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Distributed Global Precise Clock Synchronization State Tracking:
Analysis of Observable Observer
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Telecommunications , Chongqing 400065 , China)

Abstract: Based on the observability analysis of the measurement model under the modern control theory , this paper
proposes the observability problem of the absolute clock state measurement model. It is inspired by measured state vector
space and state vector algorithm,and transformed into the isomorphic mapping principle of vector space essentially. It establi-
shes the minimum mean square error (MMSE) observable decoupling measurement model under equivalent transformation
with basic measurement unit (BMU). This method reveals the essence of symmetric measurement performance under two-
way message exchange,and realizes Kalman filtering algorithm for clock state tracking under the necessary conditions that
the measurement model satisfies the observability. The proposed algorithm does not depend on the optimized initial point set-
ting, the initial point selection is robust,and it is also robust to changes in network connectivity. The simulation results show
that the observable measurement model can achieve scale expansion,and the proposed algorithm has local and global uniform
of MMSE measurement performance , which is close to the boundary of the Bayesian Cramer-Rao lower bound ( CRLB)
measurement performance.

Key words: wireless sensor network ; absolute clock synchronization ; observability ;linear transformation
BRI BE | R A B B PP SCESR i A7 1 SR B AT AR > JL )

(R 7 S B A ] A5 B9 5 3 43 J2 4 1 TE &
fE Cyber Physical REUH RO EAE REREE I A% e e 190 445 i 1) ) 25 B SUORe Al 1 668 b 2 HOO: ) 252 9

Wk H 39 :2018-11-02 5 B [8] H 39 :2019-01-23 5 LT 45 8 : REAR4R
ST H « E R A AR R4 (No. 51605065, No. 61403055, No. 51705059 ) 5 B2 P i JE Al F 525 AT i 4R 3R (T DS A AR BL A 2k 4) BT H (No. CQ
CSTC 2017JCYJAX0453 ,No. CQ CSTC 2018JCYJAX0139,No. CQ CSTC 2018JCYJAX0691) ; TP i 4 Z£ 5 H ( No. KIQN201800645 , No. KJ1600402)



1856 H, ¥

2 4R 2019 4

4% 1 TPSN ( Timing-sync Procotol for Sensor Networks) ',
RBS ( Reference Broadcast Synchronization YB3, FTSP
(Flooding Time Synchronization Protocol ) ™' 2 {H J¢ v ik
JE R R 0] 25 BE 1 AT 530 FE 1Y 2E5K . ) — 2L 28 By
W PR PERE & B AR 22 BV 26 o 2 800 1R
HTFZ A RERER, M ER | KK T RURAE,
FOR AR RERREAR , £E 2 R . I BRETHT A g o, — 3k
BT B AL AE SR ARSI I B RO b R A K
Bpgy vk 22, A5 SCHR [8 ] o, 48t & # oF X ik 1) [m] 2B
(RoATS ) Y5575 i (4 I 433 32 A i B SCRRL O ] SRl —
LT 2 By — Sk A BB LS B[R] 25 B SGR  BE 24
IR FIHER Y Iy 7 SO Al it e ) 2 (H— Slopk okt
ANBEAE ST B b B AT SIS R 5 .

TS T IE B, Cyber Physical 48 (45512 Tl ¥
15 I ) v MRS 1) 451 3 A 0K Bt i Ao ] 20 1] @4TS 2 A
GERR R ATDRT HSp o R A8 A58 AR ARG 52 B 14 sk A 38 3 )
A Ml IR E] A ] SCHRT L ] v P ASE A 2 2 o R 25 1Y
BRI AR Az B i B WL A
SIHTSCERLT ], & BEAS T A2 BE LI 14 , oA S 42 1 e W
REI TP

TERTIT S, SCHR [ 12 J B F 0 A ] 52 8 I 1) A X
PP AR AL T3 S 7R 4B B 1) Tubes-MPC #2541 J5 75,
SERL TR EO S B Ak 3 A SCER [ 13 ] A I R ol
TR DR A S e R R AR, K A R T R A R [RGB
AAEZE L. 456 LYk TDMA a] 5 M 53 4 7
5734 30 Kalman filtering 52 B W8I & , A% SO0k STk
(14 ] BRATDULIN 5 2647 1 IR BEZX BT 9 8, $2 i i) MMSE
S5 72 48 R LI 1 0 A T AR 5 i s ) 414 52 s 1 P
B, 38 T ST B M R AT 55 55 0y B SR R
AR I 1) ol o P37 5. X T SCiR [ 1] #9440 A =X
P28 40 25 1, HAK B T TE T4k Mesh [ 45 ( Wireless
Mesh Network , WMN ) "'/ v /7 Ty 1 3¢ %) TDMA #§
R ) 205 #6927 I 2 1] 52 BRI v 5 ) 804k A i L AT
R R T

