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Real-time Synchronization Algorithm for Industrial Hybrid Networks:
CAN and Sensor Networks

¥X oY Ys N

(Ji-Won Jung and Dong-Sung Kim})

Abstract: This paper discuss a performance evaluation of the synchronization algorithm for hybrid networks in industrial
environments. The proposed algorithms minimizes synchronization errors which were caused from channel, propagation, and
frequency delays. The modified RBS and offset synchronization methods can be operated by adjustment parameters. The
differential BP (Back-off Period) adjustment can synchronize the local time of each node with master node's time in hybrid
networks. For the performance analysis, the data transmission time between the wired and wireless devices are investigated. The
experimental results show the performance evaluations in terms of the polling service time and an average end-to-end delay.

Keywonrds: Industrial Hybrid Networks, Real-time Synchronization Algorithm, Offset synchronization methods, RBS (Reference

Broadcast Synchronization)
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HEYaxy Adgx Ade] & A% HE8h7] oHd
[9]. FTSP (Flooding Time Synchronization Protocol)= 715
A 28 7IHE B3 gl g8 $718 &= AL
2 f4 2§54 FF UEYZE BiEE 2 otH10]

oMlE £AE Wle o2& oIEL HAIAY] oA
2 A7+ #BAS F5sfWl= TS-adhoc (Time Synchroniza-
tion in ad hoc networks) &ilg]Fo] Utk ol= vwlAH =
=Z ol&d] At AIEANRS o83k ¥argjEolth
FFA TR MESNZY A A4 == M2 FxH
o AR5 Eojok 3] wite] A3k grHil].

29 Az e A 5VEE i 4 == ARE
ARE olgs| /8 w=xolA A7t Zolg Alktel
she Lueigolt RBS/L UlEHolm, ol
Tiny/mini-sync®} LTS, Adaptive sync[12]7} Itk LTS
(Lightweight Time Synchronization)= =& °|UX] &< ¢
3 daeiFolh. FF A HE&F 5 T+ A0E
dole 7S Y FhA YIEQAE FASRR 9
WA ZF&rtke A7EEd AEAgol 8#ETHI3]. Tiny/
mini-synce AA =26 &3 Fr|E dRElgeE
LTS9} vp7 A2 3% MY a7FEe == 543
Aolr} o4l
3. Muxied 2R ¢st JIME RBS Y2 F(1THA)

CANS- dlolH 3} nlFV|H o2 Heslr] fsf COS
(Change of State) A7 MHAZ A FSTh [EEE 802.1549]
7390 CAP (Contention Access Period)S o]-8&3&}o] n|F
718 ARNES AYT  UTH3] CAPYAM= wlF7] 2
F dlole € ulAARE HAIA] dHolH el Aol FAl o
FolAdh 2AA = g AL, =59 FU €F
5& ke vAA dolHE $5A8THIE T A2
FFHoE Ad I Aol AZAFE VEARD dF
2t FHEL ol#d EAE sidstyl 98l IEEE
8021549 A9 HIEE o83t FHEHY itk k=9
ANZHE 2713 Sk olAL & W S AAE Fgtst
o2, 3Yd 5713 ez s APEA Frk

RBSE Wg WES=] AT dagiEos Hd 4

o] AIREE COS9} CAPOll 28 7hgsdltt 7 AMul=E
2 Ade] HZ glo]l AFES Polling(EAPEAEAH| )3
GTS (Guaranteed Time Slot)o] HZ= |28 ATE Fx
oz s Ad A9 AE AT = do CAN9
AS BE wDoA Aol FYstER, ZAZY ==
}z31c) IEEE 802.15.4¢] 739 FAoAe] o= QI
F 2 F44l Fwe] A WAl aejag o
ek 24 st @ weg BEsk] Brlskel X
t}
o] Edo] WReAe wAIRY HE Agog Qg A
odg uHEF ol sk ¥ 2% IEEE 802.154 X EdA]
CAN =t vAx Hg #34E& yepd Aoltk IEEE
802,154 ==ojA CAN =E71A & AFAAUD- o)
4 15} o] ek

t

]

ol & d
AN o BN A

op
M,

D;_¢=Dp+De+ Dpy €]



196

CAN Slave
{cos)

CAN Siave
{Palling)

/
IEEE 802.15.4 /
node 11

1% 2. IEEE 802.15.4 7]¥t lm= o] A] CAN 7]HF =2 w Al %]
AeHA.

