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Abstract—Wireless charging is a promising way to power
wireless nodes’ transmissions. This paper considers new du

function access points (APs) which are able to support the

energy/information transmission to/from wireless nodes.We
focus on a large-scale wireless powered communication netvk

Moreover, in the experiment-based studylinh [4], the haedst
energy from multiple energy transmitting sources is shawn t
be additive, which can be exploited to extend the operation
range of wireless charging. Due to the appealing features of

(WPCN), and use stochastic geometry to analyze the wirelessthe RF-based energy harvesting, Wiesless powered commu-
nodes’ performance tradeoff between energy harvesting and nication network(WPCN) [5], in which the wireless nodes

information transmission. We study two cases with batteryfree
and battery-deployed wireless nodes. For both cases, we cider
a harvest-then-transmit protocol by partitioning each time frame
into a downlink (DL) phase for energy transfer, and an uplink
(UL) phase for information transfer. By jointly optimizing frame
partition between the two phases and the wireless nodes’ trsmit
power, we maximize the wireless nodes’ spatial throughput
subject to a successful information transmission probabity
constraint. For the battery-free case, we show that the wiress
nodes prefer to choose small transmit power to obtain large
transmission opportunity. For the battery-deployed caseyve first
study an ideal infinite-capacity battery scenario for wireless
nodes, and show that the optimal charging design is not unicgj
due to the sufficient energy stored in the battery. We then extnd
to the practical finite-capacity battery scenario. Although the
exact performance is difficult to be obtained analytically, it is
shown to be upper and lower bounded by those in the infinite-
capacity battery scenario and the battery-free case, respévely.
Finally, we provide numerical results to corroborate our study.

Index Terms—Wireless powered communication networks
(WPCN), harvest-then-transmit protocol, radio-frequengy (RF)
energy harvesting, stochastic geometry, spatial throughgt max-
imization, battery storage.

I. INTRODUCTION

exploit the harvested RF energy to power their information
transmissions, has attracted growing attentions.

Different from traditional wireless networks, where the
wireless nodes can draw energy from reliable power supplies
(e.g., by connecting to the power grid or a battery), due to
the wireless fading channels, the random movement of the
wireless nodes, as well as the employed energy harvesting
techniques, the amount of energy that can be harvested in a
WPCN is generally uncertain. As a result, to meet the quality
of-service (QoS) requirement of the information transioiss
the designed transmission schemes must be adaptive to the
dynamics of the harvested RF energy. Although challenging,
by assuming completely or partially known knowledge of the
energy arrival processes, effective transmission schéraes
been proposed in, e.gl,|[6]}[8]. However, the adopted gnerg
arrival models in the above studies do not apply to the RF-
based energy harvesting scenario.

There has been a growing research interest focusing on
a point-to-point or point-to-multipoint RF energy haniegt
system, where a single transmitter transmits energy togdesin
wireless node or multiple wireless nodes, respectively. (&

[5], [9], and [10Q]). In particular, in[[b] the authors studia
point-to-multipoint system, where the energy transfenfran

By enabling the wireless devices to scavenge energy frofficess point (AP) to multiple wireless nodes is separated fr
the environment, energy harvesting has become a promisifg information transfer from each of the wireless node&i¢o t
solution to provide perpetual lifetime for energy-consteal Ap i time domain. By exploiting the harvested energy at each
wireless networks (e.g., the wireless sensor networks) [{}ireless node[]5] investigated the optimal time allocatior
In particular, with the ability to cater to the mobility ofgnergy transfer and information transfer, so as to maximize
the wireless nodes, the ambient radio-frequency (RF) Bgnge system throughput with fairness consideration. Mogeov
have been considered as a vital and widely available enegyce the RF signals may also carry information besides

resource to power wireless communication netwofks [2].
recent point-to-point energy transfer experiments [3teleiss

power of 3.5mW and 1uW have been harvested from t

'éhergy, simultaneous wireless information and power fesins
(SWIPT) has been studied in the literature (see €.g. [9],

m), where more sophisticated receiver design is invablve

RF signals at distances of 0.6 and 11 meters, respectivglyaqdition, we also noticed there are some works focusing on
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energy-efficient design for other applications (elg.] {i4)).
However, most of the existing work, including the above

mentioned ones, did not consider optimal transmissionreehe

design in alarge-scale WPCN with a very large number

of wireless nodes, mainly due to the following reasons: 1)

it is difficult to design a scalable transmission scheme that
can be efficiently implemented with the increasing number of
wireless nodes; and 2) due to the wireless fading channels as
well as the random placement of both energy transmitters and
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Fig. 1. Two types of WPCN models with DL energy harvesting &hdinformation transmission.

wireless nodes, it is challenging to analytically charezee

the harvested RF energy by a wireless node from multiple

energy transmitters. It came to our attention that stoahgst

ometry, as a novel way to analyze large-scale communication
networks, provides a set of powerful mathematical tools for
modeling and designing the wireless netwofks [14]. Moreove

the mathematical tools (e.g., probability generating fiomal

(PGFL) of a Poisson point process (PPP)), which facilitate

the interference analysis in a wireless communication og¢w

[15], can also help characterize the harvested RF energy in a

WPCN [16], [17].

In this paper, by using tools from stochastic geometry,
we aim at optimizing bidirectional energy harvesting and
information transmission in a large-scale WPCN. We conside
a new type of dual-function APs which are able to coordinate
energy/information transfer to/from the wireless nodeg W e«
also consider two types of networks models. As illustrated
in Fig.[d, in Type-I network model, the wireless nodes (e.g.,
the portable electronic devices or the unmanned vehicEi$ [1
are assumed to independently move in the system over frames,
while the locations of the APs are fixed. In Type-Il network
model, however, the APs (e.g., the wireless charging vesicl
[19]) are assumed to independently move in the system over
frames, while the locations of the wireless nodes are fixed.
We show that the wireless node’s downlink (DL) energy har-
vesting performance and the uplink (UL) information tramsf
performance can be identically characterized for both gype
of network models. Moreover, depending on whether each
wireless node deploys a rechargeable battery, we consider t
cases with battery-free and battery-deployed wirelesesod

respectively, and study the effects of battery storage bt
cases, we maximize thspatial throughputof the wireless

UL phase for information transfer from each wireless
node to its associated AP. We show that the proposed
harvest-then-transmit protocol is scalable and thus can
be efficiently implemented in a large-scale network.
Problem formulation and simplification for spatial
throughput maximizationtn Section Ill, by jointly op-
timizing time frame partition between the DL and UL
phases and the wireless nodes’ transmit power, we
formulate the spatial throughput maximization problem
under a successful information transmission probability
constraint. To make the problem analytically tractable,
we simplify the problem by utilizing the equivalence
of the successful information transmission probability
constraint to a transmission probability constraint plus
a minimum transmit power constraint.

Spatial throughput maximization for battery-free wirales
nodes:In Section IV, we solve the spatial throughput
maximization problem in the battery-free case, by study-
ing the effects of the AP density and the wireless node
density. We also show that at the optimality the wireless
nodes generally prefer to select a small transmit power,
for obtaining large transmission opportunity.

Spatial throughput maximization for battery-deployed
wireless nodesin Section V, we first study an ideal
infinite-capacity battery scenario, and show that all the
feasible time frame partition and UL transmit power are
optimal, since energy stored in the battery is sufficient
over time. We then extend our study to the practical
finite-capacity battery scenario. By proposing a new
tight lower bound for the transmission probability, we
approximately solve the spatial throughput maximization
problem.

nodes, which is defined as the total throughput that is aebdiev \we note only limited studies in[[16],[T17],[21], and
by the wireless nodes per unit network area averaged over@gh) have adopted stochastic geometry to study the large-

information transmission phases (bps/Hz/unit-areal).[20]

scale communication networks enabled by energy harvesting

The key contributions of this paper are summarized &sfferent from these existing studies, we consider the WPCN

follows.

where dual functional APs transmit energy and receive infor

o Novel harvest-then-transmit protocol to power a largemation to/from wireless nodes. Moreover, we focus on char-
scale networkin Section Il, we propose a new harvestacterizing optimal tradeoffs between the DL energy transfe
then-transmit protocol by extending that inl [5], wherand the UL information transfer, for both battery-free and
each time frame is partitioned into a DL phase for enerdyattery-deployed cases, and theoretically analyze thedmp
transfer from the APs to the wireless nodes, and aif battery storage on the network throughput performance.



Energy harvesting in the DL phase Information transmission in the UL phase

In addition, different from most existing studies based op

stochastic geometry that only focused on average systsl o x| [ v ] v ] [« [~ [ ]
performance of one snapshot, in this paper, we pursue a long- ' oo setect
term average system analysis, and successfully obtataliac Energy harvesting device Ea—

system performance in both DL and UL. (9. PS2L10 harvester [25) (power B,)

Il. SYSTEM MODEL

Battery-free (in Section 1V)

We consider a WPCN with stochastically deployed APs z.
and wireless nodes, where each wireless node harvestsyenerg
broadcast by the APs, and then uses the harvested energy to Battery-deployed (1 Section V)
support its information transmission to the associatedAsP. Fig 2. Energy harvesting and information transmissiondach wireless
shown in Fig. 1, we assume either the wireless nodes or thuele in each frame.

