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Abstract

In our life, time follows us wherever we go. All time-related applications require a
timing mechanism. A fairly accurate clock can be used as a time scale. It’s like a ruler,
by comparison, we can obtain the relative time difference between it and any other
clock. In this paper , we use a set of clocks to generate a virtual composite clock, and set
this composite clock as a time scale for timing.

Precision Time Protocol (PTP) is defined in the IEEE 1588 Standard. It applies to a
local-area network system for real-time time synchronization between two nodes. The
time servo is the heart of PTP. Through calculation , we can get the time offsets between
the slave clocks and the master clock from the timestamp data, which is obtained by
message exchanging over the network. Furthermore, we can use these offset data as the
input of the controller to adjust the slave clock frequency such that the frequency of the
slave clocks and that of the master clock are the same.

In this paper, the Precision Time Protocol daemon (PTPd) is used to measure the
time offsets between the master clock and each slave clock over a network we
established. Then we utilize the Kalman filter to estimate the time offset of each slave
clock and generate the composite time scale. Within a four-node network, Modified
Allan Deviation is used to analyze the frequency stability of each clock node and the
composite time scale. Also, we simulate the time-synchronization behavior between
each clock node and the composite time scale. We find that the reliability and long-term
frequency stability of the composite time scale is superior to those of any individual

clock in the ensemble.

Keywords: Kalman Filter, Precision Time Protocol, Time Synchronization
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V(1) =V, sin(27 fyt) (2.1)

He Voidrty  fo » FFEEIRFC4E 5 (Nominal Frequency) o #+2.1)3% :2 B &

V(1) =V, sin(27 fohy (1)) (2.2)



hy(t) =t (2.8)
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WELRIFE fp it § S PR TR T R SR P AT £ 7 5
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FF R R E o BEEQHN R T

1

mnzﬁd‘f¢m (2.6)

0

Fd (23)3° > FAL R S
h(t) = hy(t) + x(1) (2.7)

d QD7 Fad Eh(t): ZEF&ER E h(H)E - - KA E (Time
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1
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gz e d MR ATRADEEL L PIE L B G QAN A T A IR
B oe(t)ehRn s > w3 ¥ ZukAp 3 o(t) #rid & B g o

5



Jdp & g g o 2 AT R (24)50 R G

V(t)=(Vy+&(1))sin(6(1)) (2.9)
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Vi(t) =V, sin(27 fot + ¢,)

(2.15)

(2.16)

R g3 g h AR HBE o 4o Bl 210 o B RE S E AT OO R

B s et F 2 4%(Positive Zero Crossing)FF [ > @ Jp| 18 p¥ ¥ B §E(Time Interval) At

B 21 SpFrmlz il L e p

AGERAGELE EE S T

__ 9
fy=——"—
27 fo
z
fo+ At =——22
27 £,

(2.17)

(2.18)



5 0B RE o J(2.8)50 T AT

@
= 2.19
i 27 fy ( )
%
%)
= 2.20
* 27T fy ( )

#(2.18)58 B 2 (2.17)5% » ¥ #(2.19)-(2.20)78 *~ » » ¥ @ R B
At =x,—x, (2.21)

WERRRT > F L) BOGRRS)FEQO67)E A N B2 Fa

Haephagd B E 0 S PSR P £ & (Clock Difference) T 5 2

x; (1) =h(t) = h;(1), i,j=12,..N (2.22)
dQR7 R A

x; (1) = x:(t) — x;(¢) (2.23)

FIpb 0 (2.23)58 7 2 PR A B xg ()T 5 (2.21)58 “rit 2 pEAY R BE AL o

2.1.2 Présenghk i B AR50

\\\ﬁy

TP 2 PR R TR AT AN 2T EEFLIRT 248

(Time Reference)ip| & #RIPF4aAp $>03% 44 PFrégz 4p = o B3R %4 a2 g

| R PEAB 2. SR 0 P FRIPFABAR T S PRAB 2 AP 1 x(E) 5 [3]

L 90
x(t)=x,+ y0t+ 5 04 27l'fn0m (2.24)



Xo ¢ BRIPEERAD HT S PREE 2 A7 A dp 1
Yo o FRIPFARARFT S PRAR 2 A7 A A BOE
do : FR|FE&82 4~ 4o 5 BAS £ (Frequency Drift)
G(t) * FpIPF&2 T 4P = i £ (Random Phase Deviation)

from * 5% PEAB 2 RFAE

d 2258 s 2 AT @ERF&E K S AR 0 H S - S84 2 42(Random

Differential Equation)

dX(1)
dt

=FX(1)+E(t) (2.25)

H ¥ & st (System Matrix) F 3

(2.26)

]
Il

o o ©

o o =

o ~ ©

X(t) 5 & A& w & (State Vector)

x(1)
X(0)=| y() (2.27)
d(t)

30

e RE FZBAE x(0) 8 y(e) ANl b BRI 2 B qp s A

BAE S > dO)P] 5 FRIFEZ IS E - i bk i s
Xo
Xy =X(1) =| Yo (2.28)
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&)
&) =&
&(1)

(2 A29.)

