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Abstract—To overcome finite lifetime bottleneck in the ubiq-
uitous deployment of low-power wireless devices in Internet-
of-Things, we propose a novel Integrated Information Relay
and Energy Supply (iRES) assisted RF harvesting cooperative
communication model. i’RES aids the communication between
two distant energy-constrained wireless nodes by (i) RF energy
transfer to the source and (ii) relaying source data along with
supplying energy to the destination. To enable efficient i’RES-
powered information transfer to the destination, we first derive
and then maximize the delay-limited achievable throughput
over Rician channels by jointly optimizing time allocation for
information and energy transfer along with relative position of
i’RES between source and destination. Although the throughput
maximization problem is nonconvex and highly nonlinear, we
prove its generalized-convexity and obtain the global-optimal
numerical solutions. To gain analytical insights, we also derive
tight closed-form approximation for the optimized solutions. Nu-
merical results validate the analysis and demonstrate significant
gain in throughput performance via our proposed optimization
schemes under practical hardware constraints. Finally, we discuss
how the analysis and optimization results can be extended to
general RF-EH system settings with relaxed constraints.

Index Terms—Integrated information relay and energy supply,
RF energy harvesting, outage analysis, throughput maximization,
generalized-convexity, rate-energy tradeoff

I. INTRODUCTION

Controlled energy replenishment via dedicated Radio Fre-
quency (RF) Energy Transfer (ET) has emerged as a promising
technique to realize uninterrupted network operation. With
the roll-out of 5G and increasing demand for connecting
low power wireless devices in Internet of Things (IoT),
significance of on-demand wireless energy replenishment of
battery-constrained devices has further increased. Among var-
ious wireless ET techniques [1], RF-ET has some appealing
features, such as, longer range, beamforming capabilities, and
joint data and energy transfer provisioning [2]. However,
the major bottleneck in the widespread usage of RF-ET
technology is its low ET efficiency due to low RF-to-dc
rectification efficiency, low energy reception sensitivity [3],
and high attenuation owing to path loss and signal dispersion
in wireless propagation [1], [2]. So, a lot of attention is being
paid to improve the performance of RF-powered networks.

A. State-of-the-Art

1) Smart RF Harvesting Communications: With the ad-
vancements in RF Energy Harvesting (EH) circuits [3], output
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Fig. 1. Architectures for joint wireless energy and information transfer

dc voltage and RF-to-dc rectification efficiency have signifi-
cantly improved. Energy-efficient communications [2] aided
by smart antenna technologies [4] and judicious ways of
utilizing harvested energy [5] have been proposed to further
improve the network performance. Multihop RF-ET schemes
providing significant gains by enabling distributed beamform-
ing have been demonstrated experimentally [2] and analyti-
cally [6]. Energy sharing based on direct ET using wired power
grid [7] and non-direct ET using cooperative transmission [2]
helps in overcoming the uncertainty of ambient sources [8].

Improved RF-ET techniques have led to the emergence of
Wireless Powered Communication Networks (WPCNs) [9].
Here, as shown in Fig. 1(a), the uplink wireless information
transfer (WIT) is powered by the downlink RF-ET from base
station or hybrid access point (HAP). To overcome the doubly-
near-far problem [9] in WPCNSs, a harvest-then-cooperate
protocol was proposed in [10]. Another related field that
has gained attention is Simultaneous Wireless Information
and Power Transfer (SWIPT) [11], where both energy and
information flow are in same direction (see Fig. 1(b)). Practical
implementation of SWIPT involves splitting of received signal
into two parts: for information decoding and for EH. This
signal splitting can be done by either Time Switching (TS),
or Power Splitting (PS), or Antenna Switching (AS) [11].

2) Relay-Assisted WPCN and SWIPT: Optimized coop-
erative relaying [12]-[21] and multiple-input-multiple-output
(MIMO) technologies (e.g., [20]) have been recently studied
for enabling efficient WPCN and SWIPT. It has been noted
that the performance of cooperative relaying is strongly influ-
enced by the relay placement (RP) [2], [6]. Numerical optimal
RP solutions in two-hop RF-ET with and without distributed
beamforming were studied in [6]. In [22], performance of PS-
based SWIPT with multiple randomly deployed EH relays was



studied using stochastic geometry. As the directions for energy
and information flow are different in WPCN and SWIPT, their
respective performances are studied separately in the literature.

First we discuss the literature on WPCNs. Decode-and-
Forward (DF) relay-powered communication with single RF-
EH source was studied in [12], [13] for maximizing delay-
limited throughput. Optimal time allocations for RF-ET and
WIT were investigated in [12] to efficiently utilize the energy
available at DF relay. Without direct link, [13] presented nu-
merical solutions for joint optimization of PA and TS. System
model with users harvesting energy from RF transmissions of
base station and relay nodes for uplink transmission was pre-
sented in [14]. A network architecture with dedicated Power
Beacons (PBs) overlaid with an exiting cellular network was
proposed in [15] for wirelessly-powered information sources
and relays. Performance of co-located as well as separately-
located access points (APs) and PBs were investigated in [23]
and [24]. Authors in [24] also proposed an iterative scheme
for minimizing the deployment cost by jointly minimizing the
number of optimally located PBs and APs.

We now survey the recent developments on SWIPT where
the information relay is powered by the information source. An
iterative scheme was proposed in [16] for maximizing end-to-
end achievable rate in a multicarrier RF-EH DF relay network.
In [17], RF harvest-and-forward based Amplify-and-Forward
(AF) relaying with multiple antennas was considered, where
antenna selection and PS were jointly optimized. Numerical
performance of a three-node multi-antenna AF relay system
has been recently studied in [18], where the relay simultane-
ously harvests energy from source and destination. PS and TS
based routing protocols were proposed in [19] for RF-EH AF
relay system with single source-destination pair. Multi-antenna
EH two-hop AF relaying under optimal PS was investigated
in [20] for with and without co-channel interference. Apart
from these works, joint optimization of PA, RP, and PS in
relay-assisted SWIPT to RF-EH destination over line-of-sight
(LoS) wireless channels has been recently studied in [21].

B. Research Gap and Motivation

As noted in the literature survey, there has been significant
recent interest in the RF-EH research community on optimized
cooperative relaying for improving the efficiency of WPCN or
SWIPT. The existing works either consider RF-EH relays [10],
[16]-[20], or source/relay-powered RF-EH destinations [10],
[14], [21], [22], or HAP-powered sources [9]-[13], or the
usage of PB for powering sources [15], [23], [24]. Cooperative
RF-EH communication system architecture for powering both
energy-constrained source and destination with the help of
relay, which can enable perpetual operation of loT, EH users
in small cell networks, and relay-assisted machine-to-machine
(M2M) communications, has not been reported in literature.
Moreover, to the best of our knowledge, RF-EH cooperative
DF relaying protocol, that jointly optimizes throughput per-
formance of WPCN and SWIPT, has not been studied yet.

Another important observation is that, prior analyses on
WPCN and SWIPT operation were done considering Rayleigh
fading channel. However, as also noted in [4], [21], the strong
LoS component in WPCN and SWIPT cannot be ignored and

hence Rician fading channel model needs to be considered.
Further, while maximizing the efficiency of WPCN or SWIPT,
the existing papers present numerical solutions or iterative
algorithms. Closed-form optimal solutions shedding light on
the interplay between different system parameters are mostly
missing. Also, as noted in [6], [21], RP plays a significant role
in performance of RF-EH networks. However optimal RP in
WPCN, incorporating the effect of channel randomness on RF-
EH, is missing in the literature. Further it is worth noting that,
this work is significantly different from [21], which considers
DF-relay assisted SWIPT to EH destination with energy-rich
source and relay over Rician channels using an available
exponential approximation [25] that is valid only for low Rice
factor values. Motivated by these observations, we propose a
novel relay-powered RF-EH architecture to jointly optimize
performance of WPCN and SWIPT over Rician channels.

C. Novelty and Contributions

The key contributions of this work are seven-fold.

o A novel RF-EH cooperative communication system aided
by Integrated Information Relay and Energy Supply
(i’RES) is proposed (Fig. 1(c)). It provides energy re-
plenishment to battery-constrained source and destination
while relaying their data in a two-hop DF fashion.

o Considering Rician fading, we first obtain a tight expo-
nential approximation for first order Marcum-Q function
that holds good even for very high Rice factor. We then
derive outage probability in DF relay-powered SWIPT.

o Global-optimal time allocation (TA) for RF-ET and WIT
along with optimal RP (position of i’RES) are obtained
to maximize the delay-limited throughput (or minimize
outage probability), while satisfying the energy require-
ments of RF-EH source and destination.

o Global-optimality of the separately and jointly-optimal
TA and RP solutions are shown by proving generalized-
convexity of the throughput maximization problem.

e Closed-form expressions for the tight analytical approx-
imation of the numerical global-optimal TA and RP are
derived to gain insights on the role of system parameters.

o Numerical performance evaluation of the optimized TA
and RP solutions are carried out under practical RF-EH
system constraints and Rician fading. Also, the tradeoff
between achievable throughput and energy demands of
source and/or destination is investigated.

o Discussion on extending the results for optimized per-
formance of RF-EH systems with relaxed practical con-
straints is included to corroborate usefulness of analysis.

