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1 �x��a�pU(�G�q �#{Rim[f�}�l;>G$�pU>E#{4,Nb% �XN�;Va=G>�Ipn?[�;h GPS y+3V� Glonass #{�G$�pU�GI��Zm{�pU—— e�dd! Rb �pUyrUh� Cs �pU(B?�G�q �#{R�Rh��(#
�U>� “Galileo” h$DUm{� Rb �pU}�G$U�yV�.3�z�)�G�q#{� �XNmgUN�f}�vt,� GPS y
Glonass#{$(4/�G�,|�
+�y��|�G+��B?#{� “Galileo”.8(UNi��XN.3�s�m�??#{)G$U�f}UN� “Galileo”#{�G$Uf}7x 3×10−13τ−

1

2 �_+� %h{t�� %�b�
� 1×10−14 �?e�� %K8p�bN�Zm{�G$�pU (Rb y Cs) Lp�Az��yUh>m{J�pU��ONK8N “Galileo” y “Glonass” hU�-"Jy�pU}�G$U=� 2008 Q_m Galileo � 2 xB�G�r�^Q�_m�d����\�p'K�.3p!B�����z�BJ�pU'K�.30<\^i7A�<(j`ONUN�8k"i7�� .�+*�2008-04-24 � = +*�2008-06-17



� 302 �������s���W�Y�4������� 26 rAT�[}�pU<J��B�i�vt��7xNON�G�q �#{�.3�??#{�a�h.$==4/^Ou.BJG$�pU+���<&AAQ"??BJ�pU�BQ*y{BX3�
2 �DLI&�rW
06
2.1 �!���A Cs ?IG [1−3]2h Thales �p&,ZX��Ær�fy�; Neuchatel r�f(U^|4RE ESA �F`&D(�|� “Galileo” �G�q �#{4/i6G$�pU+� OSCC(Optically

Pumped Space Cs Clock) �Ip “Galileo” U �G$U��R�m{�lX�pUy-"Jy�pU�<��?��U$I��pX'K)�hw>l;�C.OR�Wf� %ON�,z��pO'KÆ9!?Z�h>z=Nz�Ft�R�Wf� %�?>v�I��pO��Rtl�i>�.�;i�pH4�\i�->hNX79��/jMS[pI79�>(0�}�k_R4��*d
>z�\iy*d
>z$>7�p\AFv_ly/��af�v�<�UI��pOJU��>Ip GPS �G�z�� Cs OUH�rUhJ'KBN7xi�FN� “Galileo” G$U�f}� OSCC >I��dd!'K?Z'K_( 20<- 80 Q|lmg=4;�v�4,W_���rUh'K00dd!'K7�U*��pG�F*0v,mNU�_+� %�~ 1 ���p�7�N$���pv�(g��X�dd!�XN�p�O,�(dd!�(0z���p�h Fg=4��.h Fg=4
′ ��d_+�;$&�h Fg=4��p

� 1 ���q	8�O%

-d!� Fg=4
′ H�'t.B$5��h��RNh Fg=3 y Fg=4 �d&R|�h Fg=4��p�$d!��h Fg=3��??dO,��pX�	>�As(jM	>S�}�&�pQ*�U
�o\A"C	>S,��h Fg=4 =�u�AsX�6M�(yi�d_+�;$&-d!��.h Fg=4

′ �?? Fg=4
′ �p4�h2.$�|d�d-�6M�|d�u�3~�U
�o&+�{<h>`Ad+_ – w|��U
�o_+�k
�A�3~�|dFv�u�}� PFv��}O`A_+�U|o�?i+�f} OSCC G$��pU7x “Galileo”#{�f}�_+� %t� 3×10−12τ−

1

2 {t� %�b�
t� 1×10−14 �[�f}<� 10 kg FF{� 12Q�^O>�� OSCC U�ON>7x “Galileo” f}�iR}t�=R�d�� %K8t��U,[�0-"JyUfx�<nO+�&Re�{t�Lj> 1.5×10−12τ−
1

2 �



� 4 g �,\�ÆÆ��}�H�r!�$|H%�qV	C/4 303�>(NO${�&���?BN7x 12 QFF�f}�Ip<nd<!SRe��.O(?R�j�D(XNBO�O+�}� OSCC +��!Hi��;r�f?+�"iR|4dd! Cs O\Aje�
OSCAR n4,_+� % σy = 1.14 × 10−12τ−

