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Abstract Large-scale sensor networks containing many sensor nodes are often divided into clusters so large that
necessary to use multi-hop communication between cluster heads when collecting data. In this paper we derive
analytically how parameters such as the communication distance of a cluster head affect the power consumption
and throughput of such networks. We also that power consumption can be reduced and throughput roughly doubled
by not unnecessarily relaying data in the neighborhood of the sink node.

Key words sensor network, simulation, throughput, energy consumption

gobodoobooboobooooboooobobooobooooa
gooboooobooooboooboooooboboobooooooo

1. O0O0O0

gobOooooobooooooooobboooboooooo
gooobooobooooboobobooobooooobooood
gbooooboooooobooboooooooboobboOooooo
goooodooooooboooboooooooooobooon
oooooobooooooooooob ob1omOOOOO
gbobooooooooboooboooooooboooooooo
gboooboobooooobooboboooooobooboooonb o
gbboobooooooooooooobooooooobooog
goboobOoooboooooooooboooooooooooon

gboboboooooobooooooooboooboobooono
gooobooobooooooooboboooooobooog
gooooooooboooooooooobooboooboooo
gbobooobooboobooobooooboobooooboboooobobooOog
oooobooooobooooooooooboooooooboooo
goooooooobobobodoooboooobobooboboooon
oooooooo
oobodoboooooooooooobboboooboooon
obooooooobObOooboooobooooboooooboooon

1 —



gbodboooooooboboboooobooboooooogon
gboooboooooooooboboooooonooobooooon
gooooodoboooboooooooobooooobobooood
oobooooooooooboooboobooooooboooooooon
goooboboooooboboooooooooooooogn
gobooooooobooooooboboobooooooooo
gbobobooobooobobooocobooooooooobooooo
gbobobooboooooobooooobooOooobOObObobODbon
gbooooooooooooocobooooooooboobooobooo
goooooooooboobooboooooobooooood
gbOooooooooboooobobooooooobobOooooo
goooooboboooobooboobooooooboooooo
gooooooooooOoooooobboOoboOoboooooon
ood

oobOoooooooooooboooobooboooobooo
00000 00oooooo0ooooooooooooo
gbooooboobooooooooooooobooooobooooo
gbobooooooooooooocoooobobobobobooooo
goooooboooooboooobooooooobo 100
gbooooboooooooboooooooobooobooooon
gbooooooooboobooobobooooooobooooaon
goobooobooooboooobooooooooooooo
gbobodoboooooooboooboboooooboooooo
oooooooooooobooOoooooOoboOooboooboooo
oboooboodobooooooooobooobOooOoooa
gooooboooooooobbooooooboobooboooan
gooboooooooooboobooooobooooboooo

ooooooooooooooboooo2000000000
gbooooooooooobooooooboobooosod
goooodoboodoooooboooooboboobb40000O0
gobooobooooooboooobobobobobooooooon
gboobobooboobooooooodooooooosoooood
oobOoooooobobooboodebbOOOOOoOOOoOoOOn
gooooo

2. 0000

goboooooboooooboobooobobooooboobooooooo
goooogooboobooboobboooooobooooo
gbboooooooooooobooooobooobooooooo
LEACH (Low-Energy Adaptive Clustering Hierarchy) [2] O
OOOLEACHOOOOOOOOOOOOOOOOOODODODO
goobooooooooooooooooobooboobobooooon
gbobooooooobooo

gooooooboooobobooooboobooOooboonoo
gobodoobodooooboooooooboobooooon
oboooooboooooooooboooOooooooooo
PEGASIS (Power-Efficient Gathering in Sensor Information
Systems) [3]0 O 0 OPEGASISO O 00000000 CDMA
gboooooooooboboobooooooooooog
oooooooOooOOoOcCcbMAOODOOOOOCOOOO3000