2 LERENREE

AT TR 1] P 1 IR 5 23S, A S, 2 )
X8 T S e, 4 4 S, S, e BEDIG  E
R ) 5 0 4 . X e S OB 2R A e e
] ¢ il BRGS0, (1) -

e,(1) =1 +9,(1) (1)
2.1 3@
L A R 7L T T T Z
T =1+9,(1) (2)
T =t+d + XY +9,(1) (3)

L / reply

packet

request
packet

»

i i reference time

-l d"/+X’ ‘AD‘A dl/+)/1 .
gt >

I BPpE B st B
T, =t+d, + X" +D+9,(1) (4)
T =t+2d, + X" + Y +D+9.(1)  (5)
AP d RS, T AL S, ZZ VA 12 38 1Y) [ 2 B A
D Fp B IE (5 S, BN T A S, MAE BIE S RP
R TR0RE, 0 D = 0) s X, A0 Y A IR AT S,
WAL S AR R DL ST RS, 4 RS, AR B B B
BLE B, ML O PR A 8 % X Y, R
[ 53A7 () Gaussian FfiA/LAE &, H SCHR[ 19 ] UE 52K Rl AL
B} S A I Z, 5 220 o (97 740 A ( Gaussian
distribution ) A B A FH Y.
AR (2) ~(5) A5 S, IR
y =T AT —20-2d, - D
=29,(1) + X7 + v (6)
AR ) FORXAERE( ) IR E R FRIE
] B 4EET s N 278 WSN( Wireless Sensor Network ) Fir g
TRAEG RS, BARSE T RS, FERLIESH N, =
fmdm; e (1,2,--,N) je (1,2, IN )95 88 S, 1Y
RE|ELEN Ny =N U tilie (1,2, ,N)|;IN IR
N, FITCEANELG IN 1308 N ITTEA
ZERERFEMSE] Az 9550 S, BIRBIETT RS, (m; e
N,) 3R (6) HES A5 42 5y R Ge 4 0] i PR 2 S 5 7%
v.(k) =Ax(k) +&, (k) (7)
Xy (k) e R FoRga xR A S 1) 5, H oy, (k) =
R A VL ORI EAOREAC
- xy (k) 1" e RV FoR e RS A e R EOR
Ol R BOE R, H
) 2, m=2i
A(jsm) = {0, others
1,2, 2N} 3¢, (k) e R RRIMERE, )22 W F,
=E[L, (k)L (k)] =207 1, 1 kTR 16
JE T ZR 8 1) A Ko s bR 2 0 AR A

S HYje 1,2, IN I} ,me



%09 W E oA R R N B [ A AR A AR B - BE LI X 2 S 1857
v, (k) =ax, (k) +&, (k) (8)  ZNF, =diag(Fy ,Fq -+, Fo ) BRI ] 15 G

Xxy (k) e ™V FRIRATES, RIAF R 5 S, 10
RS R, Hxy, (B) =Ax(k); B RE R EH A, =
AAL=[A, - AL, A ] H A e RN
A, (k) e R®™ N FORFEBURERE -
1, if j=2n-1,m=2N,_([j/2]) -1
A(jom) =11, if j=2n,m=2N_ ([j/2])
0, others
Hje 1,2, 21N 1, me {1,2,- 2N} ;N (j)
RS N WS A ICEMRSME(ES N, h RS
{ELF IR 3G T HES ), [ n/2 ) RoRAS/NTF n/2 1 h
INEERL
2.2 HXTEN
M FAETE ¢ il dy oy, (k) R BEELIEIRAT, BORR 95 28
(2) ~(5) 1597 — B L. X T8 S, )R
5 22 G0 (0 AR KT S AR S 0 A
2 = (0 + 1) - (1) + 1))
=28,(1) -28,(1) + X" -y (9)
Lol RAEI E]) Ary , K 4B S5 51 S, (m, e V) 50
(9) HEBAF T 2R GoAH R i bR 25 B Oy 2
2,(k) =Hx(k) +v,(k) (10)
Xz, (k) e RN FORRGUIRS I 4, H 2, (k) =
L2 e 2l e 2l T H € RN 277 T 2
BOBR M, BRI

