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Clock Synchronization for Periodic Wakeup in
Wireless Sensor Networks

Seung-mok Kim*, Tae-keun Park’™

ABSTRACT

One of the major issues in recent researches on wireless sensor networks is to reduce energy
consumption of sensor nodes operating with limited battery power, in order to lengthen their lifespan.
Among the researches, we are interested in the schemes in which a sensor node periodically turns on
and off its radio and requires information on the time when its neighbors will wake up (or turn on). Clock
synchronization is essential for Wakeub scheduling in such schemes. This paper proposes three methods
based on the asynchronous averaging algorithm for clock synchronization in sensor nodes which
periodically wake up: (1) a fast clock synchronization method during an initial network construction period,
(2) a periodic clock synchronization method for saving energy consumption, and (3) a decision method
for switching the operation mode of sensor nodes between the two clock synchronization methods. Through
simulation, we analyze maximum clock difference and the number of messages required for clock
synchronization.
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Algorithm: Asynchronous Averaging Algorithm in a Sensor Network

1: for each node #; with uniform probability do

2 Ask its neighbors the clock readings (read values from ; and
its neighbors)

3°  Average the readings (compute)

4 Send back to the neighbors the new value (write values to #;
and its neighbors)

O3 3. HISV| g7 ¢eiE



352 EEDCNEE =2A M10A KH3=(2007. 3)

a ' ctj=a+d
node , CR.req e
4 » Time ¢

: i o) =b

neghbor n; 3 CR.req
X ’ » Time ¢
1 i Glip=¢

neighbor i, | CRreq .
L ! » Time ¢
) H

Propagation Delay &
(@ 2= ol MAMA 8 % 238 39 AZ

uteld, g8 29 HAAE F4% k=
€+ WAAE ol &3t BAYE ¥ 3
o vlAA] =4 4B A1 F ke A3,
2 Ao AAE $43% === B
44l Al el Propagation Delay & g+ g8 AL§3H
th £ 7 WARAE 53 9 =59 F
TE EF A% =2 Al 28 AF =29
2 &g HAET F, 29 49 (oA 2ol HH
g & viAlA] (AD.not)E o]-&3td Y k=&
A wEnh Bad € AAE $AT =29
FAF 2= HF g O FFgE Aol ARSE A}
Aol FF 3 at)e] AolE ol &3t zaly £
5

[oA

in

O 4s) 2 TR wEo 2 Mo &

718 8587 YalM e, ¥4 A3 vkel 2o,
g do/3H 2 HaF TA Aol AtomicstAl
AP ool gl 27 £8 Fr] R=dAE oF
H3ted, 27 59 ol F /A FHY = UL ¢
(Inter-frame Time Interval)3} A4 A7} M= ©h
£ 37}R £F9 A AE AF&3k} LIFCS (Long
Inter-frame for Clock Synchronization)= Atomic
328 dol/sd ¥ @ A ¥YE AFE
Ao, & 7t AN =271 28 F WARAE $418
7] Aol 7zl g e AZkE 9vsta, SIFCS (Short
Inter-frame for Clock Synchronization)= Atomic
& 2 Fo/sw B Fak TA FAY WelA WA
NEL $218H7] Holl 4X ==50] 7lvge A3t
£ 9gujgttt. T2 WAIA AF AHE ongth

22 29/59 L Huag 4 FAPdA Fe 2

Average C =T ¢;(t) / (the number of neighbor + 1)

AD not update:  Hn) =Hn) ~ (C - ;)
node s |(with average €)

» Time ¢

: AD not pdote: 1) = 1)~ (C - (4));
neighbor n; (with average C) Tone
» Time
' AD.not supdate:  ¥m) = 1) - (C - clt g
neighbor », | with average .
. E < :d0) » Time ¢
)
e —
Propagation Delay &