R

)
e

@ Sink node

Sensor node

: Cluster head

01 0Oobooooooooooooooo

O0O0o0oo0oO00O0oO0oooooOo0oooooooooooa
oooooooooooo
LEACHOOOOOOOOOOOOO0OO0O0O0o0o0000o00
Oo0o0oO0obooO000OOOO0O0O0O0000O0O0OOLEACH
000oo0ooO0o0O0o0oO0oOo0oooO0ooooO0ooooo
ooooooooooO0oooOoO0oOooOoO0ooOoOooOooono
oooooooOoooooooooooodoooooo (g
000000000000000000 PEGASISOOOO
O00oooo0oo0oo0oooOoooooOoooooooonoa
o0o0o0o0o0o000o0ooOooooooooo0ooo
oooooooOooo0oo0oO0oOoooOooOoooooooon
ooooooooooon
O000o0o0o0o0o0ooooooooooooooooon
O0OLEACHOOOOOOOOOOO0OO0O0O0O0O000000
00o0000oO0oooooo0ooooooooooooon
ooo0oO000000000000000000000000
Ode, 700000000 OO0OOO0DOOOOOOOOOOO
Oo00goooooooooooooooooooooo
00000000 0000000000000 HEED (Hybrid
Energy-Efficient Distributed clustering system) 0 000 00O
ooooDopEoooTbMAOOOOODOOOOOODOOOOO
0000000000000 o000000000 HIT (Hybrid
Indirect Transmission) 0 000 0000000000000
O0ooO00oooooooOooOoooooooooooooa
0oo0o0oO0ooO0o0oO0ooooO0ooOoOoooooOoooooo
O0oooo0o0ooO0oooooooooooooo

3. oooooooo

oboooodoobooobooobodooobo10000o0o04d
gobooooooooobooobooboboobobooboobooooon
oooao

e OOODOODOODOOODDO ROOODODODO

e [UO0OOOO NOOOODODOOODO NegOooOoO
goboooooooooobooboooooooooo

e [IO00O0OOODOOOOOOODOOODOODODOOODODO
gboooboooobobooodoooodoooboooobooboon
gooobooooooobooooobooooooooooon

e [JOOOOOODOODOODOO r0O00C0OO0OO



goooodooob reg0oooO0odoo0ooooboogn
gooooooo

e 00000 X;0O0OO0OO0DODOO X;OOOOOOOOO
ooooooooooooooooooo oo

010 000 X; 0000 X;00000000000

|X¢—Xj|§7‘
020 000000000 X,0000
[ Xk — Xj| 2 [X: — Xj|+A

000 A>0000000000000000000000
00000D000000D00000000000000000
000000000000000000000

e 000O0DODDDOOOODOODOODDOOODN
000000000000000000000000000 1
00000000000

e D000D0DOODDDOOOODOOOOOOODN
0000D000000000000000000000000
000000000D0000000000000000000
000000000000 0000000000000000
oooooo

e 0000O0DO0DODDODOODODOOOOOOODN
0000000000000 kbitD00000000000
0000000000

e 000ODODODOOOOOOOOOO2OUO0D00000
0000000000D0000000000000000
Eeee (nJ/bit)000 0000000 eqmp (pJ/bit/m?) 000
afulufalulals

4. ODOoO0oo0Oo4ooooooo

4.1 OO00OO0OooOoOooooboOooooo
ooooooooooooooooooobooooboooo
oooooooooboboodobodoooobooooog

e [UOOOOOOCOOOODODOOOOOOOOOOD
oooooooooooboooboooooa

e [O0OOOO0OOOOOODOOOOOOOOOCOOOO
gbooooobooboodbooooouooooooooooo
gbooboooboooooboooo
oooobooboooooooooooboooooobooodgo
e JO0OOOCOOOODOODOODOODOOCODOOOO
boooboodobooooooobobooooobobooooo

e [JOO0OOOOOODOOOLOOOOODOOOOOOOO0
oood

e JUbOOOOOOODOOOOOOODOOOOOOOOO0
gooooooooooobooooo

oood
oooobooboooooooOoobooobooboOooooooon
goobooobooooboooooodoooobocooooooo
0oooooooooooooooooooooooooo
goooboooooooooooooobooooboooboooo

doodobooboboobooooooooooboooa
Jdo00o0O0000oD0000oooooOooOoon kbitd

godoooooooooooooooooooooobooa

doooooobooooooa N.Ood

N

Nen (1)

00do0o0odoooooooodnD «c.c000O0OO0OO0OoOono

00000 AOU00DDOODUOOOROOOOOOOOO

goooa

N, =

n(h) = NeZz {1* = (h = 1)*} (2)

coobo/ocobooboobooobooooboooboOoObOOoOoooooR
O00oooUooUouoooUo (kO

SElnG) _ Nefl - (h- 1)}

I(h) =

ooboobooooooooooboobooond .00

B Kl )
2T
we =D n(Wi(h) =Y Nefl = (h=1)" 33} (4)
h=1 h=1
ooobbdudoooooooooooooouooodod
ooooooooooooooog e.O

