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Abstract

Energy harvesting is a promising solution to prolong therapen of energy-constrained wireless networks. In
particular, scavenging energy from ambient radio signasnelywireless energy harvesting (WEH), has recently
drawn significant attention. In this paper, we consider aptmi-point wireless link over the narrowband flat-fading
channel subject to time-varying co-channel interfereticis.assumed that the receiver has no fixed power supplies
and thus needs to replenish energy opportunistically vidMfam the unintended interference and/or the intended
signal sent by the transmitter. We further assume a singfieraa receiver that can only decode information or
harvest energy at any time due to the practical circuit &tioh. Therefore, it is important to investigate when the
receiver should switch between the two modes of informatiecoding (ID) and energy harvesting (EH), based on
the instantaneous channel and interference conditiomisrpaper, we derive the optimal mode switching rule at the
receiver to achieve various trade-offs between wireleksnmation transfer and energy harvesting. Specifically, we
determine the minimum transmission outage probabilitydelay-limited information transfer and the maximum
ergodic capacity for no-delay-limited information trassfersus the maximum average energy harvested at the
receiver, which are characterized by the boundary of seadbutage-energy” region and “rate-energy” region,
respectively. Moreover, for the case when the channel stdbemation (CSI) is known at the transmitter, we
investigate the joint optimization of transmit power catinformation and energy transfer scheduling, and the
receiver’s mode switching. The effects of circuit energn@amption at the receiver on the achievable rate-energy
trade-offs are also characterized. Our results providéuligaidelines for the efficient design of emerging wireless
communication systems powered by opportunistic WEH.

Index Terms

Energy harvesting, wireless power transfer, power contaoling channel, outage probability, ergodic capacity.

I. INTRODUCTION

In conventional energy-constrained wireless networks ag sensor networks, the lifetime of the network is
an important performance indicator since sensors are lyseglipped with fixed energy supplies, e.g., batteries,
which are of limited operation time. Recently, energy hatvey has become an appealing solution to prolong the
lifetime of wireless networks. Unlike battery-poweredwetks, energy-harvesting wireless networks potentially
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have an unlimited energy supply from the environment. Cgusetly, the research of wireless networks powered
by renewable energy has recently drawn a great deal of imtte(see e.g..[1] and references therein).

In addition to other commonly used energy sources such @ aold wind, ambient radio signals can be a
viable new source for wireless energy harvesting (WEH)c&iradio signals carry information as well as energy
at the same time, an interesting new research directionglyateimultaneous wireless information and power
transfer”, has recently been pursued [2]-[4]. The aboverpriorks have studied the fundamental performance
limits of wireless information and energy transfer systamsler different channel setups, where the receiver is
assumed to be able to decode the information and harvesmt@rgyefrom the same signal, which may not be
realizable yet due to practical circuit limitationis| [4]. @@quently, a so-called “time switching” scheme, where
the receiver switches over time between decoding infoonadind harvesting energy, was proposed In [4] and [5]
as a practical design. In this paper, we investigate furthertime-switching scheme for a point-to-point single-
antenna flat-fading channel subject to time-varying cackehinterference, as shown in F[d. 1. Our motivations
for investigating time switching are as follows. Firstlyjtivtime switching, off-the-shelf commercially available
circuits that are separately designed for information deapand energy harvesting can be used, thus reducing the
receiver's complexity as compared to other existing designg., “power splitting”[[4] and “integrated receiver”
[6]. Secondly, time switching judiciously exploits the fadhat (1) information and energy receivers in practice
operate with very different power sensitivity (e.g., -10dBor energy receivers versus -60dBm for information
receivers); and (2) wireless transmissions typically eigpee time-varying channels (e.g., due to shadowing and
fading) and/or interferences (e.qg., in a spectrum shamwir@ment), which fluctuate in very large power ranges
(e.g., tens of dBs). Therefore, a time-switching receivam atilize both the energy/information receiver power
sensitivity difference and channel/interference powanadyics to optimize its switching operation. For example,
the receiver can be switched to harvest energy when the ehéminterference) is strong, or decode information
when the channel (or interference) is relatively weaker.

In this paper, we assume that the transmitter has a fixed pswggly (e.g., battery), whereas the receiver has
no fixed power supplies and thus needs to replenish energwil from the received interference and/or signal
sent by the transmitter. We consider apportunistic WEH at the single-antenna receiver, i.e., the receiver can
only decode information or harvest energy at any given tioo¢ not both. As a result, the receiver needs to decide
when to switch between an information decoding (ID) mode andnergy harvesting (EH) mode, based on the
instantaneous channel gain and interference power, whigtagsumed to be perfectly known at the receiver. In
this paper, we derive the optimal mode switching rule at #eiver to achieve various trade-offs between the
minimum transmission outage probability (if the infornaatitransmission is delay-limited) or the maximum ergodic
capacity (if the information transmission is not delayitid) in ID mode versus the maximum average harvested
energy in EH mode, which are characterized by the boundatlieoko-called “outage-energy (O-E)” region and
“rate-energy (R-E)” region, respectively. Moreover, fbetcase when the channel state information (CSI) is known
at both the transmitter and the receiver, we examine thenaptilesign of transmit power control and scheduling
for information and energy transfer jointly with the reaaig mode switching, to achieve different boundary pairs
of the O-E region or R-E region. One important property of pheposed optimal resource allocation scheme is
that the received signals with large power should be switdoethe EH mode rather than ID mode, which is
consistent with the fact that the energy receiver in gertemala poorer sensitivity (larger received power) than the



information receiver.

It is worth noting that from a traditional viewpoint, interence is an undesired phenomenon in wireless
communication since it jeopardizes the wireless channghady if not being decoded and subtracted completely.
In the literature, fundamental approaches have been apieleal with the interference in wireless information
transfer, e.g., decoding the interference when it is stf@hgr treating the interference as noise when it is wéak [8],
[Q]. Recently, another approach, namely “interferencgratient”, was proposed [110], where interference signals
are properly aligned in a certain subspace of the receigthbkat each receiver to achieve the maximum degrees
of freedom (DoF) for the sum-rate. Different from the abowerke, this paper provides a new approach to deal
with the interference by utilizing it as a new source for WHitbwever, the fundamental role of interference in
emerging wireless networks with simultaneous informatma power transfer still remains unknown and is thus
worth further investigation.

It is also worth pointing out that recently, another line ekearch on wireless communication with energy-
harvesting nodes has been pursued (seele.g.[[11]-[14] fer@mees therein). These works have addressed energy
management policies at the transmitter side subject tonmittent and random harvested energy, which are thus
different from our work that mainly addresses opportunistireless energy harvesting at the receiver side.

