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Pipelined Cooperative Spectrum Sensing Method in Cognitive Radio Networks

GAO Feng YUAN Wei LIU Wei CHENG Wen-qing WANG Shu
(Dept. of Electronics and Information Engineering, Huazhong University of Science and Technology, Wuhan 430074, China)

Abstract It has been shown that cooperation can improve the performance of spectrum sensing effectively, However,
Cooperation also introduces additional overheads. To deal with this problem, we proposed a pipelined spectrum sensing
framework, in which secondary users conduct spectrum sensing and results reporting in a pipelined way, and the time
consumed by reporting can be also utilized for sensing, resulting in an improvemented of time efficiency and a much wi-
der observing window for spectrum sensing. Besides, we also presented a multi-threaded sequential probability ratio test
method (MTSPRT), which is very suitable for the pipelined framework as the data fusion technique. Simulation results

indicate that our pipelined sensing scheme incorporating with MTSPRT can significantly improve the performance of co-

operative spectrum sensing.

Keywords Cognitive radio, Spectrum sensing, Sequential probability ratio test

NI Tk H (Cognitive Radio, CROM BA N B LB SIS
B A SKBE (Dynamic Spectrum Access, DSA)RIXEFE K,
EAFRKEAPERN ERAPEREEFTHRNWRT, A
ZERABRBERE, AT KRB RSEN R EE, ATH
SO RS IR, MR AT e Hui o ER PTG
PR ARSI HERIERT. B TELREENARE
%, LA R P A SR 2 B PR BN IRR A FP AR ME IR
Bl AWME ML RABR ., XEH, ZMKRERA P ZiH
B PMERT DL 32 B 533 R A M e BB . (B2, BMETER 753
WRARENR BT AT BB ST . Hik, i
REUMERAMN TAERFER N — RN EE,

1 BRI

L1 eSS A A 15 R 5

B T ER AR R w FnRE /TR =%/ 280
BAWE AR R TESERA .. ERIEAREL
R 4 P 2500 B ST R UK G P BB AL T AR B A9 AT RE

B H#9.2009-09-28 &4 H#.2009-11-20

Hom /N T RGP AT AR AL B A7) 8B, Bk mT LLF
RZAWRA P Z A K PE SRR R R Bt ae . ZEUME
BT, 2 5BAKE R E AR TS BRI,
RIE R B RAE R L BB A T 2 BB & W AR
FEBRBAMGR HETPUER S HE. B AT PR
R B B B ST A A ST S PR A L BV R BT R
B 43 SR 3 2T IME R R BT ST AR BUSME RN R
B, AR B & AT B R RE R R a7

{ER UMD LR R 504838 28 BRI B, 39 3R T 8Sh Y
BRI HOW RGP R BOE 3 A 312 B 5 18K 2 b i 2R
MERITMBEAER ST . BRTURAY WEAR, RH
B S5V B — &R EHEE, EHS 5 AT
R TR & RS R, LR A |45 By Sk iy e [ 489 {EL AT
BELHMARLAMERE, TEEUNSERKRERIM
WHR. FTLL AR Z B MBI REK AN &
AR, 42 59 SR A S HBRASRREA5ER
AR, BREXFHTAT . AELAHBEHFEENFTR.25

A FEF A RPEES T E (No. 60602029,60772088) % H) .

& 61982—), 5, 1A, EEHRF M AADTR NS EAB AR, E-mail: fgaowarg@gmail. com; 8 #§(1978—), F , @1, PHIT,

ERFRIT AR TL B PR S E B AR s 3

B (1977), 5, Bl EEH I 7 kBRI HA | R4 AR 55 FR & ; 7230 W (1964

=)L BB B AR, FERR AR AXEMNESHHME ;T 2kA956—), B, HB.ELAESMW, TERRF NN CTHEEREL.