APs move in the system. In this section, we first present the
detailed operations at each wireless node for both battegjobally for a homogeneous stochastic network as will be

free and battery-deployed cases, and then develop the rietwghown later. Thus, wireless nodes do not need to communicate
model based on stochastic geometry. and coordinate in interference management, which is easy to

implement in practice. Moreover, due to the wireless fading
channels as well as the low energy harvesting efficiency of
today’s RFID technologyi [24], the amount of energy that can

We consider that each AP has reliable power supply (e.pe collected in one slot is usually small, and is difficult ® b
by connecting to the power grid or equipping with largeeffectively exploited by the wireless nodes. As a resultinas
capacity battery storage in Type-I or Type-ll network modethe practical energy harvesting devices, e.g., the P214@1po
respectively), while each wireless node is not equippeti wiharvester receiver [25] designed by the Powercast coiiparat
any embedded energy sources but an RF energy harvestirgconsider that a small-sized capacitor is integrated én th
device. Thus, the wireless nodes are able to harvest tigcuits of the energy harvesting devi@@ased on which, the
energy broadcast by the APs, and use them to support thearvested energy from slotto slot N — 1 in the DL phase
information transmissions to the APs. Similar to the pdti can be accumulated without the usage of additional battery,
radio frequency identification (RFID) system that coexistsnd then entirely boosted out for exploitation by each essl
with the reader network over the same frequency (aroundde (for UL transmission or battery charging), as shown in
915MHz) [23], we assume all the APs and wireless nod@sg. 2. For each wireless nodedenoteZ - ;(t) as the amount
operate over the same frequency band. We also assumeofibnergy harvested in DL sldtof frame F', 0 <t < N — 1,
the APs and wireless nodes are each equipped with a single ' < oo, andZp; as the total amount of energy harvested
antenna, as in the case of the wireless sensor networks. iWenhe DL phase of framé". We haveZr; = I{V:Bl Zra(t).
partition energy transfer and information transfer in time wWe denoteSr; as the amount of energy that is available
domairl] as shown in Fig. 2. We assume the network is frameo wireless nodé at the beginning of the UL phase of frame
based in time and consider a harvest-then-transmit prbtogo In the following, depending on whether a wireless node
for the wireless nodes. Specifically, we assume each fraigesquipped with a rechargeable battery (or any other energy
consists ofl" > 1 slots, indexing frond to 7' — 1, and all the storage devices) to store the total harvested DL engigy
slots are synchronized among APs and wireless nodes. In egcbach frameF, we consider two cases with battery-free and
frame, we assign sldt to slot N —1, 1 < N <T -1, to the battery-deployed wireless nodes, respectively. In eace,ca
APs for broadcasting energy in the DL phase, and assign ¢ applying aP;-threshold based UL transmission decision
remaining slots, i.e., sla¥ to slotT—1, to the wireless nodes as in the literature (e.g.[ [16][ [17], and_]21]), we model
for transmitting information in the UL phase. We denote thghe evolvement ofSx; over F'. For convenience, we assume
transmit power of the APs and the wireless node$’as> 0 a normalized unit slot time in the sequel without loss of
and Py > 0, respectively. We assumeé < Py < Puax, generality, and thus we can use the terms of energy and power
where Pp.x is the maximum allowable transmit power ofinterchangeably.
each wireless node. It is worth noting that to desigicalable 1) Battery-free Case:As show in Fig. 2, in each frame
transmission scheme for a large-scale WPCN (e.g., wirelegls due to the lack of energy storage, the wireless nodes
sensor or RFID networks), where the wireless nodes usuathanage the harvested energy in a myopic manner, i.e., all
operate at low transmit power, we consider the safe the harvested energfr, is consumed within the current
and N for each wireless node, and optimiz&, and N frame F'. Moreover, if Zr; > Py, wireless node decides

to transmit information with powerP; in the UL phase;

The time-partiion-based model can also be extended to quérey- otherwise, it stays silent in the UL phase of frameSince the
partition-based model, for the wireless devices with rpldtiantennas and

the ability to operate over different frequency bands siandously as ir(J9]. Unused amount of energy in the current frame (Zg:; — P,
Specifically, for a system with total’ frequency bands (likg" time slots in

this paper), we can assigh bands for energy harvesting and the remaining 2The integrated capacitor in the energy harvesting devianig used to
T — N bands for information transmission. To optimally decieand the UL  improve the energy harvesting efficiency, and thus will netdxploited as
transmit powerP;;, there exists similar tradeoff as in the time-partitiosé@ an energy storage device as the rechargeable battery, whitimanage the
model studied here. harvested energy.

A. System Operation Model



if Zrp; > Py, or Zp;, otherwise) will not be kept for future denoted by®(\,,), of wireless node density,, > 0, and
use, for anyF' € {1, ...,00}, we can easily obtain ®(Aap), of AP densityhAap > 0, respectively. In Type-I
Spi=Zp;. (1) network model, we assume all the APs stay at their initidlize
' locations in all frames, while the wireless nodes indepatige
2) Battery-deployed CaseJnlike the battery-free case, bychange their locations in each frame based on the random
deploying a rechargeable battery in the device circuit, th@alk model considered i [28]. Specifically, at the begimnin
wireless nodes can store the unused energy in the currgngach frame, each wireless node is independently displace
frame for future use, as long as the battery capacity allowgom its previous location in the proceeding frame to a new
Thus, the harvested energy can be exploited more effegtivRication in the current frame; and stays at its new location
in the battery-deployed case than that in the battery-fase c within the current frame. According to the Displacement
in general. As shown in Fig. 2, in each franf¢ if the Theorem in[[28], the homogeneous PBP),,) is preserved
battery level at the beginning of the UL phase, givenSay;, by the independently displaced wireless nodes in each frame
is no smaller than the required UL transmit power, the Similarly, in Type-Il network model, we assume the wireless
wireless node decides to transmit in the UL; otherwise, fifodes stay at their initialized locations in all frames, lahihe
stays silent in the UL phase. Let the battery capacity’be APs are independently displaced over frames as the wireless
with Py < C < oo. For anyF' € {1,...,00}, given Sr_1;, nodes in Type-l network model. Clearly, the homogeneous
by subtracting the consumed energy in the UL phase of fratr@Pad () 4 p) is also preserved by the independently displaced
F —1 and adding the harvested energy in the DL phase APs in each frame in Type-Il network model.
frame I, we obtainSr,; as Let (A ap) = {X} and®()\,) = {Y}, whereX,Y € R?
Sri=min(Sp_1; — PyI(Sp_1,: > Py)+ Zr;,C), (2) denote the coordinates of the APs and wireless nodes, respec
. . . . tively. As in the existing literature that studied wirelessrg-
where Sy, = 0 and the |n_d|cator functiod (x) = 1if 1S ing based on stochastic geometry (e/g.] [17]] [21], and)[22]
true, and/(z) = 0 otherwise. Note thal’ = oo is an ideal a0 555ume Rayleigh flat fading channels with path
scenario wnh_mﬁmte—capacny battery. It is easy to finatth 5150 assume the Rayleigh fading channels vary indeperydentl
in this scenario, for any” € {1,..., 00}, () is reduced to e gifferent time slots. In each slotof a particular frame,
Spi=Sp_1i—Pyl(Sp_1; > Py) + Zp,. (3) theradio gignal t.ransmitted by an AP/wireless node is vecki
at the origin with strength X|~*hx(t) and |Y | *hy (t),
At last, in the UL transmission, for both cases with batteryespectively, wheréX| and |Y| are the distances from AP
free and battery-deployed wireless nodes, we assume ergior wireless node” to the origino = (0,0), respectively,
no transmission coordination between the wireless nodes o, (¢) and hy (t) are independent and identically distributed
simplicity, as in [22]. We thus adopt independent transioiss (j i.d.) exponential random variables with unit mean to ®lod
scheduling for the wireless nodesSpecifically, to reduce Rayleigh fading in slot from AP X or wireless node&” to
the potentially hlgh interference level in the UL due to thﬂ]e Origin, respective|y, and > 2 is the path-]oss exponent.
independent transmissions of the wireless nodes, we assumg, poth Type-l and Type-Il network models, due to the
that if a wireless nodédecides to transmit, it randomly SeleCt%tationarity of the homogeneous PRPA 4p), we focus on
a slot from slotN to slotT" — 1 in the UL phase with equal 5 typical wireless node in the DL phase, which is assumed
probability of 1/(T" — N), and transmits its information int pe |ocated at the origin, without loss of generality. For
this slot with transmit power; to its nearest AP, as i [16] potational simplicity, for the typical wireless node, we ibm
and [27], for achieving good communication quality. The Ulpe lowerscript and useZ(¢) and Z to denote the amount
information transmission is successful if the receivedalg of energy that is harvested in a particular DL slaind over
to-interference-plus-noise-ratio (SINR) at the AP is n@Ber  g)| pL slots of frameF, respectively, and us6y to denote

than a target SINR threshold, denoted fby- 0. the amount of available energy for UL phase in fraifie
Since the harvested energy is obtained from the received RF
B. Network Model signals, as in the existing studies on wireless poweredggner