(b) B2d 28 HAA 8 Y 28 RY A

Tt 2 mlAR|e 22 2|

o] WAl A W E, 19 59 go], 8 §%
2 HTa gy AR AF b F oo st
T2 HA=EUD old 28 Ao vAA WS
WY e g2 29/89 ¥ Huay 54 Fe
Atomic3 F3 o] =& & 5 Uk S & HA
29} Hitgk TR viA A A HAE 1-hop A
ojil Fg Ao fAlRle A% W7}t thE HAlRA g
Wt BLE A%, 2-hop A &A=
o7t dEdte 8 29 dAIRA e st

28 2o/ " 2 HoE 54 9 Atomic
3}01 Bt 4 dd 28y, 1Y 59 ¢
22 29 WA M4 EE o2 AR A
% Mo 7 ouivt 28 A4siH, FYE =271
T ol S8 Ao/ed 2 Htg A Aol
#tete A& HAYE + Uk

EE 28 2o fARE B e g8 &
A A 9] FE& 2] Y3t zalo] &3t Fal2H
o F= Ao fAAE £33 F2HY 93
BAE #d 9, 19 59} 2ol &xx ez g8
LG HAAE A3 E AAHAGD. sty F8
28 g 1H FHAEHEY X & FabH

oo oot SLopx
om:fimo\'>

ol

T Powet

e
it

Tya Tsdsunssion Time
Hor s Message)

= -+ Timet
7" le:'“mm_”‘




10

BAAE 28 29 22 2 A, IF Sl
= AR E 7 A

ZHAH 20 &8l ==

T 62T 22 5o JH EdaHE 7 e
g, ol A%, 25 2/3% 3 JTg ¥4 &Gl
28HE AHE 6749 dH E2EIF EXste
359 sdsAT, AEHe 28 39 vAAY
€ 94 232HY Fd o3t 2"

g% 29 AAE AFsazt g k=T &
=E2 22 Ao HAAE FAF F, o] AF}
dtaz) she 2 29/8H B Had 54 A9
Al S ADA7E ZRRe Y 65 2o Al
=Ee 2% Ao HARAE AF7] ol Hag
LIFCS T&9 A7t 5¢ HF w27} AL Fo] of
HE FRlstojol e, Y g8 k=9 g3 2
o AR AEg &AsA HE 4 (Dl ot
AZE e Do AZDE A A E AL & QU
o

D ,=(n+1)xSIFCS+ (n+2)xT",, wheren is

the number of neighbor nodes (1)

webA, 27 6944 F8 d9 vAlA] CRreq3E
W87} e A Ei CRreazel 95k A
A9 29 del/ew 2 BE BA o] Y4B
A Ao ZHE 4 (2)9 ot ALtsEE Dy AT
o) 28 Ao AR AEE A ESeiof Fr).

D ,=LIFCS+ 8§ where 6= kxs for 0<k<16, s
is a time unit (2)

3.2 e M3

A wx=fo]l dA At 7] 8 7] =82

CRreql

I
— 5, —i

time interval
for atomic operation

» Time t

time interval D, =LIFCS+ &
forbackoff  where §=k <s
for0<k<16and

D,=7, SIFCS+8x Ty is atime slot

a8 6. B2 Fel/2%

o8

7ot X =<2l Backoff

o MM

LOIM IR0 &0 D5 SMSIE fI6 22 571 3563

F itk o] Alge AA ==EL YA HZ
£ 5718 A% FAHME nEHs

For TH REE AF

B M

e a 2 oae 2 X
>
X,
| 4
o M
i)
[N
Job,
_?L
rir
ok
[e)

3]

[y
o
ol
o
rr
>
)
RS
XN
lo
>
Y
)
i
(o

el AE, AA
t A4 YEYZE 9% %3 A

HAF oz AMEE F Tk

oldf Hlgt, RE HE A H7A Y A7t 7+
L dedtA 4ok Jusid, R HEe A
=27t 9FH =24 RE M@ A S FAsE
ANFo25E AA AN ==50] = A# A S
A HE ANFRAAY AL A BFEA & &
%71 WZojth o] ATk AL AA Fo| 2|9 B
EAEe 2H% =29 942 F ol Ag 4y
of wet gebd & ok 7 st A HX)
&AM e A7) wet vE ARE AL ge
BE A% AFE #ddte =29 vz vg
A48k Holot.

ol &S o R ¥= AL gl 4@
A Sz wet FgEn.