SRR E A SR A BB,

0930



PMER T ERERE, - RAEAR RN ESREE L
fymH R ER L .
1.2 HAMEXREBANFTRNHTE

AT @RI ER PSS, R PR R A v 3
FRP TEMEBGHTRN ., A hERSUS M R
SR 43 R — FR ) BBt 1], 451 PR R — IR R A, B
WiEEHINE 1 BiR.

pewea] mienp | KERRAB |

S RATIERTHRA \[;éﬁé
FL L P2 R3I|TTT | PN
B1 BAEMERIER AR

ME 1 ATEUE B A T 3 A B A, 2 5
Fmt B B BRI R I B . R B, TR S5
HIEIR R R R AT B R AR . e MRS BR , A /8%
MR B A EE AR B R ERE TR AR
PERE T AU 2 AT ST 3 B RS A . 0 R R
HER P ETAE R AP W T R BB Ok i Bl T
BRfet s R ZMERTHERA, AR R ERILE. Ed
A ESEE R A B IR K BE , AP 0l MR AT AR B
ATREAR .

BRERIBE—EBE EWME THEBMMTER,E
AR STIA g FE O (A BT AR S5 48 3 1 ) T 42 150 DIV SUBB0S AR A
MR . EATERMIG A, Blfent Bt RAEA T R4
SRALIE , TS T 2 1 U 5 BRAE RS B

B, MR AEBAE B 20 B TR B B, A 93
WA RS OE R B B E M. X THGERMRIE, X
et [ 87 10 22 bo /N B 67 1 S8 ) 42 5 1 B, A D s 1] 181
O 5 THEASHREN L. 7o £ RSB # R g
B, B A 2 — O PREC S R 2SR AL K B 0 I
MERPETH. AR —RAMEBRERERL,
WEkERE LM RN BB BIA B . SkvT &,
o] £ Bt B O 3 AR B (A1 7 1, AR FHIME RN BRI —F
HHUFB.

2 EFiRkERABERTIERA

HXTBA UME R BT R AR, F 3R T
FOPMERATR. FHREWMEBRAFIIATRAKLE
9, 3 B BRSBTS B ) [0 A b B, A
TR AT BRI 58 T U R et R BT 1

B2HHTHAROREE. NEFATLUEN, A TH#R
R T R RIRCR , WK £ 07 B R R F P B S0 v A T %
YEREE R B R AR LA TK £ B9 07 2SS9 97 » (% R A & A
FHREMER EE I B ol UR THOE R . W 1
B 5T R, WKL T7 5 IR F i 4 5 80 07 08 2 %
MERBIAFEHGEERREEREREG TS, BE
BEZE R, WKL R A R A R R E T A [ i
(B A, 33 2 SRR ] e 36 R 4R TR B T — A 0 9 B 3800 A
WatEIE o .

TR, AT HEER, B 2 PREKEH P HRIE
e ) FF Y 4 TG R B B4, B S B AR
X T2 5 U E R KR AP R U, © TR R
VEAR AR EL ST, BT LA R B B0 A 4T A 000 R 4 =2 1 g it

0940

[ [E] B » WK £R 7 R AT LA RGBT .

B /B |

B2 RETHRKEREHNIMERBERAITR

TEA FKLR IR S ST RTINS . BT
BE R A BV AT R P AT L2 R, 4 T, R il
KB AE PTG BBt ) FFRY , T, RAnG R IBERIERTE fnta)
HE.

R 2 0, AR R T RAE— B o3 B B B B T
T, AT PR

T,=T,+NT, n
KH,N BREHIMEBRHMKREHPNWEE. TREAZR
R — N A F SR I A B R B AR .

W,=T,+(N—1DT, €]

HIE 1L ERE T RE- M RAMARESERASFE T,
BT RFER:

T,=T.+NT, 3
HAER I py et a8 0SS Hh
W, =T, @

A D EX DO ATA, FK LT RE—FB A KR %
BRASIHESEETRAR. HlFRAKLT R EfEHER
BT T RO FA HF SR E RSB RRSE 5 0,
Bk, %07 REEES Rt 1 12 £ P B RSR Ak, & ERT
B AR SCRT R KR 07 R 2 R UME A BUE R E M
DEST18

3 ZEREFRUALRUFTE

AT —FREIMERFHE R HERE, A SR K
KT RAIF AL EF LR AT (SPRT gy 28 E# T
LR T M EREF R A LR R (MTSPRT) R E K
ER4E Y. 5 SRPT M, MTSPRT S E#£8 T bMERD
IR RS TN EE., THEEEEREMNS SPRT £
PMERHR BN R A MTSPRT tRESER S E .
3.1 SPRT ZEBMEB PRI A

