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% RN Fgie. L, 8T SR I ESMEL R R AR, X
R YA R0 E Gy Gy SR T R T A A B U TRl BT DR X S A T
HA T 7 A R B B

2 BAREE TR KRR

2.1 EIEHHE Cs BE¥ep 10

1% Thales BT~ A. BERIXEMATE Neuchatel RICH TEWY 2 [E] H0 ESA 1)
IR, IETEERE A “Galileo” TLE ST E ARG — I EBUE T4+ %] OSCC(Optically
Pumped Space Cs Clock) .

HAET, “Galileo” &R BEHMAP: HRUEEFHM s R A F4. ik
XPIPPECR AT ER, XPPREEA R R BRI, KREITE BEvERE. TN T
RSP X IR RE R B B ry . RIATRE B, X2 A R 2R AL I SRR T 4
fb: —JR R EIEERIE T Rl R AT DT 1) AR 3 TR BT ), A
Vel Rt o0 T 28 0., AN 25 80y A2 5 - 3L IR 5 5 U A i ve iy 22 )5
. /AMashE IR RSN, R, Bl GPS TR LN A/ Cs e ARESEEAR, R
RSB ER “Galileo” BERAAIER, OSCC ERHABOICHIZHEA, XAHEARELE 20
thad 80 AEAUREAR T2, EMRILB LR, SRORSHEARME, SHZHEAREHEZH
R, BEERRE, ATRE SRR E .

B 1 R R RICRER. 4R F Ny iR IF#EAGRE X, #ATE R . 756
X, TEARR T4 R T3 Fo=4 FIMAE S Fo=4 WECHRGTE T, HE Fy=4 WET

P BEER] Fe=4', ZJRTRE RN E % B 5
> BHPINREDS Fe=3 Ml Fy=4 L, ZJLAME

o o Y 4 B BB P MR T AMAERIERS F=3
S S— R0IMEZ o b A R T A ORI, E
. SN, BB R PR T A BT,
P I P SCURIRC B 5T I BU RS Fy=d , FFROIF
L WEIRESEARIR, 1ER —WOCHR A
4 T, BEEFIMAS F=d | XE T4 R
- TR [ S G T R R,
_ 9192631770Hz DECHIBR S S “Bh BRIEJLARBI R/, Wi
o L MRS - GAE <A BRI ER
) SRR, TS RN RER

K1 R RMERESR FSREE ] R IR

MR R X — R, ZR OSCC B AR T3 /2 “Galileo” REGEHIER: SRR E BT
T 3x1071277% | BIFREE PR IFF 1x1071 | ERER/ANT 10 kg, HBMAT 12 4F,
Bhl &Ny OSCC iy PERER I “Galileo” ZLRH—MRUFHIITH. BRI REBEMBIRET
W, TR HEEIHAMER. MITEHE T LN, RIFMSRE 1.5x107 2777, {0
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RAEFRMEN TAR0, XARKE 12 FFGIWER. BHET, MIIS200r& LR
H, EXARR L, EFEHT RS R,

YER OSCC HRIMKFEZ —HF LR H, BEMNH—PNEEDEHIZE Cs RILHR IR
OSCAR , BELHBFERBEE 0, = 1.14 x 1072772 EKTE, CREBE “Galileo” RAME
K. HETEITEE#E LT OSCAR , DAFHTH — .

0SCC EZAHFH /NN : B THOEHIZ Cs SR ASehhE AR, FIH T £EEM
LRSS m—fEA AR, BIE N ER IR SR Y, i HENERTE
BT RAE A ] A AT R g sh AR A ARG, OGHE Cs BIUBE “Galileo” R0
WA IR T R IR AR, FERERCH GPS F Glonass BE BB 7ER .

EEJF Datum A F B4 GPS W RIGHIE 4 74 44300PCBT X, ik A
JHETE Fo=4 5| Fo=5 1EFRBGTHOCHE, SA6IEHE (AOM) BB MM RSOt — RN
250.1 MHz , 4§ Fy=4 5| Fo=4" (RS, EREHZEE, TR THE H—RKMN
FEARBOGERR, FEr=4 “Bh BOEM IR RBOeRI. 20 T A9 44300PCBT 4
TERE A TR KT 20 000 s B328E 1015 pfaE B,

2.2 /IEIAEF4h HORACE [4-9

LE BRI CE IEEF RN ERM R /N R4 (HORACE) . B RABE
BHEAR, LI 1071, WEFRETE 1071 BRRIE. B AR A IrE
MEAER RTFAE. FEFH&. SUEENARN) ZEm —tor &L, N RSB
HIVERZrIF. DATT i 8h AT A/ N2 LT R

HORACE # Wy ¥ BEER 4 J& th WG IR B B M iR, = E l 2L /s B F R 4L Fe7E
9x10~mPa . #}H E 2 W 5.