-2, if m=2
H,(n,m) ={2, if m=2N,(n)
0, otherwise

Hrfne %1,2,"',|Ni| l,mei{l,2,--- 2N} ,Nl.(n)%:zi?
LA N WHE 0 AITCE B ES, M5 0 ANEBIE T A
v.(k) e R™™ Fos s i) it Lo, 224
F, =E[v,(k)v (k)] =20"I,.
JRIER - 2R G BRI PR S HE I Oy B ] Rk Ty
z,(k) =Hx, (k) +v,(k) (11)
A H, =HA] e R™™ FoR 80 2808 4, H H,
_ [17;"1] HiT’m’ yT]T
2.3 ETBMUWEEEN
SR 3E BMU, MR % WSN i 450 S, T ie {1,
2, NPE(T) FNC10) S8 HED 1322 R RS
SN AR CIRASHR G M T )
Z(k) =Gx(k) +®@ (k) (12)
A Z(k) = [Z, (k) o, Z (k) Zy (k) 1" R RES
B R, o Z (k) e RYUUVH Z (k) = [y
ey eyl T (k) =

(@ (k) e, (k) e, @ (k) ] R ERE, JF

=[G},.G/,,G\]" FREMAL A, H G e
R FGK AT
2, if j=2n-1,m=2i
G.(jm) = 2, ?f j=%n,m=2Ni(-n)
-2, if j=2n,m=2i
0, others
Hrje{l,2,---,2IN,I} ,me{l1,2,---,2N}.
XiF LA 05, S, IR F R G R A R R
Z,(k)=Gx, (k) +w (k) (13)
Xrf @, (k) e R SRR B e 5 i) b, I 1o %,
FENF, e R*NG =G A e R FOREI
2.4 EHTF BMU EEEN
XFa(12) Ze kAT 28 ¥ ( RP SR AE L 44 ) L 15 4 )
G A R T R IR S AR I 7 A1 G
Y(k) =Ix(k) + (k) (14)
X Y(k) =[Y (k)Y (k) - Y (k) ]" FRIRES
A, K Y (k) =®Z(k) e R H Y (k) =
A N e SN 7y N A S NI
vy =z 1
C=[07, 00 Oy " 3R R 5 , Hor

m =21

Hjell,2,

I =®.GcR" XM,F. (j,m) = {2’
' ' ' 0, others

o 21N me (1,2, 2N} ;@(k) = [ @] (k) , -,
D! (k) -,y (k) 1" FE7R o L P 78 o fg ] 336 ) o

Ha e R2I NI x;2IN,I R .

i-1
L {j=2n,m:;2|Nk|+l
@, (j,m) = N =i
1, if j=2n-1,m =2n -1
-1, if J =2n,m =2n
0, others

N
Hdtme1,2,, 3 2INI},jell,2,-,2INI};
i=1

(k) =Ly (k) e ! (k) e iy (k) 17 3R 2 0 W
Fil K E RN E RN F, =dF @ JHLH F, =
DF D, H (k) =@ (k) e R*™.

JRI T R GE R R I AR

Y, (k) =Tx, (k) +4,(k) (15)
Ao n=[1, - 1 S ST

i,m; i,

Jm; C‘i,m,]T'

i,ﬁﬁ :[‘,A,T ERZM\]\xz\N,I ,;H\:FP ij-y,,,’ — [ll



1858 H, ¥

2 4R 2019 4

2.5 HARET RN
B (15) HO RO T 1 A St T e
yi(k) =Cxy (k) + (k) (16)
oy, (k) e R R R R A B, H oy, = 27, =
Dy e T e =0 e RV
FRWE N E P I7 %N F, = Ele(k) @l (k)] =
QP F, P07 HRRH 52, e R Ry

/ﬁ&%ﬁﬁﬁWJ%MWRﬂxmm={ ,
0, others
Hpne 1,2, [N|l,me{1,2,,2|N|};C e
RPN SR B R EGE M, B C, = .0, C,(j,m) =

1, m=2n

2, m=2i
{09 Others’/\':F‘JE% [ " l‘}’mE{ ) ’
| Ny 11

T C, Hxd T 45 45 S %, it (16)
RN
(k) =Cx, (k) +¢,(k) (17)
Apc=[C, - C, C.. ' FRENE
Hoi i, [L.C, e RN 3 €, = [0 2],
2.6 ST E MR eI T
GEAIRAS TR (17) | A543 A 2 400 15 W 4
(BA—X 45 4.CS,,S,) Ay fai)
x,(k)=Ax,(k-1) +w,(k) +b,
{y;(k) =Cux.(k) +¢,(k)