The rest of this paper is organized as follows. Sedtibn Ispnés the system model and illustrates the encoding
and decoding schemes for wireless information transfen wfiportunistic energy harvesting. Section 1l defines
the O-E and R-E regions and formulates the problems to cteaize their boundaries. Sectidns| IV V present
the optimal mode switching rules at the receiver, and poweatrol and scheduling polices for information and
energy transfer at the transmitter (if CSl is known) to aehiearious O-E and R-E trade-offs, respectively. Section
VIlextends the optimal decision rule of the receiver to theecahere the receiver energy consumption is taken
into consideration. Sectidn VIl provides numerical restit evaluate the performance of the proposed schemes as
compared against other heuristic schemes. Finally, Se®fiilconcludes the paper.

II. SYSTEM MODEL

As shown in Fig[1L, this paper considers a wireless poimgeint link consisting of one pair of single-antenna
transmitter (Tx) and receiver (Rx) over the flat-fading aelnlt is assumed that there is an aggregate interference at
Rx, which is within the same bandwidth as the transmittedaifrom Tx, and changes over time. For convenience,
we assume that the channel from Tx to Rx follows a block-fadimodel [15]. Since the coherence time for the
time-varying interference is in general different from ttleannel coherence time, we choose the block duration
to be sufficiently small as compared to the minimum coherdimse of the channel and interference such that
they are both assumable to be constant during each blockntiasion. It is worth noting that the above model is
an example of the “block interference” channel introduaedli6]. The channel power gain and the interference
power at Rx for one particular fading state are denoted. () and(v), respectively, where denotes the joint
fading state. It is assumed thatv) and I(v) are two random variables (RVs) with a joint probability digns
function (PDF) denoted by, (h, ). At any fading state’, h(v) andI(v) are assumed to be perfectly known at
Rx. In addition, the additive noise at Rx is assumed to be aulrly symmetric complex Gaussian (CSCG) RV
with zero mean and varianee’.

We consider block-based transmissions at Tx and the tiniteting scheme [4] at Rx for decoding information
or harvesting energy at each fading state. Next, we eladdinatencoding and decoding strategies for our system
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Fig. 2. Encoding and decoding strategies for wireless médion transfer with opportunistic WEH (via receiver modeitshing). The
height of the block shown in the figure denotes the signal powe

of interest in the following two cases: Casefl(v) and I(v) are unknown at Tx for all the fading states wof
referred to a<CS Unknown at Tx; and Case Ilh(v) andI(v) are perfectly known at Tx at each fading state
referred to a<CS Known at Tx (CSIT).

First, consider the case of CSI Unknown at Tx. As shown in Bi{@), in this case Tx transmits information
continuously with constant powep for all the fading states due to the lack of CSIT. At each fgdatater,

Rx decides whether to decode the information or harvest tieegg from the received signal based bf) and
I(v). For example, as shown in Figl. 2(a), time slots 1 and 3 arecbedt to EH mode at Rx, while time slot 2 is
switched to ID mode. For convenience, we define an indicatoctfon to denote the receiver's mode switching
at any giverw as follows:
o(v) = { 1, ID mode itq acti?fe )
0, EH mode is active.

Next, we consider the case of CSI Known at Tx, i.e., the chiaga h(v) and interference powef(v) are
known at Tx for each fading state In this case, Tx is able to schedule transmission for in&diom and energy
transfer to Rx based on the instantaneous CSI. As shown 2y, Tx allocates time slot 1 for energy transfer,
time slot 3 for information transfer, and transmits no sigria time slot 2. Accordingly, Rx will be in EH mode
(i.e., p(v) = 0) to harvest energy from the received signal (including titerference) in time slot 1 or solely from
the received interference in time slot 2, but in ID mode (i#gr) = 1) to decode the information in time slot



3. In addition to transmission scheduling, Tx can implengower control based on the CSI to further improve
the information/energy transmission efficiency. pét)) denote the transmit power of Tx at fading stateln this
paper, we consider two types of power constraintsp@n), namelyaverage power constraint (APC) andpeak
power constraint (PPC) [15]. The APC limits the average transmit power of Teroall the fading states, i.e.,
E,[p(v)] < P, WwhereE,[] denotes the expectation over In contrast, the PPC constrains the instantaneous
transmit power of Tx at each of the fading states, pgw) < Phcak, Yv. Without loss of generality, we assume
P.ve < Pyeak- FOr convenience, we define the set of feasible power altutais

P {p(V) : E,,[p(l/)] < Pavg7p(V) < Ppcak,VI/}. (2)

[1l. I NFORMATION TRANSFER ANDENERGY HARVESTING TRADE-OFFS INFADING CHANNELS

In this paper, we consider three performance measures awiigh are the outage probability and the ergodic
capacity for wireless information transfer and the avetzywested energy for WEH. For delay-limited information
transmission, outage probability is a relevant perforneamdicator. Assuming that the interference is treated
as additive Gaussian noise at Rx and the transmitted sign@aussian distributed, the instantaneous mutual
information (IMI) for the Tx-Rx link at fading state is expressed as

r(v) = p(v)log (1 + %) . (3)

Note thatr(v) = 0 if Rx switches to EH mode (i.ep(v) = 0). Thus, considering a delay-limited transmission
with constant rate, following [17] the outage probability at Rx can be exprekas

e=Pr{r(v) <ro}, (4)

where Pr{-} denotes the probability. For information transfer with@8IT, the receiver-aware outage probability
is usually minimized with a constant transmit power, i) = P, = P, Vv [17], whereas in the case with
CSIT, the transmitter-aware outage probability can beh&rmrminimized with the “truncated channel inversion”
based power allocation [18], [19].

Next, consider the case of no-delay-limited informaticaanamission for which the ergodic capacity is a suitable
performance measure expressed as

R=E,[r(v)]. (5)

For information transfer, if CSIT is not available, the edgocapacity can be achieved by a random Gaussian
codebook with constant transmit power over all differerdifigg states[[20]; however, with CSIT, the ergodic
capacity can be further maximized by the “water-filling” bdgpower allocation [19].