9A 1: 2= AF q4RE dddte

i,

(Clock Difference Threshold) ©]3t2 Z1&U-&
i, == AgS ARt

G 20 BE A% oRE dddte =
EHY EE A AR 9 A1 HE S
571 Z=9 28 Ao A A EFAA

@A 3 Be AE AH7A F& ARSI
=EE5e 27 E8 F7] REY 27 A9 WAXE
FAE7] o], 2 AHL2RE RE AF AP
A9 A FAE AANSA 2 A vAR 4
EFAAh



354 2EOICIEE =2X M102A M35(2007. 3)
G 4 me AZ A]Ho] HH, A T BE
XoELE U 2 57 22 AEI

3.3 F7I18 2=

F718 28 F7] RE9 &L HiY HAA
nE0E 2E QUAE APIEME 27 FF F
7] REdA 53 19 28 57|58 A&EHo=
A Aotk 7] €8 57 22 Az o
oA A F& 2AE g8 5la, AX VELZ
A HE 71E3 Hd 28 23 E E g dhal AA
r=9 Hu Clock Drifts Ciatn & o, 2 E7)
g F3sA @olx & A7 27 T 2 Q)
rag=}

TpsiE—cigl 3
d

7 B

asu, EE AA =BT T, A1 HAvie) FA4]
o &8 §r1g Ax3nd, 25 57 dAREY
FEE U viaSAol T & ot whekA, F
718 28 57 RedAMe1dA At g
B Zlgk AlA U EAAAM Y B £ €7 e
olgsted Z+ MM ==vt 8 BB YT AHS
23S 3t

Ze2H 7k A YEYIdAY BY &8 &
T R g e 38 7% 2k 349 79 (@%
2ol 4% e SHAHER AX YEYAI}

FAE o, 7 71 AR F91 4, jE A F 29
28 dHx (ij)E 7t o] o, ANE ¥
gte] N& oz JHE 2828 +& Mojet
s, M7ie] 3 aH A SHAA de By £F

- 0
¢ -?f
E/

46y 5
-/]i,--/

T(i,j)5 4 (Dt Zol AL 4 i1l

T(,j) = (i+ jxa) modM where a=3N+2 or 3N
(4)

A8 T7TMEN=1,M=7a-=338 9, 4
@l st FZE F2H B &F g 2o
T 328 7 D)% 2ol FHLHA BHY £R0) &
BHY, & FH=EHL 29 °HY eXvid
N-hop (N = D7HA] 9 74est=S A& FA
o BEHE WA A FELS TASHA Fe

F71H 29 37] REdMe 7 FEaEH A4

=E7F 4 39 A ol wet 2 F71E Al
shedl, 713 g% §7] REJF AFEE AR
FE 7t 222EH AN =2V 29 5718 A2
AE3Hs Al A (e 4 (5 wet 2%
=S ot

.. T .
T oppeli, ) = _MQ *T(4, 7) 5)

2 ) welk & F7) AR AH o= gE
AAsd, 27 28 57 RN ee g8 g8
9] wA)A] (CRreq)E 1-hop 43 E2]2E7HA|
W EREER desten, 23 2o/ w % HF
% B4 Fd9l Atomicd 3o EA7} FAY S|