Fig. 2. Message exchange procedure from IEEE 802.15.4 to node
to CAN node.

CANSIaveﬂ ::
; v
b
P ]
. i ot
7T ir
AN VAR
E!&monif Des D

i i
|EEE 802.15.4 i \ \ : / m

R k ; .

odk(CAR) o "6 ® /
£t £ i
i . i /P
f i P

JEEE 802.15.4 . . Pl

fode{CFP) i 150 e Y0}

a1

Contention Period
719 3. CAN 714k = ol M) 1EEE 802.15.4 718t = 2 v A)R)
g 33,
Fig. 3. Message exchange procedure from CAN node to IEEE
802.15.4 node.

77t AR BRAEHE 6 by ooy 19 AR FIL
Dpe A$ADE, Do HEAAE vehdch. Doe Aol
Ego] vixe] vA1x] Hlo]ElE CAN Zggog Hilksh=
AIZEE Ui AlolESolst CAN kx=3te] iy A
% AQDe- )& 2 29 2o] A=t

Dy o=(Dp+Dp)/2 @

AlZb 304 CAN =2 A3 fAjx]o] w3t Z =
=9 AGAREe] & psHiolA A FYUSER Dpz et
Wt} COS 8L AgAPINHo] I3 gormg 70
ARFES AFo] IS W polling HE =8 F=xJch 2
& 39] A7F tgollA] A vlAIRe] AEAEE oS @
A9 k27t AQ Dp 2 Fxdle T8k

28 32 CAN =9 IEEE 802.154 == uAlR
AEAAL BFd EEE 802154 ZAA =7} ta)
AE AFs7) A3 AAA] £ L3S 3 Z2AE R
th 1§ 39 A7t 2% Alo]Egole] A3 CAN9| HjA]
AE ohe ¥E HAL7ARA W] gj7] Aelrt dok asln
HIZ Agolx] AR 2719 =8 F4AF AEF49Y
o 7158t F =22 HgdEth BlES P ==}

MO - 22 - NAESE =21 X 16 &, M 2 £ 2010. 2

CFP (Contention Free Period) 2@ A9 2219 GTS &8
oA HELHS Sk CAP =59 39 AT o
o] AdS HHsla, WSS 24Tk ACE ] WF
i & G Dy F AzF 7oA e 238 w1, EN
Aujel XA Dr F AZE 8] AFt. 29 3edM=
CAP kxZv} 3 =22 HFeAg drh #HAA] Azt
F713E 9 AEAD(De- p& A 322 T

D¢ ;= Dpy+ Dyt Dyt Dp, 3)

AolEgcle} IEEE 802154 == b 4U¥ AFA]
(Dg-p& &) 49} o] T 71 H2log Hgdct
D ;=(Dpy+Dp)/2
@
=(Dpy+ Dps)/2

a8 29 Afoes 2 (o] AHgdtd FALHAIY 16
3 FAAZE 19 Atelol A FrIst FsE 7 HA 29
ZHg-& wHAA ol g Agolw, HIE AFAY
Dp 9} xe=9] WAA] A$ADE F8) 71318tk CFP =
EE dA 1536ms F7I1E HolH $ile] ojfoR R
x&32el 571871 7Fs8la, CAP x=x U CFP =&
£ F=38h= RBS WS Fato 5rs) sbesich

2% 29} 3604 AZE FrI3el PRERzte] AdASAA
S 28 & AN &4 == FHF AQ 24E A
A= oFk Fu A 74 =204 FY8 AT
AE FEHUIAE AL 2% 48 59 86 wel
LA} BBl Z1EAC] i M2 A ge] TARTh o
£ AT EGHoln == AAFHE FoF A
& BAste gaEFe] st x5 YR Fg A
ol ¥HHH, AN/TEL AT WAREL ARF 237}
AT ol Fu Xt Erh FHE FIE LA
=9 AgAgl] 4TS Fol ZF =Eo] el A
& T/ AS Ad 588 A
4. Fhlp QXE S B J1Ex| Jlote] 2=M 24D

