ISSN 1000-9825, CODEN RUXUEW E-mail: jos@iscas.ac.cn
Journal of Software, Vol.20, Supplement, December 2009, pp.266—277 http://www.jos.org.cn
© by Institute of Software, the Chinese Academy of Sciences. All rights reserved. Tel/Fax: +86-10-62562563

£ e 1 B2 0 248 18] ) 45 1L
RER", REEL AREK

YIEERY: FREAR S REEF E S5 %, b 100084)
2P E AR S HORWISEET, AL AT 100190)

Timing-Sync Protocol for Linear Sensor Networks

XU Chao-Nong™*, XU Yong-Jun?, DENG Zhi-Dong*

!(State Key Laboratory of Intelligent Technology and Systems, Tsinghua University, Beijing 100084, China)
?(Institute of Computing Technology, The Chinese Academy of Sciences, Beijing 100190, China)

+ Corresponding author: xu_chaonong@ict.ac.cn

Xu CN, Xu YJ, Deng ZD. Timing-Sync protocol for linear sensor networks . Journal of Software, 2009,
20(Suppl.):266—-277. http://www.jos.org.cn/1000-9825/09031.htm

Abstract: Due to the features of high synchronization error and high power consumption, the classic
synchronization scheme of two-way packets exchange is unfit for some applications in wireless sensor networks,
especially for networks with multi-hop linear topology. This paper proposes a time synchronization protocol named
Timing-sync Protocol for Linear Sensor Networks (TPLSN). The synchronization scheme of enhanced two-way
packets exchange and the scheme of clock skew compensation are keys to the success of TPLSN. The phenomenon
of its synchronization error accumulation over hop count is also investigated. TPLSN is evaluated on a
Mica2-compatible test bed. Its synchronization error is less than 20us for the node which is 9 hops away from the
time beacon node, the increase ratio of synchronization error to hop count is less than 1us per hop, and the increase
ratio of synchronization error to resynchronization cycle is 0.017us per second. Further, to synchronize all nodes in
an n-hop linear wireless sensor network, only 2n packets are needed, which is least for any synchronization protocol
based on synchronization scheme of two-way packet exchange. Theoretical analysis shows that three factors,
including the approximated accuracy, the asymmetry of two-way packets exchange, and the clock skew, have great
influences on time offset between two adjacent nodes. Furthermore, the clock frequency order of the linear network
is found to be vital to the accumulation of synchronization error over hop count.
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by EF 240, AT BT S 0 0] AR B 17 i A%

Ty A M SR o B A AR T 0 RS ) L B R 1) ik TR R R R G S0 5 SR IK I Mk A FRATT I
SCG R R T ORUAT A M B w1 RS BE, B AR ol B S U U B BT A (FEGAINS Y £ L BRSBTS I R
1/7.3728ps), M T H b i — AN R 4B R (A TRATT ) 52 360 v gl 1 0 48 (0 45, T g R AR by 281 A et B i
T A ENAEH /N SR AE 2 1~100ppm(107°~107%). I 8 3, B J38 7 55 B AS 6 3 A e 1122 I (10 38 SR PR 3 Rk Hy
TR BRIXAS ) B, AT TAE Atmegal28L - 4 K #Softfloat# 8 2| TinyOS I .Softfloat & 7 & IEC/IEEETF s i bx 1
TR AE, AT SCRE 64 A2 R0 80 A V% s LIS ST SR (L3[4 T — Bl W5 A0 ¥ 07 ¥ B LV A50RG B2 30 AN T
Softfloat i, AN B il A& BATTx Sk 50K 15 11 75 2.

