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Abstract: In the cluster-based routing algorithm of Wireless\Sénsor Network ( WSN), “energy hole” phenomenon was
resulted from energy consumption imbalance between sghgers= For this,preblem, a hybrid multi-hop routing algorithm of
effective energy-hole avoidance was put forward gh~the basis of the” research of the flat and hierarchical routing protocols.
Firstly, the concept of hotspot area was introducedét@’divide the monitefing area, and then in clustering stage, the amount of
data outside the hotspot area was reduced binusing dneven clfistering algorithm which could integrate data within the clusters.
Secondly, energy consumption was cut dowyt in\the hotsgondrea during clustering stage by no clustering. Finally, in inter-
cluster communication phase, the Patticle Swarm Opfitnization ( PSO) algorithm was addressed to seek optimal transmission
path which could simultaneously meet th&*minimizatioh=6f the maximum next hop distance between two nodes in the routing
path and the minimization of the maximumyhop coufit; so the minimization of whole network energy consumption was realized.
Theoretical analysis and experimental resulis show that, compared with the Reinforcement-Learning-based Lifetime Optimal
routing protocol (RLLO) and Multi-Lagfer %outing protocol through Fuzzy logic based Clustering mechanism ( MLFC) algorithm,
the proposed algorithm shows better perférmance in energy efficiency and energy consumption uniformity, and the network
lifetime is raised by 20.1% and40.5%, which can avoid the “energy hole” effectively.

Key words: Wireless(Sensor Network ( WSN); energy-hole; routing protocol; Particle Swarm Optimization ( PSO); life

cycle

RE B O P L AL A 19 U DT M B WISN SEBU B R FR I Y247
A, R TRLR AL A W 265 % v B T G PR B A PR
TETCERAL AR MR IR MO , VB iy DRI 2, B

0 3%
TLRAL BRATWEE ( Wireless Sensor Network, WSN) i@ 1 K

o 0 M DI A ) £ SR T s, 0 IR0 % s DX R
XGIERHATRE RS LLAR R LB FE R L
B B A v P FE RN IR A R BARSE S
NIRRT R SR, B T R IR BT A R A AR
W AR BEZ MR AR I, (RS Y BB B IR, #h 45 B
BB RE AR ERAR R, B8 it , &£ 25965 0 2 BB S , L1 KR

Y75 B #7:2015-01-19 ;4% & H#{ :2015-03-18,

BORR BB A, AR AR SCIL M 2% S RERE R B/ ME . HE
THE9R 5 o) B A 4 BH 416 Bg B 1731 ( Reinforcement-Learning-
based Lifetime Optimal routing protocol, RLLO) U5 o) i hits gt 2%
HREENRE EERBRERNGAEZEY SARRERE L
WIEE MR R, S B M4 BB BERE R X ) 45 o
BN R (BT R SUE & MR R/ D % R .

ESWE : /TR 7 S BIHTE & — AT B & B 2050 B (BY2013015-33, BY2014024, BY2014023-362014, BY2014023-25)
TEE T A BRIA (1990 - ), 55 VLR A LG, FEHGIIT 1 BRAGRA M s E4 (1990 - ), B LAFH A M

TWRFE A EEIT )  BRAL RS MR E L5 5
BREITEI A

$71(1967 - ) 5B WAL E DA BUR , LAt sE , EEMS I AR A M AL



1816 H AR A

%35 %

FE T4 MR I JZ UK B T CT AR O LR A% RS M 4 B RE
BRBYEAMERY R, B RERE K E R A% R
HoA T R KRB AR 55, 2 f B R T8 LR TR “ i
AU 5| R AR AR

