX

First, we consider an HD SBS equipped with M = @ > 2
antennas used for both transmission (7)) and reception (R,),
and P antennas for sER, thus, P = 0 means that SER cannot
be exploited. The scenario is shown in Fig. 1, where TD and
UR represent the links 7, — D and U — R,, respectively. The
communication is divided into two phases as discussed in the
following.

A. HD Phases

In the first part with duration 77" with 7 € (0,1), the SBS
transmits the signal intended to D while U keeps silent. SER
is also carried out in this phase. MRT with beamforming vec-
tor for information transmission wyg = hy /|| by is used [30],
where hy = [hy, ha, . . ., has]T is acolumn vector containing the
zero-mean unit-variance complex Gaussian channel coefficients
between the M transmit antennas and D.

Hence, the signal received at D can be modeled as follows:

Vg = Vpu(Pen + Pre) Wi hygss + ng
= vV u(Pen + Prr)||hudl|ss + na ()

where Pgy and Prr represent the power drawn from the sER
process and the fixed power available after active elements
consumption at the SBS, respectively. Note that for simplicity
most of works assume the ideal case where Prg = P, which
means no power consumption in active elements, and therefore,
all power is used for transmission. We discuss this in detail
at the end of this section. The parameter s, represents the
baseband transmitted symbol such that E{|ss|?}=1, nq is the
additive white Gaussian noise (AWGN) with power o2, and O
represents the path gain (path gain = path loss™') in the link
TD. Therefore, the signal-to-noise ratio (SNR) at D is given by

= <Ptd(PEH+§RF)||hth2 @)

g

instance, [11], [27], while other schemes have been studied in the literature
together with WET, such as transmit and receive zero-forcing [28].
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circuitry 1

—{ Charge pump 1 *‘

——{ Charge pump 2 [—

Phase shifting
circuitry 2

Phase shifting

Combiner — EH

Phase shifting

circuitry P

I~ Charge pump P

Fig. 2. EH architecture. The design contains phase shifting circuits, charge
pumps, a dc combiner, and an EH block that allow us to collect energy more
efficiently.

where ||hy||? follows a Gamma distribution since it is the sum
of M unit-mean exponential random variables.

In the second phase of duration (1 — 7)T', U starts transmit-
ting the information-bearing to the SBS. This signal does not
impact the EH process because its power is too low and it is
not comparable to the level of self-interference (SI). MRC is
performed at this point with combining vector wy, = hy /||y,
where hy, = [hy, ho, . .., has]T is a column vector containing the
zero-mean unit-variance complex Gaussian channel coefficients
between U and the M antennas of the SBS. The combined signal
is then given by

Ysbs = V @urPuwghurSu + Wgns (3)
where ¢, represents the link’s path gain, s, is the baseband
transmitted symbol such that E{|s,|?} = 1, P, is the power
transmitted by U, and n, is the AWGN vector such that each el-
ement is assumed uncorrelated with same power 2. Therefore,
the SNR at the SBS is given by

Yebs = |\/§0urpuwghur5u|2 — qurpu‘wghur‘Q
” E{|wiin,|?} [[Wurl |20

o qurPuHhurH2

= “)

o2
B. Harvested Energy

As mentioned above, sER is carried out during the first phase
of duration 77". In order to achieve the highest possible efficiency
in sER, we adopt the scheme proposed in [31], which is shown
in Fig. 2. It works as follows: after receiving the signals, a
phase shift is introduced to each signal by its corresponding
phase shifting circuitry such that all the output signals are
out of phase with each other. The outputs go through charge
pumps composed of voltage boosting and rectifying circuits,
after which they are added up to achieve the maximum combined
direct-current (dc) signal [31]. The recycled energy is used to
assist the communication. The signal at the EH antennas is given
by

Yp = 1/ %g(Pen + Pre)wig Gsg + 1, (5)

where ¢, represents the path gain in the link sER andn,, is
the noise vector. G is an M x P matrix containing all the
channel coefficients in the link sER. These links will most likely
experience near field rather than far field properties due to the
short distance. Therefore, we may assume sER channel entries
as equal and constant for performance analysis tractability [12]



PEREZ et al.: SELF-ENERGY RECYCLING FOR LOW-POWER RELIABLE NETWORKS: HALF-DUPLEX OR FULL-DUPLEX?

although this does not strictly hold in practice*. Clearly, the
frequency used and the separation between elements in the
antenna array impact these channels. The noise power is not
considered for EH since its magnitude is too low compared to
the SI level. Hence, the harvested energy is

Egy = {TTUP’\/ ©g(Pen + Prr) Zwtd i9Ss
M

Z Wid, 5
i=1

where 7) and g are the conversion efficiency and channel coeffi-
cient in the link sER, respectively. We assume a linear model for
the conversion efficiency for mathematical tractability. Readers
may refer to [12], [33] for other nonlinear models that work
better for low or high incident power levels. Moreover, wy,;

represents the individual elements of the vector wy. Dividing
both sides of (6) by T" we attain

2

= 7TnPpy(Peu + Prr)lgl® (6)

2

M
Z W, i @)
i=1
Notice that the term Pgy is at both sides of the equation, which
means that there is an “energy loop” since a portion of the
transmit energy is captured and reutilized as part of the sER
process. It is worth mentioning that due to delay limitations,
the harvested energy cannot be utilized immediately. However,
after the transmission of a few symbols, the harvested energy
stabilizes such that (7) holds. Now we can isolate Pgy in (7) as
shown in the following equation:

Pey = TnPog(Pen + Frr)lg|?