1

2 �NTbnN7x “Galileo” #{�f}�Ip<D(XiFGX OSCAR pXNBi.^O�
OSCC G$U^O<z������dd! Cs UI�dd!'K�����^%<C��pp!//i+���pvt�t�'��hW��-"JyU0�,wdM(&+7~bpd�O+y{wO0-"yUA�}{G���dd! Cs U�A� “Galileo” #{�b�mYb<.��	�=A[� GPS y Glonass G$U�r(q|a�;h� Datum ZXy2h� GPS �u3dd!��pU 4430OPCBT +��<I���( Fg=4 � Fe=5

′ Z��o�d�d)d�Oj (AOM) �M[�O�d�iO��l
250.1 MHz � Fg=4 � Fe=4

′ ��o_+C|}�dd!�dXN�pO,�"iO��Z��o_+�}Q*�U
�o��p��d6M�E+�&^O� 4430OPCBT �U(N$�&�e24{� 20 000 s H4, 10−15 �� %�
2.2 �9<%?IG HORACE [4−6]2h�Ær�fD(u3iRG$y|4�<J��pU+� (HORACE) �dI��d��'K4,B�� 10−13 k
%( 10−15 �$�8k�d��.W4>��pU�b�0�}� (�p����pO,�	>jMy6M) $(yi�7.*z�2TASRI(�}�<u�v,EU{p9<�&-�o��

HORACE U���G<>��doG��H|[�|�� 2L/s ��p/Æ`(
9×10−9mPa ��A<�Nr1���7x��k_�Pf|MozsQdVWd� λ/14�b%p6kx�dyQ*S9yO�dSpYA�y���p��y2?R	>s��( 9.192 GHz H011 G9�����U
�o�	>sM�i Cs�pkxX$`�|%( 10−8 ��nXs� Q = 3000 ��p����O,�jMy6M:R0�}�k_(yi	>sR<2TXN�D(A_+0 Cs Z��o Fg=4−Fe=5

′ ��& MH z ����dy�� Fg=3−Fe=4
′ �[d!dxk 6 w*G$℄d*e�sR(N3$+�|M�AsR��83$��l�dy[d!d�S[}�� Cs �p��=�\(	>sRE�t2b��p-O,l�h

Fg=4 �b� mF h����4/v�h Fg=4 ��.h Fe=4
′ �dd!{YA�pd!��h Fg=3 h���Fz� Ramsey 	>jM�Fg=3, mF=0>Zeeman N$���pfl��Fg=4, mF=0> N$�������( Fe=4−Fg=5

′ �pI/O"CdOxk�peapZ��o6M?RN$���pQ (N4) ��z� 4−5
′ �	l�dziN$ Fg=4���p�,��� π �o	>6A#(N$�Fg=3, mF=0> ���pfl� Fg=4 N$ (i7Av��p(sR"i7A�<BN�dd!v�	>jM�	�S*�p#( Fg=3, mF 6= 0 �Nh�) �{���ye�pI/O"CO6M?RN$���pQ

(N3) ��>z�nG� N4 y N3 �<l{�g�o&+�
P =

N4

N3 + N4
.



� 304 �������s���W�Y�4������� 26 r���o&+��JFvl{:;	>��Fv�k
�Av,A	>�_+a (�p�o�J��^O>?��iR HORACE U�lA#{h'f� %� σy(τ) = 5.5 × 10−13τ−
1

2 
3 000 B�� %� 10−14 �$�<&iI(k,GXRf� %y`1k
%�(dVWd�|M�AsR���d�S9yO�8�$���p�72D(>�RhV>��_ [7] � 1979Qmg�<Zh��<|��'K�(hMRhyV��ld�bD�<mg�?Z'Ku3|4��pU�^j�
2.3 �!��AK?IG [8−10]e�dd!-"J�lX�pU (#xVbU��U) (�G�q �#{R}�G$�pU�mg6�z��dq�<J��Xu�WFFyFt�'�Rf� %+�����d�k
%yWf� %FP�Ipz��{t� % 3×10−12τ−