KT IHRRHNRWTFE, BRIERMEFOCEMICE \/14 §KE B LB 7RO 4 &
I El R e MR RS HR . e, XA RIEE 9.192 GHz Hopy X, AT
Wil “phr BRIE. SO IERE — Cs R TR, RFFEZERE 1078 B, SR Q = 3000 ,

JRTFRI A, 4% . SRIMAAS I 45 45 A8 B AR A ok AR 7 R — o i rh o B R i AT, B R
KRR Cs fEIFBRTE Fy=4—F=5 JAMRJL MH z B HIEOCH AR Fy=3-F.=4' #yE iz
36, B 6 FZEZB R EANES, FERRHEHREERES, FIAERSHLEHR
JERTEfIZ E R B AE AL Cs JRF R A N FES I o, B BT A TR PR & 4 T35
Fo=4 WA mr L. RIFEHNES Fo=4 RS Fo=4 B6HE, BEKFETHE
FIES F=3 3, H=2, W Ramsey RN, |Fy=3, mp=0>Zeeman FEZ b1y i T %
BE | Fe=4, mp=0> AE% L. RIFILEIETE Fo=4-F,=5" {3 H R HEMROEHE T 7 74
g, DMESRBRIE R IIX B LB R TR (V4) , RIFNA 4-5 BRI RS F =4
EWET. TEMA o SRR KR B FERER | Fy=3, mp=0> LR FHBE F,=4 8
K (—HHEEAFEFERES, B HFHEBAIAEBAGHEZ, FAMERNEEEFZETF
BHTE Fo=3, mp# 0 (IREZS 1) . &5 I [R] B A 208 1 8 1 VR SO SR T 3 A BE % - i R 3
(N3). TJ&, MHACHE N4 N3, AT TS H KT ILE.:

N4
T N3+ N4
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R EAE L.
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BRI E R, HHT, P W RIRT MF LR CA S, IEEFREOEHIE K RE T4
B LAE. HH 8RRk ry TR T4 & A Rl 3 /MAFR A S Re iy B8R 780, AT
EFEAR R 1x10712 /s fl 1x1071/10%s ., RAFEEOCHRABRELRIGIELT, BRI AR
JGIEAE, WEAER, NREEARE S e BT 75 0 R 40 R AR UB AR . X B s TR/ N EO
5 SFT R B AL AR I 2% P HEOIE M

WOCHIZ S E T o i SR SE R 22 2 R, T8 3 AR T ML B L.

5% Py,
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. [/ =2
t M 15717 M1z
LR . P
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kRS it
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XAENph RGP AR E B, — S RBOCTRE R, TREOCEERSE SN
AR, F— P EREERT2E R, TR R ERR (LRI B2
EREAIIEIRE L. WO RIS TEEIT MR T *S, oFo=1 ZIMUE Py oF =2 HIBRITH
R, FEXMROCHEG RN T, S Fo=1 WEFHRMIZIMAS, 25 B K@ RS
Fe=1 Ml Fy=2, H& Fy=1 WA T2FPHIZE] Fo=2 5. TEMPE LS (BIRFEH — 2%25)
BRI ZEEA T, Fo=2, mp=0 FHJETERIEE] Fo=1, mp=0 3, MIFHHRUCHOETT
WEMBEIRES. TR, RTEREFRREILERER, 2 F=1 #ETREERE, RIOH
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JERERZ, BIRSCRI AR A G R, SR AR A RN, X A AR R
FMESHERRGET o BOEBRM M, 7 LTI A ] AR 1] i 4 1) s R 4308

WOtz T, BATfE T RIRT CLm] EEIL, X2 PO SR 55 2 B i FR ) 8
RETTRAR LRI, RS LRERMAT, LT 1077°/s WREE.

2.4 /PEIGGESR (Heg) BF4h MY

WEE NSRRI TE S H a2 155K, RSN n IR ER 5 SRR B E 2, X226
SRR TR R, AOUREE S, M H IR ARREN,

iR He B T80 B B X — 2R, ik He B A2 — Pl AU 740, @t in7ere et
R DA, SR T O, He™ WARTEBmEER &/ DUETE
W, R R TR BT AR B SR T, RSB RBUE R E R RE . & Q Bl
WETREL L. B TFETLATILFAZ TSNS A2 REN T, SHRNZHE
FBSTEAR IS, AU B AR S0 D T B B e Y P .

