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ABSTRACT

This paper presents spectrum utilization strategies in cognitive radio (CR) networks powered by multi-antenna
based wireless energy transfer. Secondary access point (AP) with multiple antennas should transfer the energy to
the secondary sensor nodes with energy beamforming and simultaneously induces no interference to PUs. In
addition, sensor nodes can transmit information to the secondary AP using the harvested energy, only when the
spectrum is not utilized by PUs. We analyze the achievable rate of the CR sensor networks and propose an
interference nulling energy beamforming method to maximize the achievable rate. Finally, we also propose a
frame scheduling algorithm in which the durations of wireless energy transfer/information transfer frames (phases)

are optimized.

¥ B edare] ol ¥= 20148hd e BT Ekae ]QJ o} =3iE]|g] o m (C-D-2014-1265), A= vl zzaske] 2]4((No. 2015
RIC1A1A01051490) 2 Ulﬂk pehlo] 2|48 vk KAIST 4 g=sjstedastae] =z gele] dgto g Szl et
¢ First Author : Pukyong National University, Department of Electronics Engineering, pa339@naver.com, 3|1
Corresponding Author : Pukyong National University, Department of Electronics Engineering, jachyun@pknu.ac.kr, %J3]<]
5 QRAAEADTY
** KAISTHA 3=3}sted A shat
= E D KICS2015-12-408, Received December 24, 2015; Revised February 19, 2016; Accepted April 11, 2016

512



Bk T A A%

o 71ukgl Q1x] A UES el AdlE] shgulel A

I. M

ru

< 2RREE 5 A7 el vk Al )
o] Au]x mwﬂi olste] Agkel Akdal St
F5 mgHoz AR 913 A7t A= )
o} 53] o3 #AE sdsh] fd i 5 skt
2 5 AHAR] dAF vEA TN A ARSAE A
B3| o o] Tk didE dAb vlES =
T e A ek 20 o)A AMgAlIA £
A& 37k Q11941 (Cognitive Radio, CR) A1~
2 e AL QER[1-5] # =rellAE o
3 QIAFA HER A o)A} ARSA}F mm o)A
=719] o] S S53817] Slste] o)A whi)
+ A AlsERE CUAE AT 5 Sl TeE
ZHARL 9L, o)Ak Z71A]5 o] 2} ekl A S A
Fato] o)Ak S I7F ARE 7RISl ek A
2elE il 53], & =tellxlss o)At 71A15e]
the e ARSRRe = A VI ES Sel| 7]
A FEE A, AYHE AT 5 e A
(Interference nulling)” W} ol L=] RIEH 7]H-S- Al 4]
Fhek[s) m3h oA} whdv]e] AR ASws A=
3] 1% 2 2AEY S AR Eew
< 3l AR 2= 8] Ay

==

C R

ol

3

(o] p——
sd

II. AjJA" D9l
a8 12 CRAK] viES =] 74 2 s=h=zedd
RoyFr) o714 A} AFSAKPrimary user, PU)
o]xpAH8-AKSecondary user, SU)+= 2+ shiel
345 gtk 2 =toll A et sue| Al
(Transmitter, Tx)= A|&|gF A] 4 FAIHTx,
Receiver (Rx)) st} 348 7131 SU Tx
= U 08 awiopl, 54 2o 1

N2 o

= NN 7P EHAIRE, dubA el skt Aol of
& g 4 glek w3 wejshs Alxgleli= PU
o} SUE 53 =9 ERS AHE3h, PU Tx¢t SU

Rx 7P«l xﬂ 9E gy, SU TxolA] SU Rx2.29] A

Y SU Txelld] PU RxEe] AdS

= 9nEC
N, _

e CY 2 Aol olu), g,,0] VA5 B

o] 18] zero-mean Complex Gaussian H#-¥5 w}Zt}

a2 7FE, g, 3 b9 FAEE B4l a4l

zero-mean Complex Gaussian®-¥25 u}2c}y 714

[e5

Primary User Primary User

b

Secondary User Secondary User

oafd | a=(1 = 3)
L NN o
(= T o 1 t
o
T o= Om+ (=

Fig. 1. System block of CR network

>
B

g}, olull o p - cross link = Q18 Ao A=
BE Uit 2 a,~ 1S 28 2
(Strong interference channel)S «ap, =~ 0> gk
AAd (Weak interference channel) 238 712]71c)
B melide oA ZIASE A by, A g,

