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Abstract

This study investigates relay control for simultaneous wireless information and power trans-
fer in full-duplex relay networks under Nakagami-m fading channels. Unlike previous work,
harvest-transmit (HT) and general harvest-transmit-store (HTS) models are respectively con-
sidered to maximize average throughput subject to quality of service (QoS) constraints. The
end-to-end outage probability of the network in an HT model is presented in an exact integral-
form. To prevent outage performance degradation in an HT model, time switching (TS) is
designed to maximize average throughput subject to QoS constraints of minimizing outage
probability and maintaining a target outage probability, respectively. The optimal TS factors
subject to QoS constraints are presented for an HT model. In general, in an HTS model, en-
ergy scheduling is performed across different transmission blocks and TS is performed within
each block. Compared with the block-based HT'S model without TS, the proposed general
HTS model can greatly improve outage performance via greedy search (GS). By modeling
the relay’s energy levels as a Markov chain with a two-stage state transition, the outage
probability for GS implementation of the general HTS model is derived. To demonstrate the
practical significance of QoS-constrained relay control, numerical results are presented show-
ing that the proposed relay control achieves substantial improvement of outage performance
and successful rate.
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Abstract—This study investigates relay control for simultane-
ous wireless information and power transfer in full-duplex relay
networks under Nakagami+n fading channels. Unlike previous
work, harvest-transmit (HT) and general harvest-transmit-store
(HTS) models are respectively considered to maximize avege
throughput subject to quality of service (QoS) constraints
The end-to-end outage probability of the network in an HT
model is presented in an exact integral-form. To prevent owdge
performance degradation in an HT model, time switching (TS)
is designed to maximize average throughput subject to QoS
constraints of minimizing outage probability and maintaining
a target outage probability, respectively. The optimal TS &ctors
subject to QoS constraints are presented for an HT model. In
general, in an HTS model, energy scheduling is performed aoss
different transmission blocks and TS is performed within eaxh
block. Compared with the block-based HTS model without TS,
the proposed general HTS model can greatly improve outage
performance via greedy search (GS). By modeling the relay’s
energy levels as a Markov chain with a two-stage state transon,
the outage probability for GS implementation of the generalHTS
model is derived. To demonstrate the practical significanceof
QoS-constrained relay control, numerical results are presnted
showing that the proposed relay control achieves substarai
improvement of outage performance and successful rate.

Index Terms—Energy harvesting, wireless power transfer,
amplify-and-forward relay, full-duplex relay, relay control.

I. INTRODUCTION

practical receiver architectures, namely, time switch{ii&)

and power splitting (PS) receivers [1], SWIPT techniquesha
been widely applied in wireless networks [3, and references
therein]. One line of research that has emerged is relagtads
SWIPT [4]-[11]. It has shown that relay-assisted SWIPT not
only enables wireless communications over long distances o
across barriers, but also keeps energy-constrained ratdys
through RF energy harvesting (EH). In [4] and [5], TS and
PS relaying protocols have been designed for amplify-and-
forward (AF) and decode-and-forward (DF) relay networks,
respectively. Several power allocation schemes for relay-
assisted SWIPT networks with multiple source-destination
pairs were studied in [6]. Outage probability and diversify
relay-assisted SWIPT networks with spatial randomly ledat
relays were investigated in [10] and distributed PS-based
SWIPT was investigated for interference relay networks in
[11]. Moreover, multi-antenna technologies have beeniagpl

in relay-assisted SWIPT networks in [7]-[9]. Nevertheedb
these studies are limited to half-duplex relay (HDR) mode.
Since the source-to-relay and relay-to-destination caksrare
kept orthogonal by either frequency division or time dioisi
multiplexing, about 50% spectral efficiency (SE) loss oscur
in HDR mode. As a key technology for future relay networks,
full-duplex relay (FDR) systems have drawn considerable
attention [12]-[18]. Since FDR mode realizes an end-to-

With capability to harvest energy from ambient radio?nd (e2e) transmission via one channel utilization, sigguifi

frequency (RF) signals, simultaneous wireless infornmeind

improvement of SE over HDR mode can be achieved.

power transfer (SWIPT) techniques provide a more promising” few studies have been conducted for FDR-assisted

way for wireless communications to function in environngen

IPT networks. In [14] and [15], outage probability,

with physical or other limitations [1]-[3]. Based on twothroughput, and ergodic capacity have been analyzed for
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FDR-assisted SWIPT networks, in which a TS-based relay
is operated cooperatively. In practice, since an FDR node
suffers severe self-interference from its own transminhaig
FDR transmission is difficult to implement. To suppress-self
interference, MIMO antennas have been employed at the relay
to aid FDR-assisted SWIPT [19]. For conventional two-phase
AF HDR networks, a self-interference immunized FDR node
was proposed by employing EH in the second time phase [20],
so that the relay can transmit information and extract gnerg
simultaneously via separated transmit and receive ansenna
Note that all the above studies of FDR-assisted SWIPT are
conducted to maximize network throughput without further
considering quality of service (QoS) constraints, wheitas
envisioned that SWIPT techniques will be required to suppor
various types of traffic having different QoS requirements
[21]-[23]. For point-to-multipoint PS-based SWIPT netk&yr
QoS constraints based on signal-to-interference-plisena-



tio (SINR) and mean-square-error (MSE) have been applied m fading for dual-hop channels, so that our analytical
to minimize transmission power in [21] and [24], respedtive results can be applied to a wide range of FDR-assisted
A game-theoretic approach has been applied to optimize SWIPT networks employing different IC schemes.
multiple-pair SWIPT communications subject to SINR and « Due to propagation loss and channel fluctuations, the
EH constraints in [25]. For TS-based SWIPT, [23] studies relay-harvested energy within a transmission block can
joint TS and power control to maintain a given level of be very limited and energy accumulation is needed to
throughput. Notably, all the above control schemes arechase improve the reliability of information transmission [32],
on estimation of instantaneous channel state informa@&t)( [33]. Different from the block-based harvest-transmit-
which requires dedicated reverse-link training from the EH store (HTS) model [32], this study considers a general
receiver [26]. HTS model by employing TS within each transmission
Motivated by these previous studies, in this paper we block. With the aid of in-block TS, the general HTS
consider the maximization of average throughput for a QoS- model can greatly improve outage performance and in-
constrained FDR network with SWIPT. In the considered FDR  cludes the block-based HTS model as a special case.

network, the source has a reliable power supply, whereagy this paper, the HT model and the general HTS are inves-
the relay has to harvest energy from the source-emitted REqteq subject to QoS constraints. The correspondingabont
signal via TS operation Since TS affects both SE and Q0Sgchemes are developed and analytical results are pregented

the relaying mode and corresponding TS have a complicalgdi, the QoS metrics. The contributions of the paper are
relationship in achieving the allowable maximum SE subiect ¢, \marized as follows:

QoS constraints. Compared with existing works, some distin
features of our study are highlighted here.

o In [20], the effective information transmission time is

o By modeling dual-hop channels as Nakagamfading,
we present the analytical e2e outage probability condi-
tioned on the RSI channel power for the HT model.