E. = wc(Eeleck + EamkaQ) + (BcEeleck (5)

oood

ubbooobooobooooobooooooboooooobooooo
gooooooooboooooboooooboooboboooo
Od-reg/200 d+reg /2000 reg 000000000
gbooooocbooooboooooo reg0oboooooo
gooooooooooooobobdoboooooooooao
gooooooooooboooooobooocooboooooo
goboooobooooobooobooooobooooogoo
ooobOO0oooobooobOoooooobooobooOobboOobooo
gooboboooobooooboooooooobooobobooooon
gobooooooooooboobooooobocobOooooDoo
gooooooobooobooooooooboooooogoo
ooooo

oooooooooooboobooood %DDDDD
goooooo JX%I; ooocoooooooboooobooo
d+reg/2< RO0D0O0O0O00O0000O0OOOO0OOOOOO
gooooooo

R? — (d + ’I‘CH/2)2
R2

ooboooooooooooooooooboooo

Nk (6)

(d+rom/2)* —(d—rcn/2)’
R2
goooooooboooooooobooboobDoooooo
gooooooobooobbbodoooobboboob oo
gooooooooo

-Ncu (7)



Cluster head

02 0DOoO0OOooboUooOoOooboOoooooboooooooooooooo
obooooooooooboooooao

01 0oooooo

good N 2000
goodo R 300 m
goooooooog r 20 m
goooog A 0m
Eetee 50 nJ/bit
Eamp 100 pJ/bit/m2
N
No k (8)

goboooooooboooobooooooooboooooa
oooo
d+remg/2>RO00O0000000000O0O0O0OO0OO
gooobooobodooooboboooooooooooooo
booobooooobooooboooobobOoOobooboobooao
gbooooboooooooboobooooboooooooo
gboooooOoOooboboooobooooooooooooonoo
c/oboooooooboobobo0ooooobooobooboOoooo
gobooooooooooooobooobooboboboooboooooo
gooooobooobooooobooboooobooboooo
oooooboobooboooobobooooobooobo

. (7r — arccos (de)) + R” arccos (%) —dy  (9)
god

_R-P+d

R2 — g2

2d ’

oooo

goboboboodooooobobooooooonoooooo
goooooooooboooooobooooOoooobobooooooo
goooooooobooooobooooooooboboobooooo
goobooooobooobooooooooobooooooooo
obooooooboooboooooooon

Ui1oo0oobobooooooobooobooooooann
gooooboooooooobooboooooooobooooo
gobodoboooooboooooofod rog 0 40 m, 100 m,
2000m0oooOO0OOoO0OO0OO0DOOOoOODOOObOOObOOn
gbooooobod 3sgoboobobooooooodnoon 15md
ooooooooooooboooooobooooobooooooo

goobooooooboooboobobooboooooooon
ooooboboooboobooooooobooOooooboooboooo
goobooobooobodooboboooooooboooboooono
goboooooooooooooooooboooboooobooo
gobooboooooooooboooooobooooooo
goobobodooooboodoboobooooooooooooo
oooooo

ooooooobooobooboboooooooooooao
ooobo wombOOoooooooooboooboobooon
goboooobooooboboboodooobooboboooobooo
gooooooooooooooboboobobOooboooonbOoo
gboobooooboooooooooon

e [IO0O0UOOO0ODOOOOOOOOOODOOOOOOODOO
gbooooobobooooboobboooooooooooooao
gooboobooooooooooboooooooboboooobooo
ooboobooooboobooboooooooooobooooaon
gooooooboobobooboboobooooooooooo
oooooooboooooobbooobooobobOOoooo

e JUOOOOOOOOLODOOOOOOLOOOOOOO0OO0
gobobobobooooooocoboobooobooobooobooo
gobobooobobooooooooooooboooobooooon
obobOoooooobooooooboobOooobOooOonooono
4.2 0000000000000

oobooooooooooooooooooooboobooooo
gboooooobodoooooobooooooobooooooa
goooooODOO0O0O0000000000 eamp0oonboO
Ubooodoooobooboioiodn 4000 eamp 000
gobobooobooooobooboobooooboocoobboooooo
Ubob00ooobodoobO0O00emp, 000000000000
Uooboo0O00000 eampe=000000000000000
gboboooobooooooooooooooobboobobooo
goboooboooooboboooooooobooon