52 L W

5.2.1 S LRI AL AP R 22

FATBENLIELE T 10 A~ GAINS 75 58,75 midi 5 24 0~9. Hovp 4 55 0 B 45 5 2 I () BEvE 15 203X 10 19 s(BE L
LRARF BT 0T LR AL T R -1 BRI A K P AR e e S — Y B 9 5 s A T
()25 JA T 5 A 13s (1% (B BEALIE 5 ). 45— UK I A0 A R A 45 A 9% 49 31— Ik )28

EPIANTT R SE 5 AN R, AR S TPLSN B s i i 4% [ % T-BR 7 4 0 SRR HEAx 9 AN sk i, B AT IR R) 282 R A
I TR] L AN & e 3RATT 20 009 a5 (=1, ) A (R0 m AR B R 3L 55745 i O 22 [ 0 i) it A% (D 4 J T 1) v
o) BN SCIGFFSEBEAT T 5 AN/ A SRy I R O A% R0 4 R R 20 4 2 (R B A J7 2 e vk 2 8e R 2 Rl E S
B,

M 2 ral LU R s AL R A 5 25 BE A L Bk B A A B G T BUE Bk R P Rk 2 A
10.34us, 17 5 9 WY [A] 4R Z2 ¥ (8 /I T+ 20ps, JF HL 7] 2538 22 35 B 2 A 888 1 4/ T Aps/igk. A B, [R] 28 Ak [ 25 43
FERE T ARG I DM NG 2 B JE A A T R RS R A B A A S AN B LU AR T DA H T A%
A IEA 4, R G R] P f b [R5 1% 72 B BREE 1) 3G KA 25 SRR PRI K

Table 2  Synchronization error and time offset in random order of clock frequency
Fz2  AEREHLFHES TR DR 25 L ) ) i #2

Node Local Global Average g_lobal Standard deviat_ion_of Average Standard (_:ieviation of
Hop count ex clock skew clock skew synchronization error global synchronization global time  global time offset A (%)
(ppm) (ppm) (us) error (ps) offset (us) (us)

0 0 0 0 0 0 0 0
1 1 -51 -51 10.42 6.69 10.34 6.79 3.22
2 2 -11 -62 9.33 5.31 6.01 8.99 28.2
3 3 2 -60 9.22 7.01 1.17 11.63 37.1
4 4 54 -6 10.40 8.26 -2.96 12.93 66.7
5 5 -45 -51 9.57 9.82 -4.77 12.95 60
6 6 -4 -56 13.78 11.95 -0.61 18.34 52.2
7 7 50 -5 13.64 11.68 -8.99 16.36 18.99
8 8 -46 -51 18.58 16 -8.21 23.29 70.59
9 9 69 17 19.24 14.30 —8.49 22.58 66.7

A=FEAH 42 JRS N T8 i 3% 9 S8R REAAS B A B A K (55 3% 4 AR 5 A ).
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97 A TPSN p iSCAH b, BAT T 7E [FIRE (R PR 5E R SEI0 T TPSN Bl sl I A5 Bk P 3 [R) 20 4% 75 y 14.6ps, 715 #4419

(W R 22 810 2 78.5ps, I H.IA) 35 1 22 S5 (8 RE B B W 19 1S A0 29 2 Bps/ k. 3 13 WY, et A ) 22 307 Py 1 1) b SRS b
5% 75125 B 0T < ) 25 SO0 3 66 1) 0L 1) [R) 25 WL At S 38 77 DR 42 v ) 28 G TR 2
522 SEE ;PR S EFD MO R

AL FRATIRAIT TTR) 22 Y /) 2835 22 45 E [R]85 il BT 1R OG0 28 0 18 2 A0 Bk it 2 A 2 kM 4% 1, [F) 22 W [l 28
15 75 15 7 [F) 0 JA I OG 3R 58 A AH ), DRt RSB0 AN 15 s i AT SE R A2 8 T

ﬁm&%ﬁ%Tm¢GNN&&QE%%HEMZWMW%N%%%%%mmsﬁi%mﬁﬁ*kﬁﬁ
53 A 13,26 F1 525, BER LRI RFEE T 5 AN /N AR [R]) A 1) 9 BEHLRAT T 1) (K I i) fm % L4 O o 8 [ 28 ) 3
AT WUAESY S )20 AUS IO [LT — 10 B0 B AL EAT SR 2 BT LSRR S T 388 F A0 2 2% 1 S 3, A 3K
73 MR E I E A T & N BRI ROR, FATTEAE X PIAN T i LSBT R AE I B R A2 1) TPLSN
S, LA 5 T OUL 158 W IR SRR M2 (1 00 LR FAMES 5 (R 8UR R 3 S IR &5 IR R A A% B T AL 3 AN
P, G PR A AE IR Pl BRS M2 1K) TPLSN B SC A [R] 2515 22 e &5 R (B TPLSN_N SRAXEK), J5 # 4 TPLSN
WO [ 25 158 2 Il &5 2R (LA TPLSN kAR ).