On the other hand, the amount of energy (normalized to tmstnégssion block duration) that can be harvested
at Rx at fading state is expressed aQ(v) = a(1 — p(v)) (h(v)p(v) + I(v) + 02), Wherea is a constant that
accounts for the loss in the energy transducer for conggetlia harvested energy to electrical energy to be stored;
for convenience, it is assumed that= 1 in this paper. Moreover, since the background thermal nogseconstant
power o2 for all the fading states ane is typically a very small amount for energy harvesting, weyrignore
it in the expression o€)(v). Thus, in the rest of this paper, we assume

Q) = (1 p)) (h(w)p(v) +1(v)). (6)
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Fig. 3. Examples of O-E region and R-E region with or witho&IT

The average energy that can be harvested at Rx is then given by

Qavg = El/ [Q(V)] (7)

It is easy to see that there exist non-trivial trade-offsseigning the receiver modgr) and/or transmit power
p(v) (in the case of CSIT) to balance between minimizing the acutpgbability or maximizing the ergodic
capacity for information transfer versus maximizing therage harvested energy for WEH. To characterize such
trade-offs, for the case when information transmissiondkaygtimited, we introduce a so-callgdutage-Energy
(O-E) region (defined below) that consists of all the acHi¥aon-outage probability (defined ds= 1 — ¢ with
outage probability: given in [4)) and average harvested energy pairs for a gigenfsgransmit power constraints,
while for the case when information transmission is not yiilaited, we use anotheRate-Energy (R-E) region
(defined below) that consists of all the achievable ergodipacity and average harvested energy pairs. More
specifically, in the case without (w/0) CSIT, the correspgogdO-E region is defined as

C(V)V/_OECSIT A U {(5, Qavg) 1 6 < Pr{r(v) > ro}, Qave < E, [Q(V)] }, (8)

p(v)e{0,1},Vv
while in the case with CSIT, the O-E region is defined as

Cyith CSIT & U {(5, Qavg) 1 0 < Pr{r(v) 2 ro}, Qavg < By [Q(v)] } (9)

p(v)EP,p(v)e{0,1},Vv
On the other side, in the case without CSIT, the R-E regiorefindd as

/5 Y {(R, Qavg) : R < B[r(v)], Quvg < B, [Q(v)] } (10)

p(v)e{0,1},Vv

while in the case with CSIT, the R-E region is defined as

oSt | {(R, Queg) : R < B, [r(1)], Quvs < B, [QW)] } (11)

p(v)eP,p(v)e{0,1},Vv
Fig.[3(a) and Fig[13(b) show examples of the O-E region withmuwith CSIT (see Sectiorls TVAA arld TViB
for the details of computing the O-E regions for these twaesasind the R-E region without or with CSIT (see
Sectiond V-A and_V-B for the corresponding details), resipely. It is assumed thaP,,, = 5, Pyeax = 20,



02 = 0.5, ro = 0.3, h(v) andI(v) are independent exponentially distributed RVs with mgamd3, respectively.
It is observed that CSIT helps improve both the achievabtagmienergy and rate-energy trade-offs.

It is observed from Fid.]3 that in each region, there are twmblary points that indicate the extreme performance
limits, namely,(dmax, @min) @Nd (dmin, @max) for the O-E region, o Ryax, Qmin) and (Rmin, @max) for the R-E
region. For brevity, characterizations of these vertexngoare given in Appendix.

Since the optimal trade-offs between the non-outage pibityargodic capacity and the average harvested
energy are characterized by the boundary of the correspgr@iE/R-E region, it is important to characterize all
the boundary(d, Qavg) O (R, Qave) pairs in each case with or without CSIT. From Hig. 3, it is etsybserve
that if Quve < Qmin, the non-outage probability,,.x Or ergodic capacity,,.x can still be achieved for both
cases with and without CSIT. Thus, the remaining boundarthefO-E region yet to be characterized is over
the intervalsQumin < Qave < Qmax and dpmin < 0 < dmax, While that of the R-E region is over the intervals
Qmin < Qavg < Qmax aNd Ryyin < R < Riax.

For the O-E region, we introduce the following indicator ¢tion for the event of non-outage transmission at
fading statev for the convenience of our subsequent analysis:

X() = { 1, if r(v) >ro (12)

0, otherwise.

It thus follows that the non-outage probabilitycan be reformulated as
d=Pr{r(v) >ro} = E,[X(v)]. (13)
Then, we consider the following two optimization problems.

(P1): Maximize F,[X(v)]
{p(v)}

Subject to E,[Q(v)] > Q
pv) € {0,1}, Vv

P2): Maximize FE,[X(v
(F2) {p@).p(v)} LX)

Subject to E,[Q(v)] > Q
p(v) € P, Yv
p(v) € {0,1}, Vv
where(Q is a target average harvested energy required to maintaimetteiver's operation. By solving Problem
(P1) or (P2) for allQuin < Q < Qmax, We are able to characterize the entire boundary of the CgBnefor the

case without CSIT (defined ifl(8)) or with CSIT (defined [ih (9))
Similarly, for the R-E region, we consider the following twptimization problems.

P3): Maximize FE,|r(v
(P3): Maxinize L,[r(v)

Subject to E,[Q(v)] > Q
pv) € {0,1}, Vv



P4): Maximize FE,|r(v
(P4) {p@).p(v)} )]

Subject to E,[Q(v)] > Q
p(v) € P, Vv
p(v) € {0,1}, Vv

Then, by solving Problem (P3) or (P4) for &@ll..i, < Q < Qmax, We can characterize the boundary of the R-E
region for the case without CSIT (defined in(10)) or with CStiEfined in [(11)).

It is observed that the objective function of Problem (P2jniggeneral not concave ip(v) even if p(v)’s
are given. Furthermore, due to the integer constraiph € {0,1}, Vv, Problems (P1)-(P4) are in general non-
convex optimization problems. However, it can be verifiedt thll of them satisfy the “time-sharing” condition
given in [21]. To show this for Problem (P1), lét;(Q) denote the optimal problem value given the harvested
energy constrain), and{p®(v)} and{p’(v)} denote the optimal solutions given the harvested energgtints
Q® and Q°, respectively. We need to prove that for afy< 6 < 1, there always exists at least one solution
{p°(v)} such thatE,[X¢(v)] > 6®1(Q%) + (1 — 0)P5(Q%) and E,[Q°(v)] > 0Q* + (1 — 0)QP, whereQ°(v) =
(1—=p°(v)) (h(v)P+I(v)) andX“(v) is defined accordingly as il {112). Due to the space limitatibe above proof
is omitted here. In fact, the “time-sharing” condition irigd that®;(Q) is concave inQ, which then guarantees
the zero duality gap for Problem (P1) according to the coraealysis in [[22]. Similarly, it can be shown that
strong duality holds for Problems (P2)-(P4). Thereforethie following two sections, we apply the Lagrange

duality method to solve Problems (P1)-(P4) to obtain thénogdt O-E and R-E trade-offs, respectively.

IV. OUTAGE-ENERGY TRADE-OFF
In this section, we study the optimal receiver mode switghivithout/with transmit power control to achieve

different trade-offs between the minimum outage probgbidind the maximum average harvested energy for both
cases without and with CSIT by solving Problems (P1) and,(R&pectively.