D. Scope of the Work

Theoretical challenges addressed in this paper include
(1) derivation of closed-form expression for delay-limited
throughput in DF relay-powered SWIPT over Rician channels;
(i) generalized convexity proofs for showing global optimality
of the proposed solution; and (iii) closed-from expressions for
tight approximation of global-optimal TA and RP solutions.
The practical scope of theses analytical results, incorporating
the real-world constraints of WPCN and SWIPT to enable



the perpetual operation of energy-constrained RF-EH wireless
devices in IoT, can be summarized as follows: (1) Closed-form
expression for end-to-end signal-to-noise-ratio (SNR) can be
used to analyze various performance metrics of WPCN over
Rician channels. (2) Optimal TA provides resource allocation
policy for jointly optimized WPCN and SWIPT operation. (3)
Optimal RP gives insights on the choice for relay deployment
and optimal relay selection in multi-relay scenario. (4) Jointly-
optimized TA and RP provides bounds on energy requirements
that can be met while optimizing relay-powered SWIPT. (5)
This work presents benchmark results for optimized WPCN
and SWIPT operation which can be extended to study multi-
node communication scenarios, that include mobility of nodes
and stochastic geometry based analysis. (6) The analysis and
optimization results can be easily extended to gain insights on
the optimized performance of different RF-EH system models.

II. SYSTEM MODEL

Here we present the system model including the considered
network topology, channel model, and various stages involved
in i’RES-assisted RF-EH cooperative communication.

A. Network Topology and Node Characterization

We consider a three-node RF-EH cooperative communica-
tion scenario (cf. Fig. 2), where an energy-constrained source
8 communicates with an energy-constrained destination D
via an energy-rich half-duplex DF information relay R. DF
relaying protocol is considered because it provides better
outage performance as compared to AF relaying at the cost of
increased complexity and energy consumption at R. 8§ and D
are considered as energy-constrained nodes with rechargeable
batteries in 5G communication networks or IoT, whereas R is
considered as a PB [15] with data processing and transmission
capability. Additionally, 8 and D have RF-EH units for replen-
ishment of their drained battery-energy via RF-ET from R.

8-to-D direct link is assumed to be unavailable due to large
path loss and/or blockage by obstacles. Specially in WPCNSs,
where the end-to-end communication range is very limited
due to the doubly-near-far problem [9], low energy reception
sensitivity, and ET efficiency [2], [3], energy-constrained &
sends its data to nearby R for relaying. So in the absence of
any obstacle between § and D, R can be placed on the direct
(linear) path [19] between them or on an elliptical path [21],
with 8 and D as the two foci, to come around any obstacle(s).

To enable efficient WPCN and SWIPT in a static three-
node topology, we consider the usage of directional antennas.
8 and D are equipped with single antenna directed towards R.
Although the intended half-duplex operation can be conducted
using a single omnidirectional antenna at R, we consider two
directional antennas at R to minimize the dissipation losses
in wireless propagation. One antenna is directed towards 8§ —
essentially for efficient RF-powered S-to-R WIT and the other
antenna is directed towards D for efficient R-to-D SWIPT.

B. Channel Model and Assumptions

The channels R-to-§ (h,,), S-to-R (h,,), and R-to-D

(h are assumed statistically independent, with frequency
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Fig. 2. i’RES-assisted RF harvesting communication system model.

non-selective quasi-static Rician block fading, having respec-

tive average powers |h|* = %, hyul? = %,
and |h,,|* = % o is path loss exponent; G, G,

and G, are the antenna gains at 8§, R, and D; a,, a,,, and
a.,,, respectively account for other R-to-§, 8-to-R, and R-to-D
channel gain parameters that depend on antenna characteristics
and average channel attenuation [26]; d,, and d,, are S-to-
R and R-to-D distances. For reduced signalling overhead at 8
and D, we assume the availability of statistics of channel state
information (CSI), instead of instantaneous CSI, for all the
links at R. They are collected via pilot signals received from
8 and D. All optimization related computations are performed
at R using this statistical CSI.

C. i?RES: Integrated Information Relay and Energy Supply

Considering block duration of 7" sec without any loss
of generality, i’RES-assisted RF-EH communication system
comprises of the following three main stages (cf. Fig. 2):

o RF-ET stage of (po + p1) T duration is for the energy
replenishment of on-board energy-storage element of §
via RF-ET from R (poT": for carrying out regular node
activities, such as, sensing, signal-processing, data log-
ging, sleeping, and p;T": for carrying out its information
transmission operation). These two separate sub-stages
are considered to ensure that the EH node’s basic require-
ments are met by the harvested energy in poI’ duration,
before using the remaining harvested energy during p; T
for uplink data transmission.

o WIT stage of p,T' duration is dedicated for WIT from
8-to-R using energy harvested during p1 7. Thus, RF-ET
and WIT stages jointly represent WPCN operation.

o Joint WIT and RF-ET stage from R-to-D in the re-
maining block duration implements SWIPT. Here, during
poT R forwards the decoded information to D, and
psT = (1 — pg — p1 —2p2) T is dedicated for energy re-
plenishment of D to carryout its regular node operations.
We next discuss the operation of each stage in detail.

1) Stages (1) and (2): RF-Powered 8-to-R Communication:
During RF-ET stage, R transmits an RF energy signal z. in the
direction of 8. We consider E [z.] = 0 and E ||z.|*| = P,.
where P, is the transmit power of R. So the received signal
at 8, placed d,,, distance away, is given by: y, = h, z.+n,,
where n, is Additive White Gaussian Noise (AWGN) at 8.

a) RF energy harvesting at §: We assume that the
strength of noise signal n, is negligible compared to the



received energy signal h, xz., and hence energy harvested
from ng is neglected. So, amount of energy E, and Eg
harvested during poT" and p17, to be used respectively for
regular wireless node activities and information transmission
(8-to-R) operation, are given by:

Esj =1, Py |hIRS |2 piT, Vj e {0, 1} (D

where 7, is RF-to-dc rectification efficiency of RF-EH unit at
8. We note that, due to the usage of two directional antennas
at R to avoid significant energy dissipation in unintended
directions, no energy is harvested at D and & respectively
during the protocol operation stages 1 and 3.

b) Wireless information transfer from 8-to-R: The trans-

mit power P of 8 using E is:

E(,l 2 ([ P1
Py = p;T =1, Py ‘thS‘ (pz) . (2)

With z;, as the normalized zero mean, unit variance infor-
mation symbol transmitted by 8§ and n,, as the AWGN at R,
the corresponding information signal y;,, received at R due to

WIT from § at transmit power P, over po1" duration is:

Yig = hsy\/Psxis +I1R. (3)

2) Stage (3): Joint WIT and RF-ET from R-to-D: From
received symbol y;,,, R forwards decoded signal z;; to D
and simultaneously fulfills its energy requirements by RF-ET.

a) Information decoding at D: With n,, as AWGN at D,
the RF signal received at D is:

Yip :h:RD\/P:R:I’/,i\S—’—nD' (4)

Here ng, n,, and n, are considered to be mutually inde-
pendent with zero mean and variance o2. poT duration of
SWIPT is used for information decoding from y;,, . We have
considered the same TA fraction p, for WIT in second and
third stages because it helps to simplify the analysis and
also because the optimized DF relaying performance can be
achieved by controlling the energy allocations and path losses
over R-to-8 and R-to-D links by optimizing TA and RP.

b) RF energy harvesting at D: The remaining block
duration p3T is used for RF-EH at D. With p3T =
(1 —po—p1—2p2)T and 7, as RF-to-dc rectification effi-
ciency of RF-EH unit at D, the harvested dc energy E,, to be
used for carrying out regular node operation of D is given by:

E, =n,P, ‘h’ﬂl‘D |2 psT. (5)

The transmit power at R is kept fixed at P, because RF-ET to
8 and SWIPT to D involve ET, which has limited range. This
range can be maximized by transmitting at highest power. By
optimizing pg, p1, p2, P3, We implicitly optimize the available
energy resource at R by allocating energies (pg + p1) TP, G
and (pg + p3) TP, G, for RF-ET and SWIPT, respectively.

III. PROBLEM DEFINITION

In this section we first obtain a new tight analytical
approximation for the first order Marcum-Q function that
holds good even for very high values of Rice factor. Using
this proposed approximation, we derive closed-form outage

1
[ — Actual value
L N N S U T R | I Proposed
= approximation
Mﬁ 0.6 D pp
& g
= o4 K=3004 K=38.93 dB |
S 0.2t |
0
10 10° 10°

Fig. 3. Validation of approximation for Q1 (v2K, b) with varying K and b.

probability expressions for WPCN and RF-powered DF-relay
assisted SWIPT over Rician channels. Finally, we present the
mathematical formulation for throughput maximization prob-
lem by accounting the practical RF-EH system constraints.

A. Exponential Approximation for Analyzing Rician Channels
with Strong LoS Component

For Rician fading channel model, instantaneous SNR ~ fol-
lows the weighted noncentral-x? distribution with two degrees
of freedom; its cumulative distribution function (CDF) is [27]:

F,(2) =Prly <a] = 1-Q:1 (V2K V2 (T + K)2/7) (6)

where @ (-,-) is the first order Marcum Q-function [27], ¥
is average SNR, and Rice factor K is the ratio of power of
LoS component to the scattered components. As both R-to-
8 and R-to-D links are used for RF-ET and have similar
communication range, we consider the same K over all
links [4], [21], [28]. For analytical insights on performance
of i’RES-assisted communication over Rician channels, we
note a tight exponential-type approximation [25] for Q1 (-,-):

Q1 (a,b) ~ exp (_eqb(a)bw(a)) ) (7

Here ¢ (a) and ¢ (a) are functions of a, and are conditionally
defined for ¢« < 1 and 1 < a < 6 in [25]. Its reliability
and goodness have been validated in recent papers [21], [25]
for Rice factor K < 10. However, the approximation in (7)
does not hold for K > 10, i.e., for a = v2K > 5. So, for
accounting the effect of high Rice factor values up to K = 39
dB in RF-ET process, we obtain polynomial expressions for
¢ (a) and ¢ (a), along the similar to lines as in [25]. Our
proposed polynomial expressions for ¢ (a) and ¢ (a), given
below, hold good for 1 < K < 8000:

#(a) 2 —3.0888 x 10719%° 4 1.8362 x 107 7a®
—3.7185 x 10~%a* + 3.4103 x 10343

—0.1624a% — 1.4318a + 0.7409, (8a)
¢ (a) £5.1546 x 10~ 1a® — 3.1961 x 103+
6.3859 x 10~ %a* — 5.4159 x 10~ %>+
1.9833 x 10™2a® + 0.9044a + 0.9439. (8b)

The goodness of proposed approximation for varying K can
be observed from Fig. 3. Root mean square error (RMSE) of
less than 0.005 in the approximation also validates its quality
and reliability. We use this approximation to derive closed-
form expression for the outage probability.



