
RUBIDIUM AND CESIUM FREQUENCY STANDARDS 
STATUS AND PERFORMANCE ON THE GPS PROGRAM 

M. Van Melle 

Rockwell International Satellite Systems Division 

INTRODUCTION 

The evolution of the frequency standards on the GPS program started with 
the Block I concept validation program, beginning with a proposal program in 
1973 and followed by the (GPS 1 through 8) prototype space vehicle contract in 
1974. The full-scale developmental (GPs 9 through 11) models contracted I n  1978 
provided both navigation and nuclear detection capability. The product~on qua1 
vehicle (GPS 12) was contracted in 1980, and the production vehicles (GPS 13 
through 40) were contracted in 1982. 

During the proposal phase of this program, the on-board frequency Stan- 
dards were considered the most critical item within the GPS navigational system 
for achieving user position accuracy. Therefore, a considerable amount of 
effort was devoted to the frequency standards. The initial GPS vehicles (GPs 1 
through 3 )  incorporated three rubidium frequency standards, each with a backup 
mode, to minimize the risk to the GPS program on this critical item. This was 
achieved by operating a high performance VCXO without its rubidium reference. 
This design concept resulted in the redundancy potential of six frequency stan- 
dards per vehicle. Later space vehicles, starting with GPS 4, included an addi- 
tional cesium frequency standard, also with a backup VCXO mode. This extended 
redundancy was deemed necessary in lieu of the more conventional dual redun- 
dancy because if the rubidium loop failed, then the VCXO could be utilized as a 
backup device that would maintain frequency stability for a specific period of 
time, as required, to maintain navigational accuracy over the test area. The 
actual on-orbit GPS frequency standard operating history shown in Figure l 
illustrates the results of this hardware implementation. 

As this clock program progressed, ten different models of the rubidium 
standards have evolved. The part numbers of the different models of each fre- 
quency standard are shown in Figure 1. The first rubidium standards on 
Navstars 1 and 2 accumulated a total of 44 months of operation with 6 failures, 
which necessitated switching to the backup modes (1978 through 1980). The 
backup mode operating time is 138 months and still counting. Navstar 1 was 
officially declared inoperable on December 1985 (7.7 years). Navstar 2 has two 
clocks with an operable backup mode, but no navigatioriai or Kalman data is 
taken; just the power levels of L1 and L2 are monitored. The last 67 months of 
GPS rubidium clock operation on Navstars 4, 6, and 8 have seen one failure and 
three anomalies. The on-orbit chronology of events on the cesium frequency 
standards were very similar to the rubidium frequency standards. After an ini- 
tial power supply problem, the preproduction models (PPM) have a total of 87 
months of operation for three units with only one failure (depletion of 
cesium). 



All GPS production vehicles, starting with GPS 0013, will include two 
cesium frequency standards and two rubidium frequency standards, each still 
with a backup VCXO mode. 

ON-ORBIT PERFORMANCE 

The operating summary and life history of the various design types of 
rubidium frequency standards are shown in Table 1, and the cesium frequency 
standards are shown in Table 2. In order to acquire the exact performance char- 
acteristics of the frequency standards, a direct monitoring point would have to 
be attached to its output. Since this is not directly monitored, the perfor- 
mance evaluation is a combination of the frequency standard stability plus 
other outside effects, such as atmospheric effects, temperature coefficients, 
epherneric unknowns, and other factors that are fed into the Kalman filter equa- 
tions. Table 3 lists two parameters that come closest to directly evaluating 
the operating characteristics of the frequency standards. Both parameters are 
read off of the Kalman filter estimate residual. The motion, in sec/sec/day, is 
the difference between the maximum and minimum values of Kalman data, which is 
a relative value. The final offset value, in nanosecfsec, is the final value of 
Kalrnan data at the end of each day, which is an absolute value. There are four 
cesiums and two rubidiums operating in the primary mode on the six experimental 
satellites, On the other two satellites (~avstars 2 and 4 ) ,  the rubidium stan- 
dards are operating in the backup mode. 