M 2
_ nPglgl? Pre| >oimy wai
- M 2"
1- 7'77P<Pg|9|2‘ 21:1 wtd,i’
Observe that Pgy is a random variable since it depends on Z =
M ; 2 . . . .
ISSM waal? = ‘Eﬁﬁidﬁ‘;“l, which is a random variable itself.
Here, hq,; represents the individual elements of the vector hyg.
Notice that Z is the ratio between two correlated exponential and
gamma random variables whose distribution is very challenging
to find analytically. Hence, we propose the approximation given
in the following lemma.
Lemma 1: The random variable Z approximately follows a
generalized pareto distribution (GPD) such that

M—-2
fz(szl(lZ) : )

®)

M M

Proof: Refer to Appendix A.
Theorem 1: The distribution of Pgyy is given by

(M_ 1)a1 (1 - Peh )JM 2 (10)
M (ay+b1pen)? M (a1+ bipen)
where a1 = nPpy|g|? Prr and by = mnPyg|g|*.

Proof: According to (8), the distribution of Pgy can be
computed as a direct transformation of the variable Z as

alZ
1-0Z

[Pou (Pen) =

B EH —
where f7(z) is given in (9).
4Alternatively, these channels may be modeled with a Rician distribution

with a very high line-of-sight (LOS) factor, which translates to almost zero
randomness [32] but overcomplicating the analysis.
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C. Outage Analysis
In this section, we define the outage events at the SBS and D

A A
as Ogs = {(1 — 7) logy (1 + Ysps) < 7sps} and Qg = {7 logy(1
+ 7v4) < rq}, respectively. Therefore

a Qilibi —1 0’2
P{Ow) 2 P @mmﬁ<<>}

Pu(Pur
T'sbs
OR! ( (277 —1)o )
2 T M, (11)
F(M) Pu(Pur
where (a) comes from using (4) and isolating ||hy,||?, and (b)

comes from using the cumulative distribution function (CDF)
of a gamma random variable. It is worth noting that the outage
at the SBS in HD does not depend on the available power at the
SBS.

Theorem 2: The outage probability at D when using HD at
the SBS is given by

M 1 JW 1 k

P{Oq} =1— Z Z by M) T(j+1)
k=0 j= (]

x1F1 (144, j + M, by M) (12)

2274 —1)g
where ay = % and by =

Proof: We proceed as follows:

(2274 —1)0% Pnpy
Prr¢pa

P{O4} = P{Tlog2(1 +v4) < rd}

(@) IP’{22:d s o (Pen + PRF)|htd||2}
(2

2

—

2ry

27 —1 1—mnP i

>P{< )o*( 7;%M|Zlum|>>umw}
RFPtd

D play —byz > [[hal?}

M-2
bQZ)Mil <1Z> dz

M
(d) 1
=1 T(M.ao—
/OF(M) (M, a3 M M

() M 1)! N M (ag—byz)* z M_;
- - m Tenre \ITap)
®,  (M—1) ““z’“: 1 (k) azh~9)
2] = .

M == kK'\j) e

(13)

where (a) comes from using (2), (b) is obtained by using (8) and
isolating ||hyl|?, (c) follows from substituting the values of az
and by given in Theorem 2, (d) is the integral of the CDF of a
Gamma random variable weighted by (9), (e) comes from apply-
ing'(n + 1,v) = nle Ve, (v) with e, (v) = >}, %’f [34, Eq.
(8.352 2)], (f) is obtained by applying the binomial expansion
to the term (as — boz)* [34, Eq. (1.111)], and finally (12)
is attained after computing the integral and performing some
algebraic manipulations. ]
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D /
7/
D UR /
/
/
N g
7/
sER /
¥
<—— DLchannel
Tx EH Rx <-— ULchannel
<- -~ Interference channel
SBS

Fig.3. Communication system operating in FD mode. The SBS communicates
with D and U through the DL and UL channels, respectively. It is also equipped
with @ RF chains and P antennas for EH. The figure shows the SI channel
between the transmit and receive antennas.

D. Power Consumption

Notice that the outage at D depends on the SBS transmit
power. In practice this can be, at most, the power provided by
the source minus the power consumed by the elements in the RF
chains and the amplifiers. Herein, we use the model proposed
in [35], which states that the overall power consumption is
mainly determined by the following two components: 1) the
consumption of the power amplifiers Ppa, and 2) the consump-
tion of other circuit blocks P.. The former can be computed
as

Ppp = (1+ «)Pgrr (14)

where o = (€/7pa) — 1 such that 7, is the drain efficiency of the
power amplifier and e is the peak-to-average ratio. The second
term is given by

Pc :M(Pdac"l‘Pmix"‘Pﬁlt)+2Psyn+N(Plna
+ Pruix + Bia + Prir + Paac) (15)

where N is the number of receive antennas, while
Pdaw Pmixa Plnaa ]Difa, Pﬁ]t7 Pﬁlra PadCa and IDsyn are the power con-
sumption values for the digital to analog converter (DAC),
the mixer, the low-noise amplifier (LNA), the intermediate
frequency amplifier (IFA), the active filters at the transmiter,
the active filters at the receiver, the analog to digital converter
(ADC), and the frequency synthesizer, respectively. Then, the
transmit power can be computed as Prr = (Pg — P.)/(1 — «).
The impact of considering this energy consumption as well as
the EH process for different number of antennas is discussed in
Section V.

IV. FULL-DUPLEX

In the analysis of the FD scenario, we use a notation similar to
that in the previous section unless stated otherwise. As shown in
Fig. 3, the FD SBS” is simultaneously transmitting and receiving
information using M and N antennas such that M + N = Q.
Here, the recycled energy is larger than in the HD case since the
recycling process occurs continuously.

3For additional information on FD radios, architectures and antenna config-
uration refer to [36].
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A. SNR in DL and UL Channels

Under this scheme, (8) can still be used but with 7 = 1. SIC
is carried out in reception in order to mitigate the effect of the
SI signal. We consider at D not only noise but also interference
from U. Then, the signal at D can be represented as

Vo=V ¢u(Pen+ Pre) Wi hgss+ v/ 0ua Puhuasu+na - (16)

where ¢4 depicts the path gain in the link UD, hyq ~ CN (0, 1)
is the complex channel coefficient and n4 represents the AWGN
with power o2, thus, the signal-to-interference-plus-noise ratio
(SINR) is given by

_ |/ w(Pen + Pre)wi hyss|?

