
NTS-2 CESIUM BEAM FREQUENCY STANDARD FOR GPS 

J. White, F. Danzy, S. Falvey, A. Frank, J. Marshall 
U. S. Naval Research Laboratory, Washington, D.C. 20375 

ABSTRACT 

NTS-2 is being built by the Naval Research 
Laboratory. It is scheduled for launch in 
mid 1977 and will be a part of the demon- 
stration phase of the NAVSTAR Global Position- 
ing Program (GPS) . NT'S-2 and Air Force 
Navigational Development Satellites will form 
a six satellite demonstration system which will 
permit a thorough evaluation of GPS. 

NTS-2 will have two cesium beam frequency 
standards and will hc the first satellite 
application for this type of atomic standard. 
Utilizing experience gained from the success- 
ful launch of rubidium frequency standards on 
NTS-1 in 1974 NRL has defined operating 
specifications for atomic standards in the 
space environment. 

Flight standards are being delivered to NRL 
for testing. Each unit was subjected to 
environmental and stability testing at NRL. 
The temperatuge qualification range is 
-loOc to + 50 C in vacuum. The standards 
are required to pass random vibration. Phase 
noise and short term stability tests have also 
been performed. 

Additional equipment has been designed and 
constructed to synthesize the 10.23 MHz signal 
required to drive the GPS navigation system 
electronics. In order to compensate for the 
relativistic effects a device was developed 
to offset the frequency of the cesium standard. 

I N T R O D U C T I O N  

NTS-2 (Navigation Technology Satellite 2 ) ,  Figure 1 is 
being prepared for launch by the Naval Research ~ a b  for the 
Navstar Global Positioning System (GPS). NTS-2 and the 
Navigational Development Satellites (NDS) which are being 



constructed for the Air Force will form a six satellite 
constellation for the demonstration Phase of GPS(l). NTS-2 
builds upon the technology developed with TS-1 which 
contained two rubidium frequency standards 9.3.4. mo 
cesium beam frequency standards were designed and con- 
structed under contract for NRL by Frequency and Time 
Systems, Inc. These standards are designed to deliver 
reliable performance in the satellite environment and 
survive the rigors of launch. NRL has performed extensive 
testing in both the laboratory environment and the varied 
environments which could possibly be encountered in launch 
and on orbit. 

In addition to the frequency standard it was necessary to 
develop additional hardware to interface it to the 
satellite telemetry control system, the Orbit Determination 
and Tracking System (ODATS) and the EPS navigation system. 

These devices include a direct synthesizer to generate 
10.23 MHz for the GPS system, the relativistic synthesizer 
which creates frequency offsets to compensate for the 
effects predicted by general relativity and a command 
interface which translates signals from the satellite 
telemetry systems into usable control signals for the 
frequency standards and synthesizers. 

C E S I U M  BEAM FREQUENCY STANDARD DEVELOPMENT 

The NTS-2 cesium standards were specified to provide the 
long term frequency accuracy and stability of existing 
commercial clocks and to survive and operate in the 
environment of an orbiting spacecraft. At the time the 
idea of using a cesium standard in space was first under 
serious consideration there was considerable speculation 
in the time and frequency community about whether or not a 
beam tube with it's precision mechanical alignments could 
be made sturdy enough to withstand a launch environment in 
the 20 to 30 grms range. Accordingly, the earliest efforts 
in the program were directed primarily towards the goal of 
vibration qualification. Under NRL contract Frequency and 
Time Systems embarked upon a program to produce a vibration 
qualified version of their FTS-1 beam tube. During 1974 
tubes were built by FTS and tested at NRL to identify and 
correct vibration sensitive areas of the tube. On March 1, 
1975, a tube passed 23 grms random vibration in three axes 
with no significant failures observable in limited per- 
formance testing at NRL. That tube was returned to FTS for 
analysis and was found to be operating nominally, Figure 2 
lists the pre and post vibration performance. Work on the 



goal of clock operation with the qualified beam tub 
interface for remote monitoring and commi 
the satellite telemetry. A brassboard model of the 
proposed flight frequency standard 
and delivered to NRL for testing in the sprinc 
While the brassboard was not mechanically desi 

designed to meet flight specifications. 
NRL to measure it's short term stability, phase noise, 

The period of testing ran through the summer of L 9 ' / 5  and 
resulted in several improvements in the basic design. A 
summary of the brassboard's perforinance is shown in Figure 
3. As reflected in the data the stability of the standard 
appeared to have a flicker floor of about 5x10-13. Since 
this was above the contract specification of 2x10-13 the 
matter was investigated by FTS and 
which have ultimately reduced the flicker floor for the 

over a period of seventy days was curve 
be less than 2x10-15/day. The changes made to the brass- 
board design were incorporated into the units built for 
NTS-2. These units are designated as prototypes. Four 

I (serial number 4) was used as a qualification 
subjected to qualification levels of environmental testing. 