1 07 _
fttlﬂAi:[TO 1];0,;[0 2].
H1 T Rank (C;) =1 <2(x, (k) AERCH 2) , A REME
— i G BPIRES X, (k) 5 20 S LAG # T Aok
F| oy -
Y.(k) =Cux,(k) +¢,(k) =29,(k) +¢,(k) (19)
y.(k+1) :t'ixi(k"'l) +@,(k+1)
=[27, 2]x,(k) +C,{w,(k+1) +b,|
+o,(k+1) (20)
AT ME— R 2 kIR x, (K). =X (18) B REWR
DA B HLE p oy, -

C 0 2
B F Rank(p,,) =2, (18) XPARZS x, (k) 1 2 e

D, 6 3 22 500 9 52 G &R e, A5 B8 LI A ) R
Izz‘f;p;w(o) :

(18)

C, 0 2
CA, 27, %1 2

pulo) = . = . . (22)
CA’"' 27, % (0—-1) 2

AP o F7R BEMLIE i o 9 25 2.

HI T Rank (py, ) =2, BIVRE i A6, O A 52 i
P (o) BBR, REME— B 2 IR x, (k) (FF7E e/ 5
i) , e 2R I I A2 45 AR G AL RN P AR S L
E B Z IR G R G 58 200 A S .

3 BEMMMEXFRENN S HXRHES S

3.1 HEXEIESIRSUE RS A iE

Remark 1:[£] 2 1, FASIRE R O Y R G 1
SO ARFA I B IR A X BRAECIRZS (B, , 6, ) (RIRZS
[ EE R (1,0)) B shiEs , B9 s S A AR T A
YRR EIRRAS ) (B, (k) , 9, (k). RIXHMERIZ 3
YRR REAE T (B, (k) , 9, (k) ) BN i (B,,6,) 51 i
fR ey (MR A A S SRR ). el 2 0, B AR S YT
(S.,S,) FEXmE B ACHR T RS & x; (x;) AT KGR
Hx;=x;-x,(x; =x, —x;) , BHAWRK(9) Fr7n BYAH
KEF. (TEWB A, BB TY 1S, , S, ) (] AR X i
RS Ty e, 0 o, D7 )RR S, A5 T [ A1 s SARIR S
FRy 248 Xof e 0 e 5 o, Lo 57T H BT R0

P2 RIS R R A 1] ik 25 ]

TESE b SRR 20,95 15 S, 41 B 246 %5 B0 35 44 S,
Ty, RS, MDA S, 75 2 e 2, s
S, BN S, MR BRI B BB E R ) -
2" ARASK () FI(11) 75

‘yjnmkt _zukm‘
SIA,, X 4L~ H, x4y, | ()
=(;\ _Hi,m,) m+(§m,,i_v )

111111

, = Pim,
Ayl = =y A S (16) AN (17)
y,.f,;m"l = z'“" “X, t @, = t'i‘m, ‘Xt
3.2 &it4 %= Kalman Filtering
TE MMSE PEBEFE A5 T, £7 75 43 117 =X Re 0 I 4 300
AL



%09 W E AT R I (] 25 R AR B - BE LI PR UL 7% 20 B 1859

x,(k) =Ax,(k=1) +w, (k) +b,
{ (24)

yi(k) :éixi(k) +¢i(k)

I 0
b A= B R R, (k) =

[6(k) 78(k)]" Frmid FEMers i &, Vb iy 24 Q, (k)
=E[w.(k) ~w/(k)]5b,=[0 -7,]" FmiREHH
o i AR A5 1A L

I 3BT SCHER [ 20 ], XA - & 48 2k A f Kal-
man filtering , 7] 55 ¥ BRS04 2, Kalman filtering. 754K
ASHRFEIT  Jay F8 ¥ 2R G0 Y B DR 2 AN AR T T A
RS S H AN X MO T JR 8 5 ZR 8 1 0 Mg

BEXF WSN AR R s S (ie (1,2, N ) 141
Fi 2 Kalman filtering {0%83% 1.

