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Abstract: In a multi-hop wireless sensor network (WSN), sensor nodes closer to the sink have to take a heavier
traffic load, and thus, these sensor nodes tend to deplete their energy faster. This uneven energy depletion leads to
what is called an energy hole around the sink. If this happens, no more data can be delivered to the sink, and a
considerable amount of energy is wasted. This paper investigates the energy hole problem in WSNs. Based on the
analysis of traffic load distribution in the continuous space of the network, a load-similar node distribution strategy
is proposed to balance energy consumption and solve the energy hole problem. Sensor nodes are deployed according
to the load distribution. Most nodes will be deployed in the range where the average load is higher. The impact of
idle listening is also investigated. Simulation results demonstrate that the load-similar node distribution strategy
prolongs a longer network lifetime than existing nonuniform node distribution and uniform node distribution
strategies that do not take in consideration idle listening. When idle listening is considered, the energy consumed on
idle listening plays an important part in the overall energy consumption and impacts the network lifetime. The
load-similar node distribution improves the network lifetime, although the improvement is not as prominent as
without considering idle listening. The analysis model and the proposed load-similar node distribution strategy have
the potential to be applied to other multi-hop WSN structures.

Key words:  wireless sensor network; energy hole problem; network lifetime; idle listening; load-similar node

distribution
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W OE AT EInAh B ARENS L sink 097 50 TREL LS 9438 L Sl R Z AN TR
B2 T sink B B * £ 22 Fl(energy hole),i& R AL Z IR 7,125 sink 497 S0 H K Z 09 A6E 427 4 09 45048 T he
HE] sink AP T AL R R W 69 88 F R P P 00 3R 4 S LR A T A T B89 B A AR A AT
(idle listening)T 4% F IH #6495 7A . K T A7 45 R 428 A HABWAF % 25 (load-similar node distribution) % %, FP AR 4%
BB FHEREF S, AR T R RE B S 00 5 AT A K 56050 48, 00k 46 3R 47 L5 R
BRAEREEE RN EHALQE AT, OAO—F 9T E0HF 3 45 Eomtaw, i B4 L0k
Rort B 65 A R E S A R R, B T2 AT i B AR SR BT BRI E, B T M4
F e b E A P A B A ARG, R ERARIAT B A 3 B LA AR AR PIT I A AT AR A dR ok 0 7 B AR
W E AR R T A S B A B ML

KRR R AR PR L R 4 A G IR R BARL T B

HEESES: TP393 X ERFRIRAS: A

Ak, BB Sl L T R R R TG 2045 BOR (k20 AR eAs « IRThFE AN 22 Ty e 1) T B A% k345 B PR R J . TG
SR AL IR Y 250 FH— B B A BRI S — AN B A sink T AL R AR SR T R0 SR N IO sink T AR
B STCAR RN A BREH . b T A% B 1 s 0 R R A R, L DU 78, DR ot 7 00 0 A 2% 1 e A H SR K A%
TR B I 2% 1) 75 iy A K I TIE 2 A TR 19 8% v T 5 SR D 4 7 (cluster) 45 44 U 22 Bk (multi-hop) i 1 57 s s
fie &= 1A AR H.

22 b i 1 A S I 4% 1 T 22 4 — (many-to-one ) i 3 {5 45 8, I 4 i S A7 AE i BV FEAN I i I R B8 S
1T sink 175 0 T B R T 22 ) 00 Tk L MR J R , 2 BUM 4 43 8, LAY £ ) B A e AL 1% B sink, R
T W8 T X PRI G FR Ay A B g 4% ) fiE 5 1) i (energy hole problem). SCHR[4]17) 5256 Ko 2R W, 21 5T
sink AL AR S RE I AR, B sink FRAE B 1T A TR AR BB B 0L Ry IE I AR BRI 1K) 93 %, 3 3t R 2 1) e 4 B
TRk,

B T A I g I 246 11 il VIR Il 80, 2 A SCR B T AN [ PR AR ke T 9. SCR[9, 10T AN B b 23 AT i i i R S
FR7, 111K FH R 8 B A A P 2, B0 AN () DX 3 ) 5% SR FH AR [ ) A i P 20 5 SR [ S TR FH e 7 2001 2 A LAl R
YIS o0 1579, 500 sink IR /N X RE, SEIT sink (A% Sk AT DLOR B 5 22 1) i e 7 R 1 JE b 8 ¥ 50 s i Sk
(6,121 F AE 3495 715 5043 A S, 70 30845 57 8 o (1 DX 30 6 08 20 ()79 A, DA ST 487 % DXl 7 e 1R BB v L X 28 Ty
VLR Z R FH B T 30 (corona) 1Y I 28 B 70 2 X 26 1) 3 D49 LA simke kg o0 19 [] o 53 B, I 28 5 iy Jo 190 o 45 R 1) iy [
JEAAE,