2lE(2eH)

F WA GAR 7R Nk 2 =ZA daElE ARES
ok Ad N9 sdshy] 8 sladE 5718 ¢aE
Zoz ¥ Ad AAE 7ot BT AL AL T
At =x9) g 0AE Fala, eAbe] HAEs A

()

Sender '
i
i
i
i
i
i
i
;

(24

e )

|
1
t
|
|
|
i

Receiver —
=~
1+,
T 4. vkay =5 Az 7R g o] B ksollA g
Fu Q)
Fig. 4. Frequency error from sender to receiver node.



Journal of Institute of Control, Robotics and Systems Vol. 16, No. 2, February 2010 197

FAANZID. o)le BV AdS AMESIA gs ks 3
S @AE AT £ Yrk 18 45 vwhAE =S(sender)
g 7IEo® SYolE kT(receivenM FiF Q3Ha)E
Yehdth dlo]H =29 FH4E vliH k58 J1F0
2 4R ¥R Y, olo ug} 7piske S o
= a7} ZA)sch

ulAE =27} oA o9 23E /AT Jers
29X % FUsA &3} oF 71AA "ok 2B =
=7} A 2949 AARE 05 ax A 5, 63 o] At

ozl
_ L—pg
C(t2) +a = C(12) T o, (5)
—(ps+pp) C(t2)
a:Apsli’;’)R ©)

A7 pE A C) T C2) 9] oA HlgoITHTL.
A7 p, B ppE SAAG AR 04 wlgol) 2
dol g 23} ML ol8ad o B T AL AN
o] 2l HEgAI. aF 1) o] AshA BE
A A ED,]e olgala 4 73} 2o] TaiT,

C2)+a—C(t1) = ED, |+ 7

~—

B A AA EDple Beladz Fr)3) dueE
st o] Fupy Qo] Pukg WA gong 1%4
BEHE T oS 7 5 Aok BF A2 AQAED,]
& 2] 82 o) g3l 7 & Yok

E[DP] + DPﬂC’urrem

o

E'[Dpi]: 9 (8)
4 9t mE AQ gEd 99 HE AL AD
E[D tot] T8 Aotk
1 _ Dt Dt A Dy
E[DPZ tof ZODI% = 2 N e (9)

NEE AQ AEAD Dot ElDp g Bsted N+12
Wrd AZe ElDp, .8 Ae8 & Qo sAn
BE Nol| Hgt ElDp_., )2 Axsis AL wasie A
d Adoz HLL g =z @i Ne| i I&
ool 7R gk Wyl Pasich

E\D, |+D
EDp; _,,|= WX FADp1+ Dy (10)

N+1
W A A AQe TYHEE oo Al gzt
A AQE A AAA A% 1A olgdTh
[EEE 802,154 24709 »C8e 35 398 9
S Mo mbackof) HL Fa A A2AA AR A=
£ Q5 A 4 e wem g BPE Falt Aok
A7 wsE A B9 F BP S B A W
AL & & gtk

BP= Random (257 —1) an

BP= @8] wox Rtelw, o]& 20 symbolsol| 3|3
3} IEEE 802.15.4% 62.5 Ksymbols/s9] A% £5E 7}
ZtH16]. =9 7|BHR Fuie Bl A 32Mol

I A A £40 ppmolth o|AE 1Hz 2ol g 4
B4E ko, BPY A83le] 11z 238 7HEA] 12 3
&gk

R2MEFSr & 2560Hz9] Hu) 237} Jehd 4 3o,
1 symbol-& 512 Hzol| 3Bz oF 24414 symbol F 1
Hzel a7} AZith o]RA& &3l 4 22 73] W
g Tk

N
BP. X 20symbols < 512
LB 208y (12)

W= 12500

A 7HHe] & =29 HIFY] =29 A% T8 14
T ARXY ade=E 71 %713 7424 vlEsle 7R
we] Ago] asith 4 120]4 BF, X symbols ] k&
5713 A9 48 HFR upgro] A3tk