Based on the operations of the wireless nodes and {ﬁ%rvesting (e.9.L15]/19],[116],[[37] and_[21]), for any slo

APs, in this subsection, we develop the network model basggffame#, 0 <t < N —1,1 < F < co, we have

on stochastic geometry, and then characterize the hadveste . —a

energy of the wireless node in each frame. ZeW)=n Y, PolX["hx(®), )
As shown in Fig. 1, we consider two types of network Xe2(ar)

models, which are Type-I network model, with moving wirewheren € (0,1) is the energy harvesting efficiency. As a

less nodes and static APs, and Type-Il network model, witBsult, by summingZ(t) over all slots in the DL phase of

moving APs and static wireless nodes. In both types &fameF, we obtain

networks models, we assume the wireless nodes and the N

APs are initialized as two independent homogeneous PPPs, Zr =1 Z PD|X|_aZhX(t)7 (5)
3 N . - Xed(Aap) t=1

For simplicity, we only focus on independent scheduling his tpaper.
More advanced scheduling schemes and their effects inessetommuni-
cation networks, as in, e.gl. [20] arld [26], will be consatkin our future 4Since shadowing does not affect the main results of thismpageignore
work. the effects of shadowing for tractable analysis.



wherer’:1 hx (t) follows Erlang distribution with shap& each wireless node is only dominated by its near APs. By
and ratel. By applying the PGFL of the PPP, we obtain thaoticing that the independent location change of either the
Laplace transform and the complementary cumulative distwireless nodes or the APs over time frames can also decouple
bution function (CCDF) ofZ in the following proposition. each wireless node’s dominated APs over time frames, it is

Proposition2.1: The Laplace transform of  is expected thatZy's correlations over both time frames and

F(N+ 2) ) space are very weak. Therefore, to obtain tractable resudts
- 2
EZF(S)—eXp<—7r)\Ap F(N)a F<1_E> (PDWS)Q> . (6) :gglryé;réifsllowmg independent assumption on the hardeste
-~ _ ) Assumption 1:In both Type-l and Type-ll network mod-

whereT'(p) = [, t#~'e~" dt is the gamma function. Whengls 7,'s are mutually independent for each wireless node
a = 4, for any givenz > 0, the CCDF forZr is given as  gyer frames and mutually independent for any two different

. o
Aapl (N + 2 3p wireless nodes. iR“ in each frame. B .
P(Zp > 2) = erf( AP ( 0‘) \/ T ;’77) , (1) By Assumption 1,Zz’'s become i.i.d. random variables

20(N) over both time frames and spaf&. We also successfully
where erfz) = 2 [ exp(—u?) du is the error function validate the feasibility of Assumption 1 later in Section-A|
7 JO )

Propositior‘[ﬁ is proved by using a approach similar {3 Simulation. In the next section, based on the i.idh's
that in [15] for deriving the interference distribution irPpP, and their identical distribution given in Propositibn [2ue

with the notice that for a random variabte ~ Erlang(N, 1) will focus on the system communication metrics in the UL
E(-Hm) _ r(rzv(;;m), an.d. thus is omitted here for brevity.ph;(si,r?],i;z;%r?re;ebr;;rt:e formulation of the spatial throughpu
It is clear that Propositiofi 2.1 holds for both Type-I and’ P :

Type-Il network models. By increasingy in (@), the term

7”]}7(*]3)/“) increases, and thus the CCDF &f: increases for lIl. PERFORMANCEMETRICS AND PROBLEM
a givenz > 0, as expected. Moreover, due to the singularity FORMULATION

of the path-loss lawX|~“ at the origin, the average energy In this section, we focus on studying the information trans-
arrival rate iSE(Zr) = oco. However, this does not necessarilymission in the UL phase as system metrics. We first analyze
mean that each wireless node can always harvest suffici#rg point process formed by the wireless nodes that transmit
energy, as the probability that a wireless node can be vényeach slot of the UL phase, and characterize the successful
close to an AP is very small in any frame in general. linformation transmission probability of the typical wiesk
addition, although from Propositidn 2.1, the distributioh node in the UL. Then by studying the effects of the design
Zr is identical for each wireless node in each framesince variablesN and Py, we formulate the spatial throughput max-
the harvested energy of each wireless node comes from iimzation problem under a successful information transmis
same set of APs ifRR? in all frames, it is easy to verify that sion probability constraint. Since the successful infdiom
in both Type-I and Type-Il network models, for each wirelessansmission probability constraint is very complicated
node, its harvested enerdg-'s are not mutually independentwill further simplify it by finding equivalent constraintahich
over time frames in general; and for any two wireless nodgilds an equivalent spatial throughput maximization peob
locating in different locations in spac&?, their harvested with a simpler structure, as explained later.
energy are also not mutually independent in each frame in
general. Since whether a wireless node can transmit in $§€ g ;ccessful Information Transmission Probability
UL and the corresponding transmission performance are both ) . .
strongly depend on the characteristics4f’s, similar to the I_:_|rst, we define t_heran§m|55|on probabilitas the_pr_ob-
case in[[20], such correlations betwe#p’s over both time ab|I|ty_ that th_e typical _ereless n_ode can transmit in the
frames and space yield challenges for tractable analysis'gf- SinceSr is determined byZr in both battery-free and
the wireless nodes’ communication performance as well §attery-deployed cases, given il (1) ard (2), respectively
the system throughput. ur_1der Assumpnc_)n_ 1 with |.|.dZF§ over time frames for each
From [29], we observe similar correlation betwegp's Wireless nodes, itis easy to verify thafr }, << and thus
over both time frames and spaké, which is determined by {SF}1<r<o is ergodic over framé’ for both battery-free and
the variation of the fading channels as well as the mobility @gttery-deployed Cases. As a result, ad,Id [21]’_ since QTGy t
the wireless nodes or the APs in Type-l or Type-Il networRir€less nodes witts > P can transmit to their associated
model, respectively. Fronil(5), due to the independentliedar APs, the transmission probability, denoted fyis defined as
fading channels between any APs and any wireless nodes over 1"
all slots in all frames as well as the independent location p= lm — > PB(Sk > Py). (8)
change of either the wireless nodes or the APs over frames F=1
in the considered models, which can decorrelate the distanc From Section II-A, in both Type-lI and Type-Il network
between any APs and any wireless nodes over framesmbdels, if a wireless node decides to transmit in the UL based
is thus easy to verify thaZr’s correlations over both time on the transmission probabilify; it randomly selects one slot
frames and space are weak in general. Moreover, due to fram the total7’ — N slots in the UL phase to transmit. Thus,
serious path loss for energy transfer and the generally lawthe UL phase under both network models, the point process
energy harvesting efficiency < 1, the harvested energy byformed by the wireless nodes that transmit in each time slot i



of the identical active wireless node density, which is dedo andQ(z) = \/% f;’o exp (—“72) du is the standard Gaussian

by A\, and given as tail probability.
\ o= Awp ©) Propositiod 3.1 is proved using a method similar to that for
“ TN’ proving Theorem 2 in[[27], and thus is omitted for brevity.

Due to the correlated harvested energy for different wasleClearly, Propositiof 3]1 also holds for both Type-I and Fype

nodes in each frame, as discussed in Section II-B, the poft@twork models as Propositign P.1. It is observed from both

process formed by the active wireless nodes in each UL slof&l), for a generak, and [12), fora = 4, by decreasing the

not a PPP in general. Howevers a direct result by applying transmission probability, due to the reduced active wireless

Assumption 1 with i.i.dZz's for different wireless nodes in node density,, given in [9), the interference level in the UL

each frame, the active wireless nodes’ transmissions i edh@se is reduced, and thifs,. is increased.

UL slot become independent, which yields a homogeneoudn the next subsection, by applying Proposition] 3.1, we

PPP for each UL slot, denoted hiiy()\, ), of identical density formulate the spatial throughput maximization problemisit

Aa, in both Type-l1 and Type-Il network modeMle also Worth noting that since identical DL and UL performance

successfully validate such PPP assumption in the UL slet lafire obtained for Type-I and Type-Il network models, same

in Section VI-A by simulation. spatial throughput maximization problem formulation and
Next, since each active wireless node only selects one stgfresponding solutions are obtained for the two models, an

in the UL phase to transmit, we focus on a particular slot mgs we will not differentiate the two models in the sequel of

the UL, and analyze the typical wireless node’s informatidfis paper.