SPRT 7EpMEZSA R A F o b AL I T . 81
S H5RARIKE A A R R U SR AT RKK R
RAPEBE TS, B -MFRASERIABEEREY
B AT EERELYHEWERNRANSERIIT-KREBE
KB, HIb A OB ST R A T RRE R Ho #2701
BATFETREGE H 7)., MESFTRERMBRMER
JERIPE e , RELA 1 S N 1 R RS SR, FH 48 5 B
BHSRBHBRAHAN . TN, ESSBBURME R, ERH
REEBRENIE,

AR AANREF PR B RE R AR T 28 247 45 s A% Ak
H. &Y XRRKBHFREERNSRAE L BEXRISLY
BAUT et

X%m ) HO

Y~ &)
¥y, H

KAy, Fm BN 2m BP0 E T, 45, (27 R



HBER 2m AEp LS8N 2y PO RT7 A3 m=
TW Sy RE A I 2% i R1 3 SEAL v {5 .

TR BEHT A A UG I 225 S0 1 0 7. R 40 76 B9, E UL U 38
n MG RO B AW ARSE T AT RER S

o PLY,|H, )
5= Py ]

HARER BT IIRNRE :
S,z H, HHE

{S,@;o, H, AE )
o <<Sa<lrp» HREEMRIFKETE

B A g S HRARWT

1.7
="t w12 (8

AT HEHE B RAMALHMEIEX. £ L ®R
5 MR HL A B RS BOE L BRAR (6) BT EOB AT ik
RA

LR,=InS, =31, )

G A R R R

(6)

LR,Z=Iny, , H, JE
LR,<lny,, H, HHE (10)
Inp,<<LR,<llny, HHEREKE

3.2 MISPRT HRiE#iBRM A EZE
SCHRLOERS , 40 A B R S A e M 0 A&
AL L BRI A TR, SPRT & R — MR R HI B AF
T EHRMERFEER/D. UK OMRG A, &
XFpIENR T SPRT 7] L £/ MESHE B A A MR I P45 . (5
2, —BEEERNRIE O A& 4RI S PR, SPRT 8
B SZRREE W, XEAHE GRAERN. HTH
%l‘ﬁ]@ B3 T — M RIBMEIT. ME 3R, f£—IKE
ERASRT, FRPRENE S MRS RER TSRS
%%Srt,ﬁz@ FRICHITBABR L F1 LR, 7287 4 NMERAY
RPETREE ME S MNERALRESE EABE. TLUE
H BARET 4 DMERAE R TSRS RA T ARE
T8 BRI R AR ATEAE . R T IR, B Rl AW
IR T 2 A MBI SR, AT 3 AR RS R AN 4 B 7t

LR, '&rﬁf%w%

1 LS

zy

_______ FRHATR  pmEERATR
Ogsnwsr Bessbsr

B3 et 6 O R A SRS T

XX — )R, A SR T — R B R, BB ER
¥ SPRT i s BRTHE T 50 Bk T K14 Bfa , i RE 5 5 17
RGN AT, B4 /T ENAER. HE
R RS R RN BIERE T A SWRE - E B AR
8 & fR-— B SPRT #H#2, ¥ SPRT #H72 DL R 2 gy B
HRERRA. Ft, REERE T SERT N R
R 4¥ &R NA SPRT #HBEF N THE. X1
SPRT B R FA DA G TR, BIEm & T S S iEH
Flpe, RNMGHERAE LT SPRT #B, BRI E
LRAF R LISR LA 75 B (Multi- Threaded SPRT, MTSPRT)

¢
4
:
:

%AI'A' >—EXD ER L)

R D»LR(2)
ED»LR(3)
LR(4)
LR(5)

I
i
f
5615

)

BES
B4 —ASREFROR AR ERRE

RGBSR IR N MRS R, S LR
(KYRRE K 4~ SPRT n’fﬁﬂ@ﬂﬁ{ﬂﬁ HZ A

&

LR(K)= EL an

MTSPRT B’J#ﬂy%fmﬂﬂﬁuTo FFVK € [1,N]:
LR(K)=Iny, , H, BE

{LR(K)élmyo, Hy, hE a2
Inp, <<LR(K)<llnp, , BEERTALE

A DFR (12) T4, 75 MTSPRT 1,44 SPRT #
BEB SRR SRR 2 £ 41k, BT LB A R R AR 2Z 5T
W B A BN S5 BB S AR B W T AE 0. T X 2 e W 3 19
BRAGE R TRE 1. #EadXF R, iesig RS s
HOH A BREFL, BEH 4 SPRT #RB 5 Z AN B,
iR e R IR, BRI BRME R, b EAA, S
J SPRT ALk, MTSPRT B85 58 4 b 17 X SRR A A 1, 2
BIRF PSSR AR T i R R