% — v ¢ F BT 3  (White Gaussian Noise) » & °» % ¢ & =~ % dhp 0 M

(Autocorrelation) & #c 5

i ()= E[& ()& ()] =qo(t—1), k=123

d§(230)58 7 4 E(E) o B BIE 4

r.(t,,1,) = E[E(t)E" (1,)]1=Q(t —1,)

9 Q sHhEd

g 0 O
Q =0 q> 0
0 0 g

EHQ25) kfz > 7 @
X (1) = ®(t - 1,)X (1) + j Ot —1)(7)dr

—,‘Elt‘:‘ toé%"’“ﬁ‘f—'ﬁ%ﬁ:& ’__E'

—_
~

D()=¢" = I+Ft+%F2t2 =0

— = T

% sk Rt 4 #% 25 L (State Transition Matrix) o #-(2.33);% g4c it » ¥ 1%

X(tn) = ¢(Z-())X(tnfl) + n(tnfl)

(2.30)

(2.31)

(2.32)

(2.33)

(2.34)

(2.35)

H P 1y% P~ % ¥ (Sampling Period) » B B2~ ¢, 2 5 t, =nty 0 % ¢
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n=012..-a
() = [ @ —1)E (2.36)

L — B 2TYE % % #ic(Gaussian Random Variable)w £ » H 159 5 2 ¥ & % B #icdp'd

(Covariance Matrix) &

C, = El(M(t,-1) — EM(t,-)D(M(E,1) — EM(t, )] ] (2.37)

- j (1, - 1)Q®’ (1, —1)dt’ (2.38)

E-dd (2.34)58 1~ (2.38)5% > ¥ #[4]

q\Ty + 1%73 +L%TS l%702 + 1%73 1%73
3 20 2 8 6"
Co=| Lam+ign  entian ~om (2.39)
2 8 3 27
1 3 1 2
I quTO E%To 937 |

22 SRR BF

FRL LRI RE RS 0 AR s ¥ 5T <3

[S¥)

cff’

23 s > 2wl s v ¢ 4P (White Phase Modulation, WPM) ~ F° %23 4p 3¢
2 (Flicker Phase Modulation, FPM) ~ & ¢ 4 #f 323 (White Frequency Modulation,
WEM) ~ P #5624 45 %2 21 (Flicker Frequency Modulation, FFM) 12 2 g #8578 3% 23 47 5230
(Random-Walk Frequency Modulation, RWFM) -

SEIUBEIE S AEARIUEL o 9B SR 1 R o 5 4 % & (Power

Spectral Density) T £ _fe2 chgFjicz. - » 2 A F ;ﬁ RS e sE ] o it

A2 fe > B FHER AL RS f a2 0 T P (f) o« fT

v Bt §oS s Bl s (Power-Law Noise)[2] ) # ¢ ok =t Rldpdice T A
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&AL Bk D e R o

SR L a

v ¢ 4P Fei (WPM) 2
P2t 4p Fe s (FPM) 1

v ¢ 247 e (WEM) 0
P2 4F e (FFM) -1
LR 2 S (RWEM) -2

221 papAlRes R plapdc

-~

EREMDA R P U K EEHF FOH FRFTRE A ad LA

H 2

%@

WA 2 e R R R R LR IEN) N L A

221 © 4z
v ¢ 2220 (White Noise) % e 8 3 7 # I B A 5 B2 ¥ B2 TP EL

B REIS B AR[S] > R
Pwhite(f)ZPO (2'40)

P AAFE B S E AR o o] 220 d SN HAFH F Aok 0 ko H hd 977
#pd hH ¢ k3B R E A A > fE2 G0 d M S ARE B > s A E G T2
FEF G G F fegn e

vodiemon(t) LS BAR I

. 2&EEHZELZ0:
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E[n()]=0 (2.41)

2. H pApRE S#ci - Dirac delta Sk -

1 (1) = E[n()n(t = 7)] = 6(7) (2.42)

0
-5
-10

Intensity (dB)

100 1000 10000
Frequency (Hz)

Bl 22 v ez FaEH R R6]

222 e

pe i se2a (Flicker Noise) 5 — % 23 > d T3 Hplir a4 2 % > H 2

»}; ¥ _3%‘;%%&2@;};?‘3;\.; Woend g >

1
Pﬂicker(f)ch (243)

B CUE RN 0 2L -3dB/Octave g% E R 0 4o B 2.3 -
d AR s S FRRLRI T ARPR > R FUAREL B 2N

(Pink Noise) °
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e —

Intensity (dB)

100 1000 10000
Frequency (Hz)