SCHR[ 13142 H T3 T KA I 48 R 4% 1Y) PMRC(progressive multi-hop rotational cluster) ¥ 2% 45 54 7F % 45
TUep 28 4 Kl 43 2 LA sink kg v (32— 2 AT 43 O 5 1% (cluster), SEAN K B AL TR — )2 1 RURIL
WIREEIT sink) AR S5 st 20 B K74 mCKe T A oK AR A R 03 IR B R ok B A B 15 S G sink) PR B0 7
RHNZERE D B THIT sink B9 B Rk B AMNE BT A S, S5 301 200 R8RS AT SCIRk[14]78
PMRC M Z5 R Bl b 5] N B2 J2 1 ST ARL B 22 30 S 7E 190 45 2 i Jo) 310 o B 25 A8 Ak, DLZR i e 2 Y8 FEAS P48 1) )
AR, T PMRC 9 2585 20 I - 22 56— [0 3 {5 85 284, R4 R HH 9)) 25 2, L 0 4% 75 i AT R 32 FR 1 9 48 1 s 3 b
TR 1 2R S I BT N 0 4 A B I 4% i VI ) R AR e v i SR T SR R )2 ANIE A R
T B AR T W 28 AR TS AR SO 8 (DG 1 R B8 A EAT 40 A7, DA s B J2 300 57 B 25 SO R L 940 B
PRIAGTIT % 67 2870 AT 14D 58 ) S it 588 ) AR 3 ARABL TS 5 0 A7 S0 e AR A0 9 28 - DX 458 47 280 23 A0 R 1R A 15 i
A fif R fit el v 3~ 1 % DX 3D i R Y R, AT SE S IR 9% 7 7

AICH 1 AR TAEZE 2 A AR SCR I B 4B 28 3 715 43 T 9 2488 A [R] DX 4887 2 1) 6 300 A
Pk, FF 32 B &5 3 SU OB T R A SRS 4 70l I 4 S B S S A ALY R AR SR PR R R S
LA 2053 A SRS R I REREAT B 2E 5 WM 45 A5,
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1 XTI

KA 2 B 2 45 ) 4% 22 0 — (many-to-one) R 38 {5 154 284 5 350 B8 L ) (1) 4. 7E SCAR[9],Li F1 Mohapatra i#id
TSRS 0y 8T 22 Bk AT B I 4% 25 DX sk 4 A A 1 T B S ST A 14 ) AR TR T T 4% DX 3 PN Y s 3850 0 AT T
A7 R ] 5 TR 7 A IR IR B K X 4 K1) 40 D BA sink g R0 R [RDOC B R (ring), 9 s AR TR AR DL 2 Bk R
7 NB AL I B sink 15 5 AU sink 19715 50 bE At D38 00 TV 5B R T 2 (B 0 A 45 RLBGAIE T N BR T AR
oV G TR AR o S AR Xl e T R AN R A ) I B A R IR ) LR FH 40 BT R A X L 2 A
Rl ) R O VA A AT S S O B A B . DR TR A T SR A R I SU A S0 AIE T X S W 0] 28 i e
I ) A ).

Olariu F1 Stojmenovie!" ' O ER 1 b 43 BT fu n] 8 S 22 Bk e e X 485 1) i 2 ] i 80 15 SR O] 1 199 8% A 7
AFARL, 0 £ 715 i35 50 43 A, 43 24 A5 56 (1 [R) 00 B (corona), BT A 715 s 4% AR [ 28 ) sink AR AR 5 ARSI 749 s 2 fig
I AH A0 A A 1R 15 RUR IS B e AR O E=d e, J0 b, d D AR R B, ook i BV AR R b IEE L AT R,
KT WD YRR sink 1) AR W FE IR BE R BT A A BV 1% B A A (] 1 5 R RX X 2 3 BUA [ R 1 s e
YH AR A4 17 7 A B T 1 1) R 2 =2 I, R VI ) RS T s 2 o=4 I BORT  AR S AR T, O HLS
FUITTEER 1 58 JSEAH 5, )R] LU T 3 >0 0 435 25 B 114 8 J8E SR ST A % 115 AT g BV FE RS B T AR R AR
FE Gt P B o, 208l DL ST AR A I 8% DXtk 5 4 1) i A