transmission performance in the UL based on the BPR),),

under both Type-I and Type-Il network models. Similar t@, spatial Throughput Maximization Problem

the DL phase studied in Section 11-B, due to the stationarity

of ®(\,), we assume the typical wireless node’s associatedVe focus on the effects of the number of slafsassigned
AP is located at the origin in the UL phase, without losi the DL phase and the UL transmit powfr to investigate

of generality. For ease of notation, we omit the time sidf® interesting tradeoff between the energy transfer irDthe

index and useh,, to denote the Rayleigh fading channeﬁnd the information transfer in the UL. By increasingat a
from the typical wireless node locating at € R to the 1Xed Pu, from (8), we observe that the harvested enefgy

origin. Supposém| = r is the random distance between thdh the DL increases, and thus the transmission probabhility
typical wireless node and its associated AP. k&t> 0 be increased. As a result, the successful information trassion

the noise power. We then define tBaccessful information Probability P in the UL, given in [(I1) for a generai or

transmission probabilitas P,..., which gives the probability (12) for a = 4, is decreased. Similarly, by increasig at
that the received SINR at the typical AP is no smaller thehfiXedN, we observe a decreased transmission probability
the target leveB and can be written as in @), and thus an increaséd,,. in the UL. In the following,
we designN and Py to optimize the network performance.
Pyhy,r™ Specifically, to ensure the QoS for each wireless node,
Psye=P 5 Pohy Y] + 02 >p). (10) we apply asuccessful information transmission probability
Yed(Xa)Ym constraintsuch thatPs,. >1 — ¢, with e<1, for any DL slot
Since the typical wireless node is associated with its meardllocationV-and UL transmit powei”;. Similar to [21], we
the null probability of a PPP, which is given bf.(r) = the slots in the UL phase per unit network area (bps/Hz/unit-
9mAapre P for 1 > 0 [27]. area). Moreover, given the receiver SINR threshgldwe
Given a generic transmission probabiljty we derive the SUPPOSE the uplink information transmission is succesgful

expression ofPsye defined in [AD). By applying the PGFL ofthe infqrmation can be cpded ata rmg2§1+5r) With T>1.
a PPP [[T4], we explicitly expresBu. for a givenp in the Assumingr=1, the spatial throughput is then given by
following proposition.
R(N,Py) =X (T —N) I 1
Proposition3.1: Given the transmission probabiliy, the (. Fv) ( ) ogy(1+6)
successful information transmission probability for tiagital W Awplogy (14 B), (13)
wireless node is

where proceduréa) is obtained by applyind{9). To be pre-

o} (o3
Poye = TAAp / e e g (11) cise,R(N, Py) should be scaled by the successful information
0 transmission probabilitys,,.; but sinceP;,. is ensured to be
wherea = wh,k + TAap = % + mAap, With k = very close tol givene < 1, this factor is omitted for ease

52 fooo L du, andb — %2. Whena = 4, () admits of notation as inI;[I|7] and [21]. It. is also easy to find that
142 o due top defined in [8),R(N, Py) is a function of N and

a closed-form expression with Py . Moreover, in each frame consisting @fslots, since we
Py = Gexp (T2/2) Q(Y), (12) should at least assign one slot to UL phase for information
8, o1 o <2/ PoA transmission, we hav < T'—1. Hence, under the successful
whereG = 72 (80%) "2 Aapv/Py, T = Vor il W%’ information transmission probability constraint, we falate



the spatial throughput maximization problem as focus on the spatial throughput maximization problem far th
(P1): RN, Py) battery-free wireless nodes. We first derive the transonissi
' IJ]\[}%' v probability p and the spatial throughput(N, Py). We then
St Poye > 1—c¢, substitute p and R(N, Py) into Problem (P2) and solve
. the spatial throughput maximization problem, by finding the
Ne{l,.. T -1}, . ; N .
optimal solution of N* and FPp;.
0 < Py < Prax First, we derive the transmission probabiligy In the

It is noted that Problem (P1) involves integer programmin§attery-free case, as introduced in Section II-A, the ssl
due toN € {1,..,T — 1}. Moreover, since the expressionnOde operates W|th_|ts available energy accordeIt_o (10|_sTh
of P,,. in Propositior 311 is very complicated, it is difficultPy substituting[{ll) into[{8), we obtain the expressionpdf
to analyze the effects oV and P to ensureP,,. > 1 — the battery-free case as
¢, and thus solve Problem (P1). In the following proposition
for the case ofa = 4, which is a typical channel fading
exponent in wireless communications, we successfully find
the equivalent constraints tB,,. > 1 — ¢, which can be used (b) (N +2/a) ap [73Ppn
for formulating an equivalent problem to Problem (P1) with = erf 2T (N) Py ’
a simpler structure.

Proposition3.2: Whena = 4, ase — 0, the successful where procedur¢a) follows from our assumption in Section
information transmission probability constraiRf,. > 1 — € 1I-B, which gives i.i.d. Zg's for the typical wireless node
is equivalent to a transmission probability constraintp < over frames, and proceduf®) follows from (), by replacing

i 25 2 -1 . . .
Kap(T—N) with Py > ggfg andK, = 12_2/5; ,where # With I.DU' Nc_)t(_e that since the error function érf — 1

, ) , AP oy g2 when z is sufficiently large, from[(14)p — 1, by adopting

g0 is the unique solution tgo@ (§2) = (1 — ¢) exp (_E)' sufficiently large N, Aap, and/or Pp. By substituting [(T4)
Proof: Please refer to Appendix]A. B into (I3), we obtain the spatial throughput for the battiEee
Remark3.1: Since we assume < 1 to assure satisfied c55e as

QoS in the UL transmission, Proposition 3.2 can be well
applied in our considered system. Moreover, the noise pOWﬁ

1y (@)
p—nlggoEZP(ZFZPU)—]P)(ZFZPU)

F=1

(14)

I'(N+2/a)hap [73Ppn

o? # 0 provides a valid minimgmztransmit power level for EN’ Pu)=Averf 2T'(N) Py log,(1+6).
Py < Py, denoted byP,,i, = %, which is important to (15)

assure a sufficiently larg€,. in a noise-dominant network. N o ) )
To avoid the trivial case without any valid decision fay, N addition, by substituting (14) intd_(1.2), the expressiafn
we assumeP,i, < Prax. Py, in the battery-free case can also be easily obtained.

Finally, for ease of analysis, we focus on the caserof  Next, by substituting, given by [I#), and?(N, Fu), given
4 in the sequﬂ. By applying Propositioi 312, we find anby GE) into Problem (P2), we obtain the spatial throughput
equivalent problem to Problem (P1), which is given by maximization problem for the battery-free case as

(P2): max. R(N, P T(N+2)) 3
N.Py ( v (P3): max. A\ erf (N+3)Aap 78 Ppn
5.6 Awp < KAap(T — N), N.Py 5T(N) Py

Ne{l,..,T-1},

log,(1+53)

A D(N+2)\ap |[m3Ppn

Prin < Py < Phax. s.t. ierf 21—‘(N) Py S)\AP(T_N)v
Clearly, Problem (P2) has transformed the successful in- (16)
formation transmission probability constraint in (P1) to a
equivalent transmission probability constraint@rn the next Ne{l,...T-1},
two sections, we solve Problem (P2) for both battery-fregt an Poin < Py < Proax.

battery-deployed cases, and study the effects of battersgst

on the achievable throughput. It is observed that in Problem (P3), both the objective

function and the transmission probability constraintegiby
IV. WIRELESSPOWEREDINFORMATION TRANSMISSION  (16), are related to the error function. Note that the error
IN BATTERY-FREE CASE function erf{x) increases over > 0, and then converges to

Due to the limited circuit size of some wireless devices, {fS maximum valuel whenz is sufficiently large. Suppose at
is hard to install a sizable battery for these devices toestof = Ve, We havel —erf(v.) = 10~", where we assume > 0
the harvested energy. Thus, the use of battery-free wireld$ Sufficiently large such that when> v, erf(x) =1 holds
devices is growing in many wireless applications (e.g., tHéth an ignorable absolute error, which is no larger than™.
body-worn sensors for health monitoring). In this sectior, Under such a tight approximation, to help solve Problem,(P3)
we calculate e(fr) overz > 0 as:

5The value ofa does not affect the main results of this paper. Moreover, .
erf(z) = { erf(z), if z <w.

1, if ©>wv,.

for other cases witlw # 4, the spatial throughput maximization problem can
be similarly studied by using the modeling methods provigethis paper.

(17)



It is also observed that in Problem (P3), the maximum Remark4.1: For the battery-free case, due to the lack of
achievable spatial throughput over &lle {1,...,7 —1} and energy storage, the amount of available energy for the UL
Py € [Puin, Pmax) 1S My log, (14 3), and it is achieved when phase in each frame is strongly affected by the time-varying
the transmission probability = 1, i.e., DL channel fading, and thus may often be of a small value.
As a result, we observe from Theoréml4.1 ttrabbtain more
opportunity to transmit in the UL, the wireless nodes prefer
to setPy = Puin. Moreover, given the wireless node density
A, by increasing the AP density,p, we observedouble
by applying [I¥) to [I4). Moreover, for any given wirelesgerformance improving effects in the WPCN: 1) in the DL
node densityA,, > 0, if the AP densityA4p is sufficiently phase, the amount of harvested energy at each wireless node
large, such thatK.Asp(T — N) > A, holds for any inthe DL phase increases ovksip; 2) in the UL phase, due
N € {1,..,T — 1}, the transmission probability constraintg the largely shortened distance between each wireless nod
given in [I6) of Problem (P3) is always satisfied, and thugd its associated AP by increasiigp, the desired signal
any N € {1,...,T — 1} and Py € [Puin, Pmax| that satisfy strength at the AP is substantially increased, which dotema
(@8) is optimal to Problem (P3). However, Xap iS t00 over the increased interference effects in the UL.We thu fin
small, the transmission probability constraint [01(16) maghe resulting successful information transmission pratgb
not be able to be satisfied with any € {1,...,7 — 1} in the UL phase is increased. As a result, the successful
and Py € [Puin, Pnax], and thus Problem (P3) has ngnformation transmission probability constraint becoruese
solution. Therefore, in the following theorem, by taking th by adopting a large AP density; and thus from Theokem 4.1,
wireless node density as a reference, we divide the AP gengibth the number of optimal solutions and the maximized
into three regimes, each with different Optlmal solutions tspatia| throughput are non-decreasing oNglp.