R, FEERFESN LRRER TS5 5%
sl BRI AR A 1 38 G A0 R 1 KN — I,
TESETIE T AR A AL/ T B HR vl B A, S R I
BB R RS E, T A NER R =R H
R, SRTIX SRR PRI TR0 SR S e IR e L R AR Y e
B e B 42 B E Z B RE EHAE AR I R, S
BRI I EUR SERUG , RIE R B R R RE R A8 M EER
FOREE B R0k B BB T H B AUE R AR B e AR, BB A3
P& AR EAS SR, B X I X AR KRR, “ B i
TR TRl AT AN VT e 6 5 SRR [ 12 118 B SRS DL AL e AL S B
BRI FE BRI Y AR e
BB R R, A 7T R R BE R E#E (B ERR R
EBFEREBOR , A BRA R K M2 ey A= 77 A

AT S HTRT S SO 8 ] h B TR BS W £ )2 70
FER & A 3 ( Multi-Layer routing protocol through Fuzzy logic
based Clustering mechanism, MLFC) fy3&8l F, 3BT —Ff
TR BEOLAL FY BE 68 S B0 R 28 S RERE By B /MU, [R] B 25485 1Y)
ZHENMTREGRENRS Z B, BREEST
VTR YR B0 ., T DA RROEE S RE B SR B4, A
TRFEHIERT WSN LR AR, If B BB RiE 1
VHEER AR,

1 RopA

1.1 HEFEME

ASCRFG3CHR[13] HH IR 89— B TR L5E 15 BEFEAE EL of
BRI 55 0 A s ) REAE 1 ZOR TR A & e SRR
FRBPOR R o H AP, TR HOK R B 0 REFESIR M I IR
K, o3 B 2 AR 22 BRAR SE AR A 15 5 R AL S 5 B
PREIEEE d ERIEHAFERER En MERIRRT UK b HUAT L
TEIHFRRY RERL Enx 233108 -

Ex (E & d < d
By = {12 o o 4 C)
kx (Eg, + Sgxd'), d > d,
Ep (k) =k X E,, (2)
dy = \/84/ 8y (3)

HepE,, RFWE B EE IR THFE, o 00, WAFEERE
R MR ON i B ABFE R AN, d, R I R B 38 15 HE S 1
i,
1.2 MegEE

AR ST TCLRAG AR 45 1) o 45 S5 A R I T IR

1) BAE7 s AR BE AL o0 A7 AE W X RN, B e e S,
P EREZETL;

2)FIAE T A (R BRAN) MR EE R A HA R, — B4
R AR

3) /AW EEAE—HID5;

4) T TR KT

5) T 5 B B B AT ARE B & (Rl 15 5 38 R T AR 31

2 ETHTFHAMGMNESZRE AR

NTIERM SRR, 8 R e =R A AL
BLASCIR T —Fh 2 TRT R AL IR & 2 Bk BE B 3k

TRE RN M DX g oA AR KM R A R X, 2R A MLFC
SRR K AT AR 53 e, T A R XA SR IR 43
FE s BARAL F B B, 7 FE P K SR 1 A A DR3P BT
2 [RLE A T RO P B A e A 0 0 B ) P 3 5 B 8 e
ARy B/ NP0 S0 I3 PR T T R PR £ i 72 B £ Bk
RORAE R /MU AR B 5 DL RS TR B i AR R X T Y
TR ER S BB E B RR B
2.1 RRRERS

SR AL BB S B 7 SO BAR L i B R R, S R
WHW A H THRAREEFETN ARSI E, TR ERIGE
TSR3, 55 Bk DA PO 2% o 45 PR 8 L R, S R A e’ TRl
AR SO B T ) R R 5 B 5 G PR X3 TR X
B, a1 TR

1 W I 2 X

FELAEE v N ECRYHY WSN b, 23 B BE B m LR
BN I R Y R R AR B 2 T B EE
ORI R, 3T R A —FE R T AR B B
feft AR MGIVEIE T X BT A AL T PR RORN B 37 SAE TR
R A% M= U R TC R R O 4575 B W R R BB BE . BT
kv TR XSRS T A7 2 8] B4 AT AR 8, R M2 A
FPRAEE R L, Khr BB WSN DERHT .
2.2 EHHSEME

