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SWIPT in 3-D Bipolar Ad Hoc Networks
with Sectorized Antennas

loannis Krikidis, Senior Member, |EEE

Abstract—In this letter, we study the simultaneous wireless into a 2-D planar array in order to achieve spatial separatio
information and power transfer (SWIPT) concept in 3-D bipolar  to both the elevation and the traditional azimuth doméiis [7
ad hoc networks with spatial randomness. Due to three spatia [8]. The employment of 3-D antenna sectorization on 3-D

dimensions of the network, we introduce a 3-D antenna sec- t K ith tri d . h
torization that exploits the horizontal and the vertical spatial networks with geometric randomness IS a neéw research area

separation. The impact of 3-D antenna sectorization on SWIP  Without any previous work.
performance is evaluated for the power-splitting techniqe by In this letter, we study antenna sectorization for 3-D bépol
using stochastic geometry tools. Theoretical and numeri¢aesults gd hoc networks with SWIPT-PS capabilities. Conventional

show that 3-D sectorization achieves a more accurate beam : .
steering in the 3-D space, which can be beneficial for both the 2-D sectorized modeld ]|4] are extended to capture spatfial

information and the power transfer. separation in the horizontal domain as well as the vertioal d
Index Terms—SWIPT, power-splitting, 3-D sectorized anten- main. The impact of 3-D sectorized antennas on the achieved
nas, 3-D Poisson bipolar network, stochastic geometry. information and power transfer is evaluated by using ststita

geometry tools. Closed-form expressions as well as asytiopto
simplifications are derived for the success probability dred
IMULTANEOUS wireless information and power transferaverage harvested energy. We reveal that 3-D antenna-sector
(SWIPT) is a new communication paradigm, where wirézation is a useful tool for 3-D networks and the associated

less devices extract information and energy from the receivadditional degree of freedom (i.e., vertical spatial sapan)
radio-frequency (RF) signalsi[1]. Due to practical limitais, achieves a higher information/power transfer than coriwaat
SWIPT cannot be performed from the same signal withoahtenna configurations. The main contributions of thisetett
losses and practical implementations divide the receiiggtht are the development of a new 3-D antenna sectorization model
in two parts; one part is used for information transfer anfdr 3-D networks and its study in the context of SWIPT.
another part is used for power transfer [2]. In this work, we
focus on the power splitting (PS) technique, where the $igna Il. SYSTEM MODEL
is split into two separate streams of different power [1], [2 i . .
The time-splitting technique, where SWIPT is performed in & consider a 3-D Poisson bipolar ad hoc network con-
the time domain, is a special case of PS with a binary powapting of a random number of transmlttgr-re_celver pails [4
splitting parameter and therefore is excluded in our aimlys | N€ transmitters form a HPPP = {z;, €R*} with & > 1 of

Due to the importance of path-loss degradation on SWIFIENSityA in the 3-D spacel[9, Sec. 2.4], wherg denotes the
systems, recent works study SWIPT from a large-scale poﬁﬂor_dmates of the nodk. Each trgnsmltte_r has a dedicated
of view by taking into account the spatial randomness of thgCeiver (not a part ob) at an Euclidean distanag in some
network deployment]3]. In these works, the location of th@ndom direction. The time is conS|dered to be slotted and in
devices and/or base stations is mainly modeled as a horfi@ch time slot all the sources are active without any coordi-
geneous Poisson point process (HPPP) in the 2-D space.M§on or scheduling process. To analyze the performance of
further boost the information/power transfer, directivifains e neétwork, consider a typical receiver located at theinrig
through antenna sectorization is introduced as a promisiig: 1his 3-D set-up is inline with ultra-dense urban netimr
technology. Sectorized antennas not only efficiently hand/Nere & vast number of devices such as smartphones, tablets,
multi-user interference through spatial separation [4},diso S€NSOrs, connected object_s will be connected in the_same
facilitate wireless power transfer in environments withopo Tequency band. These devices can be randomly spread in both
propagation characteristics] [5]. However, most of the woike horlzontallvemca! spatlalldomalns in a chaotic manne
on SWIPT with/without sectorized antennas is limited to 2-D e assume that wireless links suffer from both small-scale
networks and does not consider recent 3-D deployments. Plock fading and large-scale path-loss effects. The fadng