B. Outage Probability Analysis

As there is no direct 8-to-D link available, the end-to-end
SNR v, is limited by the lower of 8-to-R SNR ~,, and
R-to-D SNR 7,0, i€y Vpop = Min{ve,,Vap t- Using (2),
(3), (4), the received SNRs ~, . and v,,, are given as:

U AT mww ©)
p20

Using (9), (6), (7), the complimentary CDF (CCDF) of re-
ceived SNR ~,.,, at D is given by:

SR 593| » Vo =
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B
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Pr [|hm| > x} =e due to Rician fad-
ing channel assumption and applying approximation (7), the
CCDF of +,,, which involves product of two independent
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where C; £ 24 )B and Kj (+) is the
first order modified Bessel funcqiloyné ogfysecond kind.

The independence of h,, and h,, is considered because
channel reciprocity of uplink WIT from an EH battery-
constrained & and downlink ET from an energy rich R is
difficult realize in practice [10], [29], [30]. This is due to the
fact that baseband-to-baseband channel between 8§ and R is not
necessarily reciprocal as they have different phase, frequency,
and energy characteristics in antennas associated with their
respective transmit and receive chains [31].

The outage probability p,,:, defined under path loss and
Rician fading, is the probability that the received data rate at D
from § via R falls below a threshold R. Mathematically, p,.:
as a function of TA p = {po, p1, p2, p3} and i’RES position
(RP) d = {d,,,d,, } is given by:

random variables

Pout = Pr (p2 10g2 (1 + ’YEQE) < R)
=Pr (min {751R77:RI>} < 2% - 1)
= 1= Pr (755 > 27 — 1) Pr (7, > 275 — 1)

B
2

B B Ba
—1- e_e"(m 1) () <p2 (2% - 1)) X

P1

Ba Ba [ P2 % _ z
Gl (dmz) Kl (el (dgx) (pl (2 1)) ) (12)

Outage expression derived in (12) has a lot of practical
applicability. Closed-form expression for p,,; in conventional
WPCN over Rician channels with K as high as 39 dB can
be obtained using (11) and (12). Further, (12) also holds for
Rayleigh fading case. The corresponding outage probability
can be obtained by substituting K =0, A = %, and B = 1.

We consider a rate-constrained communication scenario,
where the delay-limited throughput [19] is given by the
source transmission rate R multiplied by the probability of
achieving this rate at the receiver. Mathematically, 7 = R X
Pr(p2logy (1 + 7vy4.,) > R). So, using poye given by (12),
throughput 7 for i?RES-assisted communication is given by:

T2 R(1 - pout) - (13)

Given 7 as a function of TA p = {po, p1, p2, p3} for RF-ET
and WIT, along with RP d = {d,,,,d,., }, for typical relay
transmit power P, and practical system parameters a, G,

Uypp> Gy, Gy G,y o, K, 15, n,, R, 0%, we intend to find
the optlmal p* and d” that maximizes 7 (or minimizes poq:),
while satisfying energy demands of 8§ and D.

C. Throughput Maximization Problem (TMP) Formulation

The TMP with 7 as objective and p and d as optimization
variables can be formulated as:

TMP : maximize T, subject to:
P0:P1:P2:03,dg 5 A o,

E[E, ] E[E,]

Cl:(,, < TSO , C2:Cpy < =57, »
EIRP ;,ax
C’B:max{Ps}gGi7 C4:p; <1, Yp; € p,
8

C5:p; >0, Vp; € p, C6:dg,, > dmin,
CT7:d,p, > dmin, C8:dy,, +dy, >D+06.

In (14), ¢, and (., are normalized energy requirements

at § and D in a block duration T, for their respective

perpetual operation. They actually represent the minimum av-

erage harvested energy required per block duration [24], [32].

]E[Eso] _ Pofsags Py G' Gy E[E'D] _ p3"DaJ<DGkGDPJ< , and
T - dg > T (d

E[Ps] _ Pinga J{ZPRGRGS

Effective Isotroplc ‘Radiated Power (EIRP) limit defined by
the FCC regulations for transmission in Industrial, Scientific
and Medical (ISM) bands [33]. The constraint C'3 ensures
that the maximum transmit power P, of 8 is below the
maximum permissible limit. As P, is a random variable
following noncentral-x? distribution, C'3 can be ensured by:
Pr [P > EIRP”‘“} < €, where the tolerance ¢ < 1. After

using the approximation (7) and applying some simplifi-
cations, C3 reduces to E[P,] < %, where Y £
S

RD
EIRP,,., in C3 is the maximum

1

B
2(1+K) <1n(Al)> . We set ¢ = 1073, In C6 and C7,
dmin = % is the minimum 8-to-R or R-to-D distance

requirement for their antennas to be in radiating far-field
region [34]. C6 and C'7 help in modeling the distance-based
received power variation that holds for far-field region [26,
Section 2.6] to avoid the scattering phenomena in the antenna



near-field. Here L is the largest antenna dimension and A is the
wavelength of the transmitted RF signal. 6 in C8 defines the
trajectory or path for RP between 8 and D, placed D distance
apart, depending on the presence of obstacles. If there are
no obstacles, then § = 0 as R can be placed on the LoS path
between § and D. Otherwise § > 0. If R is placed on elliptical
path [21], with 8§ and D as the two foci, to come around the
obstacle, then § = M, where ¢ < 1 is the eccentricity
of ellipse. Although elliptical topology is considered, any
other RP topology satisfying the basic property where S-to-
R distance increases with decreased R-to-D distance can also
be employed. From (13) and (14) it may be noted that, for a
fixed transmission rate R, TMP is equivalent to the problem
of minimizing p,,: subject to constraints C1-C8. TMP is
infeasible if the energy demands ¢, and (., cannot be met
even by the joint global-optimal TA and RP solution (p*,d*).

IV. OPTIMAL TIME ALLOCATION AND I?2RES PLACEMENT

In this section we obtain individual and joint global-optimal
TA and RP solutions for TMP.

A. Optimal Time Allocation for ET and WIT with Fixed RP

First, we consider a practical scenario where i’RES or R
is connected to a power grid such that its location d cannot
be changed. In such a setting, to enable efficient RF-powered
SWIPT from § to D via R, we obtain optimal TA p* for a
given RP d = {d,,, d.,, }. Since py in constraint C'1 does not
exist explicitly in the objective function 7 expression, TMP for
a fixed RP is maximized when pg takes the minimum value,
just enough to meet C'1. In other words, optimal pg, denoted
by p, obtained by solving C'1 at strict equality, is given by:

CES (dS R )a

Similarly TA p3, used for RF-EH at D via SWIPT from R,
also does not contribute to 7. So for maximizing 7, optimal ps,
representing minimum EH time sufficient for meeting energy
demands of D, obtained by solving C2 at strict equality is:

o = (15)

* * * * CE'D(d"R’D)a
pz3=1—py—pi =20 = ——F—F- (16)
’ 0 ! ? Ny gy Gy G Py
Using (16), we next represent optimal p; in terms of p3 as:
(dg ) o (dys )
psle_Qp;_ CE&( é){) CED( RT)) . (17)

T)SaRSPIRGRGS ni)aiR’DGRG'DPIR

Let p7 . £ pb + p5 be the optimal ET time allocated for
meeting energy demands of 8§ and D. Using (15), (16), (17)
in (14), TMP with fixed RP, denoted by TMP-TA, is given as:

TMP-TA : maximize T
P2
. (1—202—0* )Ug%quaGyGZ)
subject to:  C9: BT : s <1, (18)
! P2 (dsqg) y EIRPmax o
C10: py < 1/2, C11: py > 0.

Here C'9 is obtained by substituting p;  in C'3 of TMP. Notice
that although TMP is non-convex, the transformed equivalent
single-variable (WIT time ps) problem TMP-TA due to its

generalized-convexity [35] in po for a fixed RP has a unique
global-optimal solution p3, obtained by solving the Karush-
Kuhn-Tucker (KKT) conditions [36]. This result is presented
in Theorem 1. Before that, we present the formal definition of
a pseudoconcave function and a result stating that the KKT
conditions are satisfied at its unique global-maximum.
Definition 1: A differentiable function f: R™ — R, defined
on a nonempty open convex set €2, is called pseudoconcave if ¥V
ry€Qwithe £y, VI(2)" (y—2) <0 = f(z) > f(y).
A pseudoconcave function f defined over a convex set has a
similar property as in case of concave functions, which states
that, its local maximum is also the global maximum [36].
Lemma 1: (Corollary to [36, Theorem 4.3.8]) Consider
a constraint maximization problem (P) with an objective
function to be maximized over a feasible region S being
pseudoconcave at T € .S, constraint functions are differentiable
and quasiconvex at , and KKT conditions hold at z. Then =
is the global optimal solution providing the maximum value.
Theorem 1: As the objective function 7 to be maximized in
TMP-TA is pseudoconcave in ps, the differentiable constraint
(9 is convex, and the constraints C10—-C'11 are affine, the
global-optimal TA p3 is obtained by solving KKT conditions.
Proof: See Appendix A. [ ]
Considering C9 while keeping the boundary constraints
C10-C11 implicit, the Lagrangian function of TMP-TA is:
Ay Py Gy G2
Lp=7—p [(1 —2p2— P}y) pjfd;;é)“:; E;]’;Px:ax
1 is the Lagrange multiplier associated with constraint C'9.
Using (15), (17), and Lagrangian function £,, we solve the
following two KKT conditions, while satisfying the primal
feasibility constraints C'9—C'11 and dual feasibility constraint
>0, to find KKT point (p§, pi, p3, p5, 1*) of TMP-TA.