Problem (P3), and present for these optimal solutions the
resulting maximized spatial throughput in each regime.  Algorithm 1 Efficient algorithm for optimally solving Prob-
Theoremd4.1: In the battery-free case, the optimal solutioniem (P3) in the low AP density regime.
N* and P; to Problem (P3) are determined as follows, wherey. injtialize N* = 0, P; =0, andR(N*, Pg;) = 0.
in each AP density regin;e, tré)e corcrjespon(ging maxirrr:un)z: for eachN € {1,..,T — 1} do
spatial throughpuR(N*, P;) is obtained by substituting the . T(N+2/a)Aap  [73Ppy B
optimal N* and P;; to (I8). ¥ LLé\:erf( oT(N) Vo ) < KXap(T = N)
1) In thehigh AP density regimé\,p > 2x), the trans- . _ 3 20 (N)
mission probability constraint given ifﬁﬂlG) is always SetP, =m PDn[MPF(NﬂL%)
satisfied. The optimal solutions are given by

I'(N +2/a)Xap [7m3Ppn >

2I'(N) Py — 7 (18)

erfinv (%(T_N))} -

w

5: if Ps < Pnin then
VN*e{l,..,T—1} andVP}; € [Puin, Pmax] 6: setp = Puin;
that satisfy[(IB), if (I8) holds when 7 else
N=T-1, Py =P, 8: setp = P;
N*=T—1, P}, = Ppin, otherwise 9: end if
(19) 10 if R(N,p) > R(N*, P};) then
2) In the medium AP density regin(% < Ap < 1L setP; =p, N* = N, andR(N*, P;) = R(N,p).

2e) a uniqgueNo € {1,..,7 — 2} exists such that 12 end if

KAap(T—(No+1)) < Ay < K Aap(T—Np). Thus, 13  endif
@3) is always satisfied wheV < N,. The optimal 14: end for

solutions are then given by 15: return N*, Py, and R(N™, ).
VN*e{1,..., No} andVP}; € [Pnin, Pmax)
that satisfy [(IB), if (I8) holds when V. WIRELESSPOWEREDINFORMATION TRANSMISSION IN
N=No, Py — P, (20) BATTERY-DEPLOYED CASE
N* = Ny, Py = Ppin, Otherwise In this section, we consider the case with battery-deployed

wireless nodes, as shown in Fig. 2 and discussed in Section
3) In the low AP density regiméi p < %), we [I-A. In the following, we first study the ideal scenario with
find (I8) cannot be satisfied with= 1. We thus obtain infinite-capacity battery, i.e.C’ = oo, to help understand

the following. the effects of deploying a battery for improving the network
o if Agerf F(N;rQ(/vK;MP ﬂSPJ?n > K ap(T—N) pgrform_ance. Thep, we focu; on a more practlc_al scenario
ma with a finite-capacity battery, i.e; < oco. One can imagine

at N = 1, no feasible solutions exist;

« otherwise N* and P} are obtained by Algorithm 1,
where P, in Line 4 is the unique solution to
)\werf(F(N}Q(/ﬁ;AAP \/ FS;;’") =K ap(T—N), A. Infinite-Capacity Battery Scenari@(= oc)
and erfinyz) is the inverse error function of > 0. In this subsection, we consider the ideal scenario with

Proof: Please refer to Appendix]B. B (C = oo, for which the battery levebr evolves over frames

that the network performance of the scenario with< oo is
upper bounded by that with' = oc.




according to[(B). In the following, we derive the transmossi for the infinite-capacity battery case. This is because the
probability p and the spatial throughpuR(N, Pyy) in this transmission probability constraint given in Problem (f2)
scenario. Then by substitutingand R(N, P;) into Problem always satisfied and the UL transmission interference idlsma
(P2), we provide the optimal solution¥* and F;; for the due to the close distance between each wireless node and its
infinite-capacity scenario. associated AP.

First, we study the transmission probabiljty Unlike the
battery-free case, by deploying batteries to store theds&®d B. Finite-Capacity Battery Scenari@(< oo)
energy over frames, the time-varying channel effects on the

available amount of energy in the UL phase is largely all?.- . . . . )
: . } 7 inite-capacity battery, i.e;’ < oo, in which the network per-
viated in the battery-deployed case. When= oo, all the formance is upper and lower bounded by that in the infinite-

harvested energy/r in each frame can be stored in thea acity battery scenario and battery-free case, resp8cti
battery and used by the following frames. Moreover, no% pacity y y ' P

that the average energy arrival rate in the DL phase of eaé:\l/%?uetié?]e Si:[/(()arr?(ijn Eg)ergﬁésthcuiptpﬁ: tgng:r?iszz[:]eryrol%?il
frame iISE(Zr) = oo, as explained in Section II-B, which is 9 ' P

much larger than the required transmit powRer < oo in the p, defined in[(B), are all dependent 6h It is hence difficult

UL phase. Thus, as the harvested energy accumulates intfhgnd an exact expression pffor the f|n|te-capgc_|ty battery
: : - scenario [[21]. As a result, we focus on providing effective
battery over frames, we obtain the following proposition.

" o s . . _,bounds top. In the following, we first provide closed-form
Proposition5.1: Given infinite-capacity battery, the typical X .
—_— . o lower and upper bounds @f based on which, a special case
node’s UL transmission probability is

with p = 1 is obtained. Since the tightness of these closed-
p=1 (21)  form bounds cannot be assured, we then provide another lower
Proof: Please refer to Appendix]C. B bound, which is relatively tighter tp but can only be obtained

From Propositiofi 511, in the infinite-capacity scenari@ tnumerically. At last, by applying the obtained boundspof
APs’ RF signals can be considered aglable energy source we study the spatial throughput maximization problem fer th
for the wireless nodes. finite-capacity battery scenario.

Next, by substituting[{21) intd (13), which is the objective 1) Closed-form Bounds of Transmission Probability
function in Problem (P2), we obtain the spatial throughput By noticing from [2) and[{(8), the transmission probability
the infinite-capacity battery case &N, Py) = A\, log,(1+  p increases over the battery capacity We thus find the
B), which is a constant and is the maximum achievable spatieAnsmission probability in the finite-capacity battergrsario
throughput of R(N, Py). Since R(N, Py) is a constant, the is upper and lower bounded by that in the infinite-capacity
objective function in Problem (P2) is also a constant. Thusattery scenario, given i (1), and that in the batterg-fre
the spatial throughput maximization problem degenerates tcase, given in[{14), respectively. However, it is noted that
feasibility problem, given by both [13) and[(21) are constants and thus cannot flexibly
capture the variation op over different values of capacity
C.ltis (also ?oted that[[21] has proposed a(lower )bound,

‘ : Aw — e~ QUE=Pu) where( is the root oflnE [e~QZr—Fu)]
such that V& {1’ oo R <T LT KE/\AP) }  (22) under the condition thdt(Zr) > Py. Althoug[;h such a I0\;ver
Phin < Py < Phax- (23) bound exponentially increases ovérand can also be applied
in our considered system & 7r) = oo, it may not be tight

By observing the constraints in Problem (P4), the optim@lhen ' is small. Eor example, wheft' = Py, the lower
solutionsN* and F; of the spatial throughput maximizationpound1 — e~?(©~*v) provided in [21] is0, which is even
problem are given by any arbitrary point in the rectangul@aller than the lower bound given i {14). As a result, we
feasible region defined by (P2) arid123). Unlike the optima@bombine both lower bounds given in{14) and|[21] to provide
solutions in the battery-free case, given in Theoreni 4.3.tighter lower bound in the following proposition.
where N* and P;; are correlatedN* and P, here can be  proposition5.2: For the finite-capacity battery case, the
independently selected for the infinite-capacity batteagec transmission probabilityp satisfies < p < 1, where
M_oreover, since the transmission probabll_yby: 1, the_ — max (erf (F(N+2/a))\Ap 73 Ppn ’1_€7Q(07PU))’With
wireless nodes can always have opportunity to transmit n 2L(N) Py

the UL with sufficient energy. Thus, we find any transmit) = Ppn “APF(];:?F/((]?)FU‘Q/“) ,