1

2 &�>?Z8k��.ON}L'mN�h�v>dI�e�}d!d�>+}����XiFmN�Uk
%y� %Ip+3V� RIRT y�;r�f|}D(u3�dd!�G$��pU�W}�hI�>�A���G�q �#{^OU<o�yNON�G$�pU��f� %K8� 1×10−12/s y 1×10−14/104s �I�"�o�dj|qm{�de�d���>de0d!>+NBPf8m{�UbP�Xb%N$-dj�??��{9<#�d*eB$yB�d6Mj���*)��dd!��pU��J4�M�~ 2 b:�~ 3 ���p�7�N$�

� 2 ��ee" Rb V�K5dDN [9] � 3 �	�q	8�O%?R�U#{#��RZD)iR>�d� )��A�d_+a��s��X�%y"C/�"iR)>a�pV)��A	>.*j_+ (4Q>`A) a��Xb%\A/���d_+��(G^��p�h 2S1/2Fg=1 ��.h 2P3/2Fe=2 ��o_+�(?R�d_+�;$&�h Fg=1 ��p-d!��.hH�t.B$��h
Fg=1 y Fg=2 {Y Fg=1 ��p�G-d!� Fg=2 h�(	>.*j (`A+_ — w|)�	>jMS�}�& Fg=2, mF=0 h��p�o� Fg=1, mF=0 h�u8"C�d,-[d!��.h�{<�p(sR��o&+�{� Fg=1 ��pQl�*"C�



� 4 g �,\�ÆÆ��}�H�r!�$|H%�qV	C/4 305�dl�*�zd6Mj�d�l�<d6MjHg�$l�<�?Z�$�7�>	>��Fv_+>A� σ �o_+�3~�{p��xkZD)}O`A�_+��dd!��pU{^+3V RIRT ndO[e�)SZ}5_+� %�.Ov℄XN�3%�4^j�(H?l 4�w>&4,� 10−13/s �� %�
2.4 �9<1Æ� (Hg) &IG [11]_m��'|jM�"��t��'|jMj�Tv��q7����[f�)|4�pUmg�UN�f}BUb%fN,wXuyo�f<�	> Hg �pU��7x?if}�	> Hg �pU>iZBJ�pU�xk/(l ℄J����g��rS�$_S℄[�p��}� Hg+ -�O(XN�|�(<a%5�M��t�p�obQ*�:_FvA4�_8_+a (_+;V� �/ Q J�N��p�o/�����pl�&�BGIy�GKQ0<� ��h&�jMS�}�24}Wvt0m{�pUq�UN�ON�;h JPLD(�'|�q^OiZ<J/M Hg �pUI� 4 �y 16�z|$_�p�℄J�|[�|?>� 199Hg+ �p�y�℄ 202Hg+ �iw 194 nm �e/>W;VG^ 199Hg+2S1/2 �hXb%L℄N$ Fg=1 ��.h 2P1/2 �f8hH4��o_+>W��
202Hg+ }�:��pd� 194.2nmde/}d!d7�h Fg=1 hd|t� 199Hg+ v�.h 2P1/2 t.B$��h 2S1/2 ��RN$ Fg=1 y Fg=0 �{Y�p&��G5��h Fg=0 ��(4RbO��.ht.B$4�h2.g�|d�� Fg=1 -d|�t2��pv Fg=1 ��.h�d!|d7���/iRG^ 199Hg+ �h Fg=1 y Fg=0H4��o_+�	>S��\��p��p.*\A"Cv Fg=0 h�o� Fg=1 h7 Fg=1 h�pQ//[-d!��.h|d7u�|du��7�3~jM	>S_+�k
�A}� PFva 4�_8℄[	> 199Hg+ �pU�Ip;h JPL nO[iRW_e�o�U� 3 -�~ 4 b:�hWf� %� 1×10−15/104 s �$'f� % (1∼2)×10−13/s, {��Aa"JyU0�;,W�0Ip|4 Rb Ut 100 +�?Z<J[�pUI��|?>M9v,{{9<�May//{wO�

� 4 �p�V 3 .	 Hg �qV [11]
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2.5 CPT-maser [12,13]��O0I�d;$�N$�p#{ (n�R�hXb%N$yiR�.hN$) �~
5 b:���0I�d�_P��hXb%N$4Q2.�h�RpN$l0I
|i��p-�0ICm�\ (coherent population trapping) 
(0I�/h��t2�"CQ

