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Abstract—Performance of RF powered communication net-
work is bottlenecked by short downlink energy transfer range
and doubly-near-far problem faced in uplink information trans-
fer to Hybrid Access Point (HAP). These problems can be
resolved by cooperation of an RF energy harvesting node R
present between HAP and RF energy harvesting information
source S. However, there lies a dilemma at R on whether to
transfer its harvested energy to S or to act as an information relay
for transferring its data to HAP in a two-hop fashion. This paper
resolves this dilemma at R by providing insights on its optimal
positions suited for either energy relaying (ER) or information
relaying (IR). It also investigates the possibilities of integrated
ER and IR along with the regions where neither ER nor IR
will be useful. In this regard, while considering Rician fading
channels and practical nonlinear RF energy harvesting model,
the expression for mean harvested dc power at S via energy
transfer from HAP and ER from 7R is first derived. The closed-
form outage probability expression is also derived for decode-
and-forward relaying with maximal-ratio-combining at HAP over
Rician channels. Using these expressions insights on optimal
relaying mode is obtained along with global-optimal utilization
of harvested energy at R for ER and IR to maximize the delay-
limited RF-powered throughput. Numerical results validate the
analysis and provide insights on the optimal relaying mode.

Index Terms—Integrated information and energy relaying,
practical RF energy harvesting model, Rician fading, outage
analysis, throughput maximization, generalized convexity

I. INTRODUCTION

Radio frequency (RF) energy transfer (ET) has drawn wide
recent attention due to its capability of providing controlled
energy replenishment of low-power wireless devices. Unlike
the inductive and magnetic resonant coupling based non-
radiative ET approaches, radiative RF-ET bestows benefits [2]
like relaxed node-alignment requirements, beamforming capa-
bility, and possibility of transmitting both energy and informa-
tion over the same signal. This has led to the emergence of two
attractive solutions for powering next generation networks: (a)
Wireless Powered Communication Network (WPCN) [3] and
(b) Simultaneous Wireless Information and Power Transfer
(SWIPT) [4]. In WPCN, uplink information transfer (IT) is
powered by downlink ET from Hybrid Access Point (HAP),
whereas in SWIPT both ET and IT occur in same direction.

Despite the merits of RF-ET, there are some bottlenecks in
its widespread usage. Major challenges [5] include wireless
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propagation and energy dissipation losses, low energy sen-
sitivity, low rectification efficiency at low input power, and
doubly-near-far problem [6] in WPCN. Therefore, investiga-
tion of new paradigms is needed for efficient WPCN operation.

A. Related Art

Various aspects of cooperative relaying have got recent
research attention [5]-[20] to overcome doubly-near-far pro-
blem [21] in WPCN and large difference between energy
and information sensitivities (—10 dBm versus —60 dBm)
in SWIPT. The authors in [5]-[10], [16]-[20] considered
energy harvesting relay where an energy constrained node uses
the harvested energy for cooperation. Optimal RF harvesting
energy relay placement was investigated in [5] for maximizing
the received power in two-hop RF-ET, both with and without
distributed beamforming. In [6], a nearby node to HAP was
considered to act as energy harvesting information relay for the
farther node. A harvest-then-cooperate protocol was proposed
in [7], where the relay node close to HAP harvests energy
during downlink ET from HAP and then uses this energy
for uplink information relaying (IR). The authors in [19]
investigated instantaneous and delay-constrained throughput
maximization for RF-powered full-duplex MIMO relay system
by designing receive and transmit beamformers while optimi-
zing the time-splitting parameter. A three-node RF-powered
relay system was studied in [20] to maximize the ergodic
throughput by optimizing the mode switching rule and transmit
power jointly under the data and energy causality constraints.

Different from [6], [7] which considered fixed relaying,
the approach in [8] dynamically decides whether the nearby
node should act like an information relay for far node or
not. Further in [9], the roles as source, destination, or relay,
for the nodes were dynamically decided. Optimal allocation
of harvested energy at relay, due to SWIPT from multiple
sources for forwarding data to their respective receivers, was
considered in [10]. In [16] a greedy protocol was proposed
for switching between energy harvesting and data relaying
to minimize outage probability in amplify-and-forward (AF)
energy harvesting relay network without direct link. In [17]
this work was extended to distributed multi-relay selection
with decode-and-forward (DF) two-hop IT. More recently, a
relay selection scheme, incorporating channel conditions and
battery status, was proposed in [18] to choose one among mul-
tiple AF energy harvesting relays for IT. Furthermore, energy
cooperation and sharing strategies have been proposed in [11],
[12] to overcome dynamics of ambient energy harvesting and
enable perpetual operation. In another set of works [13]-[15],



7 Energy --% Information Link

2y Harvesting

ovx;ﬁ%{)\{/_ Relay %\

— Energy Link

J
e Py
Phase 2: Information Transfer
A Hybrid Acces Energy Harvesting S
Point (HAP) Information Source

Fig. 1: Network topology for the RF-powered integrated 2-hop full-
duplex energy relaying and half-duplex decode-and-forward IR.

relay-powered communications was considered, where energy-
sufficient relay transfers energy to RF harvesting nodes.

B. Motivation and Contributions

In recent studies, harvested energy at relay is either used for
energy relaying (ER) [5] or IR [6]-[10], [16]-[20]. Though
[13]-[15] studied tradeoff in ET and IR efficiency assuming
energy-rich relay, these works along with [11], [12] did not
investigate RF harvesting relay assisted ER possibilities. This
work fills this existing research gap. It studies optimal utiliza-
tion of harvested energy at RF-energy harvesting (EH) relay
for ER and/or IR to enhance the performance of two-hop RF-
powered delay-limited network with direct link availability.
Key contributions of this work are six-fold: (1) As shown in
Fig. 1, a novel system model is presented to investigate the per-
formance of RF-powered integrated information and Energy
Relaying (iER) in WPCN (Section II). (2) Mean harvested
energy due to full-duplex ER over Rician fading channels
with distributed beamforming is derived while considering
practical RF harvesting model (Sections III). (3) Closed-form
expressions for outage probability and normalized throughput
are obtained for half-duplex DF-IR over Rician channels with
Maximal Ratio Combining (MRC) (Section IV). (4) Analytical
insights on optimal mode selection policy at RF harvesting
relay are provided (Section V). (5) Global-optimal utilization
of harvested energy at EH relay is obtained by efficiently
solving the nonconvex delay-limited throughput maximization
problem (Section VI). (6) Numerical results validate the ana-
lysis and give insights on optimal harvested energy utilization
in ER and IR for varying relay positions (Section VII).

C. Novelty and Scope

To the best of our knowledge, this is the first work that
considers i’ER in WPCN and resolves the “dilemma” at RF
harvesting relay on whether to perform ER, IR, or iER by
Jjointly optimizing cooperation in ET and IT. We also present
novel analyses on full-duplex ER with distributed beamforming
and half-duplex DF-IR with MRC over Rician channels.

Results presented in this paper demonstrate the importance
of i2ER, because in static node deployment scenarios where
the relay position is fixed or the set of available routers are
known, mode selection (ER or IR) becomes critical. This work

providing insights on optimized mode of cooperation with
RF harvesting relay (for energy, information, or both) can be
extended to multi-node scenarios, allowing IR on one path and
ER on other for greater end-to-end efficiency depending on the
position of the relays. Energy beamforming [3] can also be ap-
plied over the proposed optimized cooperation for further en-
hancement of achievable gains. Though the widespread utility
of the proposed system architecture is constrained by the low
RF-ET range [2], [5], there are some practical applications that
can benefit from this proposal. These include low power EH
nodes in small cell networks, miniature RF-powered sensing
devices for indoor applications, and EH nodes in Internet-of-
Things. Furthermore, with the advancement in RF-EH circuits
technology [22], [23], this limited end-to-end RF-ET range
will be significantly increased due to improvement in both
RF-to-dc rectification efficiency and receive energy sensitivity.
Another attractive solution to improve the performance of
the proposed RF-powered i2ER is by implementing the full-
duplex IR. However this improvement comes at the expense
of implementing loopback interference suppression with the
help of sophisticated electronic schemes or spatial domain
precoding techniques that require perfect channel estimation.
So there is a need for low-cost energy-efficient full-duplex IR
techniques for RF-powered relaying systems.

II. SYSTEM MODEL

Here we present the i?’ER system model that includes
transmission protocol, network topology, and wireless channel,
along with the energy consumption and RF harvesting models.

A. Integrated Information and Energy Relaying in WPCN

We consider RF-EH relay R assisted full-duplex two-hop
downlink ET to RF-EH information source & and DF half-
duplex uplink IT to HAP A (cf. Fig. 1). We assume that
A and S are composed of single omnidirectional antennas,
whereas R has two directional antennas; one pointing in the
direction of A — essentially for efficient EH at R and effective
IR from R-to-A, and other directed towards S for efficient
downlink ER and improving the quality of S-to-R uplink
IT. Although half-duplex IR can be conducted using a single
omnidirectional antenna at R, two directional antennas are
considered to minimize the dissipation losses in downlink
ER and uplink IR. Also, this helps in implementing two-
hop full-duplex ER because RF energy signals do not contain
any information to be lost during full-duplex operation. The
role of full-duplex relaying in ER phase is to ensure that R
can simultaneously harvest energy from .4 as well transfer
energy to S in the N,th slot. Moreover, as the dimensions of
the directional and omnidirectional antennas are similar [24]
and the storage capacity of commercially available efficient
compact supercapacitors [25] is large enough to store the
harvested energy over multiple slots Ng, the form factor and
storage capability are not a concern in the proposed i’ER
architecture. The entire i’ER process can be divided into three
phases, as highlighted in Fig. 1 and Table I:

(1) RF-ET over Ny slots: Apart form single-hop ET from A
to R and S over Nj slots, last or (N )th slot of this phase



TABLE I: Description of operations in RF-powered communication
with energy and information relaying possibility.

é . ?E S 2 = RF Energy Transfer Information Transfer
g i % § : E AtoSand R RtS StoAandR | Rto A
& aceH Phase 1(a) | Phase 1(b) Phase 2 Phase 3
Duration N5 slots 1 slot 1 slot 1 slot
Slots # 1,2,...,Ns N Ne+1 N +2
’qé No relaying v X v X
E‘) Energy Ve v Ve X
'é Information \/ X v \/
2 i’ER v v v v

also involves two-hop full-duplex ET from R to S using
Ba fraction of energy harvested E},,, at R over N; slots.
(2) IT from S to A and R during (N + 1)th slot using its
energy harvested over NN, slots.
(3) IT from R to A in (Ng+ 2)th slot using (1 — «)
fraction of harvested energy £}, at R.

Following the summary given in Table I, we note that the
four possible relaying modes are: no relaying (NR), ER, IR,
and i’ER. In NR (i.e., neither ER nor IR) mode, indicator
variable [ is set to zero. § = 1 for other modes represents
that R uses « fraction of its harvested energy Ep,, for ER and
remaining fraction for IR. Thus o = 1 and a = 0 respectively
represent ER and IR scenarios, whereas 0 < o < 1 represents
the i?’ER mode. Here it is worth noting that, since the energy
harvested over a single slot is very low (as shown later in
Fig. 3), we have considered Ng > 1 slots for RF-ET because
it helps in incorporating the hardware limitations of RF-EH
communication [2], [5] while giving insights on the practically
realizable rate-constrained sustainable throughput performance
(cf. Section VII). Also, in order to have sufficient harvested
energy at R for efficient RF-ET to S, ER is considered only
in the Nth slot. Further, due to the usage of two directional
antennas at R, the leaked energy from R in the unintended
direction, that could be recycled by its receiver, is neglected.