In this subsection, we consider a practical scenario with

(P4) Find N, Py

—_

pOWer- |eVe|PU S [Pminzpmax]_ iS. Optlmal in the infinite- Proof: Please refer to Appende ]
capacity battery scenario. This is in sharp contrast to theIt is noted that wher 4 p > Fz(?vig%) WS};%W, the lower

battery-free case, where the optimal transmit power levitie
minimum transmit poweP,,;,, in general. However, similar to
the battery-free case results shown in Theokerh 4.1, siree
number of feasibléV's is non-decreasing ovev, p from (232),
the number of optimal solution pairsV¢ and P) is non- Aap > F§%£g7;),/ ,,31;5;77, p=1

decreasing oveh 4p. Moreover, we note that ihap > % Although the lower and upper bounds provided in Propo-
which is the high AP density regime defined for the bétterysitionm are in closed-form, their tightness to the acjual
free case in Theorem 4.1, ady € {1,....,7T — 1} is optimal of the finite-capacity case cannot be assured for arbitfary

bound given in Proposition 3.2 equdlsand thus we obtain
me following corollary.
Corollary 5.1: For the finite-capacity battery case, if
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and other parameters. Thus, in the following, we provide avhere in each casé; is only determined by the distribution
alternative lower bound tp which is tight in general. of Zr. Denoter = [ny, ...my] @s the steady-state probabilities

2) Tight Lower Bound of Transmission Probabilgy The of the Markov chain, and® as the state transition probability
tight lower bound ofp is obtained by modeling the batterymatrix with the (i, j)-th element given byP;;. By jointly
level as a discrete-time Markov chaln [21]. In the followingsolving # P = =« and ZYZO m; = 1, or applyingn’P"* = =
we first quantizeC', Zr, and Py, and then based on thewith a randomly initialized state probabilitieg = [r), ...7}/]
resulting battery level, we develop the discrete-time Mark and k¥ € Z, we can find the value ofr;, Vi € 0,...,v],
chain with finite number of states. By finding the steadyestaind thus obtaip™? = ZiU:O 7;. Since there is no general
probabilities of the Markov chain, we novelly derive a tighexpression to each;, p“Z can only be obtained numerically
lower bound to the transmission probability which is not in general. In Algorithm 2, by reducing to repeatedly
in closed-form but can be computed efficiently. calculatep™® until an absolute error bound, denotedébyt 1

First, we quantize the battery capacity, the harvested js satisfied, we present a simple procedure to calcylafg
energyZr, and the required transmit powgy, of the typical \which ensuresp — pLB| < 6.

wireless node, such that the battery level only has a finite

number of values. Specifically, lef <« C represent the

quantization step size, which assufdg;/d] < |C/d], with  Algorithm 2 Markov-chain based search algorithm to find a
[«] and|z| denoting ceiling and floor operations ofc R, tight lower bound top

respectively. We reduc€ and Zp to 6|C/é] andé|Zr /6], . initialize 5 andd, and setpo = 1 and p~B = 0.

respectively, and increase; to §[ Py /5]. Clearly, underthese . \while |p, — p~%| > 6 do
operations, the resulting battery level is a lower boundto 4 setpy = pB.
in (2), which is denoted by LB, given as 4 setd =6/2.
SEP =min (5LC/§J, 5. calculateU, V, and P.
6: find m, such thatr = =P, and set”? = "7 ;.
SEE, = 6Py /311 (SEZ, 261 Pu/0])+61Zr/3]) (24) 7. end while
8: return p’B.

with initial S&# = 0. For any F > 0, we haveSEE €
{0,4,...,8]C/5]}. By replacing Sy with SLP in (8), we
obtain a lower bound te, which is denoted by’?. It is ) ) _
easy to verify that whed is sufficiently small )= is a tight Remark5.1: The computational complexity of Algorithm 2

lower bound tap, which is expected to outperform the bound deétermined by the values éfandd as well as the efficiency
in Propositior 5.R. Moreover, wheh— 0, we havep™? = p to find the steady-state probabilities af As a result, it is
due to SLB = Sp. generally difficult to find the complexity order of Algorithéh
Next, we derivepl? by analyzing the distribution of%? analytically, as in[[30]. Intuitively, whei is very small, due
via Markov-chain theory. Let/ = [Py /5] andV = [C/s]. to the resulting large size of the state transition proligbil
From [23), givenSLB, with F > 2, SLB is independent of matrix P, Algorithm 2 may not be computationally efficient.
{SLB}f_—O2_ Thus fgés} satisf%s thsfMarkov property andgHowever, it is worth noting that Algorithm 2 is essentially
is hence a discrete-time Markov chain, with the state spac@ Off-line algorithm. Moreover, since it is not only difficult
given by {0,4, ..., V3}. Let Py; = ]P’(SLB *j5|SLB _ 2-5) to find an exact expression gf but also computationally
3 Uy eeey . 1] — F - F—1 — . . . .
represent the transition protj)ability from stateto j, with prohibitive to obtainp by network-level simulation, the tight

i,j € {0,..,V}. If j <V, the battery levelis is below the lower boundp”? provided by Algorithm 2 is important for
capacity limitVs, and thus analytical study of the actual transmission probabilityd an

o P , thus the spatial throughput. For example, as will be shown
Py = P((SLZF./(SJ =0 __2)6 +UsI(i 2 U)) later, p/P can help evaluate the performance of other lower
=P((j - )0+ US(i>U) < Zp < or upper bounds, and maximize the spatial throughput for a

(J—i+ 1D+ US> U)). (25) finite-capacity battery case with any designed parameters.

If j =V, state transition fromi to j includes all events that  3) Spatial Throughput Maximization\We consider two

can cause battot(e)ry saturation, and thus cases, which are\,p > 7P2:N£§J/V(3) = and Aap <
Py= Y P(5|Zr/s) = ki +USI(i > U)) S\ 75 respectively, for spatial throughput max-
k=V—i imization. We havep = 1 from Corollary[5.1 in the former
=P(Zp > k6 + USI(i > U)). (26) case, but no exact expressionoin the latter case.
By combining [Z5) and{26), we obtain First, we consider the case withy p > Fiﬁvi(;ﬂ) \/ ﬂj};n.
P((j—i)5§ZF<(j+1—i)6), Similar to the infinite-capacity battery case, whegn= 1,
if j<V,i<U, the spatial throughpuR(N, P;;) becomes a constant. Thus,
P((j—i)5+U5SZF<(j+1—i)5+U5), by substitutingp = 1 into Problem (P2), and adding the
Py= if . (27) : 2v.T(N) Py i
1T <V,i>U, constraintA4p > rnraa)\ T Eeyr OF equivalently,P; <
P(Zp>(V —i)é), if j=V,i<U, AapT(N+2/a)

2
P(Zp>(V-i)§4+Us), if j=V,i>U, 73 Ppn W} , the spatial throughput maximization
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problem degenerates to a feasibility problem, given by

1

(P5) Find N, PU 0.9+

L=100, P ;=10pW

such that N € {1, ...,min(T—l,T— Aw )} ,  (28) o8
KeAAP 0.7

o
o

Pmin S PU S min (Pmaxa

Evaluated probability
o
@

AapT(N+2/a)]” 1

3

P _ ) 29

D [ 2T (N ). (29) 04 ]
It is observed that the optimal solutiod$* and P to o3 i s 1

Problem (P5) are arbitrary values that locate in the feasibl o, e

region, defined by[(28) and_(R9). It is also observed tha
due to the reduced battery capacity, the feasible region ¢
Problem (P5) for the finite-capacity battery case is reducet 02 o4 o6 08 1 12 14 15 18 2
as compared to that of Problem (P4) for the infinite-capacit AP ensiy e (1) xo
battery case. Unlike Problem (P4), whe¥é and P, can be
independently selected in its feasible regidvy; and P;; of
Problem (P5) may be correlated, due to the added constrdihtProposition[ 3.l can be similarly validated by using the

5 . R

Py < ©Ppy {)\APF(N+2/Q)} to ensurep = 1. Similar to methods in the existing I|teratu_re (e.d..[15] and][27]). We
both b ¢ QF(éV,)U]g, . it b dilee focus on the battery-free case in Type-lI network model, and
oth battery-free and infinite-capacity battery cases,tdu find similar validation results for the battery-deployedsea

non-decreased feasible region, we also find that the nurribeﬂrrxp-l-ype_I network model as well as both cases in Type-Il

optimal solutions is non-decreasing ove; threNAP density. network model. Specifically, at the beginning of each frame,
Next, we focus on the case withy p < p(?{fﬁz/i) =ion we generateb(\4p) for APs and®(\,) for wireless nodes
Due to the lack of exact expression @fand thusR(N, Py), in a square of{0m, 1000m| x [0m, 1000m], according to the
given in [I3), we exploit Algorithm 2 to study the spatiaimethod described in_[14]. Then at the beginning of each
throughput maximization problem, as defined by Problesiot within a frame, we independently and uniformly rel@cat
(P2). Specifically, for anyPy € [Puin, Pmax] and N €  all the wireless nodes in the considered area. To take care
{1,...,T—1}, we first apply Algorithm 2 to find a tight lower of the border effects, we focus on sampling the wireless
boundp? to p. Then based op’Z, if the transmission prob- nodes that locate in the interim square with side length,
ability constraint\,, pLZ < K A\ ap(T—N) is satisfied, we can 0 < L < 1000. Unless otherwise specified, in this subsection,
obtain a non-zero tight lower bound of the spatial throughpwe setn = 0.4, A\, = 0.005/m?, Pp = 10W, T = 3,
R(N, Py), which is denoted by?"Z(N, P;); otherwise, we and N = 2. All simulation results are obtained based on an
set REB(N, Py) = 0. After finding all REP(N, Piy)’'s over average over 4000 frame realizations.
Py €[Pin, Pmax] andN € {1, ..., -1}, we can easily find the  First, we validate the feasibility of Assumption 1. Since th
optimal solutionsN* and P;; that maximizesR“?(N*, ).  correlations betwee's are similar over time frames and
From [I3), iflims_,o p™” = p by adopting a sufficiently small spaceR2, we focus on validating thaZ’s can be viewed
6 in Algorithm 2, we haveim; o R“”(N, Py)=R(N, Py), independent over spad®. Specifically, we randomly select
over any Py € [Pin, Pmax] @and N € {1, ..., T—1}. Therefore, two wireless nodes and index them with= 1 andi = 2,
the obtainedV* and P;; can be seen as tight approximationgespectively. The two wireless nodes independently and uni
to the actual optimal DL slots and UL transmit power, respegormly change their locations over frames in the interimasgu
tively. A numerical example is provided in Section VI-B towith length Lm. We consider two scenarios, where in the first
find the maximized spatial throughput based on Algorithm Zcenario, we set = 20m and P, = 14W, and in the second
scenario, we sel. = 100m and Py = 10uW. Clearly, both
VI. NUMERICAL RESULTS wireless nodes are of smaller mobility in the former scemari