A. The Case Without CST: Optimal Receiver Mode Switching

We first study Problem (P1) for the CSIT-unknown case to @etie optimal rule at Rx to switch between EH
and ID modes. The Lagrangian of Problem (P1) is formulated as

L(p(v), A) = E[X ()] + A (E,[QW)] - Q) , (14)

where A > 0 is the dual variable associated with the harvested energgtnt Q. Then, the Lagrange dual
function of Problem (P1) is expressed as
A) = max  L(p(v), ). 15
o) = max  L(p(v), ) (15)
The maximization probleni_(15) can be decoupled into pdrallbproblems all having the same structure and each
for one fading state. For a particular fading statghe associated subproblem is expressed as
L97E 16
Jnax Ly (p), (16)

where L9~F(p) = X 4+ AQ. Note that we have dropped the indexor the fading state for brevity.



To solve Problem[(16), we need to compare the valuesbf® (p) for p = 1 and p = 0. It follows from (),
(I2) and [(14) that whep = 1,

1, if Ly > €9l
L0 B(p=1)=4 = T T (17)
0, otherwise

and whenp = 0,
LO7E(p =0) = \bP 4 AL (18)

Thus, the optimal solution to Problem {16) is obtained as
o { 1, if s > 5L and AP+ A < 1

0, otherwise.

(19)

With a given \, Problem [(15) can be efficiently solved by solving Problé)(for different fading states.
Problem (P1) is then solved by iteratively solving Problébd)(with a fixed A\, and updating\ via a simple
bisection method until the harvested energy constraintas with equality [23].

Next, we examine the optimal solutigrf to Problem (P1) to gain more insights to the optimal receiwede
switching in the case without CSIT. With a given harvesteergy constraint), we define the region on the, I)
plane consisting of all the poin{s:, I) for which the optimal solution to Problem (P1) 48 = 1 (versusp* = 0)
as the optimal ID region (versus the optimal EH region). kemnore, let\* denote the optimal dual solution to
Problem (P1) corresponding to the givén Then, from [34) the optimal ID region for Problem (P1) is egsed
as

h e —1

DID(A*)é{(h,I):I+U2> e ,1>/\*hP+>\*I,h>O,I>O}. (20)

The rest of the non-negativé, ) plane is thus the optimal EH region, i.e.,

Deu(\*) £ RI\Dm(\), (21)

whereR? denotes the two-dimensional nonnegative real domain 48 denotes the setz|z € A and z ¢ B}.

An illustration of Dip (A\*) andDgy (M*) is shown in Figl# with) > Q... It is noted that to meet the harvested
energy constraing), we need to sacrifice (increase) the outage probability rftarination transfer by allocating
some non-outage fading states in the region= {(h,I) : log (1 + %) > ro} to EH mode. An interesting
question here is to decide which portion &f should be allocated to EH mode. It is observed from Eig. 4 that
the optimal way is to allocate alh, I) pairs satisfyingl < \*hP + \*I or hP + 1 > Al in # to EH mode, i.e.,
the fading states with sufficiently large signal plus inteehce total power values at Rx should be allocated to EH
mode. This is reasonable since if we have to allocate a nemainber of fading states ik to EH mode, i.e.,
increase the transmission outage probability by the sanmeiamthese fading states should be chosen to maximize
the harvested energy at Rx.

Furthermore, note that* increases monotonically wit). Thus, the boundary lind*hP+\*I = 1 that separates
the optimal ID and EH regions in Figl 4 will be shifted down Jésincreases, and as a resfifp (\*) shrinks. It
can be shown that ik* > m thenDip (A*) = @, which corresponds to the poifd,i, = 0, Qmax) Of the
O-E region shown in Fid.13(a) for the case without CSIT.

It is worth noting that if/(v) = 0, Vv, then the optimal ID region reduces Tp(\*) = {h : (6");1)"2 <h<
ﬁ}, and the rest of thé-axis is thus the EH region. In this case, the outage fadiatest < (0, (87‘0;1)"2)
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Fig. 4. lllustration of the optimal ID and EH regions for cheterizing O-E trade-offs in the case without CSIT.

are all allocated to EH mode since they cannot be used by IDemddwever, the harvested energy in the outage
states only accounts for a small portion of the total haradsnergy due to the poor channel gains. Most of the
energy is harvested in the intervale (#, o0), i.e., when the channel power is above a certain threshold.

B. The Case With CSIT: Joint Information/Energy Scheduling, Power Control, and Receiver Mode Switching

In this subsection, we address the case of CSI known at Txcamitlj optimize the energy/information scheduling
and power control at Tx, as well as EH/ID mode switching até&dormulated in Problem (P2). LatandS denote
the nonnegative dual variables corresponding to the aedrag/ested energy constraint and average transmit power
constraint, respectively. Similarly as for Problem (P1oltem (P2) can be decoupled into parallel subproblems
each for one particular fading state and expressed as (loyiignthe fading index)

LY E(p, p), (22)

max
0<p< Pyeax,p€{0,1}

where LO~F(p, p) = X + AQ — Bp. To solve Problen{22), we need to compare the optimal vaiids’—F (p, p)
for p =1 andp = 0, respectively, as shown next.
Whenp = 1, it follows that

1— if p>p
LYy (pp=1) = b =D (23)
—0p, otherwise

(er0—-1)(I+0?)
h

wherep = . It can be verified that the optimal power allocation for tie rhode to maximize[(23)

subject to0 < p < Ppcax is the well-known “truncated channel inversion” policy [igiven by

_ . h

b, if T+o02 Zi }Ll

PID = ot (24)
0, otherwise

whereh; = max{B(e™ — 1), 5—L}.

peak
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Whenp = 0, it follows that
LY "(p,p=0) = Ahp + AT — Bp. (25)

Definehy = é. Then the optimal power allocation for the EH mode can be esqed as
Poeax, if h > hg
DPEH = e ) (26)
0, otherwise.

To summarize, we have

— 1- ﬁﬁv if % > h
LB (pip, p=1) = rrer = (27)
0, otherwise;
_ A — B)Pyeax + AL, if h > hy
I i , (28)
A, otherwise.

Then, given any pair o and 3, the optimal solution to Problem (P2) for fading statean be expressed as

. 1, if LY ®(pm,p =1) > L) " (pen, p = 0)
= | (29)
0, otherwise;
* pip, if p* =1
P = . (30)
PEH, if p = 0.

Next, to find the optimal dual variables* and g* for Problem (P2), sub-gradient based methods such as the
ellipsoid method[[23] can be applied. It can be shown thatsthie-gradient for updating\, 8) is [E,[Q*(v)] —

Q, Pave — Eu[p*(v)]], whereQ*(v) andp*(v) denote the harvested energy and transmit power at fadite sta
respectively, after solving Problermn_(22) for a given pairxoédnd 5. Hence, Problem (P2) is solved.