Yd
‘ Vv LPud‘PuhudSu‘2 + 02

_ o (Pen + PRF)Hhtd||2
Spudj:)ulhud‘2 + 02
At the SBS, the received signal is

Ysbs= V/ ‘Purf)uhur5u+ @SI(PEH+PRF)<W£IGSSS +n, (18)

where G is a matrix containing the near field channel coeffi-
cients between the transmit and receive antennas at the SBS, and
ps1 is the path gain in the SI channel. Meanwhile, h,, and n,
denote the UL channel coefficient vector and the AWGN at the
SBS’s receive antennas, respectively, while the SIC coefficient
is denoted by (. Reducing the SIrequires either passive (antenna
separation) or active (analog, digital) techniques. Different mod-
els have been proposed in the literature for capturing the effect
of the residual SI, for instance, the authors in [32], modeled
the residual interference as a Rician-distributed random variable
with large (passive SIC) and small (active SIC) LOS factor.
Herein, we assume a good enough and constant SIC coefficient
(< —90 dB) to take the interference to the noise level®. Then,
the SINR is expressed as

Aebs = |V ﬁpurpuwghursup
sbs —
|/ @s1(Pen+ Pre) (Wl GHwigss|? + E{|wlin,|}?
_ SﬁurPuHhuer
ws1(Pen + Pre)CIWH GHwy|? + o2

A7)

19)

B. Outage Analysis

Theorem 3: The outage probability at D when using FD at
the SBS is given by

P{Og} =1 — e (1 — (14by) M)

o? _ pra PrE
Fuaps 4 bs = o G P,
Proof: We proceed as follows in order to find the outage

probability at D

(20)

where a3 =

P{0q} = P{logy(1 +7a4) < ra} @ P{2”—1>

CPLdPRF”hthQ }
M 2
(0ud Pulhua|*+02) (1_777P30g|g‘2| Zi:l wtd,i‘ )

0.2
S
|[hul[?

6SIC can easily achieve such levels as observed in [37] and [38].
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- O RE }
2
@udPu(Qrd_l)(l_TnPQOqlg‘Z ’2%1 W)

b3
(C) // (az—Ry) o~y MdydR

(i) 1— ea3(1 o (1 4 bg)—lw)

where (a) is obtained by using (8) and (17), (b) follows after some
algebraic manipulations in order to have the ratio (R = X/Y") of
a shifted exponential and a gamma random variable, while (c)
is an approximation since we ignored the term | Zi\il wld’i|2
in the denominator of (b) because 7nPpy|g|? is usually small.
Then, we applied the concept of ratio distribution, e.g., pr(r) =
Jo” ypx,y (ry,y)dy. Finally, (d) is attained after computing the
double integral. |

Theorem 4: The outage probability at the SBS when using
FD is given by

N-1

I bhay (M=1)(N=1)
P{Qy} =1—B(M—1,N-1) Z Z z'eb4
=0 [=0 p=0
M4N — ; )
()
p [
n
X (Zws [e”f(u)]Jar(u)) (21)
s=1
where
(27 =1Cgs P | Prewst _o?
- ’ 4 —
PUSOUT(]- - UPSOg‘QP) Pu(pur
u=-—1+ % and ¢ = | Zil\;1wur,i|2’ Z?il wtd’j‘Q. More-

over, g, represents the channel coefficients of matrix G, and
the terms w; and R, (u) are defined as

(nDus
(n+1)2 [Ln—&-l(“s)]z
n')2 2n
EQn)!f( )(U)

where L, (uy,) are the Laguerre polynomials, u is the s-th root
of the polynomials, and f(u) is given by

flu) =e”

X oF (N —1,N —

Proof: We proceed as follows:
P{ Qs } =P {logs(14+7bs) <Tsos } = P{||hue|? < asq + by}

@) 1 MN 1\ M1
=1- W/O (N, a4q—|—b4)(M—1)(N—1)<M>

q —N+2 q M+N-3
() 8) s
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q
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= 1-B(M—-1,N— > Z b

1= =0 p:

< (1) (M+;V‘3) () eyt [ o
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(25
where (a) follows from stating the CDF of the Gamma distri-
bution evaluated on a4q + by, and averaged out over the PDF
of ¢, which is given in [39, Th. 1]. (b) comes from using
[34,Eq. (1.111)], and also from applying the binomial expansion
to the term (M — -L)M+N=3 gince the exponent is integer. The
remaining integral in (b) is difficult to solve analytically due to
the hypergeometric function.

We address this issue by changing the integration limits to
[0, 0o] through a change of variable, setting v as the new oneasin
(¢). Thus, the integral can be put in the form Jo e e f(w)]du
and computed using the Gauss—Laguerre (GL) method
[40, Eq.(25.4.45)] to attain (25). Note that f(x) is the integrand
of the integral after changing the limits, thus it is given by (24).
The definition of the GL formula is as follows:

/O:_” [e” = Z ws [e” f(x)] + Rn(x)

where wy and R, () are defined in (22) and (23), respectively.
Note that (26) is exact if the residual can be calculated, which is
strongly dependent on the existence of the high-order derivatives
of f(x). The accuracy and convergence of the GL method for
computing the integral is shown in Appendix B. |

(26)

C. Dynamic FD Scheme

Now, since expressions for the outage probability are avail-
able for each scenario, we can dynamically adjust the set of
transmit and receive antennas according to the performance
metric of interest. In this case, we aim at minimizing the maxi-
mum outage probability among all links for maximum fairness,
i.e., MinMax outage performance. Note that the information
regarding the adopted antenna configuration is not required at
U/D since they are single-antenna devices and cannot use any
precoding/combining mechanism. The optimization problem for
implementing the optimal FD scheme is given by

P1l: min. max P{O;} (27a)
M,N ie{D,SBS}

St M+N=Q (27b)

M,N > 2. 27¢)

In addition, we can set a certain reliability target and determine
the minimum number of RF chains required to achieve it as

P2: %Hlb Q (28a)
s.t. M+N=Q (28b)

M,N >2 (28c)