RFS ORBITAL ANOMALIES 

The on-orbit operational data of GPS rubidium frequency standards started 
with Navstar 1 in March 1978, followed by Navstar 2 in May 1978. The three 
major types of problems that have been experienced include (1) power supply 
transformer failures, ( 2 )  too low a fill in the rubidium lamps, and (3) an 
oscillation in the VCXO heater control, and all have been eliminated starting 
with Dash 3 (XMFR problem) and Dash 4 (Rb fill) (Reference 1). 

The effectiveness of the transformer change can be seen by noting the 
operating history of the Dash 3 and subsequent standards. Clock 1 on Navstar 3 
has been operating for 94 months and Clock 3 on Navstar 4 for 58 months 
(RB depletion on October 27, 1986). The rubidium "underfill" problem has not 
reappeared after Dash 4 frequency standards. 

Another anomaly has appeared quite regularly on Navstar 6, which involves 
digital tuning word shifts. Why thi 5 has not occurred with more regularity on 
other standards is not understood. A possible cause could be static discharge 
on the spacecraft cables to the clock. In the nine months of operation, 
August 1984 through May 1985, about 25 disturbances occurred on the clock in 
position NO. 3. Another Rb frequency standard, in position No. 1 with shorter 
coaxial cable lengths to the command decoder, was switched on May 1985. There 
have been no offsets since. To solve the problem, a newly designed digital 
tuning circuit has been incorporated in Dash 11 clocks. This was to desensitize 
the circuitry to transient spikes and require four good clock pulses before 
executing the tuning word command. 

The orbital temperature variation of the spacecraft and, in particular, of 
the rubidium clocks has affected the frequency output of the clocks. With a 



temperature coefficient of the clocks being f 1 x ~ o - ~ ~ / o c ,  a temperature 
change of 2 to 3 " C  per orbit would change the frequency accordingly. There- 
fore, a temperature controller was introduced under each rubidium clock on 
Navstar 8 and on each subsequent Navstar vehicle. The performance of the rubid- 
ium standard on Navstar 8 with its temperature controller ( 2  0.l0C) has been 

arable to the cesium standards. The stability values were high parts in ;iTe, one day averaging rime. In May 1985 (the 34th month of operation), the 
short-term stability, <10 sec, went out of specification but not the long-term 
stability, >lo00 sec. Only the ground stations monitoring or utilizing the 
short-term data were aware of the instability problem. The Rb standard was com- 
manded to the backup mode in order to isolate the problem (Rb loop or VCXO 
loop). After two days, the Rb standard was turned off and the cesium standard 
was commanded on. No conclusive evidence to date has been found to determine 
the cause of this anomaly. 

The effectiveness of the backup mode concept and the design changes to the 
standards can be seen by noting thar the standards on the first six satellites 
have more than fulfilled thelr 5-year, experimental, lifetime specification. 

CESIUM ON-ORBIT ANOMALIES 

As previously stated, the first GPS satellite to operate a cesium fre- 
quency standard, in addition to three rubidium standards, w a s  Navstar 4. The 
backup VCXO mode of this clock is still operational after the cesium-half of 
the power supply failed (Reference 1). 

Numerous design changes to the PPM were made, including new brazing proce- 
dures on the Cs tube and improved leak testing of the oven assembly. The cor- 
rective measures in the production models were to increase the amount of cesium 
fill from 1.0 gram to 1.5 grams and to provide stricter quality control and 
inspection points. The effectiveness of these changes has been verified by on- 
orbit data on Navstars 8, 9, and 10. Remember that Navstar 11 has a cesium PPM 
operating without the latest design improvements. Table 2 is a summary of the 
operating history of these various design modifications of the cesium clock. 

