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A bstract: Bayesian com pressive sensing (BC S) theory is investigated in the data fusion process for large-scale cognitive
w ireless sensor netw ork (C-W SN ). A sparse Bayesian estim ation m ethod w as proposed, w hich w as based on the spa-
tial-tem poral correlation structure of real non-stationary signals collected by m assive cognitive sensor nodes. D ata fusion
strategy is m plem ented by hierarchical B ayesian analysis m odel com pressive sensing m ethod, w ith higher probability of
reconstruction of original sensing signals. Sim ulation results indicate that, com pared w ith orthogonal m atched pursuit
(OM P) which is based on greedy algorithm , the proposed BC S data fusion schem e has low erm ean-square errors (M SE)
in data reconstruction process, and fast convergence could be realized in low er com pression rate w hich utilizes spa-
tial-tem poral correlation. This schem e provides the effectiveness of our approach and proves that it is suitable for sparse
reconstruction in large-scale cognitive W SN .

K ey words: Bayesian com pressive sensing (BCS); cognitive W SN ; data fusion; hierarchical B ayesian analysis m odel;

sparse reconstruction

Yeks HER: 20110705

ESUB: HFEARRFIEESVIIIE (61102066 60972058) 3 PEIG L ERIEEREE R BIH “INKILL M 44 2
PO IC S UM R EEORIIIL” + WL GA 15 BRI EORTE RS2 80 SIS (201112) 5 LA EE /T RHITRE 6 58 B
H (v201119890) 5 UM FRHECNAFEEONRIIA S A5 BITH (v 5085610034)

Foundation Item s: The N ationalN atural Science Foundation of C hina (61102066,60972058); C hina Postdoctoral Science Founda-
tion Entitled R esearch on K ey Technologies of M ulti-user R esource A Llocation and C ooperative Transm ission I C ognitive R adio
N etw orksl; 0 pen Project of Zhejiang Provincialk ey Laboratory of Inform ation N etw ork Technology (201112); Scientific R esearch
Projectof Zhejlang Provincial Education D eparm ent (Y 201119890); Y oung Staff Startup R esearch Foundation of H angzhou D ianzi
University (KY S085610034)



EEEg PRIPESEAE

FET- DU R IS A S0 W s B il 4 S mes © 221 e

1

NENTC AR B B 4% (Ccr SN, cognitive
w ireless sensor netw ork ) 7 K HANAITIREN
FRIRER R, R R HEE A, 21
T3 73 A L 0SS B A R 5 12 s Rk
PR, AR E " AR RHIBSEA A W s
WML A = (PU, prin ary user) AEEKE
ARG BARIRFNRAT R (sink) BEAT Hohs i
s sink RPN SRS B TR . A
1M, K RS A H AR AT A e rh, 7
JEANIN A EAFAE TUAR S . AN, AT S A AL B
AR T IS 23 1) B AR DGR s R A
REFEAT R 2807 B 52 BRI A5 o] s R R FH 1
FUBGIEE I N A G, DA e80T 20 B gn 4
PHEATRG S, ZINED W SN AESERR Y H
R A R ) 1) 7L

TR (C S, con pressive sensing) FRIBHTSY
FW, WHA(E S (R3] L BA MR )
(/> LR AL T BRI AL P 2 % (5
K BRI RE 5 5E 50 0 UoR /D 4 Jsy e kil 1 T LA
SAFUEREM . o, BRI R H 3 )y
NG SV © 5 SERR N FH IR R R0 o a1 s
W], SR & ORI R R m] 4 & ¢ s R4 LL,
WK DU R4 80 (B e s ) 3 I 3d DY ML 0 R
FEER LA (G aussian) B DIEEF] (B emoulli)
BEALAS S IR A LW IR RS, wf LB ¢ s Ay

PrRE.