P{O} <6 (28d)
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TABLE I

SIMULATION PARAMETERS
Parameter Value
Q {8,16}
Pdau Padc I mW [35]
Priz 30.3 mW [35]
Pina 20 mW [35]
Piyq 3 mW [35]
Prig, Prigr 2.5 mW [35]
Psyn 50 mW [35]
o2 0.1 nW
n 0.6
Pg 1I5W
P {0, 6}
P, 200 mW
¢ -100 dB [37], [38]
Yg -15 dB [12]
Pud -60 dB

where § is the targeted value. We can proceed to find the
solution to P1 and P2 using an “Exhaustive search.” This is
a valid approach even if we are in presence of a large antenna
array since the number of combinations to be tested is ) — 2.
Different from other state-of-the-art formulations, e.g., [22],
[41], these problems aim at dynamically distributing the antenna
set between transmission and reception instead of adding more
antennas to both functions or increasing the transmit power,
which might be difficult to implement due to hardware limi-
tations. Notice that the proposed problems require changes on
the antenna configuration, which would cause variations on
the SIC performance, mainly on passive techniques based on
antenna separation. Nevertheless, small variations would not
affect the performance if the overall SIC scheme is strong enough
to achieve more than 90-100 dB of cancellation. Numerical
solutions to P1 and P2 are presented in the following section.

V. NUMERICAL RESULTS

Table I shows the system parameter values utilized in this
section unless stated otherwise. The power consumption values
of the active elements of the RF chains are taken from [35]
and the used transmission rates are typical in multiantenna
techniques where higher values can be reached in the high SNR
regime. We used a symmetric HD scheme for the simulations,
hence, 7 = 0.5, while the rest of the parameters used for the
simulations are practical for real systems. The value used for the
SIC factor relies on the assumption that an efficient technique
is used. Moreover, we assume that U and D are far enough in
such a way that we can ignore the effect of the interference at
D, allowing a fair comparison between HD and FD scenarios.

A. Accuracy of the Derived Outage Probability Expressions

We start by checking the accuracy of the attained analyt-
ical expressions for the outage probability in both HD and
FD scenarios. We compare the following two cases: i) ideal
case, where the power consumed by active elements in the
RF chains is not considered, i.e., Prr = Pg, and ii) practical
case, where such power consumption is taken into account, i.e.,
Prp = (P — P)/(1 — a).

Fig. 4 shows the outage performance for HD and FD scenar-
ios. In Fig. 4(a), it can be noticed a considerable performance
gap in the link TD between the practical and the ideal HD case.
Notice that when the circuit power consumption in the RF chains
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Outage probability

Outage\at the SBS

-90 -80 -70 -60 -50 -40
Path gain (dB)

Outage probability

Path gain (dB)

Fig. 4. Outage probability as function of ¢tq and ¢y, (a) HD (top). (b) FD
(bottom). ¢,q = —60 dB. Markers represent Monte Carlo simulations in both
figures.

is considered, there is less power available for transmission;
however, this consumption does not harm the outage probability
at the SBS at all. Fig. 4(b) shows the same comparison at D but
for the FD scenario. Similarly, the performance is worse when
considering the practical case since the signal is transmitted with
less power. On the other hand, and differently from the HD
scenario, the performance at the SBS is better when comparing to
the ideal case. This is because the lower the transmission power,
the lower the SI level, which translates to an improvement in
terms of outage.

B. Performance of Fixed FD and HD Schemes

Fig. 5 shows how HD and FD perform in terms of MinMax
outage probability for fixed configurations and equal rate in UL
and DL when varying the power provided by the source Pg.
Here, U and D would probably be at different distances from the
SBS since path gains are considered different between them. In
HD, increasing the power provided by the source for ¢, = —75
dB and ptq = —90 dB without sER is beneficial until 9.5 W,
approximately since from this point UR becomes the worst link.
For the same scenario but using 6 EH antennas, we can see that a
smaller value of Pg is required to achieve the same performance.
This is because some extra power comes from the sER process.
For ¢, = —80 dB and ¢¢q = —65 dB, plots show that in this
scenario the worst link is UR all the time, since this one does
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Fig.5. MinMax outage probability with fixed configuration in HD (top, M =
16) and FD (bottom, M = N = 8) with rq = rg,s = 4 bps/Hz.

not depend on Pg. In FD, on the other hand, we can see that all
schemes are influenced by Pg. Similar to HD, for ¢, = —75
dB and ¢tq = —90 dB with 0 EH antennas/6 EH antennas, we
can see how up to approximately 12.5/11.5 W TD is the worst
link, but from these points on, UR becomes the worst, since
SI grows with Pg. Hence, sER is beneficial here in terms of
MinMax outage probability under Pg < 12.5 W, for which the
plot with 0 EH antennas reaches its minimum value.

C. Performance of the Dynamic FD Scheme

Fig. 6 shows the maximum outage probability between UL
and DL as a function of the number of transmit antennas and
for different values of r4. Obviously, there is an optimum op-
erational point, which guarantees the best minimum level of
reliability among the devices in the network. It can be noticed
how the optimal combination of transmit (x-axis) and receive
antennas (total-transmit) is the one with closest points between
both curves. This is because since we are distributing the an-
tennas between transmission and reception, we cannot decrease
the outage events at both devices simultaneously. Then, a larger
number of antennas for transmission will decrease the outage
probability at D but will increase it at the SBS. It is worth noting
the effect of sER in the performance. We can see in Fig. 6(a) how
the optimal number of transmit antennas are 4, 6, and 10 for the
three different r; values without sER, whereas 3, 5, and 9 are
the optimal ones when 6 antennas are used for this purpose,
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Fig. 6. Optimal points FD. (a) No EH (top). (b) 6 EH antennas (bottom).
Tsbs = 3 bps/Hz and ¢y = g = —80 dB. The area below the dashed lines
represents the URC region.

as shown in Fig. 6(b). This is because with recycling antennas,
the available power is Prr + Pgr, which causes a variation in
the probabilities and, therefore, different optimal combinations.
The number of transmit and receive antennas will also depend
on the service requirements. For instance, it can be seen that
if the requirements are close to 10~¢ with 74 = 6 bps/Hz, the
combination that achieves the best performance is 5 transmit
and 11 receive antennas. On the other hand, if the required
outage probability changes to 10~2 under the same network
configuration, then, in addition to the optimal combination, 4 to
9 transmit antennas can be used since both D and the SBS will
fulfill the requirements. Finding the optimal number of Tx and
Rx antennas brings fairness between both links, this is because
they can operate with a performance as close as possible to each
other. In Fig. 6(a), for r4 = 6 bps/Hz, we can notice that if we fix
M = N = 8, the outage probabilities are in the order of 1072 at
the SBS and 108 at D, however, using the optimal configuration
of M = 6 and N = 10 both links operate near the URC region
simultaneously, i.e., achieving outage probabilities around 107°.