B. Network Topology

To avoid blocking of direct ET and IT paths between .4
and S, we consider parallel topology [5] for relay placement.
Considering static node deployment, A and S are respecti-
vely located on Euclidean plane with coordinates (0,0) and
(d ,s,0). Here d, is the distance between A and S. R is
positioned at (xR,yRO), where y,, ~is the minimum non-
blocking distance [5] from Line-of-Sight (LoS) path between
A and S. However, it is worth mentioning that the proposed
iER model and the analysis hold for any arbitrary relay
placement topology ensuring the availability of unaffected
direct link between A and S, e.g., elliptical topology [13].

C. Channel Model

All the links are considered independent and experience
flat quasi-static Rician block fading [13], where the average
2 21 GGy A\ 2
| - E[hw } - (dij)” (E) ’
Vi,j = {A,R,S}. Here G; and G; represent antenna gain
for transmitting node ¢ and receiving node j; X is the wa-
velength of transmitted RF signal; n is path loss exponent;

channel power gains |h,,

d,; corresponds to distance between nodes ¢ and j. Rician
channel model helps in incorporating the effect of strong LoS
component in RF-ET over short range IT links. Rician fading
also includes Rayleigh fading [6]-[10] as its special case. To
reduce signalling overhead at energy-constrained R and S,
we assume that knowledge about statistics of channel state
information (CSI), instead of instantaneous CSI, for all links
is available at A via pilot signals received from R and S.

D. Energy Consumption and RF Harvesting Model

We assume that S uses its entire harvested energy for IT. So
with unit slot duration 7' = 1 s, energy or power consumption
at S during IT is: P + P%,, where P2 is static power
consumption independent of transmit power P;.. Generally
P% 2 0 in cooperative WPCN and SWIPT [6]-[10]. We note
that RF energy reception does not consume any power [2], [5].
The consumption at R for IR is accounted as [26, Table IJ:
Eg, + RoEYy,, where ETS| is static consumption and Ro ),
is consumption in reception and decoding of Ry bits.

The harvested dc power P, is a nonlinear function of
received RF power P, [5]. To this end, we present a piecewise
linear approximation for establishing a relationship between
Pr and P, using a piecewise linear function £ (). Mathema-

tically, P, = £ (Pr) can be defined as:

O, P'I‘ < Pth17
MiPT+C’ia P’r’ € [Plhi)’])thﬁ_l} ,VZ:].,,N,(I)
Not applicable, P, > Pyy,,,

Py 2

where Py, = {Pp, | 1<i<N+1} mW are thresholds on P,
that define the boundaries for N linear pieces with slope M =
{M;|1<i< N} and intercept C = {C; | 1 <i < N} mW.

We have used the above approximation L (-) because this
simple linear relationship between P, and Py, helps in gaining
insights on global-optimal harvested energy utilization and
proving conditional-unimodality of throughput maximization
problem (Pl) in « (cf. Section VI).

III. DOWNLINK RF ENERGY TRANSFER AND ENERGY
RELAYING OVER RICIAN CHANNELS

The energy signals Y ,, and Y ,; received respectively at
R and S in one slot of ET from A are given by:

Yo = Xea v/ P b le Cav 4R VN = {R,S}, (2)

where X, , is the zero mean and unit variance energy signal
transmitted by A, and P;, is the transmit power of A. |h;;]
and ©;; = (2ﬂ/\d g d)ij) respectively represent the amplitude
and phase of the Rician channel fading coefficient for the
link between node i and node j, where i,j = {A,R,S}.
Here % represents the phase difference due to free space
path delay and ¢;; represents the sum of all other phases that
include phase weights introduced for synchronization, errors
due to the local oscillator variations, excess path phase from
obstacles, etc. [27]. Lastly, N; represents zero mean additive
white Gaussian noise with variance o2 as received at node i.




Using (2) and ignoring EH from noise power [6]-[15], the
received power at R and S in each slot due to RF-ET from
A is given by (3) where T denotes the complex conjugate.

Prae = (V) (Vor)!| = Pra I[P, ¥V = (R, S}

As the received powers P,.,; and P, at S and R
involve the square of Rician distributed |h,,,|, they fol-
low noncentral-y? distribution with respective Rice fac-
P; ,GAGs A\ 2
ﬁ (E) and
AS
P, GAGR [ X \2 . .

O (QAT () ) We next discuss the basic
probabilistic measures for the received power over Rician
channels and then use them for deriving the mean harvested
energy at S due to RF-ET from .4, both with and without ER.

tors and means as (K as Bp s =

A. Basic Properties of Rician Fading Channels

For Rician fading, the channel power gains follow
noncentral-y? distribution with two degrees of freedom. Thus,
the probability density function (PDF) fp, of received power
Py, Yz > 0, is given by:

_ (K4l

K
Hp K(K+1
o (2, K, 1) = — = To (2 KK + 1 M+ )”>, @)

pp (K + 1)~

where K is Rice factor, 1, is mean received power, and Iy, ()
is the modified Bessel function of the first kind with order m.
The Cumulative Distribution Function (CDF) Fp_ of P, is:

Fp, (2, K, 1) =1—Q, (@ V20K + 1):E/u,,> )

where Q1 (-, ) is first order Marcum Q-function [28]. Moment
generating function (MGF) ®p,_ of P, can be obtained as:

(a) K+1
or ) @ ()
P

(b K+1

O\K - wp, +1
Here (a) is obtained by using [29, eq. (2.17)] and (b) is
obtained after a rearrangement in (a).

LKvp
eK—whp Tl

K(K41)
e K—wpp+1 -K

(6)

B. Single-Hop RF-ET from A to S and R

First we obtain mean harvested power m at S and Py, 5
at R in each slot dedicated for RF-ET from A. Using P}, =
L (P,) as defined in (1) along with PDF fp_and CDF Fp_
of received power P, defined in (4) and (5), the PDF fp, of
harvested dc power Py, is obtained as:

i (i)
Fp, (Pionsr) — Fp, (Pn,)’

where  satisfies Py, < IA_/IC

f'Ph (xaKulu“p) =

)

i415 VJ € 1,..., N. Thus,

using (7), the mean harvested dc powers Py, ,,. where N =
{R,S} are derived below:

oo

Phoan = E[th\f} = Ofx f”PhAN (IvK.ANMU’P_AN> dx

- (KAN+1)(E—CJ)

SR o (K ol)e T 9"Pay “Kan
S o
J=1 M;Pu;+C; e
Io <2\/KAN (;Aiﬁl)(m—cj))
TP AN J
- x
Frran (p‘“NH )_FPMN (Plhl )
oo N MiPuj 1+ _M‘KAN
= > 2 S ze  TMPan
N j k+1 2
K=0j=1 M;Pu, +C; (Mo ) k1)
k
% (KAN+1)[KAN(KAN+1)( —¢)] .
FPTAN (’Pth‘H) Proan (P, )

e Man (K.AN)k [SWJ (73'[1,]. )_ngJ' (P‘“j+1 )]
KAN+1)(k!)2 [FPTAN (p‘hN+1 )_FPTAN (7)”‘1 )]’

k=0j=1
®)
K 1) P,
where gn ;i (Pa,) 2Cj (K +1) T (k+1, ("”\;)'J>+
AN
M;pp, T k+2, aw*)Po ) Boch term in Taylor series
He an
expansion of Ig (+) used in (¢) can be upper bounded as:
Kan( AN“ e Ca)) (@ .
MitPan 2 (4K (K ap+1))
k')2 ~ (CDE
AN“
(8 < ) 2e (K 4 +1) o
< ( e ) O

Here (d) is obtained by knowing that generally (z —C;) <
AM;p,, ., as from (5) Pr (P, > 4p,,) < 0.009, VK > 1, and
. AN. . . . . . .

(e) is obtained using the Stirling’s approximation [30]: j! ~
V2me I 47 +2. From (9) we note that the contribution of hig-
os(2)
1e(K  +1)
less than €, where € < 1 and Wy () is the Lambert function
(principal branch) [31]. However, in general for high Rice
factor K ,,, > 10, even considering only first k = e (K . +1)
summands provides a very tight match to the infinite series

( AN+1)(T C-)
w( A/\/‘Jrl) —K N MGEP an
iHp 4

decays very fast with 1ncreasmgNK - This has been nu-
merically validated later in Fig. 3 where (8) is shown to be
equivalent to the sum of first 30 summands.

So, with T' = 1 s as slot duration, mean harvested energy
Ej, at R via RF-ET from A over N; slots is: Ej, =
PharNs. Similarly for NR and IR (i.e., no ER modes), the
mean harvested energy at S is: EjoFR £ 4 Ph s Ns. However
for ER and i?’ER modes, mean harvested energy at S via single
hop ET from A over N;—1 slots is: ENS V2P, s (N —1).
Next we find energy harvested at S, via two-hop ET from R,
in the last slot of RF-ET phase in ER and i’ER modes.

her order terms k& > In (1) |2Wp is very

because the product term AN €

C. Mean Energy Harvested in N4th Slot due to Two-Hop ER

The received energy signal Y. at S in the N,th slot due

to ER from R is given by:

YRS = XeR \/m |h7as | e Ors + Nsv (10)



where X.. is the zero mean, unit variance energy signal
transmitted by R using its energy harvested E},,, over N slots
and P, is the transmit power of R. /3 is indicator variable for
relaying with « as fraction of Ej,,, allocated for ER. |h, .| and

0 _ 27rd s )

RS respectively represent the amplitude
and phase of Rician fading coefficient for R-to-S link. So, we
note that if ER takes place from R to S, i.e., a > 0, then S
receives two energy signals Y , ; and Y, ; in the N,th slot and
the received power at S in the Nth slot is different from (3).
Thus using (3) and (10), the random received power PEhOP
S in (Ny)th slot of ER phase, due to vector addition of energy
signals received from A and R, is given by [5, eq. (14)]:

PP = |(V s + Ys) (Vg + Yreo)T| = [V + [V

e_L(eAs _6725)

20V | [Y

= Prs T+ BAPr s

27 (dAS — dR.S)
(/\) , (1)

where 12 is the root mean square phase error term incorpora-
ting the errors due to the local oscillator variations, excess path
phase from obstacles, etc. [27]. W is in radians and e ¥ is
unit-less. Here vector addition of RF signals of same frequency
received from A and R is considered because these energy
waves can combine constructive or destructively depending on
their respective in-phase or out-of-phase addition [5]. So, mean
received power Pro? = [cho"} obtained using linearity of

expectation and independence of P, ,, and P, ,

Pe® = E[Pris] + BaE [Prrs] +2 V/BaE | VPl
<E [\/Prag e P cos (WA;—

d
RS)) = 'LLPAs—i_ﬁa'uPRs
oz 27 (d s — drs)
)2 AS RS
+ 24/ Pa Bt e cos ()\ ) , (12)

’RS‘

+2v/Pr s BAPrr e " cos

AS

N (EhR+EiR)GtRGs ( A
4

where HPpypg = (e )"
% (E) and Ej,, as defined in Section III-B. Here
A

E;,. 1s the unused harvested energy which is available as the
residual or initial energy at R when NR mode was selected
in previous transmission block. The accumulated energy E;,

is zero when any other relaying mode is chosen. p and

)2 with Pop o

I in (12) are respectively obtained by substltutlng Pop o
VPRsS
and yi,, _ in place of 41, in (13) providing E VP, ].
_K P
K ok 22 KH+1 [(K+ 1) Io (%) +K I (%)] - (13)

The above expression is obtained by finding the mean of
square-root of random variable P, following noncentral-y?
distribution with two degrees of freedom.

