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X i I B R IR+ B o IRTTAE I BRIV e (40 FFM. RWEM) i},
LS 5= iz NGB RGN, HAUARUEMEREM A DR At i, B2
T AN R A S

—Hr Il S (OPTMA-1)  REAS 5 ] St i, (HHL FIR SR (e B
FAEFE T, DRI SRR A e 2, SR vl sEOR B B B AR — B
Te s FIR AEGRFF — GBI LT OPTMA-1, FEGSIR ML - A9t . (HHAEREXT 7 1
BESEN IR, L RIS Sh AN RE S T e 18 3h P % I BAT— @R, AL
CTHERE S TR s 1, BUEAR/ NN 100 A Ed

Savitzky-Golay (SG) JEHCHIL Rl G . AR RFF S SE TR E I [F I 3RA
LR INRIERE , JCHXS T S 2 A BTSSRI, T AR R
ANE TR s

RIRZIEP (KF) AN — MRS R T e AR S Rl sh AP, X
T R AR 2 LA A 22 218 LR I U A . KF R B FHE AT, (HREA R T
R EERIRES, J25EHS GNSS Yk ARGt BUHRI T O 7 FERIROIMES I BIEIR B
g, (ERIE PR OTTHERTR . WA BRI TR
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H T R, T B 2T R T R AR R M2 e (S Rt
JHTF 903 e pa AU 7 4111 RE 3-S5 ARABGR 7 4 1 E

AMBIRARGTITEIRN L
R B/ZFRIE LS FitEts 152.66  IEIE(E

#1E (ns)

0.24

0.07

RIEBEHTY OPTMA-1 HiitiEHE  152.66 IgiIg(E
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Z FIR $#l& FIR2 &itiEtn 152.66  |EIE({E

A (ns)
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Savitzky-Golay 7&K SG 4iit18iE  152.66 IgiE(E

18.94

F

3.10

F/REIERK KF FKitiEts 152.66  IEIG{E

3.67

Bl 6 FRhIER T AL R (brivf 22 5 eI )

WAL, SG 5 OPTMA-1 76 & M A I 77 i A, RENS B 1T
TR AR S MBS I TR PIR AUAR 2SN 5, R ph T A RS 4 2
ot R Y UM A B A, ML, LS 7ES A (TMek KAIC W AE (1 FPM. WEM,
FFM. RWEM) BEFRIEZE BT BIIA, OR K4 R & S B B IR R, (53R 25 To vk AR
PeERME . KF RSN TILRTT A2, 2 O/R FEEWRA, (Hasihiirifae™ .

U B A% S X AT A IR A RO I ). FEIERTT AL, SG 5 K f
A RSB A M B IR A RGBSR (R, T LS. OPTMA-1 5 — W J&fi FIR ¥R
TR HU LR TGN, Hor LS SARATR AR IR MU, SE0—E (H BE Rk

LT AERSHITUAT M 2 T ik FLMRS ARSI 4 5 EHO 00 R . SG Tt
LR U TR 2 S AL EE . OPTMA-1 55 — B Je b FIR 4R ptie bt FLE 2 1 Fikd
BEAE ST, B Te e FIR S IE T3 2 e KF e Seit i 5 e
RENGTEAFAE S P TR A R0 R LR f T, 2 GNSS TRROIAR g 38 TR 7 2™
% B Mg T BT R, TN LR RGO S
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Ik SHE EOTRR BRGSO 5035 i
LRI LS) % SealiEs (028 AEEE LT SRR
—WERHSTY R HE R MBOK B SR T
“Bi R FIR i HE R L N
SG Uk CRFKEID 7 WE G0 AR (02 R BT SFTH
RSB (KF) 2 % i % g B S

4 BRI IR

SR (AT R B AR R G AR T b — A DA 2500 Ay B s i ) PR BR P ) R 4%, R4 A
FH I 22 0 5 3 A AR UA AR (b el fa i) 5 GNSS 2% 1PPS (55 2 AN 25
S, S M B B, TS B R B R AHE f, S SR
et WEIR IR E(E S
ex = frr = fr. (€29)
PRHIPRARE e (HURASHITE 20) THEPUREEIR ue, SR (DIA) JFIRE
P P RS\ 25 TR SR s ™ L L bl P PR SR

fout(k) =fot ku(uk - I/lc), (32)

ok, WIEZAB (Hz/V) L ue DB HIE . Fol REH0 B AR AR ef IBIEIE,
HR R kTR . BakkrE | R