Numerical results are provided in this section. In the fond larger mobility in the latter one. Moreover, sinte< o,

lowing, we first validate the analytical results, and thenttfer th€ o wireless nodes are of limited mobility over frames
study the transmission probability and spatial througtfput N Poth scenarios. In Fid.]3, we evaluate and compare the
both battery-free and battery-deployed cases. marginal probability produc®(Zr, > Pu) x P(Zp2 > Py)
with the joint probabilityP(Zz1 > Py, Zr2 > Py) over the

o . AP density\ 4 p in both scenarios. It is observed from Hig. 3
A. Validation of the Analytical Results that in both scenarios, for any AP density, the gap between

This subsection validates the analytical results obtainedthe marginal probability product and the joint probabilisy
Section Il and Section Ill by simulation. We validate theightly approaching zero; and especially when AP density is
feasibility of Assumption 1 for independeifir’s, and the reasonably large, such gap decreases to be zero. Hence, the
homogeneous PPP assumption for the point process fornmeavested energy of these two wireless nodes in one frame is
by the active wireless nodes in the UL slot. We also fintightly approaching to be independent, and thus can be dewe
that the distribution ofZr in Proposition[2Zll andP.,. as independent. Moreover, by comparing the two scenarios,

0.1 . 4

ig. 3. Validation of the independent assumption f#'s.
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Fig. 4. Validation of the PPP assumption for the point predesthe UL.  Fig. 5. Transmission probability over battery capacity.

it is observed that when the wireless nodes are of smalfemerically solvinggo@ (£2) = (1 —€) exp (—%) as given
mobility in the first scenario, the gap between marginah Propositiof 3.2. We also observe that similar perforneanc
probability product and the joint probability is compavaty can be obtained by using other parameters.
large when\ 4 p is quite small (e.g.\ap = 0.0001/m?). This 1) Transmission Probabilityp: Since the transmission
is mainly because whek p is quite small, the dominate APsprobabilities for the battery-free and infinite-capacitgt-b
are more correlated for wireless nodes with smaller mghbilittery cases are obtained exactly, as given[in (14) (20),
as compared to that with larger mobility. However, the reegil respectively, we focus on the transmission probability for
correlation is rapidly reduced as, p is reasonably increased.the finite-capacity battery case. We set = 0.0012/m?,
Therefore, Assumption 1 can be well applied in the consitiera 4 = 0.0008/m?, N = 60, and Py = 0.02W.
WPCN. Fig.[H compares the closed-form lower and upper bounds of
Next, we validate the Poisson assumption for the poipt given in Propositiofi 512, and the tight lower bound, given
process formed by the active wireless nodes in the UL sldy Algorithm 2, over the battery capacity. By adopting
According to [14], a point process @? is fully characterized Algorithm 2, we set the absolute errér = 0.001, and
by its void probability on an arbitrary compact subset dhitialize § = 0.0001. First, it is observed from Fid.]5 that
R2. We evaluate and compare the void probability of thehe tight lower bound by Algorithm 2 monotonically increase
actual point process in the UL slot with that of the assumexVer battery capacity’ as expected; and as the actual trans-
PPP ®(\,) in the interim square with side length, by mission probability, it is bounded by the upper and lower
setting L = 1 : 1 : 20, in Fig.[4. From [14], givenL, the bounds provided in Propositidn 5.2, respectively. Next, fo
void probability of ®(\,) in the interim square is given by the closed-form lower bound by Propositlon]5.2, it is obsdrv
exp (—AoL?). We setA,p = 0.0005/m* and Py = 10pxW. when the capacity is small with.2 < C' < 0.4, a constant
It is observed from Figl]4 that the void probabilities of botfywer bound is obtained as e(r.r(N;FQ(/]‘\",g’\AP /fralfon) >
the assumed PPP and the actual point process in the UL e—Q(C—Pv): and whenC > 0.4. the lower gound is
decrease over the increased interim area with side length LQ(Cpr) T(N+2/a)Aar  [7Pon
L, as expected. Moreover, since Assumption 1 can be wBlYen by 1 — ¢ > erf{ =5 Py )
applied, as its direct result to obtain the PBP),) in the which generally captures the variation of the transmission
UL, it is observed that for any., the void probability of the Probability, by taking the tight lower bound by Algorithm 2
assumed PPB()\,) is tightly close to that of the actual point@S & reference. Moreover, & increases, we observe both
process in the UL, which validates the PPP assumption for §&er bounds by Algorithm 2 and Proposition 5.2 approach
point process in the UL. In addition, frorfil(8) arid (9), sincE the upper boung = 1, and that by Algorithm 2 becomes
the density)\, is determined by the distribution o, the tight to p =1 whenC' is large. Furthermore, noticing that
successful validation of the assumed RPR,,) also implies erf F(N;}Q(/Jf‘,g“f’ /A2 is the transmission probability
the correctness of the derivet}-’s distribution in Proposition in the battery-free case, given in_{14), we observe that it is
2.1 under Assumption 1. always lower than the tight lower bound by Algorithm 2 in
the battery-deployed case as expected.

B. Study on Transmission Probability and Spatial Throughpu 2) Spatial ThroughputWe study the spatial throughput in
This subsections studies the transmission probability aRgth battery-free and battery-deployed cases. In the rgatte
the spatial throughput. Unless otherwise specified, in tHIE€ Case, by applying TheorémH.1, we focus on showing the

subsection, we reasonably sB, — 10W, o2 — —60dBm, effects of th_e _AP denS|_ty\Ap and wireless node density,,
e = 005 7 = 04, T — 100, and 3 — 5. Moreover, on the maximized spatial throughpu_t._lnthe ba_ttery-deqmby
we setn = 9 for calculating erfz) in (I7), wherev, is case, we focus on the challenging finite-capacity battesg ca

obtained asy, = erfiny(10~?). Similarly, go is obtained by With Aap < 1“2(11}\?-1;-(2]7;)\/ =157, and exploit Algorithm 2 to
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help find the maximized spatial throughput. a large transmission probability. Moreover, with small
Fig. [@ shows the maximized spatial throughput over thi¥* = 14 in the DL phase, the UL phase is assigned with

AP density in the battery-free case, by applying Theoreih — N* = 86 slots, which helps effectively reduce the UL

1. We consider two scenarios, with wireless node densitterference by the independent scheduling. In additimes

A = 0.0012/m? and \,, = 0.002/m?, respectively, where a smallerP; yields an increaseg, and thus requires a smaller

for each scenario, the low, medium and high AP regimes aféto satisfy the transmission probability constraint in Reof

given by [0, Ay /(Kc(T — 1)), [Aw/(K(T = 1)), Aw/Ke), (P2), it is observed from Fid] 7 that the feasible regiom\of

and [\, /K., o0), respectively. First, for both scenarios, ibecomes smaller ag;; decreases.