E JPL IETE N R 2 AR —Fi/ NEZIE He 8780, R 4 A0 16 A & 3R T
Bra Rl MURHEEEEE, Het BTHRALR *°Het A5 194 nm gIERRI, RN
T Y Hg?S, ) BT MLEMRER Fo=1 BIMRE P RIS Z MM BRIEH AR, H
2 g VEOFTCEAT, LAEH 194.20m SEIELAEMIZNG, MRS Fo=1 B2, HE Hgt M
WORS Prje BRSRSEI BT 28, 0 M RER Fe=1 Ml Fo=0 L, BAETILFRMEE
HIE Fe=0 L. 1B PSS B AR SR BIRSRA 76, 4 Fo=1 =5,
BT TER TN Fe=1 BIMRBHEZE, JO6AS. SMn—1 8L He" 7S Foe=1 Ml F,=0
Z R BRIEFR B 7 BN SR B 7 L, R AR, M Fe=0 BERIES| Fo=1 55,
8 Fo=1 BB TR M, ERMHEFIRALS, FOLRMR. FOUHRE BBl S BRI k7 5%
HIMERR A7, VERIRZ FBUE AR, MARE W He " BT

HAr, RE JPL M —4 LREI, WO 3 I, WA 4 fra. R e E
A 1x10719/101 s B, FITREE (1~2)x 1071 /s, T G ES) B A BRI SE, TR
F H AT 25 6] Rb Bh4F 100 £, X PR & TR IR 2w #E R X, R KR /NME
Kb, ] 4k,

B4 By 3 FHiy He wgroh 1
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2.5 CPT-maser [1213

MAPRAATHOC RS =B RE T RE (FPAESEREMRERMN — MU SRR , W
5 FR. MPAHTROCHI M ZES T RSB AR RN, WHEEH D FREIMAH TR E
*, JETFH M TAifEINEE (coherent population trapping) ” 7EAH T &S L. BUE TSR HG™

5 WRIOLRE, MAFHIS: B
S %1 BELEY (W) AR THOksasT. 2T

RIS R A A,
L B, RTERCR, FILLRE
= T B WAMRBIH OPT FF5, 1T
e / v TR TR BRI, DA
e v BURTLACA/S, WS FELR T4, 1A
HAEREREE, TR BRAER, &

K5 =ZRPETRESMHTHOES I7EX EATFITE.

T IREETER S AR LR T RA R &7 A Z A EAR A, R AR e, BT
Tl AR AT, SN N — Gl B R I A 6 LA T3R8, U] 523 maser HLEE, URESIE CPT
JEFBh. XT3 A BRI T30 Br 2RI HEREE 71, SIS B T U8 L TE.

KIETERM “Galileo” 7141, FRMEZHE BT (IEN) IE7EIFREE CPT-maser 4
WIBFFE, MBI bR e A RE R BEAE 10~ 20~/ SR HBIFRR e PR 76 1071,
B 6 X FirdErg 77 A, EREER AR (OCX0) WBRSE Rb T o BT F = 1,
mF=0— [F=2, mF=0> . “REHCEAHRPE] Rb AHMTIKES L, @ PR mCA S
FIREIEH AR (EOM) , EOM ®y gy BE| 2em HARIHBUEL \/4 B =B IH BT
A4 B PR A S IROE AL A B iRt B e CPT-maser W%, WIE 7 Br7s. 1
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FEER 28 mm , K 22mm, & Rb BRMEWSEEMAIRESY, DIBUNRERE R
. WEH R, BECH How, Qe =7000, MG RE 0~04, HAKRFn~ 03, RERH
BER —100 kHz/°C . [EAEWEHEBMMEERERK, C3A 10 mG . SRS RN & SHHBOE
JCIREE. TR T s B B R e i S = L, SR AR EEE G TR B MR E #, U
P 1l i IR AR

F 38 CPT-maser JE 78, LI TR ATREN FEUE:, HWHEENE SR
BREMRS. WIRARHAR FRIRE LG R FESHZRE, IATFESRS, H,
PR E W] KRR, 7EBRY, CPT-maser JEFREHIEE A “Galileo” REGEH 5B
GIE =X AW N