Hix1l BXBESEVNFPRTEREE

L %R
2 BBl S B0 o B f A B 2 8000 o BE 3T £, (0 [0)
FIP.(010) 5
RIS L AR ) R 22 o7
A St BRI 9 A =0 % S 05 L B Y ]
TR
For k=1,2,--+,do
TRS, GABEA S, (my e N)) Wl B AcH , 479 o)

N=N fm,if fi,m}
LT | I

N O W

8 WHEA,, Q0 A, H,, L, (B Ry, (k);

9 AR

10 WS, Ry,
Yo =yt +amt -am

11 TS, Ay, S MRy
vt =y =

12 yo(k)y = [y oyl ey B AEA Y k]
(WY, (kY (k=1) =Y, [k-1].y,(k) =Y, [ k] 5
kAREM)

13 £ (kk=1) ,P,(k=1k-1),C,,K,(k)Fl ¢, (k) ;

14 F 4

15 TR

P (klk-1)=AP,(k-1]k-1)AT +Q,(k)
MK, (k) =P, (klk-1)CI [CP,(klk-1)C] +F, 1"
16 B
17 W, (e k) A0 Pk k) -
£ (k) =2,(kk-1) +K.(k)[y, (k) =C2,(k|k-1)]
{P,(k k) =[I-K,(k)C,1P,(k|k-1)
18 End For

{,\‘c,(lck—l) =A% (k-11]k-1) +b,

Remark 2:xf T3 (24) , 9550 S, RABJETT A S, (e
Him e N, je 11,2, [N FEAEXS I IR A5 1h] o 45
Ha(23) FE 2 B9 73 H7 , AR ) 23 (0] o4 R ok
SR RR S 1 e, R B S 2, Ck [k) BT Ly, (k)

-, (klk = 1) 550 1.
EIE1
y.(k) =y, (klk-1)
=iy, (k) —z,(k) | = {9, (klk-1) —z.(klk-1) |
(25)
Kby, =y =y e oyt 1y =
Ly eyt ey 1 = L

fiym} limy, | ]T
ik TRk

iEFR

Iy ) =2 ) b =130 (kR =1) =2 (kk=1) §

={(A,, -H,) x, (k) +(&, () -v, (k)
-{(A,,-H,) %, (klk-1)}

=1C,, ~x.(k) +e,, (k)| -1C

o R (kR =1) ]
=y (k) =3 (k [k =1)
(26)

KBS A5 A5 S, XA (26) AT HE R TR (25).

TESZPR B KAL) 25 h, B Remark 3 AJ 5% j 2
(15) v 2% 45 (9 il U0 4t 00 A6 70 ey 00 £ 6 4 1

Remark 3. 5% BMU, i3l y, =y, (k) -z, (k) f91&
AL P A5 00 7 A, A B 6 b 3 W) MMSE 45 47 75 4
[E

HAESLRI R Sy, =, (k) =z, (k) , R ATl
RS 1 145 B ) % OLAT 7 1 S, A
v B Ly =y sl -
Yoo =i =T+ TG - 2dy - D AESERR AL 5
Bod A eh XS, Wi w2 (k) fEAH, T 2" 2
BLF S, o I LAEE S, EHUE v SRR TS, % R
fml vl

FE—A[F) 25 JE 0 %) SR A SR 285 R 0, W R AT W) 25
I i T LR A58 B A5 (0, e 5 B { oy, ()
—z.(k) 40" =ty (klk=1) =z, (klk—1) |, BI5@ if
BWTTRE y, (k) —z,(k) —40” | (D7 %) 14508
g S (. B 2 A9 B R SEBLAN Y T B % SCik [ 6,
2117.

4 ZENEEZR%5-MMSE $8EEM IR
#1714  Kalman filtering 52 # ( Vector Kalman Fil-
tering Theorem ) ™' 25 £olR A 2, LA (12) A1 (14)
AT PERE. B GBALINT
x(k) =Ax(k-1) +w(k) +b
{ Z(k) =Gx(k) + (k)
H 2P B A [ @, SE P 20 (27) 31 (28) 4tk
AR A AR AR .

(27)



1860 H, ¥

2 4R 2019 4

{x(k):Ax(k—1)+w(k)+b (28)

Y(k) =Ix(k) +4(k)
A A =diag(A,, - A, A FORIRE RS, B

0 ,
1];b(k) e RV Fm R

BEEInE, Hb(k) =[b,", b, .b,"]" , Hrh b,
=[0 —7]";w(k) e RV Fo75 0 BEME 75 ) 4, Hoop
w, (k) =[8(k) TOS(k)]Tﬂw(k) =[w, " w, "
w1 RS R AP T 22 KR @ (k) e RV,
H Q(k) =diag(Q, (k) ,-+,Q,(k),,0,(k)),Hh
0,.(k)=E[w, (k) -w," (k) KA SH L. (ne {1,
2, ,N})

2(27) X7 (G Fi MMSE %[ P, (k |k - 1) I %5
K, (k) F1 MMSE i[5 P, (k1k) 73500 :