1EXE 53 7 ot FHg 23 HAE Hove
AL oxzte]l AU ge L3l IEEE 802.154 FFo)A
AE %713} 02 o] HYE v Lok

—40ppm < o < 40ppm 13)

mlo

X5 BP el HWAE S8 UEHA S7|2H3:HI)

[EEE 802.15.4% wINRAE $A1317) 3l 2 ==E3¢
9 AL 53 FES sk A AR o]
22 AAA ARG A9 o 3 ZFdoex 4o
dol7} CFPe] A4 74} vlEe] BEE FAE A7
oF ti7|x7ke] WAYgTE o] AJZRE oF 7.7 ms7f AR HE
E CANd| Hlg] HAIZHAo] HolA 1 AFH7F Bol d
ot

l:i

r

—

[0 of

sk F40 MR G 90 WA B8 19
ﬂlo]eoﬂomw 7 vEgae wsd $3¢ Fh CAN
e AES AP $UEPE BAFT T Ao 0]

A7 g¢1 zﬂé%;l%f\m% 7-}&/\1211:}. IEEE 802.15.49]
Ae 2239 Y8 d7AE A 29 B ==
Bt} AdgZo] wEA ok

CANo|M 2] AR $54=41e =& 1D} wlAA] FFo
me}l AdHe $Aest 28k2ck IEEE  802.15.4904
CANS 2 TIARE AYsiAl dohd, Alo|Esoldie=
IEEE 802.15.4¢] x==o] AAE S wet CANX Y A
& 2 X595 AASL CANO|A IEEE 802.154F2] WAl
2 AL AolEdolrt WA B wAAs} IS &
= #4o] gadth T wov WAA A0S % Ad
AZE 3ot 3 UE == 75“301 gasity 18uE
Ale]ESolE CANOA Agd F59 ==9 WA &
AL Q3 wFE] 4l BHA zhOﬂ SEE A9t &
A gge e =oe T get A5AH 02 BPY AU
ol AgE, AdHT Aol EAEA Atk

htel vt Agshe B AdS A3, BPY A




198

e A ° == e AYE 7€ wole Aol
o SEANE FA9 544 g9 sz Ygeld g ==
go] $AeE 7HAE Aol At A4 vEYIA
g 25 BP #§ daks ohed 2ok

(1) 2718kA10] Ha: BPe} WA 7Igh#E At

(2) FAAAA FAezs AF HAA 2 Ald AE
dole ¥4 vEQIZY vAXE 2ot /4 vEYAR
e WAA IDE Fojste] AFact

G) FAdoA FHee T HAIA] A Ao Al
dole FA VEH=IZE HZ9 FF Faggd 17 A
€ WAAZE e i == DY A

@ W === wE YdHe S8 7] ARE Hx
BPel CWE HE3te Ado] A3

6 W =7 Ade A3 Fol ACIE )= wAA
8782 A% AcEHole UF WMNAE AFenh

m 2oy % 4557]

1. 2oad sk

Roldgo e & vEYAY w2 54 Al
Edole] AZHE 7L R d, Ao|Ed o] YT A2
Qg 71EAIZE sl 1A fet 4 =89 S
X 13 2

Rojde AMEE 4 Frlikse AR @A Frle
o9 % 29 gt

COS:==9} CAP(sporadic)==9] 73 3Fgxd Folih
3o w} o] Azl ME-g 3ok AHFL ;s
gor, He b Ald AFe BF9 FEUsA 40
ppm, 250 bps £10 %<} AP AR e] HAgoF H_F
t} Ad 7 AE AG9L 0.048 ms~0.08 ps®] L3 FRATh

£ 1 2edgeNs ey 74
Table 1. Configuration for hybrid networks.

CAN node 1EEE 802.15.4 node
CAP
Polli Cos
ofling periodic | sporadic | CF
20 10 10 10 7

B2 Zwsd AR 2 37
Table 2. Message generation period of nodes.