4.3 OoOO0OooOoOoooOoOoOoooooooooboooon
gobooooooooooooooobbobooooooon
gobooooooooboooboboooooboooboboobobooo
gbooooooobobooboboooooooooooooooan
gooboooooboooooooooooobooooboobooooDo
gboobooobooooooboooooooooooooooao
goooooooboooobooboooooooooooooooo
gobooooobooobobooboooobooooooooodg
oogo sboooooobooboobooooog reg00b0OO0OO
gooooooooobooobooooboboooobooooooo
goooooboobooobooooooooboogoooo
o0 edooboooOobOOoooboObObOOOOooooOoODOO
Ureg 00000000 DOOOOOOOOOOOOOOOO
goooooobooooboocobooobobobobobooooooo

5. Jobouobooooooooobaoooo

gooboooooooobooobobooooobooooo
gooboooooooobobooooobobooooobooooon

Y/



0.2 T T T T

T
Simulation ——
Analysis --—+---

0.15 - b

01

0.05

Energy consumption (J/node/round)

| T
15-30 75-90 135-150 195-210 255-270
Distance from sink node (m)

(a) reg=40m 000

0.2 T T T L— N T
Simulation ——
Analysis --—+---

01 \ i

Energy consumption (J/node/round)

15-30 75-90 135-150 195-210 255-270
Distance from sink node (m)

(b) rcp=100m 00O

0.6 T T T

" P
Simulation ——
" Analysis --—+---

05 F g

0.4 4

02

Energy consumption (J/node/round)
o
w
T

0.1

15-30 75-90 135-150 195-210 255-270
Distance from sink node (m)

(c) rcg=200 m 000

03 0000000o0oooooooooooooo

000000000 0000000000000000000
0000000000000000000000000000
0000000000000000000000000000
0000000000000000000000000000
000000000000000 nin, 0000

mron’
wR?
0000000000000000000000000000
000000000000000 2rcy +A0000000
0000000000000000000000000000
0000000000000000000000000000
00000D0000000000000000000000
0000000000000000000000 sO0000

M1hop = NCH (10)

1000 T

100 | T

Total energy consumption (nJ)

1 1

40 100 200
Transmission range of cluster heads (m)

04 eampOoooooon

. Sink node

L]
Cluster head

05 00rcg 00000000000 O0OOOOOOOODOOOO

2rcg +A000OCOCOCDOOODODOOCDOOOOO

m(2rom + A)?
S= T Ncu (11)

gooooooo wobOoooooooooboobooooo
A000000C0O0O0O0O0O0O0O00O0COO0O0OOO000O0
N 00000000 000O00O0O000000000A0O
ooboooooooooooooboooboobooooobooo

VA _ W (12)
Ni1hop S
oooooooboboooo
w
A= (13)
1 A
WAL T 2

oood

O roooboooooboooooooooobooooooaon
obooboooooboboooooooboobooboobooooboo
gbooboooooo wobboboobooboooooboboooon
gboooooboobooboodooooooooobooooogd
cooooobooobooooboobODbOO0OO Sim-norm O O000O
oooooDOO0O0O0O00DOO0O0Db00D00 Sim-cont0O0O00OO
gboooboboooooboooobobobooboooooooaon
gboobooooboooooobooboo 200000000000
oboooooooooooobboboboooobooooo
00000 0.00055(00002000000)0000000O0O
gooooobobdobboobooooooobooooo
goooobooooooooobbooboooooogoo
0000 2rcxp+A00000O0O0O0O0OOOOOOOOO

— 5 —



0.2 T T T L— N T
Simulation ——
Analysis --—+---
=)
c
g 0.15 B
3
k<]
o
e
3
c
2 01} B
=
£
5
2
2
o
S
3
$ 005 | B
<
i
0 F——
15-3f 75-90 135-150 195-210 255-270
Distance from sink node (m)
(a) reg=40m 000
0.2 T T T L— N T
Simulation ——
Analysis --—+---
=)
c
g 0.15 B
3
k<]
=]
e
3
c
2 0.1 f -
=
£
5
2
2
o
S
3
$ 005 | B
<
i
o o
15-30 75-90 135-150 195-210 255-270