Using (12) and (13), the mean harvested power at S due to

ER in last slot of RF-ET phase is given by chOP L (PZhOP) .
The total energy harvested at S in N, slots for ER and i’ER
modes is: EER = EN*7! 4+ P, For NR and IR, P, =
Ph.us» Which implies that Ejo°R =Py, , o N,

IV. DF RELAY ASSISTED COMMUNICATION OVER RICIAN
CHANNELS WITH DIRECT LINK

For the RF-powered IT with 7' = 1 s, the transmit powers
Piy = B} +PEi, and Pig = B} of R and S depend on their

usable harvested energies Ej! = f3 [ (1 — ) Ppx Ns — P,

+
_En ROE{,’;J and Ep = [Egg - ngn} for IT, as
discussed in Sections II-D and III. Here [z]" = max {0, z}.

With P, as transmit power of S and X;, as zero mean and
unit variance information signal, the received signals at R and
A due to uplink IT from § in (N, + 1)th are:

Yoy = XisV/Pis |hoy e Csv R, VN = {A,R}. (14)

From the received information symbol Y ., R forwards the
decoded zero mean, unit power signal Xzs to A using its
harvested energy with transmit power P, in a two-hop half-
duplex fashion in the (Ng 4+ 2)th slot. The RF signal, thus
received at A is given by:

YRA =Xis \Y Py |hRA|e_L@RA + NA'

For Rician fading channel model, the instantaneous signal-to-
noise ratio (SNR) v = Z;‘ follows the weighted noncentral-x?
distribution with two degrees of freedom. Using (14) and (15),
the received SNRs v, Yz, and v, , of S-to-R, R-to-A, S-
to-A links, respectively, are given by:

P7'N1N2 _ Pt/\fl
o2 o2
V(N,N2) ={(S,R),(R,A),(S,A)}. Due to the availabi-
lity of the direct link and MRC of received signals at .4, the
received SNR at A involves the sum of vy, , and 7, ,. Next we
derive the distribution of this sum to obtain the closed-form
expressions for outage probability and normalized throughput
at A due to IT from S using harvested energy.

(15)

2
Vnng = |

. (16)

| N1N2

A. Sum of Two Weighted Noncentral-x?> Random Variables

The distribution of sum of two positive weighted noncentral-
x? random variables can be obtained in terms of Laguerre
expansions [32, eq. (3.5)]. However, due to the involvement of
complicated recursions in PDF and CDF expressions, its usage
has been limited and an integral definition was used in [13].
Here, we present simple expressions for PDF and CDF of this
sum by using series expansion of exponential function. The
PDF fp, +p,, of sum of two positive weighted noncentral-
x? random variables P,, and P,, having respective Rice factor
and mean as (Kl,upl) and (K27ﬂ7,2) is given by:

f797v1+777-2 (.Z', thu’Pl ’ KQ’ MPQ)

1 <
= % _ooe wx CI)PM (V, Kluupl) quTz (Z/, K27/,L772) dv
j+1 kil
M M dl/
- 2m =0 k=0 j'k'KlKQ eKi1+ Kotz

—~
@
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MS 8|\8
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j=0

™~
Il

J+1 k+1
Ki(K1+1) Ko(Ko+1) i1
: Hop, Pop,



Fy <]+1,]+k+2 <K2+1K1+1>x>
Hp, Hp,
, (A7)

K +(K2+1)I+K
KKy jlRIT(j+k+2)e P2

X

where (f) is obtained by substituting series expansion of
ook

x

e’ = % in (6). (g) is obtained by using a readily available

k=0
result given by [28, eq. (3.384.7)] in (f). 1Fi (a;b;z) =
1
F(b)ofe“ t N (1—t)Pm Nt & (a), 2
I'(b—a)T'(a) o (b), k!
pergeometric function of the first kind [28], and
the Pochhammer symbols defined as: (a), =

is the confluent hy-

§ (b),, are
a+k

F(a) () =
Ki(Ki+1)
Ki—wip 1

o0
[ t*~le~tdt is the gamma function. As e~ &

0
1vi = {1,2}, e

7! K LV/_L,P[+12
are integrable, and we can swap the integration and double
summation [30, Theorem 16.7] in (f) to obtain the result
given by (17). Further, the Lagrange remainder R; in j-
term finite Taylor series approximation of exponential function

<

K; (K;+1) X
K, —wwp, +1 i — Ky
i Hp,

K (Ki+1
and &~ (Ki+1)

Ll Ki(Ki+1)
K;—wwpy +1 i (K . .
e Hp, with z € (0, KEW:H> is given by:
i1
|%»|—e—Ki e” ( Ki(Ki+1) )]
I (F+1)! Ki,—u/upi—&-l
(h1) (K )]+1 (hQ) (e K;)It1 (h3) o K j+1

% and (I/up )2

0; (h2) is obtained using the Stirling’s appr0x1mat10n [30]:
]! ~ \/2me™ jiT2; and (h3) holds as \/27j > 1. Using (18),
the minimum numbers of terms j* to ensure that the Lagrange

remainder R« after considering j* terms is less than ¢, i.e.,
-1
log( L
B\
eKi

where (h1) is obtained by using z <

|R;-| < e, is given by: j* > log (1) [Wp

To gain further insight, we note that for high Rice factor values
PDF of P,, 4+ P, for Rayleigh fading case (K; = K2 = 0)

can be obtained in simple form from (17) by considering single

term j = k = 0 in double summation with K, Ko — 0:

x x

e "P1 —e FPo

A C TN Vo > 0. (19)

:u’7>1 - :u”p2
The CDF of P,, + 73,,2, obtained using series representation
of 1 Fy (a;b;2) = Z ®), Ir

in (17), is given by:

oo o 0

K{K} (j+1);
Fp, 7, (2. K1, i, Ko i) =Y ZM
0 j=0 k=0

. eK1+K2
j+1 —i—j—1 i
o Ki+1 Ky+1 Ko+1 Ki+1
MP1 MP2 MPQ /’[/731

[F(@'+j+k+2)—1“(z’+j+k;+2,(K:H)mﬂ
(20)

P2
X

(G+k+2);d KT+ Ek+2)

[(a,z) = [7t*'e"'dt is upper incomplete gamma
function. As Witha*j+1 <j+k+2=0, (fb))m, < f,
we note that j* for the Lagrange remainder R+ in the Taylor
series expansion of 1 Fy (a; b; ) to be less than e, is lesser than
in case of Lagrange remainder in the Taylor series expansion
of exponential function e (z). Hence, although (20) involves
three series, each of the three infinite sum-terms converge very
quickly. Also we show later in Fig. 4 that practically this CDF
reduces to a finite sum with only 30 summands in each series.

Similarly using (19), the expression for CDF of P,, + P,
for Rayleigh fading channels is:

x

TEe Fpy
Ray 'u7’1e '11'7’26

F (%t sy =1 =

.21

:u'791 - :u'p2

Using (19) and (21), the i?’ER performance over Rayleigh
fading channels can be investigated.

B. Outage Analysis for RF-powered DF-IR with MRC

The outage probability p,,; is the probability that the data
rate received at A during IT (and IR) phase (of duration 1 or
2 slots depending on relaying mode) falls below a spectral
efficiency threshold R, bits/sec/Hz or bps/Hz. Considering
half-duplex DF-IT from S to A via R with MRC at A4 due to
direct link availability, the outage probability pR, for IR or
iER over the Rician channels is given by:

R (i1)
out

1 .
Pr <2 10g2 (1 + min {75737773_,4 + VS.A}) < RO)

= Pr (min {755, Yu + Yo} < 20 1)
=1—Pr(vee > 2200 — 1) Pr (v, + 754 > 2250 —1)

(12) K
ron (QQRU —1,K,,, ZER )} [1,

29 [1 —Fp
I 1
F’P““R.A'FPTSA (QQRO _15KR_A7 ZEAaKs_Aa ZSQA):|7

(22)

where (i1) is due to half-duplex DF-IR with MRC [13]. (i2) is
obtained using (16) and fact that v, . follows noncentral-y>
distribution with two degrees of freedom, Rice factor K. .,

s g GNIGN; (471') (N1,N2) =
(e

o
and mean e = . 2

{(§,R),(R,A),(S,A)}. So pR . in (22) can be obtained
in closed-form by using CDFs defined in (5) and (20) with
appropriate arguments as mentioned in (22). Also, using (21)
along with K = 0 in (5) and (22), the outage probability
IR R for IR over Rayleigh fading channels is given by:

out
_(22Ro_1 ( o2 + 2 )
g 1o,
/"L’PR_A - /‘LPSA
_(22Ro_1 ( o2 + o2 )
—fpg @ ( ) HPsa MPsw :| (23)
Further, for no IR cases, i.e., NR and ER modes, py,; = pg‘ﬁf,

obtained using (5), is defined below:

=1 Qu (VIR

Kg ,+1)(2F0—1)o

HPsa

2) L (24)
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\\Q‘\s‘
[FER mode]

Fig. 2: Decision tree for optimal relaying mode selection policy.

C. Achievable Normalized Throughput in RF-powered i’ ER

Normalized throughput 7 is the amount of successfully
transmitted data per unit time in each communication slot.
Considering a delay-limited scenario with rate constraint
(outage threshold) of Ry bps/Hz at A for IT phase of 1 or
2 slots (Table 1), 7 for different relaying modes is:

Bo{l-#0)  NR (8=0) and ER (8 = a = 1)

TE N+ 0 25)
2R01(\2911720ut)a IR (8 =1,a =0) and i’ER (5 = 1).

V. OPTIMAL MODE SELECTION AT RF-EH RELAY

We now discuss the insights on which mode to choose
among NR, ER, IR, and i2ER. This optimal mode selection
policy for efficient outage performance basically involves two
main decision making: (i) Two-hop IT with IR or single-hop
IT without IR (Section V-B), and (ii) RF-powered S-to-A IT
with ER or without ER (Section V-A). Fig. 2 summarizes
the decision making process in the optimal relaying mode
selection policy. Subsequently, we derive conditions for the
improved performance of cooperative ER, IR, and i2ER modes
over non-cooperative NR mode.