Channel access .
interval(ms) Node number
20 0,12 3
30 4,5, 6
40 7,8 9
Polling
node 50 10, 11, 12
60 13, 14, 15
70 16, 17, 18
80 19
50 0,12
CAP node 100 3,45
(periodic) 150 6,7, 8
200 9

Hoi- 22 - NASs] =2X " 16 &, M2 & 2010. 2

CANe| WAzl =Y ZHole 111 bitseo]il, IEEE
802.154% 320 bits & ZB3HATE CANS| 7} k=o)X A
Eaxke] Az AUEE 16 Mk+ 50 ppm o), IEEE 802.154
= 32Mp+40 ppmolth Fu o3 FERAL A
BE¥gx BE Do) AZbo] EYF o FEH, Fuhg
Qo mEt Y2 Wt
2. Do|AE it

ReAGo e 2 ZREZ] £U18 A AAn A
ote ¢wE&e] A5 BN ol st MAC A
Z 2 gy 2 EEES NS 29] 7EHAZ RHES
Azsle] CE THEst, 4 =24 Y3 kolz 2de
TN Ax FEE o]g3lo] FABIYTE o]F o] & HE
932 7 xzoMY AdHE ARE GolEy 58S
A

A 9AR 5718 guElFel AE4HA gL x=d o
3 $718F o3 e EAsa F HARE V&Y B
An2)EL HEsl vmgth A HAZ AHE RBS &
TS 715 7] e =xA 578 duES HE3t
i, g4 5 2ees vludch vlgez Aehd ¢are
Z9] A7rg A S vlmgth. S4E9 ] B8 &S BP
g AgHALe LR A el wEt F &
Boz 1Ppojdrt A AR BE koA AdEaa
7re 248 HEs 7k F OAAR shig] A4 k=
o 2% BP AT HE3 HE A AL S48t
X, o] A7) vimdth
3. Boldy Znt

B ddAe 71&Y 713 dugEs 53 5138 L
22 Z43TE CANdA = gutdez AgEE 7IE9
5713 dagol glong, /iAE RBS ¢dEe I8
slo] dubEel f7A vESA B8 Ake vtk
IEEE 802154904 A48 578 g2fEe 7 =sofA
MLME-SYNC.request Ztoll ma} Z-g8n, Hl&g e A
Zhg} vl Alole] 7HAO R ko A4S 7|5 gk W
o]t}

2% 55 ZF oo Ui 71E 508 4aEEe] A%
Aoty Hol 16mse] 27} dAYS, 8ms YA F
7)187h olFolRin). dukEel ME A A F713 4

[ I TR S O

synchronization error{ms}

BT

45 4

-17

1 101 201 301 401 561 661 701 801 61 1001 1101 1201
timelsec)

19 5. IEEE 802.15.440)4) 2t mxd] U3l 713} guaEe)
ZHEAT.

Fig. 5. Result of synchronization algorithm of IEEE 802.15.4
nodes.



Journal of Institute of Control, Robotics and Systems Vol.

o
in

o

&
o

N

synchronization error{ms)

I
&

1) 100 200 300 400 580 600 700 800 906 1000 1100

time{sec)
13 6. CANo|A] 7§41l RBS 18] 2] 28 A
Fig. 6. Result of modified RBS algorithm on CAN.

synchronization error{ms)

a 100 200 300 400 500 600 700 800 900 1060 1160 1200

time{sec}

13 7. [EEE 802.15.4004 AIQte F713t 2] &) 3-8 dx)
Fig. 7. Result of proposed synchronization algorithm on IEEE
802.154.

o t2A Fog QAF dAT $ES dorkA 2e-S
& F Utk 2" 5ex9 Zo] VIE 5713 duBEL
718t 2ol FA Ame] gl exprt & 3] W3
et

3% 62 CANoA 7]Xd RBS ¢uE&S 243 43
oja, F7)3} At A=yt YA W oA Houx &
S & & Ytk =E LC°ﬂ HaliA FHol 1.4mse] BV