I 
for NTS-2 and the remaining standard (Number 2) is the 
backup unit. Figures 4 and 5 show one of the prototypes. 

THEORY OF OPERATION 

similar to most other cesium clocksb. The user's c 
signal (5.000 MHz) is obtained from a high-quality voltage- 

this oscillator is regulated by comparison with the cesium 

while the short-term stability (outside the bandwidth of 
the frequency-control servo loop) is obtained from 

The cesium beam tube utilized is a standard F' 

environment of the satellite launch. The width of the 
cesium resonance in this tube is approximately 500 



center frequency of 9192 MHz. In the servo system, square- 
wave phase modulation is used. The modulation frequency is 
chosen approximately equal to the resonance line width, 
where the second harmonic signal is theoretically zero, and 
the amplifier gain and filtering requirements are therefore 
set only by noise considerations. All of the usual tuned, 
narrow-band, audio filter circuits have been eliminated or 
replaced by cornmutating filters. Thus, the servo system 
has been made relatively insensitive to drift and gain 
variations; all essential circuit functions are synchronous. 
Another important and unusual feature of the servo loop is 
the integrator in the error signal path. The time constant 
of this integrator helps determine the overall bandwidth of 
the servo system, and hence the crossover between short- 
term crystal stability and long-term cesium control. Both 
the long time constant and low leakage requirements are 
satisfied in the system through the use of a hybrid analog/ 
digital integrator circuit. The principle of this hybrid 
approach is shown in Figure 7. The analog integrator has 
a relatively short time constant (0.033 sec. in the unit) 
so that leakage effects are unimportant. The effective 
integration time constant of the hybrid circuit, however, 
is this value multiplied by the maximum digital count 
(4096) or 140 seconds. The overall servo loop time 
constant under these conditions is 10 sec. The hybrid 
integrator circuit also offers a convenient interface for 
direct digital control of the quartz oscillator, when the 
cesium loop is inactivated. 

The 5 MHz crystal oscillator used in the standard is a 
special ruggedized version of the Oscilloquartz B-5400 
commercial oscillator. This modified design has met all 
the shock, vibration, temperature and other environmental 
requirements of the satellite specification while at the 
same time exhibiting electrical performance and stability 
equal to or better than that of the B5400. A special out- 
put amplifier design permits multiple, highly buffered, 
independent outputs with considerable reduced primary 
power consumption. 

The internal functions of the standard may be monitored 
remotely by means of the satellite telemetry system. The 
monitors on these parameters are scaled to a 0 to i -5  VDC 
output and are brought to a connector for interfacing to 
the satellite. The functions available are: 

control voltage 
c-f ield 
C, beam current 





f o r  t h e  brassboard .  F igure  9 i s  a  summary of thermal  
vacuum t e s t  d a t a .  Because brassboard  t e s t i n g  i n  vacuum had 
been completed and des ign  c o r r e c t i o n s  i nco rpo ra t ed  i n t o  t h e  
pro to type  des ign  t h e r e  were no major problems encountered 
i n  t h i s  phase of t e s t i n g .  However, because t h e  mechanical 
s t r u c t u r e  was somewhat changed from t h e  brassboard  a s e r i o u s  
s tudy  was made o f  t h e  thermal  des ign .  The r e s u l t s  of t h a t  
work w i l l  be  p resen ted  a t  a  l a t e r  d a t e  ( 7 ) .  Sho r t  term 
s t a b i l i t y  was measured on all u n i t s  f o r  averaging t imes 
ranging from about  one second t o  a s  long a s  100,000 
seconds a s  t e s t  t imes permi t ted .  The qua1 u n i t  has  been 
s e n t  t o  t h e  Nat iona l  Bureau of Standards  f o r  long term 
t e s t i n g .  A t  bo th  NBS and NRL q u a l i t y  q u a r t z  o s c i l l a t o r s  
were used f o r  t h e  s h o r t e r  averag ing  t imes and op t ion  004 
cesium s t anda rds  a s  r e f e r e n c e s  for t h e  longer  terms.  A 
graph summarizing t h e  d a t a  i s  inc luded  a s  f i g u r e  10. 