A first effort to analyze the performance of a 3-D networkRaYy!€igh _dlstnbuteﬂ:lso the power of the channel fading is an
is presented in[]6], where the authors study the covera@éoone”t'al random variable with u_n|t vanan@ [6]. We deno
probability for a 3-D large-scale cellular network with omn BY /. the power of the channel fading for the link between the
directional antennas. On the other hand, recent standiatiz Interfering transmitter: and the typical receiver;, denotes
activities (e.g, 3GPPP) focus on full-dimension multipiput the power of the channel for the typical link. The path-loss
multiple-output technology, where antenna elements aresgl model assumes that the received power is proportional to

|. INTRODUCTION

I. Krikidis is with the Department of Electrical and Computengineering, IMore sophisticated 3-D channel models that capture théaspatrelation
University of Cyprus, Nicosia 1678 (E-malkrikidis@ucy.ac.cy). between the horizontal and the vertical domain are beyoadstiope of this
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where )\; is the node density of the proceds, 0, and ¢;

- denote the sector size over which the process occurs for the
@ ®) horizontal and the vertical domain, respectively, andis

Fig. 1. a) 2-D sectorized planar antenna array wifh < M> = M elements; the total antenna directivity gain. As for the direct linkse

b) Sector size for the horizontal domai@n(/M1) and the vertical domain assume that the transmitters are perfectly alianed witir the

(m/M2). . . . perfectly aligned
associated receivers i.e., the antenna directivity gairakscto
Y1

1/(1 + d*) whered is the Euclidean distance between thg, qupT at the receivers

transmitter and the receivery > 3 denotes the path-loss

exponerft. In addition, all wireless links exhibit additive white 1€ {ransmitters have their own power supply (e.g., baitery

Gaussian noise (AWGN) with variancé. and transmit with full powerP,. Tr_le receive_rs employ a
SWIPT-PS technique and thus split the received signal into
A. AZimuth and vertical sectorization (AVS) two flows of different power for information decoding and

The transmitters are equipped with sectorized planar #ergy harvesting, respectively. Leét< v < 1 denote the PS
tenna arrays to steer their beams to specific directionstin barameter for each receiver [2]. The energy harvestingiitirc
the azimuth and the vertical domairis [7]] [8]. Each pland$ ideal and the corresponding activation threshold is kequa
antenna array consists dff; x M, = M equally spaced to zero [1], [3]. As for the information decoding process, an
antenna elements arranged in a regular rectangular artag in€xtra noise is introduced by the conversion operation of the
2-D plane; Fig[dl schematically shows the planar antenmeyarRF band to baseband signal, which is modeled as AWGN with
and the associated azimuth/vertical sectorization. Eaténaa zero mean and varianeg?,. The signal-to-interference-plus-
element covers an angl%[—l in the horizontal domain with noise ratio (SINR) at the typical receiver can be written as

directivity gain My, and an angle]\’}—2 in the vertical domain v P ho
with associated directivity gaif/,. We also assume a constant SINR = L (1)

sidelobe levely for each antenna dimension with< v < 1 vlo* + AL+ I + 13)] + ot

without loss of generality, where denotes the ratio of the wheren £ 1+d§ andI; £ v, >wca, 1+da denotes the (nor-
sidelobe level to the main lobe for the out-of-sector traitteth  malized) aggregate interference generated by the traesanit
power for the horizontal and the vertical dimensidns [4]eThin ®,.

receivers are equipped with a single isotropic antenna and m

intercept RF electromagnetic fields equally in all possible _ . . .
P g quaty P In this section, we study the information and power transfer

directions in 3-D space. f f the 3-D binolar ad h twork
Due to the 3-D sectorization, three interference terms & =2 ormanqe ot the >-U bipolar a OC network.
. Information transfer- success probability

pear as follows:®; represents the set of interferers whic

are aligned with the location of the typical receiver in the The information transfer performance of the network is

horizontal/vertical domain31>1 is a HPPP in the 3-D spaceanalyzed in terms of success probability i.e., the profigbil

with density \; = ,\Iél L= 2 (thinning operation[[9]). that the receiver can support a target SINR thresfildhe