� 5 ��O%�q$|�1J�eT
*h�|d.$g,�Z,:��rLz}D (�/) y0I	>B$���?�Z,:{M[�pU'K��N��/
h/�F0{p�}Kve/|[-"J CPT �pU��dBPf	>�As!h0aG>.o�{p|�}<[�A^J�pU�hONFPL�7xG$U�f}��<(?�B
k/�0I�\(�h�RN$���p#{y2ÆQ*�brV�p.*	>B$#0I	>B$���A/i	>�Asxkt0I	>.{4, maser ��|[a"J CPT�pU�?Z�pUq�G$�pUbf}�ONr��wiSh�pU ��ae�k��U^ “Galileo” +�r{�h.�p^jb (IEN) D(u3G$ CPT-maser U�^j<�f?Z8k�'f� %( 10−12τ−1/2 =w{t� %�b�
( 10−14 �~ 6 �?Z8k�7�~�a)A`A (OCXO) �_+a� Rb �p� σ �o |F = 1,

mF=0→ |F=2, mF=0> ��-��dja� Rb �%y"CFv�xk~G$℄d*
|��d�Oj (EOM)  EOM �Hg-�3� 2cm Ii=-xk λ/4 >^\���G<�
λ/4 >^�}�>A/℄Ad7[�℄Ad���G<> CPT-maser�xE�~ 7b:�1

� 6 CPT-maser 8�� [13] � 7 ���?hM^ [13]

(1) Rb; (2) �K2Y� (3) 
?t� (4) SJ�
(5)o�(6)C U�(7)7D��(8)0�k�(9)s`



� 4 g �,\�ÆÆ��}�H�r!�$|H%�qV	C/4 307�yXIi 28 mm W 22 mm n 87Rb Bmy
lo�y���|�p9</O�%#Q�s�oz|[G9� H011, Qc ≈7000 
|#Q β ≈0.4 vbvp η ≈ 0.3 �%�C%� −100 kHz/◦C �s��N��y�Nr1 C S� 10 mG �d-�6M.$��ddu%�	>FvHg\��uf��X�PGC�mY P}OFv�QuZD)p}O`A�_+�a"J CPT-maser �pU4,	>0IB$BPf�pQ3fvt	>B$Fv9��J.O�h�Q8h�pUKe3Q��pUhyd!gMhBP�|#{vto�y[�{{{B��(U^CPT-maser �pUn-K � “Galileo”#{���UyyU�q|U�Ip IEN ^O�e�n�� 3×10−12τ−1/2 �� %Rf� %z� 10−14 �$�^f(t7�nd&;h Kernco ZX (GPS #{G$UYz�Hi) y;hlt�q^jbhD(XN CPT-maser U�^O�
2.6 �(�!��AK?I)� [14]��pU}�G$�pU�mD+����o�<�[�x�Xu<�FFWy{wONhC|�G$w�hf} (Æ���rB$y�V�) ����bpIpD(!fp!B?�G�q#{$DU��pU}�G$U�Ipz��G$�UH�m{Je�d!��U��pON{t�G$�U�I;h Perkin Elmer ZXy�; TNT ZX^O�Qa� % 3×10−12τ−1/2, 5×10−14/d &�n>?Zm{�U�ON�.�}5m{�U� %�af�n>d_l�	>snw_lyd6M*)�hRdd!�U�d_l� 10−10 �$-��>Ip.OE8k� %�{afv℄Hi�"�Fv�d�6Mz�d!d}6Md6M��Fv��>�p�o&+Fvy*edFv��/F*0�}5�U'f� %��jI�6dd!�6	> Ramsey jMyU�o6M=w? 3 RXN(24�<2T}OXN.{}t�Osm{�Ubx(�.O�6dd! (Pulsed Optically Pumped, POP)l>4,?Zr~�iZ}t�'K�?ZW4D(� Alley ( 1960Qmg [15] ��( 1964QArditi y CarverAhw��pU � [16] ��p�	>S0�}�29�d!dSx(�pl�iRq�-N$#{�>{p;i�pU�d_lmN�pU�R�Wf_+� %�Ipr{�h.+�yV^j� (INRIM) (U|o ESA �nd&D(u3 POP