— 1} , where

0L 1—p2 ns Py G, G?
Oy 519+ pllpia) s OuC - g,
ap? 1%5) (dsy) Y BIRPyax
1—2py — pt S — —1|=0. (19
,LL I:( p2 pET) p2 (dbk)ayEIRPmdx ( )

G; and G5 in (19a), representing 88772 = G135, are defined as:

B _ A7 ® Ba
e (2 (27 —1)d2) e (27 -1) (da)

208 (1= 2p3 — p2.) (2% - 1)

g = {20a)

B
Gy, = 2%"‘1 (2% — 1) RIn(2) (1 — ot - 2,02) %
€2 (drR'D)Ba K. (Z) — |:p2 (1 — pZT) (2% — ]_)

—27 RIn(2) (1—p%, — 2p2)} 2 Ko (2), (20b)

B
with 2 £ €2 (2 (275 — 1)) 7. Note that, ps # {0, 1}
to have a positive 7, because some time is needed for RF-
ET (po, p1, p3) and WIT (p3). Hence, C10-C'11 can be kept
implicit because they are never satisfied at strict equality.
As T is pseudoconcave in po (see Theorem 1), maximum 7
is given by the critical point p, . (if it exists in the feasible



region defined by C9-C11), where the gradient of 7 vanishes,

ie., % = 0. This implies that, if 4 = 0 in (19a) the
optimal TA p; = p, . is obtamed by solving G192 = 0.
However, as §1 # 0V0 < p2 < § and 7 is pseudoconcave in
p2 (see Appendix A) with 7 = 0 for py = {O, 5 } we note that
Psc = {p2| G2 =0} < 3. Secondly with 1 > 0, p3 is given

by boundary point p, ,, obtained by solving C'9 at equality:

ngaystRGong (1 B pET)
2775 Ugs P’R Gaa Gz + (dsy)a Y EIRPmaX.

Pap = (21
Pop < % actually represents the minimum proportion ps of
time that can be allocated for WIT (or maximum proportion
p1 for RF-ET) such that EIRP from R to § is below EIRP .
Finally, u* = up > 0 for p5 = p, ,,, obtained using (19a), is:

A 7/)3,3 (d sﬂz) Y EIRPax 51 (p2 B) S2 (pz B) (22)
(1 - PET) NsQxs RRGIRGg

where G; (pzy B) and Go (p21 B) are obtained by substituting

p2 = p, p in (20a) and (20b). The positivity of up for p5 =

p, 5 can be observed from the fact that 7 is pseudoconcave in

p2 with the single critical point p, . being smaller than p, ,

in this case. So, global-optimal solution p* for TMP-TA is:

UB

(p2,13 ) :U'B) )

(p2,c ) 0) )
Infeasible,  p7 .

Pa,c < P2, B

P2, < Pa.c
>1

(p5, 1) = (23)

with p§, p7, and p3 obtained using p5 in (15), (17), and (16).
Here, (p*, p*) is also KKT point of TMP-TA. Infeasibility
condition p% > 1 implies that the energy demands of 8 and/or
D cannot be met by optimized TA with fixed RP because the
normalized (per slot period of T' s) energy requirement rate
(s and (., of the system is more than optimal RF-EH rate.

B. Optimal Position of i’RES to Maximize T for a Fixed TA

Now we consider another practical setting where R (i’RES)
is a mobile (or movable) PB with DF relaying capability. In
such a setting, to analyze the effect of RP on 7, we optimize
the RP for a fixed TA p = {po, p1,p2,p3}. Investigation
on optimal RP is not only important from relay deployment
perspective, but it also gives insights on the relay selection
policy. It can be noted from (12) and (13), 7 is a decreasing
function of dg, and d,,,. So, to maximize 7 by optimizing
RP, C8 in TMP should be satisfied at strict equality, i.e.,
dy, = D+ 0 — dg,. Using this, an equivalent univariate
TMP with fixed TA, denoted by TMP-RP, is defined below:

TMP-RP : maximize 7, subject to:
s (24)
C1,02,C3,C6, C12:d,, <D+ 6 — dmin-

In (24), C'12 is obtained by substituting d,,, = D + 9 — d,
in C'7 of TMP. Interestingly, C2,C3, C'6 provide lower bound
dig on dg,, and C1,C12 provide upper bound dyg. These
implicit boundary constraints in TMP-RP are defined below:

1
PG G2\
di g £ max {dmin7 max { <f7177§ Oms * 2 T s ) )

P2 13 EIRPmax

P3N Ayn P G Gy
Con

Do

)

)“ ,D+5—dmin} (25b)

Cos

With these boundary constraints dig < d,, < dyg, TMP-RP
reduces to an unconstrained problem, with constant bounds on
the variable, whose generalized-convexity is proved below.

Theorem 2: The objective function 7 in TMP-RP is a pseu-
doconcave function of d,.,, and the equivalent box constraints
dig <dg, and d,, < dyg are affine functions of d.,.

Proof: See Appendix B. [ ]

Following Theorem 2 and [36, Theorem 4.3.8], optimal RP
dy ., is given by the KKT point. With vy and vy as Lagrange
multipliers for the box constraints, Lagrangian function for
TMP-RP is: Ld = T — U [dLB — dé_R] — U2 [dék — dUB]-
The three KKT conditions for TMP-RP, apart from the box
constraints and non-negativity of vy, vy, are:

aBRC 420 C2(P+0=d55)"" [G(D 4 6 — d )P
x Ky (€1d2%) — €1d2 'Ky (€1d2%)] + v1 = v2,(26a)
dsoa] = 0, (%) [dérk - dUB] =0 (26b)

U1 [dLB -

|3

(2»z 1)) and C, 2 € (25 _1)

From Theorem 2 it can be observed that due to pseudocon-
cavity of 7 in d,, for a fixed TA, 7 is given by the feasible
critical point dig < d. < dyp, where the gradient of 7 with

8;((;1 c) _ = 0. Simplified d
1

C; Ko (CrdBa) \ "=t
d. 2{d,, 1+<1°<1 ;‘;j}) =
Gy Ky ((?1d592 )
So from (26a), for d:y

where € £ G gp

respect to d,, vanishes, i.e.,

D+6

. @27)

SR

= d,, vi = v3 = 0. However if

a7 (d,
do < dup, then df, = dip,vi = —% = 0. Here
83;{ is obtained using (26a) and aafd = 83 T 4oy v
Whereas for d, > dup, d}, = dyp,v] = 0,03 = Ogédus)'

Also, due to the existence of single critical point d because
or(d*
of pseudoconcavity of 7 in d,, (see Theorem 2), 27 =
SR
<0, ifdgp> dc
>0, ifdyg < dc
Lagrange multipliers vy, vs. Thus, leaving trivial case of
dig = dyg, where the feasible RP region reduces to a single
location, the optimal RP d = {d* , di =D+6—d: }is
given by KKT point (d*, ,v7,v3) for TMP-RP, defined below

. This proves the non-negativity of the

SR’
(dcv 0 0) dLB S dc S dUB
dig, _ZTi(‘i“*) 0) , do <dg <dus
dys, 0, "géd““)) , di <dyg <d,.

dLB > dUB \ dx < dmina

(28)

Infeasible,
where d, £ (G P, min o G “. In-
feasibility condition here 1mphes that optlmal RP cannot meet
energy demands of 8§ or D (C1-C2), even with R placed at
closest position (dpyin or D + § — dyin) for efficient RF-ET.

Pomg @ ﬂsz‘ P3Np g




C. Joint Optimization of TA and RP to Maximize Throughput

Here, we consider the practical setting with highest degree
of freedom, where i’RES has full adaptability in terms of
optimizing TA for RF-ET/WIT as well as its relative position
between & and D. Following the univariate formulations TMP-
TA and TMP-RP in Sections IV-A and IV-B, the bivariate
(p2,dg,) TMP in this case, denoted by TMP-J, is given by:

TMP-J : maximize T, subject to:
p2:dg g
C6.C10,011,01, C13: PO PaCaGh | &)
Y ) Y ? p2( ) E’EIRPHMX ?
where p1, obtained by using d,,,, = D +§ —d,,, in (17), is:
(dy)” » (D —d.)°
N gs PGy G Ny Ozp GGy Py

and objective T, which is a function of ps, d,,, only, is obtained
by substituting p; = p1 and d,,, = D+J—d,, in (12). Below
we prove the joint-pseudoconcavity of 7 in pp and d.,.

Theorem 3: The objective function 7 in TMP-J is a jointly
pseudoconcave function of p, and d,, over the feasible region
defined by the constraints C'6, C'10-C13.

Proof: See Appendix C. [ |

As noted in Section IV-A, C'10 and C11 are never satisfied
at strict equality, i.e., 0 < pa < %, so they can be considered
implicitly. Similarly on considering the box constraints C'6 and
C12 on d,, implicitly along with C'13 that provides lower
bound on d,, for a given p,, the Lagrangian function for
TMP-J is given by objective 7 itself. Following Theorem 3, it
can be noted that due to the joint-pseudoconcavity of 7, joint-
optimal TA and RP are given by the critical point (p, ,.,d,.)
(if it exists in the feasible region), which is defined below:

A Dts Ba—1
(p2,JC7dJC) = (p27 deR) (92 = 0) A (T - 1)
CE'DD(D*‘S*UZSIR

s®
)0—1
. . jBa
npagp Gr Gp P )Gl Ko(eldsw):|}. 31)

_— B — —_—
2(p1)"F 2 € Ka (Crd2g)

(ﬁTJrl*mf

Actually (31) represents a system of two nonlinear equations
to be solved for pp and dy,. As 0 < p,,, <
depending on the feasibility of d,. over the constraints
C6, C10 to (13, joint-global-optimal TA and RP
(p*,d*) that maximizes 7 is: p5 = p,,, and d}, =

1
Pingagyg Py Gy G2\
gplzzéJ;R‘; E;;Pjax s ) min {dJC , D+ 0 — drnin}
with d +d0—dy . and pg, p7, p3 obtained by substituting
,/_)2,d:R7 T;D in (15), (17) (16). The infeasibility of TMP-J,
implying that energy demands cannot be even met by jointly

. . (d2,)"
optimized TA-RP, is: o P*g G T inag, G CoPy 1.
This relationship also prov1des the upper bound on the ¢ energy

demands ¢, and ¢, that can be simultaneously met.