N B8 Qs 28 29 1 73 Zo] &7

Y 22HER FAYE AN VEZNN A E
doldg sk Agdolde Feay w4
NP

-, 4
0/'1' /

/z((f‘f



SN dIM oM FIH0 S0 25 SMEE /8 23 571 365

A UEAZGAM THY 7 4% B4 802 &
AE A EYlE[10-1218 A3t 10 x 10, 14 *
14,20 x 20 E12HER FAHE A 7kA 2719
AX HEHIANA Fhstg oy, da 18 =7t &
A7) wiEol] B =RdAE 10 x 10 A YEY=
Edoe] A EG A ARE JT B4 AHE-E
th Algd ol o] ©EslE Yty AN =EEL 7}
828 F4d AR} doly AF &=
8Kbpsel™, E& do/¢q HAR & Z 54 o
AlA 9] 27 25 10ufelER w1 gt LIFCS$}
SIFCSE 747} 2msec® lmseco & XA sH(h &
g ot YA FOoBE 10°7 5 x 10° 5 A9
$e AR, ZE HE B AHOENE AA
EE A& AR A7 AL 10022 A7
o 233, ZF MM =EE9) Clock Drift=[-2.375 u
s/s, 2.375 ps/s] Akele] gto g XA, AA =
Eo] 7] 8 F7]1 R=g A 3357 ool oF 12
AlZke] Azko]l Ayt 7 g

a% 82 7t AM =E=Eo] 5 A9 wAlAY
HA4%E DR (Diffusion Rate)9] #a}lell @& A
EQId e BF F ol Ui A Fg o3
#e] Wstel m= dg@ 23 AH (MTDP: Mode
Transition Decision Point)& H.oJZt}. DRe] 0.15
o} 2 A9 Ul & 23} o] Fo=E £

05 °]3<l B¢ Al Zt eab ghe #Fe Az Yo

T2 Eols B ohl}, RE AF 2 A
50& olYS FAF 4 Utk

29 99 19 102 = AHg 2 AH MTDP=

1.0E+00

!

1.06-01 &
AN
1.08-02 H{- X
1.06-03

1.0E-04

Maximum Clock Ditference (second)

P
1.06-05 B

1.0E-08

0 100 200 300 400
Time (second)

22| 8. DR #islof mE %7| 22 57| 2=ojA9 )
22 2x Y 2= ME - AH

FE 10027 Ad AFYD 2= HE AlF (MTP:

Mode Transition Point)dl] 7] 28 %7 X g x
B F73¢ 2 U] me2 Ads AL, A4
HELZAM ] e S gl digt ) &3 21
ko] ¥igtE HoFo 29 92 AA YEYIAA
& 7t g F¢ oA X §9 281
x10°22 QS A9 Ao agzein, 2y 10
S B 28 o5 x 10702 YW A9 2
B afzolr}. o] F Al agogEEH B =
oA Atste 7] 85 571 R} 713 S5
€71 BEVF AA EF ot FE8slA et
ASE HAE 5 Ut

agu, Agtets 2 T o] Al WEY
2 A § 7hsdE FAs] HMe L2 7y
£ A Yoz F3 ot st AA =EA
Uz BAEAHo R FAE F AL HFdhodor
o X 13 % 28 47 27 82 B7) B¢ 373
28 57 ZEAAM $418HE WAIR Y 9 WAA
ZFEd 713ty AslHE 28 PN AT B&S

10E+00

10E-01

10E-02 HY

10E-03

10E-04

Maximum Clock Diffesence (second)

5
B
53

10E-06

7|8 g2 57| 2E (2 28 2 =
5x10°)0|lMe| 2oy Fat 2

10E+00

10801

tomoz P e e e
10E03

10E04

Maxumum Clock Difference (second)

JOEOS b - \n N e e

10E-06

Time (seccad)
8 10. B ME AINE S4e= X7| 82t Z7| 29t
F71y 28 37| 2= (B 2= 2% =
1x10™) 0l M2 o Sat 24



356 EEIDICIoES =2X K10A M3Z(2007. 3)

BoEth $AHE QAR £E 2 FH2EHAA
2 F5E dARAY F£2 BASILoH, wAA]
}e3 Al wtet 1-hop W AIA1 9} 2-hop
vﬂAIXIi FEsl ¥AEAT. 1-hop WAIAS
2-hop YA R)= 22 1-hop =& 2-hop 2819 &8)
2HA7A =22 7153 Ao AFo g $£AEHE
WA E 9v]gch