A. Feasibility of Energy Relaying (ER) Mode

First we derive conditions for improved performance of ER
over NR. ER mode is useful when the transmit power P
of S, based on its harvested energy E;R from A and R
jointly, is more than the harvested energy E,'}L‘;ER from A alone,
i.e., without ER. Knowing E;‘L"SER = PhsNs and Pp o ~
E(u,,AS), EFR  defined in Section III-C can be rewritten as:

ER _ pN.—1 2hop _
Ehsm[ - Ehs + Phs - Ph.AS (N‘; -

1)+

L (ums + B o + 1o/ Bty ,  Hp ) (26)

where po £ COS(M)[(K +1)Io (5)+K 1, (%)]2
Trefoﬁ
and IV-B, P,. using harvested energy E,lj‘g‘m over N slots is:

Using (26) and discussion in Sections II-C

P = Esg‘m _Pclén = Phas <N8_1)+Mj (/"PAS + BQMPRS
_ Ptx

+uom) +C; - PX Ve {(1 <j<N)A
(Poy 1o+ Bt 1107 3011 H y <Pinyo) }2T)

Next we present an important result on utility of ER mode
based on the variation of o

Lemma 1: With E}3 > Py, the transmit power Py, of
S based on its harvested energy Esgm via RF-ET from A
and ER from R is either: (i) concave increasing function of
« when energy signals received at S in the N,th slot from A
and R add up constructively, or (ii) strictly-convex in @ when
energy signals from A and R lead to destructive interference.

Proof: First of all we note that, the value of yy containing
cosine term cos (-) represents constructive or destructive inter-
ference of energy signals from A and R. po > 0 always leads
to constructive interference, i.e., EEE > E,‘;?SER. However if
o < 0, then received energy signalsmat S in Wsth slot may

add up destructively to cause EyS < EpOR,
tot tot

82 P, oM\ faBuy g
s = AS RS we can observe that

As Ja2 - a2
. @ . . @ . . .
P,; is concave in « if pg > 0; otherwise it is a con-
vex function of a Vyug < 0. We also note that, since

apts _ 1 ) MONPAS ) . .
52 = Zﬂupnsj\/l]( CTE—— +2), P, is strictly
increasing function of @ Vug > 0 A S = 1. On other

hand, if pop < 0, a unique feasible critical point o, =
{a ’ (% = 0) ANO<a< 1)} is defined as: g, =
Hokp 4 s
4B PRS
decreasing function of «. However when 4oy, < o < 1,
P,s is an increasing function of « and even for pp < O,

L (’U/PAS + Ba/’[/pﬁs + /’L01 / Bauprs MPRS) > Ph_AS» which
leads to the improved ER performance over NR. [ ]
Remark 1: Though 1o <0 leads to destructive interference

of signals from A and R, i.e., L (“?As +ﬁauPRS) >L <u7,AS

By, Aoy /Bapiy, MPRS)’ BiX > ERR if a > dagy,.
Remark 2: ER is always beneficial over NR VYo > 0 if pg >

0 and Vo > 4oy, if po < 0.

Hence, we conclude that ER is preferred over NR when

energy signals received at S from A and R are combined

constructively. The chances of ER performing better than NR

increase with increasing P, which leads to a higher p,

because it helps in meeting the condition o > 4oy, .

. Thus, for pg < 0 if a < gy, then P is a

B. Feasibility of Information Relaying (IR) Mode

Now we obtain the feasibility conditions for improved
performance of IR over NR mode.
Lemma 2: The normalized delay-limited throughput 7 in IR

is more than NR if and only if one of these two conditions

.y IR IR . IR IR No+2)pions+Ns
hold: (i) pi%, < piolR or (ii) plof < plf, < L2

™R _ (Ns+2)(1-pi0%) Ne+2 -
TR 2(N.+1)(1-pR,,) 2(Ns+1)

out
- . NS‘ 1— IR
1,V N, > 0. For Tig > Tnr, We require proR Ne(l=Poys)

IR
out >pout_ Ng+2 ’
which is true VpIR , < pi°IR Thus, for 7ix > 7xg, either pX, <
nolR nolR IR
< pout <

iR out —
Pout OF Pout % As pg%,lf = Pr(r)/sA <
270 71) and p{)l}Lt =Pr (min {Vor>Yra + Vst < 22f0 — 1)’
it is worth noting that the outage threshold of 2R, for IR is
two times the outage threshold Ry for NR. [ ]
Following this result, we next discuss the conditions where
outage probability piR, in IR and iER modes is better than
outage probability p°;* in no IR modes, namely NR and ER.

Proof: Firstly,

1
and 5 <

nolR
out



Lemma 3: To ensure that pI} , < p™IR the following average

SNR conditions should be met: (i) E [v5] > E [ys.] (E [vs.4]
+2) and (i) B [1.] > E[s] (1+E ).
Proof: Please refer to Appendix A [ |
Remark 3: With E[v,,] > 0, Lemma 3 implies that for
feasibility of IR, E [vs.] > E[v,.]- Or, IR is feasible when
R is placed relatively closer to S to strengthen S-to-R link.
Corollary 1: Outage performance for IR is better than NR
if relay placement (RP) (dg.,d,,) lies in the set Sg =

’
SR G%’A

{(dSR7dR.A)‘ (dSR < dSA m> A (d‘RA < dgix)}‘

Proof: From Lemma 3, we note that to ensure
pR, < poR two average SNR conditions (i) and (ii)
should be met. Condition (i) on simplification results in the

following relationship between S-to-R and S-to-A distances:

de SR &
dSR < SAGp T sAGiDl'
(NsPh s~ Pl )GaGsA2\ 7 (2+E[rsal)™

2+

(47m)2(dSA)"
- . Bt max
Similarly, condition (ii) puts an upper bound d%* on

R-to-A distance d,, to meet the EH requirements of

R for efficient IR, which is given by: d., < d25* £
d 167°E[v5.4 J(1+E[v5 4 ]) 7 (4 0)" -1
A | BGAGRN (Ph g Na(1=0)+ Eir —Pih,— By~ Ro By

These bounds on dg,, and d,, form the feasible RP set Sir
for enhanced outage performance of IR over NR. ]

C. Insights on Optimal Mode Selection Policy

Using the observations in Sections V-A and V-B, now we
provide insights on the mode to be selected among NR, ER,
IR, and i?ER based on the two decision making (cf. Fig. 2)
for minimizing outage probability. From Lemma 2, improved
outage performance in IR or i?’ER mode also implies that their
throughput performance is better than ER or NR mode.

1) Decision I: IR or no IR?: From Lemma 3 and Corol-
lary 1, we note that if relay placement (dg,d,,) € Sk,
then the outage probability p'R, in two-hop IT in IR and
iER modes is better or lower than the outage probability
PR in single-hop IT in ER and NR modes. So with the
available statistical CSI, decoding capability of R based on
its harvested energy and S-to-R link quality is decided. Only
when decoding capability is sufficiently large such that either
of IR or i2ER modes perform better than ER or NR modes,
‘R invests its harvested energy on IR. Otherwise, it utilizes its
energy for ER or saves it for future if a NR is chosen.

Further, as i2ER with @ = 0 reduces to IR mode, the
feasibility conditions for i’ER mode are similar to as in IR
mode, which are mentioned in Lemma 3. However, when
both IR and i2ER are feasible, i.e., pX, < pR for a = 0,
then i?ER can provide better performance than IR by allowing
integrated IR and ER, as discussed next.

2) Decision II: ER or no ER?: The decision for ER depends
on whether the received energy signals from A and R add
constructively or destructively. The conditions for preferring
ER over NR mode based on the value of o and o have been
presented in Lemma 1 and Remark 2.

When IR mode is feasible, then for po > 0, iER can

ﬁRA +'VSA]

provide better outage performance if o8 > 0. In
other words, if both E [, ] and E [y, , + 7] are increasing

in a, then from Theorem 1 (Section VI-B), pI® , in i’ER is a
decreasing function of o implying that its outage performance

with a > 0 is better than that of IR mode having a = 0.

VI. OPTIMAL SHARING OF HARVESTED ENERGY AT R

Following the observations in previous section, now we
optimize « to efficiently utilize the available harvested energy
at R for ER and IR. First we formulate the optimization
problem, followed by its generalized-convexity proof and the
joint global-optimal solution (R§, a*, 5%).

A. Optimization Formulation

We intend to maximize the normalized throughput 7 by
efficiently dividing harvested energy at R over Nj slots, i.e.,
« fraction for ER and remaining (1 — «) fraction for IR. As
T defined in (25) is a function of rate constraint Ry bps/Hz
to be met at A during the IT phase of 1 or 2 slots, we also
find maximum achievable rate R that can be met with high
probability 1 — p",, where p!", < 1. This is denoted by
constraint C'1 in throughput maximization problem (P1).

(P1) : maximize 7, subject to: C1: poyus < pit,,

Ro, a, B

C2:a>0, C3:a<1, C4:8€{0,1}. (28)

Here 0 = 1 or § = 0 is respectively based on whether to
go for relaying (ER, IR, or i?’ER) or not (NR). As (P1) is
nonconvex, it is difficult to jointly optimize Ry, o, and (. So,
we break the problem (P1) into two parts, i.e., first solve
outage minimization problem (P2) to find optimal « that
minimizes p/R,. After that we use monotonicity of Py in
Ry to iteratively solve (P1).

(P2) : miniamize PRy, subject to: C2 and C3. (29)

Remark 4: Using the statistical CSI along with the system
parameters mentioned in Sections II, III, and IV, energy-rich
A solves (P1) and informs R and S respectively about the
optimal relaying mode (o, 3*) and optimal R{ to maximize
the normalized delay-limited throughput.

B. Generalized-Convexity of Outage Minimization Problem

Here we present some important results in the form of
Lemma 4, Corollary 2, and Theorem 1, that will be useful
in proving conditional generalized-convexity [33] of (P2).

Lemma 4: The average SNR E [y, , + v, ] for S-R-A link
is: (a) strictly concave in « if ug > 0 and (b) convex function
of a for p1p < 0 with unique stationary point denoted by o, .

Proof: Using linearity of expectation in E [y, , + v5,],

Hp Hp
E|[Yra +Yoa] = Eliral + Elys] = —5% + 252
_ ( QA=0)Ph,p No+Eig — Py, — Egoy — Ro By,
8 GR>_1(dRA)n
Phys (Na=1)+M; PP +C;— Y, Ga (A2
Gor e A &)

{1 <j < N)A (Po, <PRe" <Pa,)} . GO)



~3hop
where P, =

AS +Bau7’ns +N’O\/ 6aMPASMpRS' From
9 ]E[’YR.AJ’_’YS.A} _ GSGA)\zMOMj V Blip, Ppp s
oa? B (471')20'2042((15 )n
depending on whether jio > 0 or 9 < 0, E [y, +7s.] is
respectively strictly concave or convex in «. Further, it may
E[Ygu +7s4] — GaN Hokp, +

O (470)? \/aﬁ,ups B s

, using which the unique

, we note that

)
also be noted that

)

gradient point oy, satisfying
P { (jRA)nGsi_“PAS M:R‘SM ]2. So for
B (dsA) GRNsPh g (d‘RA) G‘S'U’PRS M,
po <0, E[y,, + sl is strictly decreasing in o € (0, argy )
and strictly increasing in o € (g, 1). [
Corollary 2: The average SNR E [y,,] for S-to-R link is
concave increasing in « if po > 0, and strictly-convex function
of o for ug < 0 with unique critical point g, if it exists.
Proof: As defined in Section IV-B, the average SNR
E [v45] for S-to-R link is given by:

_ P,GsGr (A)Q
4

0% (dg)"

BGspp, M,
2(d

BGRNsPh 4 r
(dra)”

OB [y 4 t75.4] o .
—Rg—=44 = (), is given by:

sa)”

Qgr =

M?sn

]E[,YSR] = (31

o2
where P, is defined in (27). As E[y,,] is positive affine
function of P;., from Lemma 1 we observe that E [y..] is
respectively concave increasing and strictly-convex in a for

/‘I’Oy”p s

to > 0 and pp < 0. The unique critical point ag,, = 7 e

. . . . PRS
for py <0, if exists, is defined in Lemma 1.