Figs. 7 and 8 show the optimal number of transmit antennas
as a function of r4 and path gain, respectively. In Fig. 7, we
can notice that the larger the value of r4, the larger the number
of transmit antennas required for achieving the optimal perfor-
mance. On the other hand, Fig. 8 shows how for larger values
of path gain, the number of antennas required for transmission
decreases since the SNR at D is higher, thus, the outage prob-
ability decreases. This fact allows us to use one of the transmit
antennas in reception for improving the outage probability in
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Fig. 8. Optimal number of Tx antennas versus path gain. rq4 = 4 bps/Hz,

@ur = —80dB and Q = 16.
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Fig.9. MinMax outage probability. Optimal FD, FD, and HD. The area below
the dashed line represents the URC region.

UR since in the TD link there is a gain in terms of SNR. This
way we can reduce the outage in both links.

Fig. 9 compares the performance of adynamic FD scheme (the
SBS determines the optimal configuration dynamically based on
the network parameters, which represents the solution to P1),
a simple FD with half of the antennas for transmission and half
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and Q = 16.
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Fig. 11.  Minimum number of RF chains (Q)) required for a given MinMax
outage probability target. oy, = ¢uq = —80 dB.

for reception, and an HD schemes using all 16 antennas for
both transmission and reception. It shows the performance as a
function of r4 and rgs, while we set the path gain to —80 dB.
We can notice how the FD scheme outperforms HD’s in the
whole range of values. For instance, the outage probability is
very small in HD when 7y = 2 bps/Hz and r4 < 4.5 bps/Hz,
but starts increasing when 74 increases since the link TD be-
comes now the worst. For higher values of 7y, the outage
probability even goes to 1 while FD achieves values in the range
10~* — 1071, The figure also shows that the optimal FD scheme
performs better than the HD case for almost every value of 74.
On the other hand, for fixed configuration, FD approaches the
optimal one in only one point. For example, the configuration
M = N =8isoptimal when r4y =7 bps/Hz and rg,s = 2 bps/Hz
at a path gain of —80 dB. These results evidence that the FD
case with dynamic antenna selection significantly improves the
system performance when compared to any fixed case.

Fig. 10 shows the worst outage performance achieved when
using the unoptimized and dynamic FD schemes. We compared
to the simple FD case because according to Fig. 9 this one
shows better performance than the HD scheme. Then, the bottom
surface represents a lower bound for devices working with
similar parameters under other transmission schemes. Fig. 11
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Fig. 12.  Effect of the SER on the MinMax outage probability. @+ = @uq =
—80dB and Q = 8.

illustrates the results corresponding to the solution to problem
P2. Specifically, it shows the minimum number of RF chains
required to meet a certain reliability target. Thus, the perfor-
mance of the worst link will be always better than the minimum
outage requirement. It can be noticed that the outage target is
guaranteed with a small number of RF chains even for extreme
reliability requirements. From these results, we observe that the
rate at the SBS contributes the most to the minimal number of
RF chains, thus, larger rgs requires larger number of RF chains.
Meanwhile, as 74 increases, the required number of RF chains
increases but slowly. In URC, it is expected that users in the
UL have lower rates than in the DL and sacrifice rate toward
reliability. Herein, we show that by doing this not only rate and
reliability can be guaranteed, but also that the number of required
resources becomes smaller with respect to needed RF chains.

Fig. 12 shows the effect on the MinMax outage probability
of adding more EH antennas at the SBS. As observed, there
are variations on the outage values. In general, increasing the
number of EH antennas improves the performance in TD but
worsens UD. Hence, the sER is beneficial in terms of Min-
Max outage probability as long as the link TD has the worst
performance or has more strict network requirements. We can
notice in the figure how the increment in EH antennas forrg = 1
bps/Hz and rg,s = 2 bps/Hz is always useful from the outage
point of view; however, if the SE in TD increases to 4 bps/Hz
and 6 bps/Hz, the curves changes their behaviors. For the former,
the link UD becomes the worst from 9 EH antennas on, while
for the latter, it is always the worst.

It is worth commenting that the presented results were ob-
tained considering only one UL and one DL devices. Neverthe-
less, this approach can be extended to communication systems
with one SBS and a large number of devices considering the two
devices with worst and best outage probabilities for the optimiza-
tion. Furthermore, since we are considering a quasistatic fading
scenario, the optimization problems would require to be solved
not more than once in each transmission block. This is because
when the scenario changes it is only necessary to check if the
current configuration still holds and solve the problems only if
it does not. Then, the proposed setup becomes more efficient
for those scenarios where the fading variations occur slowly, for
example, in IoT networks where the sensors are placed at fixed
positions.
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TABLE II
TEST VALUES FOR CHECKING THE GL METHOD

Setup M N a4 l P i
1 3 4 20 2 2 2
2 2 2 46 4 4 2

VI. CONCLUSION

In this article, we analyzed the performance in terms of fair
reliability of a scenario where an SBS serves one UL and
one DL device under quasistatic Rayleigh fading. We derived
expressions for the outage probability for both links under the
HD and FD architectures. We also showed the difference in the
outage probabilities when considering the power consumed by
the RF chains with respect to the ideal case where all the power
is radiated. A dynamic FD scheme was proposed, where the
SBS can dynamically adjust the number of transmit and receive
antennas to attain the best performance. We showed that this
FD scheme outperforms the simple FD and HD where a fixed
number of antennas is used. We also analyzed the impact of
using sER at the SBS, and proved that under some network
configurations it varies the optimal number of transmit and
receive antennas that achieves the fairest performance of both
DL and UL outages probabilities. We also show how a given
target reliability can be imposed in the network by finding a
minimum number of RF chains that guarantees an optimum
operation in both links under URC constraints. This article could
be extended to scenarios where there is a larger number of UL
and DL devices, and large antenna arrays. Also, future works
could include measurements using software defined radios.