P,(klk=1) =AP,(k-1]k-1)A" +Q(k) (29)
K,(k)=P,(klk-1)G" [F, +GP,(k|k-1)G"]"'
(30)

P,(klk) =[I-K,(k)G]P,(klk-1)  (31)

3 (28) X pz A Tl MMSE J5 % Py (klk - 1) M55

K, (k) F1 MMSE 554 P, (k1 k) 53 5] H -
P,(klk-1)=AP,(k-11k-1)A" +Q(k) (32)
K,(k) =P, (klk-1)I" [F, +TP,(klk-1)I"]""
(33)
P,(klk) =[I-K,(k)IIP,(klk-1)  (34)

1w Kalman filtering 5 B A 6 &0 0 W =5 9 B O 2%
R B2 1) ELAAR 19 T 50 B, Ok b 3 1O e 0 A 7Y
{7538 .

PRSI rh  HOPR S T AR [, Fir DA HOIR 285 93
WAL Al E R 22 28 M A8 35 P) i MMSE 4 BE
P,(-1[-D)FP,(—1|-1)A%, W P, (k[k-1)F0
P,(klk-1)M% 4 T=d - G,F,=dF,d" ft AR
(33) Fx(34) H1
K,(k)=P,(klk-1)G'®'[DF_ "

+®GP,(k|k-1)G'®d" ]!
=P,(klk-1)G'®"(®") "'[F,
+GP,(k|lk-1)G"] '@
=K,(k)®™' (35)
P,(klk)=[I-K,(k)® '®GP,(k|k-1)
=[I1-K,(k)G]P,(k|k-1)
=P,(klk) (36)

HF P, (-1l -1) 8 P (-1]-1)4%, 0
P,(klk)®0 P, (kk) #0%:. ks P, (k|k) F1P,(k|k) R
i MMSE PERERIEAL 5 b7 , 2 (27 ) F1(28 ) £ MMSE
M H:RE S

- 1
A RV Hi A = [

To

5 (PREB ST

MSCHRL 1T 25 795 5 W 28 40 b b e = 2 A ) B
T 8 P Jra S AR GE (I Sy A 1 ANRBRRE AT S 5719 4
S 3 AABRE Y RL S, Sy HS, 1AL Sy AT S AR R
B8y 8580, Sis Ml S ), 3T 3 (24) ARZSAl T MMSE
FEVERR Y AT R B R P R S SR P (k [k
W (Te(P,)) PEH MMSE S PERE. Hobh M FOR 545 R
IR SRBCE AR 1

F1 HESH
S G HufE
RAE SR 7 0.1s
FEIR )5 2 o’ 0.05
BE AL SE X N~(0,0%)
B HLIN 4T v, N~(0,0%)
[i] 52 ) 42 d; [0.017,,0. 027, ]
MR Ty 2% Qi 2.7x1075
e R Ty 22 F M F, 267
A G 7Sy 22 F, 407
Tt 2% P,(010) 100 x [
B I S At Bo [0.9,1.1]
BRI B S 6o [-0.5,0.5]

B3 ANTR] 2 4 1 Bl A 400 T 1 5 580 H B3
(AR 3 AR T FPC 3 e B I B B 3 ), 19 LS,
(¥ Te(P,) R SEBR, Ui WA 396 22 BE VLI 8 X — i 22 5%
PETT S 22, DK 2B 5 Bt 08 1 K
ARSI, SO B2 e SRR, REAR R 1Y AL S, IR I 3
PERE.

10
. ——— MMSE neighbor node number: 1
10+ — MMSE neighbor node number: 3
) ——— MMSE neighbor node number: 5
10
10'}
~ 10
&
& 10°
10°}
10°}
10°

0 02 04 06 08 1 12 14 16 18 2
Step, k x10*
€3 45 RS I Tr(P,) (M=500)

P 4w [l — 0 28 4 D b i 00 5 2 5 B 1R e S
Ft CRLB H 5, 70 A 4 %] 5 I ) MMSE S50 1 RE fE
FISGASCRIE NS LA AL CRLB PEREIL Bt 5 1 I B

il
ik
i
KH AN TR], Bk B30 32 %0 WA [) B CRLB 32 0 1 fiE 141



%09 W E AT R I (] 25 R AR B - BE LI PR UL 7% 20 B 1861

HoA RS iR O, (k) A AL T 7, il
k,uﬂr‘ﬁ/ﬂﬁ (k) A RILALT T I7)

10'