B 2.3 Pz B SR R [6]

223 Ao R
ST % 9 2230 (Random-Walk Noise) 5 — # FH#F ¢ % R S 5 T 2 20 F Wb 2 B¢
WL S A > T

1

Random—walk (f) o< f2

(2.44)

PLIUBLAE F AR 5 4r & —6dB/Octave % 5 0 4-B] 2.4 -

FlO BRI T i i 44 F W 3 6 (Brownian Motion)i# {7 if B 2 (8 1 fej BE L
# % 523 (Brown Noise)fLz. o F] F it 2. FE ez it vt 1/f> H 420 1/f221 1/f02
Bomfia ™ A3ied a § 2B @iuppd &7 LA AL T d 2231 (Red

Noise) °
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Brown Noise

Intensity (dB)

100 1000 10000
Frequency (Hz)

B 2.4 TSR H fe 2 FOE R R [6]

23 EFHREA

dw- §nfig o AV REZpfemas SHEFRRAT AT 5

P(f)=kef" (2.45)

# ¢ ky, 5 vt &) ¥ #c(Proportional Constant) #-(2.45)5% % L5 1§ /18358 k& 5

-

i

log P,(f)=logk, +log f (2.46)

- LR PF&EB L Rp it T P o H 8 Ba 4 (Piecewise-Linear)
15 FATH AR 2.2 Hfm o B AT ﬁdﬁkﬁﬁm%mﬁ U AL Sk R B R
SR AD T M FHEHT R TR AR 2 T E N RAZ BN TR o
Rd oo AR R 2 A A 472 Fﬁﬂiﬁ'lﬂ" F L REN SRS TR E TR
pe 2y § AN T 6 i £ (Allan Deviation) » 4ot — k¥ {1 BRI E PR L E

BT @ AR RRIENAE R 2 F o
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logP,

v

log f
B 2.5 PE4&EFEIZ 5 RS SOAE

231 #HREmHL

»L

AR R R EFEFE O - Bk g  WIRIAELSBFFEY
PR RREF L AT AR S T E R RS R AR 0 PR T

BRAXE o F 45 % &8 i £ (Standard Deviation) & % & PF4g g F £ T R - P8 £

o(t) = El(y(t) - E[y(1)])’] (2.47)

B 5o PR S E O RE

Ko oo E&RALe 7O PR BN SI S > HER
6o T ERRFICORE[T]

b4 o) I HF L P L
A R R BB ERR AL R o R BB

PR AR ERAL AL

232 T iGHAE
W E PR appa 3 o R LA € AT o & FIRFAE N SR fe
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A NEE PR AR T e RS R PAT Y F AHT R SRR 0 L

A$F* 27 15 % A (Allan Deviation, ADEV) i® ;i & itk o L ik i EQ sl

1y - o
awn=J5«yu+w—yu»> (2.48)

H ¥ 1>0% ~ 17 (Analysis Period) » 2% - 437 f£-T 355 F (Averaging Time) > 2

5 PRI Tt (L7 T=mrg) o S8 5 (+) & & BT 5 (Time Average)

2 1Tz _ 2
(Fu+D =50y )=lm_ [ Fe+ro-F@rd  (2.49)
yO) & A B F y(O)nTiaE > H ek G
1 ¢rte .,
y=—] "yt (2.50)
Tt

B (2.14)5%0 ¢ Ap i x () & A HOlE 5 y(0) PR 1~ (248)58 2 (2.50)50 - ¥ 1

GAT%:JJTQxU+2ﬁ—2x0+r}+ﬂ0f> (2.51)
27

sA 2 B + = v
AT FIRT oV AT A

1
GKQ_JXM’z)

Ao M5 TIopift p B A E TR Al T 2 AT SR I FIAR Y

Z [Xi2 = 2% + %1

R P2 MR E DT e TR T 2 R A SRR -
he22 EOTERA AR S ¢ 70 T Al e BRHAT R LG

WA THERAEE G T T AR R Bl

0,(7) =k, 7"

Hoe kg 50 6% Boo BQ253);V E 53 F AN k&7

17
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logo,(7) =logk, + plogt (2.54)

Yo 2.6 47 0 S YRR E BRI RRAZTRRAT - B S
BA BT u2Z b G422 FIR BELGRHA £ 47 I ERATERID

PRET S P2 AP e OIS 0 B RN A TR AT SRR -

log oy

v

e A i u
v 4 4R (WPM) -1
P2 Ap Rt (FPM) -1
v ¢ 2 4F e (WEM) -0.5
P2 A e st (FFM) 0
ST R 34 f2 2 (RWEM) 0.5

%22 FERAEE LG A 2 HEA S G

18



P AR R S A B R R W AR 08 R 4 R
BT o T H M 3 dos o F Ao AP F B & ficdt R+ 3R I B (Hydrogen Maser
Oscillator) & § @ £ T & G L LW TIOPFRETA L2 B FHEF P r e
TR F R £ F LR T F(Crystal Oscillator, Xtal Oscillator)#-¢ £ 7 45 e