Next, we investigate further the optimal information/agnetransfer scheduling and power control at Tx, as well
as the optimal mode switching at Rx. For simplicity, we onlydy the case of (v) = 0, Vv. From the above
analysis, it follows that there are three possible transimis modes at Tx for the case with CSIT: “information
transfer mode” with channel inversion power control, “@yetransfer mode” with peak transmit power, and “silent
mode” with no transmission, where the first transmission enodrresponds to ID mode at Rx and the second
transmission mode corresponds to EH mode at Rx. We thus d&fihe=H, andB,g on the non-negativk-axis as
the regions corresponding to the above three modes, résggcSince the explicit expressions for characterizing
these regions are complicated and depend on the valu@snti P,,, in the following we will studyBLY, BEH, and
Bog In the special case df; > ho to shed some light on the optimal design. Détand5* denote the optimal dual
solutions to Problem (P2). With; > ho, it can be shown tha8lD = {h: hy < h < h3}, BEH = {h : h > h3} and
Bog = {h : h < h1}, wherehs is the largest root of the equatiok? Pyeakh?® — (8* Ppeak +1)h+ 3% (e —1)a? = 0.
The proof is omitted here due to the space limitation.

An illustration of B2, BEH "and B.g¢ for the case off (v) = 0, Vv, andh; > hy is shown in Fid.b. Similar to
the case without CSIT (cf. Figl 4), the optimal design for tase with CSIT is still to allocate the best channels
to the EH mode rather than the ID mode. However, unlike the eathout CSIT, when the channel condition is

poor, the transmitter in the case with CSIT will shut downtreEnsmission to save power.
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Fig. 5. lllustration of the optimal transmitter and receiveodes for characterizing O-E trade-offs in the case withTC8 is assumed
thatI(v) =0, Vv, andhy > he.

V. RATE-ENERGY TRADE-OFF

In this section, we investigate the optimal resource atlonaschemes to achieve different trade-offs between
the maximum ergodic capacity and maximum averaged haestergy for the two cases without and with CSIT
by solving Problems (P3) and (P4), respectively.

A. The Case Without CST: Optimal Receiver Mode Switching

First, we study Problem (P3) for the CSIT-unknown case tdvdethe optimal switching rule at Rx between
EH and ID modes for characterizing different R-E trade-o8smilarly as in Sectiof IV-A, Problem (P3) can be
decoupled into parallel subproblems each for one partidalding statev, expressed as

LR-E 31
Jnax Ly (n), (31)

where LE=E(p) = r + AQ with X\ > 0 denoting the dual variable associated with the harvestedygrconstraint
Q. Note that we have dropped the indef the fading state for brevity.

To solve Problen(31), we need to compare the valuesiof®(p) for p = 1 andp = 0. Whenp = 1, it follows
that

hP
R-E/ _ 1) —
Ly (p—l)—log<1+l+a2>. (32)
Whenp = 0, it follows that
LEE(p=0) = AhP + A (33)

Thus, the optimal solution to Problefn {31) is obtained as

. 1, if log (14 £2£5) > AhP + Al

0, otherwise.
To find the optimal dual variablg* to Problem (P3), a simple bisection method can be appligtithatharvested
energy constraint is met with equality. Thus, Problem (R3fficiently solved.
Similar to Sectiori IV-A, in the following we characterizeettoptimal ID region and EH region to get more
insights to the optimal receiver mode switching for chaggeing different R-E trade-offs. LeA* denote the
optimal dual variable corresponding to a given energy taggeThe optimal ID region can then be expressed as

I+o
The rest of the non-negativé, ) plane is thus the optimal EH region, i.e.,

Dip(\*) £ {(h,[) : log <1 + ﬂ2> > \*hP + )\*I}. (35)

Deu(\*) £ RI\Dm(\). (36)
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Fig. 6. lllustration of the optimal ID and EH regions for chaterizing R-E trade-offs in the case without CSIT.

DefineGs(h, I) = log (1+ %) — (A*hP + X*I). Fig.[8 gives an illustration of the optimal ID region and EH
region for a particular value o > Qnin.

Next, we discuss the optimal mode switching rule at Rx fori@ghg various R-E trade-offs in the case without
CSIT. Similar to the case of O-E trade-off, for meeting thevieated energy constraid, we need to sacrifice
(decrease) the ergodic capacity for information transfealiocating some fading states to EH mode. Similar to
the discussions in SectignllV, the optimal rule is to allectading states with largest values foffor information
transfer to EH mode. The reason is that although fading stailh good direct channel gains are most desirable
for ID mode, from [(32) and[(33) it is observed that the Lagiangralue of ID mode increases logarithmically
with h, while that of EH mode increases linearly with As a result, wher is above a certain threshold, the
value of LE=E(p = 0) will be larger than that of.}—F(p = 1). In other words, wherk is good enough, we can
gain more by switching from ID mode to EH mode.

It is also observed that as the value)f increases, the optimal ID region shrinks. In the followimge derive
the value of\* corresponding to the pointR,in = 0, @max) in Fig.[3(b). From Fig[6 it can be observed that
Gs(h,I) has two intersection points with theaxis, one of which ig0, 0). It can be shown thatis(h, I = 0) =
log (1+ ’;—f) — A*hP is a monotonically increasing function afin the interval(0, ﬁ], and decreasing function
of h in the interval( 2s 0 ,00). Consequently, i@ =0, i.e,\* = % the other intersection point @¥3(h, I)

P
with the h-axis will coincide with the poin{0,0), and thusDip(A*) = @ if A* > L.

B. The Case With CSIT: Joint Information/Energy Scheduling, Power Control, and Receiver Mode Switching

In this subsection, we study Problem (P4) to achieve diffeaptimal R-E trade-offs for the case of CSIT by
jointly optimizing energy/information scheduling and pawvecontrol at Tx, together with the EH/ID mode switching
at Rx. For Problem (P4), let and 8 denote the nonnegative dual variables corresponding taubege harvested
energy constraint and average transmit power constraspectively. Then, Problem (P4) can be decoupled into
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parallel subproblems each for one particular fading statk expressed as (by ignoring the fading indgx

LY E(p, p), (37)

max
OSPSPpeak 7/76{0,1}

where LE=F(p, p) = r+\Q — Bp. To solve Problen{(37), we need to compare the maximum vatié§—F(p, p)
for p =1 andp = 0, respectively, as shown next.
Whenp = 1, it follows that

_ hp
L:}/{ E(pap =1) =log <1 + m) - Bp. (38)

It can be shown that the optimal power allocation for thisecisthe well-known “water-filling” policy[[19]. Let
p= % — ”—f The optimal power allocation for information transfer daa expressed as

pio = [Bl7", (39)

where[z]? £ max(min(z,b),a).