The unused cesium standard on Navstar 8 has an interesting history because 
of the first trial run of the temperature controller for the rubidium clock. It 
has been in orbit for 34 months without being used. Turn-on occurred 7 months 
ago with no ill effects of 34 months of on-orbit storage, except for two ion- 
pump operations for 10 minutes each. 

The life testing in progress at the Naval Research Laboratory (NRL) adds 
to our confidence of on-orbit operation. These tests include (1) two tubes 
still with 1.0 grams of cesium, which were fabricated with improvements (46 
months of continuous operating time on each tube with no failures) and (2 )  a 
PPM for 54 months with no problems. 

SCHEDULES AND FUTURE PROGRAM 

The last of the Block I satellites, Navstar 11, was launched on October 8, 
1985. This was a qualification space vehicle for Block I space vehicles and 
secondary payloads. The ten spacecraft are situated in two orbital planes, four 



in the 120 deg plane and six in the 240 deg plane. Larger Block I1 GPS satel- 
lites with additional payloads were designed to be carried aboard the Space 
Shuttle and launched into orbit by PAM-D booster rockets. The fully operational 
constellation will consist of 18 operational spacecraft (three spacecrafts 
separated by 120 deg in each plane of which there will be six different orbital 
planes separated by 60 deg) plus three on-orbit spares. GPS 13 through GPS 21 
are planned to be launched from expendable launch vehicles commencing in 

mid-1988. GPS 22 and GPS 23 will be called GPS 1 and GPS 2, respectively, by 
NASA and will both be launched approximately mid-1989 from the Columbia as a 
dual launch. Three months later, GPS 3 and GPS 4 will be launched from the 
Columbia with GPS 5 in 1990. The last two operational satellites to fill the 
constellation, GPS 7 and GPS 8, are targeted to be launched in 1991. Starting 
with GPS 7 and GPS 8, the tentative plans are to replace one of the primary 
cesium standards with one of the second source cesium standard being developed 
by Kernco and Frequency Electronics, Inc., under the direction of the NRL.  

Other potential plans dealing with GPS (but not part of the GPS constella- 
tion) will be utilizing a refurbished GPS 12 vehicle for the purpose of experi- 
ments with advanced frequency standards. The experimental objectives would be 
to demonstrate that compact hydrogen-maser and other advanced atomic clock 
technology will operate in space for extended periods of time, and to separate 
orbital position and velocity errors from clock errors in space system. 

CONCLUSION 

The validation of the approach taken on the GPS program to have frequency 
standards with both a primary and secondary mode of operation is very 
apparent. A total (all clocks) of 469 months (39 years) of on-orbit time has 
accumulated in the primary mode of operation and 610 months (50.8  ears), 
including the backup mode of operation. 

On-orbit performance data substantiates a very effective development 
effort. Corrective actions eliminated early rubidium and cesium problems. 
Dash 3 rubidium standards corrected the transformer and VCXO oscilLation prob- 
lems. The Dash 4 units corrected the lamp problems. The same results are appar- 
ent in the cesium frequency standards. The corrective actions taken associated 
with the power supply problem have not reoccurred in any of the PPM or -0001 
units. There are sufficient on-orbit data to verify the corrective measures 
taken to eliminate early depletion of the cesium, plus more than 100 months of 
laboratory data have accumulated at N R L  that demonstrates the effectiveness of 
the various changes on the production tubes. 
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Table 1. GPS Rubidium Frequency Standard  
Opera t ing  Summary (P r imary  Mode) 

Navnar 

1 

2 

Total 

PIN 

-0001 

-0001 

-0002 

NEW POWER SUPPLY XFMR DESIGN (-0003 AND SUBSEQUENT) 

3 

4 

Total 

Months of Operation 

Total  
(mo) 

22 

22 

44 

1978 

10 

6 

-0003 

-0003 

RUBIDIUM LAMP CHANGE (-0004 AND SUBSEQUENT) 