153 MLFC Bkt DA 0 39 s 15 IR 5 0 7R,
MLFC R FRAEFRHLE , AR T Ao LT LA 3R

1) A THEEARFAR L, SRR BRI A SR H KR
KWk ol A2 075 B B P IX Bt PR R O AR N T I
BPEXIREEE, 7 CURYE SR KRR B E A C AT
MEG . BHEMTE EH R R SRS R X B
B, B A KB ENEERED RZUE,

D)RERTHARR BEMTLES S MEERAK
LCRESTHE 241 /3= 8

3) HAbARAEE T SN ARE B SO M B BT R AR
2.3 HiRERFHER

o T HUR R BERERE R T SR B BE B BIR BUEIE KC,
B S B A A I A DI N BT R B R — A B TR, 52
L PESR, WA RERE . ASCRAVRLTRECILE iz i n
BURAE J5 HE BT 6 9 45 BE#E R /MU B9 22 B R38N {E IR
B, F R A
2.3.1 #Ep{EHRHK

TERE T RO AL S e B B A [ BRI R 00 T, 38 1 B
BBOE R A AR E R RS AT
HA P LS BEREI B/ b, B I8 7 (B R BN 2 R LA T
AR 1) AETEABSBPIBETY £ 18 P8 £ BE BB/ VI 52) I
TSN B A Pt B AR v B0 B R T A B B /L AT, 1) I
Jo7 (L R AR T AR 7 A -

fitness = W, x MaxDist + W, x MaxHops (4)
Hep W, FW, 435 BEES R B TR BE R T, W



%78

RS AR R TR LR ELERNERS SRR &k 1817

W, €[0,1]1 B W, + W, = 1;MaxDist Jp4UH 805 B B, Sl X
BN EABER T A5 B] 3 KB (5 BE BS ; MaxHops g Wil
XN BT A B R R R E
2.3.2 BEFEAviEL

A SO E LR AR B R & 3 I R R BE
B EBMRTFOEE MEMERR, BERSRBHEEHE
Aok R X BT S BB A,

BEMLAI AL T i AL E X, . X, € Rand[0,1],1 si <
Nl sds MR g, BB F BT g WHERAT

g, = Index(PNextHops(g,;) ,n) (5)
Hor, Index( PNextHops(g,) ,n) =R GI K, HITRERTE
PNextHops(g,) K 3 N, R [EH % »n 8T W HE,
PNextHops(g,) J&71 i g, WIERE T —BKT R MES , n HEUE
M (6) TE

n = Ceiling(Xi‘d X |PNextH0p3(gd) |) (6)
HA Ceiling 2 L& A EE
Bxt b SCAE AN 1B - MR AR A I A A E AR

EXBHHESEBNER N0, TAES € = (8.8,
g TN, FEPL S A 7R M R Y, kB R T Y
HPEM = 10,008 2 Fin SRR T B X, , FFRES
PRI
P, = [0.38,0.63,0.46,0.17,0. 86,0. 73,0. 94 ,0. 81,
0.34,0.13] (7

B2 WRAETE

ME 2 PRI LIEME S, T H g, ATAREN 8,8 8\ B
B—MMEANEE T —BN S BIEE ST S WAE
X, =0.63, RIEX(6) MRFn =2, HHRF KB REY
ReWTF B RERG 8,88 PTHE2ZN, TR
HAnS SR MR T REF A O ESY S, iTEE
BINE 1 Fim.

F1 ETRSBH

W X PNext- | PNesgt= Ceiling(X; ; x Next-

’ Hops(g;)  Hops{gA) | WPNextHops(g,) | ) Hop(g,)
g 0.42 g5} 2 1 &
& 0.58 {g1,85,8:d 3 2 &3
g 0.61 {gs,g7.%] 3 2 &
g 0.23 CAEN 2 1 &s
g 0.77  lghes) 2 2 &s
g 0.68  147,8} 2 2 8o
& 0.92 {gs,8,80! 3 3 &10
gs 0.85 {&10,BS} 2 2 BS
& 0.43 {810,BS} 2 1 &10
g0 0.23 {BS} 1 1 BS