B 3 W) AR [ 1 5 R A2 R R TPLSN WIS 1) 1] 245 15 7 14 {1 I ok ] 20 ) 340 11 1 R s AT S5 L AR Ay
TEARAE I B RS A2 I TPLSN WIS i) [F) 25 5 22 BE 3 [ 20 o ST A0 36K 22 0h - 25.968ps/s, T HEAT T I SRS £
Jo AHRLAE U A 0,017 ps/s. 4 )1 1, 48 1k I SRS b 052 )5 75 [R) 25 300 A A 25 5 10 () 245 1R 2 52 o [ 25 J) S0 1) 5% i
AR/ TR AR 1K B [F) 25 5, T RAAE AR K IR 8] P T 200 73 2 04T ) 25 450 12 1 Bl A2 4 K 22 4508 FH 119 7% sk AN TfiT TPLSN
P ICRAT BRAK 1 [7) 25 REFE.

Table 3 Relationship between synchronization error at non-synchronized
period and resynchronization cycle
=3 AN IR R 2 5 RS O R

Average synchronization Standard deviation of Minimal Maximal
Resynchronization ge sy synchronization error synchronization error synchronization error
error (us)
cycle (s) TPLSN_N/TPLSN (us) (us) (us)
- TPLSN_N/TPLSN TPLSN_N/TPLSN TPLSN_N/TPLSN
13 366.79/10.25 150.50/7.01 79.62/0.27 614.01/29.03
26 717.23/10.98 340.32/6.33 68.22/1.22 1292.45/24.55
52 1382.78/11.02 695.62/6.53 70.42/0.0 2159.40/35.67

5.2.3 S8 3D R IR RN
MRS 4.2 14518, [ 20 5 7 1 SR AR I G M 19 2 13 A I ol 3 0 G0 55 DDAH 5% ALk, 15 5 1 SR
HATRI )T 6, FRAT 10 00 AL THFe A e R 21 U 1 A5 A 42 JR) ) i 7% SI2 596 45 2R 70 0l L3k 4 FIEg 5.
Table 4 Synchronization error and time offset in ascending order of clock frequency

R4 AETHRHES FIIRE R 22 5 I (a) (i 2

Hop Node Local Global Average g_IobaI Standard deviat_ion_of Average Standard dev_iation
. clock skew clock skew synchronization error global synchronization global time of global time A (%)
count  index
(ppm) (ppm) (us) error (us) offset (us) offset (us)
0 9 0 0 0 0 0 0
1 0 -16 -16 7.67 5.12 6.33 6.54 15.22
2 7 -2 -22 8.57 6.83 6.47 10.81 25.18
3 4 -1 -23 10.06 8.11 8.93 10.87 13.33
4 1 —44 -68 12.39 10.82 10.44 13.33 16.91
5 5 -1 -68 10.68 10.51 3.34 15.33 37.5
6 8 1 -68 12.14 9.03 2.04 17.29 43.05
7 6 -4 -73 15. 30 11.39 -4.03 19.08 61.7
8 3 -4 =77 16.36 13.02 -7.53 21.33 70.37
9 2 -2 -79 18.33 14.98 -12.77 21.20 77.15
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Table 5 Synchronization error and time offset in descending order of clock frequency

RS AETHFHES N RS R 5 I IR A2

Hop Node Local Global Average global Standard deviation of ~ Average  Standard deviation
. clock skew clock skew synchronization error global synchronization global time of global time A (%)
count  index
(ppm) (ppm) (us) error (us) offset (us) offset (us)
0 2 0 0 0 0 0 0
1 3 2 2 11.07 6.40 10.65 7.54 6.85
2 6 4 7 15.57 9.46 14.02 10.92 7.62
3 8 4 11 24.22 9.65 23.81 11.40 5
4 5 0.5 11 27.70 13.13 25.58 14.39 6.56
5 1 1 12 29.08 13.06 28.76 13.82 2.38
6 4 44 56 35.03 16.86 34.42 17.02 5.71
7 7 2 58 4553 19.09 45.53 19.09 0
8 0 6 63 55.12 20.18 55.12 20.18 0
9 9 17 80 73.76 16.77 73.76 16.77 0