E B T PN (N 1D 100 )2 )0 EEAREF 3 Beh R o

107
Cheap Xtal
10°
9
107
10 10 l 1 IGPS«Cheap Xtal Good Xtal
/
I 1 |
0'2 10" | ! e
y | lcps.cond Xtal== "y 1 L
X r/
10 12 " GPS+Rubidium e Rubidium
e }i-t'-\m l
N i, i Normal Cs
10 13 re
-1 ~
High Performance bl
14| Cs -
10
H-Maser
10
. 1 Min 1 Hr 1 Da 1 week
10" 1 I " i 1

0.01 0.1 1.0 10 100 1000 10* 109 10°

Average Time T (s)
B 2.7 LiEpFsB2 4F 4R R (8]
233 BrALiGHL
dB26% 2227 WL GRAY 0 ¢ AARRNE FEA RIS

PR T R HHA S S TAR  GEE PR PR A o 51 2 RS F i

S 2 AT Y A I 4 ik £ (Modified Allan Deviation, MDEV) i® 4 &1

W AR TR ot 0 AT [2]

2
1 M-3m+1 | j+m—1
MOdO' T = )CH_ m—2x,~+m+xi 2.55

O\t (M —3m D) ,ZI: {Z}[ ’ ]} (2:3%)
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He omi— Fl A& THER T a5 ED 102 Bk
FHEFARFSRAL WP B ALGRL > VEREFP L BHL 0 £

Tk R
Mod & ,(7) = kyaot" (2.56)

H AR o o] 2.7 fTom 0 BT R

Rl

P (2.54)5% > -3 & A1 37 15 % £ Mod oy, ¥

S

FAAIRN IR PAFHE R HA R B AN 2 B h73 4 23

5]

log Mod oy

>
Cdd

Fe A% w
¢ 3 4p 302l (WPM) 1.5

PR 44 49 #2.31 (FPM) -1
b 4 234 322 (WFM) 0.5

R 434 47 $2.31 (FRM) 0

SE I 3 47 3231 (RWEM) 0.5

%23 A& r AL s A 2 SHiA M
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dB27% A23P KV oot B0 A6 AL kA TP aE AR TR P
KPP RE FA NG I AARRRE PR e T RO - Ft 2 1 A LS

A & IFEGF S P F % R SRR DL Rk o

24 EXAPFFCRDORIE

d - ks s A2 PR RALL & 2 PR ¢ & (Composite Time Scale)s &
& P & & (Ensemble Time Scale) > H# 7 % — & = P4 (Composite Clock) @ 4p >t
HepE-prps D REEEIFEIRZ BEL Y AFGFE LN G FE
RGO RT B g @ired NBRETAEL 2 LT R Te(1)

PR3- 3 RN ||

N
Te(t) =Y w; (Ol (1) = h;(1)] (2.57)
j=1
Ao () 5 st @ (OB RIE > wi(t) s 2p B iEL - d 2 T(D 5
- A BT e P H L - BRI IT RS 4R o

TG Rl AR R B IR B PR AR K B Pl R S

hi(1) = ho(t) + %;(t) (2.58)

)

B R(t)smés j 2 Gpldpim o pbob o AR B 5 - B2 e\ ie

\

L G E PR B s B

ﬁ:wj(t)=l (2.59)

3

Hep LEHEORE GIRERE S G FFIER - AT FEEL Ty
5 ¥t b = (Statistically Independent)p¥ - f# & (hdic § &2 prés2 A~ Boif 5 h% B #ic
Fwo blar i GREBS v L ¥ BB RWEPFEL T 222G s EdiEd

8V 45 % #1-5 ¥ 2 232 (Gaussian-Markov Theorem)d & = pF 45k fE ek % B
21



BELREE 2 -
BT % (2.58)7 2 R(O) ™ ~ (2575 > 2 AT F DD LA it A &2
AR TR A
v
7&»=Z¥wnuxﬂ—@an (2.60)
i EEN I FEpEIE RS P EZEPCTTRZER) E AR ES
WRRITIE B L P B L & RQSHAH D 0 BEA LRI H
BN E - PRI AR AR x (t) 0 T
N
n«o—@a)=z;wunago—xxn] (2.61)
B xp (D) 4e(2.23)N T EH 0 5 A FAF PR L o d 261N T o FEEN &
PreBip g I BT AP RZ R AR 2 A RZEE N BEEAL - B
L EEE NS AR R T(0) RSB N-1 BRI PR LR § 5

i G F e ) LEsE LR B2 R L o

2.5 IEEE 1588 # %

EERRFHZRAORT VT %L LR B (Wide-Area) 3 ¥ & 1+ (Local-Area) &
o AR EMEEY ¢ 40T 4 K E >3k "k ¥ (Global Positioning System, GPS)
£ R RS T A PRAREE Y 0 AR D e
FEERES A RBEEY AR HRZOFFRE P B R TR LR
PRI Ze - By Bl Ay RERA > 2 FEsgl (TR PP RE o