Failures 

3 

3 

6 

1979 

12 

12 

1 6 2 4 4  

2 

0 

2 

5 

6 

8 

Total 

Failure 
Mode 

Lamps,XFMR 

Lamps,XFMR 

1980 

BIU 

4 

12 

12 

24 

"Anomalies 

-0004 
-0005 

-0005 
-0006 

-0011 
-0012 

Comments 

BIU-backup mode 61 mo 
7185 officially off 

Low frequency oscillation 
(BIU 71 mo) Nonoperational 

1981 

BIU 

BIU 

0 

12 

12 

24 

0 

0 

0 

1982 

BIU 

BIU 

0 

12 

12 

24 

0 

0 

0 

1983 

BIU 

BIU 

0 

12 

12 

24 

10 

Cs 

OP 

0 0 0  

10 

1984 

BIU 

BIU 

0 

12 

12 

24 

4 

Cs 

OP 

4 

1985 

BlU 

BIU 

0 0  

12 

12 

24 

Cs 
OP 

Cs 

OP 

0 4  

0 

1986 

0 

BIU 

12 

12 

24 

Cs 

OP 

Cs 

OP 

4 

11 

lOlBlU 

21 

3 

11 

26 

97 

94 

191 

0 

12 

1 2 1 2 5  

2 4 1 6  

1 

3 

4 

0 

11 

Frequency offset 

Lamps 

17 

34 

33 

84 

Second Rb clock on 
for 94 mo 17.8 yr) 

BIU still operational, 
same Rb on for 5 yr 

0 

0 

0 

0 

None 

Orift",frequency shifts' 

VCXO* 

None 

AVSC problem 
Cs-cesium clock 

Drift out of spec, 
> 10-I 2/day; 
Digital tuning word shifts 

Shorbterrn instability, 
< 10 sec: Cs on 511 5186 



Table 2. GPS Ces ium Frequency S t a n d a r d  Operat ing Summary 

Tab l e  3 .  GPS (Clock) Performance Characteristics 

Final Offset 
(nseclsec) 

0.01 5 

0.1 

0.025 

0.0055 
0.01 5 

0.003 

0.005 

0.0005 

Navstar 

3 Rb 

4 Rb (B/U) 

6 Rb 

8 Cs 
~b 

9 Cs 

10 Cs 

1 1  cs 

Motion 
(seclseclday 1 

10-12 

10-1° 

lo-12 to lo-13 
1-2x lo-13 
5 x  lo-'3 

1-3 x 10-l3 
5x lo-13 

3 x  10-l3 



QUFSTIONS AND ANSWERT 

MARK WEISS, NATIONAL BUREAU OF STANDARDS: There is no way to launch another 
satellite before January of 1989? 

MR. VAN MELLE: That's right. We have no elc~endable booster.s.We got caught 
short by trying to rely too much on the Shuttle as a work horse. We are find- 
ing out that Shuttle is really not a worl< horse for all satellites. It t&ns 
about 21 months from go-ahead to delivery of the boosters for one thing, :md 
we don't have any boosters setting around. We are depending on Atlas-Ccntaur, 
the Stretched Delta or the Titan 34D to put up our C;PS'S. In fact t h ~  GPS 
vibration specifications on the Shuttle arc worse t,tian on the boosters, so we 
don't really have to change any thing on the clock specific.ations or  any of 
the payloads, luckily. 

MR. WEISS: Sa, w h a t  is the bacl~up mode? I don't understand that. If something 
fails, is there something t h a t  could be done on some of the ones that are up 
there? 

MR. VAN MELZ;E: Oh yes, the backup modes far  t h e  rubidium and t h e  cesiums are 
the fact that you have a VCXO, a crystal VCXO, and instead of relying on the 
rubidium loop t o  u p l a t e  the VCTO all the time, when the rubidium loop fails, 
the VCXO will just be free-running. ThC VCXO t h a t  is i n  t,hc rubidiunl is made 
by I and has very good characteristics. The hclrup VCXO for thc cesium is 
made by FTS, who also makes the primary standard, 

MEI. WEISS: Are you talking quartz? 

