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ABSTRACT

In this paper, we propose an algorithm to optimize energy efficiency in a multi-user decoupled
RF energy harvesting network and experiment on the trend of energy efficiency change assuming
users’ various geographical distribution scenarios. In the RF energy harvesting network where both
wireless data transmission and RF energy harvesting are simultaneously performed, the energy
efficiency is a key indicator of network performance, and it is necessary to investigate how various
factors can affect the energy efficiency. In order to increase energy efficiency effectively, we can
confirm that users’ distributions are important factors in the RF energy harvesting network from
the simulation results.

Key words : Decoupled Radio Frequency-Energy Harvesting Network, Energy Efficiency, Convex
Optimization, User Distribution, Lagrange Dual Problem
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I. A

rf

T4 F34 RP dUA A2 2 28 7je2 A MEYT FHSE HEE Faste FAlF
Zl&olt}. o] A7j&Ee A AX9 o9 A FH ARFE 7HAA otk HER FAl ARl FH Y
HAE FA7IE dell - F2l1d 4 AT (Xiao et al., 2015; Hwang et al., 2017).

T4 o7 st 2~8 WEQIE FA A5y Agd e As HE Qs f35 As F4 HAYr
F1 A mE Aeko] Ath= @] AT (Xiao et al., 2015). T3+ H-AP (hybrid-access point)®l] 717+ %
Aol Y& AHEAlE =2 olUX SH28 &S 2ta AL FHYE NI E AFHIE FAE ¢ o) bt
H HE Qs AFRARE duyA] AR Z8&0] v AEYI £ T & oUR|7F Q7E7] w &l
‘doubly near-far problem’ 4|7} k7€ T} (Bi et al.,, 2015; Krikidis et al.,, 2014; Ju and Zhang, 2014; Zhou et
al, 2012). ¥ =foA = olef3t VIEY A A Euje] B3% TAE &3l e HEH Y HE9
3] Z(PB; power beacon)S AX|3td H-APS} FA &Y¥He HZAFT T4 duyA s2=H HEHN=Z
(DRF-EHN; decoupled radio frequency-energy harvesting network)oﬂ siA Atz o) guES AL
AHEolAl EL YA SlaE BE&S AFATT] A8 FEI} gle 2 AYAERks $E5= oUA
FA7]olth g, vAg FA U A st 28] U ES| FoA 2}9uIE3 H-APE A &9 o AH&At
9 AgH 727t A 2" L5 9 vlolH MEEC F TS VA T 7] Wl Tk A

A2 2E AYYLE 7HHEAM dUA B&e AXtsla 1 G ENEE EAstA dh

2 =dAe A 549 7Iees AR AgFH EHA 4HlE dEFe vjed oyA 58
(EE; energy efficiency)S 49|t} 3 ThFa AHBAESS] X AU Q004 oA &89 Higs A=
at7] 9f8f oA &8 HAs FH S TFTE AR &8 HAsk= A 7 g, sefuiEe] $4
9], H-AP9| $A13kg], AEAIRE EEH S0l 3 HZ5} & e AR 2AEE dagFos 79T
RojddolMe AN Y ARAR TR Al 7HA AREA £ AU e E ATt dvA E8s 24
U N

B =8 UmA B o33 2tk OAdA A2" BdE 7|Esta A ARSI duvA 389 HF
32 93 A 2AES FoAth MAdAE 2t 184 ©]% £A| (Lagrange dual problem) 7]¥HO & oL
A 28 FHAskE AdYstal, VaoA TdFd AR 22 AUE| & 7MYt dvA] 2& 43 2348 &
oA I ou)E AHEt v o s VAqAE E =59 2885 Wi mRxith

1. Az 2
o] ZellAe A FPd nAet Tl AUA sHA’ WESZY ovA &85 AHosta olvA] &
& HUstE AT 2R AdxA e ek A5 2AS 2-HIT WA <Fig. 1>3 o] H-AP, 3}
U, 282 K AHEAREC] EAgT T 7HAS M OFDMA 3HaFd 3 WES T4 K AH&-Aol Al H-APS}
eHEe] g AEIT (kE1, ..., K). H-APS th2A] 3R 29 $4 Ase JR7F 2384 b2
5 YA Azoly =2 F4A Y E /Y. Ad 2de B Y ED (power splitting) HEIVE 7
A& AHEAF 2 Z single-input single-output(SISO) Al ~&l-& 7|HHO 2 Rayleigh fading A'd ZE= ofgic).
A RS HEHUE Sl AR Bz 9 duA s xHo] Jhsdtth. JE HZE (information
decoding) <Fig. 1>°]4 IDE FA|F U oH, o q=] &tu| 282 EHE FAZT k A (1 < k < K)9
FAl AEE ot o] Fojdn