-MMSE neighbor node number: 1
o —— CRLB neighbor node number: 1
107 ¢ -MMSE neighbor node number: 3
—— CRLB neighbor node number: 3
| -MMSE neighbor node number: 5
10 —— CRLB neighbor node number: 5
MMSE Network topology 25

02 04 06 08 1 12 14 16 18 2
Step, k x10*
El4  BFPRIRZS B A A (M=500)

6 #ig

ARSI AT T IR SR T (g Wy B e, 4 A St
1555 Ak B 45 F [ A5 ) 00 246 2 o) B9 WL AR A5 31 1
—EA TR A B AR X A ﬁﬂ%ﬁﬂ’ﬂi‘mtﬂ T REWL
P MMSE 25 (A2 4 (AR 25 A A 1000 J7 . MMSE 2528
i A A ARSI TR 0 PR O 2R T 28 ) I g 5
P SO s 5k 2 ) 1l 30 00 ) S92 P L0 8 K ik 5 ()
WSS , R R 2 1] e S5 S5 B 2 48 DAy RE LI 41 AR 28
P 7 R 4 B A e A R . B A T
TV T MMSE 20 P B2 F MURLAL 9 265 97 i, I X 2k
AR 4R R ST MMSE & ¥ B8 19 25 o PE#EAT T 3
TEUE5 075 FLIRE. X MUARE A6 Tl 35k 10 5 5, 4 B AR
G5 1) RS ST PR B AT 95 1 SRR A Tl A 6k I
PRV TDMA 5K it i ()R 38 s B ml S 400 17 7 45
SRR T I 9 7 BAT H A A T

S ik

[1] B Luo,Y C Wu. Distributed clock parameters tracking in
wireless sensor network[ J . IEEE Transactions on Wireless
Communications ,2013,12(12) 6464 —6475.

[2] S Ganeriwal ,R Kumar,M B Srivastava. Timing-sync proto-
col for sensor networks [ A]. Ian Akyildiz. Proceeding of
the 1st International Conference on Embedded Networked
Sensor Systems|[ C]. New York; ACM,2003. 138 — 149.

[3] J Elson, L Girod,D Estrin. Fine-grained network time syn-
chronization using reference broadcasts[J]. ACM SIGOPS
Operating Systems Review,2002,36( SI) ;147 - 163.

[4] M Miklés,K Branislav, G Simon, A Lédeczi. The flooding
time synchronization protocol[ A ]. Anish Arora. Proceeding
of the 2nd International Conference Embedded Networked
Sensor Systems|[ C]. New York; ACM,2004. 39 —49.

[5] Y C Wu, Q Chaudhari, E Serpedin. Clock synchronization

of wireless sensor networks [ J]. IEEE Signal Processing
Magazine ,2011,23(1) ;124 - 138.

[6] L Schenato, F Fiorentin. Average timesynch:a consensus-
based protocol for clock synchronization in wireless sensor
networks[ J|. Automatica,2011,47(9) :1878 —1886.

[7] J He,P Cheng,L Shi,J Chen,Y Sun. Time synchronization
in WSNs:a maximum-value-based consensus approach[ J].
IEEE Transactions Automatic Control, 2014, 59 (3) : 660
-675.

[8] E Garone, A Gasparri, F Lamonaca. Clock synchronization
protocol for wireless sensor networks with bounded com-
munication Delays[ J]. Automatica,2015,59(11) :60 —72.

[9] S Bolognani,R Carli,E Lovisari,S Zampieri. A randomized
linear algorithm for clock synchronization in multi-agent
systems[ J |. IEEE Transactions Automatic Control, 2016,
61(7).1711 - 1726.

[10] s, XBAH, 5 Bor. SETHE— e KB ICE AL 18

W] ) A [T ] IR ,2016,39(7) 1160 ~ 164.
JIN Yan-liang, DENG Wei, FANG Chang-li. Distributed
synchronization in large-scale wireless sensor networks u-
sing group consensus protocol [ J]. Electronic Measure-
ment Technology,2016,39(7) :160 - 164. (in Chinese)

[IL] BB, RS B, 2R EAL, 5. TOA AR I8 M 4 — B — 2L
PERFENEA [T ] o7 515 B4 ,2017,39(1) <51 - 57.
HUANG You-rui, CHEN Zhen-ping, LI De-quan, et al.
Second-order consensus time synchronization for wireless
sensor networks [ J ]. Journal of Electronic & Information
Technology,2017,39(1) :51 —57. (in Chinese)