SCHRTLTT2E T 50l (1) 70 G ERABE 20 4t L O 745 8 B 5 IO A i 30 L i e 22 B A I 248 0 265 110 i £ I il 00 0 45
R I RA ¥ BRI 43 2 JUAS ol (Level ), [R] — B0 P9 BT 7715 s 5L AT AH T3] PR A i 91 L 25 ) GRR 0 B8 1) A% B Y 1R ),
AN [] B BT LB AT AN [ 04 A% a0 [ AT 5 i L TR 5 B 0 %) Sl A i B 2 2 ST 4 S e (W e O s
SEUF T T R & IR AR AL I AR — A 2 H AR PR IR 8, 9 B2 NP 3 il 83— P 4R 4R b o CETT &k M0
53 A0 2 DETL 583,53 AT AN [R5 5505047 S & 7 A= 0 A 1) A% a3 TR 4

Do T R v P % B A i, SCR[6]4% H AR ST RO AT SR FE AT sink ) DX B AR v T RS R [ IR AR
0 AH DY, 1) % R ARV, YT RS A A T BN R R HIRCBR S 30 3 B e B2 AR ) 8% 7 AT A I i3 A5 /N 35 P88 T 39 50 9%
ATE BN 130 R % 18 0% i Y RE IR R . SCIR[ 15 4R 8 HH o Al 3 59 74 23 AT 0 e ok ST 488 9 286 v i 1 T
FEABR UL T R0 W S8 BE Y K Ay S R AE 38 D8, R B 0 BRI 79 a5 28 B IE bG T (ke 1=i), JU) 25 R 0] DUIA B i 1k
V- TR 3 B 25 R R R B T A ) e

SCHERLI2]NER 18 W S0 AR 35315 s 40 A0 10 B8 S V) 1) 80 AF 25 () AR A1 T 36 1 B 10 9 6 A 70 ol LA AH ) 1Y)
B R AR AR e B AR 1Y [ N 2 6 a2 B AN WS HOHR Y FE T BE = 2 AT R L R 2 Bk A% RS T 4 b AR
SR ) 7 AR R R AR A A sink, BIETR FH ARS8 A9 79 s 40 A, T 28 56— 1 T8 A5 A5 24 41 45 B 523 )
AN RE 56 4 i O AR WU BR SR SR LAAR, AR ER B Y BR AR AR R 1 49 sS40 H 3255 E q(o>1)3 3, 1 Bk AR 5
ANERI AT AR 2R D (q— 1), )R] DA S B 9 465 (1 RO R ST D R o A R 2 A1, L AR A I R S RE IR BT
T W 4518, V53 P H AR AT 5 40 AT R AR N ) g-Switch B 1 SR, A T 7 e £ S A% 0 4% (1) fE o3I ) R0 H: 1Y)
LR R & BRI S P S e R B 1 N AT

T TR 2 280 (1 g e 3 5V i S0 7 9 o I A R Y s S PRI T ) R R T FEL Ye S UM H AR £ 1R
JER A P00 46 I T v 22 PR O W ¥ R ) A B A BB VAR T o ABOR LA, 3 ) e Y AR T A T YR T
R PR TWT 1) 6 5V R AL AR P 48 i T @ SR A duty cycle, BETY AU B AL THE B AR IRIR 25 Medidi
H1 Zhoul M5 WA 3o 25 AS R I 1 20 BEAS A duty cycle SR fg vk BE Bl 1) 0, 33 5o 47 BUAS S 06 E X Fh oy
LS /3 BT duty cycle X P 45 75 iy 17 550 0K 5035 . R 3, SCRIR 1 7]t R F 220 57 [ e (19 R A 2.

KSR FET R A ENASATAR K PMRC P 4545 280 v 1) 6 15230 ) R, 75 47 28000 T (9 Bt 42 s 47 A 4Bl
RO S 5 DL SCHR 4 W I R VEAR L AR SO 5 v R B LU R AR 1) R 7155 I8 2 A R As v AR
) TR % A 2R DY) % v )2 320 ST IR 28 A i B 0 v ot B 2 A8 A 14 T B (R A o g iR SR TS ) JE LA 2) AR
FET 11 19 2 AT v Y BT R o AR B 1) BRAEL 5 2 3R AT D0 5 e T A 7 v v 3 G T ) 4 AN ] T S R A i,
RIS 1 AN ORI RE L 5 0 48 25 i 45 A 3) AN SCIRI A v 2% 18T 190 28 ) A 114 il i o LA B 2% PRIAOT T 1) g £
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THFERT 70 28 ) 52 0.
2 MBIEE