= 2|94 Ad A H(local channel state information)

oZi

d

Z 93] itk 7FAgck PU Tx9} SU Tx2]
51-8- A8 47 P, P, ka7, Aol okE v
ol §l= & P,=P =PZ Fr} dA vEY]I=
a,,A7FEet ~HEZS Hf(active)str 9o
a,, ZFset g ~EEHS AEsH] e

(vacant). ©17]4 PUS| ~HEZH A8F7)E T o=}
s, 7, =a,, +a,,° 2k & 5 9ler, o] 7,9 4
Figdes

E[ ]—171} = E[a(lﬂ,] + E[a’l,'"} = ?’ (1)

o2 sk, T 93 vlENae) 2eEw WF
AHE1E Gvlgie), B Rl B T=10]
2} ok Elo, ) =o® 294, Eo,|=1-a2 F
XA Hrkh 714 o= PUQ ~HEY ALSES
7R71= H=rt Hokh

Fu o)} vlEgmt QA MEs)=e] BAE

BT 3okl 248 ] T ~AEZLS 835t A
SIek WA Thg AollA]
Q) AR 15 o] AL £
o7 HMHE AHEslo] AHH HAEES To]l= Ad¥E

Eﬂ‘ﬂ ZJE_ A]O zﬂ—

513



The Journal of Korean Institute of Communications and Information Sciences ’16-05 Vol.41 No.05

% g Ak Aduinch
. CESQHELL 7]t Ofxt YEYT ABES
ag ®a

o)} vEZE A VEYIZS 5] 96
A} AR} 2 ERS At s T (a,,)
I At oA = Fia,,)el 8 A= o
A% Ak %z} T Siek vhe el A7 71
QA A | ES)=0] Ao ER Bghale] mE o3}
EECE BRI S R LC E
o] B4l 428 Z0iA]7)7] $J3F vk} 7uk

AEg 2he Aok ARkA Bk

o

14|

31 71E 2y B8

712] CRAZHAE AAAHAKPUYE 2
HE ARl s W (o) 15 Budb] SlsiA
O|ZAHEAKSU)= sleepEEZ FH3Fo2A UAAE-
Z]‘(PU)—Q] /\:HIEE% z%.ﬁ_;?— Ezl—-&],j_ 7]-/!-1_@ oq]u]_{?__‘]—
T ek (IH 2(). LA AR A =
e, ) EFE WA ALEAE B EslTA ol 5]
mg oz 7IA=2 o] b 59t Energy
beamformingS 3l A#-& A3}, &= oA} ARE-
AL 248 AR ne R gug o e
2 43 5 ek, ol At oliAE Al
= A2k o, 02k S A st A )
A a,, (1) 2k & 4 Sk o] vekez

00

o3 W7k AT 4 Sl HE AL ket 7
o] FofAie
PEHJ:PU(I_E)B I g2 | 27 )

A7 pi= F41 A WE B e, of
ahoz o]ed A Ageke et o] waa

% olek

=(1-p)(1-a)

1—o 2 2
10g2(1+ Py( a)B| .322 =11 goo |l j 3)

On

AW o2& Azwle) AHe A hedic
w3k (619} Ro] A 7)A|Te] Alse B A
AR B2 a,, 52 o] AHEA} A7) sleep

514

PU- ﬁ PU-
Tx Rx

SuU- sleep SU-
Tx Rx

(a)
PU- PU-
Tx < ﬁ > Rx

Energy Harvesting

su- > SU-
Tx L < Rx

(b)