160 =TS ==N| M7, M4=2(2018H 88)
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U = (1= ) (L= 0 m, M
v =hy(1- 1)0i N+ g @

h. 9 g, 242 AR BZ (information decoding; ID)} oA S}l 2~H (energy harvesting; EH)E 13+ o
o] YA Rayleigh fading A'2e]™ iid. CNO,1)& @Eth ARE 2AEH 0l AHSEHE AEAZE £
&, 1, = 09} 1A10] 2 A o=, H-APS} 3h9H]Zo] 22 Atel] gk AsdFo = Qlste] 1H4d-& oF|st
= ZAE I35 g FHs Wgoltt ¢, = A AEU] Y ET S-S YEle HFEA B =
wollAE 05 #hog A #he H3oha 7pg e

1. AAE 80| MY 2

Multi-user RF-DEHNs
K users

AP S UE#1 /| s - PB

Txt _j_ﬁa Rx1(ID) /‘Ez‘_ Tx1

Rx1(EH)

el ~. UE #2 T

( .

: g\
NG v , )|
S Rx2(ID) E B -

R2EH)| 59— T

o T UE #K Gy

=Y = 1
. B L rean) ﬁ/ E L
RAKEH) o -

(Fig. 1) Multi-user decoupled RF energy harvesting network
kHA A-8A}el] tgh Shannon®] A'd 8% (instantaneous channel capacity) ¢, & T3 ZTh
¢, 7 1) = (1—p,) Wilog(1+p,), 3
p, =i by | /N, W= AHEAR kol thdk 4 signal-to-noise ratio (SNR)©| 3L pf 7= H-AP9| $4l9t¢] o]t}
2. HEQ3 M ARE

YEL A AA 39 AEFF (Watt)2 T3 2Zo] Zd& HT} (Tabassum and Hossain, 2015).

K K K
P pl m) = 3@+ @)+ I 4 3 el - M @
=1 k=1 k=1
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o =619 ", Q)
g 0 <, < 12 shl2® & ouAoA DC 392 HEst=d A5 E Has ol
3. HER3 of|4Xx| E2(EE)
HET dix] 58 HUs EAS 42 63 o] A3t}

Ko Ol )

X
max FE=n= FE, = ) 6)
Lgl b k21 Ppf?, plB, )
Az mae) AlfEAE Tt Dk
X HAP HAP _HAP
Yo <ol = 0, VEER, ©)
k=1
X
Yot <pihop? =0, VEER, ®)
k=1
X
E (CPLH‘4P+@;€B)+pfAP+pr ng VEkEK, (9)
k=1 ’
¢, (7 1) = 2% VEEK, (10)
pt =" VEEK, (11
0<p <1 VEkEK, (12)

2 (02 dUA E& FTEA AG L dig WENZ AE 399 H&S Yehdth 4 (62
non-convex A3} EAo|M I F}EOA nonlinear fractional programming (Dinkelbach, 1967)< 7|Hto =2
convex TR st HAZ A EIFEE HaAA HHSE g Atxd (DH 8)
HAP®} PB| 41 3hglel] tigh Alok& vehlin plilel pi = HAPS} sh9lulEe] Ao 419495 9w d
o Azl 9 UENZY A9 axFe] AHPAN FHdhs p, T 9 =5 Add Atz
(10) & (11)& Az"lo] BEA Aok = AHEALS] QoS QoP #& Aolsty, ZHE HAaT (Mo} pPrE

FEetES Aotdth A 2AEP A AT AEAT £E8E e 03 14k00lA 2AE 5 itk

. <z && 23}

o] ZollMe =2 s 235} 5171 #3) non-convex =2 < 4 (6)2 convex FTE HHEZ] AT
nonlinear fractional programming (Dinkelbach, 1967)3} 2t1%X| o|F &4 ©]& (Boyed, 2004)°] tigh W&
ARdt olEd F 7HA HAS 7S Fel R Hdge 7 5 e Al A sEE
pAP pl?, a8l 9 A e T 5 Atk =3 AgkE whE duE|ES 58 JH@e wEn 58

Aoz 7 & ok
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1. 0K &2 Z[CHEHE ISt convex A3

Inner-loop algorithm: Solution for (13)