2.1 PMRC#&E!

BB 194 4% T T A A TR Y s L AR TR I D4 i i, 3 ELT A 0 s 8 A2 B b 1 sk 07 1 19X 4% X 48K 11 0 7
BT AR R A v R R sink>r (07 507 A IR E B O 2 ki Oy 3% R 3 sink. W 4% 4RI 4l 2 A AH
BB 2 (layer). 2l sink FEE 25 (B3 hop)AH R 1) & T 17— )2 45— J2 X 0T 4 45 7% (cluster), AN % H 67 T
[ — 2 (1 5 55 R — AN T AR AR 2 10 7% 3k (cluster head) 41 .3 Bl 3t T+ 2 (19 45 #) 4 FR & PMRC(progressive
multi-hop rotational cluster)!'LI& 1 Hx T —/AN3T PMRC M, 05 3 2, A0 AL T4 2 21—
AR R 2~ R 8 LSRR AL TR L E M R L

BET- PMRC 19 45 1 i A 193 43 b 5 %€ (round), 55— 48 €0, 2 09 20 440 322 [ BB R 500 WAC B2 B BB, 1] 2 s A
Do 2% 1) 3 T B, 7R R AT 22 IR (iteration), 5 — PRAE AR SE B — 2 IS A R IR 1) ) 2 3 19 245 (1) ¥ b &5 1)
M BN HME S AR GEACH sink 15U #E MBI AL (CPY AR 1 RIEA R CP J5,0R & sink b —
B A5 Y, CPoKE 1 CUI 25 BN 1, R B sink 17 U0 53k N EE 2 WKIE AR IT 4R, 2 5 T A s AR IR Jo R AH 7).
XF 5 n YRARAL T (n=1) 2 H 1 sS4 BR B sink f) CP JiF, i S5 i (¥ 78 4% 6 5t v -1 70U 19 1 A (threshold),
WPRIET 34 H(BP), A & I £S5 B 5B RAEESE B IE BP 3F FOEARHZE 5 W SARYE BP 15 &
WEHOWET AR R GG R EIE AT BP R IEH IR — AN AR Sk, I R IE R S B4 41 (HP).
AR YR A R A 1 S A 705 T I ) B — AN AR AR ) 23 4 (CCP), A 4 BA B O 20 1 Sk 1% 9 A 1 1 %0 AR
5T T B W) 45 T T T S A e I, B 5 R (1 I A

Driven by network
formation request

A
Network formation

Iteration 1:

Step 1. The sink node broadcasts a CP.

Step 2. Sensor nodes within 1-hop distance
select the sink as cluster head.

%—

Iteration i (i>1):
Step 1. The sink node broadcasts a CP.
Step 2. Sensor nodes at layer j—1send a BP.
Step 3. Sensor nodes within i-hop
distance respond a HP.
Step 4. Cluster heads at layer j—1 send a
CCP to announce its cluster.

\
y

Data gathering
Step 1. Each source node sends a DP to its
cluster head periodically or event-driven.
Step 2. Each cluster head forwards the data
collected from its cluster to its cluster head
in the upstream layer.

Fig.1 PMRC-Based structure Fig.2 Network operation phases
1 PMRC 44 2 Mg Bkl gy

Hys e B BE RS A A R T 2R R UK Bl 06 B 23 4L (DP) B LA S AR Sk K e B 1K 2y A i %
kit ph Oy U e 31 sinke 1 2 A A5 Sk ) 4% RE R I B TUE A 1T BRAELIN, ) 4% — > beacon 2041, A5 W B S
AR A8 B AN AL DA AR ST AR Sk AR Sk IR B A B beacon 4 415, 3% — A W 4 T R 1 SR 1 SRK B G R A
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sink 5 m1.— H. sink 7 SR 0 45 FH T SR ACES TN — 50 R 45 R ek B U 2 R 2 R e B A T R R R
Bk 753k, JUIIN g WA 285 43 B9, 0 4% 5 iy 5 TR
22 PBEEE

BET- PMRC 45 04 (1) W 465 52T sink R3Sk BR1 D B2 5 22 (V0500 17 A 22 1 6 43 SE D, 5 Sk S Wi R A 1105
K FHl OL(overlapping layers) 5 iU SV 78 — 52 B 11 22 192 4% 12 3 i 0 9 RE A Y- 4067 10 ) A0 (L2 by 1 22 0 A 4
% 1) 1 & Y5 [ (overlapping  range)# [B] i, W 4% 75 i 45 48 52 2 BR 4. 4 7 56 1 — 20147 4% 1 Sk 1) e 2= ¥ 4, SR
[14]5 I NBNAS )2 1) BAR W R Fridk.