Whenp = 0, it follows that LR—F(p, p = 0) has the same expression as that giverLin (25), and conséguent
the optimal power allocation for EH modggy, is given by [(26).

To summarize, for ID mode, i% > Ppeak, W have

log(l + hlﬁf:;;k) - 5Ppeak> Thgz > ﬁ
LE_E(PIDaﬂ =1) = log (W) - (1 - @) , B< H% < ﬁ (40)
0. otherwise.
If % < Pyear, We have
log (5t ) — (1 - 2572, s >
LY P, p=1) = & \FT+o) " rio 20 (41)
0, otherwise

For EH mode, the expression 6fF(pgw, p = 0) is the same as that given 0 {28).
Then, given a pair of\ and 3, the optimal solution to Probleri (B7) for fading statean be expressed as

. 1, if LY E(pp,p=1) > Ly E(pgn, p = 0)
Pt = , (42)
0, otherwise;
* _ pp, if p*=1 (43)
pen, if p*=0.

Next, to find the optimal dual variable’s® and 5* for Problem (P4), similarly as in Sectién VB, the ellipdoi
method can be applied. Thus, Problem (P4) is efficientlyeshlv

Next, we investigate further the optimal information/agetransfer scheduling and power control at Tx, as well
as the optimal mode switching rule at Rx. For simplicity, weyoconsider the case df(v) = 0, Vv. Since there
is no interference, it can be observed frdm] (42) dnd (43) tihexte are three possible transmission modes at Tx
for the case with CSIT: “information transfer mode” with wefilling power control, “energy transfer mode” with
peak transmit power, and “silent mode” with no transmissighere the first transmission mode corresponds to 1D
mode at Rx and the second transmission mode corresponds tadeld at Rx. Similar to the analysis in Section
IV-B] we can defineBL, BEH and B.¢ on the non-negativé-axis as the regions corresponding to the above
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Fig. 7. lllustration of the optimal transmitter and receiveodes for characterizing R-E trade-offs in the case withTCB is assumed
that I(v) = 0, Vv, and Bi < Poeak-

three modes, respectively. Lat and g* denote the optimal dual solutions to Problem (P4). For lyeun the
following we only present the expressions of the above regio the case o% < Pyeak- It can be shown that in
this caseBY = {h: 8*0? < h < hy}, BEH = {h: h > hy} andB.g = {h : h < 3*0?%}, wherehy is the largest
root of the equationlog B*h02 -1+ B*T"Q — N*hPpeak + 8% Ppeax = 0, Which can be obtained by the bisection
method over the intervs(l%,oo). The proof is omitted here due to the space limitation.

An illustration of B!, BEH and B,g in the case without interference amitt < ﬁ is given in Fig.[T.
Compared with the case without CSIT (cf. Fig. 6), it can beilsily observed that the channels with largest
power are allocated to EH mode. However, when the channelitiam is very poor, the transmitter will shut down

its transmission to save power in the case with CSIT, instdatdansmitting constant power in the case without

CSIT.

VI. CONSIDERATION OFRECEIVER ENERGY CONSUMPTION

In the above analysis, we have ignored energy consumptiotieaeceiver for the purpose of exposition. In
this section, we extend the result by considering the receinergy consumption. Firstly, we explain in more
details the operations of the receiver in each block and tweresponding energy consumptions as follows. At the
beginning of each block, the receiver estimates the chaammelinterference power gains to determine which of
the EH/ID mode it will switch to, where we assume a constaetgyn®), being consumed. After that, suppose the
receiver switches to EH mode. Since practical energy receiare mostly passive![6], we assume that the energy
consumed by the energy receiver is negligibly small and taumsbe ignored. However, if the receiver switches to
ID mode, more substantial energy consumption is requirgdf@® simplicity, we assume that a constant power
Py incurs due to the information receiver when it is switched lonthe following, we will study the effect of
the above receiver power consumptions on the optimal dparaf the time-switching receiver. Due to the space
limitation, we will only study the O-E trade-off in the casdtiout CSIT, while similar results can be obtained
for other cases.

Let Q;(v) = p(v)P; denote the receiver power consumption due to ID mode at dasliater, and@ denote
the net harvested energy obtained by subtraalp@nd E, [Q;(v)] from the harvested enerdy, [Q(v)]. To study
the O-E trade-off in the case without CSIT, we modify Probl@gh) as

(P5) : Maximize FE,[X(v)]
{p()}
Subject to  E,[Q()] — Eu[Qr(v)] = Qo = Q
p(v) €{0,1}, Vv
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Fig. 8. lllustration of the optimal ID and EH regions for chaterizing O-E trade-offs with versus without receiver rggeconsumption
in the case without CSIT.

Since )y is a constant for all fading states, without loss of gengralie absorb this term int@) and assume
Qo = 0 in the rest of this paper for convenience.

Let \* denote the optimal dual variable corresponding to the netelséed energy constraint. We then solve
Problem (P5) in a similar way as for Problem (P1). The optis@ltion of Problem (P5) can be expressed as

. 1, if 7y > €9 and AP 4+ M <1 - MNPy

0, otherwise.

As a result, the optima ID region when the receiver energyseoiption is considered can be defined as

hP
I+ 02

and the rest of the plane is the optimal EH region. An illustra of the optimal ID region and EH region is

Dip(\*) 2 {(h, 1) : > e —1,1—\Pp > NhP+ NI, h>0, >0}, (45)

given in Fig.[8. By comparing it with Fid.]14 for the case withawonsidering the receiver energy consumption,
we observe that to harvest the same amount of net energy wktaedlocate more fading states {n {20) to EH
mode, i.e., allocating allh, I) pairs satisfyingX—l* — Py < hP+1 < 5= to EH mode withP; > 0.

Fig.[9 shows an example of the O-E region without CSIT but imerég the receiver power consumption. The
setup is the same as that for Hig. 3. It is observed that thevercpower consumption degrades the O-E trade-off.
However,Qmax does not change the value because it is achieved when aladiegf states are allocated to EH
mode and thus’; has no effects. Moreover, it is observed that when= 1, the same maximum non-outage
probability 6,,.x as that of the case without receiver energy consumption fe= 0) is achieved, while when
P; = 4, a smallerd,,,x is achieved. The reason is as follows.Af is not large enough, the energy harvested in
the outage fading states can offset the receiver power ogmsen in the non-outage fading states. As a result,
all the non-outage fading states can still be allocated tani@le. Otherwise, if?; is too large, then we have to
sacrifice some non-outage fading states to EH mode to hama® energy for ID mode, and thus the value of
dmax IS reduced.
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Fig. 9. O-E region with versus without receiver energy comgtion in the case without CSIT.