¥ 228 F73 €8 37 Roe WAA FE
2 3% g A4 FF vgo Asrt glg Wl
olval, ¥ Zg ix}s uLh FENE £25E 5
A A Y 7} 438 AFEE AT 4 Aok F71F
28 57 ZE9 +544L 8qsr) Yl B 1
o2l DR9 kol 0.05 2 0.10¥ wWo} viAl=] 4+ 2
8 AN 4T uE 209 % 29 ZHE wad
Hart 9ok F 1914 DR 322 0069 0105 A=
g o, 1F DRE AHSE A A F 23
grol Z47h 1x107'% 1x10° 29 19 844 9l

Q.
oy
N4

T‘

Ul
o m(

E 1. £7| 82 37| 2=0lA DRof| 2 wAX| = & 23t
Al MZE wiElE

Agao, 2714 4w 2 2

Diffusion | 2-hop Msg. Tx | 1-hop Msg. Tx Closcﬁcggate
Rate | Num/Cluster/Sec | Num/Cluster/Sec Percentage
0.01 0.010 0.062 100.0%
0.05 0.049 0.303 99.2%
0.10 0.095 0.592 98.4%
0.20 0.182 1.128 96.6%
0.30 0.260 1.614 95.4%
0.40 0.332 2.051 94.0%
0.50 0.396 2.444 93.0%
0.60 0.455 2.795 91.2%
0.70 0.508 3.115 89.7%
0.80 0.556 3.397 89.0%
0.90 0.600 3.663 88.2%
1.00 0.638 3.872 87.0%
2.00 0.883 5.211 79.8%
3.00 0.987 5.694 76.0%
4.00 1.040 5.895 73.71%
5.00 1.072 6.015 72.5%

Iz 2. F7I1H 28 57| 2=0lA Target Clock Differ—
enceof 2 HAIX] = 3 et A MFE BistE

Target | 2-hop Msg. Tx | I-hop Msg. Tx [CI96k Uodate
Clock Diff] Num/Cluster/Sec | Num/Cluster/Sec Percentage
1x10™ 0.000 0.190 100.0%
5x107° 0.000 0.430 100.0%

A7) Wiolch 3 1A sl DRAIA Y A} gk
I % 29 AFHE Hnd B o, £ 2044 E AR
A7} & 2-hop WIAR] F71 04 ®B% opig}
1-hop MAIX 8] 5 & 19} 0% 50|, 2 7
A AT HEE 100%9S AT & A 9714
E 29 vm ] & 19 FHEE dA R FES
ol F A9/4" ¥ HIH FA Y
Atomic3 F2HE BAstr] 93k, 7189 wiE s #
T EuEEd B 7HA 718 ES 18 27 2
71 B29) d5 2P Fstaiof gt Xk 12
HE DR #tol 73] Zrsitiats, A4He o
AR o] F7he Surg By olue} Fe BA HE
&% St H4stn Q&S FJAY F Utk
mebA, B =8oA Agshs B2 5 dEe
LA AN =

TE Alolo] EABIHHE, 2 Azt Lﬂoﬂ 27 g
g 7] REE o] &3ty R W& XS 93}
ARE 28 23 dAX otz F 248 ¥
4 3, ZE M 01%011 e Fo] HARAZ 9

Fog AMN =E59) Zg

NPor BA BRES A3/
g43lstaA °Jé =27} Aok AR g A
g g9 = ke 7Y e 22 $U1E {5k,
HE7] B gnelFel 7ag 27] F8 57 2E,
713 8¢ 57] BE 9 F 7}A] EE Ato]9) A%
g AR A5S 243k 27] ¢ 37
mEE 2] duAg a2rstdE A vE
N3 FAAAHE 27 2 Ax B 8 Wl A3
A RE A AR S A5t 28 28 Ao] g o
AR ojstz AN =29 & FU)E FS5I)E 4
A=A ol whsty 714 g2 §7] R=x AU
3k Ao Fo] HAIRE o) g5t o }—
22 AN =259 £ o] gt
HAth 4% B34S Fao, Aetd H&%io} AA Yl
Ef=d HEHE %
e &7 /2 AT
F7149 ¢ 71 E=

A AEE Ha}stw

i

o



[1] LF. Akyildiz, W.Su, Y. Sankarasubramanuam,
and E. Cayirci, “A Survey on Sensor Net-
works,” IEEE Communications Magazine,
Vol. 40, No. 8, pp. 102-114, August 2002.