Q&L s, gIRE 1 msoluloA Fr)atEch

CANoj|A 71d€ RBS %ZElsﬂr TVEA Z|dke] @ ZA)
Y F718 dugEs A A8 A9 FARg W
g FFAeE Qs B3t AXA ok /)4 RBS ¢
Y& Hgo= U3 Al FE3] MAHGeER o
g ¢aEEY Fgo] oA ¥k 1y JEA 7k
zA BA F713 GaREs A8 YeEihe 7
847 H83A =W, CANOME ALHES B3 715
A& =&3}ofo} gt

719 72 TEEE 802.1549] 7+ =9 ujs] 7/lA" RBS
B EH ISR Jvte] LZA BA 573 daE|Eol
288 Rod@AToelth 9o Aol dubEel vEYA
718 2&be} wiws) B9, 73 Fr)g LAyt dF 3
AR HEEES o 4 Utk 283 ZF =2 tidk 7]
& 78 daEE A4 ARE vlashd 2xke] Hest
ERen ¥E Fo] & Fto] ATk Hul 15mse] &
Zp7b AL, R ==t 1ms 0)3fe] iyt dhAY
gt

ARE B3 MEYI o)5L Ad oSS 53

e

, No. 2, February 2010 199

77580

77000

76500

~gnomal

Throughput(bits/s)
2 3 2 3
& a
§ 8 5 3

~ESync

74000

73500

73600

0 160 200 360 400 500 600 760 800 900 1000 1100

time(sec}

1% 8. CANOIA 8] §7)3} 280 e A=) Wl
Fig. 8. Throughput analysis of an applied algorithm on CAN.

2500

2000 £

1 -

~w-o0ld sync

z\k i HNS
TPy,

N et

1500

1000

Throughput(bits/sec)

@
&
3

By

G

d 100 200 300 400 500 600 700 800 900 1000 1100 1200

time{sec}
Z190 9. IEEE 802.15.400 41 2] 5713} &-&of w2 2 gl g vl
Fig. 9. Throughput analysis of an applied algorithm on IEEE
802.15.4.

glgd 4= itk
% 8 CANeA 9] F7]5t 2§l mE AZH3 ﬂﬂ‘“*
£ B3 Zoltk CANS| 79 [EEE 802.154¢f H|3] &
29 Aol ¥, HAEe hHFo] 7] wEel] A3kl
wE A A BAET:
715k A8 °4T7} Aol ¥ FA= FA
= A S ATE At 9FE HIAA Bo TE
2 F7d ¢ngFEe Age] aeHd A vEH=
FE 7Fs3HA Bk
1% 9 IEEE 802.1549049) F718 A8 & Az
% v Axolth MEYA 2rloe A% FAo] Bopd
S ¢ F UL Z =29 Bl eXE Fokztl mE
YA AEFez st Atd LaEe Y 2
e BolFe e F4ola, %‘ A= AEFd 7
WA Falo] 57187 HEHA ¥ UEJAoH. ol ¢
A A F4do] 71Ee] T8 °‘"’E15 1 2849 ool
Add duEEe FHHE TN EaElFe] HEH

Ho IUP

2] e YEY =] vls)] Aso] oF 174 sE)
3.1 A5 BP gtel #aE 88 HESNF S7|st 2o/d
& Za

5 BP 3ol 7A4AE 3 MEN= B713 29 4Y
o] 3 GAIZ CANoIAHFE IEEE 802.15.47k4] 7} %=Zo| 4
o] AMEHTANT HE ALHEZALE ST Aole
gole] ZEZ W AL Ims2 IAIHT. 24 V)
Z woi [EEE 802.1549] CAP w-CToju, CANJJr [EEE
802.154 Aole] E5Ale] ek AEHTAITHE ST



200

w
e

w
8

N
o

™
o

o
&
:

channel access time{ms)

.
3

«

[

1 m 201 301 401 501 501 701 801 901 1001 1101 1201
time{sec}

Y10, $-74 WEZ 7k} QAN
Fig. 10. Channel access time on wired/wireless hybrid networks.

w
&

w
&

N
&

w
S

T
|
|

=
5]

average channel access time{ms)

ol

©

1 101 201 301 401 301 601 701 801  S01 1001 1101 1201
time(sec)

I A NEI ko] BF ALHZAIZE
Fig. 11. Average channel access time on wired/wireless hybrid
networks.