S ing le  sideband phase n o i s e  was measured a t  NRL on a l l  f ou r  
u n i t s  us ing  an O s c i l l o q u a r t z  B-5400 a s  r e f e rence .  A s  
expected f o r  t h i s  type of  c lock  t h e  s p e c t r a l  d e n s i t y  was 
e s s e n t i a l l y  t h a t  of t h e  q u a r t z  o s c i l l a t o r .  F igure  11 shows 
t h e  r e s u l t s  f o r  t h e  des igna t ed  f l i g h t  u n i t s .  

A 1 1  s t anda rds  were t e s t e d  i n  the Laboratory and thermal  
vacuum environment t o  i n s u r e  t h a t  t h e  power consumption, 
remote t un ing  c a p a b i l i t i e s ,  and command func t ions  opera ted  
p rope r ly .  This inc luded  c - f i e l d  t un ing  curve measurements, 
q u a r t z  o s c i l l a t o r  t un ing  measurements, spectrum a n a l y s i s  
of  harmonic and spur ious  ou tpu t s .  A s  an  example f i g u r e  1 2  
shows q u a r t z  o s c i l l a t o r  t un ing  curves  f o r  u n i t s  t h r e e  and 
f i v e  . 
COMMAND INTERFACE U N I T  

The command i n t e r f a c e  u n i t  was designed t o  address  and 
c o n t r o l  t h e  frequency s t anda rds  from t h e  ground c o n t r o l  
s t a t i o n  v i a  the t e l eme t ry  system. This u n i t  was designed 
t o  have f u l l  redundancy i n c l u d i n g  power c rossover .  

The i n t e r f a c e  t a k e s  t h e  commands t h a t  have a magnitude of 
27  v o l t s ,  p u l s e  wid th  of  50 mi l l i s econds ,  and r i s e  and f a l l  
t imes of  one mi l l i s econd  and conve r t s  them t o  t r a n s i s t o r -  
t r a n s i s t o r - l o g i c  ( ~ ~ 2 )  which i s  compatible t o  t h e  
frequency s t anda rd  system. Tun ing  f o r  t h e  f requency 
s t anda rds  i s  accomplished by t a k i n g  s e r i a l  command b i t s  
and conver t ing  them t o  p a r a l l e l  t un ing  words. A monitor 
i s  provided t o  look a t  t h e  t un ing  words and a t  t h e  s t a t e  of 
o t h e r  d i s c r e t e  p o i n t s  i n  t h e  system. 



The command i n t e r f a c e  u n i t ,  diagrammed i n  f i g u r e  13 ,  takes 
the commands from t h e  I n t e g r a t e d  Command and Telemetry  
System (ICATS) and shapes  t h e  commands, n o t  used  f o r  r e l a y  
o p e r a t i o n s ,  through a S c h m i t t  l i m i t e r  c i r c u i t  i n t o  T ~ L  
c n m ~ a t i b l e  ~ u l s e s  . The commands used f o r  s w i t c h i n g  

w i t h  d i o d e s  mounted across  the  r e l a y  s o l e n o i d  for r e v e r s e  

T h e  i n i t i a l  s reset command shou ld  always he t h e  f i r s t  

c o n t r o l  commands o p e r a t e  l a t c h  c i r c u i t s  f o r  t h e  s p e c i f i c  

I t r a n s m i t t e d  which t o g g l e s  t h e  l a t c h .  

The i n t e r f a c e  p o i n t s  a re  l i s t e d  i n  t h e  NTS-2 c o n n e c t o r  
i d e n t i f i c a t i o n  l i s t  under  box A 4 0 4  (Frequency Standard 

Load r e g i s t e r s  
R e l a t i v i s t i c  o f f s e t  g e n e r a t o r  r e g i s t e r  
FS #1 C f i e l d  t r a n s f e r  r e q i s t e r  

FS #2 C f i e l d  t r a n s f e r  r e q i s t e r  
FS # 2  Quar tz  transfer r e g i s t e r  moni tor  s t a t u s  r e g i s -  

ter. 