1
2 9
max dmin,
a*
RD

CES Coo

V. APPROXIMATION FOR GLOBAL-OPTIMAL TA AND RP

In previous section we obtained global-optimal TA and RP
solutions for non-convex TMP by exploiting its generalized-
convexity. However, the global-optimal solutions for TMP in
Section IV are semi-analytical, i.e., the feasible critical points

p,.c and d are obtained numerically and the boundary points
(if critical point is infeasible) p, , and dig,dyp are given in
closed-form. So, in order to gain further insights, we derive
tight analytical approximations for numerical global-optimal
TA and RP. This will help in better understanding of the
impact of various communication system and RF-EH hardware
parameters on the achievable throughput performance.

A. Tight Closed-form Approximation for Optimal TA

To obtain analytical approximation for optimal TA p5 =
s, in TMP-TA using (20b), the equation G2 (p2) = 0, when
solved numerically for ps = p, ., can be simplified as:

p2(1—p*ET) <2% —1) —Z%Rln@)(l—p;T—Z[)z)

i (2% 71) 'BRln(Z)(lprT72p2)(32(d_,R,D )Ee

_ Kl(Z)
= ZTKo(Z

D ;(32)

2 P2

B
with Z = € dB“ ( (2P2 -1 ) : Considering practical
RF-ET process in WPCN and SWIPT, LoS component can be
very strong with K >> 1, which results in high B. This along
with o > 2 and R > 1 results in very high Z. Thus, on using

a limiting property: z,hjgo ZKéS%%) = 0 in (32), we obtain:
p2 (1= p,) (27 = 1) =27 RIn(2) (1 p},, —2p2), which

after rearrangement reduces to: 9255 (R In(3)+1+ R ln(4))

= 1. On solving this for ps, by using a property that solutfon
w <1n(2) 525)

for 27(azx 4+ b) = c is given by 2 = — 55— — b we
finally obtain the approximation p, . = p, . as:
o 1—p
Prc = T ( fT)R (33)
2+ ot [ (—7 = o) 4]
where pET - CES(Ing) G Mg CaED (g%g) P, and W()

is the Lambert fsunctlon [37] (33) prov1des 1ns1ghts on the
interplay between system parameters R, p7 ., and optimal TA
P>~ The accuracy of this analytical approximation p, . is
numerically validated in Section VI-D.

Remark 1: Optimal TA p, . is proportional to threshold
rate requirement R and TA (1 — p*ET) other than allocated
for energy replenishment of § and D, which depends on RP.

B. Tight Closed-form Approximation for Optimal RP

Now we obtain tight analytical approximation for d_ de-
fined in (27). After some rearrangement, (27) that needs to be
solved for the feasible critical point d,,, = d . reduces to:

a(dSR)Ba_l Ko (Z’) = FQ(D +4— dsm)Ba_l Ky (Z’) (34

Additionally, with the fact that « > 2, R > 1 and K > 1
in WPCN and SWIPT systems, we consider another limiting
property of K, (-), stating: lim El(é) = 1. Using this

Z— 00 0(2)
property in (34) and solving for d,,, a tight analytical ap-

proximation d for GTdfg‘j > 1, is obtained as:

_ D &)
d.~d, 2 (D+9) () . (35)

(@)™ + (@)™




This approximation helps in gaining insights on the impact
of various system parameters P, , 02,7, Gy, Gy Gy, G s
G, G,,K,a,R, and p on approximated global-optimal RP
solution d_. Here we also notice that €y is inversely propor-
tional to the average SNR of R-to-D link, and is relatively
very small in comparison to €; because S-to-R link suffers
from doubly-near-far problem. However, optimal RP resolves
this problem by placing R close to 8 (cf. Section VI-C2).

Remark 2: Optimal RP d, is such that R is placed closer
to § if effective S-to-R link is poorer than R-to-D link, i.e.,
@y < €. Otherwise if C; > €1, R is placed closer to D.

C. Alternating Optimization based Approximation for TMP-J

Using analytical approximations for p, ., and d, a two-step
alternating optimization scheme Algorithm 1 is presented to
obtain tight approximation for joint-optimal TA-RP in TMP-J.

Algorithm 1 starts with an initial RP (d,, = do,d,, =
D+§—dy), which is motivated by the fact that maximum 7 in
TMP-] is obtained by allocating minimum time p7},_. for RF-ET

to 8 and D. Mathematically, dg £ {d

SR

minimize p’;T} =

dsx
L
A(pg+ps DHy™
{dsy 7(§3+p3)=0} = —7 22—, where J; =
© SR g{lafl +g{2af1
CEg A Cgp 1
P, G, Gy and }CQ = T e G G P For this RP

NgCys X Np Crp R
dy, we 1terat1vely obtain the approximated optimal TA for

fixed RP using (23), (33), (15), (17), (16); and optimal
RP for just obtained approximated TA using (28) and (35).
After two cycles of TMP-TA and TMP-RP each, as also
shown in Section VI-D, the obtained approximations for TA
and RP closely match with jointly-optimized TA and RP in
TMP-J due to its joint-pseudoconcavity (see Theorem 3).

Algorithm 1 terminates with a feasible TA (po7 o1, p2, p3)

and RP (dtwd;@) (feasibility conditions are discussed in

Section IV-C) that maximizes 7 in TMP-J.

Algorithm 1 Two-step analytical alternating optimization
scheme for joint—optimal TA and RP.

AAA/\

OUtplIt 7-*7 p()7 p17p27p37 ds_R?d_RD
1: Seti<+0
2: repeat (Main Two-step Loop)
3: Seti<+i+1

4: Obtain analytical approximation for optimal TA p; =
{po’i, pl,i7p2,i7p3,i} for fixed RP di—l llSiIlg (23) and (33)
5: Obtain analytical approximation for optimal RP d; =

{dw)i, D+ — dsm} for fixed TA p; using (28) and (35)
6: until (i > 2) > Two-step means two alternating cycles

7. di 2 dmin,< )“ vy 2r D+ 0 — dusin

8: Obtain approximated optimal TA p ™"
for fixed RP dj7 using (23) and (33)

9: Obtain 7" = {r", 75", 75", 7,"} by using (13) for each
feasible element (maximum four) in parr and dZ7

10: Set j* < argmax {T""} and Set 7% T“"
1<5<4

SO v Tk /*\ * A rr T vg
: {po,pl7pg7pg,dm7dw}—{p;‘mdQRJ“DﬂLtS dgp i }

Prangays Py Gy Gz
p2,29 EIRPmax

= {pl 3p2 7p3 7p4im}
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Fig. 4. Validation of outage analysis. ~ Fig. 5. Variation of 7* with R.

VI. PERFORMANCE EVALUATION AND VALIDATION

We now numerically investigate performance of TMP along
with accuracy of analysis under practical constraints. Unless
mentioned, below-stated parameters are used for simulations.

Due to a maximum allowable EIRP of P, G, = 4W, we
consider P, = 0.4W with G, = 10. § and D are also
equipped with directional antenna having gain G, = G, =
10. Transmission frequency is 915 MHz and 7, = n,, = 0.5.
Accounting for other antenna and channel gains, a,,, = a,, =
a,, = 0.068, which are obtained considering received power
27.19 mW at 1 m distance for EIRP = 4W and o = 2. With
noise power spectral density —174 dBm/Hz, o2 = 10713 W.
To incorporate strong LoS component in RF-ET, K = 10.
Without the loss of generality, we assume 7' = 1 sec and R
to be located such that dp,i, = 0.5 m and dg, +d,, =
i.e., § = 0. However, position of R is not necessarily on the
line joining 8§ and D, i.e., § > 0. Feasible range for RP given
by D is constrained by limited RF-ET range and low energy
sensitivity of around —20 dBm [2]. To ensure that received RF
power at § and D is more than —20 dBm to enable RF-EH,
we found that D = 52.15 m for « = 2, and D = 13.96
m for « = 3. We consider a« = 2 with normalized EH
requirements of § and D as (,, = 107¢ J/s and (,,,, = 1077
J/s. For comparison, we consider fixed TA-RP scheme with
po = p3 =0.02, pp =0.2, and d, = % because 8-to-R link
suffers from doubly-near-far problem [9].

A. Validation of Outage Probability Analysis

First, we validate the closed-form outage probability p,q.
expression (12) derived using our proposed exponential fit for
Q1 (a,b) with high a. Analytical results for p,,: in Fig. 4
with varying K and R are obtained using (12) with p; =

= 0.3 and d,, = 0.2D. Whereas simulation results are
generated by finding p,,; in 107 random realization of Rician
fading channel gains (h,g,hgy, by, ) with different K. As
delay-limited throughput 7 in (13) is itself a function of Py,
analytical validation of p,,: also verifies throughput analysis.
Results in Fig. 4, show that analytically-obtained poy: closely
matches with the simulation results, with a RMSE < 0.022.