W | e SRR e BEER wm | Heh/ER
e} 22 BB iz Bk I (D/A) L P

GNSSEIHL

‘ o 2 900 B \ 1PPS T
1PPS

#

Fl7 4R GNSS SR YR R SRS D—HEH AR E 4

FEMAEZR T, SRR B R T XA (RIRS22) AYE RS TY o 1ol A
RGeS %E T I E, BEEITE R EAICR R, AR — R R
SRR, I SEIICRBUE . ST IXM I, ATEH 7 2 MRS 2 RS 7
S BB NIRRT RIS i WIEERIAG 715722 S BB A . BU40 B A7 2
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PEHINS , PR Byk, DUE S 2R PID #5615 TR /R 2 38 RS A 111 LQR/LQC
ARl FHEATENTIE T REMEN RS A
4.1 FETF AL 2 R B SE AR 45

FEELT GNSS IR RS, BIEb g — 207 TS A JEF AL 22 RS
BB 120735 7T —FRE5 9 R AL I BiAH 2R (Phase-Locked Loop, PLL) , HAZ/[M &
MU FIH GNSS 2% 1PPS 5AMSbR & MO ZE , HEEIIR IR ZE , 85 12 U i i
1A HATURR (B HE AT A T 8, (R A6 B e 1) GNSS B [Rj 3t

RGN EAGRARE A+ i =k B[R] [A]PEEE (Time Interval Measurement, TIM) FRHL
ARHAFHR DK i GNSS Fhfikif 2 [T 22, 328 x(k), H—Fr 225 AU e A o 33
FHXTT GNSS 27 (1) fli 22

Af(k) =x(k)—x(k—=1). (33)

HRAEAG 11520 A2 = AR s PR w(k), VERT000% i R ABCR AI IRV IR 22 19 U7 1)
OB, ATIZE S el N 2 R AL 22 o BEE ROBGEAREE T, A HIAIbR f 2 7] Bl 22 GNSS
SR, SRR RSRYIRY .

BT ITEART IR I IRFS S It 285 AL a7 4SS, LT GNSS Ut M = R ALK
ARSI RE I AR, Pl REAE Wi A o IR R A K I 2= 2 B W . SRT . VEK
— PR AN SR SARAINER YR RNE & BRI T 3T AR A ZE AR s RIS,
RIS A (- Bof T el PID 56 MR TS TS L)) B68E T
ME AR o
4.2 FETIN 22 U 43 BT B 45 ) S0

FEELT GNSS MFRYINIR R Ge b, Hcddhl Hfcis 07 22 AR A s 5 GNSS
IPPS 2 [A]HYIS 7 (phase error) M HAZ{ A (frequency error) SR fihr 4 i L, SEEL
PORABRE " o 27 BRI 2 — R IR 22 S S T4 5 ) P B S e

W x(k) F7RAM 1PPS fHX T GNSS 1PPS [iNf 22, H—F 245

A(k) =x(k) —x(k-1) (34)

Z W T AHACRAR T GNSS 25102 (RIZZ ki ZA05) . Hrf A(k) > 0 5O A
MR, A(k) < O FIRARHII B AP 1228 77 208 R A 9 BHR HIRHS . K
IFBEATALIA , SRR NI BTN, FRAE RO B A M 220 BT x (k) FIrdd B2 A [ E AR A
Tt o AR N

u(k) _ Ucoarses IA(k)| >y (35)

Ufine, |A(k)| < Y

Horbru (k) MR B TSGR S tcoarse -5 tine 70X RO S AN AEAC, v A B
DI (e U ZFAN RME (RO ZEOR) B, TSI

u(k) = —ka(k) A(k) — kg x(k), (36)
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A ke a (k) FEAR TR X 1SR PR IR 254K ASEBUATR B S A0, 11 ko P THIN IE)RUBEE |
MBI, TSR — SR B R A AR 22

PE TR AR, KRG ], Hash B, Son iy, ST
I T LI R B, R BRSO R 25k 75 B ol Sl LA e T
B, ™ B e e T (I PLISE] . PLL S5 fyai T KF (R i b))
ST AL 2 I 22 S ok R R DR 2 R I B 59240
4.3 FT SRR M2 A%503: (Ping-Pong Algorithm)

