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FOREWORD 

These proceedings con ta in  t h e  papers  presented  a t  t h e  S i x t e e n t h  

Annual P rec i se  Time and Time I n t e r v a l  App l i ca t ions  and Planning 

Meet ing  which was h e l d  November 2 7 - 2 9 ,  1 9 8 4  a t  Goddard Space  

F l i g h t  C e n t e r .  The d i s c u s s i o n s  f o l l o w i n g  t h e  p r e s e n t a t i o n s  a r e  

a l s o  i n c l u d e d .  T h e r e  were 2 1 5  r e g i s t e r e d  a t t e n d e e s ,  o f  which 28 

were from 12  f o r e i g n  c o u n t r i e s .  Fourteen were from Europe, seven 

from A s i a ,  one f rom t h e  P a c i f i c  and s i x  f rom t h e  Western  Hemi- 

s p h e r e .  W i t h i n  t h e  Un i t ed  S t a t e s ,  57 o f  t h e  a t t e n d e e s  were from 

west of t h e  M i s s i s s i p p i  and 130 from e a s t  of t h e  M i s s i s s i p p i .  

The o b j e c t i v e  o f  t h e  m e e t i n g  was t o  p r o v i d e  an o p p o r t u n i t y  f o r  

program p l a n n e r s  t o  meet t h o s e  who a r e  engaged i n  r e s e a r c h  and 

deve lopment  and t o  keep  a b r e a s t  o f  t h e  s t a t e - o f - t h e - a r t  and 

l a t e s t  t e c h n o l o g i c a l  developments.  A t  t h e  same t i m e ,  i t  provided 

an o p p o r t u n i t y  f o r  e n g i n e e r s  t o  meet  program p l a n n e r s .  T h i s  

o b j e c t i v e  i s  c l e a r l y  r e f l e c t e d  by t h e  t i t l e  of  t h e  meeting. 

T h i s  year ,  t h e  program emphasized t h e  e f f e c t s  o f  ionospher i c  and 

t ropospher i c  propagat ion on t ime  and frequency t r a n s f e r ,  advances 

i n  t h e  g e n e r a t i o n  o f  p r e c i s e  t i m e  and f r e q u e n c y ,  t i n e  t r a n s f e r  

techniques  and f i l t e r i n g  and modeling. 

The S e s s i o n  Chairmen and t h e  T e c h n i c a l  Program Commi t t ee  a r e  

r e s p o n s i b l e  fo r  t h e  e x c e l l e n t  t e c h n i c a l  c o n t e n t  of  t h e  meeting. 

The u n s t i n t i n g  suppor t  of t h e  sponsors  and t h e  v o l u n t e e r s  make a  

m e e t i n g  such  a s  t h i s  p o s s i b l e .  We a r e  f o r t u n a t e  t o  have s u c h  

dedica ted  people. 

v i i  
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PROSPECTS FOR ATmIC FREQUENCY STANDARDS 

C, Audoin 

Lahoratcire de 1 'Horloge Atomique 
Eqiipe de Recherche du C W ,  

associ6e 9 l1Universit6 Paris-Sud 
B2t. 221 - Universite Paris-Sud 

91405 Orsay - France 

We sha l l  describe the p o t e n t i a l i t i e s  of d i f f e ren t  ato- 
mic frequency standards which a re  not yet  in to  f i e l d  
operation, fo r  most of them, but f o r  which preliminary 
data, obtained in laboratory experiments, give confi- 
dence tha t  they may improve g rea t ly  the present s t a t e  
of the  a r t .  

The review w i l l  mainly coIrer the following &vices : 
- c e s i m  beam frequency standards with opt i -  

c a l  pumping and detect ion 
- opt ica l ly  pumped rubidium c e l l s  
- magnesiun bean 
- cold hydrogen masers 
- t raps with stored and cooled ions. 

Atanic frequency standards a re  founded on the space and time invariance of  tk 

energy difference between specified levels  of atoms, a t  r e s t  and in a given 

a c c e l ~ > ~ ? t i o n  f i e l d .  This statement is  t o  be re la ted  t o  the absence of experi- 

mental evidence of  a cosmological var ia t ion  of  the funrlamental constants,  a t  

l e a s t  a t  the present level of our measurement a b i l i t y .  

