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Abstract Radio frequency (RF)-based wireless energy transfer is one of promising techniques to power the next-gene-
ration wireless sensor networks (WSNs). Due to the very limited energy harvesting rate, the RF energy harvesting
WSNs usually operate in the ultra low duty cycle mode. So one fundamental issue of this kind of WSNs is how to deploy
a given number of energy transmitters (ETs) so as to maximize the minimum duty cycle of all nodes. Firstly, this paper
analyzed this optimal ET placement problem so as to deeply and theoretically understand it. Then the greedy approach
and the particle swarm optimization (PSO) based approach were presented for this problem. Simulation results show
that the proposed approaches can significantly improve the duty cycle when compared to the even placement of ETs,

Keywords Wireless sensor networks,RF energy harvesting, Energy transmitter placement, Duty cycle optimization

(WISP)M iz & i RFID F3EaS 42 b AE B 3F B 7T LA it

518

AR, ey e B BB ) O 2R A% 88 I 4% 1 A AE ot [T
WHR, ZARTEER T HAELRGRTH T ZMA. m
BRI A R AR B SR T AU B T B L BAS M4
WRZBENTR, EAFREEBIKEAR D, L B 55
(Radio Frequency, REYBEBH IR ARTE S TR AL RAR M &
RULEH A E ) Z W N BT R . T4 8 5 3R 5 (Radio
Frequency IDentification, RFID) & i 5t E SR fE B R HE AR
R —FRABRN . ERRET,RFID 8 T/EFRHER
£k A THEW RFID BIRER N HRMSIRER. %45
9 RFID A58 A BT E D68, THE R RA R BT
HTRARAGEMEREIN TR ANERATL R

FIHEH:2016-02-24 KB H H#H: 2016-06-20
LY15F020027) % Bl .

BiEE. BOE. IRARKELITHRESHREZRYHEEE
5, XA R A SRR B AR e .

FERPFERR, BH AR RERIES R, ERi
BELT , WISP 434 H % ik S R R R4, T £ THRR &
THEHFENIREZRAY . B YRR MKTEAN
DIRAREAR, B 2L g SRR AR BE M) O IR A5 R Y s T
YEAEMARRY G 25 IWRT . AEST T B B A TR AL BN (RF
Energy Harvesting Wireless Sensor Networks, RFEH-WSNs)
o, — MR B KT RER &5 & R T AR R K
HRA A/, BBk F BB B ¥ (Energy Transmitters, ETs)
WAL E . 3P EREGET 5L ETs BRI, NG R
gk, Fit, RFEH-WSNs %34 i i — A 54 (6 Bt 2

AXZEFKHARRE IS (61472367, 61432015) , WiV 45 B SR B} 2 5 4 (LY15F020029,

HEELEL1980—), B, 4, BI%EE, TEBISH H I XL ML , E-mail: kkchi@zjut. edu. cn; Bk—R(1992—), B, B4, TEH T H M-I TLE
A M FE|MB 1982, &, B+, AEETE, TEWRF A BREZBHEME R BARBL), &, L, Al H&E, TEHFE T AIME

2,



53

WL, %5 SRR IR BN 5 = LR MR R IR B 129

WA B BB MEEREMNALE , AT BRI RERE (R R
AR EBEER Y KM RERERER, RS
Ho XATRERA LR R S, B A — e 8 15 R B L
R AR BT SRR R (B NI RE B IR 3
FOH)RAHER, ATTE RN EINMTEHRNRELE.

BRT, X THEREREREMENHEXED A 2K
08, Erol-Kantarci % AP % 8 T — %30 ET f1 &M i
T A AL R P B SRS i3S . He AN E A
BOK ETs UBBRMER IR MBS ERS T ABER
RAERBEROR AR IR . M1 RE 2 AR5 X 0 =5 [ A
M— M =ABHBERRRN R ETRITH. Fu AW
BT B —Fhig R ETs B R AR, B ETs B
B8 57 B P AE L PR 45 B B TR) , (48 R 48 P BT B0AE AR T RU3E
B B RE R /ME.. SCBRL6 R T —FET R M R B SR
AL RE TRMEXMN ETs BT, KR e ME
B AR EAN/NTFHRRNRNFT R, A EE ETs
BB ME.

U ETHEAZETHEK ET MRV & s
iR, AW ETs B AMLEE . AR TFXET4E, A3
BB —F ETs HBFE £ ETs M K {2 NERT,
g ETs HiBEEAFRMME U BERAENFR D AR
B/ EoE .