! a(1), (0,7 (1), x(1) ¥(1), [1* Romnd] |
| ¢(1),0(1), 8, (1) ¥ (1) Optimal parameter | !
: calculation by using :
| psf"—PXUJJPﬁEX(UJ‘Mk*UJ KKT condition :
I
" , @(2),5(2),7(2),x(2),v(2), [2¢ Round] '
. | ¢(2),9(2),6,,(2) ¥4 (2) Optimal 1 !
;)lll t::itl;:: ™| Gradient update : calculati Ogaf;ﬂ;;g :
gorttim: T a,B,7,K,v, pEAP"(2), pEE (20,1, (2) KKT condition |
Solution for |47
P &, 610, U !
6) [ 6@, 0 Wi Q ) 1
Pe oo 2} [} :
B o o '
! W), BIN), ¥ (W), (W), v (), [V Romd] :
| (N, B(N), 6 (N). ¥ (N) Optimal parameter |1
: - - calculation by using :
X AP (N, T (W), (W) KKT condition 1
1

(Fig. 2) energy efficiency optimization algorithm of decoupled
RF energy harvesting network

2] (6)2 non-convex FFEA HAZE AET W BRI vl AX EEHQA AT 2AEH €
& 78] & &7 o 4 (6= vl ET-FEE A%t (Dinkelbach, 1967). ©]H g HE
non-convex ¥ convex FTE HSEHEE HA 3 oMY BHFES AN F Utk HEE =
T+ 3 2t (Dinkelbach, 1967).

o
=

A oft
)

max { W7, ) —nPpiT, %, 1)}, (13)

Mz EZ4%4 4 (13)°] 02t 2 F4 #S ZHE Lagrange multiplierst A efz7AS Agsle] 4] (13)0l
gajA 2t13A] olF TAE v 2ol YERd 5 Ut (Boyed, 2004).

K K K
LT, %, 1y, 0 B,y 1,004, ) = Z( .)—n(kz(@f‘”Jr@fB)erf‘”erfB+L2pﬁf—k2pfﬁ)
=1 =1 =1

K K K K
(Lz "—p;f:';’) o S0t 222 o S K S | S0t a7,
E= =1 =1 =1

7o) = %) = (o = "), (14)

. By ko 1,6,y TR T = SR WEo]m, 4] (14)9 Karush-Kuhn_tucker(KKT) (Boyed, 2004) 7S
olgatH Al stebulE] pM Y a3 0 HARE AA BT & Atk HAFs o guEEe
<Fig. 2>} o] AAZHL <Fig. 2>+ & =FollA Agtste vAd FA ol|A] ahul| 28 HEL A9 oY
A 28 HA3} dagFoltty. daeES 29 wHEA darg|Fo] A¥HE JEHE FHtaL slon ole 7
Z} Inner-loop algorithm, Outer-loop algorithm©. 2 W3t} H % Inner-loop algorithmoll Al 2133 o]F &4
Zo|ME B HA pMl P a8 4, 3e EFFHH, o] FES Outer-loop algorithm®] YZF oz A
3}, Outer-loop algorithm©l] A1+ nonlinear fractional programmingS 7|WFO.2 HFZ 02 A9l oUA] &&
e =E9T

I~
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V. ZoJAY

o] ZolAe AR A & HAS dFE VWO E gFAEA A A AEAFEY] AP
BEE 7HA ATE UrolA duAl a8 ®stE Aok AlEdeldE FA 2AY vESA
(wireless personal area network; WPAN)Ol| A &}u}2] H-APS} 3fjH]Fo] 217 AWM EA] 10 meter, 6 meterS 2t
o 7Rt A FA oy A il 2" UES A JE B ARAE F 6822 FAT QoS %
QoP= Z1Z} 15Mbps % 12000 W2 A7gstH, 2422 54 22D Rt e 2EgY EfTS 8T F L
2,000mAh HiE 2] 7] 3 ARt 1% SHE + e TRtk 1 99 Rojdy S El = <Table
1>0 A Vet

<Fig. 3~5>= HIAY T4l ol|A il 28 U ES Z4 H-APS PBE 7IF2.2 692 AH&A7}F Thefst
stal A= AUl E AT Aol <Fig. 3>l A& Case 1224 Good Condition oA ARE-AL

)l BEE FHotal Jlom o AgAtY] B FHto g oA a&9 FUE JHAE 5 S
% . Good Condition %<2 H-APS} THH|E Afo]e] ooz F $A7]9 A3 & 713
A glojA] HH Bz} olux] st ARS ARHoR £ F Q7] wid
oA E&& %% Aog & F e FHelth