P e eit(nternet) ? B G B L@ chpE R e b BL RS REPE R EL 2

(Network Time Protocol, NTP) - NTP i d # K Delaware ~ # =h¥%c3#2 David L. Mills

31985 E A Al o R R T B R L aﬂﬁ-z‘.h,f*gd v PIREE R GRa R
s o BHAEATEENER9] LFRAEIE  THEEDETE S H
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FER © @i % RGF S AT® Y 2 3 o 5t > IEEE 1588 $R[10]* 2002 & f& @
IEEE %4 f € 240 F > $ ST R HiEE o A R0 E 7 3 2 B
I ¥ AL & M FE P $L 2 (Precision Time Protocol, PTP) » i & p &35

L PHE*AWEFNEE > EF{HmRLFY

2. PERY MR A i =X Hicd) (Sub-Microsecond, ™ Tr<1076) & &

3. %% & i (Local-Area Network, LAN)® 2 P | #

4. 3% ERiEiE(Multicast) » ¥ 7 *U3t 2 & 4 gt (Ethernet)

5. A3 F AR TR PP

2.5.1  #rEpE s 2 (PTP)

Ap >t NTP 6% = =3 — B PR B (Client-Server) PR 7% » PTP 3t % 38 e i & g2L2_ [
& 2 1 jGY (Master-Slave) 7% -4 % > H %18 T & 2 & i3 1 P48 (Best Master Clock,
BMO)i# & i2 m k% & &2z 2 jE R oo Repeg ¥ LRIV LR PTP L2 Pigs >

TG S BREREE L SR PR 4B 2.8 47T e

Boundary

@ Slaves
sk .
Grandmaster Node 2 | |
Y - @ Node 4
e : -
M Master S | @

S Slaves

B 2.9 PTP2 3 &5 % 47 L B

Tkt R AT S ELPEAE I ) 2 P OHRAE 5 19 PF 48 (Grandmaster Clock) » H i ¥

B} BB AMER ARG MR o FIPTP 2 p 5 2R A Mp) B2 kAR >
23



RELY OV A 4 Boicf) u B3R o2 4 B (Switch) 2 B d E (Router) /X i J P 45
(Boundary Clock)®~ o i# & pF4s 2 PTP i p¥4%(Master Clock) % H j& p% 48 (Slave
Clock)* # =82 e > B § 5 e % B Vi PF&de v 18
Y PFECE T RER TSP FERERFA AL T FILFE LT o
4o®] 2.8 #Tor 2 48 0 3 PTP A GV 5™ » & % 3(Node 3) ~ & gk 4(Node 4)
% & 8L 5(Node 5)4r2713pF4s & 8L I(Node 1) ¥ » R Fe 20 4 87 2 4530 16 & 8
2(Node 2)» @ &4 & 8.2 2 i@ s L K@ a i s s 1k 0 £
AP E BB K FAESEE3 84 FEES B o Tt o Rl F - iEid G
BRI ES B B PESE ¥ Sync L3S L Sd B

BIUPEAL e R o

252 HEEFERSITZRHRIE

PTP 2 P24 » B EREN LD @ aFdz BfpmFa .

HRE4oR 2.9 #1oF
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Master Clock Time Slave Clock Time

t Sync message :E;a_aI_ | 1|
I Slave Clock |
[ |
| I
S e Lt |
Follow_Up message | [
containing value of ¢ [

1 I
| I
[ I
| I
| t, |
[ I
N. | SSsEGEgg e — ——eese 128 3 |
Delay_Reqg message 3| preta |
| I
| I
[ I
2 [ [
Delay_Resp message | :
containing value of ¢, : |
[ I
[ I
ettt |
time | FEE :

I

\ v - -

210 PTP 2 3 L2 P 3 247 & B[11]

PTP 3t 4 R $& 2 i fgde™ .