AT, 4 Bes FERTT A
0 S RIS USSR N 2 A E , ST
505 MO T S ICHRTT SR SN, (EIR
AT S AL R R T A 7 %, DR
B 415 SR AT A, PRI O SEST I8 TE T
SRS 11934 Ty B R

2 DUR i 4R R RN R

FECa SN, sink TRV AN 2S5
P, 8T AUBGN BN pU ARE(E BT AT S A,
HAT AR ZET AR — R, BB C o sy PRI
AL N AN T IS pu AR A O, 7R
2 € ARAF I SRS R 1) B < = (1 ) e x ) ,
t=1,200,7 o ESCBABUHRRFE x = " x"
TR T kY e= 12,1 ZIAAELER I
FOHE, H T s A & AN, 9 U4
P T B A A A Gk, WTRARIH ¢ s Rk 21 ¢ 1)
EIBAR A TR R R . BRmas SEM T 3%
T BCs B cw sy Fdmaha S EM g S EWE 1
Ji7R o
21 BCSs BARRE

A ¢ s B, HHE o AR IEACHEEH s Hp
FMBGE R e, R Py (uo<n )
MRABEREMAFTTRM R R g0 g, AR
Cu-uw D ADocHEW M E e g, N
0" -0"-0", Hit:

T3

TR

FR X

INRITE A% s P 2%

K1 T scs ey sy Binpha S5 EMT 5



©222 ¢ i L EErE
X[:) - Ba(u (1) i J‘p (t) —exp(ig )dg
) FH VLW 5 B p % 22 B ) g BEAT £ AR 2
W, @ (7|7 VR im1,2, 0 ) RIS 0
Ui et } r—prTW 9)

AR PE T (R 1P, restricted isom etry property ) §c4F,
PAF 2B ASIIAE o gy, B
(f) - @B TX(tA - EX(U (2)
YOl s FRE . IS IR
RS, LA O G
=0 + @O 0" = PO+ 0" (3)
E¢’n =0 0 VR HICERAIIE %
T2 s WA, Blin ~ N (0,87),i=1,2,0 o
2 AT 1 « 1) v BT AL eR 4

;H\:EP7 Zlgr"
BLN, I

5 [ 1 Ry
4): I e 25°

p(y\” |0SMIS 2
i1 2ps
oL 1 2
= (2ps’) ? exp(- — |n(“ ) (4)
28 ° 2

1

N O e e R

QVHTITI 2, < AREEEMNRM & o hBkeT
E*’Q, BRETTRE TN B> TARIEAEO
@I KA 1 B B A et g U7, BN

} (5)
0

t) _ : (t) (t)
R

(t)
05

Hrep, 5w - ;oﬁﬁﬁmﬁNPMW
CIRYSEsNS jzﬁﬁl«a;bwminﬂ AL E R

t)

00| el (6)

d - o mo‘g"m{| y'

22 BRI E S s

K2 Ak DL 37 23 A A R0 X (6 ) 1R EE A 1)
AT SR A, 2 e SR 21« TRTIDEA5 26 2 5 o £
p (0" ,y,7,5",v")

=ply? 10" s )p(s’)p @ Iy)oy 2 p(z) (7]

M SR 110,121, I 9 1415 96 20 AT MR A
S

ol

p@0 1y =0 pig” 10,0 8)
i=1

ML RROSTE J P SR T R

p(J])zéexp(—ég), g, =0,0=0"", wJLITGH).

Jpa(t ply7)d

S

>N

Gammaﬁj\fﬁuu,

DI u)G(z 3,3) (10)
2 2

*la,b) (11)

\U

o BRI M s AR AT

pls’ la,b)=Gls

Hr, &fF canma AT X NG (xlab)=

e, Ganma BRELG (@) =

1
‘L e dta > 0 o A,

M KGR AEN] (M AP, maxinunm a poste-
riori probability ) , K (4). F9)~ K HARARK(7)
W EAE R ) P RS EL 155 g MR A

b o P 2 Gy TR VA DU T 43 BT AR (1) 2 5

Bl2 2R 2 B S HO R

3 ETFscs MEEMEES

HIBAE ¢ Z AT T AN ZVE SR U R )
%%/ﬁ\j‘jlm - [X!t—l;,X\t—z;,“'lx‘\:—?;} 1 RN I , EEEZ
FECHEFERE ¢ AT AN, I Ta) S8 wl i
' ARG g A e o g SCIN 2 ¢ I A
FERE w0 RIS T~ 18 55 P 5 ZE KB 23 53l