1This setting has a number of potential applications in enéngited

an energy-supply, or the direct link from the source to desiton is blocked
by a barrier while the relay has to be placed on a site withdfisteal power

supply.

the same as that of HDR networks, so that the SE
improvement is achieved in HDR mode rather than FDR
mode. In our study, we consider maximization of average
throughput of FDR transmission, i.e., the relay receives
and forwards the source information to the destination
simultaneously.

Zhong et al. [14] and [15] investigated FDR-assisted
SWIPT in the harvest-transmit (HT) model to improve
average throughput with optimized TS. Unfortunately,
outage performance seriously degrades in delay-limited
transmissions when TS is optimized without a QoS
constraint. In our study, both outage probability mini-
mization and target outage probability are adopted as QoS
constraints, under which TS is optimized to achieve the
allowable maximum average throughput. Thus, serious
outage performance degradation can be prevented and
successful rate can be maximized [27].

The analysis of outage probability and throughput in
[14] and [15] are conducted by modeling dual-hop and
residual self-interference (RSI) channels as Rayleigh fad
ing. However, SWIPT operates most efficiently within a
relatively short range. In this situation, a line of sight
(LoS) path exists with high probability and Nakagami-
m fading can provides a better model [9], [28]. Fur-
thermore, although a Rician fading model is appropriate
for the RSI channel in the RF-domain [29], the exact
behavior of the RSI channel in the digital-domain is
still unknown due to several complicated stages of active
interference cancellation (IC) [30], [31]. Therefore,sthi
study investigates outage probability conditioned on the
RSI channel power without modeling the RSI channel
gain via a specific distribution and considers Nakagami-

QoS constraints of minimizing outage probability and

maintaining a target outage probability are respectively
considered in optimizing TS to achieve the allowable

maximum average throughput. The optimal TS factor that
maximizes average throughput subject to minimizing out-
age probability is presented in closed form. The optimal
TS factor that maximizes average throughput subject to
a target outage probability is also derived. Employing

the obtained optimal TS factors, the successful rate is
achieved with the guaranteed outage performance.

o To accumulate energy for optimizing FDR transmission,

a general HTS model is designed by employing TS
within each block. In the general HTS model, the first
phase of each block is dedicated for EH. In the second
phase of each block, the relay node can switch to EH
or FDR transmission depending on the relay’s residual
energy level and CSI. A greedy search (GS) policy is
implemented to realize the proposed general HTS model.
By allocating a small portion of time for EH within
each block, the GS policy improves outage performance
significantly over that of the block-based HTS model
[32].

The proposed general HTS model degenerates to the
block-based HTS model by setting a zero TS factor.
Thus, the general HTS model and the block-based HTS
model can be analyzed under a uniform framework. With
respect to the time-switched two operational phases in
each block, the relay’s residual energy levels are modeled
as a Markov chain (MC) with a two-stage state transition.
Then, the e2e outage probability is derived for the GS
implementation of the general HTS mode including the
block-based HTS model as a special case.

The rest of this paper is organized as follows. Section Il de-
wireless networks, e.g., when the intermediate node isggresifish or lacks gcribes the HT model and develops its e2e outage probability
The optimal TS that maximizes average throughput subject
to QoS constraints is also derived in Section Il. Section Il



presents the general HTS model and its GS implementation. Rx Antenna

The analytical e2e outage probability for the GS policy &oal (o) Tx Antenna
derived in Section Ill. Section IV presents numerical resul ¥,(0) x, ()
and discusses the system performances of the proposedIicontr (-a)T ~» T "
schemes. Finally, Section V summarizes the contributidns o £/ ‘?‘_ ()
our study.

Notation: |-| is the floor function,F'x (-) and Fix () denote ‘ Bz:z];bt:nd ‘ ‘ Refel-ilver ‘ Bics)elg;nd ‘
the cumulative distribution function (CDF) and the comple- v Bp 4 '
mentary CDF (CCDF) of the random variabie respectively, TG as) T @l
I'(-) denotes the gamma functioh,,(-,-) denotes the upper |

incomplete gamma function, and’,(-) is the n-th order
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modified Bessel function of the second kind [34, Eq. 8.432Fig- 1. Block diagram of the considered FDR node.

[I. HARVEST-TRANSMIT MODEL eliminated completely because of RF impairments [35] ard th

In this paper, we consider a wireless dual-hop FDR networkZe detection performance of FDR networks is still limited
in which a source node intends to transfer its informatiotheo Py RSI [36]. To the best of our knowledge, after several
destination node. Due to physical isolation or environmentcomplicated stages of active IC, the distribution of the RS
limitations between the source and destination, a cooperatoPserved in the digital-domain is not known in practice [30]
relay is employed to assist information transmission frown t [311, [36]. In this study, the RSI channel and RSI channel
source to the destination. The relay is assumed to be R@WVer in the digital-domain after active IC are denoted by
energy-selfish or energy-constrained device such thateidsie - and g, = [h,|?, respectively. Furthermore, the normalized
to harvest energy from the source-emitted RF signal to frtwalfansmitted signals of the source and relay are denoted by
the source information to the destination. For simplicify o%s(t) andz,(t), respectively, and the transmission powers at
implementation, the AF relaying scheme and TS architectf® source and relay are denotedjhyandp,, respectively.
are chosen at the relay. The channels of the source-to-relaj! the HT model, each transmission block with a duration
and relay-to-destination links are denoted by = /Z1h1 of T is c_i|V|ded into tyvo phases for EH and FDR transmission,
and hy = /Laho, respectively, wheret; and h; (i = 1,2) respe_ctlvely. Denotl_ng the TS factor by (U < a< _1),
are large-scale fading and small-scale fading of the dopl-hthe first phase assigned with a duration @’ is applied
channels, respectively. The large-scale fading is coraprisfor power transfer from the source to the relay. The second

of the distance-dependent path loss as well as shadow{se assigned with the remaining duration(df-a)7" is
attenuation, i.e., used for FDR transmission. The relay-received RF signals in

the two phases are sent to the EH receiver and information
processing (IP) receiver, respectively, as illustratedrio 1.
With respect to the EH receivers’s sensitivif,;, [37], a
piecewise behavior is assumed in the HT model, i.e., the EH

AiLoLs
JE et 1
(di/do)? @)
whereA; is the transmit antenna gain of thxth hop link, £
is the measured path loss at the reference distédnag is the and IP receivers at the relay are activated only when
distance between the transmitter and receiver ofittiehop

link, ¢ is the path loss exponent, ant} is the shadowing Psg1 > Smin, )

attenuation. To account for the LoS communication settingtherwise the EH and IP receivers keep silent. When (3) is

the shadowing attenuation is set£g = 1 in this study. For satisfied, the harvested energy at the relay can be expressed
the sake of exposition, the channel gain/gfis denoted by as

gi = |h;|? for i € {1,2}. The small-scale channel magnitude
of the dual-hop links|h;|, is modeled as Nakagami-fading Ep = nnpsg1aT, (4)

with unit mean such thay; is distributed according to the wherey, is the energy conversion efficiency depending on the
gamma distribution with shape factor; and scale factof; = rectifier circuit [37]. By utilizing the harvested energy tine

2, whereg;, = E{|h;|*} is the average channel gain forirst phase, the relay transmission power in the second phase
i € {1,2}. Then, the CDF and CCDF qf; (: = 1,2) can s given by
be respectively expressed as

ng(I)zl_W and Fgl(z‘):% (2)

ntEn
Pr = ( ! £ KPsd1, (5)

1—a)T

For energy-constrained networks, the CSI can be estimatederen; € (0, 1) is the energy utilization efficiency and=

via dedicated reverse-link training from the EH receiver b§2". For the sake of exposition, we assume a normalized

employing a two-phase training-transmission protoco] 2@l block duration in the sequel and hence, we can use the terms

hence, we assume that the relay can access perfect dualqpoper and energy interchangeably.