APPENDIX A
PROOF OF LEMMA 1

Simulation results showed that the RV Z follows a GPD,
which is characterized by three parameters: location u, scale
o, and shape £ as

oty L1 8= 1

g

(29)

The distribution parameters are found by curve fitting. Fig. 13
shows such fitting as well as the parameters for different numbers
of transmit antennas M. We realized that these parameters
have the following relation with the number of antennas: £ =
—1/(M —1),0 = M/(M — 1) and ;» = 0. Hence, substituting
these parameters in (29) we obtain (9). It can be noticed that
the value of this random variable ranges from 0 to M and the
expected valueisalways 1 (E[z] = u — 1%¢)- Itisalsoimportant
to highlight that the GPD equals an exponential distribution
when both £ and p are 0, which actually happens when M — oo.
Although the proof is based on simulations only, it holds since
the RV depends only on M.

APPENDIX B
ACCURACY AND CONVERGENCE OF GL METHOD

Fig. B1 shows the convergence of the GL method for suffi-
ciently large orders. The values used for computing the integrals
in Fig. B1 are shown in Table II.



4790

IEEE SYSTEMS JOURNAL, VOL. 16, NO. 3, SEPTEMBER 2022

M=2 M=3 M=4
0.6 0.8
[ Simulation [ Simulation
GPD: ¢ =3, 0=13 pu=0 GPD: §{ =14, 0= 4, p=0
[ Simulation
GPD: € =1, 0 =2, =0
0 05 1 15 2 0 1 2 3 2
z z z
; M=8 ; M=12 ; M=16
[ Simulation [ Simulation [ Simulation
0.8 GPD: ¢ =1, 0= %, pu=0 0.8 GPD: { =, 0 =13, n=0 0.8 GPD: { =, 0=}, u=0
—~ 0.6 —~ 06 —~ 06
o) o) o)
=04 =04 =04
0.2 0.2 0.2
0 0 0
0 2 4 6 8 0 5 10 0 5 10 15
z z z
Fig. 13.  Fitting of Z with the GPD.
s x1Q'5 [9] E. Ahmed and A. M. Eltawil, “All-digital self-interference cancella-
tion technique for full-duplex systems,” IEEE Trans. Wireless Commun.,
45F S vol. 14, no. 7, pp. 3519-3532, Jul. 2015.
ol ] [10] Y. Gu, H. Chen, Y. Li, and B. Vucetic, “Ultra-reliable short-packet commu-
nications: Half-duplex or full-duplex relaying?,” IEEE Wireless Commun.
2 351 , Lett., vol. 7, no. 3, pp. 348-351, Jun. 2018.
g sl | [11] Y. Zeng and R. Zhang, “Full-duplex wireless-powered relay with
e 1 ; self-energy recycling,” IEEE Wireless Commun. Lett., vol. 4, no. 2,
e e e 1] pp. 201-204. Apr. 015
3 pproxima . P [12] O.L. A.Ldpez and H. Alves, “Full duplex and wireless-powered commu-
o ok Numerical integration setup 2 A k i
= 4— Approximation GL method setup 2 nications,” in Proc. Full-Duplex Commun. Future Wireless Netw., 2020,
£ s 2 pp. 219-248.
[13] W. Wu, B. Wang, Z. Deng, and H. Zhang, “Secure beamforming for
1 ] full-duplex wireless powered communication systems with self-energy
0.5 1 recycling,” IEEE Wireless Commun. Lett., vol. 6, no. 2, pp. 146-149,
Apr. 2017.
20 40 60 80 100 120 140 160 180 [14] H. Klm, J. Kang, S. Jeong, K E. .Lee, and J. Kal}g, “Secure beam-
Order (n) forming and self-energy recycling with full-duplex wireless-powered re-
lay,” in Proc. 13th IEEE Annu. Consum. Commun. Netw. Conf., 2016,
Fig. B1.  Approximation of the integral using GL method. pp. 662-667. . R R
[15] Z.Hu, C. Yuan, F. Zhu, and F. Gao, “Weighted sum transmit power min-
imization for full-duplex system with SWIPT and self-energy recycling,”
REFERENCES IEEE Access, vol. 4, pp. 4874-4881, 2016.
[16] A. Yadav, O. A. Dobre, and H. V. Poor, “Is self-interference in full-duplex

[1] P. Popovski et al., “Wireless access in ultra-reliable low-latency commu- communications a foe or a friend?.” IEEE Signal Process. Lett., vol. 25,
nication (URLLC),” IEEE Trans. Commun., vol. 67, no. 8, pp. 5783-5801, no. 7, pp. 951-955, Jul. 2018.

Aug. 2019. _ ] ) o [17] A. A.Nasir, H. D. Tuan, T. Q. Duong, and H. V. Poor, “MIMO-OFDM-

[2] A Osge}ran etal.,“Scenarios f9r5 G mobile and wireless communications: based wireless-powered relaying communication with an energy recycling
The vision of the METIS project,” IEEE Commun. Mag., vol. 52, no. 5, interface,” IEEE Trans. Commun., vol. 68, no. 2, pp. 811-824, 2019.
pp. 26-35, May 2014. [18] M. H. N. Shaikh, V. A. Bohara, P. Aggarwal, and A. Srivastava, “Energy

[3] A.Frotzscher et al., “Requirements and current solutions of wireless com- efficiency evaluation for downlink full-duplex nonlinear MU-MIMO-
munication in industrial automation,” in Proc. IEEE Int. Conf. Commun. OFDM system with self-energy recycling,” IEEE Syst. J., vol. 14, no. 3,
Workshops, 2014, pp. 67-72. - . . pp. 3313-3324, Sep. 2020.