VIlI. NUMERICAL RESULTS

In this section, we evaluate the performance of the propogtichal schemes as compared to three suboptimal
schemes (to be given later) that are designed to reduce thplexity at Rx and thus yields suboptimal O-E or
R-E trade-offs. We assume that Rx needs to have an averagestet energy) to maintain its normal operation.
Thus, with a giver, we will compute and then compare the minimum outage prdibabi the maximum ergodic
capacity achievable by the optimal and suboptimal schemes.

First, we introduce three suboptimal receiver mode switghiules, namelyPeriodic Switching, Interference-
Based Switching, and SNR-Based Switching as follows.

« Periodic Switching: In this scheme, Rx switches between ID mode and EH mode gieaily regardless of
the CSI. For convenience, l6twith 0 < # < 1 denote the portion of time switched to EH mode; tHen 0
denotes the portion of time for ID mode. The valueda$é determined such that the given energy constr@int
is satisfied. For example, for the O-E trade-off without GShE maximum harvested ener@y,.x iS given
in (44). Thus,f can be obtained a% = @ For other trade-off case8,can be obtained similarly.

Qmax '
« Interference-Based Switching: In this scheme, we assume that Rx’s mode switching is détedrsolely by

the interference powef(v). WhenI(v) > I, where Iy, denotes a preassigned threshold, Rx switches to
EH mode; otherwise, it switches to ID mode. The valudgf is determined so as to meet the given energy
constraintQ), and the derivation of;,,’s for different trade-off cases are omitted for brevity.

« SINR-Based Switching: In this scheme, the mode switching is based on the recsigéghal-to-noise-plus-
interference ratio (SINR).,(Z)(_?UT If I(Z)(i)UQ > 'y WhereTyy,, denotes a predesigned SINR threshold, Rx
switches to ID mode; otherwise, it switches to EH mode. THae/af I'y;,, is determined so as to meet the

given energy constraird, while the derivation ofl';,,’s for different trade-off cases are omitted due to the
space limitation.

Moreover, if CSIT is available, Tx can implement the optirpalver control to minimize the outage probability
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Fig. 10. Outage probability comparison for delay-limitedormation transfer in the case without CSIT afid= 2.
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Fig. 11. Ergodic capacity comparison for no-delay-limiiatbrmation transfer in the case with CSIT agi= 2.

or maximize the ergodic capacity for information transtecording to each of the above three suboptimal Rx’s
mode switching rules.

Next, we show the performance comparison of the three subapschemes with the optimal scheme given
in SectionIV-A for delay-limited transmission without CISknd that given in Section ViB for no-delay-limited
transmission with CSIT in Fig$. 10 amdl11, respectively. Beeup is as follows. The PPC B,..x = 20, the
noise power isr? = 0.5, and for the O-E case, the constant rate requirement s 0.2 nats/sec/Hz. We further
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assume that(v) and I(v) are independent exponentially distributed RVs with méaand 3, respectively. In
addition, the energy target at Rx is set to @e= 2.

Fig.[10 shows the achievable minimum outage probabilityifi€nt schemes with give@ = 2 for the delay-
limited information transmission without CSIT. It is obsed that in general the interference-based switching works
pretty well since its performance is similar to that of thdim@al switching derived in Sectidn IV4A for all values
of P,z with only a small gap. On the contrary, the periodic switchiale does not perform well with an outage
probability loss of about0% — 20% as compared to the optimal switching.

Another interesting observation is on the performance efSINR-based switching. It is observed from Higl 10
that whenP,,, < 1dB, the performance of SINR-based switching is the same asofhidite optimal switching.
However, asP,,, increases, its performance degrades. WRgn > 8dB, its achievable outage probability is even
higher than that of periodic switching. The above obseovatican be explained as follows. It can be seen from
(48) in Appendix that if we viewQ,,;, as a function ofP, the following trade-off arises: if the value &f is larger,
less number of fading states are allocated to EH mode, bug ereergy are harvested in each fading state allocated
to EH mode. To analyze the behavior @f.;, over P, for the case withh(v) ~ exp(A1) and(v) ~ exp(A2), we
can derive an explicit expression ¢, as follows:

A1 (e”0 —1)02
Xoe” P e P P )
- (e —1 o 46
)\2P—|—>\1(€T°—1)(/\2P—|—/\1(67"“—1) +/\1 —l—(€ )U )+ + ( )

It can be shown that in our setup (=1, Ay = % ro = 0.2 ando? = 0.5), f(P) is a monotonically decreasing
function with respect t@® when0dB < P < 12dB. Moreover, wherP? = 1dB, f(P) = 1.9998. Thus, if P < 1dB,

it follows that Q,i, > Q = 2. In other words, ifP < 1dB, the minimum outage probability with harvested energy

Qminéf(P):

constraintQ) = 2 is achieved when Rx switches to ID mode in the fading states {(h, I)|log (1 + %) >ro}

and switches to EH mode in any subset?f= R2 \H to meet the energy constraint. Consequently, the SINR-
based switching is optimal wheR is small. WhenP > 1dB, the minimum harvested energ@y,,;, cannot meet
the energy constraint, and as shown in Sedfion 1V-A, thenmgdtiswitching is to allocate some fading states with
the largest value ok P + I in 4 to EH mode. However, the SINR-based switching does the dfgpeay: it tends

to allocate the fading states with small valuefofo EH mode. Thus, whel® is large and a certain number of
fading states are allocated to EH mode, the incrementakktad energy by the SINR-based switching is far from
that by the optimal switching. To recover this energy lossranfading states need to be allocated to EH mode.
This is why the SINR-based switching results in very highaget probability whenP becomes large.