Theorem 1: The complimentary CDFs (CCDFs) FPTSR
and Fp,_ 4p, , of received powers Py, and Py, + P,
are respectively positive increasing log-concave functions of
Evsr] and E vz, + Vsal-

Proof: Please refer to Appendix B. ]
By using these results, the conditional-pseudoconvexity and
global-optimality of (P2) are discussed next.

Theorem 2: As the objective function of (P2) is pseudocon-
[0,1], po >0
[agER ’O‘gm] ;Mo <
are affine functions of «, there exists a unique global-optimal
solution a* € [y, » gy ) that minimizes piX,;.

Proof: Please refer to Appendix C. [ |

vex in o € and constraints C2, C'3

C. Global Optimal Allocation of Harvested Energy at Relay

Theorem 3: The global optimal utilization of harves-

. A
ted energy at R for minimizing p'R, is given by a* £
1 nolR :
argmin {pout y pout s Pout }, with
a={0,a0ut,1} a=0 A=Qout a=
out out out
X min> Qerg < Omins
L out out out out
Qout = Aepi s Omin < Qe < Onaxs (32)
st | otherwise.
2
out & EFLobp 4 5 MjJr\/“g“PAs (2z+“g“7’As Mj)
Here ag);) =max 5 Sy ,0,
ﬁHPRS 7
R
out & OPous _ out A
agER}, gt = {a’ (87—0) ANO0<a< 1)} a2t Zmin {1,

Er);lR +Eézn+Pclgn E; A
Qg, 1 — =2 ON”PhAR 72},and z_—2(Cj+,u7,Aij+
. 2h
(s _1)Ph,4$ Pc%n)"‘:ug/ipf‘s M with Phsop € [Plhj ) Pthj+1]'

Proof: As pR, is pseudoconvex or unimodal' in o €
Qg 5 O] Yo (cf. Theorem 2), the global-optimal solution
9ER IR

o™ is given by the unique mode 2%, defined in (C.3)

by solving o, ““ = 0, if it exists in the feasible region
defined by 02 C3 for puo > 0 or satisfies condition a2 &
[Qger s Qg ) » Vo < 0. However if a2 > a2 or a%% <

a4t then due to the correspondlng monotonically decreasing

or increasing trend of pR, with «, global-optimal o is
given by the two corner points a%%, and a4, respectively.
a2ul ensures that C3 is satisfied, qour < g Vio < 0
and P, > 0. Similarly, a%% ensures that C2 is satisﬁed
Qout > Qg Yo < 0 and Prg > 0. As for po < 0, pi¥,
respectively follows monotonically increasing and decreasing
trend with «, for o < gy, and a > ayg,,, optimal o* is given
by one of the three potential candidates, i.e., « € {0, aout, 1}
Also, it may be noted that for jig > 0, iy = 2% itself. W
Remark 5: Although o = 1 is shown as a feasible solution
for (P2) to minimize p'X,, o = 1 leads to P;,, = 0 implying
that no communication takes place from R-to-A, i.e. no IR
for a =1. So if a* =1, then pow = PR as given by (24).

out

D. Iterative Scheme to Maximize Normalized Throughput T

Now we try to maximize 7 by jointly optimizing Ry, o, and
£ in problem (P1). Since (P1) is nonconvex and has combi-
natorial aspect due to inherent mode selection in definition of
7T given in (25), we make use of Theorem 3 to find optimal
o for a given Ry with § = 1. In this regard we present an
iterative scheme, named Algorithm 1, that helps in maximizing
T by iteratively optimizing o and Ry. Here while optimizing
Ry to meet certain quality-of-service (QoS) requirement, we
need to ensure that corresponding po.,: < pt, (constraint C1).

The iterative scheme starts with finding Ry that satisfies
plR < pth. for ER and NR modes, denoted by RER and
RAR, respectively. These RER and RAR values are obtained by
finding inverse of the CDF function of P, , using Algorithm 2
with « = f =1 and a = § = 0, respectively. With initial
Ry being Réo) = Q(NA;;:_QD max{RER, RAR}, we find optimal
«* minimizing p'X, by using Theorem 3. If 0 < a* < 1 with
8 (1) = 1, then this implies that neither of NR or ER modes
can provide the optimal Rg, or in other words, Rj > R(()O).
So a* = a<1> with Ry = R\ results in a p,, which is
lower than p‘", and the Algorithm 1 continues. This decrease
in p},, implies that we can achieve higher Iy due to the
improved end-to-end SNR quality Next we find updated Ry,
denoted by RS", satisfying pR, < p, for i2ER by using
inverse of CDF of min {P, Prra + Prsa} With E[Pr ]
and E [P, , + Prs,] defined using o = a*. The iterative
process continues till R((f) - R(()Z_l) < &g,, where g, < 1
is the acceptable tolerance. Algorithm 1 terminates with the
optimal R§, o, * that provide maximum 7" by selecting
the optimal relaying mode and maximum achievable rate Rj

It may be noted that unimodality (having unique minima) of a single
variable function is equivalent to its pseudoconvexity [34].



Algorithm 1 Iterative scheme to maximize normalized throughput
T by jointly optimizing Ro, o, 3

Input: Relay position (d 4, dgz ). system and channel parameters
(cf. Section II), with tolerances oA Ro»&

Output: Maximized throughput 7* along with optimal Ry, o, 8*
(A) Initialization

I: Call Algorithm 2 to find Teg = {T A (T7 Koy

< ¢ } for S-to-A link in ER mode with P, =
Proa, =1, =1, and pour

)|

= pZZt

2: Call Algorithm 2 to find Tag = {T e (T, Koy,
“234)| < €} for S-to-A link in NR mode with P, =
Prsas a=0,8=0, and pour = p;

3 Seti 0, RYY « 5hetEs log, (1+ max {Tex, Trw})
(B) Recursion !

4: repeat (Main Loop)

5: Set ¢ «+ i+ 1, agy < " that minimizes pR . for

~Y in i’ER using Theorem 3

{T‘ Pout — (

achieving rate RO

6: Call Algorithm 2 to find TSRA

[17
( R :
I TSR I’KS Y o2

BPsa

SA’T)] )’ < 5} in i’ER with P, = min{Pysp,

Prra+ P_’"SA}’ a=ag, b=
7. Set R{Y 1+ TSRA)
8: until ’R R(Fl)) < &R

(C) Termination with Optimal Solution _
9: Set Ro,l —10g2 (1 +TER)3 RO,Z —10g2 (1+TNR)5 Ro’g IRE)”

K

1, Im = pﬁfit
% log,, (

10: Set j* + argmax Ry ;, and optimal {Rgj, a*, 8"} is given
1<5<3
{Ro,1, 1, 1}, j* =1 (ER mode)
by ¢ {Ro2, 0,0},  j*=2 (NR mode)
{Ros, af;y, 1}, j*=3 (2ER mode (IR if af,) = 0)

with pou: < pt,. Thus, with increasing 1terat10n (1), {R((f)}
monotonically increases (i.e., R(H'l) > RO ) because of
monotonically improving end-to-end SNR due to the optimal
relaying mode selection for increasing {R }

Fast Convergence of Algorithms I and 2: Due to strict
monotonicity and pseudoconvexity of p,,; in Ry and «
respectively, 7., in each iteration can be found efficiently
and in general Algorithm 1 converges to acceptable optimal
solution Rf in two to three iterations only.

Similarly, Algorithm 2 employing a modified version of
Newton-Raphson method, provides fast convergence to the
inverse T of CDF Fp_, where Y is defined in steps 1, 2, and 6
of Algorithm 1 for P, in different relaying modes, due to the
following properties: (i) F’p, is monotonically increasing in
T. (ii) Fp, is continuously differentiable positive log-concave
in T € [0,00). (iii) 222 is continuously differentiable log-

6’r

concave function of Y. (iv) E [05] provides a very good

starting point. We noted that with conventional update equation

. . —(i—1)

T(l) e’r(lfl) + F —[1—Pout]
N L )

Raphson method, iterations sometimes diverge. To overcome

this drawback we consider the usage of log function with

which convergence improves significantly. Via extensive nu-

in standard Newton-

1
) } [1 Pt Prsa (T’ Kra %A

)

Algorithm 2 Iterative scheme to obtain inverse T = Fp,. " (Pout)

satisfying powt = Fp, (T, K, 1)

Input: CDF Fp,_, PDF fp_, and mean %’ of 735 along with «, 3,
K, and tolerance £ for acceptable outage probablllty Dout- Here
Pr € {Prs.,min {pTR s Prra + Prsat}

T |@_FPT (T7K7%)|S£} OfFPT

Output: Inverse Y* =

1: Set 140
2: if (Pr = PTSA) then
. (0) 7’5A 7O
3 S YO e O pp (1O
4: else if (P, = min {PTSR, rra T PTSA}}) then

SA
KSA, o2 )

5- Set TO “7’572’“7’3,4 trPra
6 Set ﬁ(o’ —1—Fp,_ (T 0 Ky, D4R )
"
7: Seth — 1— FPTRA+PTSA (T K4, ;%A’KSA,%&)
8 St PV« FY.FHY
9: repeat (Main Loop)
10: Seti+i+1
11: if (Pr = Prs,) then
1 -1 [10g2 {?(iil)}—bgz[l—l’;};{”
12: Set T 16— 4 7 v P
IPrsa T(Pl)’KSA"aS?A>
7 (@) i Kp
13: Set IV -1 Fp, (T< ) K, Pga
14: else if (P, = min{Prgr,Prr s + Prsa}) then
i i et .
15: Set T «+ YO-b 4 ﬁog2 [F( )] —log, [1—p,,utﬂ
(i=1) [5=-(i—1) i K - (i—1)
T [Fb D ppg (YO Ko, o) + B
x f TG0 ¢ EPra g EPsa -
PrratPrsa y DAy 752 s Bsas T 52
— i Iz —i
i6: set B o 1= Pr g (T9, Ko, 252), BY
i B w
L= P17 (T, Kras “254 Ko, 254 )

T ()

<¢)

17: Set 7« T,
18: until ()p/\ut - (1 - F( >)

merical results, we have found that on an average Algorithm 2
converges to acceptable tolerance £ in less than 20 iterations.