BN BERERAAA B EHITEE, FIRA T #E
AR RIS ER R F A BIR T XX ETs i g8 M
HTFbr FBEAE 4L (Particle Swarm Optimization, PSO) #) ETs
MBEHYE. RERX ETs BB ELERR XS P HEILA
B KANETs, REBLEREMBUE ETs WoHME, HE
ETs B ABEHBREN L BT PSOM ETs i E A
L —E R BT, 8 VR FERTA KA~ ETs #—
FERE R BRSBTS TR, AT R
BALHEE TR,

2 g RARER

VR E P, Fx., EHAANET BHEL
T.HWARERIINES IR P, FTLAB LT Friis A s 8)%
WHBRER.

A
Pr:GsGr(Hd)ZPz (1)

HBERERE HREESHITRR LU 8 R & H1T
FERFE—EHBEEEERE. B o RRBEREE, 0<9<1. 5
sh B — % BRERAAB TR KRBT Friis B fi= =7
BIE d=0 W R R TH KA R, XK1, 4-5]5 4 H
TLUF A ET BT W5 Sse 2R IRER .

Ph=77GL’—?'(EtQJA—+€))ZP, 2
He G, BIRREHE,G REWCREHS, L, BRIHFE,
ARPHK, P R ET WARRIIFE. X THBERMIRZKEE
BS54, Friis Bl B F BN d BAER d+e,e
R—AEE /NS WY Friis H B Z WA BE d=0
AR T 3R 55 KB IR .

A3 BB R B S AL AR B A 5T SR BR — B 1F
O, B RBRTEEFRSERARIRE, 37 SE— R
pigER. Y- HAWNEESALZA ETs B W AEERH

MBEE T A ASMSIR) ET SR SHRER R B .
3 R

EXWMTHS:

DN #rfiBEER B PEREN SHEE. % /4
TR 3 ) FR j=1,2,,N,

DK FRBEWETs HHE,F i METHAEHNE
HBR A (2l y” )R i=1,2,, K,

3P, M P, S BIEAY RETEREMABRRE TR
R, @, Ao RESSH, RAT R T/ENEF GBS .
Hi, ¥ A TIFEEN P=aP, +(1—oP,,

Dd;;FRE i N ET 58 A~ R ZRIGES, B

diy =/ (& — 2 )+ (7 — 57 )?

BER(OAH, H A NE N ETHEMER

GG, A .
7i(m)21’nlﬂ¢t‘?§ﬁl MFTA K 4~ ETs frifgk

L)SeE Y B
PO =50 G o
BARE N AT AHEEEN AN 5= EH TRAML
N AN R B/MREIRIIE PP, P 8.
Pyr=min{ P :j=1,2,-+,N} “w
A0 BB E ETs 4 & 7] 88 (Optimal ETs Place-
ment, OETP) 845, 4N 1 B,
BN, K, P, (20 ,57),i=1,2,,N
B #5 ¥ : maxP,
EE:(I}’),y;t))9j=1»2v“"K
AR PP 2Py, Vi=1,2,,N

)?P, 6)

E 1 ETs &k ETs 75 BRI EEE

— BRI OETP MBI R BB K P, 5, AT
B AR Pr=a¢" P, +(1—a* )P, SREBHMA LT AHE
Migsther,

ZABHAEXARBHRIELEMIESH, BrUd
OETP (A& — A5 4% o ) Rl ittt 2 — A 3 Ly | AR AL B (7]
B, ERAmBERRE RN EEN. TES5 R TR
MR ETs fi B AR TR RN ETs B,

4 FEAXAETsHEFE

FEENTEEER B BERX PG E K 4
ETs, R/5& %% ETs WA B, B3 ETs M B A RE
BYRENL. BE—SH ETs BN BERED WERE
ET i &, BT . FRBEBRIRRMOTR A UK
BRES A BER ET Bs# ET BIF A BREK T MET A A
BaEERKEN—/DNRIEE Ad@EALE), ATIBRHEE T B
BB ARRALE , TIH AL ETs S BERIFAZE, nE 2 fim. BE
F AR AL ER, B R A REERMRERE TR, H
AR E—EN AN 2 FHH R OB F BRB3ITS B
HIBE BRI, AT RE BRI R T M. AR B 7E37 89 264 L
BatxtRifs PPt W BIE E— B B XTRIN PR K, Mgk SE
PATT— 8 ETs (L ERME; TR EX ETs HEITHEL
1k, BB ETs (B R i —2 8 ETs i E.