Rb Maser �pU�^jI�>7 Galileo #{�G$�pUA�NUB�|=n��}t�� %ON�h���~ 8 b:�a�n 87Rb ��Xd�o,-�_��djHg�dO-\�)d�Oj (AOM) d�Hg\���G<�AOMl8iRdua=w� 85 MHz � DDS2 �"�jM	>>��}`A (OCXO) xkIGw|��Q*��Gz�	>S�X+y_+�a DDS1 ��J�	>s�
|��iR�M
|j�GN7�pyw|�	>0�}�=wU�oFv�X�PGC�XN6M�6M�Fv�n�_+}O)�_T4 gM (PLD) 6;�QuGPf�j (DAC) �" OCXO =w7_})2���Y��pUL}ie POP�pU>�2T}O!N��CR2T� PC �yF}O�[� PLD > PC �G~�G�p6&MW}KQy3A)W}�(iR℄fMd!�



� 308 �������s���W�Y�4������� 26 rd6LO2 Fg=2 � Rb �p-d� Fg=1 � 3 RpN$��t2�d-a�=w�
2 R π/2 	> Ramsey 6����pU�o.$Fv�X�PGC�6M� 10 MHz �
OCXO xkQuZD)-a��p\A�jMFv�_+�"℄f_+�7>�O�UW}�[�pY�� POP �℄fU�?� 10 ms �$���G<�iRn Rb lo�|��1yX:(�}�AsRs�*|[\A( 6.8 GHz G9� H011 �s� 3 Nr1bP C S�s�1/Q*�

� 8 POP Rb Maser ��8�� [17]

INRIM � POP Rb Maser �pUn4,'� 1.2×10−12τ−1/2, W� 7×10−15/d[17] �'��ho�y[���=}�G$U�}t�r(z�pe�
2.7 CPT %?IG [18−20]D��Abi��V�& CPT-maser �pU_{p<J��G�pe/*d
/��.O�pe/�%�B_�4�#7(XR/�
lo'Kh}�h>�.�,w//�
lo�℄�_l7� %�B_�4��d��'K{pO,^%�����p�Æ�p00��p�^%!h<C�%f�&R�$�v,��pde�i$y-$ Doppler/�}<����pe/�b?M��"���pQQ�0I24Wh���4, CPT ��N����pQQ4, CPT UA0V�lX CPT �pUf�UN�b
%y� %�2h�Ær�fyRhyV��p�Qbndmg CPT ��pU�&4=D(4/4^j� CPT ��pU�af�n>#{<J��nvt&+y4,?|� CPT ��pU�<Jrd�#{l7�;Va=�2hmgO,�p�dd!'K���p�d�dV2C�RhyV��p�Qbmg~dO<Jrd��7�n4/4^j���9<dVG>7o�U<L℄UTw<I�'#Jz|3$��|q<��dV�>�iOkI��dO;$(z|3$���4,xV�&Od)$�XN7o��{9<4,L℄Tw�<J�rd��r~�<n&+=�[~dO<Jrd�#{4:D



� 4 g �,\�ÆÆ��}�H�r!�$|H%�qV	C/4 309�{��<J CPT ��pU�=w[X4,�RO��p�O,�&iFAXN��p CPTde4=L|n�[���pUZD}O�)XN2�4�
CPT ��pUh�Ip �|[�&��h(?7A�^jTb(h,�I�(X�

3 �NPÆ��7x�G�q �#{UB�|�Pf�<z�B����y(X��d'K�SZB�pU}�G$U�^jD(��G�q �#{�a�h.RZ��u3m=���}t�X3�hR�p� Hg+ �p	>�pUn4,a"Jy�pU�ONK8,o�U� 3 -�m{�U0�^,���|4z�pe�(m{������2&I�(X��d'K�dd!�Uydd!�Uh���}t�X3[�&i|�G�q �#{G$�pU�K q|�pU���B����� CPT-maser yB���p'K��<|��pU[��pU.y��BHS�pUd<�:,�{�<D?vae��G�q �#{�?&y|4�pU�^jnd[�~�iRh.y'4�yd*4��[f8L�h�(Xh.(���X,��G�q �#{-$yB?#{�y2{�F`y��u.U(XU|?�|4�pU [21] �T�hJ��<P:��#47�
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The new Creations and Developments of on-board Atomic Clocks

for the 3rd Generation of GNSS
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(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