F LU A T e HE B, 45 R AR T HES T R ASR A SR 04 [ 20 R 2 S 45 R AR 1 s el T RN R
TP T 3 R 40 S i AR R I (1 B e RS Al 458 41 DRT 0 e AT S Ak B2 7 20 X g 1) i 1Y i R i 22 HE K
2 TS 35017 A IR 1) A1 147 o T o 2 [R) 32 K I TS 1 o B B R, < Rg MRAR R 2 104518 72 [ £
H 75 3R 0 16] 3 30T He ) AN Bk TR 3R 380 17 R kM2 A ADURS B2 A S50 HH B R kM 22 TRT b L I A 1 A 4
Jad I 8] 4 2 #8 DAL, I H. 3 SR 25 3% 2 Bt 80 i ade SR AR A Bt £ TP R ORI AN D 3G o BAT A I
(K35 . Rk, He 3 5 AT LA H 9 o 104 Joy I ) 0 A% A7 12 AT 6, 9 3 3R] 25 08 22 B SR B G 228, &8 T 5
1, TR BEHUHES, DL L [RD 18 72 SR At i 5 AR R PP A T 22845 2

6 HXIESITR

762 BRRBSEM A, B AN Y 25 E 75 B EAT I 18] [R50 I U500 s g S N — 4 5 H Y 05 2 TR 1) e B 42 B
Jii B AR A AR s 2 A8 FH S BERBS Y BUGIEAT [F) 25— AN 17 I 1) A S IR IR SCAE W5 6 A3 A 376 1) 0%, 328
Bkt LA [R5 7 AT I 1) B e AR RS e R BRI A5, A AR AR S e e R R g L
PSS 000 £ B T O B RBS B IR P /s — e At v B s ERES . RBS TR 3L A B0 86 [7) 25 4% 2 A Mica2 1 65 1 ik 3]
29.3us, [7] 25 4% B2 AT BR I HLIR 25 e oK.

L RBSHM —#F, FTSP YRSt 2 it &Y (1) 5[] [8] 25 . FTSP PR SR A 2 10 5 v R AR e s g M el i o — A
RS IR AN [T T A i N 22 AT 2 I T 38, LA B 0 285 1) 198 L k] Ik Bk 5 ¥ 00 42 o [ 25 K #EMica2 P& ik
BT 1psRBRSEE. B TR Btz Jr 2 FTSPE — AN i BEAE 1 Hh il S5 FTSP I SUAH LE, AR TPLSN B3 5Bk )
2R B 38 T FTSP P 8, AR 3 i 22 P 5 4 2 3 Oy BT [0 38 1K) 7 Y AN [R] 3 A 19, FTSP ) 22 B I K 7 vk Al m] T T
TPLSN#E— 25 4% 5 K B TPLSN B 1 [7] 25 BEFE EEFTSPHMY BAR A 22, 3 H TPLSNBIM 1 [ 25 4 BE X F & ik
LSS th e 7 LLFTSPYMSUCA B ) 2 A N 3 L 26 AU, GCS B3 S th SR 7 B0 A B i) 5 4 3 553 7 B 1)
15 Rk

TPSN ORI T 42 it 5 X 1) [ 25 AL L 37 2 AR AE TR A 1 i 4 - el [l 20 7 R AN 6 F 5 0
G -PEWCE R A8 73 AB 2 Wk 8 7 VR AR 6T T n R AR 2 0 4%, TR B AT TPLSN SR ABLIT [ 25 K 1k g
H B CHC Z DK 3n A I HILFIEHE RS T TPLSN #h13.