CSl in this study. In the FDR mode, the relay concurrently receives the signal
According to the experimental results of [29], the RS, (¢t) and transmits the signal,(¢) on the same frequency,

channel incident on the receive antenna at a full-duplexenods depicted in Fig. 1, wherg” (¢) and .’ () are narrow-

can be characterized as Rician. Nevertheless, RSI cannotbbad Gaussian noises introduced by the receive and transmit



antennas, respectively. In addition.”(¢) and 7' (t) are be obtained by a large — « at the cost of a large”! ,,
baseband additive white Gaussian noises (AWGNSs) causelklich greatly degrades the system performance due to a large
by down-conversion and up-conversion, respectively [bf. Famount of repetition transmissions [27], [38]. Therefdte
simplicity, the equivalent baseband noise comprising bo@oS requirements of decreasing outage probability [38] and
n'(t) and n(t) is modeled by the zero mean AWGNmaintaining a target outage probability [27] are respetyiv
ng’ (t) with varian[c]ea?z, and [tr]1e equivalent baseband noiseonsidered, i.e.,

comprising bothr.” (t) and n,. (¢) is modeled by the zero o
mean AWGN n/’ (t)( 3/vith variaEn)ce o2. Then, the overall Q1 = {Poy is minimized and Qs := {Fo, <}, (14)

AWGN at E‘:‘e relay can be modeled as t2heA zero mean AWGRherec is a given target information outage probability [27].
nr(k) = na’ (k) +ne (k) with varianceo, = o, + 0. The T obtaina*, the immediate task is to characterize the e2e
sampled baseband signal after some stages of IC is given fitage probability of the system. For the sake of mathemiatic
_ tractability, we focus on the RSI dominated scenario wh&h i
(k) = shixs(k) + hex (k) + n-(k), 6 Y Y
yr(k) = VPsuzs (k) *) *) ©) of practical interest [12], [14].
where k& denotes the symbol index; (k) and z,.(k) are

the sampled signals of.(¢) and xz,(t), respectively. The
transmitted signal in (6) can be expressed as

x7(k) = \/ByT(k - T)v (7) Pouy =1 - (1 - P;ut)th (%) ) (15)

wherer > 1 is the processing delay at the relay afid= where
(psgr + prgr + 02)~ ! is the normalization coefficient. The g2—m1—my
P; t = {

Proposition 1. Conditioned on g,., the e2e outage probability
of the system in the HT model is given by

1
sampled received signal at the destination is given by F(ml)F(WZ)lD‘u’V(2\/Z)’ 0 <lo‘ < Trngrvem , (16)

14+ngrvin sa<l
ya(k) = /prhax, (k) + na(k), (8)
whereny(k) is the additive noise at the destination with zero €2 Yenog(1 + Kgr) (17)

mean and variance?. In this network, the e2e SINR can be
expressed as

Kps0102(1 — Kyengr)’
p=mi+mo—1,v=mi—ms, D,,(y) = foy K, (z)d,

_ e F(g) & Dulmia/00)
Ve2e ot + 1’ (9) and F‘]l (.T) = T rmy is the CCDF of g1.-
wherey, = L4, andv, = 222 are the SINRs at the Proof. See Appendix A. =
ror e . d .
relay and destination, respectively. Proposition 1 shows that wheﬂm <a<l, Py =
In each transmission block, an outage event occurs WhenTo avoid P, = 1, it is required to sef < o < ﬁ
grYth

the power of the ambient RF signal at the relay is less thgp equivalently to eliminate the RSI hy. < —L—. Moreover,
the EH receiver sensitivity or when the e2e SINR is less than e

I Smin
the required threshold for correct data detection given Hi& asp. — oo, we havery, (p—) — land

is successful. Therefore, the e2e outage probability inHhe 1
. 0, 0<a<i—t—

model can be expressed as Py = P — N T+ngryem (18)
o 1’ 14+1grvth S a<l1

Thus, P!, — 0 and P,,; — 0 can be achieved by setting

Pout = Pr {psgl < Smin}
FPr{(psgr = Smin) N0 (Yeze <)}, (10) =) asp, — oo. Furthermore, ap, — oo and
wherey, is the e2e SINR threshold for correct data detectiap). — 0, we can achievePl , — 0 and P, — 0 by setting
at the destination. Note that in conventional AF relay nekso « € (0,1). Recalling that the effective FDR transmission time
without EH, the information outage probability is defined ass 1 — «, « should be set as small as possible to achieve the

allowable maximum average throughput. Thus, it can be shown

1 A
Pows = Pr{eze <7en}- (11) that the optimal solution of (13) with the QoS constraint
Then, the average throughput can be expressed as is a* — 0 asp, — oc.
With the obtainedP!,, of (16), maximizingl — P, is
Ry = (1= )(1 = Pout) R, (12) equivalent to maximizing. — P! .. Then, the maximization

ut-

where R £ log,(1 + ) is the fixed transmission rate.problem (13) can be simplified as

The design goal is to maximize the average throughput by _ B _pl

optimizing TS subject to QoS constraints. The optimalcan @ = algihax (1= a)(1 = Pouy), (192)

be obtained by solving the following maximization problem: st 0<a< 1 and Q; (19b)
o 14 ngrtn "

o =argmax R, (a), st.0<a<land@;  (13) _ N .
@ Since outage probability and successful rate are two im-

where Q; € {Q1,Q2} is a QoS constraint as we will portant metrics in delay-limited transmissions [27], [38f
explain later. Notably, without considering a QoS constrai also consider the successful rate for the FDR-assisted $WIP
the achievable maximum average throughput of (13) maetwork. According to [27], the successful rate is defined as



the product of the fixed transmission rate and the success prahere §, =
ability. With respect to TS operation, we define the sucesssf

rate for the considered FDR-assisted SWIPT network as

R(b) A (1 — Oé)(l — E)R, Pout S &
HT T 0, otherwise,

ps0102(F, ' ()
4’Ychdd( (’er ’Ych('Ycthl))Jrl)

and & is given by
(27).
Proof. See Appendix C. O

Proposition 3 shows that does not exist and the target

where we have assumed that the physical-layer outage is fixe@rmation outage probability cannot be achieved when-

to the target outage probability [27]. Obviously, the swestel

gr. In such a case, the corresponding FDR transmission cannot

rate is a strictly QoS-dependent metric, which represdras e realized along with an e2e outage probability of 1. As can
average throughput subject to an explicitly defined outage seen from Appendix C, the information outage probability

constraint. To achieve a non-zero successful rate, thenelata achleved bya is P,
PL,. subject to the outage constraint should be less than drand P,

« = € wheng, < g,.. With the obtained
1. = & the average throughput given that < g,

equal tos whenp,g; > Spia. In the following, the optimal TS can be expressed as

factors of (19) subject t@, and(, are respectively presented.