MR. VAN MELLE: Yes. They are y 3 a r t s  in t en  to the tenth instead of p?rts in tcn 
to the thirteenth, Probably when one of the pr imary  standnrbds goes dorm, they 
will switch to the next primary etc, and then just, forget i l  bcca~~se of the 
loss in performance with the bar:kup m d e .  Probably tht-. rubidium or cesium 
clocks made for the next vehic les  {.rill riot have a I~zckup m d r .  Wc w o u l t l  \,rob- 
ably never use it because it is so bad for mvigat j unal purposes. We rqould 
just switch another whole satellite in its place. One o the r  rluevtian that was 
raised for N,4VSTAR 3 - remember that the lifetime is only five years on those 
a d  it is approaching 8 years since launch. I r z r h i t  that the solar 1mckls arc 
getting very inefficient and every six months this NAVS'J'AR goes through :m 
eclipse and there is no solar pwer and you have to g o  tcs the bat tery .  Thc 
battery is also failing on NAVSTAR 3 m d  4. Or1 4 we don't worry too much, but 
3 has a beautiful cloclr, in fact it has n rubidium that has ncver been turned 
on. We are going to have tn power down t h i s  sprcecraft when it goes through 
these eclipse periods, I think that we have mother year or year and a half, 
or two and possibly three eclipses before wr? losr the whole spacecraft hecause 
of age. Maybe 4 has another year. The spacecraft are getting V ~ I - y  old. 

BERNARD SERENE, THE EUROPEAN SPL4CE AGENCY: You reyx)lwtd on an elec:t,rost atic 
problem which upset, the c1oc:ks. Has this problem been r-.or:relat c.d with ot,her 
problems on board? Do you have any informatior1 on that? 

MR. VAN mLIB: No, T. don' t. We have a good huidl~ on the elect rost:it ic. dis- 
charge problem now, hut rememkr that these r>r'obl e m s  occur-red on a real old 
spacecraft which was launched in 1978. Conn~pturtll>~, we think t-hat the rr:asorl 
is that we switch& to another clock and it had di ffcrent cable lengths to thc 
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QUESTIONS AND ANSWERS 

K. I J O W ,  EL;EC?aoNTCS RESFaCH: I r e m e m b e r  from some pears ago t h a t  t h e  phase 
v e l o c i t y  i n  t,he ionosphere  is changed i n  the  o p p s i t e  d i r e c t i o n  form t h e  group 
ve loc i ty .  I understand t h a t  WI, \;as going t o  do some t r i c k s  with t h i s  t,o i m -  
pro1.e t h e  data from ?he Tmns i t ,  t.yp-! of Satellites r ~ i t t i  t h e  FBN equipmr5nt. Is 
t h a t  of some use i n  t h i s  work? 

MR. VAN ME1,L;E: I fai.14 tn mention t,hnt when I t ake  t he  difFerence of pseudo- 
ranges, i t  is the  d i f fe rence  between t h e  L2 pscudo-rang<: a i d  t h e  L,1 p s e w ~ o -  
range, t h e  lower frequency minus t h e  liighr-r 1 r t5q~uericy pseudo-range , When cal- 
c u l a t i n g  t h e  accumulated d e l t a  range d i f f~rences ,  1 reverse  the  order  of t h e  
d a t a ,  t h e  L , 1  carrier t riwking rnirlus t,hc I,2 carrier t r a r k  ~ n g  , so t h a t  thc  shape 
of t h e  curve, on t h~ :i\.crage, is t,he samc. Thc phase ve loc i ty  increase  and t h e  
g m u p  vt-locity retardation arc exact ly  1 he smie and of oprx3site p o l a r i t v ,  as 
shown by t h i s  agreement. 