4 KERERIH

4.1 {FEFE

EFEF AL 3 MBS T BT
St , B 2AE 5 RIEHE SPRT(GF-SPRT) . Ji/k &8 =48
Bt SPRT (PF-SPRT) 1 Ji /K £k 7 R # Bt MTSPRT (PF-
MTSPRT) . *FLLEIHEREHE bR A 5 ik B R BT R R 45
BERE KRR P E AP TIE S R R AR,

AXBEFFRBENT. BBEE-TRBEHEFED,F
7 S0 MR AP A—ERF BRSO R AR AT R
IR R P R A MR N 45 51 5 BT AR B UK B P R R R B
AROT B RE BRI 35 XT R E E AT SR , 68 B4 W2 A AT
[13F SR m=150; (BB P TS R B fE S 25 R
FUEBRES R — RN AP TERS S SRRE
BR szt R AR NS B AR HOE H K BE R 160 ANt ]
{7 s BEMETIL N «=0. 05, IWEF R H 5=0. 05; FH
PSRN AR KES T 40 Mot E A A; fELHe
40000 s H] B4,
4,2 (FEGERSH

DiXRAR TN BMEREE . R 1FIHBERH
M T 3 HBMERA N RE& 85 BT B BR A 4
BEH. gETLUES. 4 3 M RH PF-MTSPRT £ 5T
TR MG R B B/, X —F 2 HE K MTSPRT £
BT AR SR RN B , 55— & E Sy MTSPRT
E—ERE LR T 0BT R IS TR B S R BT R I
A, B30, PFSPRT F EHIE L HRmLE R
BB E K GF-SPRT 7 REE &, iX £ H N PF-SPRT 5 4505
RAEFTHRMERPAEEZ B, BE 3 wH, — K&
S PR BER SR S G RSB ERS R AR,
AT AS B 34 s ot 2 B8 I R ST i R U B B R 4 SR e H

£ 1 RERHRETE VR REE (m=150)
%W (dB)  GF-SPRT PF-SPRT  PF-MTSPRT

s950




—10 5. 242 5.428 4.529
—11 7.835 7.961 6.748
—12 11. 619 11.677 9. 490
—13 16,732 17. 439 13. 980
—14 23, 141 23,521 19. 780

DXRGEH P ERFHTIER. KEHPERP 8
FREAME S Frx. HE S5 T8, 7E 3 fygd, g~
EF BT IRERREE (S0 APR38R oA
B H T, KB R P R E4E 5 £ (it (o] 3 AT 5508 A A i
BT BABEEWNRE, FREREA X EAS TS
BRFRBHEEET . EZENEH T, RARKEEH
MAREFTEEFE. SREANSEGEHF ML, WKL
PR TE T SR I B[R] 1 O, MA T BB A A o BR R RS IR
B, B P AR B A R B RSB, Wi
PF-MTSPRT 4%, PF-SPRT 5 x4 & A P 82 4t T T4 14
1,3 B E% SPRT F BB MTSRPT J7 ik il #6 F £ 1Y /&

poil:ay I

5000 pr—
= GFSPRT
400 ~=f§— PFSPRT
,'g; 4000 [ e e PF-MTSPRT
I
=
R
ﬂ,_
A
i3
4
®
0—14 -13 -12 -1l -10
5% i(dB)
B5s KEMFAXMERPETHRER
2 x 104
18 GF-SPRT
- —P— PFSPRT
? 1§ fo . i | - PF.MTSPRT
g '
E iz
*=
§ iy
= 7
®®
E u
4l :
02} :
0 -14 -13 w1‘1 ~H

% b_tl%dB)
B 6 7 pRSTEF ER

D RBHER MR, &6 4H T 3 HFRMZS HPE
FIRBRAES . A 6 ATH, RRNKSEMN T RER
FAEG R, Hd PE-MTSPRT F &SRB S, "L
EFH,— 3T 85T R B at 8] 5 O A Bh T Kt & BLERAT
BB AT B PR EPIRAAS AL, W T AT LU A S A A 25 PR ATE
il MTSRPT J7 ki i iR vk & 1 7 %o 55 3% IR 45 28 4k A4 B RE

HEE, B R T S RSGER AR, TR, MERERIL
MR, 3 Fhor RZ Bl RE2E 3 B W 2, X 2 B W BB 1R
WE BRI A IR BT R 6 P B R G R BB M/
HRE R FE 08 EREHLGE N, TR FRAKRS
SR ULAT I BB AR S 7T BE Y du Bl G B B
WKL REBINIE R QR BHHEK.