R 1 LHR TRT P, AR, I 3 Ji7m o #r A
7 1 s HEAS B AR SR TATY  IR] F af 15 BE RS i KA AT I
3 PIRBIE BN AR(4) , TT1] fitness(P,) o
2.3.3 REALE EH

RYE(8) MK (9) BEHRTHHEEMOE

Vig(#) = (wxV, (£ -1)) +¢ xr x (Xpbest,, -

X (t-1)) +¢, xr, x (Xgbest, — X, ,(¢ -1)) (8)
X.(t) =X ,-1) +V ,(t-1) (9)
SR AL B AR B AR R L MR TEEHTTIRE,
1) RFMALEF B BUE & EE 0, MBEHL ™ £ —
MHHEIE TENEES AL ERR;
2) WARF AL BB BE L 1R, WA 1R ETH

M EER.
@ < @ DD

&) :

3 ik

2.3.4 ke

e BRI 1F B B, FFDRL 7 RE L A e 43 Rk LR AR Y
BARLRINT

1) ¥gAoR T i A —4ERpLaE X, JFHESG P, &
o

2) HEIRRLT | WEE LR fitness(P,) -

a) FREA(S) FERCO )R ML T i HIBR I 5

O AR 842 ] BN 75 2 MaxDist F1 MaxHops , FH45 &
Fo(4) WA firnesy (PR o

3) KA AE Phest; T2 JRtRAE Gbest,

4) WP (8) F3R(9) BEHTRLT 38 5 0 1 B H-VEAE B

S)HELE?) ~ 4), HEIHUE CHIRAUEN, Mk,

6) MRIEHIRS) BBV AE Poest, 2R AH Cbest
TR T | PR BRAE B N RF & A PR IR e DR B AR AR, EAT 58
Paft o
2.4 HESW

PR DX BT B R KRS DR 2, R A
X 358 PAY 1 7 A B 0 A R A i 2 P AR R X
PFE L, 7T LA RN T, X R R R I A 35 s R REAE K
HRIroE B R PR KSR BAE . BT LU B KAk 5
MLFC 8 s34 53 o e A AU AT LAS 8 45 7 1 HA X 48%
T2, T ELAB A5 S8 > i AR R K S &5 A, R,
DX 3 P 1Y e R B AR R R MR AT 55, 3 X 0 T R B
FERRBEREELEN, WE T ABEMREMES BT E
7 A O BE R FE A T HOR R i B, S RE A R B )
RO, R R 8 £ v B, 1543 [R] ot % 2 Ak /M P B 6] 3 R BE
R {7 BRI B A AT Bt 4 i, 7T LA B I 45 A RE
BHFER/ ML, IR .

m_EEFTEHE R, B BERE R BRI T R R XS
HIBE , B LA BRFE Egpe M (10)

Efge = M x1/d x Erx(1,d) (10)

M = kN(1 - wr*/(417)) (11)

o or FURBGE KIRIE R M T A S K BUE =, N
REH SN E L REBENRBHIK. BY o,d >

E o FTUIR S KIRABFE TR A 2 (12) /s
Eppp = 7/d X £, d” x kN(1 = @r/(4F)) =
e krdN(1 - wr/(41)) (12)

N T 5 H B HX RLLO FOEUREE H 1 MLFC /E EE



1818 i E AL #35%

BB EIIAASCE RN OS BBREEW T 3l 160 -

ERw o krdg N(1 — i/ (48)) (13) 5 Eg

Eg;::g::hical = efskrdHieramhicalo- N ( 1 -mwrt/ (412) ) ( 14) %100 I- )

Enpkt = eykrdp,oN(1 - m/(41%)) (15) ﬁ?ﬂ 80 -0~ MLEC
H A B duenetioa T din 588 KR RLLO FI MLFC 25 B o — X
VTSR IR o S BRALE I E ol