* 6 NFELRIE. FEaHE. FrR M FEHUEIA R RS MAC IN IR IARIIE 4 N AERE T
TPLSN,TPSN,RBS il FTSP B 8] (1) X 5 K4 55,

Xt B R At 4 AR e 13, 2k P i i A 75 ROV S5 PR PO A Y 5 /s — SR S W T A 5 15 9 AR 812
JH. Tiny-syncHIMini-sync i3 oMl 1 b SRS (16 7 325 (10 3 A JEABUA A8 00 17) [ 26 (1 4 A I 1) B L il b T LA 3]
P26 T IR B IR 1) 240 o 485 MR 6 3 PR AN 21 R S 45 31 T IR B BRAS (0B F B IR B RS 1 Al T Bk R BR 44
B SCRR[L7I T — AN ISR /s = T I b RS A 1 3%, LA S e IR e R RS (1) 512 1) 2 2 bk SRR [28] 0 — AN 36 T 5K
SRR B (1 BT I )20 B9 B FEAS T B S AT A T, 1T R R MR R B I O B 1) AR SR ORI [R5
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Table 6 Comparison among TPLSN, TPSN, RBS and FTSP
%6 TPLSN,TPSN,RBSHIFTPS [A] ff] Eb 4%

Protocols pe_rformance TPLSN TPSN RBS FTSP
metrics
Synchronization accuracy Very high High Low Very high
Synchromzatlop energy Very low Low High High
consumption
Synchronization scheme Enhanced two-way Classic two-way Reference broadcast One-Way packet
adopted packets exchange packets exchange synchronization synchronization
Relat|or_15h|p with MAC Weak Weak Strong Strong
timestamp

TPLSNAb ] # ™ i # AR 2 M 026 W 45 v 70T s AT AN s BRI D N, 75 B2 1 SE N — 4 3R 2B I
A28 JE R IX 4k B 42 s AT TPLSN B i B AT A bk — A& 35 14 2% e #1013, 81 1 Ad-hoc On-demand Distance
Vector Routing(AODV) B3 M5 s 23 1. 2 552 -, by %o 8 it 9 X 1) [R] 25 HLARIHEAT T ecidh, TPLSN B3N 146 £ 4
IR FE AU A, 2% 18 B [ 20358 2 I Bk A SRR IR I 5, DR 7 14T 6 e I 30 1) B I, 1 58 . 2% 1 R 36 02 it
P 5k B 50 B D T i 1 S AR TG 2RIt 22 2% 18 i S ph B T SR 19 4 W )P 13 6 8 R 7 T LLS TPSN5E
A A TR], FR AT A 4 R DURI AR Ji 4 s LA e (1 X0 i) 4R S A8 4 [ 45 7 v kAT [F) 25

7 % i

FET LR Mk A AR FRATIR B T — AN /N T 22 I AR B RS ik T %A T 2 LURE AT AN TR ST e ) 8
72 5 Ry B R, DR e oA i 0 3R R A% 1 S SR AN OB, AN T R A5 T 5 A 1) ik T

TE I B0 SRS A v R A (0 3tk b, FRATTR A B 00U R D MU EEAT T 9 b ook (1) % Sl IR 25 390 P9 1) b B
B REUN R ZE AT AME;(2) 0D P IR s i ) SRR AT M AT BATTHZ HH 1 TPLSN B iU X Jig ] 25
JUT-CA g e 31 2 B G 28 25 1 AE GAINS 15 50 F 1) S 56 32 W sk [R) 20 RS B2 ml ik 10ps Ac A7, IR) 20 i 22 B sk
PRI Z 2920 1ps/B; %0 T n Bk 15 B A%, R AR SCAN BN R 20,33 0 2 4 752 R T X Ji ] A A1 11 e 2 5 222 114 [+
R SCH. S RBS, TPSN I FTSP #pi3CHH b, TPLSN {330 [R) I 35 73 7 S [7 25 465 J5 A0 [ 25 REFE 12 B 1) K s o ot

AT T TPLSN Hrist 7] 25 5% 2= SR EC R B I G B S R I T 58 M AR 408715 A5 18] B (7] A% 11 3 A PR 2500
ABIKE B2+ R0 i) 4 SCAZ e (R AN B Ak R X B B RS, i 1 7 AT TRE BF ) 4 B (% 5% e 3k 17, 2 T 45 18 4R H 28
P ) 85 0 ] A e 0 ) 20 R 22 1) R AR B OQ T B R A 45 IR A T SEBR I SE UG 40 1IF.
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