I Ap&EsRFE Syncit L2y B HE KFaas, ¥ GEmi 4 ps
FRzet; » BN AR H ML L e & g ) chpE T o

2. JEPFAS S BRAR T T A PFAS & BRATH ¥ 20 Sync Ao TRl F T AL PR
Pzt » B4 Sync i 43K PFAR S BL2 JRCPER o PP PR E BL2 P
(R tom °

3. A& REPFT Rt T Follow_Up st 4@ » & @3 L phes &
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JEPFAE & B3 i¥ Delay_Req#t 4 3 A P4 g 3 B3P g 4 PRty
# % % Delay_Req 3 43 fré & BEA73% D epf o JLpFa PrdB2 R G
tam °

A S BRI o] KP4 LY 1% 2. Delay_Req 34 0 TN 2§ T A
4R Rt 0 H &4 Delay_Req it 430 Fda & 2h2 e iy o

A AR & BEAPERY Bis t, Ti3s 49 Delay_Resp 3t 4 ¢ 3 aH @ ix 3

ERRETALDUHLE KBS HT R e BREFREL 6~ 3 &

ty 3R B ARHE A B S B2 A (R TR RS E) R L B2 R

FATEIESYyncRA L p AFESEE T NS BRI PR ERILER

MS _ difference =t, — t, (2.62)
@ Delay_Req 3 &> /i fréa & ghi¥ ) 1 3 pFaa S BER X 2 PRV R R A B R 5
SM _difference =t, — t; (2.63)
IFSE RN KA SRT FOET RS E L
offset = tiae = byasier (2.64)

ho R AEESynciU L p A PEE S ERE I T AR A S B R T 2 Bt

MS _delay =t,, — 1 (2.65)

Delay_Req 3% & o 4 P45 & B4 1% 3 3 PF&R & BB JCH T i el fiy st 8 &

26



SM _delay =t, — t, (2.66)

Flpt oo %%’d (2.64)-(2.66)5% » & A ¥ #{2.62)5% % (2.63)5" &~ BB 5
MS _difference =t, — t,,, + th,, — 1
= offset + MS _delay (2.67)
SM _difference = t, — ts,, + t3,, — t3

= —offset + SM _delay (2.68)

@

(R

offset = %[(MS _difference — SM _ difference) — (MS _delay — SM _delay)] (2.69)

MS _delay + SM _delay = MS _ difference + SM _difference  (2.70)

(269 %2 270)% 8¢ > o2 70 A B e g P E (MS_difference %

SM_difference)¥? = T A ‘#c(offset ~ MS_delay 3 SM_delay) » F|#* & & 3¢ ¢t e & i)

N

e

E-

2R R KRR & PTP 227 > 3 4 MBSk 1 4B & B

@

PReD & BR2 LG R BT S HHAE 0 T AR I i Ap b [10] 0 Ft

MS _delay = SM _delay = one _way _delay (2.71)

offset = %(MS _difference — SM _ difference)

27



1
=E[(lz—l‘1)—(l‘4—l3)] (22)
R A ERE 20 B A2 1@ vE 4 V2 (One-Way Delay)
one _way _delay = %(MS _difference + SM _difference) (2.73)

R A BR A A BE Y 1 PR W B T L gk - 50 i PTP
PR E RS RREIRESBER S c B N 2 AT S S

TPEARAT K > 2h FIA BT FREH -

253 AP ¥ 54 N (PTPA)

S FE PR 2% P42 3¢ (Precision Time Protocol daemon, PTPd) 32 — B 2% J 4
7% > d George Neville-Neil % % 4 B3 4 B3 » B & e Tﬁ.&r%} 2.10 - PTPd
& 5 IEEE 1588 2 R4F » # AP B2 PTP R » R A UAHA 4 B[
Bio(dz 2 PR R Gt priiad? k" K (Application Layer)m 2432 {8 ¢ 2
7 48 & (Physical Layer) & # )> ® #* Linux i 5iyio 2 §idpF4a o i§ ¢ 4ot > PTPd

EEGE Y L B BT S S NI RN R S

PEaE[12] -
BMC
Algorithm
Protocol Engine
Msg

= Packer Timers
?:IE Net Clock
b Layer Servo

Time Kernel

Stamp e

B 2.11 PTPd R 485 2. & bL2E > HEI[12]
28



+ B *® > Protocol Engine 3 PTP % » #ra &2 & TR 48 > * g a P

G a2 kg % #5175 BMC Algorithm 5 5 3 3 P4 82 » 7BV %ﬁd
PTP Prgeniizt Tl » A T R b el ? PFa2 My » Ti8- H AT 5M4E2 0

JE5K 85 5 Clock Servo & 335 4 € & 82 R Y i # £ (Offset-from-Master)£? (@ ﬁ%lhi &
PR E A HE g e B0 Linux 4k S9rdk 2 adjtimex()4p 4 FEPE &S 2 AR
F o E PR R 20 F I Message Packer @*} i IEEE 1588 2. AL e - #-F
A8~ PTP 3 & & d PTP 3 & B~d1 5 Network Layer § # PTP p¥4a & BERF 2 1@ 41

23

“)&

SRl ede 41t 5 Time Stamp % 4% 7 3 L3 F BLea i X BT ER > B a
MO K E e RS E 2 H A2 @084 2 Timer 3% % 7 Protocol Engine 4 f%
¥ B et P B g |3k B 4 ehds 1 5 4o Sync ; Start-up 3K T A2 e AR D @