EEELREBRIBEMETD , BB EET /> FEEY o P

1500 2000

FEHE, X dn < dhvwdia, TE O < o < 1,5HK
(13) ~ (15) W45
Egbt/Egy™ = o < 1 (16)
Eg?i”ﬁﬁ'/ Eg;::}:zocthical = diy/ Qeroticar < 1 (17)
AR (16) FRK (17) WHEH 0T H € AR ET
LR RIR & £ BhES th R e R KRN R B T
FEIX — J5 T L RLLO FIl MLFC 553k iy BBAR, AT LLA Ri0E 5
“ROR IR A T E LR RE RS TR T BLAR

3 ZBHERERLSN

NT A MRS SO AP AR A I AR B TR, SEEL
B RRE RS R S TR 6 B i R B R, A SCR A E TR
Y553 MLFC S AT B B RLLO B3k SCP $ I i
R B T A REFE AN 250 7 T 0 LA X EE S

A3 f i Matlab XS EEGEAT 5 H., 05 HERSE 40F 500 4>
T I ST RENL AT AR D 2000 m B IR 48 o X 38R , FERant o
T R 3R, HA S IR S RN R 2 PR

F2 RBBY
E20 & SH JizA
£r 100 pJ o 154962
E e 50 nJ & 1. 4962
Emp 0.0013 pJ w 0.796.8
o 0.7 BAEEEE" 600\
N, 60 WG R 1000 J

B4 XL T R d m AR SRS\ I Bk R T4
HERERS . 5 RLLO S ¥ 4H b, MLFC B¥eb /5 2 m il 15

BRE L. WE4 TTUE R  ASCER S RBAIRRT A
(V0 10 (8 T SRS, BT LAY et ) P YT £ B gl 4 A b ot ISl i
WTRET W
350
300
g 250
B 200 --+- RLLO
i ~o-- MLFC
iz 150 RIS e s
B 100

6 400 800 1200 1600 2000

e
B 5 3 bb TR Y d m AR S TE 3 M EE TP REY
FHEEfER, SHAMABMN BB LML, RLLO B ERF
BRFZN, EFE S TR BE B A AR 1
KEfEEME, EHORKEIT, R B EKNEEEShN
FaPE B HAE, X FEERE A B EES R R IEANE
AR SRR R TR EEE,

0 500 1000
d/im

BS TRdEFER

Bl 6 REEEIHYY d m ALHTY M BB R IHFE S IR . M
B 6 T LUE i, BER S ol B F 1 A, 7 A 9l (S REFE R 2
HAEASUE XA KN B B o E . AT LAY A SR
H TR 5 2 B o R O T A XS ) R R Y
KEEH . RER, 5FE RLLO 5 Hefn =% MLFC 5 348
Fb AR SR A (AR AR IR P 945 DR T SRR BE AR, [RJB BA
3 ATLUE M AR M Bk M ARk . X ER
28 TA SR AR IR XOIRARIRAR 39 57 7 > T LA B
R DRI BT, 3 T TR R BT A o B, v
T B[R ER B ELE {F R R 1 B b AR BRI T 45 P R 1A
REAE MW A BOBEER T 25 (9 A= 77 A B

--+- RLLO
i MLEC

—— ARICH K

e

0 T
(0 400 800 1200 1600 2000
d/m

E6 N
®3 IMBEROMBEERABIE s

RS R4 A7 R

RLLO 4653

MLFC 3978
AR 5589

4 thiE

T BUA SRR th BB R A SRR I T — T A Rk
RBERE IR TR TR IR S 2B L. 5HAD
[FIZEEEA b, A S i bl . 1T | B R [ R TG 7 AR
MRt R SRR, AROOER T MEREFRD ., EE3CH
BRI 73, B T — R B B IR R B B BT R TR #E
HET# LR EE D, LT —M Bl S B R 5 HME
EREEER SIS T REIBEN
SE Wk
[1] SHOKOUHIFAR M, JALALI A. A new evolutionary based applica-

tion specific routing protocol for clustered wireless sensor networks

[J]. AEU-International Journal of Electronics and Communications,

2015, 69(1): 432 -441.