The l o a d  r e q i s t e r  i s  a s e r i a l  r e g i s t e r  c o n t a i n i n g  1 6  bits. 
A t u n i n g  e n a b l e  command must p recede  a d e s i r e d  combinat ion  

13  th rough  15  c o n t a i n  t h e  i d e n t i f i c a t i o n  add re s s  ( I D )  b i t s  
and b i t  w o s i t i o n  16  i s  the  t u n i n s  enable '1) o r  d i s a b l e  ( 0 1 .  

c i r c u i t r 1 ~ - t o  moni to r  the  l o a d  r e q i s t e r  f o r  v e r i f i c a t i o n  of  
&LA l*-,A.-.A A - 4 - 7  Y.,,.,-A 

The d a t a  word i s  then p a r a l l e l  loaded i n t o  the  a d d r e s s e d  



t r a n s f e r  execute command switches t h e  monitor g a t e  
c i r c u i t r y  t o  look a t  the  addressed t r a n s f e r  r e g i s t e r  f o r  
v e r i f i c a t i o n  of t h e  loaded da ta  word. The d a t a  word i s  
next s h i f t e d  i n t o  the  frequency s tandard addressed s to rage  
r e g i s t e r  with t h e  s to rage  r e g i s t e r  execute command and 
remains i n  t h e  t r a n s f e r  r e g i s t e r  f o r  l a t e r  r e c a l l .  

The monitor s t a t u s  r e g i s t e r  and any of t h e  t r a n s f e r  
r e g i s t e r s  may be monitored a t  any time by sending a 
r e g i s t e r  monitor s e l e c t  enable command, four  tuning load 
"1" o r  tuning load "0" t o  make up  t h e  required I D  address ,  
and a r e g i s t e r  monitor s e l e c t  execute.  

RELATIVISTIC OFFSET PULSE GENERATOR 

The input  0 .5  MHz frequenc from t h e  R e l a t i v i s t i c  Synthe- 
8 s i z e r  u n i t  i s  divided by 2% and then divided by 2 pro- 

ducing t h e  input  frequency p lus  e i g h t  divided frequencies .  
These nine frequencies  a r e  then pulse subt rac ted  and gated 
wi th  the  des i red  o f f s e t  s e t t i n g  i n  an e i g h t  b i t  r e l a t i v i s -  
t i c  o f f s e t  genera tor  r e g i s t e r  t o  produce 256 d i s c r e t e  numb r 
of pulses  per  u n i t  time. This output  i s  then divided by 2 5 
producing 1.907 pulses  per second t o  488.28 pulses  per  
second i n  incremental  s t e p s  of 1,907 pulses .  

The output  of t h i s  pulse  genera tor  i s  harnessed t o  the  
r e l a t i v i s t i c  synthes izer  u n i t  on two l i n e s  where e i t h e r  
l i n e  may be a c t i v e  by s e l e c t i o n  of t h e  r e l a t i v i s t i c  o f f s e t  
s e l e c t  p o s i t i v e  o r  negat ive command. The p o s i t i v e  o r  
negat ive r e f e r s  t o  the  r e l a t i v i s t i c  synthes izer  output  
frequency. The pulse  genera tor  may be i n h i b i t e d  wi th  the  
r e l a t i v i s t i c  o f f s e t  o f f  command or-turned on wi th  t h e  
r e l a t i v i s t i c  o f f s e t  on command. 

POWER 

DC power f o r  the  command i n t e r f a c e  u n i t  i s  provided by t h e  
5 . 5  VDC r egu la to r s  wi th  crossover  redundance accomplished 
by switching. 

RELATIVISTIC SYNTHESIZER 

The NTS-2 program o f f i c e  a t  NRL was tasked by GPS NAVSTAR 
program o f f i c e  t o  genera te  a  10 .23  MHz frequency f o r  use 
wi th  the  Pseudo Random Noise System (PRNSA) onboard the 
NTS-2 S a t e l l i t e .  Frequency requirements f o r  the  NTS-2 
Orbi t  Determination and Tracking System (ODATS) was 5 MHz 
with a tunable  A F  o f f s e t  of approximately +1 x 10-9 wi th  a 





The 5 MHz t o  10.23 MHz s y n t h e s i z e r  i s  a  d i r e c t  frequency 
s y n t h e s i s  t echnique  i n c o r p o r a t i n g  d i g i t a l  and l i n e a r  l o g i c .  
This  technique of frequency s y n t h e s i s  a s s u r e s  t h e  ou tpu t  
frequency s t a b i l i t y  i s  d i r e c t l y  r e l a t e d  t o  t h e  r e f e r e n c e  
o r  i n p u t  frequency.  The s y n t h e s i s  d e r i v a t i o n  i s  

C i r c u i t r y  used i n  t h e  s y n t h e s i s  i s  a hybrid  of  d i g i t a l  and 
l i n e a r  l o g i c ,  s e e  f i g u r e  15.  