PU- PU-
Tx *ﬁ > Rx

Non-interference
transmission

su- ‘ SU-
Tx - Rx

<

Energy Harvesting

©

Fig. 2. SU’s operations when PU is active

=7} opd A AAS sle] F7FHQl 2
T 9ok (2F 2(b)). o] A5 olAF ©Erv) AFE
T 9 A g o)A AHu ek A7t o

83} 7o) FoiAle,

Py = Polalgu +(1—a)5 || g |1?) “

=(1-8)(1—a)log,(1+
P’7<a|921|2 +(1 _a)ﬂ I goo |l 2) I goo |l 2} )

2

O-YL

3.2 Melsh=s 72 ZHMA|74(Interference
nulling)7 gt AHEH 22 M=f
o3 7o) ehEalEkE A3 g 7 o
A vEgzrl seEde Apgska Qojzhe o)%
7S A} vlEAZ] ZHE FA] ehomiA o



=i vy A AY A

ol 7Iukgh Q1A FA vES|Fel|A 9] AdER] Shgukel £

2} wbi7)e HH-& A=¥ 5 9lek F Zero Forcing
718ke] ol z] ®WlxEwH] wEl S 01_9_6‘}_0:] Az}t
o & ) oA ola Wl oldAE A
2 < olok (23 2(0)).

webd, SAAE e o8 Adh, o A

AAZ I o]x} 7|A|FE AxAREA}] 7S F4]
e 4 glov] old] W gt o e Fehs
7o} ghel.
P ’
o= %Qphuw ©)

A4 B, =
e e oz Folald.

Orthogonal Projection matrix ZA4]

B, =1~ b (Rishs) 'R @)

A

ot ' = o]} 7IA| o] o)A} thir|el AHE
g2 Addt 5 gleE Ao} g} & ok}
7o AR Ad(effective  channel)2] Matched
filtering &35 ¥ = UEE thao] 43} ko] A
A 4 olck

~
(]
~

z = (gzzPhn) = Phng22

=
=
Oool{ni 2
A
2E N
NKOOQLE
= [
el B
RN HH
o
r;‘PE *I;
f)[u\?ﬂ
N &
< t"b“
_ﬁmloini‘i
T
ﬂﬂ—wolﬂ;g
—D';&Ov
— -
50 o 3
" o . <o
my = M G
Eoﬂmlm_&mf&

PEH,3 = Pr;(E( H PhugZQ H : +|921|2)

" ( ©)
+(1—a)B 1l g0 I ),

_ Py 2
Rg_(l—ﬁ)(l—a)log{l-i—i[ﬂs ”2922 | J (10)

0-77

weha] o] fatell weba] Ak mEe] A n sl
Dok 4 glom, thy Aol HAske 58 Aet
R R EUEDIE= PN R
s e Al

V. OJ&} YEQT =y A =2 X35}

ko] MM AR tloksl ~dlER] o=k
o e} o] 24 Aw Hapo] A7t R, R,, R2 F
oA AL Felslsict & AR AEeks e} 3

o B P02 FAY 4 3lck

a)logy(1+ K, (a K, + K, (1—a) 8))
(1)

=(1-p)1-

AN K, K, K= 27t ohew} 7o) Folaie),

Pl ggs | :
K=——"—, K= lgyl?
U7l
0 forR,
K, = |g21|2 forR, (12)

( [ Ph12g22 l 2+|921|2) for Ry

ol pto]l ARl wt A== Y] T4

3] ol W)L A AES Sla] Be e &
ol AR p7} AN 2 AR ST 5

A=
k= AlRte] EoEA Hl= Al #eld 5 gick o
2hA (1)9] ol Au AF=F R = gl w2} 22}
A, ol5S 7t HE% s pE Aol = I
o] Ta3jr}. sx|Rt ARk o R (11)9] R & FHH=
Ra=lta=l il 3“—4 el 7o 5 ok webA 2
=rlds R E AR ke gE FHEIMA R
Zb= WAS Zﬂ Al Zle]w, vk Proposition 1- ©]
= 9wk R o] a3 SAS Tledck

Proposition 1. R <= (€ [0,1]°l14] concavee]tt.