[2] GUO X, DENG F. Hybrid routing protocol based on time-component
for wireless sensor networks [ J]. Journal of South China University

of Technology: Natural Science Edition, 2011, 39(5): 30 - 35.



%78

AV R R S R A R

ERBRASERBBHEL X 1819

[3]

[4]

[5]

[6]

[7]

[8]

(BB, RBTCHL. TR AL Ity W4 v 25T 1 1 2 22 PV 3R ol B
BT A B 23R HRFHARR, 2011, 39(5): 30 - 35.)
WANG B, CHEN Y, YI W. An energy-aware routing for maximum
lifetime in wireless sensor networks [ C]// CWSN 2012: Proceed-
ings of the 6th China Conference on Advances in Wireless Sensor
Networks. Berlin: Springer, 2013: 413 —423.

ANTOO A, RAMEEZ MOHAMMED A. EEM-LEACH: energy effi-
cient multi-hop LEACH routing protocol for clustered WSNs [ C]//
ICCICCT 2014: Proceedings of the 2014 International Conference on
Control, Instrumentation, Communication and Computational Tech-
nologies. Piscataway: IEEE, 2014: 812 -818.

GUO W. The research on lifetime optimal routing protocols in wire-
less sensor networks [ D]. Shanghai: East China Normal University,
2013. (FPICH. To LR 1 1% P 4% A i S D0 10 B el Bl B3 0% 9 5
[ D]. ¥ AEARIMIE R, 2013, )

JIANG C, SHI W, TANG X, et al. Energy-balanced unequal clus-
tering routing protocol for wireless sensor networks [ J]. Joumal of
Software, 2012, 23(5): 1222 - 1232, (WAL, £ WA, FERAS,
% RE R A I AL RS PR AR B S o e e B L LT AR A
Z4%,2012,23(5): 1222 -1232.)

QIAN K, DAI Z, SHEN S. Heterogeneous node distribution cluste-
ring routing algorithm for wireless sensor network [ J]. Journal of
Computer Applications, 2013, 33(12): 3415 -3418. (£ JF H, ¥
L, HY AT SRS A (K TCLRAL RS P48 A B e SR ]]
AP, 2013,33(12) : 3415 -3418.)

LU Y, YIK, FENG X, et al. Efficient mulii-layer routipg profoéol
for wireless sensor networks through fuzzy logic baséd/Blustering

mechanism [ J]. Chinese Journal of Sensor and Actuators, 2014, 27

[9]

[10]

[11]

[12]

|3/

(7): 933 -938. (RELTY, Bl K, 1G4, 5. B TR ML T
RIS P28 2 R AP  BIAL T R IRBAR#4, 2014, 27
(7):933-938.)
HAN Z, WANG R, FAN G, et al. An unequal clustering algorithm
in wireless sensor networks based on ARMA [J]. Acta Electronica
Sinica, 2010, 38(4): 865 —869. ( Hhiki7s, Ll fé, JLEIA, %
—FhEET ARMA f WSN A 394 20 BB i BEE ] W T2 4%,
2010,38(4):865 -869.)
SUN Y, PENG J, LIUT, et al. Uneven clustering routing protocol
based on dynamic partition for wireless sensor network [ J]. Journal
on Communications, 2014, 35(1): 198 —206. ( FpEE, FM, X1
J, %5 FET AN XK TOLR A% ks P 45 JE 389 50 B ey b X
[)]. @ f55%9]R,2014,35(1): 198 -206.)
QIAO X, WANG Z, WANG H, et al. Ap uneyen'cluster routing
algorithm based weight [ J]. Chinese Joumaltof, Sensor and Actua-
tors, 2014, 27(1): 107 - 112. (FR4ETT0NEH, THAE, & & T
BB AR 5 5 B th R EE L )] MR R 224, 2014, 27( 1) :
107 -112.)
MIAO.C, CHEN Q, GAO J et al. Energy balanced uneven clus-
tering alBotithm based ‘empant colony for wireless sensor network
RIIN2013, 33(1296 3810 - 3414, (BEAEE, BRPRZE, W oIk, 2.
SE R IR [0 TR 16 I P 45 TR B P Al 4R ¥ 59 A SR B b ok
[N, TFEMUPRELR013,33(12): 3410 - 3414.)
HEINZELMAN W R, CHANDRAKASAN A, BALAKRISHNAN
H&Energy-efficient communication protocol for wireless microsen-
sor networks [ C]// Proceedings of the 33rd Annual Hawaii Inter-
pational Conference on System Sciences. Washington, DC: IEEE
Computer Society, 2000: 3005 -3014.