The Zeeman frequency g e n e r a t o r  i s  non redundant i n  t h e  
NTS-2 u n i t .  The purpose of t h e  Zeeman frequency i s  an 
a t t empt  t o  make a measurement of  t h e  r e l a t i v i s t i c  e f f e c t s  
of t h e  s a t e l l i t e  clock. Using t h e  Zeeman t o  s e t  t h e  cesium 
s t anda rd  t o  atomic t ime should be  2 o r d e r s  of magnitude 
b e t t e r  r e s o l u t i o n  than  the c a l c u l a t e d  r e l a t i v i s t i c  o f f s e t  
f o r  t h e  NTS-2 s a t e l l i t e  o r b i t .  

The Zeeman g e n e r a t o r  i s  a d i r e c t  d i g i t a l  frequency synthesis  
w i t h  an  op-amp f i l t e r e d  ou tpu t .  The r e f e r e n c e  frequency i s  
1 MHz which i s  de r ived  from t h e  i n p u t  5 MHz.  The 
s y n t h e s i s  d e r i v a t i o n  i s  

The Zeeman frequency i s  swi t chab le  o n - o f f , ' a n d  between t h e  
two frequency s t anda rds  by r e l a y s  which a r e  commanded 
through t h e  t e l e m e t r y  command system. 

The 10.23 MHz VCXO was added t o  t h e  system t o  meet t h e  GPS 
phase n o i s e  s p e c i f i c a t i o n  when the r e l a t i v i s t i c  o f f s e t  was 
on. T h e  c i r c u i t r y  i s  a  b a s i c  phase lock loop  (PLL)  
c o n t r o l l i n g  a  vo l t age  c o n t r o l  c r y s t a l  o s c i l l a t o r  ( V C X O ) .  
The r e f e r e n c e  frequency t o  t h e  PLL i s  t h e  d i r e c t  synthe- 
s i z e d  10.23 MHz which i s  de r ived  from t h e  cesium s tandard  
p lus  o r  minus t h e  d i r e c t  syn thes i zed  r e l a t i v i s t i c  o f f s e t  
frequency.  The u n i t  i s  f u l l y  redundant by s e l e c t i n g  t h e  
a p p r o p r i a t e  power on command. 

The PLL i n c o r p o r a t e s  a balanced mixer used a s  a phase 
d e t e c t o r .  The synthes ized  1 0 . 2 3  MHz p l u s  o r  minus  the 
r e l a t i v i s t i c  o f f s e t ,  w i t h  t h e  s t a b i l i t y  of t h e  cesium 
frequency s t anda rd ,  i s  phase compared w i t h  the VCXO RF out-  
pu t .  The p r o p o r t i o n a l  DC v o l t a g e  ou tpu t  of t h e  phase 
d e t e c t o r  i s  fed i n t o  an analog i n t e g r a t o r .  The ana log  
i n t e g r a t i o n  i s  an o p e r a t i o n a l  a m p l i f i e r  where t h e  b i a s  
vo l t age  i s  s e t  t o  the nominal VCXO c o n t r o l  v o l t a g e .  The 
ga in  of  t h e  a m p l i f i e r  i s  30 and has  an i n t e g r a t o r  response 
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FTS TUBE ANALYSIS 

PARAMETER PRE SHAKE POST SHAKE 

ACCURACY < 1 x 10-I' < 1 x lo-'1 

FLOP/BACKGROUND RATIO 12:1 12:1 

SIGNAL TO NOISE RATIO 1900* 1850* 

LINE WIDTH 447* 454* 

FIGURE OF MERIT 4.3* 4.0" 

I SIGNAL 2.5 x 2.2 x 

I DARK CURRENT 

I ION PUMP 

FULL RESONANCE SPECTRUM NO CHANGE 

*DIFFERENCES IN THESE VALUES ARE WITHIN THE RESOLUTION OF OUR 
PARTICULAR TEST APPARATUS. 

**AFTER SHAKE, A VACUUM LEAK IN A MICROWAVE WINDOW METAL TO 
METAL BRAZE CAUSED A RATE OF RISE IN  INTERVAL TUBE PRESSURE. 
ALTHOUGH UNDESIRABLE, THE MAGNITUDE OF THE LEAK WOULD NOT 
INHIBIT NORMAL OPERATION IN EARTHS ATMOSPHERE. LEAK STOPPED 
AT NRL - ADDITIONAL QC STEPS NOW IN FORCE TO AVOID ANY 
POSSIBLE REPETITION IN  FUTURE TUBES. 

Figure 2. 
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