[12] FBL 7600, FEBR R, 5. AT 5 WSN b [a] 45 19 2%

ek i F 5t MPC AL 2B [0 ] AR 2741 ,2017,38
(7):1798 - 1808.
WANG Ting, WAN Yang-suo, TANG Xiao-ming, et al.
Unreliable WSN clock synchronization networked output
feedback model predictive control quantitative analysis
[J]. Chinese Journal of Scientific Instrument, 2017, 38
(7):1798 - 1808. (in Chinese)

[13] Ffa, BRIS &, £ Hm WIA-PA Tk Jo2 A% k48 M 2%
B E PRV BE T[T ] M 72741, 2018,46 (1) 68 - 74.
WANG Heng, CHEN Peng-fei, WANG Ping. Determinis-
tic scheduling algorithms for WIA-PA industrial wireless
sensor networks [ J ]. Acta Electronica Sinica, 2018, 46
(1) :68 —74. (in Chinese)

[14] F 8, B, o DOIA, 45, Tl Wy 06K 00 i 5 P 0] 12 v
TDMA B iR Bt o (A B2 s Sl SEPE 0BT [0 ] AR AR
41 ,2018,39(6) ;232 —243.

WANG Ting, DUAN Si-jing, HUANG Qing-qing, et al.
Reliability analysis of time precision boundary for tight
slots of TDMA in deterministic scheduling of internet of

things[ J]. Chinese Journal of Scientific Instrument,2018,



1862 TR N VR 2019 4
39(6) :232 —243. (in Chinese) -17.
[15] Y Li,Y Pan,P Wang. Research and implementation of a [19] B Francis, O A Sebakhy, W M Wonham. Synthesis of

[16]

[17]

[18]

EEE T

mobility management mechanism for wireless sensor net-
works based on IEEE 802.15.4[ A]. C Causer. IEEE In-
ternational Conference on Cyber Technology in Automa-
tion[ C]. Kunming, China:IEEE,2011. 260 - 264.

H Wang, G Ge,J Chen,et al. A reliable routing protocol
based on deterministic schedule for wireless industrial net-
works[ A ]. Houssain Kettani. IEEE International Confer-
ence on Computer Science & Information Technology
[C]. Chengdu, China;IEEE,2010. 368 - 372.

T Wang,C Y Cai,D Guo,et al. Clock synchronization in
wireless sensor networks: a new model and analysis ap-
proach based on networked control perspective[ J]. Mathe-
matical Problems in Engineering,2014,2014(3) .1 - 19.
T Wang,D Guo,C Y Cai,et al. Clock synchronization in
wireless sensor networks ; analysis and design of error pre-
cision based on lossy networked control perspective[J].
Mathematical Problems in Engineering,2015,2015(2) : 1

£ OE 5,977 4 11 AT IIE
1. B PR L R 22 304 B SE T 8 W)
06 PO B35 197 Y L P 245 A o B 5 1 .

E-mail ; wangting@ cqupt. edu. cn

B HOERFEE) F,19944F10 A4
ERUE 37 SN N2y 7 R 1) S e
TERFSE I 1] kg B I B 5 I L ) 45 Ak 4 o
B 5 .

E-mail ;161301002 @ stu. cqupt. edu. cn

[20]

[21]

[22]

multivariable regulators ;the internal model principle[ J].
Applied Mathematics & Optimization, 1974, 1 (1) 64
- 86.
S Roshany-Yamchi, M Cychowski, R R Negenborn. Kal-
man filter-based distributed predictive control of large-
scale multi-rate systems: application to power networks
[J].IEEE Transactions on Control Systems Technology,
2013,21(1) .27 - 39.
S Ahmed, F Xiao, T W Chen. Asynchronous consensus-
based time synchronisation in wireless sensor networks u-
sing unreliable communication links[ J]. Control Theory
& Applications Iet,2014,8(12) ;1083 - 1090.
Steven M Kay. Fundamentals of Statistical Aignal Process-
ing Volume I ( Estimation Theory) and II ( Detection
Theory ) [ M]. Beijing ; Publishing House of Electronics In-
dustry ,2014. 307 -309.

FEBRSE U5, 1984 4R 10 A A T ) HE
FE. BT R MR A R 2 B 0. FE N FHE R 41l
PEtil 5 R G0 TN P ) B 5 O 9 S 5 1) Y
b HFIE TAE.

E-mail ; tangxm@ cqupt. edu. cn

BRI 55,1986 48 A A TEK. 3h
L RMRHL A B 2. FBEWPR 7 1)y Ikl
JEAS 2 ] ) 2 SR R 2l
E-mail ; gingq. huang@ gmail. com