Proposition 2. The optimal TS factor that maximizes the
average throughput subject to 0, in the HT model is given by

a= ! (21)

L+ 19:(v/en(ven + 1) + 7n)

and the corresponding information outage probability is given

by
Pl = daiue (2E). @
where
N e (2 (%h + /Yen (ven + 1)) + 1)
= ) (23)
Pst102
Proof. See Appendix B. O

Note thata can be easily computed since it is mdependen e

of the CSI of the dual-hop channels. With the obtainednd
the average throughput can be expressed as

ng’r‘ Yth ’Yth +1 +’7th out)Fql (%) R
L4 1gr(v/Yen(yen + 1) + in)

out’

(24)

As p, — oo, we havePl , — 0, Fy, ( ;{m) — 1, and the
asymptotic average throughput

R® _s ngr(v/Yen(Yen + 1) + i) R
o 1+ 1gr(v/Yen(ven + 1) + Yin)

(25)

In such a case, the asymptotic average throughput is in
pendent of the CSI of the dual-hop channels and is a mon
tonically increasing function of;,.. Thus, a larger asymptotic

average throughput is obtained with a larger which can
alleviate the IC burden in the high, region if & is applied.

(1 —¢e)nRF,, (
n+Ki

Pmin
Ps

Smin
s

Ry = (28)

As p; — oo, we havei — 0, Fy, — 1, §r — 00,
andg, < g,. Thus, the asymptotic average throughput can be
expressed as

R>® — (1-¢)R. (29)

The expression in (29) implicitly shows thd& — 0 as

ps — oo. In other words,& achieves an effective FDR
transmission time of a whole block ag — oo, so that the
asymptotic average throughput of (29) is the same as that of
a corresponding conventional FDR network.

Corollary 1. As p, — oo, when < ,
y Ps Ir 775( ’Ych(’Ycthl)JF’Ych)

< R>; otherwise, R°° > R°°

HT'

Proof. Comparing (25) and (29), it can be shown thf@r <

ROO has an equivalence, < l—e . Further-
q Gr 775(\/ Yen (Yen+1 +’Ych)

more, it can be shown thdﬁ00 > ROO has an equivalence

1l—¢
- ThIS roves Corollar 1. O
Gr = 775< 7th(’7th+1)+7th) P y

Being consistent with contemporary wireless systems where
an outage level neat% is typical [27], [39], it can be

shown that 1—c > 1 with the substitution
ns(\/vth(vth+l)+vth)
of practical  and ~,, whereasg, is less than 1 due to

active/passive IC. Thus, we haye < 1—¢

P v 775(\/ Yen (Yen+1) +’Ych)
e_practlce and the asymptotic average throughput achieved
y ais larger than that oft.

1. HARVEST-TRANSMIT-STORE MODEL
In the HT model, all the harvested energy has been fully

When the QOS Constrair@2 is considered, we denote byutlllzed for FDR transmission within each bIOCk, withoutneo

Fl(e) the solut|0n2\/_ to the equation, (21/€) = ¢ [27],
SO that§ = (F, ()
Pgut =

charactenze the optimal TS of (19) subject@e.

Proposition 3. For a given target information outage prob-
ability e, the optimal TS factor that maximizes the average
throughput subject to Q2 in the HT model is given by
A gr S g'r‘
= { otherwise,

R
ntR’

26
does not exsit, (26)

sidering energy accumulation and scheduling across channe

4. Note that we have applied the factea izations. Alt ough the model is easy to lmp ement, it
2/ pp li Although the HT model [
(2\/—) from (A.6) to obtain&; now we begin to Would perform better if energy accumulation and scheduling

were allowed to store a part of the harvested energy for éutur

usage. Therefore, we propose a general HTS model with its
GS implementation for the considered FDR-assisted SWIPT
network. Note that a block-based HTS model has been pro-
posed for HDR-assisted SWIPT networks in [32]. In contrast,

our general HTS model achieves superior outage performance
over that of the block-based HTS model. Furthermore, under



- 2 -
 psbh0x(F; 1 (2))? —Ag, 7m0 — \/(P39192(Fy (€)= 4g,7mn03)” — 16p:01029,75,05(Fy ' (€))?

K < (27)
2ps61629:ven (Fy (€))
Based on the considered discretized battery model, the
: ol : (-7 ; energy that can be harvested during the first phase is defined
| EH | FDR transmission | ,u“)(t) = u, and lu(z)(t) =/, asyp, £ (Pi;;l , where
T EH T EH 1 (1)z= (2)t: <k — . i<~ 32
| [ | @) =u?@)=p, ih, argie{orf{%ﬂ}{w ©i < Py} (32)

(@): 0<a<l . .
and @y, = annpsg:. If the relay is operated in the EH mode

e a > up in the second phase, the energy that can be harvested is
| FDR transmission | GEYA defined aspy, £ Py where
| EH | wu@=p, ih, = argie{oxxﬁﬁrl} {vi i < Pny} (33)

®): =0

AL

and gy, = (1 — a)nrpsg1- When the relay is operated in the
Fig. 2. Frame structure of the general HTS model:(ax o < 1 and (b) FDR transmission mode, in the second phase, the relay uses
a=0. the stored energy to power its transmission. Corresportding
p, Of (31), the required energy level for transmission is given
our analysis framework, the block-based HTS model can bg
treated as the special case= 0.
The frame structure of the general HTS model is depicted on 2 { Pix, <Dy (34)
in Fig. 2(a). In the first phase with a time duratiofl’, the 00, otherwise,
relay switches to the EH mode,. In the second phase with
a time duration of(1 — «)T', the relay switches to the EHwhere i¥f = arg min {%- D > (1}%} In each
modey;, or the FDR transmission mode. depending on the block, an outageze{leH}

b ! idual level and CSI. Note that wh event occurs when the source signal cannot
atiery's residual energy level an - Note thatwaen 0, o jocoded at the destination or equivalently when the relay