E BT IEN BFHIBREDLE 3RMG 3x 10712~ V2 Wi e B, e AT 107 S5,

I, EZEITHIFET, 2E Kernco AF] (GPS RGERBMILNHZ —) MIREEES
WL 5% BTt IEFE#EFT CPT-maser SRR
2.6 Bkt i dulm ¥ 5ds 1Y

PR E N BEE TR A E U RIS BN EER, U/ B
L, WS TEEMHAZR (R, B, BEMAE ) A, BT ERTETEZ R &
P L ESFMARH G G R P B8, Hur A B8 s S A &5 BE T iz i
Bndh, MET, PEREEIFHYEE B Y )8 32 E Perkin Elmer 2 A MlEyt TNT 27 W6 7 0,
R 3x107 127712 5x1071/d , JUF- B &3 & S el iy P REARBR .

e te e B Ry EE MBI, ML BB AR, HAothz
BB RS 10710 B, BN ERIRGIZMERE MR EEZEREZ —. A5, F5
B EAII Y F il e R, Al B E 5 AR RUR FIRRE LR FESHERIE TN E
o, ERRHAR, Enmdnph e EARR e B, SRR A BKPOBHE . Bk s Ramsey S50900F1 B ERE
R IF X 3 ADPIRETE RS A] Lo ik e il 647, 0PI AR S g e A% e B B BT AR A B PR ). Bk
wtGHIZ (Pulsed Optically Pumped, POP) & SEBLX Pirst B — PR EF By BER . X PP EAEE
Jerh Alley 7E 1960 4F4RH 5] | J5RAE 1964 4F,  Arditi Ml Carver ¥ H B A JF T4 16
S5k B ERE, BAEMZISHAETE, R4 T— M Rk RS, T2 LI
JRFshaesieg, RmEFeeT. KRIABIRREE.

HET, BXRMEZTERPIEE (INRIM) , ERZR ESA M5BT, 1IE7EJFE POP
Rb Maser JfF#hEy#F5E, HEJRM Galileo RGHEEE AR RRERE Frifl, HEHBMR
et BEvERE. HIFEME 8 iR,

BEE *TRb BYSMEIEERIE T BRI B OB AR Y R BOE B R B TRHI SR (AOM) , B
Byt AR Y BT Sy.  AOM SRR — 67 563 Ho iy 85 MHz f#y DDS2 K3, R f# & i i
EEiRiR (OCXO) M B S HR &, SNRN A7 S ZMRZ H 32 DDS1 K.
MR GH S —PIER G ER, BERFASEEMBEEER, JFEMKTES
SN ZERBLREATR . R B 5 5 i S SRR B % p R Fr 2 4 e (PLD) R, %X
FR AT (DAC) K5 OCXO F: H A3 45 [a] # A BF.

HBUREF A RAE—FE, POP JEFp @it F R fliZ2 ey, BAN Tl PC HLF 2
StA. PLD Jj& PC HLE ERM DR E TAESEO A B % TAE. ZE— AN, iz
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JeRka G R, Fe=2 #y Rb JR T E] Fo=1 89 3 DT REK L. BRBOtESeE, JFEM
2 > m/2 B Ramsey kol RWBHIET, BhERERSHE 5 d@BSNZ LGN, 10 MHz /Y
OCXO 3 1 %07 A 151 8% B B 2 IR 3L 9%, RN (55 R334~ R A SRR 1 7 . B
VERAUR TR, {H POP B AMAE RIS, K 10 ms B4, WHEBHE —1F Rb KR EY
HA G, BAERESERIE S, B AHUEHRTE 6.8 GHz , #28 Hon . A 3 JZHEBRIK,
B C S JESMR LA 7 .

PC Zx
85MHz
DDS,
AN
R el R
——— LOCk-iIljF[]
— iEs Tl

8 POP Rb Maser JEFJTHER] (17

INRIM {J POP Rb Maser JF F81 ESCBLE RS 1.2x107 127712 KF& 7x10-1°/d7 | Fh
THEFRMBEROLE, 1EHERMPEREFOETEN AR,
2.7 CPT AEF§h 1820

BN EEFTREIR, FIR T CPT-maser JR PG AT LU/MNEAL, (HZ k425 8n s
HIPRM, RIS B AMEEEAE, BRI PN R AR, HAERW AR,
T SR RS, SR B EIEAE, BOGRAH AT LIS EERIKMRET, 5
I FAHEL, @R RE B R A AL MER. IR IR 61— — 2% Doppler
ISR/, BRI TIRFISLPAEENE. 75, BEFARHETEEK, AR TEH CPT,
MREF AR IR F AL E CPT 8h, K HiRSIE CPT JEFAh B G T s A o e e BE.