B. Optimized Throughput Performance of Proposed Schemes

Now we discuss the relative performance of TMP-TA, TMP-
RP, and TMP-J schemes against benchmark fixed TA-RP
scheme. In Figs. 5, 6, and 7, we have plotted the variation
of maximum achievable throughput against: (i) transmission
or outage threshold rate R, (ii) Rice factor K, and (iii) ¢

ED*
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1) Variation with R: From Fig. 5 we observe that fixed TA-
RP scheme fails to provide positive 7 for delay-limited systems
with R > 4.4 bps/Hz. Proposed semi-adaptive schemes TMP-
TA and TMP-RP can respectively meet rate requirements of up
to 7.7 and 5.7 bps/Hz. Whereas, joint-optimal TA-RP (TMP-J)
can meet much higher rate requirements of up to 13.1 bps/Hz.

2) Variation with K: Fig. 6 shows that the performance
of each scheme improves with increased Rice factor K due
to lesser energy loss in wireless dissipation. The performance
improvement of fixed, TMP-RP, and TMP-TA with increased
K respectively saturate at 3.5, 5, and 6 bps/Hz. On other hand
performance of TMP-J saturates at 12 bps/Hz for K > 25 dB.

Remark 3: TMP-TA is a better semi-adaptive scheme as
compared to TMP-RP. TMP-J outperforms all schemes and
respectively provides about three-times and two-times higher
throughput than that achieved by fixed TA-RP and TMP-RP.

3) Variation with (., : Via Fig. 7, we investigate an in-
herent tradeoff between optimized rate-constrained throughput
and minimum energy requirement at D. As with 7' = 1 sec the
units for ¢, and ¢, are J/s or W, we have represented (.,
in dB. On solving this Pareto-optimal tradeoff for each case,
we obtain that fixed TA-RP scheme can only sustain energy
requirement of up to (,,, = —67.75 dB, while providing
positive 7 for R = 3.5 bps/Hz at D. TMP-TA and TMP-
RP can respectively meet rate R requirements of up to 6
bps/Hz and 4.4 bps/Hz while providing perpetual operation
to D with average normalized energy requirement of less than
—56.5 dB and —67.75 dB. However, TMP-J has capability
of providing uninterrupted operation to D with 7 > 0 for
R = 11 bps/Hz and R = 7 bps/Hz while meeting its
respective EH requirements of less than —60.5 and —56 dB.
This corroborates the importance of jointly-optimizing TA-RP.

Remark 4: SWIPT to D, meeting its energy requirements
Cyy > influences R-assisted WPCN throughput performance by
reducing time (1 — p3) T available for WIT and RF-ET to 8.

C. Insights on Optimal Time Allocation and Relay Placement

1) Optimal TA: In Fig. 8, we plot the variation of optimal
TA p7, p5 in TMP-TA and TMP-J with (. Results show
that p} and p5 decrease with increased (., due to increasing
share of TA p3 for energy replenishment of D. TMP-J allocates
higher p5 (time for WIT) than TMP-TA for lower ¢,,,,, which
is one of the reasons for its improved throughput performance
(cf. Fig. 7). The sharper decrease in p5 for TMP-J than TMP-
TA at higher (,, is due to the need for keeping R at a
favorable location (close to 8, see Fig. 10) while meeting (., .
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The variation of optimal throughput 7* and p7, p3 in TMP-
TA with R = 5 bps/Hz and varying RP d,, is plotted
in Fig. 9. Results show that 7%, p], p5 in TMP-TA decrease
with increased d, due to increasing share of TA pg for
energy replenishment of § and weakening of S-to-R link. No
throughput is achieved by TMP-TA if d, > 40 m and highest
is achieved when R is placed very close to 8.

2) Optimal RP: Results plotted in Fig. 10 show that optimal
RP in both TMP-RP and TMP-J increases with increased ¢,
for meeting the increasing energy demands of D. However,
this leads to poorer throughput performance due to weakening
of 8-to-R link. In TMP-J this problem can be resolved to some
extent because here higher energy requirement of D can be
met even with lower d; (cf. Fig. 10) by increasing p3 (which
implies decreasing p5 as shown in Fig. 8).

We also plot the variation of optimal RP and optimized
throughput in TMP-RP with TA ps (or p1) for pg = p3 = 0.02
and R = 5 bps/Hz in Fig. 11. Results show that for very low
p2, R-to-D link is bottleneck, which cannot be improved by
moving R beyond a maximum distance from 8, as it will lead
to violation of C'l. Thus, 7* = 0 for low ps. However as
p2 increases R-to-D link improves due to decreased Co and
at the same time weakened S-to-R link due to decreased p;
can be improved by placing R close to 8§ and thus leading
to increasing 7*. However after certain value of py close to
0.35, 8-to-R link cannot be further improved and it becomes
bottleneck due to lower bound dig on d,,. For comparison
with results shown in Figs. 9 and 11, we note that TMP-J
achieves 7* = 10.96 bps/Hz for R = 11 bps/Hz with optimal
TA p7 = 0.0592, p3 = 0.461, and optimal RP d7, = 0.853 m.

Remark 5: Higher TA py for WIT with sufficiently enough
RF-ET time pg, p1,ps3, and R placed closer to § helps in
enhancing throughput performance of i>’RES-powered SWIPT.

Remark 6: WPCN suffers from doubly-near-far problem,



limiting the optimal throughput performance because S-to-R
link becomes bottleneck in comparison to R-to-D SWIPT. So,
the optimal RP is very close to 8, which also corroborates the
reasons for considering no direct 8-to-D link and directional
antennas for efficient R-assisted WPCN and R-to-D SWIPT.

D. Validation of Approximation for Optimal TA and RP

Results obtained in Figs. 5, 6, and 7 for optimized through-
put using numerical global-optimal solutions given in Sec-
tion IV and analytical approximated optimal solutions derived
in Section V are almost equal, except for TMP-J with K < 5
as shown in Fig. 6. Here the limiting case assumptions
discussed in Sections V-A and V-B for ratio of modified Bessel
functions of second kind, which are valid for X > 1, do not
hold good for TMP-J with K < 5 because it involves com-
pounded approximation errors for both TMP-TA and TMP-RP.
So approximation errors that are negligible for TMP-TA and
TMP-RP, cannot be ignored in TMP-J for K < 5.

We have also validated the accuracy of the proposed ap-
proximations for global-optimal TA and RP in Figs. 8, 9, 10,
and 11. Results in Figs. 8 and 9 show that optimal TA p3
for TMP-TA and TMP-J obtained numerically and analytically
match very closely with negligible difference of respectively
less than 8.6 x 10~ and 1.1 x 1073, From Figs. 10 and 11, it
is noted that there is a finite average difference of about 0.24
m and 0.26 m between numerical global-optimal RP and its
analytical approximation respectively for TMP-RP and TMP-
J (cf. zoomed plot in Fig. 10). A slight mismatch between
the numerical optimal RP and its analytical approximation is
observed in Fig. 11 for 0.18 < py < 0.23, because Z < 1
for po > 0.18, which degrades the quality of approximation
that holds tight for Z > 1. However when ps > 0.23, both
numerical global-optimal RP and its corresponding analytical
approximation are given by the corner point dig and again
the tight approximation holds good Vp, > 0.23. Irrespective
of this slight difference in analytical approximation of optimal
RP, their optimized throughput performance, as potted in
Fig. 11, remains almost the same. Overall, the average differ-
ence in throughput performance of numerical solution and its
analytical approximation is respectively less than 1.6 x 10711,
0.0022, and 0.045 for TMP-TA, TMP-RP, and TMP-J.

Remark 7: For high K in SWIPT and WPCN systems [4],
[21], the results with the proposed analytical approximation
match very closely with both global-maximum 7 and global
optimal TA-RP. This validates accuracy of the closed-form
expressions (33), (35), and Algorithm 1, which are computa-
tionally much more efficient and provide analytical insights.

E. Futuristic Significance of the Proposed System Model

We now discuss the significance of our proposed optimized
cooperative RF-EH and information relaying system model in
the light of RF-EH technology growth, e.g., improvement in
RF-to-dc rectification efficiency n = n, = n,,. Fig. 12 shows
that for both independent and perfectly correlated h,,, and hg.,
scenarios the Pareto-optimal rate-energy tradeoff in TMP-J is
around 11 bps/Hz while meeting ¢, = (., = —85 dB with
n = 0.5, which improves to 11.15 bps/Hz with = 0.7 and
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tradeoff with increased 7. performance enhancement.

11.3 bps/Hz with = 0.9. This enhancement in throughput
is much more significant at a higher energy requirement
Cus = Cpp = —5H5 dB, where optimized throughput in TMP-J
increases by 67% with an increased 1 from 0.5 to 0.9. We
also notice that independent channel gains case offers slightly
higher 7* with an average improvement of 0.0365% over that
in perfectly correlated case discussed later in Section VII-A.
Lastly, we demonstrate that optimal performance of the pro-
posed relay-powered SWIPT can provide significant improve-
ment in achievable throughput per unit energy consumption at
R. As i’RES is the sole energy source in the system model
(cf. Fig. 2), which transmits at P, only during (1 — p2)T
sec, throughput per unit energy consumed at R, as plotted
in Fig. 13, is given by m. From Fig. 13 we note
that, decreasing « leads to increasing threshold distance D for
receiving atleast —20 dBm RF power from R. The increase
in transmit power is considered to incorporate the effect of
highly focused beams at R [1], MIMO technologies [20],
or distributed beamforming at D [2]. Results in Fig. 13
show that, with TMP-J average throughput per unit energy
consumption at R is respectively 5.4, 3.6, and 3.5 times higher
than that in fixed TA-RP scheme at varying D as 52.15 m,
13.96 m, and 7.22 m. Thus, with future advancements in RF-
ET technology, the proposed system model for uninterrupted
operation of wireless powered devices can lead to an energy-
efficient communication with much larger coverage range.