[4] N. H. Mahmood er al., “White paper on critical and massive machine  [19] B. C. Nguyen et al., “Transmit antenna selection for full-duplex spatial
type communication towards 6G,” 6G Res. Vis., vol. 2020, no. 11, 2020. modulation multiple-input multiple-output system,” IEEE Syst. J., vol. 14,
[Online]. Available: http://jultika.oulu.fi/files/isbn9789526226781.pdf no. 4, pp. 4777-4785, Dec. 2020.

[5] P. Kamalinejad,_ C. Mahapatra, Z. Sh_eng, S. Mirabbasi, V. C. Leung, and  [20] D.Zhai, H.Chen,Z. Lin, Y. Li, and B. Vucetic, “Accumulate then transmit:
Y. L. Guan, “Wireless energy harvesting for the Internet of Things,” JEEE Multiuser scheduling in full-duplex wireless-powered IoT systems,” IEEE
Commm}. Mag., vol. 53, no. 6, pp. 102-108, Jup. 2915 Internet Things J., vol. 5, no. 4, pp. 2753-2767, Aug. 2018.

[6] O.L.Lépez, H. Alves, R. D. Souza, S. Montejo-Sanchez, E. M. G. Fer-  [21] X. Zhao, Y. Zhang, S. Geng, F. Du, Z. Zhou, and L. Yang, “Hybrid
nandez, and M. Latva-Aho, “Massive wireless energy transfer: Enabling precoding for an adaptive interference decoding SWIPT system with full-
sustainable 10T toward 6 G era,” IEEE Internet Things J., vol. 8, no. 11, duplex IoT devices,” IEEE Internet Things J., vol. 7,n0. 2, pp. 1164-1177,
pp. 8816-8835, Jun. 2021. Feb. 2020.

[7] O. L. A. Lépez, H. Alves, R. D. Souza, and E. M. G. Ferndndez, “Ul-  [22] J. Guo, S. Zhang, N. Zhao, and X. Wang, “Performance of SWIPT for
trareliable short-packet communications with wireless energy transfer,” full-duplex relay system with co-channel interference,” IEEE Trans. Veh.
IEEE Signal Process. Lett., vol. 24, no. 4, pp. 387-391, Apr. 2017. Technol., vol. 69, no. 2, pp. 2311-2315, Feb. 2020.

[8] A. Sabharwal, P. Schniter, D. Guo, D. W. Bliss, S. Rangarajan, and R.  [23] X. Xia, K. Xu, D. Zhang, and Y. Xu, “Low-complexity transceiver design

Wichman, “In-band full-duplex wireless: Challenges and opportunities,”
IEEE J. Sel. Areas Commun., vol. 32, no. 9, pp. 1637-1652, Sep. 2014.

and antenna subset selection for cooperative half-and full-duplex relaying
systems,” in Proc. IEEE Global Commun. Conf., 2014, pp. 3314-3319.


http://jultika.oulu.fi/files/isbn9789526226781.pdf

PEREZ et al.: SELF-ENERGY RECYCLING FOR LOW-POWER RELIABLE NETWORKS: HALF-DUPLEX OR FULL-DUPLEX?

[24] D. Echevarria Pérez, “Reliability performance analysis of half-duplex and
full-duplex schemes with self-energy recycling,” Master’s thesis, Univ.
Oulu, Oulu, Finland, 2021. Online. Available: http://jultika.oulu.fi/files/
nbnfioulu-202104017474.pdf

D. L. Culbertson and R. F. Travelyn, “Full duplex transceiver,” U.S. Patent,
6 665 276, Dec. 16, 2003.

F. W. Olver, D. W. Lozier, R. F. Boisvert, and C. W. Clark, NIST Handbook
of Mathematical Functions Hardback and CD-ROM. Cambridge, U.K.:
Cambridge Univ. Press, 2010.

[27] W.Wu, B. Wang, Y. Zeng, H. Zhang, Z. Yang, and Z. Deng, “Robust secure
beamforming for wireless powered full-duplex systems with self-energy
recycling,” IEEE Trans. Veh. Technol., vol. 66, no. 11, pp. 10055-10069,
Nov. 2017.

M. Mohammadi, H. A. Suraweera, G. Zheng, C. Zhong, and I. Krikidis,
“Robust secure beamforming for wireless powered full-duplex systems
with self-energy recycling,” in Proc. IEEE 16th Int. Workshop Signal
Process. Adv. Wireless Commun., 2015, pp. 296-300.

0O.L. A. Lopez, E. M. G. Fernandez, R. D. Souza, and H. Alves, “Wireless
powered communications with finite battery and finite blocklength,” IEEE
Trans. Commun., vol. 66, no. 4, pp. 1803-1816, Apr. 2018.

D. Tse and P. Viswanath, Fundamentals of Wireless Communication.
Cambridge, U.K.: Cambridge Univ. Press, 2005.

M. H. Mickle, M. Mi, and L. Mats, “Multiple antenna energy harvesting,”
U.S. Patent 7 528 698, May 5, 2009.

A. S. Arifin and T. Ohtsuki, “Outage probability analysis in bidirectional
full-duplex SISO system with self-interference,” in Proc. 20th Asia-Pacific
Conf. Commun., 2014, pp. 6-8.

Y. Chen, N. Zhao, and M.-S. Alouini, “Wireless energy harvesting using
signals from multiple fading channels,” IEEE Trans. Commun., vol. 65,
no. 11, pp. 5027-5039, Nov. 2017.