(k3% 1808 ®)

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

YAN Y, HUANG J, ZHONG X, et al. Dynarfiie spegffim‘negotia-
tion with asymmetric information [ C]// GAMENETSN2011: Pro-
ceedings of the 2nd International ICST Conferénge Game Theory for
Networks. Berlin: Springer-Verlag, 2011: 516 =§29.

LIU Y, TAO M, HUANG J. An auctionjapproach to distributed
IEEE
Transactions on Wireless Communicatiens, 2013, 12(1): 237 -
247.

FENG X, CHEN Y, ZHANG"Y, et al. TAHES: a truthful double
auction mechanism forheterogeneous spectrums [ J]. IEEE Transac-
tions on Wireless @ommunications, 2012, 11(11): 4038 —4047.
GAO L, XU Y, WANG X. MAP: multiauctioneer progressive aunc-
tion for dynamig spectrum access [ J]. IEEE Transactions on Mobile
Computing, 2011, 10(8): 1144 -1161.

HUANG J. Market mechanisms for cooperative spectrum trading with

power allocation for multiuser c@operative networks [ J].

incomplete network information [ J]. IEEE Communications Maga-
zine, 2013, 51(10): 201 —-207.

KALATHIL D M, JAIN R. Spectrum sharing through contracts
[ C]// Proceedings of the 2010 IEEE Symposium on New Frontiers
in Dynamic Spectrum. Piscataway: IEEE, 2010: 1 -9.

GAO L, WANG X, XUY, et al. Spectrum trading in cognitive ra-
dio networks: a contract-theoretic modeling approach [J]. IEEE
Journal on Selected Areas in Communications, 2011, 29(4): 843

-855.
DUAN L, GAO L, HUANG J. Contract-based cooperative spec-

[13]

[14]

[15]

[16]

[17]

[18]

trum sharing [ C]// Proceedings of the 2011 IEEE Symposium on
New Frontiers in Dynamic Spectrum Access Networks. Piscataway:
IEEE, 2011: 399 —407.

DUAN L, GAO L, HUANG J. Cooperative spectrum sharing: a
contract-based approach [ J]. IEEE Transactions on Mobile Com-
puting, 2014, 13(1): 174 - 187.

SHENG S, LIU M. Profit incentive in a secondary spectrum mar-
ket: a contract design approach [ C]// Proceedings of the 32nd
IEEE International Conference on Computer Communications. Pis-
cataway: IEEE, 2013: 836 -844.

ZHOU Z, FENG X, GAN X. Energy-sensitive cooperative spec-
trum sharing: a contract design approach [ C]// Proceedings of the
2013 International Conference on Wireless Communications and
Signal Processing. Piscataway: IEEE, 2013: 1 -6.

KALATHIL D M, JAIN R. A contracts-based approach for spec-
trum sharing among cognitive radios [ C]// Proceedings of the 8th
International Symposium on Modeling and Optimization in Mobile,
Ad-Hoc and Wireless Networks. Piscataway: IEEE, 2010: 91 -
97.

LANEMAN J N, WORNELL G W. Distributed space-time-coded
protocols for exploiting cooperative diversity in wireless networks
[J]. IEEE Transactions on Information Theory, 2003, 49(10):
2415 -2425.

BOLTON P, DEWATRIMONT M. Contract theory [M]. Cam-
bridge: MIT Press, 2005: 127 - 157.