However, there are  two fundamental limits t o  the  precision of the measurement 

of the energy difference hvo between two atomic levels .  

The f i r s t  one is s e t  by the Heisenberg uncertainty pr inc ip le ,  Av A t  - 1,  

which mems tha t  the linewidth cannot be smaller than the  inverse o f  the do- 

servation time, about. This l i m i t  may be reached provided tha t  appropriate 

t r i cks  eliminl,te a s  well a s  possible other  sources of line broadening such 

as the f i r s t  order Doppler e f f e c t  and the i n b o g e n e i t y  af the s t a t i c  magne- 

t i c  f ~ e l d ,  fo r  instance. 



Assuning that  these spurioils e f fec t s  are unde suff ic ient ly  good control, the 

Heisenberg principle c a l l  for long interaction times such as i n  the hydrogen 

maser and in ion traps. 

The second fundamental limit is determined by noise processes. In the case where 

the atanic resonance is monitored by a flux of par t ic les ,  atans or photons, shot 

noise is the amsying effect .  The corresponding fractional fluctuations of the 

part icle flux being inversely proportional t o  the mean flux value, it is desi- 

rable t o  monitor a high par t ic le  f lux,  i n  atomic beam devices for  instance. In 

the hydrogen maser, where the atomic transit ion is detected whether as the crea- 

tion (active operation) , or the variation (passive operat ion) , of a coherent 

electromagnetic f ie ld ,  thermal noise due t o  the brownian motion of electrons 

i n  the cavity wall perturbs the phase and the amplitude of the electromagnetic 

f ield.  The nost obvious solution -at least  in principle- consists in the coo- 

ling of the cavity. 

A more detailed analysis shows that the fractional frequency s i a b i l i t y  measure, 

G ~ ( T )  ('I, i s  giv:n by : 

whtre Q i s  the quality factor of the atomic l ine  and S/B(-r) the signal t o  noise 

ra t io  of i t s  ohservation,during the time interval -r. The best frequency s t a b i l i t y  

i s  then obtained in devices where it is possible t o  realize both a large quali ty 

factor and a large signal t o  noise ra t io .  Of course, tradeoffs between the two 

factors are possible. 

A high quality factor requires, among other demands, a suff ic ient ly  large tran- 

s i t ion  frequency. A t  the present time, the largest  one which has been used i n  

experimental devices are that of the hyperfine transit ion of the mass 199 mer- 

cury ion, a t  40.5 GHz, and that of a f ine  structure t ransi t ion of the mass 24 

magnesium atom i;t 601 GHz. A t  the present time, higher frequencies cannot be 

producci; and/or measured in suff ic ient ly  re l iable  set-ups, so  that  we shal l  

focus on microwave frequency s taildards , mainly. 

The preceding remarks indicate the directions in  which improvements of atomic 

frequency standards may be expected. They refer,  i n  fac t ,  t o  mans of enhancing 

the short and mediun term frequency s tab i l i ty .  However, it is well known that  

other qual i t ies  are necessary t o  f u l f i l l  the present demand. Among them, the 

long tern s tab i l i ty  and the reproducibility are of prime importance i n  a nm- 



her of applications. Similari 1 y, improved accuracy is desired fo r  rhe labora- 

tory primary cesiun beam frequency s t a n d a d s ,  which rea l i ze  the de f in i t ion  of 

the S.I.  time uni t .  As  we wi l l  see, the  c i t e d  direct ions o f  work a re  a lso  bene- 

f i c i a l  t.o these very important charac ter is t ics .  Their improvement motivates, i n  

par t icular ,  the present e f f o r t s  t o  cool ions and t o  observe one of a Few of them 

almost a t  rest and isolated from spurious sources of frequency s h i f t s .  

A descript ion of the  principles and of the design of most of the exis t ing  f re -  

quency stanaards has been given in review a r t i c l e s  and sha l l  not be re- 

peated here. 