BEERRCEAFEBERER IR 24 CPT ¥R ForA ik, FFiEAE 5
W, CPT RIETFHW EEMEER g/ NN, Ei, #itfMEiEs T CPT ¥R
FRh NIRES GBI R G, BRI AER SC8E, IER RIS AYCHEZEEAR, R HE TR
eI, TR E BB R DB O RN RE G R R, B RS A, N T IR
G, FRRREE N, G KA, TR AR G R BER A  SL e e,
—RUEE MO R RS TEA G SO BE E RS2 BUE F M 7S HOGXT ST ThRE,  EARFR I,
SEI G B R W /NG CBE R B . A1 T R SE R R R NI B R e, SRR SR A
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TN CPT ¥ J8h. FFESh LB T il 7ol &, T —2RAT R i T CPT
JEIE LR, FEE O MR I TP AR s B, SEAT AR
CPT ¥ J5 i E 51 H B 4 Jo sy a8, B 7R 77 T i #F 75 /K776 B B L) 15k,

3 HERIE

N T W RTESNE ARG BRI TFEE, AN B B A SR A BB AR K
BRI TR E N BRSBTS, IETES TR SAUE MR GA S B K 2 T & % FF IR
BT REFe R, Hd, BB He™ B FildiR 740 B LB B A AR T3 thRB1Eds,
AR 3 7, Siegmpii, EBEARZR N AR, EERYHFEEMERT, RA
FeEBOEBOR K2 A RO 2 g e B R TR A, BO8 T —RIEESAUE AL
ARG RRE T 15 2 B UR T8 MBI CPT-maser FHTHY 1@ T BRI
BREEVE ST BN R AR IR I 2 S I T80, ENIRRBNAT, AMTE®VIRTE.

DESMEMARKE B Z WA, e — P ERPHE M Es
LAWEER R, EIMCREER R B T2 S UUE (L R G TP 2 R S [ R,
KA SLRRBURIF R T e T & TB I 2= R4 Y % iR A5 4.
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The new Creations and Developments of on-board Atomic Clocks
for the 3rd Generation of GNSS

ZHAI Zao-cheng, YANG Pei-hong

(Shanghai Astronomical Observatory, Chinese Academy of Sciences, Shanghai 200030, China)

Abstract: In satellite navigation and positioning system, the high performance atomic clocks
take an important place. In particular the on-board clocks which are key component to reach the
positioning performance. Since its creation, the GPS system has already used two different tech-
nologies, Rb clocks and Cs clocks. Concerning the Galileo system, two technologies are specified
for the first generation of satellite. The first one is also a Rb clock while the second is a passive
H maser, which has not been spatialized before.

These two kinds of clocks ( Rb and Cs ) are based on the same concept of atomic vapor cell,
which is particularly sensitive to the environment, limiting mid and long term stability perfor-
mances. In the case of the Cs clock, the principle is different, the atoms used in an atomic beam.
This characteristics allows to reduce the effects of the environment and to reach better mid and
long term stability performances. However, the Cs clocks on-board GPS satellite are based on
the magnetic state selection technology, the frequency stability required for space clocks of the
3rd generation of GNSS, including Galileo, can’t be reached with the magnetic state selection
technology. In the case of the Rb clocks, state selection uses spectrum lamp pumping with low
pumping efficiency, creating big optical shift, limiting stability performances so that is also diffi-
cult to satisfy the frequency stability required for future advanced satellite navigation system.

The solution proposed for the next on-board clocks is the laser approach with following ad-
vanced technologies to overcome the disadvantages mentioned above in the traditional Cs and
Rb clocks : (1) the laser optical pumping technology for state selection allows to use much more
atoms and to increase pumping efficiency, improving the signal to noise ratio of the atomic res-
onator and consequently the frequency stability of the clocks; (2) the laser cooling and trapping
technologies allow to low down the velocity and temperature of the atoms, decreasing line width
and improving performances; (3) each interaction of the clocks, cooling, interrogation and detec-
tion, is performed sequentially to avoid affecting from each other.

The developments of the new creation of on-board clocks for next generation of GNSS are to
take benefit from these advanced technologies to reach better performances. This paper introduces
new creations and development progresses of novel atomic clocks using new physical mechanism

and advanced technology, which could have application perspective for next generation of GNSS.

Key words: satellite navigation and positioning system; novel on-board atomic clock; devel-

opment progress