the frame structure of the general HTS moqlel degengrateqiq)perating in the EH modg,, in the second phase. Thus,
that.of the blpck-based_ HTS model, as depicted in Fig. Z(Q e main optimization target is to minimize the number of
For mtgrmedlate and high SINRs, the e2e SINR of (9) can t[‘\?anes that the relay does not perform FDR transmission in
approximated as [40]: the second phase. To this end, the GS policy prioritizes the
Yo 7 1Y, Yo } (30) operation modeg,. in the second phase of each block. At the
oze A beginning of the second phase, when the residual energy of
wherey, = 224 is the SINR at the relay in the consideredhe battery can support the required transmitted energ\G®
RSI dominated scenario. In order to decode the relayingasigolicy switches the relay node to FDR transmission; othgewi
received at the destination, it is required that the e2e SINRswitches the relay node to EH. On denoting the battery’s
at least equals the target valug,. Based on the aboveresidual energy levels at the beginnings of the first andreeco
approximation, the required relay transmission power thahases of theth block by Fi () € {¢; : 0 <i < L+ 1} and

lf (1—(!)1)7‘
e

ensures signal detection can be simplified to Es(t) € {¢i : 0 <i < L+1}, respectively, the GS policy can
be expressed gs'!) (t) = yu, for the first phase and
Ma ﬁ/ > Yth g
Pr= d g2t st tRh_ . (31) ,LL(Q) (t)—{ Mo (Ea(k) > Sfr) N(r 2 'Y‘Eh) (35)
068 DOt exist,  oLnerwise, iy, (B2(k) <@r)NV(Fr >%h)) U (T <7th)

where 7, £ 2992 denotes the SINR at the relay giverfor the second phase, respectively. Furthermore, therpatte

grYthOg .
2 residual energy levels can be expressed as
that p, = % holds. Notably, the consumed energy for the oy P

relay transmission igl — a)p, 7. In the following, we again Es(t) = min{py, E1(t) + ¢n, } (36)
assume the time normalization of each block, so that we can

consider energy and power interchangeably. Furthermaze, @nd

assume that a rechargeable battery has been employed at th .

relay with the battery size, = pps (p > 0) . The battery is %1(t+1):mm{pb’ Ea(t) + wen, + (1-w)er},  (37)
discretized intal, + 2 energy levelsp; = ip,/(L + 1), where \yhere

1=0,1,..., L+1[32], [41]. We defines;, i =0,1,..., L+1

as L + 2 energy states of the battery, so that the battery is in w = {
the states, when its stored energy equals ¢g.

L p®(t) =
0, 1) = p. (38)



A. MC for the GS Policy and

For the GS policy, a specific harvesting/relaying behavfor ongzg =Pr{(pr-1 < ¢r < @k) N (Tn = %n)}
the relay’s battery can be modeled as a specific state-i@msi _F (gwfhoi)(F ((1—a)mai) _F ((1—0¢)%h03))_ (42)
of a finite-state MC, so that the energy level of the relay’s YA pebrfz JTI2 mepr—n 2\ mer
battery at the beginning of each block represents a specifigen, the transition probability for this case is givenRy, =
state of the MC. Since the GS policy switches the relay to tH&,0 + Fo,o-
modeu, in the first phase and to the moge or 4, in the ~ 2) The Empty Battery Is Partially Charged (so — s —
second phase, the MC model has a two-stage transition for 0 < j < L + 1): In this case, an outage event occurs
each block. when(0 < k£ < j and a non-outage event occurs when
Assume that the initial, intermediate, and final states éf < k¥ < L + 1. The corresponding trgr)w§|(t|2())n probabilities
the battery’s energy level in each block arg s, ands;, are respectively given by, = 37 Fy . Py j and By ; =
respectively, the transitions; — s;, and s, — s; occur in - Yy Péyl,zP,ii.), where R{}) is given by (40),
the first and second phases, respectively, and the tramsitig,) -
s; — s, — s; occurs throughout the whole block. In thel s = Pri(; = or < @na < @jr1 —@r)0

first phase, we havé > i due to the EH operation. In the (((er < @r) N (A = Yeh)) U (T < vin))}
second phase, we have> j if the relay is operated in the —(F pivizer | _ =
. . . 91 \ (I—a)nnp 91 \ (1—c)nnps
mode i, or k < j if the relay is operated in the mode,. " s ) o
It can be shown that an outage event occurs whes j F,, (Q=vwmos ) o (9-909a ) 4 o (959090 ) ) (43)
92 Nt Pk Y\ psti02 Y\ psti02

for s; — s, — s; and a non-outage event occurs when d
k > j for s; — s, — s;. The transition matrix of the MC a~n

can be denoted by € R(E+2)x(L+2) with its ith-row and P,fj) =Pr{(px — @jt1 < @r < @k — ;) N (T > Yen)}
jth-column element?; ; representing the probability of the _F (gw?hai)(F ((ka)moi)_F ((ka)mai)) (44)
transition from the state; to the states; in a transmission T YN Ps0102 J\T 92 \ne(pr—e;41) 92\ e (or—5) )
block. Similarly, we definePif}g) as the transition probability Then, the transition probability for this case is givenRy; =
in the first phase and definB”) and £°) as the transition 10.j + 10.;-

probabilities in the second phase for< j and k > j, _ 5) The Empty Battery Is Fully Charged (so — sk — s1.41):

respectively. With respect to the two-stage state tramsif?, ; This is the scenario in which the _empty battery becomes fully
can be written as “ charged at the end of a transmission block. In such a case,

the transition probability corresponding to an outage even

N (1) p(2) (1) p(2) given by
Py & Y PP+ PP Lt
=g b= . 1) p(2)
2 P+ Py, (39) Pori= Z FosPrer (45)
: k=0
= = ~ - M) s g 210 I
where P, ; 2 _Zkgj Pi(}c)PI_S,.Qj)_ and P 2 ij Pi(,}c)PlE,Qj) where F ; is given by (40) and’; 7, is given by
are the transition probabilities correqundmg to an oautaga(?zJrl = Pr{(((¢x < ) N (G > %n)) U (G < Yen))N
event and a non-outage event, respectively. Based on (de, S
the transition probabilities of the MC are determined in the (@ns —1pb B ‘P’Z)}_ L. L.
following: = (P (Ut ), (230 ) + 1, (25082 )
1) The Empty Battery Remains Empty (sqg — sx — So): In _ .
this case, an outage event occurs fgr— sqg — so and a Fo, ((ka)nh,ps) ‘ (46)

non-outage event occurs fep — sp — so With 1 < k < Furthermore, the transition probability corresponding toon-
L + 1. Thus, the transition probabilities corresponding to agutage event is given by, ;.1 = 0 due to the absence
outage event and a non-outage event are respectively giverob discharging in the second phase. Then, the transition