2 .  BASIC PROPERTIES OF ITIE USEFUL TRANSITIONS 

ltyperfine t r ans i t ions  of atoms and ions in  the ground s t a t e  share i n  comnon 

the  following propert ies  of in te res t  : 

- the  l i fe- t ime of the hyperfine levels  is very large ,  amounting t o  

years, due t o  the very low probabil i ty of spontaneous emission. This is mainly 

related t o  the small energy difference h \ ~  between the  levels ,  
C 

- the  Stark e f f e c t ,  i .e. the frequency s h i f t  dlx t o  an e l e c t r i c  f i e l d  

E is  of second order, 

- the Zeeman ef fec t  of some of the :iF = 1 ,  AmF = 0 t r ans i t ions  is a lso  of 

second order. The sens i t iv i ty  t o  the  magnetic f i e l d  of the f ine  s t ruc ture  t ran-  
24 - 4 

s i t i o n  i n  Mg i s  very smal~. I t  is approxirnatcly equal t o  10 times that  of 

cesiun ( 4 ) .  Table 1 gives some pertinent numerical values. 

A s  a resul t  of the small energy difference between the ground s t a t e  hyperfine 

levels ,  they are almost equally populated a t  thermal equilibrium, such as  i n  an 

a t m i c  beam source. S t a t e  se lec t  Ion is then mandatory t o  observe hyperfine tran- 

s i t i o n s  with a su f f i c i en t  signal t o  noise r a t i o .  This is accomplished e i t h e r  

by magnetic deflect ion o r  optical  pumping. 

In  the  case of the magnesium f ine  s t ruc ture  t ransi  t ion ,  &toms are  produced in  

a metastable s t a t e  having three  sublevels with d i f ferent  l i fet imes.  The popu- 

l a t ion  difference follows from the fa s t e s t  decay to the  ground s t a t e  of one of 

them. 

3 .  BEAM FRRJJEKY STANDARDS WIT![ OITICAL PUMPIfiC AND DETECTION 

3.1. Cesium Beam 

a) Experimental achievements 



In 1950, A. lidstler showed that it shoud be possible t o  optically enhance 

the population of certain atanic levels and to  opt ical ly  detect magnetic reso- 

nance transit ions . lie suggested tbat  the strong and irlhomogeneous magnetic f i e ld  

regions could be replaced by optical  interaction region in  the Rabi beam magne- 

t i c  resonance machine. This possibi l i ty  was confirmed in  a Rb 87 bean1 using rubi- 

dium spectral lamps ard a Ransey-type microwave cavity ( 6 )  . However, a t  that  

time, the l ight sources were spectral  lamps, and the energy density of the 

l ight beam was not large enough t o  provide eff ic ient  optical  punping and de- 

tection. More recently, the developnent of rel iable semi-conductor laser  l ight 

sources in  the near infrared, a t  0.852 pm, enabled the optical  punping of cesiun 

a t w  and the optical detection of tk F = 4 ,  r,l = 0 o F = 3 ,  mF = 0 clock F 
(7)  t ransit ion a t  9.192 H z  produced in 3 Ramsey type F Lrowave cavity . 

Figure 1 shows the p r i ~ c i p l e  of optical  pumping and detection. A t  the l e f t  

of the figure an energy diagram is  shown with two levels i n  the ground s t a t e  

and one i n  an excited s ta te .  A l ight  beam excites the atoms from level 1 t o  3. 

The population of tk-. excited s t a t e  decays by spontaneous emission with an 

equal probability on levels 1 and 2. Assuning that  the energy density is large 

enough it follows that the level 2 is populated a t  the detriment of level 1 ,  

and a population difference is created by optical  punping. This three level 

configuration is also useful fo r  t.he detection of a t ransi t ion between levels 

1 and 2. I f  t h i s  transit ion occurs, the level 2 becomes populated and the 

light beam may transfer one atcm t o  level 3 .  Spontaneous emission creates one 

fluorescence photon which may be detected and used to  monitor the 1 2 

transition. In that  case, one photon a t  most i s  produced per atom. Another 

optical  detection scheme is shown a t  the r ight  of figure 1.  Only twa levels 

are involved. One fluorescence photcn is emitted each time one photon of 

the incident l ight beam is absorbed by a t m  in level 1 .  The life-time 

of the excited s t a t e  being very small, one may then detect several photons 

per atom i f  the l ight beam energy density is suff ic ient ly  large. This tran- 

s i t ion  is denoted a s  a cycling transit ion.  Furthermore, the number of pho- 

tons is proportional t o  the time spent by the atoms in  the l igh t  beam, and, 

consequently, t h i s  method provides a narrowing of the l ine .  