B —A R ARG UF R E S TS TR A B &R LW PR S Ak R R ae 2 R
BLINT ik S 190 24 T gt 7 10 4 Tt o AR P (8] 2 o), SRS T AR ROk BN B T UK BP Ik H IR R Sk,
RIS A2 g 5 R E A O 2 g5 35 BRI A IR S AR BT AT A BP R A
Bt 16 5 S, I D) 2% 7 iy ¢ 10 0 R O % R S U g A [ DX R e R AR A R S R R T AR
) sink J5 78S 3l KB 7% R /IS BB 4K TR b 7 384 I 288 25 i 30 ) AR A U2 22 T 6 10 A 2 AR i 75 B2 3 A& A4k,

B 3 R A4 2 2 0] (132 5 3 A A (R 15 B X 48 (R 9T s 4 0 A PR 3(a) T, LA 2 )2 HP A i 5 710 1 3~
6 (PR 2 AR LA R 2 D RSk ST A 2 R R e B e T PR 5, 0 s T e n 1l 3(b) T 7, 5
3N S BT LA IR SR, A 4 B S 9 MBSk i T S 6 BRI 1 BT S ALY
Pl 35 J2 320 5 ] 2, U0 P 6 R AN B4k 38 22 ke, I 8% 7 iy 4 AT R FH B A% J2 320 5,71 A 6 A0 3 7 S AN 1 ) PR A 5
12, PR ERE 5 2 R0 20 S AR B AR Sk, S0 B 0 2 gm0 3,001 A5 6 B 256 3 SRS 2 BRI 3
SR B SR IXA X I EAAG sink 17 7 B8 )y 5 10 4 A A g 1 A0 380507 A Sk [ B 5 /N 8 DR A Sk R B S (L
WA 6 BT A S (BE B3 /N BT A 2 R B, 38 mT LAY D HHOE RO I e AR R B R AR B T
1 ZRAT T 3 R A RSP A5 2 2, RN E TR RS — B B1IA sink L

3 Sensor nog%

T’
A L9
lo\ 20 2041 Mo
Sinkwe . g )
//////// ! \\\\4{) 13
SN
HyE‘r 1:,‘ e
T~ ~@--
Ver B
O
La}’er3 - . La}’er3\
(a) Initial structure (b) Changed structure with dynamic layer boundary
(a) WIEHEH (b) BRI FBEUUR NS

Fig.3 [Illustration of dynamic layer boundary
K3 zh&zErERE

3 HIEARIT RS TR ER

31 gEERE

B A A B T e L A [R) W 4 i, T sinke 9 U2 16 8 BRI, A 1T S A0 AT RE B IR AR AR Sk TEA S
FEARARUT BE SV FE I O R AR KA A e AR R BN 3 5

1) Eq B8 AT 55077 A2 (W B0 DRI ok B A J2 W s P T FE 10 R i

2) B, R A 42 AR BT s FEN e &

3) Eq, % 4% 44 2 30 R rp B2 ORI A3k 42 1 3 1L BT Y AR e

7 RS RTINS IR e BV AR IE AL B S R T WT 1Y il R T R
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2 18 7 R (free space) fr X A5 R0 DR B 25 O 1 (RS IRIAE 2% | 107 (bit) B4 T i FE Ak iy
I(Eelec+gra) (1)
AF L, 48200 | A B0 TV FE BE N B crec. 2R EE B8 Eec, e af I BXUAE 5 SCHR[ 1147 [, B
Eelec=30nJ/bit, &=10pJ/bit/m?,a=2.

32 GiEaH

TV 2RX2R /Y TF 7 T DX 3 A 18350 b 43 A7 5 B Ok oK) 0 A A S 1 e sink 9 RURE T X ) o 7 B B LIE
PRI o> A8 SR AR 20 A T BN B 3R (71 s K i Y515 £ (source nodes). BB R T AL T s ) Bl B
AR SRR B SARL IS ] AR S R AN AR B 4 R T A 1 R AR R X S 1 s i L B S A A T R
1 D3 A 1 L Ah I S 3 sink (R 0 d, )2 55 55 T AR Ta I r.

(a) d<R (b) R<d<R+r (c) R+r<d<sqrt(2)R

Fig.4 Illustration of layer i in different areas

4 iR AFX I R R

TG AR A S A AT BE RV FE M 00 1 S0 M9 i (0 S B AR e B 2.1 9 mT S, I A e e B i
SRR T B 0 41,65 CPHP,BP Al CCP.IM A K3 LE 1 1l 73 21 Pt 75 RE R AR /N, 1 HL 2 AN e 199 2%
(K13 KJZEO m, 51 M 2R B B SR 12T mUITIHFEII RE = Eg tHE AT

Eei=(2xCs+hsxhn)Esgec 2-1)
Ei=(csxcn+hsxbn+hsxhn+cecsxcen)Egec, 1<i<m (2-2)
E.i=(csxcn+bsxbn+ccsxcen)Egjee, I=m (2-3)