Pyo= pé}gpéf(} and Po,o = fill Pé},jﬁ,i?g, where probability of this case can be expressedPas,+1 = Fo r.+1-
4) The Battery Remains Full (sp+1 — sp+1 — Spt1):
Pr{¢n, < e1}, k=0 This case corresponds to the scenarios in which the battery
Pé}k) = Pr{®n, > o}, k=L-+1 is fully charged at the beginning of the first phase, so that
Pr{ior < @¢n, < prs+1}, otherwise the battery cannot harvest more energy. In the second phase,
I o1 -0 a) the required transmitted energy is higher than the batter
91 \annps ) ? o size given thaty, > vn Or b) 4, < %n. In such a case,
= Fy, (g22-), k=L+1 (40) Priipi =P P ., whereP!) | =1 and
F,, (fnk:pls ) —F,, (onilkps) . otherwise, PﬁLLH can be obtained by substituting = L + 1 and

@r+1 = pp iNto (46). Thus, we have

B _ (A—a)vinod \ 7 ( 9r¥imoa 9 nTa
) PL+1’L+1_F92( Py By Psti62 +Iy psthibz )°

o = Prlon <o} =y (555:) (4D (47)



Furthermore, we havd3L+1, r+1 = 0 due to the absenceB. Sationary Distribution and System Performance

of discharging in the second phase. Therefore, the transiti | order to explore how the relay’s battery is charged and
probability for this case can be expressedfas;i.L+1 = discharged according to the GS policy, the stationaryitiistr

pﬁmﬂ- tion of the MC needs to be derived in order to determine the
5) The Non-Empty and Non-Full Battery Remains Un- e2e outage probability.

changed (s; — s — s;0 0 < i < L+ 1): In this case,

the transition probablllty corresponding to an outage even Proposition 4. The state transition matrix P = (P, ;) of the

MC that models the battery’'s behavior is irreduci bIe and row

P, = Pz(z Pz(z , Where ,
stochastic.
1 _ - o iy
Py =Pr{gn, <1} = Fy, (m;Tp) (48)  Proof. The proofis similar to that of Proposition 1 of [32]]
andPl-(?) is obtained from (43) with the substitutidn= j = i Since that the transition matri® is irreducible and row
init, i.e., stochastic, the stationary distribution of the MC can be com
P(Q) F, ( o ) puted by [42]
1 — ] _
(1 )MhPs = (PT o I+B) 1b7 (54)

F (1 Q)Vchgd)F gr'YchUd) F gr'ychgd))_ 49 . .
( -"2( i ”( P10 ) T y( v ) )(49) where the element of théL + 2) x (L + 2) matrix B in
The transition probablllty corresponding to a non-outagené its i-th row andj-th column is given byB; ; = 1 Vi,j and

is Py =300 P, z}c)PIE i+ where b=[1,1,...,1]"is an (L + 2) x 1 vector. With respect to
the two-stage transition in each block, an outage eventrsccu
pM _ { Pr{n, ~2 Pb— i} k=L Jfl when the battery does not discharge in the second phase of
’ Pr{or — i < @n, < ki1 — i}, otherwise a block, which transits the battery’s state to a non-deeckas
F, (%) , k=1+1 energy level in the second phase, ilex: j for s; — sx — s,
= T N Ps - ~ (50) and the corresponding transition probabilityAs;. Therefore,
by, (Tnhps ) = Fy (a'r]hp:) ;  otherwise the e2e outage probability achieved by the GS policy can be
) expressed as
ande i is obtained from (44) with the substitutign= i in it.
Then, the transition probability for this case can be exqads plGS) _ PRy L+1P 55
asP,; = P, + P,,. Pout Z i Z i (55)

6) The Non-Empty and Non-Full Battery Is Fully Charged
(si = sr — sp11: 0 < i < L+ 1): In this case, we have The average throughput and the successful rate achieved by

Pi;+1 = 0 due to the absence of discharging. Then, thbe GS policy can be respectively expressed as
transition probability is given b
P Y9 L+1y Ry =(1—a)(1-PSHR (56)
Pirt1=P 1= ZP 1)P;§2L+1, (51) and

o out (57)

R — (I1—-a)(1—-¢)R, PO < ¢
0, otherwise.

WherePi(jc) is given by (50) andl5,C,L+1 is the same as that
of the case 3). By comparing our proposed general HTS model with the
7) The Non-Empty and Non-Full Battery Is Partially plock-based HTS model proposed in [32], it can be shown
Charged (s; — sp — s;: 0 <@ < j < L+ 1): Inthis that the general HTS model degenerates to the block-based
case, the transition probabilities corresponding to arageit 4TS model wheny = 0. Thus, our analysis framework can
event and a non-outage event are respectively given by  pe directly applied to the block-based HTS model for the con-
j sidered FDR-assisted SWIPT network and the corresponding
P = ZPZ.(}C)P,SJ? and P, ; = Z PY) B, (52) e2e outage probability can be computed by substituiing 0
k=i k=j+1 into the above analysis framework. Due to the complicated
) 2) computation of the stationary distribution, the optimal TS
where P} is given by (50),P,.; is given by (43), and®,”)  {hat maximizes the average throughput subject to the QoS
is given by (44). Then, the transition probability of thissea constraints can hardly be obtained in closed form for the
can be expressed d@; = P; ; + ,Pw general HTS model. Thus, in maximizing the QoS-constrained
8) The Non-Empty Battery Is Discharged (s; — sk — sj°  ayerage throughput (successful rate) for the general HTS

0<j<i<L+1)Inthis case, we havé’; = 0 since el we chooser intuitively based on numerical results
the battery always discharges with respecj ta i. Thus, the ,¢ giscussed in the following section.

transition probability can be expressed as

_ L+l IV. NUMERICAL RESULTS
Py=P,;=> PP (53) : . . .
J “J - k.30 This section presents some numerical results to validate
‘ the performance results of the developed schemes. In the

where P; 1) is given by (50) andD ) i given by (44). simulations, the EH receiver sensitivity is set@si, = —27



TABLE |
SIMULATION PARAMETERS
No. | Parameter Value
1 Carrier frequency 868 MHz
2 Fixed transmission raté 3 bps/Hz >
3 Target information outage probability | 1% 5
4 |Latdg=1m —30dB g
5 | Distances of dual-hop linksl; anddz | 8 and 18 m g \ HT. fixed & = 0.697
6 | Path loss exponenp 25 E e g
7 Souce/relay transmit antenna gain 18/8 dB @‘@‘Q—Q«@—@
8 | Additive noise powers? = o2 —90 dBm .
9 Energy coefficientsy; andn; 0.4 and 0.75 107
10°

0 0‘.1 012 013 0.‘4 O‘.S 0‘.6 017 0.‘8 O‘.9 1
dBm [37] and the size of the relay’s battery is sepas= pps, “

where p = m10;. Consideringy; > @i in practice, we Fig. 3. Outage probability versus.

set the actual number of energy levels of the relay’s battery

~ ~ 3.0 T T T T T T T T T
to L + 2, whereL £ min{L, |py/¢min| — 1}. For the sake Cxe e A A H -
of simplicity, we use the terms general HTS model and the 2}%;%\'6'3 % jjg'& ek 3;3;& QS:Z?
GS policy interchangeably in the following. Furthermottee t ' & S, a=0 HT, &, anal.