#2538 B 4038 7 5 Kernel B] 5 Linux (7% % 3% -

master-to-slave offset from
delay master
- - LP FIR
ane-way +
delay
slave-to-master tick rate
PTPd delay Pl adjustment
LP IR controller Kernel
interval + FLL

R 2.12 PTPd 2 pdd B PR 7E = S FI[12]

it 2. PTPd % %2 B9 » £ 1 pF4s @ PR(Clock Servo) & & & 2. — & >
WA B 4o B 211 97 o PTPd 2 P4 @ IR * o bl ff A 2 4] %
(Proportional-Integral Controller, PI Controller) & # ¥y #|305L% 34 452 4 5 >

AL EAT N ER L LR SR NEY EE DS & & SN

e

’

=)

QﬁmwUﬁ%i&ﬁﬁ?i%?%@ﬁio#@ﬁ@ﬁﬁ%T:
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L7

offset[n]

R

dﬂﬁﬁﬂzcﬁﬁﬂn—1}+gﬁ%?gd
HA 4B 5
drift[0]1=0
PLIp#I @iy i PP 22 £ 3
adﬂn}z—(gﬁ%zgd+whﬁﬂni

He g, iR AL 100 @ a FER E 5 1000 o

30
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ERERY O RAREOIERZ A E S Z 0+ & Jgid B (Kalman filter)
- B2 Frechi & c HAGPHERY > g FMeELd - * UG L R <
B i® o PR AR o T Rl BRI PR ARAR $OT S B2 AP i 0 R RO R F

BlPE&ais BB R AP IFRIERT > A R H B FRZ FT & -

3.1 +EERAE
3.1 FREERAEBZFY RIEEFE N
TR RAER- B wE ﬁ%d&ﬂ?%iﬂ?%’ﬁﬂ%ﬂﬂﬁ

Foepk §E o ot LK A5 (Estimated State) & F 22 ar Fe2n B R R B G F o A g

[13] - Hi% % m@4c@ 3.1 L 84 273 BIFE > 2N E R

‘-\w

T(Measurement

Update) 2 p= i  #7(Time Update) - & ip| { #7F¢ -F)&;fﬁ d 5w R g R z(t,) 0 K
PR Bty SRR AR A Rty y) U AT 2 3] AR S )
f.g’.._}?(tnltn) p_t},a&{ TRE B H ik PRk S A "\”\Pél‘ '3"f:‘f‘t’rﬂ&’\»htnT 43R

AT - PR B2 SRR G R(Ey4atn) o

' Measurement ,
| Update :
? :

z(tn-1) .____Z(tn) z(tn+1)

R(tn-1ltn-1) R(tultn—1) | KUEnltn) — R(tpialtn) e < .
| | | > Time
ln—1 tn ln+1

W31 *EE AR T FE A
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WU E Y MR R 2 BELY AW R & o - Bk S 5 A2 (T

Fiv o FE 135 (2.35) 70 2 3 A5l

X(tn) = (I)(TO)X(tn—l) + 1](l‘n—l) (3 3 1 )

He kbt xi- Nxlzw® ®()s NxNzZ@EBEL > ni- Nx1

2 RATEW R B BB L FE LR BRELL Q=E[MT] - 2t B2

## 7% (Measurement Equation)
z(1,) = Hx(t,) + v(t,) (3.2)

ﬁéZ§—LX11§§E'J ’ﬂﬂLXNLE/FJ"F'Ki vilxlz &Rz s N

lt“’\ﬂ

b N

=k

P2 AZ YR RTINS B EiF 2R ELLI R -
FE R R Rty [ty Bt B R 2 B B APER L A

FEEL s T — pEF BL2 FE P Ak (Predicted State) &

ﬁ(tn l tnfl) = (I)ﬁ(tnfl I tnfl) (3 . 3)

Ci{ (tn l l’nfl) = (I)Cf( (l’nfl I l’nfl)q)T + Q

R R A BT - Rk G, PR~ BRI AT

Rz §Re R z(t)F RALEES o A WP Bz Bk i

i(tn l tn) = [I - K(tn )?[]i(til | tnfl) + K(tn )z(tn) (3 . 5)

ErgEgEL

Ci(til ltil)z[I_K(tn)ﬂ]Ci(tn Il’nfl) (3’6)
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HP K(t,) =+ & # F 4= (Kalman Gain Matrix)

K(t,)=Ci(t, 11, )H [HC, (1, 11, )H +R]" (3.7)