The configurations of figure 1 are included i n  the level energy diagram 

of the cesiwn atom, shown in figure 2 ,  i n  a simplified fonn. Taking into  

account the selection rule AF = 0 o r  + - 1 ,  one sees that  the levels F = 3 

and 4 of the grotlnd s t a t e  plus the level F' = 4 of the excited s t a t e ,  for 



instance, may be considered for  opt ica l  pumping and detection. The levels  F = 3 

and i:' = 2 ,  for  instance, may be used f o r  opt ica l  detection. I t  e x i s t s  several 

such configurations, corresponding t o  a nunber of  experimental arrangements. 

I n  f ac t ,  the  spectrwl is even more camplicated than shown i n  f igure  2,  because 

each hyperfine level  has 2F + 1 magnetic sublevels.  In  pa r t i cu la r ,  the  ground 

s t a t e  has a t o t a l  of s ixteen sublevels which a r e  equally populated a t  the 

atomic source e x i t .  

Tht most simple experimental set-up is sketched in figure 3. A s ing le  semi- 

conductor l a se r ,  a t  0.852 tun, i l luninates  a cesiun beam, on each s ide  of the  

Ramsey microwave cavity. A population difference is created in  the f i r s t  l i g h t  

atan in terac t ion  region and the microwave t r a n s i t  ion is detected in  the second 

one. In tha t  set-up, one of the  two hyperfine levels ,  F = 3 o r  4 of the ground 

s t a t e  is emptied t o  the  benefi t  of the other  one, i f  the l igh t  in tens i ty  is 

su f f i c i en t ly  large i n  the  f i r s t  interact ion region. The population o f  the  F = 3,  

% = 0 o r  o f  the F = 4,  m = 0 sublevel,  depending on the arrangement, becanes 
F 

1/8 of  the t o t a l  population of the  beam. This is twice what may be expected with 

magnetic s t a t e  selectors ,  which de f l ec t s  o f f  the  beam one o f  these mF = 0 

levels .  Figure 3 shows the microwave spectrum observed '8) with the experimental 

set-up of figure 3. 

Another in teres t ing  consequence of  the  se lec t ion  rules has been suggested by 

L. Cutler,  pointed out by Lewis and F e l h a n  and theore t ica l ly  investigated 

by de Clercq e t  a1 ('O). I t  affords the p o s s i b i l i t y  t o  t r ans fe r  the  population 

of the sixteen hyperfine magnetic sublevels of the ground s t a t e  t o  e i t h e r  the  

F = 3,  m = 0 o r  the F = 4, m = 0 level.  For instance, one l i g h t  beam tuned F F 
t o  the F = 3 (-3 F: = 4 t r ans i t ion  w i l l  populate a l l  the  sublevels of the s t a t e  

F = 4. The second l i g h t  beam, tuned on the  F = 4 (-3 F t  = 4 t r a n s i t i o n  w i l l  

emrty t h e  s u b l e v e l s  of t h e  s t a t e  F = 4 ,  w i t h  t h e  exception of t h e  sub leve l  F =  4 ,  

m , = O b  ecause the t r ans i t ion  F = 4 ,  mF = 0 cj F' = 4, mF = 0 is forbidden i f  
A 

the l i g h t  is l inea r ly  polarized, pqra l le l  t o  the s t a t i c  f i e ld .  I t  i s  then pos- 

s i b l e ,  i n  principle;  t o  concentrate a l l  t he  atoms on the  F = 4 ,  mF = 0 level ,  

fo r  instance, whose population becomes 100 % of tha t  o f  the beam. This major 

improvement has been experimental 1 y achieved in two experimental conf igura- 

t ions  (8' ll). I n  the f i r s t  one, the  detect ion i s  accomplished by a l i g h t  

beam derived from one punping beam, and i n  the  secmd one a t h i r d  laser is 

used f o r  the  detect ion by a cycling t r ans i t ion .  In t igure  5, one sees tha t  

the  f i e l d  depenlent AmF = 0 t r ans i t ions  have almost disappeared correspon- 



ding t o  an increase of the central  Rabi-Ramsey central  line. Figure 6 shows 

the central Rmsey fringe obtained in a three lasers configuration. 

b) ?respects 

Besides the simplification i n  the design and the manufacturing of the cesium 

beam tube, optical punping and detection methods have an impact on both the 

frequency s t a b i l i t y  and the accuracy of cesiun beam frequency standards. 