Hrpes,hs,bs A1 ces 735 A# CP,HP,BP F1 CCP 17y 41K (LA bit 2 H4L), 1T en,hn,bn Al cen 73 A A — %6
(1 19 204 46 e o AN TS B0 1) CPHP,BP I CCP 43 4150 B BEMTEA 0 40 P 6 48 i D)2 749 e 2
A RSP R HE R 21 2,00 en (3 {E 8 (Bi+2)/2.
SEHE S r<d <SR VS B 4274 S HK P48 50, S0t P 4) . WA i TR, o T 565§ 2 T A BB
1T REA B g A0 20 T 91 KE 1O R B Eg 2030 ST 000 -
Ei=Eelecou(4R*—1d?),r<d<R 3)
Ei=(Eetect&r) Apu(4R*~m(d—r)?),r<d<R )
BN R T IR AT 28 3 o (P ()2 T ST A5, DU 5 2 o et A 3 I ] 9 £33 173
Hr
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Eit+Ey +E

ci

T

r

L=
Ni
Apu(4R?* —md? Apu(4R* —m(d — )’

= elecM (Eelec+£r2) p‘U( 2 ( 2))
pr(d? —(d -r)*) pr(d”—(d—r)7)

(csx (3i+2)/2+bsxbn+hsxhn+ ccs x cen)E,
T

(8R* —md? —m(d —r)*) + er?(4R? —n(d —r)?)) .
m(d? —(d -r)*)
(csx (3i+2)/2+bsxbn+hsxhn+ccsxcen)E,,,
T

r

Horb TN BRIV 7 %JJ$11HTI‘EJWHGH?%+7L7K§&

elec (5_1)

_ pA(E

elec

) R<d<SR+r W, W1 4(b) T 7, 17yt AN IS 8] P4 1R~ F- 38 SR 38 S an

L= Eril;; E +%
i r , . (5_2)
_ AAUE o + Ap(Ege + ETT)(4A+S)) N (csx (3i+2)/2+bsxbn+hsxhn + ccs x cen)E,

S, T,
Fop Ay (b))% 454 2 41 T CDE [TTRL T 1 4 58 (R—Jd? R )R[-ﬁm{dﬂfﬁﬁﬁﬁ&

YIS (TR m4@t§m—ﬁ—ﬂﬁﬁﬁ%
R+r<d <2R I 4(e)FT, 15 R AL I ] P A T3 S B

L E, +E; N Ei _ AuE e A+ Au(Ey, + er)A N (csx (3i+2)/2+bsxbn+ hsxhn+ccsxcen)E,,, (5-3)
' N, T, A-A T,
Hooh A 4oL BDF WTTRLA i (R —J(d 17 - RDR— [_MW@RJ}¢JVWﬁﬁ%Aw@%

CDE it 5 AR(G5-2)F A B 5 A8 .

2 d =~/2R B, B A0 2, 5 0 e ) Py 1S 1 1k
L =5+5=M(Em Feryt (csx (3i+2)/2+bsxbn+ccs x cen)E
N, T, T,
W1 R AT RIS 1R A B I I RO R R A 1 R A T B A e 1]
PR ISR R 326 S50HR 0 R £ il e 0 S S G R
Er=EelecAp(4R* 111 (6)
Eu=(Eelecter”) ApuAR? (7)

elec (5_4)

FH I A 15

L] — elec (8)

N, T, r’ T T,

Eq+E, Eo _ /M[ By BR — ") 48R2}+ (2xcs+hsx hn)E
AR r=40m. T 55 JE p=0.0064/m> i, T 5135 S B A 5 ) sink (182 d AR kA S BT
b d DUE SIS r N BT, 1=20%, A=400Dbps, Tl cs(145bits),hs(169bits),bs(205bits)Fl ccs(259bits)[KI1E 5 1) K
SO 1 EUARE A [ Ay 2 550 AR R 389 59 1 A 1 0 B0 45 R 43 T, 2L b hin=3.4,bn=6.79,ccn=3.4,T,=200. %t
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Average load
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Distance from the sink to node normalized in units of r

Fig.5 Average load vs. d (without idle listening)
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3.3 TRMITXT 535S SN
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TS TIAE sleep RA, AR O P AR 109 25 (K F) S, vl LAKIAE % 2 99 kAL T active SRS IR N 8] B fe KR HON
m, Bk (0 W 2R B, 2R TR T e RS PR AT T RE R RE R B TR