is observed that by increasingsp, the maximized spatial

throughput slowly increases in the low AP density regime, VII. CONCLUSION

and afterAap = Ao/(K(T' — 1)), it rapidly increases in | this paper, we studied the optimal tradeoff between
the medium AP density regime and achieves its maximufe energy transfer and information transfer in a largdesca
achievable spatial throughput, log,(1 + 3) at some point \wpCN, for both battery-free and battery-deployed wireless
in this regime; and after this point, it remains as the Cofmpdes. We proposed a new time-partition-based harvest-the
stant A, logy(1 + ) over all the medium and high AP transmit protocol and modeled the network based on homo-
density regimes. Since in both scenarios, we observe taiheous PPPs. By using tools from stochastic geometry, we
Awlogy(1 + B) is achieved far before\,p reaches to its characterized the distribution of the harvested energyhén t
high density regime, for ease of illustration, we only sho® t p| and the successful information transmission probapbilit
low AP density regime and part of the medium AP densify, the UL. We studied the resulting transmission probapilit
regime in Fig.[® for both scenarios. Next, it is observed thghd successfully solved the spatial throughput maxinzati
the maximum achievable spatial throughputlog,(1 + 5) problem for both battery-free and battery-deployed cases.
is larger for the scenario with a larger, = 0.002/m? as Moreover, by comparing the network performance in the
compared to the scenario with, = 0.0012/m?. Moreover, pattery-free, infinite-capacity battery, and finite-capabat-
in the scenario with a largek,, = 0.002/m? due to the tery cases, we investigated the effects of battery storage o
increased interference level, to achieviglog, (1 + 3) under the system spatial throughput.
the successful information transmission probability ¢aist,
more APs are needed to be deployed to reduce the distance
between the wireless nodes and their associated APs, so as
to improve the desired signal strength and thus the suadessf
information transmission probability. 22
Fig. [ shows the spatial throughput for the finite-capacity LEMMAaA.1: For anyz > -, g > 0, gexp ?) Q(z) 2
battery case overV and Py, where we setl’ = 100, 1 — € is equivalent tor < ¢ with —Z= < ¢, whereq is the
Prax = 0.02W, C' = 0.04W, A, = 0.0012/m?, andXap = unique solution tay exp (%) Qg)=1—e
0.0008/m?2. By applying Algorithm 2 withd = 0.001 and .
initialized 6 = 0.0001, we use the method presented in Section  Proof: Let yo(z) = %_ It is easy to verify that
to computeR" (N, Py) over all feasibleN and Py, y,(x) monotonically increases over> 0, as shown in Fid8.
and take the obtaine®’” (N, Py) as a tight approximation pq 4 result,g exp (%) O(z) > 1 — ¢ is equivalent tar < g.

to R(N, Py). We find the optimal solutions that maximiz . g g ] .
’ > 9 -9 <
RLB(N. P, are N* 14 and P P 0.0055W eMoreover, sincer > —&=, we needm < gq; otherwise, no

in Fig.[. Thus, similar to the battery-free case in Theorem®lid = € [—£=, | exists to meey exp (%) Q(x) > 1 —e
[47, the wireless nodes prefer to chod3g;,,, which assures LemmalA.l thus follows.

APPENDIXA
PROOF OFPROPOSITION3.2

We first present three lemmas.
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LemmaA.2:

Var
Proof: Let y; (z) =+/2mz. While ¢ is the unique solution

to yo(z) = %, we have_Z is the unique solution to

y1(z) = g. Notice thatq is a function ofg, and as shown

in Fig.[8, wheng increases, botly and \/% increase. First,

exp(—ai/im) g
Q(go/2m)

309U .
J%r is the unique

< ¢ is equivalent tog > go.

since go is the unique solution tg?- =
easy to obtain that when = gg, g0 =

exp(—qg/Q) _
—o) In other words, whery = g,

we obtaing = \/%. Next, by expanding?(x), we have

Q(r) = \/%exp (—””2—2) [ — L +o(@*)]. We thus can
easily obtainyo(z) > y1(x), andhmgHOO yo(z) =11 (), i.e.,

solution to % =

yo(x) andy; (z) are getting closer as increases. As a result,

as illustrated in Figl18, it is easy to verify the followingk)
wheng < go, due to the big gap betweeyp(z) andy;(z),
we haveq < —L, as illustrated by Case 1 with = ¢g; and

side,
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APPENDIXB
PROOF OFTHEOREM[Z ]l

Note that in the first constraint of (P3), for the left-hand
we have) erf(F(N”/“)“P ”3155”)) < Ay, and

2T ()

for the right-hand side, we hav& Aap < K Aap(T —

N) < K Aap(T —1). Thus, by comparing the upper bound
of Agerf( N;ﬁ{fv’g“P = Pen ) with the upper and lower

bounds of K. Aap(T — N), respectively, we obtain the fol-
lowing three regimes of the AP density p:

1)

2)

3)

q = q1; and Z)que to the increasingly small gap between

yo(x) and y1(z) as g increases, whery > ¢, we have

q > —L=, as illustrated by Case 2 with = go andq = go.

Lemmam thus follows. [
22

LemmaA.3: Wheng > g, we have% = 27z,

ase — 0.

Proof: It has been shown from the proof of LemmalA.2

2
that% >+/27z. On the other hand, whey> gy, since
q> A=, we havei)(pcg(;?) < 719((1)2 ) T L,
5 27
ep (%)

< mm , by substitutingy = v/ 27z

or equivalently, )

(7)) =+/2nx, ase — 0. LemmalA.3 thus

If Ay, < K A\ap, i.e., in the high AP density regime,
it is clear the first constraint in Problem (P3) can
always hold. Thus, any € {1,.., 7 — 1} and Py €
[Puin, Pmax] are feasible to Problem (P3). Note that
R(N, Py) achieves its maximum value whéa = T—1
and Py = P, As a result, if N = T — 1 and
Py = P, satisfy [I8) for assuring = 1, we find any
pair of N* and P}; that satisfy[(IB) are optimal to Prob-
lem (P3), andR(N*, Pj;) = A, log(1 + j3); otherwise,
we havep < 1 and thusR(N*, P;) < Ay log(1 + ),
with N* =T — 1 and P, = Ppin.

If KAap < Ay < K Aap(T —1), i.e., in the medium
AP density regime, a uniqué/, clearly exists, since
otherwise, the conditiod A ap < Ay < K Aap(T —

1) cannot hold. It is thus easy to verify that the first
constraint in Problem (P3) holds if and only N <
Ny. As a result, the feasible region for Problem (P3) is
given by anyN € {1, ..., Ny} and Py € [Pumin, Prmax)-

At last, by using the similar method as in the case of
high AP density regime, we can easily find", 5 and
R(N*, P}) as stated in Theorem3.1.

If Ay > Kodap(T — 1), ie., in the low AP

density regime, if\ erf(F N;Q(/ﬁg“P ”;ff:) >

K Aap(T — N) at N = 1, which gives the largest
value of the right-hand side in the first constraint
of (P3), the first constraint of Problem (P3) can-
not hold, and thus there is no feasible solution;
otherwise, there exists optimaV* and P, which
yield p < 1. As shown in Algorithm 1, since for

f( L2/ ar ”Slff”) achieves

any givenN, \,er ( ST (V)

its minimum value when Py we use
Aperf ”ZA%W % < K ap(T — N) to check
whether anN Is feasible, by searching oveN €

{1,...,T — 1}. Atfter finding a feasibleN, we then
calculate the corresponding; = max(Ps, Ppin) that

maximizes R(N, Py). Finally, by comparing all the
feasible N’s and their correspondingy’'s, we can find
optimal N* and P that maximizesk(N, Py). Clearly,

maxs

As a result, by searching ovetNV € {1,...,7 — 1}, Algorithm 1 is
follows. < ™ of complexity or of O(T).
Therefore, sincél > —S_ in (I2), from Lemmd AL and Based on the above three cases, Thedrein 4.1 thus follows.

2
LemmalA2, [(IR) is equivalent tof < X with G > go. From

Lemma[A3, we can obtaip = m with ¢ — 0. By

substituting the expression af andG, we find Py, > 1 —¢

APPENDIXC
PROOF OFPROPOSITIONS. ]

is equwalent to the transmission probability constraifthw  \ye note a different proof based on random walk theory for
Propositio 511 was provided ih [21]. Compared [tol [21], by

Py > . Propositior 3.2 thus follows.

3)\2



exploiting the distribution ofZr, the proof presented in the [9]
following is much simpler. Fromi{2), we have

F F F
Sp=Y Zi—=Pyy I(Si-1>Py) 2 Zi—FPy.
i=1 i=1

i=1
(30)

Under Assumption 1 with i.i.dZg’s, it is easy to verify
that the point processes at the end of the DL phase of eagh
frame are i.i.d. PPPs, each with densityp. Thus,Zf:1 Z;
gives the harvested energy over &lli.i.d PPPs, which is
equivalent to the harvested energy in a PPP of dedskyp.
Hence, we can easily obtain that for any given> 0,

[10]

[11]

[13]

P(LL 2> 2) = e g“*'fp/g@f A [T2Pon ) which is
equal tol when'F is sufficiently large. As a result, froni(8) [14]

and [30), we obtain [15]

n F
.1 [16]
p2 lim — Y P(Y 7> (F+1)Py
F=1 i=1
2”: orf (N +2/a)FAap
~ 2I'(N)

17
P [17]

Py

o1
lim —
n—oo M

(18]

[19]

—1. (31)

Sincep < 1, we havep = 1. Propositior. 511 thus follows. [20]
APPENDIXD

PROOF OFPROPOSITIONS.2

Since both erg’ﬂ%”V PPLU’? and1 — e~ QC—Pu) gre

lower bounds ofp < 1, it is easy to find thatl <
p < 1 holds. This proof mainly derives the expression

of @ by solving InE [e=@Zr=Pu)] = 0, or equivalently, [2]

E (e79%r) = ¢ @, From the Laplace transform ofp

given in Propositiof 211, it is easy to find th#t(e~ %) =

[21]

[22]

[24]

exp (—ﬂ'/\Ap%F(l - 2/a)(PDnQ)2/O‘), and thusQ |55
by lettingE (e~“%r) = e~@" . Propositiod 5.2 thus follows.

[26]
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