3 102 54 HES= 7he AgAaazteln)h u)
ENI z7lde 74 =59 AAYd wel AIHZAZY
HEo] IA verdth Algte] B8 wet 7 ==} 9
T AR FEEE B £ ok dREY AT ==
10 ms ~20 msol A zdol]l 42& $u}. IEEE 802.15.49)
F7] =29 Ha WA DAFI7L 50 pso] 2R hRE
xE7} o F719 HAIA] SAe] gdko] gl o &
AUk

T WA 4¥FAPo R [EEE 802.154904 3h}e] =T
HA =99 A2 284S Fo] A Yk

Zo] FF ==& 50mse] F)xsolth 9449
Z3L HZE T Y 3 ZEYdA sty x=
o tejMTt AAE 4 don, 4P AL ngHoT =
E 39 A&Hoz A3k

I8 1S #-74 vEYA 7] B3 AE9HSANE
ZAT AoH, FF 16 = FH3kn Utk Ry x=r)
S 93 9 =Y shie] Zo] 1536 msE Yol
A itk olF B HHEHoE H4 F Y 49 =g
& AA A AHe] Tisslthe AL ¢ F Sk

39 129 RAARAAYE 2l HAPIAZEY HEo)
A YT A & F Uk 4 =559 AIHIA)
THZ7HA] F71 Azl 87E AAF oz 5 nsHEs}
Rk 28 12004 AR gmsolste] e A
MRS FA¥RE = 30|t} o]RAL CANES E3) Al¢E
Aol Eol2 17 vAIAE Hu 8 st IEEE 802.15.4
2 AGE IS ¢ F dtk == 39 HeH 2hLe

¢

rfr

HOl- 28 - AlAESe] =2X H 16 &, M 2 & 2010. 2

35

}

~
&

8
¢
3]

channel access time{ms)
G

b
e

w

1 101 201 301 401 501 601 701 801 501 1601 1101 1201

time{sec)
%12, A5BP7L A EE S5 V== 2k AGFSAZE
Fig. 12. Channel access time on wired/wireless hybrid networks

using difference BP.

1 101 201 301 401 501 601 701 801 901 1001 1101 1201

time{sec)
1913, 25 BP7L H8E 5 MIEH = 7] H AEA

ZAIZE
Fig. 13. Average channel access time on wired/wireless hybrid
networks using difference BP.

I E BPgE 13} CW3L 1ot} o] Zhe $XeHE 243}
= HAY o 2A HEYIY k=4t walA IA w9l
To| wat g8t A4 ok Aol FxgoMEE F
7M7IH HA e A& Tk

I 13 A% BP/l HEd FF4 VEYA 74 3
T AGH 2R TE HAETh 28 119 9™ oAzt b
Wt S s =7t 53t ol A5 BP 89 oy
o2 st kE=d $A4AS FA HYE O XE ==
o] HEAE F7HA1717] Wi#o|th 25 BP7F H4E =
E9o] 7%, IEEE 802.15.49 4 wWA]R] WAAWIEr} oog
g dAAE 9% == 8334 538 P4E 58S
7t 5 Aok

v. 28

B E=RHE o2 474 BF Ao} MEAZE A
A3t AClEACIS A% 5718 LS Bsm 7
A pEe Adsgeh ol 98l HNE RBS LielEe.
2 Al A3k QS BN, F1FA Sue) ez &
ueiEe] 482 B3 4 wuel Fos oRE AHB
ok Telw whAE wAE RS BP gel BAE B ol
o M= ol 2AE AR

2GS B3 ALY FuFo] F1Ee 513 g2
2zel Mg} 2 o) Fus 0% G ELHOE P
AA $Agel £&HYL Avmgick




Journal of Institute of Control, Robotics and Systems Vol. 16, No. 2, February 2010 201

FF ATE B A £ T diE B4 Edg
Bod 718 daefgo] A88 £ EHF ACEY
ol AA # THA it

(1

[2]

K]

4]

(5]

(6]

g

(8]

]

(1]