N HT, &, anal.
2 — — —GS, L=30, anal.

optimal solution of (13) without any QoS constraint is dextbt
by a*. Unless otherwise stated, the remaining parameters use:
in the simulations are given in Table 1.
Fig. 3 investigates the e2e outage probability versusf
the considered schemes. In Fig. 3, we get= 26 dBm,
gr = —10 dB, m; = 4, andmy = 2. As observed in Fig.
3, the e2e outage probability of the HT model first decreases
with increasinga. After reaching a minimum, the e2e outage
probability of the HT model begins to increase with incregsi L e
a. Furthermore, the e2e outage probability exhibits a piésew © 0t 02 03 04 05 06 07 08 09 1
behavior and approaches 1 in the higlregion, as indicated _ hroudh
by Proposition 1. Note that the HT model suffers serioyg?d- 4 Average throughput versus
outage performance degradation in the low and highgions.
As expected, wherw is applied, the achieved e2e outagéat the corresponding outage performance is not acceptabl
probability is P,,; = 0.005, which matches the minimum by recalling the results of Fig. 3, so that the maximum averag
value of that of the HT model. Whe# is applied, Fig. 3 throughput achieved by = 0 is not useful. Asa increases
shows that the target outage probability= 0.01 has been from 0, the achieved average throughput first decreasesyslow
maintained. For the general HTS model, Fig. 3 shows thamd then maintains a fixed rate of decrease. Notably, the GS
a = 0 achieves the worst outage performance over all valuggplementation of the general HTS model always achieves a
of a. Note thata = 0 corresponds to the block-based HTS$igher average throughput than that of the HT model for all
model. As«a increases from 0 to the high region, it can be «.
shown the e2e outage probability first decreases dramigitical Fig. 5 shows the successful rate versuef the considered
and then approaches an outage floor of 0.003. Notably, t#ghemes corresponding to Fig. 3 and Fig. 4. It is seen from
general HTS model achieves the best outage performance dvigr 5 that the so-called optimal* = 0.17 for the HT
a (note thata and & are fixed). model achieves a zero successful rate due to the associated
The average throughput versauof the considered schemespoor outage performance. Both and & achieve a non-zero
is depicted in Fig. 4, where the simulation parameters aseccessful rate. The GS policy achieves the highest suotess
the same as those of Fig. 3. Fig. 4 clearly shows that thate fora. Furthermore, the non-zero successful rate achieved
maximum average throughput of the HT model is achievdyy the GS policy corresponds to a widerregion than that
by o* = 0.17. Recalling the e2e outage performance in Figaf the HT model. Whemy = 0, the GS policy achieves a
3, it can be shown that the maximum average throughpaero successful rate. Therefore, it can be summarizedtikat t
of the HT model is achieved wittP,,; ~ 0.1, so that the general HTS model can maximize the successful rate among
outage performance seriously degrades compared=t®.01. all the considered schemes by setting a non-zero TS factor.
Althougha anda achieve a lower average throughput than the The impact ofg, on the e2e outage probability is depicted
maximum point in the HT model, the corresponding outage Fig. 6, where we setn; = 4, ms = 2, andp, = 26 dBm.
performance is acceptable, as depicted in Fig. 3. FurthermaoAs observed, the e2e outage probabilities of all the consitle
& achieves a higher average throughput than that. ¢for the schemes increase with increasipg For the HT model, the
general HTS model, Fig. 4 shows that the maximum averagemerically optimizedn* achieves the worst outage perfor-
throughput is achieved by = 0. Unfortunately, we know mance in the low and middlg, regions. Fig. 6 also shows

20r

15

HT, fixed & = 0.498
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Fig. 6. Outage probability versus.. Fig. 8. Successful rate versys.

that the e2e outage probability achieved dyexperiences a zero successful rate. In the low and middie regions, the
piecewise behavior, as suggested by Proposition 3. For The Blccessful rate achieved lyis higher than that ofv. In the
model, the best e2e outage performance is achieved. by high g, region, botha and @ achieve a zero successful rate.
the low g, region,a results in an outage floor due to the fachotably, the GS policy witho = 0.15 achieves the highest
thata — 1 asg, — 0. For the HTS model, the GS policy with successful rate among all the considered schemes. Only when
a = 0 achieves a poor outage performance. Furthermore,gn becomes larger than -2 dB, does the GS policy with-

the highp, region, the GS policy withv = 0.15 achieves the 0.15 achieve a zero successful rate.

best outage performance among all the considered schemesFig. 9 shows the e2e outage probability vergusin Fig.

The average throughput versys is depicted in Fig. 7, in 9, we setm; = 4, ma = 2, andg, = —10 dB. As observed,
which the simulation parameters are the same as those of Fig piecewise behavior occurs for the e2e outage probabilit
6. As observed in Fig. 7, except far the average throughputsachieved byx. For the HT model, the best outage performance
achieved by all the schemes decrease with increasing &or is achieved byx for the considered values pf. For the HTS
@, the obtained average throughput increases with incrgasinodel, the GS policy withy = 0 approaches an outage floor
g, Which is consistent with the asymptotic analysis of theith increasingps. Moreover, the best outage performance is
average throughput of Proposition 2. For the HT modedchieved by the GS policy withk = 0.15 in the middle and
althougha* achieves the highest average throughput, we kndvigh p, regions among all the considered schemes.
that it has poor outage performance by recalling the resfilts The average throughput versps is shown in Fig. 10,
Fig. 6. Fortunately, the GS policy achieves a higher averaggere the simulation parameters are the same as those of Fig.
throughput than that of the HT model for @il. Note that the 9. As observed in Fig. 10y achieves the highest average
average throughput achieved by the GS policy with= 0 is  throughput among all the schemes in the HT model. However,
higher than that of the GS policy with = 0.15, whereas the the highest average throughput achievechbyalso results in
corresponding outage performance is worse than that of #goor outage performance as depicted in Fig. 9. As expected
latter. from Corollary 1, Fig. 10 shows that achieves a higher

Fig. 8 shows the successful rate vergu®f the considered average throughput than that afin the highp, region. For
schemes corresponding to Fig. 6 and Fig. 7. Fig. 8 showse general HTS model, Fig. 10 also shows that although the
that the so-called optimak* for the HT model achieves a GS policy witha = 0 achieves the highest average throughput,
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3.0

HT model. To enable energy accumulation and scheduling
across channel realizations, the general HTS model has been
proposed by employing TS within each transmission block. To
analyze the e2e outage probability of the general HTS model,
the residual energy levels of the relay’s battery have been
modeled as an MC with a two-stage state transition. Based
on this uniform framework, the block-based HTS model can
L4 be analyzed as a special case of the general HTS model. The
: practical significance of the proposed QoS-constrainettabn

> N4 dmi 1 schemes over the HT model without the QoS-constraints and
® e om it i the block-based HTS model has been verified by numerical

results.
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Fig. 10. Average throughput versps. APPENDIXA: A PROOF OFPROPOSITION1