130 it B LB ¥

2017 4¢

K2 ETsfuBmErnEE

B Ad BUE— B8N, RBUER/DUER ETs 1
AL EF AN, BERA BT RSB/ RBIE,
BB EIEFNAT ETs M BBEFRENICRSBE , BRFER
Ak BRR RN, E BRI BRA TR
AR ERE AR , B LA 47 4 07 6 2 YR (L 40 3000 %) » SR 5 $hik
HEPBREN ETs B RIENBAHENT R,
BE1AHTRER ETs HEITENAT.
w1 AEXETsHENE
Input:N, K, (x®,y{),i=1,2,,N
Output: (x{V,y{?),j=1,2,,K
Main procedures
1 BEHIAER K4 ETs AR E, B4 ET AR E & THHKX
Bob, H BAAR ORI HARR PE™;
2.Pf =0
3. while(TRUE)
4, Py —Pppn,;

5, FRGEBRINBHBMAN S AUREEY R ABIEW ET B;s
6. JH(x®,y®) %W BEHAIAIR, H (O, 7O %R B A B
Ad JE MR THE B 18 A %30 Ad J& IR BRET R RLEY PR

7. (PR>PD
8. {EH B X =% ,y® =7 P; «<Pf";)
9. else

10. return;

11. end while

5 ETHFRAUMEsHERZX

HTFREXNBEABBARTESL, Bt — P RET
ET PSOERLFREEAL 8 ETs A7 B kR Mk OETP |
.

PSO B—FM#t it BE AR, BFX S HBET ARHH
. BEERMEZ CEEHED . SYBBSHERT NE
JB &, BT A RS R S — MR R . PSO 7EXT 3
YRR ShAT M AT WA B EERE b, F IR f b AT S
BB (RN 323 Bl 7 19 RE SR A %3 1] vh = A AT F B
AR, NTIB BB .

PSO W, fi M FARF GRS W48, §—RLT
H—MENEx MEERE ., MERE x EHHLR
B B — ARk, R R v BABREFOELBE. B
TRABKGBEIFTR MR T —RABHEREFH B
ML EMEERE, x My BEHARDT:

{v,‘—w vi+@r, (p:—x) + @1, (pe—x:) )

Xi<x;+vi
Hep,p, BE i PRTHRINRMANAE, p, RnBNEH
B MAR PO RBIBRALE, r, M r, BFAO, DIEIR
BEHLEL, 0, 71 @ R FHTHEH] PSO R M HE.
%tF OETP [ajff, E LR F i B E x. A K 4

ETs 45, Bl 2K NEFE M & x, = (17, 312, 27,
s 2, 30D x BITEDLEE £ () R HAER (D 3R
Pyt fH.

FEFFER BB, MBI M= 20) M8 TR &) 8 7 B
BIE x IEESHK N RLREE RN BRI £
B, GRFRIEE v FIRIER 0, BT FHREBMEM. B TH
TR FERBERG REEREFE MR FIAANE
BRE v URAREE ;.

PSO F¥: R Z BB —A B @ AR CGE L hERK
BORKIE.

B 2B TETFPSOMETs B FENHEY.

HiE2 ETRTHRMAN ETs 8Tk
Input: N,K,M, (x,y),i=1,2,-+,N
Output: (x?,y{?), j=1,2,-+,K
Main procedures
l.fori=1to Mdo //#ELRETER
2. MEWRALE i MREFOTRME x.x P ET 98 RE R/ R = R

B 5
3. WIRALR TR MR B v,.vi=0;

4. WHRASE i DRETFHRAMENEHMBME p~x;

5. end for

6. FE{p;:i=1,2,-, M} BRI B I 1 p, FE AR LN BB BLAE
CHNLE p<is

7. for i=1 to FHARK¥ do

8. fori=1toMdo

9. BEXWEFE I MR THEERR v, IERE x;

10, if (Bp)y<<f(x;))

11, PieX;

12, if (p)<<f(x))

13. P Xis

14.  end for

15, end for

6 WA

LEIPAGELEE T 3 F ETs R BT 8. 95 ETs i B U7
BREXETsHETEMET PSOW ETs ik, 3
SR B HR ER X RIGSR K RIEE B IETT
¥, eSS EF BB O ERE 1 ET. ERME%
BREIERCORMHX SR A — SR PEINE 1 B
F05, ERBEREED,ETs B3h— £ B H KB 0. 01m,
ET B4 A7 BH5E Ky 3000 KiBF7 iR B AR . TER T
BEE SR A L BGE S BERE . SRR 2000,
M=20,w=0.7298,¢,=1. 49618 DI K ¢, =1. 49618,

#1 B¥EUE
2% i AR
7 0.3
Gs 8dBi
G 2dBi
Ly 3dB
A 0. 33m
€ 0. 2316m
P 1w
P, 1.08X107 %W
Py 1.8X107W

B BRAERBN SO HENGR. MTERER, H



ERE

TWHLE, 55 SR RE B AR R AL BRI o 5 2 LB AR A RE LR BT 131

FA ARSI H 41, B R %45 ETs 8 3
R—MERAANNERE, HRET A YA RIENERER
WiER, B N MERBY AA BB EAE 1 10X10
Cm?) A WA IX 358, P 5 LA SRR T3, M5 208 X S 9 4 T AR st R 4 R
NAEEBHEFE, 8NEFE P LA ERE—MERS
s, B3RBT IMFTEMESIL. AETAUENH, 5
¥WEHEF LR, FRRE TR SRR T HER
B/NEZSH, i L=25K=4 8}, {&R ETs i B HF LM
FPSOM ETs i B AR E T4 44. 5% 51.5%., X
xR, BRSO MEFBERA —EWSHE, HTEAMGE
FHERRIAL G EF RSN ETs figmR.