Ein=(Tp+Ts)€igre -1

E, = (GBI =2)T, +4T, )€ Jl<i<m (9-2)
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e G2y | 03)
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Hodr Ty AR AR — K iteration #WCFI AL FL K B sink 1) CP Jir g B [7), T, AR gt — 2 75 B )i ACER Y /U3
U255 RS ZEB B G IL T 5 i(i>1))2 075 SR8 A B P e 2 2 )2, WA (9)
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L' = +Oy€iy. + ,r<d<R (10-1
i 2Tr /4 idle TE(d 2 _ (d _ r)2) ( )
P v 2
L= (Bi=2)T, +4T,)eye. e § -+ 4AUAE . + LA(E, + &7 )(4A+ S]), R<d<Rar (10-2)
2T, S
P ) 2 2
L= (G1=2)T, + 4T )iy 2)2’_: 4758 + 0784 + H#AE g AT i:‘%(EAe'“ rer)A ,R+r<d<+2R (10-3)
. _
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JE R A AR TE 2 (W RE R R B S — 7 1, 3E T PMRC 4544 1 90 25 I P 3 41835 2 4 gt i 7 sl T 4
T AR 2 R T T AR I R R T BT S T IR AN TN PR 2R AEIE sink [T 0N RE RS REEOR 5 T i
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Fig.6  Average load vs. d (with idle listening)
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ABLTY A543 A SR W 1% R g% 1) R A SR KRR R A 70 2 43 A R P SRR AT 504 A, B A 1 DX R R 1T
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F LRI sink () XOECRAT BT UL

PROCEDURE Node_distribution(N,R,r)
Predefine:
number of sensor nodes: N
half width of the area: R
transmission range: I

BEGIN
i=0 //Variable
compute L; //Step 0, average load of nodes at the border of layer 1
while i<N
//Step 1, generate polar coordinates, centered at sink
randomly generate a point p(&,6)
if &<r //Point p locates at layer 1
deploy a node at point p
i=i+1
else
generate a random value L'e[0,L,] //Step 2, value between 0 and L,
compute L //Step 3, average load of nodes at point p
if Ly>L!
delpoy a node at point p
=i+l
end if
end if
end while
END
Fig.7 Pseudocode of load-similar node deployment
7 AL R P A SE B
. s T, . e N e
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o
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s .
s I
.
L
win_t1g w146
vz .
.zm
- I 4 KX
. s
. . o . 0 wntst R
R A N N TN et 2 F Lot vtz
(a) Load-Similar node distribution (b) Uniform node distribution
- ) . )
(a) PN KA A1 (b) BB R Al

Fig.8 A case of node distribution (N=400, R=125m, r=40m, sink is located at the area center)
8 1 A S (N=400,R=125m,r=40m,sink 47 F & H0 14)

BRI 20 [0 199 266 Ky S A1 e £ L PMIRC 540 i, 5 — 8 56 ) I 2ot M 3 i, AN P T DG B2 5
LT3 SR I ARG A AN T L BT R R B 3 Bk, X 5 SRR (12 1 g-Switch B 1 i 25 AN R AR
q-Switch i 1 RS RUACE B 1, 75 ZE q B g1 SR 38 PR SR R AR A RE e K IS A A b B
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R R T AR U AT R LB 2 BT T WL T A e B R R TR A R 00K S A () B S .
4 {FELXE

R T B AE A ALY A A S IR R, N B OPNET HEAT T4 BLSE 56, I -5 HAh 1 25 4 A SR s EAT L2

BEXE 3 TR A o0 AT SRMG HEAT 0 B SE B (1) AN SCHE H B S AR ALY #5543 41 (load-similar node distribution), R
I 85 3 AT B A O T A 5(2) AEIAI B ML 543 A (nonuniform random node distribution)! ! 4454 b (1A
AN APIRT S BIR AT g=2 33, R IR P 1T s B AL R B B N AT S A TR, A SO Y A Bl
WL 55 40 A SRS 187 A o4 AR 4 49 15 5540 A (nonuniform node  distribution) 5 i ;(3) 4741 15 43 #ii (uniform node
distribution), FT A7 7 s Bt ATLHE H IAE P 286 AT 307 1 0 3 ol 0 A (1) 45 710 07 B HZAH N Ul 1) Matlab = 4.

DT AR 0 AR 50 5 T 40 A FH 34 57T R0 AT S W R AH SR ) 5 Y AU S SR B 2 JE A Y S
T TR 5% 0 A Sl R B A 7 ST BT AR B 20% 0 S YR Y R AR SR R IR B T A R T TR A R % X
3 1)) A3 A TR RN A4 AT SR, e B 5 AN IR B E T RLEAT 0 T SE IR HEN 4 BU A SBT3
41 FESBH

JITAT 7 B 56 v A S X 8% 7 ot DX 38y 250mx250m (1415 7 7, sink 15 07 T 199 4 X 8 (1) poe iy L3 1 8
HH 7 LS50 v Y 3 i 2R
Table 1 Simulation parameters
x1 LRSH