E[X}:f“:izx” (12)
T o
cwMﬁN:%ZhWQWth)(m
[15]



&5 9n

VRDRSRAE: HE T DUM-J07 IR AR A A w s B i 45 sfemg <223

/Q,\as(t) _y" (X\‘:s B g&:s) s _/H;EF] U %Eilﬁ_’; (U T:U |1> ,
X (1), T RS R R I IEA R v A
Mo R B i g0 o AEATCH, SR RS Ky /it
B (TSW |, tree structured wavelet) FJIEFEFE U, BJ
SLIBURAN I RECRICI ¥ 4 (A vy AUE At A VAN S
TSu ., g BATGU R, AT U RN Bl T
DAREAT He 4, 2t i 2 Ak DU 3 2 B i 2 5545
AT 6!‘” SR, T Tsw AR, wLAAEE)
ISR B R Ja B AL T

Az (14)
€ L FEE TR Z (M SE,m ean square error) A

0!t1_d!tl
MSE,. ., =E|——2

s s 2:| (15)

gi bprik, T rcs MG w sy Hdumh S =
PSRRI T o

1) EAel 2 AL B ayesian BEHRGEE (6) Fros
T ) AT SR AR, SRTFIN 21 ¢ (I A M5 5 T bR
X o) .

2) ¥aw)s Ke)-KanRAK ), BAEH
KRz, 380 MMM .

) VSR RO X (12) SR AN 2 € B A R
B x BIIFRISPEY o, JERE Tsw IEACHERERE U .

) VBRI X (1) FR SR B 1 e
vt A, R ERIY R

4 nEERES IR

F R BN SN w oSN R S BEALIA A o A
TR, AR BOZ AR XN 53 0 A A
120/180 N FEFR BT, T 54 BIRT pU
AR 5 S DU T A RS, R AR 1 i A AT JK
A, oA R A B AR ) SR AR R R
BN T YRR, 2R 001 B A, I
WA TBITET sw Bos MBWERIAHE, LR
PR PR I S 5 4  BSs , FR T R ER Y UT R
# (M SE)

R SCHR 113 16~ 18 1R LS, A SORE I
TR o p HAEEE X EL, ov P SRH]
G aussian NMBRAFLL L&, HyRHT R S/ NI
Hohu =0 @ mw) (n AAELL © ARERED U
BT rsw o BCSs MIEIERLEGHIERM Y - ¢ 10
D aubechies FE A IEAS /I (abd )M IEIEHFE U,

(t)
05

2
2

BAT 4 B R, o allat 0 REECH 610 B KAH
FeWAT =105, 7 = 1. (FELLE: 2 FhEME L

BT 58 SIS S | R (D;—JZI‘E‘J

MR R

K3 73T onp Hrsw Bes 2 Fh¥dEm
B EAEERDWIMIR B S BT v sE Z KR, H
BRI, fEAHRIT S, 1sw BCs WEM M SE
BB /NT 0w po MRk wosw TS 120
IF, oM P IM SE J 14, TSW BCS MM SE XN 4.
SR, ou P M SE WS T B C s, (HIEEMMERE
BBCs Z. T ou p SRATEIOWI, 24795 A%y
120 AT 180 B, 2wt o p & anEdE s v 1k
120 A1 180, Hodge/NWINE A 15, BRI E 1 > 15
iR DUIA B T B C s SRHT dbd /NIE, 5 %L
R 120 F 180 B, /N RN EE B 20 159
o1s, Hag/ANUIEY A 35 F s, HBEET
ROERER, S/ MU g B9, FEA M SE B,
IRBPRSUN ER v sE BT E.