Zm) goll W2 12 AvlEgh0 <8< 1)

d B _ _
di;:—(l—a)logQ(HKl(aKQ +#5,(1-a)g))
(1-a)*(1-B)K K,

1+ K (a K+ K, (1—a)p)

b ol uhe 27} vl Rghe okt o] F
o} iet.

515



The Journal of Korean Institute of Communications and Information Sciences ’16-05 Vol.41 No.05

R, 2(1-a)’K K,

AP 1+ K(ak+ K(1-a)p)
(1-8)(1— )’ k7K
e K &2

14)

webd K, K, KT 55 FrelRE (14)=

_ &R
0<a<1, 0<8<12 WA dﬁ;’z 0S &

= 9lc) wekad R= BE [0,1]l14] concaveelt: W
= Proposition 124 gE[0,1]914 R 7} 2
7h He A e S o 5 odvk =3
pe0.1]04 Warge ekl &, (13)224 ]
AR, o oo
d—ﬂzo'é‘ Rk gol EAR o] Fhol R &
= sk #A3kE golr) wkef geo,1]ed4] W
_Lx-lo] ZA81A] ekerhH g =0AAelA A FH)
2 A "ok
Eﬂﬂ—i B=0AelA 3 A R 5 77
He A K K2 gl - 2w, S o)A 2
717} A AREAPE ~HERS
(Fla, | = @) Fak 343 4

o
= H
Aerte Yug sk B2} g 9 A3

R,
T~ 3

True

=07 where (0.1 ) S l

. ‘l -Ealse
| n=0,8,=08g=1

df, . dR, | —._ False
—G ) —=15.)<0
“odg _—

Algorithm 1. Finding optimized (3 based on Bisection
method

516

A8} Blefgliz ARk o, ] = 1—a)Bekelle o]
A Wt Ane Aeshed Zeee w99
geh SJel7} e,

el Sl B A e A o2

dg
Rh oF B TRk el gle] Fe $E5E ww
e 4 gl 5
dR,| dR R
— L<0 o, —L=0g w5
B 1y dB |, s

= B7F 7M1 ol EAfElct.
V. AlEg0lM

B Aol moluYe B3

o] CRUIES] Zol|4]
o‘|;‘<]— /K]-.g_;(}-ﬂ- 7]%_9/] /\rxj] ET%] 5].‘9_1:11-/02. o].g_z'g—

oo} Alokgt 2~ Ed] &g AeE 01—&‘%‘ o & 5
S Adee vlasisict. wejad Al Ay wWdk 58

< n=12 73t

3% 32 ap, =0.70]3, PUS| ~HER] AMS-E-S
77 HEs E 0.4 AAsLa, o)A} 7|1A = &
AlgreLle] ieE 42 AAE9S W SNRol| wE
Achievable rates WIX3IIcy R, R,, R, 27
22 (3), (5), 10)F} o] 3.14¢] 71& ~dEey] &
A 32404 A|jkehe 32 ZHIAIA 7]

49
»HEZ] 58 ks #883)9)S v & 9=

i T T T T

—t+—Riwithp=05
6| —P—R2with =05

R3 with B = 0.5
—&— R1 with the optimal B
[ | —— R2 with the optimal B
R3 with the aptimal B

Achievable rate (bpsHz)

SNR (cB)