. . _The e2e outage probability can be rewritten as
the corresponding outage performance degenerates dgrious

as depicted in Fig. 9. Notably, in the low and middie P(HtT) — Pr {91 < smm}
regions, the GS policy with = 0.15 achieves a higher o pe
average throughput than all the schemes of the HT model. —|—Pr{(91 > %) N (Vone < 'yth)} . (A1)

Fig. 11 shows the successful rate vergusf the considered
schemes corresponding to Fig. 9 and Fig. 10. Fig. 11 show#ceg: follows the gamma distribution, we have
that the so-called optimak* for the HT model achieves a S
zero successful rate in most of the considepedegion. For Pr {gl < smm} - F (h) —q_ Tu (ml’ps—&) (A2)
the HT modela always achieves a higher non-zero successful ps SN T(m1) '
rate than that ofv for the considered range pf. Furthermore, gpg
the GS policy achieves a higher non-zero successful rate tha .
that of & in the middlep, region. However, in the higlp, . _ s Ty (mlap:‘éi‘)
region,& achieves a higher non-zero successful rate than that Pr {91 = ;n} = Iy, (f) - Tm) (A-3)
of the GS policy. The reason for this phenomenon is that Vﬁen, the task is to evaluate!

_ > PRV = Pr{y,. < %n}. By

set the fixedn = 0.15 for the GS policy intuitively, whereas o . o out e =Ll

& becomes smaller with increasing. substituting (9) intoP,,, = Pr{vy.,. < vn}, conditioned on
the RSI channel powef? . can be expressed as

V. CONCLUSION { Pr {9192 < M} gr <

This paper has studied QoS-constrained relay control for ahout = “1’)5(1_”%‘“9") g e (A4)
FDR-assisted SWIPT network in terms of the e2e outage prob- ’ " R
ability, average throughput, and successful rate. C(D'f_l#tﬂ Definex; 2 g;/6; for i = 1,2 andy 2 z,2. Notably, z;
on the RSI channel power, the e2e outage probability h@s: 1 and 2) has the standard gamma distribution anis
been derived for the HT model. Subject to the QoS-consaiffe product of two independent gamma variables. By utifjzin

of minimizing outage probability and maintaining a targefe result of [43], the CDF of can be shown as
outage probability, two optimal TS factors that maximize th

average throughput have been respectively presented dor th Fy(y) =

Y

92—m1—mgy

TG TGy Do (2VY); (A.5)
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wherepy = my +mo — 1, v = my —mg, and D, ,(y) =
foy 2" K, (x)dz. Then, conditioned op,, PL,, can be further
expressed as

2
'Ytha'd(l'f‘ﬁgr) 1
Pjut = Pr {y < £ps0102(1—KYengr) } v g < ’i'{ch
1’ gr Z K7Yth
Yenog (1+kgr)
_{ Fy (“p59195(17“7thgr) ; 0<ax< 1+779r')’ch
L, 14+ngrvin sa<l
22 miq—mo
— { T'(m1)C(me) N V(2\/_) 0 <1CY < 1+ng Yth (A 6)
1 1+779T'Yth Sa< 1
Ynog (14+K9r)
where¢ £ m By substituting (A.2), (A.3), and

I
Pout’

(A8) into Poyy = Pr{g < Swind 4 Pr{g > Sun}
we arrive at (15).

APPENDIXB: A PROOF OFPROPOSITIONZ2

From (A.6), we know thatP

1 when o €
1 )
1+ngrven’ ) When o € (O’ 1+7]gr'm) ’ Pout - Fy(z\/g),

which is a non-decreasing CDF gf with respect to2+/¢,
where¢ is given by (17). Thus, minimizing’!,, is equivalent
to minimizing& with respect tax € (O, m) Since there
exists a one-to-one mapping frome (0,1) to xk € (0, 00),
minimizing & with respect ton € (0 ) is equivalent

out

1
> 14ngr 'r

to minimizing ¢ with respect tox € (0, T
The second order derivative gfwith respect tox can be
expressed as

9% 2ywnod(1 — 3g,kvm + 3976790 + 97K 75) (B.1)
Ok? K3ps0102(—1 + grkyn)® N

Based on the fact that € ( ’W) we have—1+ g,.kvn <
0 and 1 — 3g,kvn + 3926%72, + k343, > 0. Thus, it
can be shown tha% > 0 and ¢ is a convex function of
K € (O . By solving 5> 95 — (0 with respect tox, the

? grth

achievable minimung is obtarned by

_ 1

A= (VG + D —7a) (8.2)
Then, by substituting (B.2) inta: = nik,

1
a= , (B.3)
L+ ng-(v/7n(yen + 1) + 7in)

which is the TS factor that achieves the minimum mformatrolh

outage probability. Due to the uniqueness @f it is also

the TS factor that achieves the allowable maximum avera
throughput. By substituting (B.3) into (16), the achieved
minimum information outage probability can be expressed as

o -
Plo= (z\ﬁ) | (B.4)
where
., Grtho2 (2 (%h + Y (ven + 1)) + 1)
= ) (B.5)

Ds0102

§ N
2 -
& = Lucirg,)
kp; 00, (1-K7 g,
_ (7))
°= JI I
[} [}
[} [}
[} — = [}
1 (K', g‘) I
[} [} N
7
0 K K, K

Fig. C.1. An illustration of¢ versusk.

APPENDIXC: A PROOF OFPROPOSITION3

Following the procedures at the beginning of Appendix

B, we choose to optimize: € (O, ﬁ) with its one-to-

one mapping tax € (O, HWTWQ to maximize the average
throughput subject t@),. Based on the results from (B.1)

2 -
to (B.5), we know thatt = % is a convex

function of k € (0 Lth) and the achievable minimugis
given by (B.5). Note than ={pP! ot = F,(2y/€) < ¢} can
be rewritten ag), := {5 <y (8)) } which can be satisfied

(F, '(e)?
4

only whené¢ < ,i.e., g, < g», Where

A A

G, & ps0102(F, " (2))?

4vino3 (2 (’Ych+ ’Ych('Ycthl))Jrl) .

(F, '(e)?
7

(C.1)

Moreover, whery,. > §,., we havet >
cannot be satisfied.
As illustrated in Fig. C.1, whery,

two cross-over points:s; and ko between{ =

and § = s
% with respect tac. Without loss of generality,
we choosex; < ko, Where the equality holds when = g,., so
that the QoS constraint),, is satisfied byx € [k1, k2]. When
the target information outage probability can be achietiel,

average throughput can be approximated as [27]

, So thatQ-

< §g., there are

(7' (9)?
4

due to the convexity off =

Ry = (1—a)(1—-¢)F, (S;;) R. (C.2)

The above average throughput is maximized with the allow-
able minimuma (or equivalently the allowable minimum)
that satisfieq),. Thus, the average throughput is maximized
by % of (27), which is obtained as$ = k; by solving
mpgé?g;(llJr:g:) (£, 4(5) Then, the TS factor
that maximizes the average throughput subjeof)tocan be
8>épressed as

R b
&= R 9SO (C.3)
does not exsit, otherwise.
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