[2] W. Ye, J. Heidemann, and D. Estrin, “An
energy—efficient MAC protocol for wireless
sensor networks,” In Proc. IEEE INFOCOM
2002, pp. 1567-1576, June 2002.

[31 M. Zorzi and R. R. Rao, “Geographic Random
Forwarding (GeRaF) for ad hoc and sensor
networks: multihop performance,” IEEE Trans.
on Mobile Computing, Vol. 2, No4, pp. 337-
348, Oct.-Dec. 2003.

[4] C. Schurgers, V. Tsiatsis, S. Ganeriwal, and
M. Srivastava, “Optimizing sensor networks
in the energy-latency-density design space,”
IEEE Trans. Mobile Computing, Vol. 1, No.
1, pp. 70~80, January-March 2002.

[5] Q. Li and D. Rus, “Global Clock Synchroniza-
tion in Sensor Networks,” IEEE INFOCOM,
pp. 564-574, 2004.

[6] S. Ganeriwal, R. Kumar, and M. B. Sri-
vastava, “Timing-sync Protocol for Sensor

Proceedings of the I Internation
Conference on Embedded Networked Sensor
Systems, pp. 138-149, 2003.

(7] M. Maroti, B. Kusy, G. Simon, and A. Ledeczi,
“The Flooding Time Synchronization Protocol,”
Proceedings of the & Internation Conference
on Embedded Networked Sensor Systems,
pp. 39-49, 2004.

[8] H. Dai and R. Han, “TSync: A Lightweight
Bidirectional Time Synchronization Service
for Wireless Sensor Networks,” ACM Mobile

Networks,”

LOIM F=I1HO1 &0 DE EMSIE 28t B2t §7] 357
Computing and Communications Review, Vol.
8, No. 1, pp. 125-139, 2004.

(9] &4, AT, &F, “AA dEQINM A
AAUAE A2 57 Z2EE” ZEANEI =
£A), A314d, #M3AE, pp. 274-281, 2006.

[10] whef 2, “S 28 78k AA delA] gl A
2 UHEY A% 24, #3548 =84,
A314d, M3AZ, pp. 304-310, 2006.

(111 J.  Jung,
Forwarding Scheme for Wireless Sensor
Networks,” PhD Dissertation, POSTECH,
Pohang, 2005.

{12] Jongsik Jung, Taekeun Park, and Cheeha
Kim, “A Forwarding Scheme for Reliable

“A Cluster-based Geographic

and Energy-Efficient Data Delivery in
IEEE
Communications Letters, Vol. 9, No. 2, pp.

112-114, Feb. 2005.

Cluster-based Sensor Networks,”

s
48 =

1988 BFdhetn ARz ea
" (8hAh)

1998 X3z Hstn AHHF
NEENERD

2005 3€~EA @=dgn
FE T ) By

DRl Ay L Zmdgd
A€ QoS(Quahty of Service), FrFX 5ol 4 9
BE, FRAYCAA Y HEegol 4
g e =
1991d x¥FHEa FFH
Fsta (gAh)
1993d ¥ ggFFoistuw AFEH
T (4D
2004d  TFFANGE HAFH
387 (g

1996
AT A9 9574
200018 ~2001@ 3Com Korea #%
20013 ~2002'3 Ericsson Korea X3
20043 -8 dxdiste FFESE @
A =y
1 o]% 541 QoS, A HESA 62 £5

/AHl 2, FEvtje] Al

~200002 SK Telecom &

vle)o} 3}

BAE}