The short and rnediun tern  frequency s t a b i l i t y  measure, oy( r ) ,  is determined by 

shot noise, for T ; 1 day. I t  is 3pproximately given by : 

where I i s  the flux of detected cesiun atoms. The optical  pumping method is 

able t o  make the most eff ic ient  use of the cesium beam : 

- no atom i s  los t  by velocity dependent magnetic deflection 

- the atans of the sixteen sublevels of the ground s t a t e  can be accunu- 

lated on e i ther  the F = 3, % = 0 or  the F = 4,  mF = 0 level 

- wider beams may be used due to the absence of beam geometry limita- 

t ions by magnet pole piece separation and hot wire detector width. 

I t  is then very l ikely  that  the useful beam intensi ty  I may be increased by 

a factor of the order of 100 and, thus,the frequency s t a b i l i t y  by a factor 

of about 10, so that  a frequency s t ab i l i t y  f igure approaching 

ilppears easible in manufactured units .  Figure 7 compares t h i s  frequency sta-  

bi l i  t y  with that  of examples of presently manufactured cesiun beam frequency 

standards. Among others, t h i s  achievement w i l l  require a suitable choice of the 

optical punping and detection scheme and a proper design of the optical  detec- 

t ion region in order to  eliminate a s  well a s  possible spurious background l ight 

fpom the incident laser beam. 

S ~ ~ s t e w t i c  e f fec t s  may also be greatly diminished, thereby improving the long 

t e n  ; tabil i ty,  reproducibility and accuracy 

- the suppression of the f i e l d  dependent side-bands of the micruwave 

spectrum of the beam tube eliminates the frequency pulling by neighbouring 

iues ( 1 2 ) .  As rhe separation between t k s e  side-bands depends on the applied 

s t a t i c  ma$lletic f i e ld ,  t he i r  absence ~ ~ ~ O V J S  to  decrease its value and, conse- 

q~rnnt'iy t o  decrease th2 sens i t iv i ty  t o  ambiant magnetic f i e ld  changes. 

- the velocity distr ibution of the detected atoms is determined by the 



interaction t* with the l ight  beams and the c h s e n  method of optical  

detection. Well defined velocity distr ibution functions may be achieved (1 3) 9 

thus improving the knowledge of the second order Doppler effect .  

- the absence of s t a t e  selector magnets and the creation of a weak ma- 

gnetic f i e ld  a l l  along the cesiun beam cancel the probability of Majorana 

transitions, suppress tk related frequency s h i f t  and ease the achievement 

af a bet ter  magnetic f i e ld  uniformity. 

- a better evaluation of tk coupling between tk velocity and the trans- 

verse position of atoms w i l l  enable a be t te r  averaging (I4) of the transverse 

phase sh i f t .  

- the cesiun beam may be designed synmtrical  with an on-axis cesiun oven 

a t  each end, thereby allowing a measurement and a correction of the cavity 

phase shif t .  

The l ight  sh i f t ,  which is inherent t o  optical  methods is small here ( l S ) ,  be- 

cause the optical and micrmrtve interact ions do not occur a t  the same place. 

I t  may be measured and kept constant t o  about one part  in 10' 4. As a conse- 

quence of a decrease, or a bet ter  control of systematic frequency sh i f t ,  a 

frequency s t ab i l i t y  of the order of 1 x may be expected over a year. 

In addition, it is worth noting that  it is of prime interest ,  f r m  a fundamen- 

tal point of view, t o  realize the S.I. time wit by significantly different 

means t o  verify that  possible fundamental and apparatus effects  have not been 

missed. 

Use of slow atoms increase the line quali ty factor -which is inversely propor- 

tional t o  the velocity- and thus lmprove the short and mediun term frequency 

s t ab i l i t y  (-r c 1 day) i f  the beam flux is not too m h  diminished. I t  a lso 

decreases the veloc i t y  dependent frequency s h i f t  and contributes t o  an increase 

of the long term frequency s t ab i l i t y  and to  the accuracy. Slow atoms are a l -  

ready preferentially s t a t e  selected i n  one of the primary cesiun beam frequency 

standards ( 1 6 ) .  In the same line,  the interest  in  a fountain beam experiment (1 7) 

has been recently renewed . ~ssun ing  that  coll isions do not sca t te r  signi- 

f icantly the very sluw atans of a beam effusing fran a properly designed over 1 
i 

aperture, a possible accuracy of 10-' has been anticipated f o r  a machine, 

using 6 ms-' optically punped and detected C s  atoms. i 

Laser cooling is also studied ( 1 9 ~ 2 0 ) ,  with the hope t o  produce intense and i 
sufficiently well collimated beams of slow atoms. I 