E. Some Additional Insights on Key System Parameters

1) Deciding Ny Slots Dedicated for RF-ET: Since the end-
to-end ET efficiency is very low, we need to allocate sufficient
time for ET so that both S and R have sufficient harvested
energy to carry out uplink IT at a desirably rate Ry. The rate
of change of 7 for NR mode with NN is:

o7 m, {(2%_1)#7-&4 <2R°_17KSA>%&)
= . =
ON; (et Natips a {(N"+1)(”P5A+P°‘(X‘")]
“w
_ (1 ~ Fp,_, (230 LK, %)) ] (33)
From (33) we note that for low values of Ry, BBTF < 0,

implying that 7 in NR is a decreasing function of N, because
for low Ry, PDF fp, _  is lower than CCDF Ll —FpTSA} and
thus NN, can be set as the minimum, i.e., 2 slots. However if
Ry is high for meeting the demands of high QoS applications,
then 7 initially increases till Ng = N} and for N, > N7 it
decreases with increased IN,. Here the optimal Ng for NR,
denoted by N7, is obtained by solving 3‘9—1@ =0.



2) Insights on Optimal Relay Placement (ORP): Although
this work focuses on solving the dilemma of R on whether to
cooperate in downlink ER to S or uplink IR to .4 based on
its relative placement between .4 and S, here we give insights
on ORP for different relaying modes.

For ER mode, detailed investigation on the ORP in two-
hop RF-ET was carried out in [5]. It was observed that ORP,
always lying in the constructive interference region, depends
on the end-to-end distance d .. If d ¢ is relatively low then
ORP lies in the constructive interference region closer to the
RF-EH device S, whereas if d , is relatively high then ORP
lies closer to RF source .A. We have obtained similar results
as plotted in Fig. 6 and discussed in Section VII-B.

Regarding IR mode, it is difficult to obtain the closed-form
results for ORP due to high composite non-linearity. However
by exploiting the behavior of DF-IR protocol, we provide a
suboptimal RP solution that provides tight approximation to
the global-ORP. As the DF-IR performance is bottlenecked by
the minimum of the SNR of S-to-R link and the SNR due
to MRC, we present a suboptimal RP that improves the SNR
of the bottleneck link by making the two SNRs equal. This
RP solution is obtained by solving E [vs.] = E [vs. + Vral-
Further as E [y, ,] > 0, R is placed closer to S to ensure that
E [vsr] > E[v. 4] The goodness of this suboptimal solution
providing insights on the features of the global optimal RP
solution is investigated numerically in Section VII-B.

Finally with the above discussions on ORP in ER and IR,
we note that the ORP in iER not only lies closer to S to
ensure efficient IR but also it should fall in the constructive
interference region to ensure efficient ER. This claim is also
numerically validated later in Section VII-C.

VII. NUMERICAL RESULTS AND DISCUSSION

We conduct numerical investigation on performance of
WPCN under different relaying options: NR, ER, IR, or i2ER.
Unless otherwise stated, the considered system parameters are:
P, =30 dBm, G4=Gs=1 dBi, Gr =6.1 dBi, *=-100
dBm, A=0.328 m, y, ={0.25,0.05} m [S] for d ., = {1,2}
m,n=2,T=1s,¢2=0.175rad [5], PX,=0W, EX = 0.927
mJ [26], B, = 93.53 uJ [26], E;, =01J, K =10 dB for all
the links, and tolerances as g, = 1073, £ = 1076,

Using (1), the piecewise linear approximation Py, = L (P,.)
for P, (in mW) at the output of the commercially available
Powercast P1110 RF harvester [24] can be obtained with
Pn = {0.282,0.501,1.0,3.548,25.119,100} mW as six re-
ceived threshold powers dividing the harvested-received power
characteristic of P1110 into N = b5 linear pieces having
slope M = {0.857,0.786,0.485,0.733,0.465} and intercept
C ={-0.223,-0.194,0.107, —0.772,5.948} mW.

The accuracy of approximation (1) can be observed from the
fact that root mean square error (RMSE) in approximating the
measured results given in [5, Fig. 5(b)] is less than 0.0003 and
corresponding R-square statistics value is more than 0.9997.

A. Validation of Analysis

First, we validate the analytical expression for Eff; derived
using (8) and (12). Analytical results in Fig. 3 are generated

—_

Mean harvested energy at
information source S (mJ)

0.2 0.3 0.4 0.5 0.6 0.7 0.8
Position (x-coordinate) of relay (m)

Fig. 3: Variation of EEEM with relay position (2 ,0.25 m) and N;.
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Fig. 4: Validation of expression (20) for CDF of sum of two
weighted noncentral-x? random variables.

using only first 30 summands of series in (8). The simulation
results on mean harvested power at S for varying relay position
(7,,0.25 m) and N, are generated by finding mean of 107
random realizations of harvested dc power Pp ,, obtained
by applying (1) on random received power P, ,, following
noncentral-y? distribution. A close match between analytical
and simulation results as observed in Fig. 3 validates the
analysis in Section IIl with a RMSE of less than 10~*. From
Fig. 3 it is observed that, in comparison to energy harvested
B} in no ER case, E% in ER is affected by constructive
and destructive interference of energy signals received from
A and R. However with increasing Ny, the destructive inter-
ference region decreases due to increased Ey,.,, which results
in improved ER gain with higher RF-ET from R.

Next we validate the outage analysis carried out in
Section IV. We have considered only first 30 summands for
each of the three series in (20) for generating analytical results
depicted by solid line in Fig. 4 and different line styles in
Fig. 5. We first validate expression (20) for CDF of sum of
two weighted noncentral-y? random variables in Fig. 4 for
different values of Rice factor K and means i, and fi,, .
After that analytical expression (22) for pIR, is validated in
Fig. 5. Monte-Carlo simulation results matching closely with
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Fig. 5: Variation of poy: in IR and NR with z, d .5, Ns. Ro is

respectively 14 and 12 bps/Hz for d 4,5 as 1 and 2 m.
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Fig. 6: Comparison of 7 in ER and IR modes. Stars denote ORP.

analytical results, with a RMSE of 0.0031 and 0.00034 for
results plotted in Figs. 4 and 5, validate the analysis for
Fp, 4p,, and p'k ,, respectively. Results plotted in Fig. 5 show
that, IR is advantageous over NR only when R is closer to S
than A, i.e., dz— . Minimum p'R, is achieved when R
is very close 108, We also note that outage performance is
improved with increasing N due to increase in P, , which
enhances quality of R-to-A IT link.

B. Energy Relaying versus Information Relaying

We now compare the achievable normalized throughput 7
performance of ER with IR in Figs. 6(a) and 6(b) for varying
2T, d, s, Ro (in bps/Hz) with Ny = 5 and N = 10, respecti-
Vely. Results plotted in Fig. 6(a) show that 7 for IR mode is
more than that of ER mode if: (a) z, > 0.58 mford ,, =1
m and (b) 1.05 < z, < 1.6 m for d ,; = 2 m. Similarly for
N, = 10 as plotted in Fig. 6(b), 7 in IR is more than that of ER
Vo, >048mifd,;, =1mandVz, >099mifd, s =
m. This shows that ER is better than IR if R is positioned
closer to A, and vice-versa. Further, the ORP for IR is very
close to information source S. Whereas ORP in ER, which
is affected by continuous constructive-destructive interference
cycles, is very close to S for d ., = 1 m, and it is very close
to A for d ,, = 2 m. From Fig. 6(a) we also notice that when
R is placed very close to S, it may lead to weakening of
R-to-A link, and hence violating the upper bound dX%* on
d, .. This leads to the degraded IR performance in compa-
rison to ER (or NR) as mentioned in Lemma 3 and Corol-
lary 1. For the four considered combinations of (Ns,d ) =
{(5,1m), (5,2m), (10, 1m), (10,2m)}, the numerically found
global ORP solutions for IR as plotted in Fig. 6 are x7, =
{0.76,1.44,0.78,1.52} m with respective optimal throughput
being T* {3 8587, 3.2803, 2.3240, 19923} bps/Hz. The
correspondlng suboptimal RP solutlons x% and their respective

throughput 7 are given by x = {0. 75 1.43,0.76,1.47} m

and 7" = {3.8586, 3.2802, 2. 3239 1.9921} bps/Hz. Thus, the
difference in throughput performance of suboptimal RP for IR
mode is less than 0.0071%.
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Fig. 7: Variation of 7 with «, z, for Ny = 10, d ;s = 1m. Joint
optimal along with optimal « for each ., also plotted.
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C. Efficient Utilization of Harvested Energy at R

In Fig. 7, we plot the variation of 7 with relay position
(2z,Yr, =0.25m) and o for Ry = 14 bps/Hz. Results
show that for lower z,, o = 1 is optimal which implies
that ER is a better mode for low x,. As x, increases and
goes beyond 0.42 m, optimal « reduces and is equal to zero
(IR) for destructive interference cycle and o # 0 (i°ER)
for constructive cycle (cf. zoomed plot in Fig. 6(b)). Fig. 7
shows that joint optimal solution that maximizes 7 in i>ER is
(a* =0.02,27, = 0.76m). This implies that, if relay position
is controllable then R should be placed close to S with higher
share of harvested energy at R allocated for IR. Also, the
difference in throughput performance of the suboptimal RP is
0.756 m, which is less than 0.0034%.

In Fig. 8, we plot the optimal relaying mode along with
achievable T for varying ;ﬁ. Considering four combinations
of (Ns,d,s) = {(5,1m), (5,2m), (10, 1m), (10,2m)}, Ry =
{23,19, 24,20} bps/Hz for NR and ER, and Ry = {13.6,11.6,
14,12} bps/Hz for IR and i*ER. These values are based on
maximum R, achievable in each mode such that resulting
Pour < 1072. When R is close to A, i.e., =2 < 0.44, there are
only two optimal modes possible: ER for constructive interfe-
rence regions and NR for destructive interference regions. In
contrast, as shown in Fig. 8, IR or i2ER is selected as optimal
mode when R is close to center or S. When Ny is sufficiently
high and R is placed close to S, WPCN can benefit from both
IR and ER (i2ER mode is optimal) in constructive regions. IR
is optimal when R is close to S and d ,; is large which leads
to need for alternate IR link due to weakening of S-to-A link.

For the relay positions in Fig. 8 where NR was selected
(as denoted by “ x ” mark), we next investigate the effect
of energy accumulation at R due to the unused harvested



TABLE II: Investigting the effect of energy accumulation at R during the NR modes plotted in Fig. 8.

ILNs=5,d,s =1m I: Ns =10,d,s =1m III: Ns =5,d,s =2m IV: Ns =10,d,s =2 m

S.No. | £ (m) | Mode | Blocks | S. No. | z (m) | Mode | Blocks | S. No. | £ (m) | Mode | Blocks | S. No. | £, (m) | Mode | Blocks
T 020 ER 5 T 020 ER 3 5 052 ER 7 T 020 ER 2
2 0.22 ER 5 2 0.22 ER 3 6 0.56 ER 7 2 0.44 ER 3
3 024 ER 3 3 024 ER 2 7 0.76 ER 20 3 048 ER 6
q 0.26 ER 2 g 0.80 ER 22 q 052 ER 2
5 0.50 ER 2 II: Ns =5,d,s =2m 9 0.84 ER 9 5 0.56 ER 2
6 052 ER q S.No. | &5 (m) | Mode | Blocks 10 0.88 ER 2 6 0.76 ER 7
7 0.54 ER 6 I 0.20 ER 1 11 0.92 ER 2 7 0.8 ER 10
3 0.56 ER 7 2 0.44 ER 5 V) .08 ER 6 3 0.84 ER 11
9 0.58 ER 6 3 0.48 ER 12 13 1.76 IR 2 9 0.88 ER 5
10 0.60 ER 7 7 052 ER 11 4 1.80 R 2
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Fig. 10: Variation of 7* for advanced RF-EH circuits.