FEHET GNSS KSR RS, A IR 5 B B4R MR 22 [ I 52 BRI 25 . AR I
RS RS R o Sy ST AT e ot AR RS AR, SO R T <R
# (Ping—Pong Algorithm) ™. Hogo Uy EARR AL U 5 M0 > [l B PiHfe, @it i
S B A WA BB IS, AN TTSEBRT e ™

S5 PLESHIA R, B EEHEIF A ERS A T, TR MR 4TI 2 de 5T
WURS 22 diwy IORFE6 RS RAH, [0 B A8 TF e 400 B S TR e
LIRSS SR BT M LA G 1 3 24— AR I 25 N 2 2 2k
[ I R AR A L AR S R s AL U R b 4 BRI 22 8 IE T —
2T 2 . Zia LIRSS, SRR R %—E£ TN
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yT’

Horb b Y RTHOSRRZE, v MR T T MEERN: EEREE R, Af #—5
R A IR 29 AR LAY LE 5o R I 1T

R T — R 022 B (2 AR RS S s R, (B Tk
IR /MRS T 15 B ) B . 5% P e R MO et s R R, %07 K
YRR R AT LM B 227 B 25 A ShAS T T 9T sl bt . R s e BI04 )
EROMED RIS . MAEINIE EF, e E T TN 22 S R U T S, i
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ZRORASIRAE, PRI BT & TARSEBU X U o FH RO S 2 B BRI I ) 22 5 o
4.4 FET H AT 3043 ) PID #555]
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BT o HCHEAR SRR AR BB 223 2 SR 25000 B DL MR 2 25 Ak 52 s R FLE , %
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PSRN 221825
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(37)
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Hr Kps Kiv Kp 200X R OGS R S008I sRAE .
PID 25 AR P2 i A A B SN T
o WHITE Kpey: MRAEHRTIZZ 4G HEIL, 2R TR W ER EEFE:
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WO Kp (ex — ex1) /Ty FIHRELMWRIATIAEIE, A B THIH PO ER -
R ZER M Zr A S He

Aek ~ fosc - freﬁ (40)

D3 AR AR o LS5 (T XA i 2 AR T A2 5 i BR o T 2 AH 8 A SRS O IIAR I AE
71

RN, 7E GNSS YR RZerr, J5ihs 1PPS S 615 B A Sy, B A PID
AAEZIBE LU [l :

o DA IO AR R RURR . By S B ] AR B0

o R IHERZE SRR AT RE £ R BT, SRR S5 -

P TRE PR AT MBI S R LR, Blan

Iy = Iy + ey, Be0,1], (41)

FITBREIBU s TGS g R A ™
HAh, HFEAE GNSS T 6 PID FOS4IH, STBR A Serh iy 7 F U B— s 3k, BD
Tl IR /R B BRI R fi BB

k
e = Kp(fror = i) + K D (frer = AT, (42)
i=0

T (e 2 Sz e B 25 i st b ™
442 AiEp PID 54 454 ek

1545 PID 2808 5, MELAR A IR I BR BE AR I 5 [ 1 R B A L . i, 3]
Agﬁﬁﬁﬁ%%,@ﬁiﬁﬁ%&ﬂ&%@ﬁ,@ﬁﬁﬁﬁﬁIﬁT%%%%S%@W
Fj[ Jo

38 7 PID [y 70 SR L0 20 (kR A 48 24 15 -

K,(k) = Kpo + apler — ex_i| (43)
Ki(k) = Ko + a;lex| (44)
Hv o, 5 o HIFATTRE, BHEERE BB E B shE s b6, MRS B

SR BIRE
F— AT 525 Bz (Piecewise Control), #4 fili #24i 4 A HL I (coarse tuning)
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559 (fine tuning) FIAHBE:

iy = Up—y + Aue, e > en 45)
Ut +Auy, lex] < em
HA, e AEIHEIE, Aue F Aup 53 BIMRATRE K. ORI RERS TEATR M 2 ek
RSN, RIS 25 el N SR O o (ESEBRSEEG TR, 1207 404 10 MHz SR BUE
FRF [ ph JEE25 ) 4800 4545 7520 900 B0, I 4R o R ™
BURTT . PID & TG SRR BEN MR FAaR 5 2 GNSS Ja g =
SIRE, WTABEGE R, SSRAME T (I KF) Bea i A LR R e ™
4.5 FETR/RSIEPCRAAM I LQR Heft ]
fEb—ih, RARBUEW (KF) TEET MR F0R—Ea HOR A 23 L, $4tT
KA MR 5 SR A R e ™ . K Ot O] 7 GNSS WIS A A ke i it
2, RN LR/ ZE R T T IR B SR, (RGeS A IR B S P
SE BT T bR s i o
TEMCERY b, AT A — R 58 (LQR) . FIFH KF (RS 2550 1 7 bk
R IRA R T U SCEUIRTAE TR W B R 7 + S B RS
WE E R
45.1 J5H £ B4
LQR £l RO BAR AL O R GOR AT R BORTIR T, (BT HROERRAERE K 42k
RN, BT ST 2 R LT T TR P TR R e 8™« et i
B KF kA it )
%, = [)20 £ xz] , (46)
H fo &1 Fl &2 2RI RHALRZE . BRISUR RS B s (B . %=k
249 5 KF g sy s R A A4 56 R—80, AT SCBuBE S5 I To 4 {67 o
452 JARBR A
TEBHOR A 23 ML X = Axe + Bug T, LQR SRR TARA M0t i ik

Up = —Kﬁk. (47)

Hrp s isR i K i MATLAB #i% dlqr >Rfif, K = dlqr(A, B, Q.. R.). AUH AR
Oc MITFPHIXT RIS 22 PR s M HEER IR, Re T 20 G H A\ IEE . LQR
(9 s fie /M TE RS S R B AT BRI

J = Z(szcxk + Uy Reuy), (48)
=0
MNTTIAEATR 22 20 H SIS S5 B S 4 1) P e A e o 8 KA AL 20 S AT e
R IR, SRS B PTG R AR P S T P, TR
EACENE B TR MR RS R RS .
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4.5.3 KF-LQR # ¥ B4k #

HI T KF S 4L TR rPRAS Al 1, ) LQR fEI A B25 MRt i, PB4 A1
Linear Quadratic Control (LQC) HEZZ:

Estimator (KF) + Controller (LQR).

SRS BEARIAELL T LA T : /RSB (KF) REUS ARG GNSS Il ,
P SR ELRE S TR BN R i KRS (LQR) it o R B R T i
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KGR, iR IRER BRI 3G — 5 —MEMR, & TIRE TR, B
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AR IRAE s SG AL M HII AT 218 7 RIS H ;T KF GEfEm . S
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A Comprehensive Review of Filtering and Control Methods for Local
Frequency Standards Based on GNSS Reference Signals

Mu Lei'?, Hu Xiaogong?, Zhang Zhongping?3, Li Jin"?

(1. University of Chinese Academy of Sciences, Beijing 100049, China; 2. Shanghai Astronomical Observatory,
Chinese Academy of Sciences, Shanghai 200030, China; 3. Key Laboratory of Space Object and Debris Obser-
vation, Chinese Academy of Sciences, Nanjing 21008, China)

Abstract: Abstract: High-precision time and frequency standards play a critical role in

modern science, technology, and national defense. By disciplining local frequency stan-
dards with accurate timing signals provided by the Global Navigation Satellite System
(GNSS), long-term accuracy and short-term stability can be achieved at relatively low
cost. This paper analyzes the statistical characteristics of measurement noise in the one-
pulse-per-second (1PPS) signals generated by GNSS receivers and systematically summa-
rizes the random drift and noise properties of local oscillators. A unified model covering
five typical power-law noise types is established. Representative time-difference noise
filtering methods, including global least squares, first- and second-order unbiased finite
impulse response (FIR) filters, and Kalman filtering, are reviewed and compared in terms
of their applicability under different noise conditions. In addition, various frequency con-
trol strategies are discussed, such as simplified phase-locked control based on phase dif-
ferences, segmented time-difference control, ping-pong algorithms, PID control, and op-
timal control methods based on Kalman-filter-based state estimation. The characteristics
of these methods are analyzed with respect to structural complexity, noise suppression
capability, and dynamic response. On this basis, a comprehensive frequency disciplin-
ing analysis framework of “noise analysis—filtering processing—closed-loop control”
is constructed, providing theoretical support and practical guidance for the engineering

implementation and scheme selection of GNSS-disciplined frequency standards.

Key words: time and frequency standards; GNSS timing; frequency disciplining; filtering
algorithms; power-law noise
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