A. Jeffrey and D. Zwillinger, Table of Integrals, Series, and Products. New
York, NY, USA: Elsevier, 2007.

S. Cui, A. J. Goldsmith, and A. Bahai, “Energy-efficiency of MIMO and
cooperative MIMO techniques in sensor networks,” IEEE J. Sel. Areas
Commun., vol. 22, no. 6, pp. 1089-1098, Aug. 2004.

H. Alves, T. Riihonen, and H. A. Suraweera, Full-Duplex Communications
for Future Wireless Networks. Berlin, Germany: Springer, 2020.

[37] Z.Zhang, K. Long, A. V. Vasilakos, and L. Hanzo, “Full-duplex wireless
communications: Challenges, solutions, and future research directions,”
Proc. IEEE, vol. 104, no. 7, pp. 1369-1409, Jul. 2016.

M. Heino et al., “Recent advances in antenna design and interference
cancellation algorithms for in-band full duplex relays,” IEEE Commun.
Mag., vol. 53, no. 5, pp. 91-101, May 2015.

S. Nadarajah, “On the product of generalized pareto random variables,”
Appl. Econ. Lett., vol. 15, no. 4, pp. 253-259, 2008.

M. Abramowitz and I. A. Stegun, Handbook of mathematical functions
with formulas, graphs, and mathematical tables, vol. 55, Washington, DC,
USA: U.S. Government Printing Office, 1972.

K. Agrawal, M. F. Flanagan, and S. Prakriya, “NOMA with battery-assisted
energy harvesting full-duplex relay,” IEEE Trans. Veh. Technol., vol. 69,
no. 11, pp. 13952-13957, Nov. 2020.

[25]

[26]

(28]

[29]

[30]
[31]

(32]

[33]

[34]

[35]

[36]

(38]

[39]

[40]

[41]

Dian Echevarria Pérez (Graduate Student Member,
IEEE) was born in Cienfuegos, Cuba, in 1989. He
received the B.Sc. degree in telecommunications and
electronic engineering from the Central University
of Las Villas, Santa Clara, Cuba, in 2013 and the
M.Sc. (with distinction) degree in wireless commu-
nications engineering from the University of Oulu,
Oulu, Finland, 2021. He is currently working toward
the doctoral degree with the Centre for Wireless Com-
munications (CWC), Oulu, Finland.

From 2013 to0 2018, he was a specialist in telematics
with the Cuban telecommunications company (ETECSA). His research interests
are full-duplex communications, wireless RF energy transfer, ultra-reliable low-
latency communications, and resource allocation in schemes with partial/limited
channel state information.

4791

Onel L. Alcaraz Lopez (Member, IEEE) was born
in Sancti-Spfritus, Cuba, in 1989. He received the
B.Sc. (first class honors), M.Sc., and D.Sc. (with
distinction) degrees in electrical engineering from the
Central University of Las Villas, Santa Clara, Cuba,
the Federal University of Parand, Curitiba, Brazil, and
the University of Oulu, Oulu, Finland 2013, 2017, and
2020, respectively.

From 2013 to 2015, he was a specialist in telem-
atics with the Cuban telecommunications company
(ETECSA). He is a coauthor of the book entitled
Wireless RF Energy Transfer in the Massive IoT Era: Towards Sustainable
Zero-Energy Networks (Wiley, December 2021). He is currently an Assistant
Professorship (tenure track) in Sustainable Wireless Communications Engi-
neering with the Centre for Wireless Communications (CWC), Oulu, Finland.
His research interests include sustainable IoT, energy harvesting, wireless
RF energy transfer, wireless connectivity, machine-type communications, and
cellular-enabled positioning systems.

Dr. Lépez is a collaborator to the 2016 Research Award given by the Cuban
Academy of Sciences, a corecipient of the 2019 IEEE European Conference on
Networks and Communications (EuCNC) Best Student Paper Award, and the
recipient of the 2020 best doctoral thesis award granted by Academic Engineers
and Architects in Finland TEK and Tekniska Foreningen i Finland TFiF in 2021.

Hirley Alves (Member, IEEE) received the B.Sc.
and M.Sc. degrees from the Federal University of
Technology-Paran” (UTFPR), Brazil, in 2010 and
2011, respectively, both in electrical engineering, and
the dual D.Sc. degree from the University of Oulu and
UTFPR, in 2015.

He is currently an Assistant Professor and the
Head of the Machine-type Wireless Communications
Group, 6G Flagship, Centre for Wireless Commu-
nications, University of Oulu, Oulu, Finland. He is
actively working on massive connectivity and ultra-
reliable low latency communications for future wireless networks, SGB and 6G,
full-duplex communications, and physical-layer security. In addition, he leads
the URLLC activities for the 6G Flagship Program.

Dr. Alves was the recipient of several awards and has been the Organizer,
Chair, TPC, and Tutorial Lecturer for several renowned international confer-
ences. He is the General Chair of the ISWCS’2019 and the General Co-Chair
of the 1st 6G Summit, Levi 2019, and ISWCS 2021.

Matti Latva-aho (Senior Member, IEEE) received
the M.Sc., Lic.Tech. and Dr. Tech (Hons.) degrees in
electrical engineering from the University of Oulu,
Oulu, Finland, in 1992, 1996, and 1998, respectively.

From 1992 to 1993, he was a Research Engi-
neer with Nokia Mobile Phones, Oulu, Finland, after
which he joined Centre for Wireless Communications
(CWC), University of Oulu. He was the Director
of CWC during the years 1998-2006 and the Head
of Department for Communication Engineering until
August 2014. He currently serves as Academy of
Finland Professor in 2017-2022 and is the Director for National 6G Flagship
Programme for 2018-2026. He has authored or coauthored close to 500 con-
ference or journal papers in the field of wireless communications. His research
interests are related to mobile broadband communication systems, and currently
his group focuses on beyond 5G systems research.

Dr. Latva-aho was the recipient of Nokia Foundation Award in 2015 for his
achievements in mobile communications research.


http://jultika.oulu.fi/files/nbnfioulu-202104017474.pdf
http://jultika.oulu.fi/files/nbnfioulu-202104017474.pdf


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