Distance from sink node (m)

(b) rcp=100m 00O

06 OO0OOO0OOOOO0OO0OO0OO0OOO0OOO0OOOOOOOOO0O0

0.0005

= Sim-norm
B Sim-cont

0.0004 -&— Analysis

0.0003

Throughput

0.0002

0.0001

40 50 60 70 80 90 100 110 120
Transmission range of cluster heads (m)

07 0OOD0oO0OboooOoOooooooOooobooboOooooooo
od

gboboobooboooooooboooobooooboooobod
oboobooooooboobooooooobobooooobooboo
goboooboobooooooooooooooboobooood
oobooboooboooooobooobOOoOoOooooonDo

6. 0 0O O

ooboooooboooooboooooooooooooao
goboboooooooobooooooboooooooooo
gboooooooobooooooboooooooooooao
gboooooooobooooobooooobooooooao
ooooooobooobooobooobooooocooooooo

gbooooooooooooobooboboooooooooo
gobooooooooboooboobOoOoOOo 1bob0oobooo
gooboobooooooooboooooobooooboooon
obooooooboooooooboooboooobooonoo
gooooo
gooooooooooboooooooooooooooo
OooO0OTbMAOOOOOOOODOOODOODOOOODODOOO
gobobodobodooodoooobooooobooooobobooao
goboooooooobobooobobooooooooooo
goboooobobooooodoboooooooooooood
ooobooboobooooooooobooooboobooooonooo
gooboooooooOoooboooOoOoboOoooOobOOoboOoOOn
gbooooboooooooooboboooobooobobooDbooo
gooood

0 0

000000000 0O00UOUOooOooO (€)17500043 O
gbobooooooobooooooooo

a a

[1] E. J. Duarte-Melo and M. Liu: “Data-gathering wireless
sensor networks: Organization and capacity”, Computer
Networks, 43, 4, pp. 519-537 (2003).

[2] W. R. Heinzelman, A. Chandrakasan and H. Balakrish-
nan: “Energy-efficient communication protocol for wireless
microsensor networks”, Proceedings of the Hawaii Interna-
tional Conference on System Sciences 2000 (2000).

[3] S. Lindsey, C. Raghavendra and K. M. Sivalingam: “Data
gathering algorithms in sensor networks using energy met-
rics”, IEEE Transactions on Parallel and Distributed Sys-
tems, 13, 9, pp. 924-935 (2002).

[4] M. Younis, M. Youssef and K. Arisha: “Energy-aware rout-
ing in cluster-based sensor networks”, Proceedings of Inter-
national Workshop on Modeling, Analysis, and Simulation
of Computer and Telecommunication Systems (MASCOTS
2002) (2002).

[5] W. Choi, P. Shah and S. K. Das: “A framework for energy-
saving data gathering using two-phase clustering in wireless
sensor networks”, Proceedings of the 1st International Con-
ference on Mobile and Ubiquitous Systems: Networking and
Services (MobiQuitous 2004) (2004).

[6] S. Ghiasi, A. Srivastava, X. Yang and M. Sarrafzadeh: “Op-
timal energy aware clustering in sensor networks”, Sensors
Magazine, 2, 7, pp. 258-269 (2002).

[7] H. Chan and A. Perrig: “ACE: An emergent algorithm
for highly uniform cluster formation”, Proceedings of Euro-
pean Workshop on Wireless Sensor Networks (EWSN 2004)
(2004).

[8] O. Younis and S. Fahmy: “Distributed clustering in ad-hoc
sensor networks: A hybrid, energy-efficient approach”, Pro-
ceedings of INFOCOM 2004 (2004).

[9] B.J. Clupepper, L. Dung and M. Moh: “Design and analy-
sis of hybrid indirect transmission (HIT) for data gathering
in wireless micro sensor networks”, ACM Mobile Comput-
ing and Communications Review, 8, 1, pp. 61-80 (2004).

[10] P. Gupta and P. R. Kumar: “The capacity of wireless net-
works”, IEEE Transactions on Information Theory, 46, 2,
pp. 388-404 (2000).

[11] E.J. Duarte-Melo and M. Liu: “Energy efficiency of many-
to-one communications in wireless networks”, Proceedings
of IEEE 45th Midwest Symposium on Circuits and Systems
(MWSCAS’02) (2002).