<Fig. 4>¢} 55 242} Case 2, Case 322 4] Good Condition®l] ¥|*|3t= AMEA7F 2k o] &sle] H-APS} 3t

Fl

ﬂﬂ

] AWM A A YH|FE] A Ego] AT AR JFHE AU LE 7HS AR £
A &olt},

<Fig. 6> AHE oA 5& Hfgt dae)FS AHESte] whad mE oA a&o] HAgow XY
e 2#ZE Uehith <Fig. 6>914= Case 1~38E 8 A BhEo)] tajA 33 oz &8o] A o
S E Good Condition®l] AHEA7E o] YA EFE oA AEE d<sshe AFRE HojFa ok A3
Ao 7 AgAL] FET} oA E&] Fuiel & FFE WAL 7] W&ol UA B&S ERHOE A
SA717] AeiAE &AL A 58 At dalF s FestAT AAEAEY] AH HiA
7F wlg- F a8tk AH8AE0] Good Condition el YA + UEE HA| VIEL A &FolA 7tol=dd
T AE AAE AAstE HHES A4S B 5 ;q

o

ol
of

<Fig. 7> ThFEbA shelnlEe] HjHEae pf 8 WelARE W oA Bgel WalE Adsy
v, E@ AYF A23 7100 iR £& A% LS 919 Baseline 1] oA EE A }

o} A pfAP7) 1400 (mW)7HA 71 & o], H-APS] £ AEe AFgALe] SNR 2 " A ol
FE vA7] Wi, A B =G FUksHE &% #AT 5 Ao 2y |A E& STk 1400
mW]7F Hod o ol F7tekA] v 23]¥ sk, ol F=d $418E Age] AquA ags
FaANE AE 7HAGTL B 5 Aok AR daelFelA 3 1 A3 v Wg F 2 f H 2 56t
T e BAG MY OE she] HH3 Was 14" Aeao® AAsta A3 kA de
Bascline 7|% 2] oA 8&3 AT A3 Aol At dae]Fe] oA E-&0] Baseline 71 3%
Hlste] S-g3ithe 1S 1T 4 doH, ol At ugFe HHs HAHo] FutEA S
= 2AE vt

58 =

Ak

—n

=
=
=

1r
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(Table 1) Simulation parameter

parameter value parameter value
number of user 6 pgff 1300mW
pi(1) 2mW Prna 12W
pP(1) 20mW &, 0.8
W, IMHz s 15Mbps
ptAr 34dBm prr 12004 W
pt? 34dBm f. 38GHz
ptF 25dBm N, W, -119.23dBm
Dy 47dBm N, -174dBm/Hz
¢ 5 ¢ 3

4 Good Condition

y(meler)

x(meter)

{Fig. 3> The map of the decoupled RF-EHN for
simulations; Case 1: ideally distributed
users

Good Condition

s

y(meter)

x(meter)

{Fig. 5> The map of the decoupled RF-EHN for
simulations; Case 3: energy-inefficiently
distributed users

y(meter)

Good Condition

x(meter)

{Fig. 4> The map of the decoupled RF-EHN for
simulations; Case 2: normally distributed

users

Network energy efficiency (Mbits/Joule)
-~

== The proposed model (DRF-EHN) for Case 1
—¥— The proposed model (DRF-EHN) for Case 2 | |
—— The proposed model (DRF-EHN) for Case 3

= = = Global optimum by BF search

4 5 6 7 8
Iteration

(Fig. 6 Network energy efficiency versus iterations
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—¥— Proposed algorithm, p::‘ =10W

——Baseline 1, = 0.5, p:‘:x =10W
—O—Baseline 2, p}® = 11.0W, p'% = 10W

Energy efficiency (Mbits/Joule)

H-AP

—>—Basline 3, pi'"" = 1.2w, pP® = 10w

—8— Proposed algorithm, p::x = 8W

—&r— Proposed algorithm, p::x =12W

0 . . . \ .
800 1000 1200 1400 1600 1800 2000
Maximum transmission power constraint for H-AP (mW)

(Fig. 7> EE versus the maximum transmission power constraint and comparisons with baseline schemes

for Case 1
v.d &

PR UF ASAE NOR S udd R dluA sz EgadA A 58e 7
shobe AW EL ANEL TR ALgARE) A)H BE AU eE sPgete] oA Ege) wel Bl
TE B4 9 AFsrgth A3 AR stodg ERHOE oA B&S T H8lA AHEAE] &
A7) H-APS} seinl el 4 ooz 9Xshe Zlo] Festhe L AL + U
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