BRIE AR T M EFRKKRERIMEREIE
BAENS 2 MERHRERER SRS, B30 MA
TR R EME B LT 89, B O REBH T — M E R R R
BIE O, 25 T UME S e E R, Ed R s e
SPRT ##, £ T Z LB F R LUR LRI MREREBEEE
AR TR S E R . SRR ER, AR
RUEHIFRE T RERSRBEF R OR LE T REE LS
A ROAR E UMEA SRR RE.

2 % XK

[1] Mitola J. Software Radio Architecture [M]. John Wiley &
Sons, 2000

[2] Ghasemi A,Sousa E S. Collaborative spectrum sensing foroppor-
tunistic access in fading environments [C] //Proc. of IEEE DYS-
PAN. 2005

[3] Mishra S M, Sahai A,Brodersen R W, et al. Cooperative sensing
among cognitive radios [C] // Proc. of IEEE International Con-
ference on Communications. 2006

[4] Ghasemi A, Bian K. Spectrum sensing in cognitive radio net-
works: the cooperative-processing tradeoff [J]. Wiley Wireless
Cémmun. and Mobile Comp. Spectial Issue on Cognitive Radio,
Software-Defined Radio, and Adaptive Wireless Systems, 2007,7
(9):1049-1060

[5] Song C,Zhang Q. Sliding-window algorithm for asynchronous
cooperative sensing in wireless cognitive netowrks [C] // Proc.
of IEEE International Conference on Communications, 2008

[61 Mal], Li Y G. Soft combination and detection for cooperative
spectrum sensing in cognitive radio networks [ C] // Proc. of
IEEE GLOBECOM. 2007

[7] Zhang W,Mallik R K, Letaief K B, et al. Cooperative spectrum
sensing optimization in cognitive radio networks [ C]// Proc. of
IEEE International Conference on Communications. 2008

[8] Digham F F, Alouini M-S, Simon M K. On the energy detection
of unknown signals over fading channels[ C]//Proc. IEEE Inter-
national Conference on Communications (ICC’03). May 2003

[9] Varshney P K. Distributed Detection and Data Fusion [M]. New
York: Springer-Verlag, 1997

[10] Min A W,Shin K G, Exploiting multi-channel diversity in spec-
trum-agile networks[ CJ// Proc. IEEE INFOCOM?’08. Apr. 2008

(L& 69 1)
B RN A B FLX LefF BT LUK — 5 41U H S R 8 B RE
HE B A

8 % x W

[1] Phillips T, Karygiannis T, Kuhn R. Security standards for the
RFID market[]]. Security& Privacy Magazine, IEEE, 2005

[2] Pelusi L, Passarella A,Conti M. Beyond MANETS: dissertation
on Opportunistic Networking[ R]. IIT-CNR. May 2006

[3] SuJ,Chin A,Popivanova A,et al. User Mobility for Opportunis-
tic Ad-Hoc Networking [ C] // Proceedings of the 6th IEEE

0960

Workshop on Mobile Computing System and Applications
(WMCSA). UK, December 2004

[4] Spyropoulos T, Psounis K, Raghavendra C S. Spray and wait;
Efficient routing in intermittently connected mobile networks
[C1//Proceedings of ACMSIGCOMM Workshop on Delay To-
lerant Networking (WDTN). 2005

[5] Abdulla M, Simon R. The Impact of the Mobility Mode} on De-
lay Tolerant Networking Performance Analysis{ C] // Procee-
dings of the 40th Annual Simulation Symposium. IEEE, 2007

[6] Keranen A,Ott J. Increasing Reality for DTN Protocol Simula-
tions[ R]. Networking Laboratory, Helsinki University of Tech-
nology, 2007