40

—6- OMP, JEA145 5 %120
35 —— OMP, 4145 %180
-8~ TSW BCS, 40145 550120
—*- TSW BCS, %17 2141180

30

A
il (=) N

S

[

s

0 50 100 150 200 250
M R FM

302 PRl A TSI S T v s KA

LT 2 MR A A L R L
E M SE ZIARFR. Wt Ol 5
AHIRN SR Ry 2. BEA%, oup
(IER 1w sE P KT rsw BCs, {Howu p sk
FERR, WA Bk 120 B, om p FER4ELEN 012
RIS, Tsw BC s fERAALE 022 WS, Bhab,
XFF B C S, 1T AU I Il A3 BN Edh 2 T FR I
FHOGPERE K, HARsirhdkey, RIZEAH R R4t T,
HR v e BEAE T A BB R, WY R 4E L
0.8 I, TR 120 XN ER u sE NT 025,
TR 180 RN ER) v SE NT 016 BEAE T AL




© 224 - m

ERVE

R, TR v SE LRV R GE LT R AT )
WSk PR, JETIN S AHOCER Tsw B e s AERIE
—EEM Y SE FRN, nlAFHLSEILA KT w oSN K
SRIVERCHR 1 A 0358 445 5 T o

40
—6— OMP, A +5 s %1120
35l —— OMP, J&HN 15 %180
-8~ TSW BCS, k&4 540120
% —%— TSW BCS, k4145 5540180
%2
=
20
2
H 15}
10t
5 L

4
0 01 02 03 04 05 06 07 08 09 1.0
JE4iE MIN

B4 2 MERa S EMSIAEAILL ST v 8 KA

5 LERIE

ARG T INFIIC Al s 4% (c s )
e T/ B Ay DU IS 4 1 %0 (Tsw B s) 1)
et e A NG o A ¢ s BN SO A
DR 5 A28 AR S, VSR R TR AL
DU o3 TR R SR AT AR R A o, SEAE Tsw b
WORERRRE, DU A &0 s (R BN s 1) i T
oM P 51w BCs 2 MR G B AT
TORCIEL, LR TOAEEAN on P AHEL, HET
BCS MR & RABIRMEM 1 sE. & oup
Witk T Bos, (HILEMMERB Bos 2. FIHR
FIVECE RIS AROCHE, B e s PRI RAALL T RIA]
SEL PR SR, PRI, I e T RS A S
WS VEERAY R B R A . IEAh, BT BCs
(1 13 1 0 A DL R B A 2 AT (pen
principal com ponentanalysis) ) BCS EIEE4iE
S DT T, X 2 RO N A T
RIUE ¢ a0 s CUnde T2 v B KRB & s
Htfsmhsy, DR m Bes MRS S EMVERE, T2
AL — 2 TS

Sk

(1] AR, BgEs, W%, CEAL AR W A7k 0], VL5
R, 2005,42(1):163-174.

CUIL,JU H L,MIAQ Y, etal Overview of wireless sensor net-
works[J]. Joumal of Computer Research and D evelopm ent, 2005,
42(1):163-174.

WANG Q,YANG W .Energy consum ption m odel for pow er m an-
agem ent in w ireless sensor netw orks[A ]. Proceedings of the 4th An-
nual IEEE Com munications Society Conference on Sensor, M esh and
AdHocCommunicationsand N etw orks[C ].Pisa, Italy,2007.142-151.
VURAN M C,AKAN O B.Spatial-tem poral characteristics of point
and field sources in w ireless sensor netw orks[A ]. Proceedings 0£ 2006
Intemnational C om m unications C onference(C ]. Istanbul, Turkey, 2006.
234-239.

VURAN M C,AKYILDIZ IF.Spatialcorrelation-based collaborative
medium access control in w ireless sensor netw orks[J]. IEEE Transac-
tions on N etw orking,2006,14(2):316-329.

DONOHO D L.Compressed sensing [J]. IEEE Transactions on Infor-
m ation Theory,2006,52(4):1289-1306.