®, is the set of interferers which are aligned with the typ|caﬂl’0babl|lty of successful transmission for the typicaleiger

receiver only in the horizontal domaif®; is a 3-D HPPP with is

density Ao = Ag-22=1 = AL, @ refers to the set of IIys = P{SINR > 3}

interferers which transmit in different horizontal and tieal { 577[ (
=P

. PERFORMANCE ANALYSIS

directions from the location of the typical receiver; it is@a
3-D HPPP with densitp; = )\ngl. We note that the vertical

v Py

o2+ P, Z?:l L) + o2 }

domain is taken into account only when the interference link n(vo? + o) By,
is aligned with the horizontal location of the typical reasi = VUL P —_ < ) Eg exp —1/}7“1
if an interferer occurs in a misaligned horizontal sectanth e !

By using similar arguments with [4], Tablé | summarizes - v P,
the interference characteristics for each of these presess
_ Bn(vo® + o) )H <¢1Bn >
Lr A (2)
1=1

vip1 Py
s — L1 (By*n,\) for P, M — oo, 3)

) HIE<1> exp (—Bnl;i/¢1)

2The conditiona > 3 ensures the validity of the derived closed-form = exp
expressions and holds for practical urban/suburban sseknvironments.
The considered path-loss model ensures that the pathdoakvays larger
than one for any distancgl[9] and is appropriate for SWIPTesys.

its vertical sector is also misaligned. < Bn(vo? + o-c



whereL;(-) denotes the Laplace transform of the interference @®

-

-
and is given in the Appendix. . 2] tw JpeE .-
The performance of conventional antenna configurations EO’G o § -0 /Azg/v/
yields from [2) with appropriate parameterization. Spealfy, EOQ, "X Sl e uem g /:lf§/‘7
the case where the transmitters are equipped with singlé-omn E ; W/ o heem 3 =0 f§ =
directional antennas (case “OM')I[6] refers dd; = M5 =1 el ~ sy ER
a.nd iS equal to ,% fgo —gs }%[[stfnlls A AS(;D:DW) -35 -30 -25 —lzp‘o[dg%]s -0 -5 0
</ OM(2-D)
Bn(vo® + o) © z @
[Tom = exp (— B Lr(Bn,A), 4) 20; = ::f:\\\g\\ %725, cvesevevess
I3y — L1(Bn, ) for P, — oc. (5) £ 0o won O Sl ot oSt Sl
The case where the transmitters are equipped with a 1-Drlinea w * e £ 0
array of M sectorized antennas for spatial separation on the * BN ™~ Popabasasaasaat
. . . 0 v <
traditional azimuth domair [4] (case “AS”) refersid; = M, o P 00w 2 00 w0
M, =1 and corresponds to Fig. 2. a) Success probability versifs; b) Average harvested energy versus
577(’/02 + 0%)(1 + ’Y(M . 1)) Py; c) Success probability versy® d) Average harvested energy versgis
ITas = exp <— )
VMPt
X Lp(Bn, \/M)L(Byn, \(M —1)/M),  (6) By comparing the asymptotic expressionginh @) (10) and, (12
TI3g — L1(Byn, A) for P, M — oo. (7) we haveEow < Ezs < Exys.

By compagong theooasymgzonc expressions[ih (B), (5), and (7) IV. NUMERICAL RESULTS
we havellgy, < 1133 < II3ys.
Computer simulations are carried-out in order to evaluate
o the performance of the proposed schemes. The simulatien set
On the other hand, RF energy harvesting is a long tef follows the description in Secti@d Il with parametersléss
operation and is expressed in terms of average harvesigRerwise definedp, = —10 dBm,a =4, A = 1074, dy = 3
energy [1]. If 100(1 — v)% of the received energy is usedm i — 16, M, = My = /M, 8 = 20 dBm, 02 = —130
for rectification, the average energy harvesting at thecgipi gpm, 02 = —30 dBm, v = 0.5, ¢ = 1, and~ = 0.3 [10].
receiver is expressed as Conventional antenna configurations such as omnidireation
Piprhg antennas (OM) and azimuth sectorization (AS) are used as
Eavs = CEon(1—v) { " + P+ I +I3)} benchmarks. In addition, existing 2-D models are presented
" 3 1 for the OM and AS configuration§1[6].
=((1-v)P, <_1 4 Z;ﬁiE@i Z ) Fig.[2 plots the success probability and the average har-
[ —— €D, 1 +d3 vested energy versus the transmit powgrand the SINR
" 3 thresholdg. As it can be seen, antenna sectorization signif-
=((1—-v)P, (—1 + Zwi&(/\i)> , (8) icantly facilitates the information and the power transier
- environments with low ambient interference. 3-D sectdiiza
achieves a more accurate beam orientation by exploiting the
horizontal as well as the vertical spatial separation ang th
Iialchieves higher success probability and more efficientggner