3.1.2 YRR RT 2 ')

BEARE Y TR RAET G GRIFAERL > BHMN R EFL I - BT
o A& EwE[l]
I 9 FARNEF 2T L2 PEEA UG ok SRR R

Bl o Tt > FHEE R R B2 R B R PR o BIUE R UK

2. MFEERT &Y EF ARV HKIR bl4odp B (Phase Jump) > #
PR 2 25 B AR R B  P R RIREF T AR R
IR B RN O TR T TR B SE XA TG RE

3. MFREERAENTEAZ & AFR R R R (Real-Time)i& 7 pF> ¥ i § FIHE
BMER 2 TR0 2P p 2 pibs > PR EF AP p FEFL BT 750

B -

Ty

4. FAER AN 5 BRle E z(t,) 2 BAE P BEPF > i A G RDK

m

\rn

P 48

W

%f" %‘/{71‘4 ;"s ./L;;P_é;,’t\ E Pljré, i‘:g&zgi%%;{

G2 X RPHELEERA AR E > R EF L R B2 RRIZE#HE R

FF R o

3.2 HAEFFR TSRS T 22T RER

]

321 FEE LABRRB

AR R IBEBFRACR 32977 o 2 AP FEZ - REF PR MEF PTPd

s
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PlE B PEAE S B2 AR R BB - R 3 B(Switch)if dx e B & BL

BEEBEY L TELMETE L eI A G EDETA L2 FEGELR
27 F P A pEAEEELL — 5 Asus FOS £ 2| T R K PEAB S BER] 5 A 5 Asus F6S

#7 Toshiba Portege M500 ¥ 3| T % o *tw Bprdpagh b i@ (72 (7% J % 2

Ubuntu 12.04 > # 2 Linux Kernel 3.2.14 % 3 & 5% o

Master

Reference Clock

m
Node 1 Node 2
Sla e Slave

F? TEY G PTPd A 5 2220 3t p (7 2 2 ReRF AR R BB EH

LEBRE Sl MAETEEPN LD ACEREM RE LS AL eRA
Boo AP 2 AT PTPd AT 2454 &

.ptpd2 < -W -D -b ethO

Heslfic c P4 PTPd & F # Bren= 83055 W R &80 3 phéa i A iF
FPTPd; -D ¥ #8722 B Br 3% d 6 5 -beth0 P T & 23 74y T

2 BB A 5 ethO o gt ob o ST R & 8RR PTPA PFrT 245 4 5

.ptpdk2 ¢ —g -D -b ethO | tee filename
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#e3

%

g K T_a-BLU K PR 4B £ 4 38 (7 PTPd S tee @ if»—PTPd@F@%iiﬁ%Jﬂ:Pﬁ

S R T TSN & NS C R

4%
kL]

PTPd *+i8 {7 pF > 2 Préd & BE-3% 3 ¥ 4% (Multicast) s~ 5% > i =

‘%i %
o
2
i

TEAL2Z > LA FRILFESHEZFRFRY  WEARE L
£ 2 dp =A% > PR BT IR R 4o AB servo.c o #-L T AR SN BT
/* clamp the accumulator to ADJ_FREQ_MAX for sanity */
if (ptpClock->observed_drift > ADJ_FREQ_MAX)
ptpClock->observed_drift = ADJ_FREQ_MAX;
else if (ptpClock->observed_drift < -ADJ_FREQ_MAX)

ptpClock->observed_drift = -ADJ_FREQ_MAX;

adj = ptpClock->offsetFromMaster.nanoseconds / ap + ptpClock->observed_drift;
D=

/* clamp the accumulator to ADJ_FREQ_MAX for sanity */
if (ptpClock->observed_drift > ADJ_FREQ_MAX)
ptpClock->observed_drift = ADJ_FREQ_MAX;
else if (ptpClock->observed_drift < -ADJ_FREQ_MAX)

ptpClock->observed_drift = -ADJ_FREQ_MAX;

adj =0;

- RO RERRIRN N2 PLiRdEerd 2 2 PR AT L 00 & 17 ks

* ¢ %’ﬁf b FR4HE 1 g (Frequency-Lock Loop, FLL)# £ 4% pF 45 (4% B 2.11) -
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3

PE Y PR 48 servo.c o i€ &

7T

22 FEkER

24 g i % KAE 7120 0 B

LB AR o URE

EPfRE

- F ke PTPd B 38

T P 4B & B2 %o PR TAE (7 pF A (TR f

LKPFARAPHT A AR BE2 A mARE

TER33 8% o
PHASE DATA PHASE DATA
Time Offset of Node 1{from Reference Clock) Time Offset of Node 2(from Reference Clock)
0.010 T T T T T T 0.00
0,000
0.010 \\ Rl
-0.020 S i L
-0.030 \\ - &
@A . ) P
"é 0,040 ™~ 5 ':g’ 030 T
8 -0.050 - 5% ™~
“ 0,060 \ @ 040 \\
g 0070 \ g
-] \ 050
£ 0080 \\ £
0,090 \ 5
0.100 : :
240 \ N\ 070 5"
0120 X /
OB 5o B0 200 20 300 30 150 080 log 0 200 250 300 30 400 450
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Measured Clock Phase Data of Node 1 (Simulation)

Measured Clock Phase Data of Node 2 (Simulation)
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