Parameter Value
a 2
Energy model ¢ IOpJ/bit/'mz
Eelec 50nJ/bit
€idle 0.88ml/s
Number of nodes 400
Radio transmission range {40, 60, 80, 100} m
Initial energy per node 1]
Packet generation rate 1 pkt/s
Packet length 50 Bytes
Simulation time Until network partition

42 LIGHER

TOE R 3.2 WG AR Y, B AN 2 1 2 R AT T (1 R St i RE 0 3 T a5 o0 AT SRS HEAT 1 L. 3L b 5 A
BUT A2 A AR 55 3.2 719 1A SR gk o A 4 R BT

B 9 BoREHIGE r=40m BN DL T, 2% 5 i 45 SR, SRR s o A S 3 SN AU AR SR T BT
Tl 42 Be i R FH B0 A5 B2 AH 48 J2 (0 3 A 9 45 25 i S 3 b s 8 Ak, %1 RUE B — R T T B I 2 R T BER
] 3X BT 0 & J2 710 TR AR B, BN ST B IR R TR RS LR R A G 1 BT TE I JZ R SEIT sink
R B 12,45 AP ) S0 386 3 2 4 5 R KR 125 sink BzE.

M9 T LU, B B ABL S A 20 A SR MR 5 2 10 L R Y RE AN S 1) Il 8 R S S 2 A A A A
)2 B AR 2 R A R i s R A, 3X 5 A0 BT 45 R — B A BT BT AU A & JE R RE SV RE AT SRR 12
Tl 2 BB % T LA 2, 1K 2 TR 0 2 T 0 25 2 B 28 B A 19X 0% ) Sk OO0 PR 38 o, D9 24 b A b T s J2 807 38 ¥ 48
N BREE 1222 40, oAb 2 K AR NSS4 58 1 2 B9 K0T 38 S SR A R e AN AR T LAt 2 B 55 2 1 P i
% sink J7 0 8% 30, 205 S PR BRI K, 2 B 4 g IR

ANTR) T 2543 AT SR T P 4% 5 i 1 P81 10 s 19 45 7 i 18 B — R 19 45 ) S I e, 1 281 ) 4% 4 s BT A
ROFER R BB (LA YG [ r 038 0, 58— )2 14 90 LG I 08 22 7% S A B0t A I 19 03X R m BLEAT T 22 K IR 5% 4
fEc NS g e 0 o 2 | T = TV A2 1 K R a0 o o A e e i O R S R SR N
3 6 r<80m [ [, H: 9 28 7 iy R A S A9 S 25 35 U TR G 00 LB AR 3 A9 49 R AT IE K 199%(r=40m), LE 3 %)
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R ATIE A 181%(r=60m). 3K 56 U T G A ALY i 73 A7 EE L Ath Y 4 o 20 AT BEIE 5 T3 AR B 5 3 57
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TG L DX B P A T BRI T 190 2% 25 iy r>80my I, H T T A U T SURE S R R T B T 4% A
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i/ e

A 2 745 i 5 SRR A7) 45 5201 SRS R~ 200 AR e B B 11 B . &5 5 B 10 B0 90 46 7 i JEAT LA, S 30A
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Fig.9 Average residual energy of each layer when network lifetime ends (r=40m)
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AR R B T Y 2 A 2 Jig A2 IR A S R AR AR A, R T sSTE R A v A AR IR TR 3K B B i R 3k BB
14D % Sk I 2 ol 5 5, TR kg A IO 44 D T O L8 0030 1 B 1) Sttt S22 ™0 B R 1 7 S B 6 A i v L 1 498 A, DA 1Y
B sink 48 1 1) B ek /> 804 25 2R 1A AT RE A BN, DR T 25040 346 A A4 iy AR AH R AR SV R T, SO ALY SR A A
A 35658 ZE WA T AR 3453 A AR LG 38 59 23 A AT AR A6 8 OR 00, U H s A6 T 91 R /I ek o 38 gt 3 0 B .

© PEBEBSAITT  hip:/ www. jos. org. cn



F108) F: A BAAMT E 5 A MR B P HLEIR 1N A 463

3500 100
Q
g 3000 > 98
S~ S~
% 2 2500 28 96
=g S 2 = Load-Simil
2 § 2000 o =S 94 oad-Similar
0 —a—Load-Similar s & —&— Nonuniform
.E 1500 —a—Nonuniform = 92 —+— Uniform
1000- : — —=Uniform 90- ‘ ‘
40 60 80 100 40 60 80 100
Transmission range (m) Transmission range (m)
Fig.12 Time to first node death Fig.13 Data delivery ratio
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Fig.14 Average residual energy of each layer under different energy model (r=40m)
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Fig.15 Network lifetime with idle listening Fig.16 Data delivery ratio with idle listening
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