AnEs
A. Willig, K. Matheus, and A. Wolisz, “Wireless
technology in industrial network,” Proceedings of the
IEEE, vol. 93, issue 6, 2005.
P. Morel and A. Croisier, “A wireless gateway for
fieldbus,” IEEE International Symposium of Wireless:
Merging onto the Information Superhighway, Personal,
Indoor and Mobile Radio Communications, vol. 1, pp.
105-109, Sep. 1995.
D.-H. Choi and D.-S. Kim, “Wireless fieldbus for
networked control system using IEEE 802.15.4,
International  Jowrnal of Control, Automation, and
Systems, vol. 6, no. 1, pp. 1-7, Feb. 2007.
J-W. Jung, S.-K. Lee, and D.S. Kim, “Performance
analysis of wired/wireless hybrid network based on
common industrial protocol,” Jownal of Control,
Automation and Systems Engineering, vol. 13, no. 11,
Nov. 2007.
J. Elson and K. Romer, “Wireless Sensor networks: A
new regime for time synchronization,” ACM SIGCOMM
Computer Communication Review, vol. 33, issue 1, pp.
149-154, Jan. 2003.
J. Elson and D. Estrin, “Time synchronization for
wireless sensor networks,” Proceedings of the 15th
International  Symposium on  Parallel and  Distributed
Processing, pp. 1965-1970, Apr. 2001.
S. Ganeriwal, R. Kumar, and M. B. Srivastava,
“Timing-sync Protocol for Sensor Networks,” Proceed-
ings of the Ist international conference on Embedded
networked sensor systems, pp. 138-149, Nov. 2003.
H. Dai and R Han, “TSync: a lightweight bidirectional
time synchronization service for wireless sensor
networks,” ACM Mobile Computing and Compumications
Review, vol. 8, issue 1, pp. 125-139, Jan. 2004.
Q. Li and D. Rus, “Global clock synchronization in
sensor networks,” IEEE Infocom 2004, Mar. 2004,
K. Romer, “Time synchronization in ad hoc networks,”
Proceedings of the 2nd ACM international symposium on
Mobile ad hoc networking & computing, pp. 173-182,

Oct. 2001.

[12] S. PalChaudhuri, A. K. Saha, and David B. Johnson,
“Adaptive clock synchronization in sensor networks,”
Proceedings of the 3rd international symposium on
Information processing in sensor networks, Apr. 2004,

[13] J. V. Greunen and J. Rabaey, “Lightweight time
synchronization for sensor networks,” Proceedings of the
2nd ACM International Conference on Wireless Sensor
Networks and Applications, pp. 11-19, 2004.

[14] M. L. Sichitiuv and C. Veerarittiphan, “Simple, accurate
time synchronization for wireless sensor networks,” [EEE
Wireless Communications and Networking, vol. 2, pp.
1266-1273, Mar. 2003.

[15] o8y, 784, “F3F FHAAd F4 Ao] Al=H
< A% ANEHRY T 2AEY 7P HiE
4Dynamic Scheduling Method of Wireless Control
System in Factory Environment),” ti3Hdzgets] =%
A, A45E SCH 2%, pp. 45-54, Mar. 2008.

[16] IEEE 802154 Standard-2003, “Part 154: Wireless
Medium Access Control (MAC) and Physical Layer
(PHY) Specifications for Low-Rate Wireless Personal
Area  Networks (LR-WPANs),” IEEE-SA  Standards
Board, 2003.

¥xd

20063 B FHUNE AA-F 8T
AD. 2008 F2F7 tistw WARFE
FFEAAD, 2008 3~3 A 3system
Co. 974, PAEoRs e B2
o, dbd A Ao, FHejal Gl

484

1992 @ AAFGIHF
AP. 2003 MEdgw A7 2 #AF
E] RSB (EEIAY, 199433~1998' A
$ujstn ERC-ACL A9 G4, 2003
3-2004'3 Comnell th&lnl 7] 9 A
FEFEEIALE A7), 200813~
20093 U.C. Davis A4FehR WEm4 2004 39~8A] &
oF gty AAFEE 2l TAREOE A8 B4
o, HEYA 7P duits Alag B4 B AR