Fig. [I1 shows the achievable maximum rate of different sesemith givenQ = 2 for the no-delay-limited
information transmission with CSIT. Similar to Fig.]10, & observed from Fid. 11 that the performance of the
interference-based switching is very close to that of thénwgd switching derived in Section_ViB, while the
performances of the other two suboptimal switching rulesrastably worse. Under certain conditions (e.g., when
SNR> 8dB in Fig.[11), the performance of the SINR-based switchiag lbe even worse than that of the periodic
switching. This is as expected since although high SINR éepred by information decoding, the optimal mode
switching rule derived in Sectidn VIB is determined by bdtk values of. and I, but has no direct relationship to
the ratio of them, i.e., the SINR value. Thus, the perforneasicthe SINR-based switching cannot be guaranteed.
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VIIl. CONCLUDING REMARKS

This paper studied an emerging application in wireless camaoation where the receiver opportunistically
harvests the energy from the unintended interference aimdémded signal in addition to decoding the information.
Under a point-to-point flat-fading channel setup with tir@gying interference, we derived the optimal ID/EH mode
switching rules at the receiver to optimize the outage podib@ergodic capacity versus harvested energy trade-
offs. When the CSI is known at the transmitter, joint optiatian of transmitter information/energy scheduling
and power control with the receiver ID/EH mode switching vedso investigated. Somehow counter-intuitively,
we showed that for wireless information transfer with oppoistic energy harvesting, the best strategy to achieve
the optimal O-E and R-E trade-offs is to allocate the faditajes with the best direct channel gains to power
transfer rather than information transfer. Moreover, éhineuristic mode switching rules were proposed to reduce
the complexity at Rx, and their performances were compagaihat the optimal performance.

There are important problems unaddressed yet in this payethais worth further investigation, some of which
are highlighted as follows:

« In this paper, we assumed that the interference is withinstiree band as the transmitted signal from Tx.
As a result, the algorithms proposed in this paper to achibgeoptimal O-E or R-E trade-offs cannot be
directly applied to the case of wide-band interferences lthus interesting to investigate how to manage the
wide-band interference in a wireless energy harvestingneonication system.

« In this paper, we studied the optimal mode switching andéavey control rules in a single-user setup subject
to an aggregate interference at the receiver. However, baxtend the results of this paper to the multi-user
setup is an unsolved problem. For the multi-user interie@azhannel, interference management is a key issue.
Traditionally, interference is either decoded and sulddavhen it is strong or treated as noise when it is
weak. In this paper, we provide a new approach to deal withirttegference by utilizing it as a new source
for energy harvesting. Thus, how should the Tx-Rx links inrgarference channel cooperate with each other
to manage the interference by optimally balancing betwaéormation and power transfer is an intricate
problem requiring further investigation.

APPENDIX

In this appendix, we characterize the vertex points on thentary of the O-E region and R-E region (cf. Fig.
[3) for both the cases with and without CSIT.

1) O-E region without CST:

As shown in Fig[ B(a)@max iS given by

Qmax = E [h(v)P + I(v)], (47)

when p(v) = 0, Vv, i.e., EH mode is active all the time at Rx and thus the resmltion-outage probability
dmin = 0 (corresponding to the outage probability equal to 1). Moeg0Q) i, andd.x are given by

Qmin = / (h(V)P + I(V)) f,/(h, I)dy, (48)

h(v)P
v:log (1+ I(u()J)rﬂ ) <ro

Omax = Pr {log <1 + %) > 7“0} . (49)
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Note thatQm, is the minimum average harvested energy at Rx when the maximan-outage probability (or
minimum outage probability) is achieved. Since the setlierdautage fading states is non-emptylinl (48),in # 0
in general.

2) O-E region with CST:

As shown in Fig[B(a), the poir®u,i,, @max) iS achieved when all the fading states are allocated to EHemod
i.e., p(v) =0, Yv. Thus, the resulting non-outage probabilitydisi,, = 0. Moreover, the harvested energy can be
expressed a§) = E,[h(v)p(v)] + E,[I(v)], where the first term is the energy harvested from the sigmaile
the second term is due to the interference. To maximize teetérm under both the PPC and APC, the optimal
power control policy is to transmit at peak power at the fgditates with the largest possibiss. Let 7y be the
threshold that satisfies

/ eakfu h I)dV = avg (50)
v:h(v) >h1
Then Q.x can be expressed as
Qn = / h(0) Pt fu (s T)dv + B, (1)), (51)
vih(v)>h,

To obtaind,ax, We need to minimize the outage probability under both theCAhd PPC without presence
of the energy harvester. It can be shown that the optimal p@aNecation to achieve the maximum non-outage
probability can be expressed as the well-known truncateshroél inversion policyl [18],[19]:

(er0o—1)(I(v)+0?) if h(v) = > ilg.
P'() = W) T = >
0, otherwise

where hy = max{8(e" — 1), fj;;’;kl} with 3 denoting the optimal dual variable associated with the AR& t

satisfiesE, [p*(v)] = Pavg. Then the maximum non-outage can be expressed as
h(v) .
max — P T/ N .9 2 . 53
b = Pr{ 73 2 ©9
On the other hand),.i, is achieved when Rx harvests energy at all the outage fadatgss Leth; denote the
value of h that satisfies

[ Padtnas [ pen0Da = Py, (54)

) ~ h(v) » h(v)
V.h(u)Zhs,WShz 1) o2 >h,

Then the minimum harvested energy can be expressed as

Qmin = / hPpeax fo (h, I)dv + / I(v)f,(h,I)dv. (55)

. p h(v) p ._h»)
vih(v)Zhs, 77,5502 She Vit ser She

Note that if f p*(v) fu(h, I)dv > Py, thenﬁg = 00, i.e., N0 power is available for energy transfer at Tx.

h(v) 7
Tarez 20

Thus,Qmin 1S only due to the interference power. Since the set for thagrufading states is non-emp&,in 7 0

since the receiver can at least harvest energy from thefenéerice in the outage fading states.
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3) R-E region without CSIT:

As shown in Fig[B(b), the maximum harvested enefgy.. is achieved when all the fading states are allocated
to EH mode, i.e.p(v) = 0, Vv, and thus has the same expression as that giveln_in (47). Mene®.,;, = 0.

On the other hand, the ergodic capacity is maximized whethallfading states are allocated to ID mode, i.e.,
p(v) =1, Yv. ConsequentlyQ,i, = 0 and
o= 5. g (14 7192 =9

4) R-E region with CST:

As shown in Fig[B(b), similar to the case of O-E region withlGShe maximum harvested energy,.. is
given in (51), andR,;, = 0. As for the point(Rmax, @min), t0 Maximize the ergodic capacity under both the
APC and PPC, the optimal transmit power policy is the welhkn “water-filling”“ power allocation given by [19]

27 Ppeax
p )= |5 - T ]O , (57)
where[z]® £ max(min(z,b),a), and\* is the optimal dual variable associated with,, satisfying £, [p*(v)] =
P,s. Thus, the maximum rate is given by
Runax = B, [log (1 + 7%531(;) ﬂ . (58)
Then, for the fading states satisfyi )(:)02 < A*, Rx can harvest energy from the interference. Thus the noimim
harvested energy is in general non-zero and can be exprassed

Qmin = / I(v)f,(h,I)dv. (59)

._h»
V'I(V)+o2

<A*
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