VII. DISCUSSION AND RESEARCH EXTENSIONS

Now we discuss some potential research extensions of this
work. First we note that, the analysis and optimization carried
out in this paper can be extended to Nakagami2—m fading
channels by using the relationship m = (f 1;:1)1 between
the fading parameter m and Rice factor K [27]. Also, the
achievable gains through optimized TA and RP can be further
enhanced by considering a multi-antenna i’RES system.

Below, we discuss how the analysis behaves when certain
practical system and channel model assumptions are relaxed.
Subsequently, we suggest some future research directions.

5| and |hg,|?
SNR ’ygif of 8-to-R link under channel reciprocity with

a,s = ag, and perfectly correlated h,, and h,, reduces
to scaled square of the random variable |h,|". Its CCDF is:

A. Perfectly Correlated Channel Gains |h,

R

2
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B
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(10) and (36), the outage probability p™F, =
R
Pr (mln {73 ypp } < 272 — 1) in this case is given by:

B ;
eraBe R > R B
—%sm (22 (972 1)) % —ey(2P2—1) da2°
dep __ 1— 2 P1 RD
Pout = €

We notice that (36) and (37) can be respectively obtained
from (11) and (12) by replacing = K; (z) with e~ 3. Also,
the generalized-convexity results for TMP-TA, TMP-RP, and
TMP-J, respectively presented in Theorems 1, 2, and 3, by
assuming independence of h,, and h,,,, also hold true when
they are perfectly correlated (unity correlation coefficient).
These results hold because the pseudoconcavity and log-
concavity of F,_  respectively in pp and d,.,, also hold for

Salta)™ ()

Fﬁ:’; = e 2 . . In fact, the critical
point p, ., that also provides a tight analytical approximation
for p,. in TMP-TA, is same for b/\oth F;i?; and m
Furthermore, the tight approximation d for d., in TMP-RP
also remains the same irrespective of the two assumptions.
Thus, we conclude that the proposed generalized convexity
based global-optimization and tight approximation results are
valid regardless of the independence of h,, and h,.

Using

. (37)
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B. Single Omnidirectional Antenna at R for Energy Broadcast

In this section we show that, irrespective of whether direc-
tional or omnidirectional ET from R is considered, the pro-
posed optimization and analytical solutions are valid. However,
with single omnidirectional antenna at R, explicit time slots of
duration poT" and psT for RF-ET to § and D are not required,
because with omnidirectional broadcast of energy from R, §
and D can respectively harvest energy over poT" duration of
WIT to D in stage 3 and over p;7T duration of RF-ET to § in
stage 1. The harvested energies E; and E,, at 8 and D for
carrying out their respective regular operations get updated as:
Eso =15 Py |hIRS ‘2p2T and E,, = n, P, |hIRI) ‘zplT‘ Thus,
with this omnidirectional ET setting, the optimal pj = p5 =0
(or p3,. = 0) and p] =1 — 2p3. On substituting these values
in TMP-TA, we note that the generalized-convexity results
proved in Theorem 1 considering two directional antennas at
fR also hold for the omnidirectional case. The critical point

={p2 | (S2(p2) = 0) A (p%, = 0)} for omnidirectional
ET case can be obtained from the critical point p, ., defined for
directional antenna case by simply substituting (., = 0 and

Cpp = 0 to ensure pg = 0 and p3 = 0, respectively. Similarly,
Ngags PrGyGa

2ng agyg Py Gy G2 +( ) Y EIRP o
satisfying C3 in this case is obtained from p2 B by substituting

Py = 0 in (21). However in case of smgle omnidirectional
antenna, p} and p5 also need to satisfy the energy demands of
D and 8§ which puts lower bounds on each of them, given by:

(A
pi = el and g >

the boundary point pJ7, =

¢
BS PS R) . Using pf =

= Ngags PrGy G

c (dgy )"
1 — 2p%, these bounds can be rewritten as; —ZS 8%/
P2 Ngags PrGr Gy

Con (A )™
< 1 _ ED\%RD
P2= 9% 7 25 ay,, GGy P,

for TMP-TA with omnidirectional RF-ET is: p5 = min{

— Nplrp
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. Thus, global-optimal solution p*
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p5 = p3 = 0 and p] = 1 — 2p5. The infeasibility conditions,
based on the inability of p5 (or pj as pj = 1 — 2p3) in
meeting either of the energy demands ¢, or ¢, , are given

Coa ()" G ()"
by the set: [ max DS L SR LD LR >
y Ngags PrGrGs’ 2Npagy Gy Gy Py
1 Vi Cps (dSIR) > 1 Ceo (de’D)
2 Ngaps PrGrGy 2 2Npagy GGy Py

Similarly, the optimal RP for omnidirectional antenna case
can be obtained from (28) with d, defined in (27), dip and dyp
defined in (25a) and (25b) with pg and p3 respectively replaced
by p2 and p;. Also, the generalized-convexity results for TMP-
RP with directional ET in Theorem 2 hold for the omnidi-
rectional antenna case. Finally, the joint optimization results
with omnidirectional antenna can be obtained by substituting
p1=1-2p, ,. and {5 = (., = 0in joint optimal (p3,d*, ),
defined for directional antenna case in Section IV-C. The other
optimal solutions are obtained as: djw = D+ 6 — dj ®
po = p5 = 0,p7 =1 — 2p35. The infeasibility conditions are
similar to that in TMP-TA, but with optimized RP (d; o D )

Now we compare the optimal throughput 7* performance of
TMP-J for single omnidirectional antenna case with that of two
directional antennas at R (cf. Section IV-C). We observe that,
with the same transmit power P, = 0.4 W, the maximum RF-
ET range D for o = 2 reduces from 52.15 m for the directional
antenna case having G, = 10 to 16.49 m with omnidirectional
antenna having G, = 1. Further, even if this range constraint
is relaxed, we note that TMP-J for omnidirectional antenna
case achieves 7" = 4.33 bps/Hz, with p§ = p5 = 0, p] =
0.0615, p3 = 0.4692, and d;, = 0.5142 m, which is much
lower than 7* = 10.96 bps/Hz achieved with two directional

antennas at R for the parameters considered in Section VI-C.

C. Instantaneous CSI based TMP

In this work we have not considered instantaneous CSI
based optimization, which otherwise provides better perfor-
mance. This is because it incurs significant signaling overhead
on battery-constrained EH nodes [19]-[23], [32]. Here we
show that, the statistical CSI-based optimization carried out
in Sections IV and V not only provides lower bound on the
achievable throughput performance, but also gives valuable
insights on the instantaneous CSI based optimization.

The instantaneous throughput is given by: 7i5s = p2 log, (14
min {Ygus Yuo 1)- As p2logy (14, ) is concave in py and
p2logy (14 4, ) is strictly increasing in pa, it can be easily
shown that maximum 7, is obtained at the p3 that uniquely
maximizes pglogy (1 + 7, ). With this p3, optimal RP d7
is obtained by making the rate over the two links equal, i.e.,
by solving vy, = 7, - This RP d7_ is unique and gives the
Joint global-optimal solution along with p5. Interestingly, the
approximation results p, . and d are also based on similar
concepts, i.e., TA based on individual optimization of FVS:R
and optimally placing R to ensure v, ~ Vyp-

D. Future Research Directions

1) Energy Accumulation at EH Nodes for Future Use:
As we have considered quasi-static block fading assumption



with only statistical CSI availability, 8 uses all of its harvested
energy £, during p1T" for carrying out WIT over duration
p2T'. Therefore, without the need of batteries, this helps in
realization of low-cost [oT devices connected with relatively
cheap passive RF-EH 8 and D that are fully-powered by
i2RES. The optimized throughput performance can be further
enhanced if instantaneous CSI is available and some part of
the harvested energy during p171 can be spared for future use.
However, this requires a detailed investigation because the
increased gain is achieved at the cost of increased signalling
overhead at § and D along with increased computational over-
head at R to find optimal TA-RP using an online algorithm.

2) Delay-Tolerant Throughput Maximization: Although an
outage based throughput definition has been considered to in-
vestigate optimized performance of RF-powered delay-limited
cooperative communication, the analysis and optimization
results in Sections IV and V provide useful insights on optimal
TA and RP in delay-tolerant communication scenario as well,
because the optimized solutions follow a similar trend in
ergodic capacity based TMP, as shown in [19], [38].

3) Adopting Power Splitting (PS) Scheme at EH Destina-
tion: We have preferred time switching (TS) over PS at D
to have single protocol to control all the stages. However,
even for PS scheme the optimization formulation and solution
methodology is similar to that proposed in Sections III,
IV, and V. Interestingly the global-optimal RP solution and
its analytical approximation in TMP-RP remain unchanged
irrespective of whether PS or TS is employed at D.

VIII. CONCLUDING REMARKS

To summarize, we have proposed a novel i’RES-assisted
cooperative communication between energy-constrained wire-
less nodes. Since the LoS signal component can be strong
in communications involving RF-ET, in system performance
analysis we have considered Rician channel model, where we
have proposed a highly accurate exponential approximation.
Via closed-form analysis and generalized-convexity proofs,
we have captured the optimal system performance under
constrained RP (TMP-TA) and constrained TA (TMP-RP), as
well as in an unconstrained RP and TA (TMP-J) scenario.
The analytical approximation results have been validated by
numerically-obtained global-optimal solutions as well as via
extensive Monte-Carlo simulations. Our results show that
TMP-RP, TMP-TA, and TMP-J offer respectively about 30%,
75%, and 200% more gain with respect to fixed TA-RP scheme
in terms of achievable throughput for a given EH requirement
at the source and destination. In light of the projected RF-EH
technology growth, we have also discussed significance of the
considered system architecture towards green communication
system. We believe that the results in this paper will provide
a benchmark for the realization of perpetual operation of IoT
and relay-assisted machine-to-machine communications.