MR. BUISSON: We do similar work t o  t h i s  and I wonderrd how you decided that a 
selrenteenth order polynomial was t h o  best. as opposed t,o a s i x t e e n t h  or  
f i f t ( ~ c n t ~ h .  

MR. VAN MELIB: I run i t  for a nineteenth  order plynnrnia l ,  an eighteenth ,  a 
seventeentki, a s i x t e e n t h ,  a f i f t e e n t h ,  :itld s o  on. The11 I uomparp t the r e s i d u a l s  
for. each of tAlu polyrlomlals, 'Thc I-c3sitlunlr decrease as t h e  ox-der of t h e  p l y -  
r~urnial increasc:~, I~u l  tht3rc is a kriec. i n  t h c  cur l  e lwynnd which 17ery l i t t l e  
in~pro\rment is seen.  For tli 1 s part i cwlar example, t h e  knee oc-rwrs p r e t t y  
clearly a t  t h e  se\,enteenth urdcr pulynomial. 

MR. ELZBTT, DMA rel)w.r~sc?nt,;~t-i~~3 at, JPO: With rcslxc.'t t o  t h e  rriultipt,h that, you 
sllnw, t11c mugrr i l  udes w e r e  f a i r l y  low, C a n  you g ive  some i l~d ica t~ ion  as t a  t h e  
c>lc\~at,ion angle? 

MR. VAN PU3LL;E: I have never r e a l l y  tried to  c o r r e l a t e  t h e  data that ,  you sr?e 
with the t r a , j c c to ry  itself'. I t  probably was low )*cause t h e  dominant efft3ct 
was a t  the  beginning of t h e  pass s o  it prolmhly was a t  u luw e l w a t i n r :  twlglt2. 

I have never a c t u a l l y  exmined it. 

MR. ELI,ETr: The unly r.c?ason t h a t  I br iny  t h i s  up i s  t h a t  Allan E\riaiS at YSWC' 
has r:~cnt iu r~ed  sorncb techniques f o r  id tb~i l i fy i rg  mult iP th  also. Of' course ,  he 
w a s  using a 'rI 4100 i n  a YSWC e r i \ 2 i ~ . o ~ ~ m e r ~ t .  I belie-vr; that hc: f o l u d  l a r g e r  
xralue?s for mult ipath,  but, t h e y  may halye beer) more l o c a l l y  r e l a t e d  than yours. 

M R .  V.4N XE1,LB: \ J l ~ i ; t t  T MI ta1lril:g about. rr:gi~~rling niul t i  [)a t. h is :jt t1:e opera- 
tiorla 1 cori t r o l  system rnoni t or ing s t a t  ions .  Ta t ~ g i r l  w i  tli, t h c * ~ .  l )u t  t h e  anten- 
n:iu i r i  a lvc::it,ion which \40ulrl  bth a gord lucrtt iori from the  rrn I nt of 1- ie r~  of 
rnul t 11~1th. Fur e.uml)l u ,  c a r l y  i n  t l l ~  progra~n a mvrlit ur7ing st ;tt,icn hias s e t  up 
o r 1  the i.orrf of t k c  I17P1 bu i l t i l  fig i n  Ck~it ,h~r.st~rrr+g. Therr., t h e  m1r1.t ipath effect,  
was a lol,  W O L ~ R C  be(;ause i t  :I tempv~*ar+y, c-.ht.ch--out hind of  s i t r l a t ion .  The 
p i n t  is i l lat at t,l~c-. rnollit,or.ing s t a l , ~ o x ~ s  wc (lo :ippar.erltly p u t  thrr. antt .rmas i n  
a good l n c : a l i o ~ ~ .  I f  you r*xztlly l i k e  m u l t i p ~ t k ~ ,  y u ~  can f ind  a ~ a y  of s e t t i n g  
up tlic alltennas t l~at, \ V  i 11 rnd<c? i t  show try,. 