\gh(na;? ioeD(éi)’sg)ls;neOEﬂiT EES(]% cac;]r;\fle(r.s)mi)g eitf/::rlle?nq;hfer}o'&n _R transfer by boosting the direct links. The comparison wlité t
9 9 i ! g P* conventional 2-D models shows the compatibility of the 3-

pendix. It is worth noting that the RF energy harvesting frorB models and confirms the superiority of the 3-D antenna
the AWGN noise is considered to be negligible. The expr@ssio o . .
ctorization. Theoretical curves perfectly match witke th

in (@ shows that the average harvested energy asymptymcaﬁlﬁ merical results and validate our analysis.

erends on .the ratig, while the ampient harvestgd ENCTYY The impact of the network density and the PS parameter
81'2'bgzrg]?f;'ggofl\rﬂozn;hi? gg'sﬁsse(rsgi%e?ff))) Is oo on the achieved information/povyer f[ran.sfer is depictedig’p F
For the special cases with/, — M, — 1 (single .omnidi- [B. Fig.[3.(a) shows tha_t_sector|zat|on is more beneficial for
rectional antenna) andf, — M, M, — 1 (sectorized linear modera_te network densities, where m_ult|—user m_terfeeemn
antenna array), the average ha’lrvested energy is given by be eff|c_|ently contr(_)lled fchrough _spatlal separat|_on. Fribre
' ) harvesting standpoint, Figl 3.(b) illustrates that\d@screases,
Eom = C(1 — )P, F + Am=A ] : (10) multi-user interference becomes the dominant component of
7 asin(3X) the harvested energy and thus antenna sectorization higedim
M A2\ interest. On the other hand, Fids 3.(c), 3.(d) captureftime
Eas = (1 = )P, (77[1 T (M —1)] + asin(3—”))’ (11) damental trade-off between information and energy transfe
1 A2\ "‘ asv increases the success probability is improved while the
_+.73ﬂ) with M — oco. (12) harvesting process becomes less efficient, since most of the
- asin(<F) received energy is used for information decoding.

B. Power transfer- average harvested energy

Exs —C(1—v)P, i+ﬂ for My, My —o0, (9)
AVS t77'72 asin(gﬂ,) 1, 2 )

[e3

[e3

E3s — C(1— u)Pt(

[e3
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Fig. 3. a) Success probability versisb) Average harvested energy versus
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moderate network densities and transmitter-receiveamnicsts.

APPENDIX
We derive the Laplace transform of the interference term
I=3% co % whered’ is a thinned version of the process
® with densityé < \. We have

shy,
L1(s,€) = Ea pexp(=sl) = Earp H exp <_1 + da)
zeP’ T

sh
ZE@ H Ehexp (— a)
e’ 1+dm
e 4 5/00 1—Eje sh 24
=exp | —4n — xp | — rdr
P " Jo hxP 14 re
(13a)
o sr2
2
= exp —Lﬁs(l—i—s)% , (13c)
ozsm(;”)

where [I3R) uses the probability generating functional of a
PPP and the mapping of a 3-D PPP to one dimension (with
intensity function¢’(r) = 4r¢r?) [9], (@30) follows from the
moment generating function of an exponential random végiab
i.e., hy ~exp(1), and [I3k) is based o 11, Eq. 3.241.4].

In addition, we derive the mean interference over the HPPP
®’ as follows

ha g2
Er(€) = Ear %‘: T 47€ /O e dr  (14a)
4m2e
= > 14b
a sin(%”) ’ (140)

where [14h) uses the Campbell’s theorem for sums [9], and

do; ) Success probability versud; d) Average harvested energy versus  (I40) is based ori[11, Eq. 3.241.4].
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