Fig. 3. Achievable rate comparison when o, =0.7 and
a=0.4



= oEekEy 41 Ay

o 7IRkah <lA] Al V| Ef] el o] Ao ER) hgnpel 24

A 8kS vepdic) w3 el 1S o] 831] g
E A4skalele sk 5= 2 sl wel o
g Ades wlasielet. asjellxel 2o el 14
Z-83}d pRke %Vii‘rﬂ"ﬂg o 5ol 134 &
& o 5 gleh = el
\/]-FE— °]*%‘_‘l' %7_7‘1-;9] Zl"é‘xﬂﬂ ]‘ﬂ' /\:HIEEA %ﬁ. xq
o] St A5 bS5 glek

o Algorithm 12 £l 3] Iterationol] w}
azlelA] sale & glze]
€] Iterationo Wl AsHE g5 25 5 oS
o = g} =gk SNR= 5dBY wj7} SNR=15dBY uj
B o] 52 pellA] Fshe AS #0d 5 sde,
H =Tl zgr_,] P —mqs}oﬂy] Lq]%oﬂ SNR
o] ke Zhe
3E A8k AE 94 ?'{PE} 1“*9‘ 74% YL o]
A whab el At S glev], meh Ak A1)
7} 2 ER e g ke
2ol Mg AR T Sl A 9 AR

S Seloliek mebd ke SNRelAH 57h 2 gl

s i
T3] 5ol o)Ak 71AFe] qkeke] Al wet

3 ez ozl w2 H4 g2FS v|wsls

o] uj SNR=15dB= 7ol o,

= {0.2,0.7} el el 2b7} wlasisict. o)
Algorithm1S- E3l =] gysle] =Z#HY 2AF
e shsiek ellA #aldt 4= glRe] <kEd 7t
7 kel WPE} AE Befo] Sk S 1T 5
°‘E} ZH AL 37 7 Xﬂﬂ 74 53 A

0

Ry®l 7 ~7Pi T 71%

=

ol
o

»
ok

i

1
10 20 30 40 60 60 70 80 90 100
Number of iterations

Fig. 4. Convergence of 3 when SNR= 5dB, 15dB

w
<
a
=5
o
g
o2
B 4 o e s S e —+— R1 with the optimal B, cn =0.2 | |
= il i
< ¢ —fp— R2 with the optimal B, ¢y =02
e i oL it T D A Dt D R3 with the optimal B, uﬂ_=D 2
-R1 with the optimal B, U,FL:D 7
L1 i AeuRnE LR LT L EEREELEERERES: —w—R2 with the optimal B, ¢ =0.7 [
R3 with the optimal . cg =0.7
o i i T T

2 3 4 5 6 T 8
The number of transmit antennas in secondary base station

Fig. 5. Achievable rate comparison when «,=0.2 and 0.3

) AEle] 6 G A A% I S 5l
=

dl, ol R, 2] A5, Q3 viES= A A Ass
2]

ggalo] AEE APaA ] wlolc
28] 6old 18 Azl dis) Bolxl= A2

o) B hehliglc eI 21 5 ool 2

A A7) A ARk ekt Sl 2

rzﬂEE% iLQ_ H]- _9_ ;(_4"9_‘],0:1_9_ uH _55]2494 ﬁo] 7(1—,_04

e e AL o 5 ok ma e ATt

bl et A4 501 Hopli= A T

o %ﬂ Dl 2 e A1 A
3

0ol 717k k= 7HAIA

Azt ARAPE ~dERS AR 7L
(Ela,,] = o) E9F 583 A3 & 38187 wlitell
o] AYnto g ARE Apsh=d A7} gA =,
Az} AR} Blelgls AlZK Ela,, ] = 1— a)5<tell

517



The Journal of Korean Institute of Communications and Information Sciences ’16-05 Vol.41 No.05

—+— The optimal { for R1 with oy =0.2
—f»— The optimal B for R2 with o =0.2
The optimal § for R3 with oy =0.2
The optimal g for R1 with DLFL:D,?
--1 —=— The optimal § for R2 with oy =07

The optimal B for R2 with ag =0.7

Optirnal fs

The number of transmit antennas in secondary base station

Fig. 6. Comparison of the optimal /3 when ;=02 and 0.3

o3 Rk AuE sk melgle W

ek

W e
4

VL.