Fig. 9: Enhancement in p,: and 7 for IR, ER, and i’ER over NR.

energy ;. that is available at the beginning of future trans-
mission block(s) of these NR cases. The corresponding results
showing the number of NR transmission blocks after which
a relay position becomes suitable for relaying (ER/IR) due
to accumulated energy are tabulated in Table II. The optimal
relaying mode that is eventually selected for utilizing all the
accumulated energy over previous NR blocks is also listed.
The results in Table II show that mostly ER mode is selected
when the accumulated energy is sufficient such that the feasi-
bility conditions for ER mode (as discussed in Section V-A)
are met, implying that ER mode is better than NR. IR mode
is selected only in the two cases where the x-coordinate x,
of relay placement was such that R was placed very close to
S and the feasibility conditions for IR mode (as discussed
in Section V-B) are met. Also, the number of consecutive
transmission blocks where NR was selected before the unused
energy harvested over these blocks became sufficient for
making use of the RF-EH relay R in terms of ER, IR, or i2ER
vary from 2 (minimum) to as high as 22 blocks. Although there
is no general trend, it is noted that lower end-to-end distance
d ,s cases require lesser NR transmission blocks for making
use of unused harvested energy at R for relaying. On the
other hand, the larger number of blocks are required to have
sufficient amount of energy at R which ensures that o > 4o,
(cf. Remark 1), or in other words for ER with « = 8 =1, to

Gip G 2
ensure that i, - = (Eny + Ei) (d:;.s )‘2 (2)" > [13Hp -

nolR mode 07

Fig. 9 plots average improvement max{ i p{’,ﬁfg 0}x100%
in P,y and average increase (max {’7’ 7R O}) in 7V
mode = {ER, IR, i?ER}. Results show that i’ER offers the
maximum improvement in p,,; and 7 over NR, and is closely
followed by IR. It is noted that, due to cooperative diversity
maximum achievable 7, ]31322 {3.886, 3.314,2.333, 2}
1n IR and i2ER, is slightly more than the achievable 7,
= {3.833, 3.167,2.182,1.818} in ER and NR modes at

). Due to this, IR offers a higher

mode __

N =
four combinations of (Ns,d 5

throughput gain than ER (Fig 9(b)) and in the process lower
outage improvement (Fig 9(a)) for d ,, = 1 m. Although ER
provides lesser increase in 7 than IR, ER offers more stable
performance (cf. Figs. 6(a), 6(b)). IR is advantageous when
R is close to S, specifically when (dg,,d, ) lies in the set
Sir defined in Corollary 1. The importance of IR, ER, and
i?ER increases with increasing WPCN range d . because
direct link gets weakened and the role of additional relay link
becomes more prominent. From Fig. 9(b) we also observe that,
though increasing N, improves IR and i>ER gains, it actually
degrades ER performance because this increase in energy is
not sufficient to provide high rate over increased N slots.

D. Investigating the Impact of Advanced RF-EH Circuits

Now we investigate performance of the proposed protocol
and optimized solutions for larger end-to-end RF-ET range
d . achieved with the help of advanced RF-EH circuits which
are currently under research [22], [23] and will be available
commercially in future. With these advancements in RF-EH
technology, we can efficiently harvest input RF powers as low
as —20 dBm at a rectification efficiency of 0.5 (or 50%). Also
this RF-to-dc rectification efficiency does not degrade and can
be maintained constant at 0.5 for all RF input powers > —20
dBm. With this setting, RF-ET range d ,, can be improved
from 2 m to 10.3 m. For this improved RF-ET range we
have plotted the optimal relaying mode along with maximum
normalized throughput 7* for varying relay positions and Ry
in Fig. 10. Here we have also considered setting N; as N to
meet a rate requirement of at least Ry with high probability
greater than 0.99 even for NR mode. Following the discussion
in Section VI-El, N * is respectively obtained as 35 slots and
140 slots for Ry = 12 bps/Hz and Ry = 14 bps/Hz.

Results plotted in Fig. 10 show that, for larger d ,, = 10.3
m the performance of both ER and IR gets affected. On one
hand, the gap between ER and NR is reduced due to decrease
in ER efficiency because of low energy harvested at R over
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Fig. 12: Investigating «* in jointly-optimized solution of (P1).

larger A-to-R distance and low energy delivered to S over
larger R-to-S distance. Whereas, the performance of IR and
i’ER with low N* = 35 slots is poorer than ER for Ry =
12 bps/Hz because energy harvested at R over N7 slots for
larger A-to-R distances, denoted by larger z,, is not sufficient
to meet the decoding costs. However when N} = 140 slots
for meeting Ry = 140 bps/Hz, IR and i’ER perform better
than ER even for larger A-to-R distances because now the
energy harvested over such large number of slots is sufficient
for meeting the decoding costs.

*,B%) in (P1)
Now we investigate the maximum normalized throughput
7* performance achieved by jointly optimizing (R§, a*, 5*) in
(P1) for different QoS requirements represented in terms of va-
rying outage probability threshold p’/, = {1072,1073,107*,
105,10~ 6}. Variation of optimized 7* along W1th optimal
mode with pfnm . Ns, and d . is potted in Fig. 11. It is
observed that 7 for pth, = 1077 is 13.29% lower than for
pth, = 1072 due to reduced Rj. Comparing with results in
Fig. 8 having fixed Ry, results in Fig. 11 with optimized R
show that with decreasing p, (stricter QoS requirement),
IR and i?ER modes become more useful for meeting high
Ry requirements. The corresponding optimal o™ is plotted in
Fig. 12 for d ,, = 1 m. Optimal o* for d ,; = 2 m is noted in
Fig. 11 itself with NR, ER, and IR having optimal (a*, 3*) as
(—,0), (1,1), (0,1), respectively. From Figs. 11 and 12, it is
observed that in general optimal o* decreases with increased
= /22 + y%o between A and R, except during

E. Performance for Jointly-Optimized (R, o

distance d ,

destructive interference cycle (cf. Figs. 6(a) and 6(b)) where
* 2 0. From Fig. 12 it also is noted that optimal a* in i2ER
for d s = 1 m increases with decreased p!”,.
Next, we investigate the tradeoff between the optimized
7* and acceptable outage probability (QoS) requirement p%”,.
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Fig. 14: Improvement provided
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Fig. 13: Tradeoff between opti-
mized 7 and outage requirement
pi, in (P1) for varying Ty, Ns.

Results plotted in Fig. 13 for d ,, = 1 m show that achievable
normalized throughput 7* respectively decreases by 30.9% and
28.3% for Ny = 5 and Ny = 10 slots when p’", is increased
from 1072 to 10~%. Further it is also noted that R placed
closer to S (i.e., higher x,) helps in achieving higher T*,
with N; = 5 providing higher 7* than N; = 10 slots.
Finally, we present the throughput performance enhance-
ment results achieved with the help of optimized i2ER model
over the benchmark WPCN model with NR. Results plotted
in Fig. 14 show that improvement in optimal T* increases
monotonically with increased QoS requirement (i.e., decreased
pth.) for all four combinations of (Ns,d ). In fact as ptl,
decreases from 102 to 1075, optimized i’ER improves the
throughput performance of NR from 10% to up to 30%.

VIII. CONCLUDING REMARKS

This paper has investigated efficient utilization of harvested
energy at RF harvesting relay R for either downlink ER, or
uplink IR, or i?ER, to maximize the normalized throughput 7
for information transfer from an energy-constrained source S
to an energy-surplus HAP 4. While considering i’ER, closed-
form expressions for mean harvested energy at S and outage
probability at HAP A with MRC over Rician channels have
been derived. Using these expressions, analytical insights on
optimal relaying mode have been provided along with global-
optimal sharing of harvested energy at R for maximizing T
while ensuring very low outage probability p!?, in achieving
rate Ry. The analysis has been validated by simulation results.
Via numerical investigation it has been observed that, when R
is close to .4, ER and NR are the optimal modes. On other
hand, when R is close to S, IR and i2ER are more beneficial.
In general, R positioned closer to S, with higher share of
harvested energy allocated for IR, provides higher 7. Overall in
comparison to benchmark NR mode, i?ER having advantages
of both IR and ER offers an average outage improvement of
22% for fixed Ry and up to 30% improvement in 7 by jointly-
optimizing (R, a*, 3*) for pi, = 1075, Thus, this paper
provides a benchmark for further investigation on optimized
i2ER aspects for improving the performance of WPCNS.

APPENDIX A

PROOF OF LEMMA 3
From (22) pout =1- Fprsﬁ . FP’"’RA +Prsa
L 17F7)r573 (22R071’K PSR

SR 0.2

, where F’p

- A
and FP"‘R,.A +Prsa ].7



22R0 ”7’71,4 K

SAY

1K, s ) Similarly
out — 1_F7’7~SA = Fprs (2R0 L Ks4,
As 0 < FP"‘RA +P. Fp noIR

TSR — 1 pout < Pout
red by showing that F’prsA < min {FPTSR, FPTR.A +Prg A }
Considering same Rice factor for all links, ie., K, =
Ky, = K,, = K, first we derive the condition for
FPTS_A < Fprsn. We prove later in Theorem 1 that
FPTSA and Fp,__ ., both following same distribution, are
increasing functions of their respective means E [y, ,] and
E[vsr]- As Fp,_, = Pr(logy (1 +7s,) > Ro) and Fp,_,
= Pr(3log, (14 7sz) > Ro). Fp, , < Fp, . is equiva-
lent to showing E [log, (1+7,)] < E[1log, (1+7s:)]-
Since it is difficult to obtain closed-form expression for
E [logy (1 + 7v5,)], we consider an alternative. From Jensen’s
inequality [35] for expectation of concave transformation g (-)
of random variable X, we note that E [¢ (X)] < g (E [X]). As
log, (+) is an increasing concave function, Fp, ox < Frg
requires that log, (14 E[v,,]) < % log, (1 + E [y,,]), which
on simplification results in E [’ySR] > E[ys.] (Eysa] +2).

Fp, +Ps, (

from (24), piolk = “2ga).

SN can be ensu-
SA

Now we prove part (i) of the Ilemma. As
FPTRA+PT'SA = Pr (1 log, (1 + Ysu t ’772,4) > Ro) FP’SA
< Fp, is equivalent to Pr (log, (1 +v,,) > Ro) <

Pr 1og2?,/1 + 954 +724) > Ro). Due to monotonically
increasing nature of log (-) function, this condition implies

that we need to show that the random variable 1 + v,
is lower than random variable /1+~,, + V.., Where
YsarYra = 0. Therefore, for a given 7, this condition
reduces t0 v, > Vsa (14 7s4). To gain further insight,
we consider the expected approximation of this relationship
given by: E[y.,] > E[y,,] (1 +E][y,,]). This condition
poses an upper bound on « given by:

mNsJ"EiR Pc —Egn—

P Ne

_(NsPh,AS Pion) GA(1+E[vs4]) (dsz )
NyGr(dg, )" '

a < RoBy,

(A.1)

P’LAR

As minimum o = 0 can be achieved in IR mode, it gives the
maximum value of E [y, ,].