APPENDIX A
PROOF OF THEOREM 1

Here we prove generalized-convexity of TMP-TA by show-

ing pseudoconcavity of its objective in ps, followed by con-
vexity of C'9-C'11 and global-optimality of the KKT point.

Pseudoconcavity of T in pa: Using (13), (12), and defini-
tions of CCDF F,  and F, — of 7., and v, respectively

given in Lemmas 2 and 3, 7 = R (F,YS,R) (F,y, ) As log-

RD

concavity of F,, " in py is proved in Lemma 3, we next prove
pseudoconcavity of F,_in ps.

Lemma 2: The CCDF of the received SNR ~,, at R is
pseudoconcave function of TA ps.

Proof: The CCDF F, = of 7,, which is defined as:
F"/s:R
(12). First, we prove the log-concavity of F, ~in pa by
showing its unimodality. The critical point or mode (maxima)

£ Pr {'ysfk > 27 — 1| can be obtained from (11) and

F.
TSR

of F,yw in py, ie., —=

= (), is obtained by solving (A.1).

27 RIn(2) (1= py, —202) = p2 (1= p3,) (272 = 1)

=0
- 2
2 Ko (2)] " p2 (1 - oL, — 202)
(A1)
Ba | P2 (2571>
where Z = €1 (dyy) T35, | - The solution of
ET
(A ist p2 = 7o & (1*@%
o G [w (-4 1)

with W () as the Lambert function [37]. If po > p, .,
OF, L _ F,
—52% < 0. Otherwise if po < p,c, then —55% > 0. As

unimodality of a single variable function is equivalent to its
pseudoconcavity [39, Propositions 3.8 and 3.27], this proves
that F,,__ is unimodal and pseudoconcave function of p;. M
Lemma 3: The CCDF of received SNR 7,,,, at D in i’RES-
assisted RF-EH communication over Rician channels is log-
concave in both TA ps and RP d,,, with d,, = D+ —d,,,.
Proof: Log-concavity of a function can be proved by
showing concavity of log of that function [36], [39]. Using (10)
and (12), we observe that CCDF m £ Pr {’yfw > 275 — 1}
of received SNR at D is log-concave in py, because

%, as defined in (A.2), is strictly negative for B > 1:
il R
n(F,,_ . —|RIn(2)( 2,2 B—1)+2 2p2 1
— gjg“) [ (22 ) ﬂz_B(A.z)

T LA Ba] " B
[202 BRE In(2)(dy ) ] p‘21<29271>

Similarly, the log-concavity of F, —in RP d, with d,, =

3 In(F, .
D + 6 — dg, can be proved by showing that % =
SR

3&@2(3&71)(2%71 ?
— [(D+5 ) “4— < 0. This completes the proof. W
%8

Applying [21, Lemma 5] in Lemma 3 given above, we can
show that a positive differentiable log-concave function F,
is also pseudoconcave in po. Finally, using the individual
pseudoconcavity of F, ~and F, ~ in ps, along with the
result that product of two positive pseudoconcave functions
is pseudoconcave [39], we have proved the pseudoconcavity
of 7 in pg for R > 0.

Convexity of C9—-C11: The function corresponding to C'9,

A (1_2”2_’7* )nSaRSPRGRGi
Feo (p2) = m(dz)a%mpmx s

— 1, is convex in pgy
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(feasibility condition (23) for TMP-TA). Remaining two con-
straints C'10-C'11 are affine (or convex) functions of ps.

Global-Optimality of the KKT Point in TMP-TA: As the
objective function 7 of TMP-TA is pseudoconcave in ps and
constraints C'9-C'11 are differentiable and convex, on using
[36, Theorem 4.3.8] it can be shown that KKT point of TMP-

TA yields the global-optimal solution.

because

APPENDIX B
PROOF OF THEOREM 2

Before proving generalized-convexity of TMP-RP, we
present the following useful results.

Lemma 4: A positive non-increasing log-concave transfor-
mation & (-) of a positive convex function ¥ (-) is log-concave,
i.e., composition (® o ¥) is log-concave.

Proof: As VU (x) is a convex function of z, ¥"(x) =

;’(T) > 0. Similarly, non-increasing log-concave [39], [40]

9% In(®(x)) <I>”(x)
Ox? P(x)

transformation @ (z) implies that
AN 2
((g((f))) <0and ¥'(x) = % < 0. To prove log-concavity
2 .
of (¥ o ¥) (), we next show that % <0.

0?In (P (¥ () _[W(@)] " (U(x)  [¥(x)] [@(¥(x)))”
Oa? &Y ()) [@(¥(2))]’
V() @' (¥(x))
LTI (B.1)

is non-positive, i,e.,

On applying log-concavity of the transformation @ (-) in (B.1),
it is observed that the difference of first and second2 erms
2 [ @"(¥(x)) @' (¥(x))
(V'@ | Fee) — i@(wu))i ; <
0, Further, the third term % in (B.1) is non-
positive because W”(z) is non-negative due to convexity of
¥, ®'(U(x)) is non-positive due to non-increasing nature of
®, and ®(P¥(x)) is a positive transformation. This proves that
2
% < 0 and composition (P o ¥) is log-concave. W
Lemma 5: CCDF of received SNR +,, at R in proposed
model is log-concave in RP d,,,.

Proof: Using the definition given in Lemma 2, we con-
sider F, . = (® o ¥) as a composite function, where ¢ () =
; B
p2 (2%—1> :

1=2p2—p7.

)'BO[

x Kq (x) and ¥ (d, . Strict-

)=Ci(d
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convexity of ¥ in d,, can be observed from the fact that:
W = Ba (Ba — 1) el (dy, ) > W(d,,)>0.

Regarding the properties of ® (x) = = Kj (x), we note
that it is a bounded positive non-increasing function, where
0 <z Kj (x) < 1. Next we prove the log-concavity of ® (z).

®In(®(x)) _ 9’ In(zKi(z)) _ 1—
Ox2 Ox2 -

Ko(z) _ (Ko(l)
z K1 (z) Ki(z)

)(B 2)

With z > 0, as Kq(z) > 0 and 0 < 2z Ky(z) < 1, neg-
(K1 (2)]°+4—Ki ()
2 9’

ativity of (B.2) requires that if KO( ) <

Ko(l‘)Kl(’E) .
then ¢z < K, (”)]Th[K R (Ko ()]’ Wthh can be easily observed to

be always true us, we showed that composition function

m is a positive non-increasing log-concave transformation
® () of a positive convex function W (d,, ). This along with
Lemma 4 proves that I, is log-concave in RP d,. u

Using the above results from Lemmas 4, 3, and 5, pseudo-
concavity of 7 in d,, for a fixed TA can be proved in three
steps. First, using Lemmas 3 and 5, we show that CCDF of
both ~v,, and v, are log-concave in d,,. Second, by using
the property that log-concavity is preserved under positive
product [35], [40], we show that 7, which is a positive product
of F,  ~and F, . islog-concave in dg, . Finally from [2I,
Lemma 5], we show that a positive differentiable log-concave
function 7 is pseudoconcave in d,,. Apart from this, the
convexity of box constraints dig < d,, and d,, < dus,
proves the generalized-convexity of TMP-RP.

APPENDIX C
PROOF OF THEOREM 3

The joint-pseudoconcavity of 7, objective function of TMP-
J, in po and d,, is proved in three steps. First, from
Lemma 3 we observe that F, ~ is a strictly-increasing as
well as strictly log-concave (or strictly-pseudoconcave using
positivity of FAYM) and [21, Lemma 5]) function of both
p2 and d,,. Using this result along with the property that
product of two positive strictly-pseudoconcave function is also
pseudoconcave [39], we prove joint-pseudoconcavity of F,
in po and d,,. Second, we prove joint-pseudoconcavity of
F,,, in p2 and d,, using Lemma 6 which presented at the
end of this Appendix. Using the above two steps along with
pseudoconcavity preserving property of a positive product in
=R (7 ) (
d

K) , joint-pseudoconcavity of 7 in p, and
s can be observed for R > 0.
Lemma 6: The CCDF of received SNR ~,, at R is jointly-
pseudoconcave in py and d,.,
Y (dsy)zm

Proof: We define g1 £ py (2% - 1) = 120,17,
_ 5
such that F, ~ = K (61 (9192)* ) C1(g192) 2. As 27‘25 =

2°2 [R;n(Q)]z we

> 0, SR

P and ¢; is independent of d
2
claim that g; is jointly and strictly-convex in po and dg,.

Next we prove the joint strict-convexity of g» by observing
that 2 = SUs) ™0 o oty B 2 (Ba)?
a3 (p1)? 0dg, (p1)?
a—1 a—1 2
Cep (dJ{’D) Cps (dsk) _ Pt a(Ba—1)(p1)*
Npagp GrGp Py Nggs Py Gr Gy dgx [2B]~ a2
Cpp (dawj)(HZ CE%( )a : O3
ala — 1 > 0,
+<77®‘1921>G92GDP92 s Axs RG Gy ( )pl
8(Ba—1)(dg, ) """

and determinant of Hessian matrix of g is:

T8
2 (d) ¢ )
@) ~ CEs deR ° CE'DdSIR dﬂ?'D
x (dSR <2p1 + Ngags PrGrGy NpagpGx Gy Py =
0,V(p1 > 0)A (> 2)A(dyy = D+ 6 —d,, ). This proves

strict joint-convexity of go in p2 and d,. As product of two
positive strictly-convex functions is pseudoconvex [39], we are
able to show that g; g- is jointly-pseudoconvex in py and d,, .
Also, as Clx% K, Glx%
of x for €; > 0, B > 1, and non-increasing transformation
of a pseudoconvex function is pseudoconcave [35], we show

that F,__ is jointly-pseudoconcave in pz and dg,. [ ]

is a strictly decreasing function
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