CANDES E J.Com pressive sam pling [A ]. Proceedings of Intemational
Congress of M athem aticians[C ].M adrid, Spain,2006.1433-1452.
CANDES E J, TAO T.Near optim al signal recovery from random
projections: universal encoding strategies[J]. IEEE Transactions on
Infom ation Theory,2006,52 (12):5406-5425.

FOEH, XUPHE, W A A B R SR st e ). iy
23R, 2009,37(5):1070-1081.

SHIG M ,LIUD H,GAO D H,etal.Advances in theory and applica-
tions of com pressed sensing [J]. A cta E lectronica Sinica, 2009, 37(5):
1070-1081.

e, B, BT IEAERFEHAR RSN/ o). T 565 8
1%,2010,32(2):470-475.

JIW J,GU Y T,MEIS L.An Introduction to com pressive sam pling
and its applications[J]. Joumal of E lectronics and Infom ation Tech-
nology,2010,32(2):470-475.

JI S, XUE Y, CARIN L. Bayesian com pressive sensing[J]. IEEE
Transactions on SignalProcessing,2008,56(6):2346-2356.

YANG A Y,GASTPAR M, BAJCSY R, et al. Distributed sensor
perception via sparse representation [J]. Proceedings of the IEEE, 2010,
981(6):1077-1088.

BABACAN S D,MOLINA R, KATSAGGELOS A K. Bayesian
com pressive sensing using Laplace priors(J]. IEEE Transactions on
Im age Processing,2010,19(1):53-63.

VEARD, Wik, AU T IR R 20 3 DU e ik g 0. R
B R RAR K 244R, 2009, 39 (10): 10451051

WANG Z X,YANG T,HU B.D istributed bayesian com pressed spec-
trum sensing based on m utual infom ation [J]. Joumalof University of
Science and Technology of China,2009,39(10):1045-1051.

JRIERS, A, BRmgsE . Seir A gnIoZk i 4 53 A s E 40



o5 0n M) VRIBESRAE: LT DU SRS AT IS s Bl 45 30ms <225 ¢

AN A 0], VI RATE AR, 2011, 45 (4):67-71, 114,
JHANG Z H,PEIC X,CHEN N,etal.A sensing algorithm based on
distributed cooperative com pressed spectrum for w ideband cognitive
radio netw orks[J]. Joumal of X ibn Jiaotong University, 2011, 45 (4):
67-71,114.

MASIERO R,OUER G, ROSSI M, etal. 2 bayesian analysis of
com pressive sensing data recovery in w ireless sensor netw orks[a ].
Proceedings of Intemational C onference on U lra M odem Telecom -
m unications and W orkshops (ICUM T 2009)[C ].StPetersburg, Russia,
2009.1-6.

HE L, CARIN L. Exploiting structure in wavelet-based bayesian
com pressive sensing [J]. IEEE Transactions on SignalProcessing, 2009,
571(9):3488-3497.

B0, 5 . o2k A% IR I 2% rh B 1 S () A DR A 7 20 A7 o 4
JERAN0). P AT R A% 244, 2009, 29 (6): 1216 .

HU H F,YANG 7. Spatial correlation based distributed com pressed
sensing in w ireless sensor netw orks[J]. Joumal of N anjing U niversity
of Posts and Telecom m unications, 2009,29 (6):12-16.

TROPP JA,GILBERT A C.Signal recovery from random m easure-
m ents via orthogonal m atching pursuit[J]. IEEE Transactions on In-

fom ation Theory,2007,53(12):4655-4666.

EEEIT:

WBER (1982-) , T, WiTHIMA,
s, WK 25 B 8 TR LS R
MBI fEsE S, AU T R R
Ui, TEEEHETUIT ) A N KGR 4 . R4 gk
. ZH M ERESE.

BFEFE (1953-) , @, ILHERA,
WL KRB . 1 S0, L7
RGBS . LML . SE RTINS 54
BAE,

FRE (1961 , B, WiLBMA,
G, PN TR EIR ., LS
Uili, RTINS EEE .
TCER MG 5 MR 5 A P4,