APPENDIX B
PROOF OF THEOREM 1

1) Log-concavity of Fp,_ . in E [’st}' Using composite
definition for CCDF Fp = (F1 0 F2) ,u,,s ) where .7-'1(

FQ(NPSR)) Q1 \/Q SR’\/]:2 /’I‘PSR and F2 (NPSR) =

2(Kgp+1
(o 1) .

(22R0 1) lu requlres

, log-concavity of FPTSR
PSR

2

2

2? log(fl(fz)) OF, 1 0%F (1 0F
aMPSR aMPSR F1 8]:2 F1 0F2

+ i i (B.1)

As generalized Marcum Q-function @, (\/6, \/B) is log-

concave in b € [0,1) Vv > 1l,a > 0 [36], [37], non-
2

negativity of K., Ry, and implies log-concavity of

Fi1(F2) = Q1 (V2K o, VF: ) in Fo. This shows that first

: : ; s 0% log(F1) _
summation term in (B.1) is non-positive because =
2

1 9%F

2
1 OF
7 oor2 (E ari) < 0. Also from [37], Fp, , =

Fi(F) = (w/2K$R, VF3) is strictly decreasing in F.

This implies that £, € [0, 1] is positive increasing function

of p, . because 385 < 0. Finally using % =
4(Ksr +1) (220 -1)0”
3

KPsr SR
Prsr’

> 0, log-concavity of positive increasing
Fp, . in scaled transformation E [, | = #Z%R is proved.
2) Log-concavity of Fp, 17, , inE[y,, +7s,]: First
observe that MGF ‘I>7>T is strictly log-concave in p, ie.,
P log(dp,) VYV (2K’+3K—ipu,v+1)
du - (K—tppv+1)3
is preserved under composmon with affine function [35],
log-concavity of Pp, (1/, Kl,ﬂpl) in g, also implies
its log-concavity in fi, + pip, . Similarly log-concavity
of ®p_(v,Ka,pp ) in p, implies its log-concavity

< 0. As log-concavity

in pi, + pp,. Also as log-concavity is preserved under
positive product and integration [13], [35], fp, +P,,

o0 —vx .

f S Op,, (1/, Kl,upl) Pp,, (1/, K27’U,7,2) dv is log-
oo - N

concave in fi, + pip, . Further Fp_ ip = J fr. +p,,dr

is also log-concave in p, + pp . From (20)xwe note that

Fp, +p,, is decreasing function of both p, and p,, .

This proves that F'p . p is increasing log-concave in
"RA TSA o +H73

E [P)/RA] E ['75,4}’ and E [,Y’RA + ’YSA] = %

APPENDIX C
PROOF OF THEOREM 2

Before providing the proof for Theorem 2, we present two
useful results in Lemma 5 and 6.
Lemma 5: The product FpTSR - Fp
log-concave function of «, Vlio > 0
Proof: Let us consider 'R, = 1 — [(G10oH1) (a)] -
[(Go o Ha)(a)], where  the  composite  functions
(GioH1)(e) = Fp, and (GooHa) (o) = Fp, 4P, -
So, G4 = Pro, 15 @ function of El[ys,] and
Go = Fp, +P,.,, is a function of E [y, , +75,]. Whereas
H1 = E[vs] and Ho = E [y, , +7s.] are functions of a.
Next we prove log-concavity of Gi (H1 () Ga (Ha ().

rraFPrsa 18 @ pOSItive

9 logy[G1 (Hi(a))G2(Ha(a))] _ [91(7{1(0))7{'{(&) + Qé(Ha(Q))"H'J(O&)}
da G1(Hi(a)) G2(Ha(a))
first term
2 7 ’ 2
2 | Gi(Hi(a))G) (Hi(a))—|Gi(Hi(a))
second and third terms
oF 9*F,
where G (Hi(a)) = 57, G (Fala)) = s
(SR LSRRI
g/ (7—[2(04)) _ 3F7’1RA+7’75A g ( 2(0&)) _ 82F7='7R,4+7=',Sél
2 OE[vr 4 +7sa] , 6E[’Y7€A+’YSA] |
Hyo) = Phesl wp) = Tl gy =
OE[ O°E[vga +7s4]

Yroa T,
#‘SA]’ anc.l Hj(a) = 552 . Qbserve that
the second and third terms in (C.1) are non-positive because

026, G1(H1(a))GY (H1(a)—[G1 (Hi(a))]? 926,
o = GO < 0 and FE =




Ga (M2 ()94 (Ha(a)) = [Gh (Ha ()]
[Ga(Ha(a))]? b
G1 = Fp, ., in Hi = E[yse] and Go = Fp, 4p,  in
Ho = Elv., +7Vs4]) as proved in Theorem 1. Further from
Corollary 2 and Lemma 4, we note that H; = E[y,,.] and
Ho = E [y, + vs4] are concave functions of « for ug > 0.
So in first term of (C.1), HY{(«) < 0 and H5 () < 0. Also
from Theorem 1, G; and G- are positive increasing functions of
H1 and H respectively. So in first term, Gj (H1(«)) > 0 and
G5 (Ha(a)) > 0, which proves 9" log, [gl(HéEXi))QQ(HZ(a))] <0,
V po > 0, because it is sum of three non-positive terms. W
For pip < 0, log-concavity of Fp,_ - Fp in @ may
not hold, so following result is given.
Lemma 6: For pg < 0, agy < o < g, Fp,_ -

< 0 due to log-concavity of

rratPrsa

Fp, p,.. is a pseudoconcave function of a.
rraTPrsa .

Proof: To prove pseudoconcavity [34], we show that
Fp is unimodal in a.

FPTSR ’ "RA +PTSA

0Py FPrg 4 +Prsa
da

_ {ZNSP;MR GRGA Py 4Py

(d”R.A)n BE[’YRA}

Potip Gu OFPrg , +Pr
+<2+ AS ) GSM( .An ,R'A SA
VOBlp S Hp o Hrms T\ (dsa) OE[vs 4]
2
Gr__ FProatPrsa BFP"'SR) PN Fprsn C.2
+ (dsg)”  Frrgn OE[vsr] 321252 (C.2)
Using (C.2), the critical point of FprSR . FpTRA +Prga with

respect to « is given by:

out A — Mo
a2 —{a Va=15

Pp B -1
Prasirns {Mms _ \1/} },(C.3)

. Pr o NoGAC
with W > 4, to ensure /o > 0. Here W L ThaR e TATR

(dr.)
OFp, . +Pr Ga OFPrg  +Pr 9Fp,
— TRATTTSA | (] M. A_ RA SA SR
B]E['YR.A] |: Shrrs 2 ((dS.A) B]E[’YS.A] B]E['st]

-1
Fp +P G‘R . . .
w)} . From increasing nature of ¥ in o €

Prysr (dse)"”
[Qges Qgr] Yo < 0 (cf. Proposition 1), PoyPrasters
2\/3(“7’725 _‘I’)
decreasing in a. Further as /« is strictly increasing in «, if
J a2 € [ogu, gy, then it has to be unique because a strictly
increasing and strictly decreasing function can cross each other
only at a single point. This proves that Fp, _ - FP"R.A +Prg
is positive pseudoconcave in « € [agy,, tgy] for o < 0. W
Proposition 1: For py < 0, U, as defined below (C.3) in

Lemma 6, is an increasing function of v € [y, , v, | because

is

. .. OFp, .
of the following reasons: (i) ——RA""rsa
Q]E[”/RA

is a increasing
OFP, 0 4y +Prg 4
6]E[7$A]

of «, (iii) Fp7_RA+p7,SA is decreasing in «, (iv) FprSR is a

function of «, (ii) is a decreasing function

. . . OFp,
increasing function of «, and (v) ﬁ
Tswr

Proof: From Theorem 1, we note that Fp _ ~ and
are positive increasing log-concave functions

of E[vsr] and E [y, , + ~v5,] respectively. Also, L[;;M] =

_ GA/\2 ﬂGRNSP}LAR . . _
An'e?  (dg,)" shows that E [, ,] is strictly decrea
sing in a. Using these we observe that, though FPrRA +Prg

is positive increasing function of E [y, ,], its rate of increase

is decreasing in a.

Fp

rraTPrsa

OFprp at+Prsa
OF v 4 )
P.

. . ) —
function of E [y, ,]. Or in other words, —~&A " rsa
8E[7RA}

creasing function of « because E [, ,] is a strictly decreasing
function of cv. This proves part (i). Similarly, as E [y, ,] is an

is decreasing in E[y,,], ie., is decreasing

is in-

OFprg a+Prsa
OE[vs 4

of a, which proves part (ii). So, numerator of ¥ is increasing

Ph g NsGaGR

(dR.A )

increasing function of «, is decreasing function

in « because it is product of positive constant

[7r.]
Next we show that denominator Gsu, M, ((dGA)
SA

and a positive increasing function

OFprsp FPrgatPrsa OR
'VSA] GE['YSR] Frrsr (dsn)n
asing function of o. Fp,  4p,_ , is a decreasing function
of a because E [y, , +7v,] is decreasing in o Vpp < 0 and
a < o, (cf. Lemma 4). This proves part (iii) of Proposition 1.
From Theorem 1, Fp,_ is positive increasing function of
E [vs-], and hence increasing function of « also because
E [ysr] is increasing in «. This proves part (iv). However
its rate of increase is decreasing in E[y,.]. Or in other

OFPrr 4 +Prsa
oE|

) of ¥ is a decre-

gg{jﬁ is decreasing function of « because E [y, ]
is a strictly increasing function of «, which proves part (v).
Observing results (ii)—(v), along with the fact that sum and
product of positive decreasing functions is also decreasing,
we note that the denominator of V¥ is decreasing in «. Finally,
as the ratio of positive increasing and decreasing functions is
an increasing function, ¥ with its numerator and denominator
respectively being positive increasing and decreasing functions
of « proves that W itself is positive increasing in a. [ ]

Now we use the above two results to prove Theorem 2.
From Lemma 5 we note that Fp___ - Fp,_  1p,_ is positive
log-concave function of o € [0,1], Vup > 0. Further as
a positive differentiable log-concave function defined over
a convex set is pseudoconcave in nature [13, Lemma 5],
FPTSR . F’P“"R.A +Prga is also pseudoconcave in «, Vg > 0.
From Lemma 6, we observe that Fp, __ - Fp_ 4p, _ s
pseudoconcave function of o € [ovg, , gy ). This proves that

words,

PR, =1- Fp, . - Fp.,  +P,., 18 a positive pseudoconvex
. 0,1 >0

function of o € 0,1], Ho Thus, pseudocon-
[agER ’agIR] y Mo < 0.

vexity of objective function along with convexity of C'2-C'3
and [38, Theorem 4.3.8] shows that (P2) has unique global-
optimal o* € [argy, , gy ) that minimizes piX,,.
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