0 -—
09 ELEiZE)
[ (O agdtmrs
08| | =0 #FPSORH AN

#&ADuty cycle

94) (164  (169) (B4 (259
(N.K)

A3 PRAMSHERTH L

HW B EERA — RN SRS R,
¥ N AMERSET AR B A — 10X 10(m®) K
By, B4RHETHEN=20 H ETs REMHFLT,3 A E
FHEELZRGTE T B A2 LV 59E, AT LS B 5 ERAH
R, WY K=3 i, X ETs MBI B MET R T
BARILE) ETs 787 B0 B4R B T 4 99. 300F01261. 3%,

s f PrTIT e
g e €1 V2
wl S xirsonk g

03

02

o1l =
= =

o4 = %IE
2 3

Fduty cyclefy FHE

ETs*‘:H.K
B4 1 RREHLA R T8 528 (N=20)
BJS R E R R TR 0BT R B AR, B AT A

O P R R N AR R RIS

HRIE AXFEHNFRERRTLERF PSR
¥ ETs BB ERE, B TRHRXLAATREE ]
BUMARISERIFA BTk R EX ETs i B A B AMET PSO
R ETs i B k. (WRLARER, HET ETs M ENHE
BB R BB R A A B E R e MBS .85
REZT LKL, AR T RESR

2% X"

[1] SAMPLE A P,YEAGER D J,POWLEDGE P S, et al. Design of
an RFID-based battery-free programmable sensing platform{J].
IEEE Transactions on Instrumentation and Measurement, 2008,
57(11):2608-2615.

[2] PARKS A N,LIU A,GOLLAKOTA S,et al. Turbocharging
ambient backscatter communication[ C] // ACM Conference on
Special Interest Group on Data Communication (SIGCOMMD.
ACM,2014.:619-630.

[3] EROL-KANTARCI M, Mouftah H T, Mission-aware placement
of RF-based power transmitters in wireless sensor networks[ C]//
2012 IEEE Symposium on Computers and Communications
(ISCC». IEEE, 2012:12-17.

(4] HE S,CHEN J,JIANG F,et al. Energy provisioning in wireless
rechargeable sensor networks[ ], IEEE Transactions on Mobile
Computing,2013,12(10):1931-1942,

[5] FU L,CHENG P,GU Y, et al. Minimizing charging delay in
wireless rechargeable sensor networks [C] / IEEE Conference
on Computer Communications (INFOCOM), IEEE, 2013.2922-
2930.

[6] LIY,FU L,CHEN M, et al. RF-Based Charger Placement for
Duty Cycle Guarantee in Battery-Free Sensor Networks[]].
IEEE Communications Letters,2015,19(10):1802-1805.

[7] KENNEDY J, EBERHART R C. Particle swarm optimization.
Encyclopedia of Machine Learning [C] // IEEE International
Conference on Neural Networks. IEEE, 1995:1942-1948,

(% 88 )

[9] ERTEL R B,REED J H. Angle and time of arrival statistics for
circular and elliptical scattering models[J]. Journal on Selected
Areas in Communications, IEEE,1999,17(11):1829-1840.

[10] PETRUS P, REED ] H,RAPPAPORT T S. Geometrical-based
statistical macrocell channel model for mobile environments[J].
Transactions on Communications, IEEE, 2002,50(3) : 495-502.

[11] PEI F,ZHANG ] H, PAN C. Elevation angle characteristics of
urban wireless propagation environment at 3. 5 GHz[C] /IEEE
78% Vehicular Technology Conference (VTC Fall). 2013:1-5.

[12] KALLIOLA K,SULONEN K,LAITINEN H,et al. Angular

power distribution and mean effective gain of mobile antenna in

different propagation environments[ J]. IEEE Transactions on
Vehicular Technology,2002,51(5):823-838.

[13] AULIN T. A modified model for the fading signal at a mobile
radio channel[ J]. Transactions on Vehicular Technology, IEEE,
1979,28(3):182-203,

(147 PARSONS ] D . The mobile radio propagation channel{ M].
New York:John Wiley, 2000: 25-30.

[15] QU S X, YEAP T. A three-dimensional scattering model for fa-
ding channels in land mobile environment[]]. IEEE Transac-
tions on Vehicular Technology,1999,48(3);765-781.

{16] GRADSHTEYN I S, RYZHIK I M. Table of integrals, series,
and products M. New York: Academic Press,2007;160-170.