Y
rhu

2 =rellxles A AHAS 7kl CR EA A
elollx] o]z} 7]|A|5o] vl qlelul(Multi-antenna)
ARg-8te, PUl gk ZH AlA E oA Wl
o AE7IE Aljkela, ol mhE AR
e AR Q7] HF ZAd 2AE TS
AAEIAeE S, AkeE 7HEelA dAAEAKPU)
2] 271 SlsiAl ZE7IHke] =] 714
olgslly, HAsE =g ~AFYL 93
Bisection method”|¥Fe] dae]&S Agkslgict. =

)Y Fal kgt 7] Al 7)He] PU

A o 1>
of ﬂlﬂ"
P ¢

Mo 2
2
i
o
tlo

o S A e BAle] ARASFS A
& sfalstglon), S8, o LR ek

HAR 72 2 AR A2 e ] 243 o
A gl =2A SdiES Al 5 qlsdch

il
o

References

[1] H. Lee, K. Han, Y. Hwang, and S. Choi,
“Point-to-point communication of cognitive
radios via underlay spectrum sharing,” J.
KICS, vol. 34, no. 9, Sept. 2009.

[2] J. Park, Y. Park, S. Hwang, and B. Jeong,
“Low-complexity GSVD-based beamforming
and power allocation for a cognitive radio
network,” IEICE Trans. Commun., vol. E95-B,
no. 11, Nov. 2012.

[31 S. Yoo, K. Kang, H. Jung, and S. Park, “CR
technology and activation plan for white space

518

utilization,” J. KICS, vol. 39B, no. 11, Nov.
2014.

[4] J. Cho, S. Jang, W. Jung, and J. Kim,
“Projection of spatial correlation-based
antenna selection for cognitive radio systems
in correlated channels,” J. KICS, vol. 37A, no.
1, Jan. 2012.

[5] W. Seah, Z. Eu, and H. Tan, “Wireless sensor
networks powered by ambient energy
harvesting (WSN-HEAP) - survey and
challenges,” in Proc. IEEE Int. Conf. Wirel.
VITAE, pp. 1-5, Aalborg, Denmark, May 2009.

[6] S. Lee, E. Jeong, C. Nam, J. Han, and J. Park,
“Spectrum utilization strategies in cognitive
radio sensor network powered by wireless
energy transfer,” in Proc. KICS Int. Conf.
Commun., pp. 332-333, Jul. 2015.

[77 S. Boyd and L. Vandenberghe, Convex
Optimization, Cambridge, UK: Cambridge
University Press, 2004.

0l M = (Sung-bok Lee)

20161 24 : FAdgn Az
.:_z;]—J,]_ .._o]j

2016 39~ - Pk
HAALetz) AalaA]

<FHA B o]:> 54153, OFDM,

‘?. WA

Ht I & (Jachyun Park)

20033 2% :KAIST #7] ¥
ZAlgst At

2010 29 :KAIST #7] ¢

-

Kl

=

= AAgats) uha
;/' 201011~2013 ; FH=EAREA

A4, AT
20133~2014% : Tmperial College
London, Research Associate
2014 3~3A) : FANETw
<Alol thglEid 7uE BAl AlsAE], -S4
AE 2 AHE AL 7]e X FA7]s

=,



=i ekl A A Aol ZuiRl A FA W E Ao ~HEY daulel 24
Z 7 8l (Kyu-Min Kang) Ht & F (Yunju Park)

19974 29 Egd A7)A 200241 24 AEdEta 3}

A&k WP 3} &}
19991 29 : gty =7 2004 249 :KAIST =73t

AlgEh AA) I Aa}
2003 2% EEET) A7|A 20099 14 :KAIST 2|73}

2lgsta) uhal =} kAl

2003 8Y~3A}: A=AAE
Al A7 Agled P

Aol B4 ALRMESD, AAFA1%

-
<L

20091 24~2009d 124 : KAIST
A BAARATA w7
2010 3~3 ) : KAISTA gk=taated zfehan
HAE WA}

<ol FAEAL FAlSe

el

[e5

A=

7o) &

519