3.2. Rubidiun Beam Frequency Standad 

One may consider the application of optical  w i n g  and detection methods t o  a 

mass 87 rubidiun beam (21), but using laser diode l igh t  sources instead of spec- 

t r a l  lamps (6'. T h  wavelength of the D2 resonance transit ion,  which i s  equal 

t o  780 nm, is we11 suited, because it corresponds to  that  of l igh t  sources 

developed for  the videodisc  industry. However, besides that  point, rubidium 

does not provide significant advantages for  improved frequency standards . 
- I t  has 8 hyperfine sublevels in the ground s ta te ,  instead of 16 for  ce- 

siun, but in both cases, then may be transferred to a single mF = 0 by double 

wavelength optical pmping. 
- I t s  mass is smaller than that  of cesiun. The line-width on the one hand 

and the velocity dependent frequency s h i f t  one the other hand would be sl ight-  

l y  wo?-se than fo r  a cesiun beam. 

4. MQIJESIW BEAM FREQUENCY STANZARD 

A s  a consequence of t he i r  tm, valency electrons, earth alkaline atans have 

singlet  and t r i p l e t  states.  The ground s ta te ,  ' s o ,  is a singlet .  Thc f i r s t  
J t r i p l e t  s ta tes ,  POPI ,2 shown in the simplified energy diagram of Fig. 7 ,  is 
1 1 3 metastable. The So C+ Po and the So <+ P2 t rans i t  ions are forbidden, for  

1 3 even isotopes, but the S P1 transit ion is s l igh t ly  allowed. Consequently, 0 7 
3 a large population difference may be created between the P f ine structure levels 

3 (41 by spontaneous decay of tk PI level . 
3 3 The fine structure sp l i t t ing  is rather large. The PI p ones of Mg (22,23, 

0 
24) and Ca a re  the smallest. They are given in Table 2 ,  as well as the l i f e  time 

3 
(") of the P level and the wavelength of the fluorescence l ight .  

1 

In a magnesim or  a calciun beam frequency standard, the metastable 3~ 
0,1,2 

levels are created i n  a discharge. A t  a distance downstream, which is of the 
3 order of 1 m for Mg, for  ins tawe,  the population of the PI level is depleted 

3 by spontaneous decay. The dipole magnetic f ine structure 3 ~ 0  t-, P1 transi- 

t ion is induced in a sub-millimeter cavity, so that  the level 3 ~ 1  is reple- 

nished. The f ine  structure transit ion is then monitored by the intensity of the 

fluorescence l ight which is emitted by the beam, a f te r  its passage in the ca- 

vity. As usual, the resonance signal is processed t o  enable the frequency con- 

t r o l  of the interrogation frequency. Such a device, using a magnesiun beam has 

been successfully operated ("I, with a Rabi-type cavity a t  the present time. 



With a Ramsey type sub-millimeter cavity, the  sho r t - t en  frequency capabil i ty 

of such a device would be (24) : 

I 

for  n~agnesiun and 10 times bet ter  fox calcium. This is mainly due i )  t o  the 
9 

high value of the l i ne  Q, of the order of 10 , although limited by sponta- 
3 

neous decay of the PI level and i i )  t o  the possibi l i ty  t o  use wide atomic 

beams. 

The very low sensi t iv i ty  t o  magnetic f i e ld s  and the absence of neighbouring 

transit ions are  positive points. But the long t e n  s t ab i l i t y  , the reproducibi- 

l i t y  and the accuracy are limited t o  the level by the second order Doppler 

effect  (26) which is rather large due to  the large velocity of l igh t  atoms for- 

ming a beam fran a high temperature oven. I t  amounts t o  2.5 x low1 for  magne- 

siwn. 

A magnesiun beam machine must be several meters long t o  a l l w  a suff ic ient  decay 
3 of the P1 level a f t e r  the discharge region, and an eff ic ient  collection of the 

fluorescence l ight  a f te r  the cavity. The length requirement is about 10 times 
3 l ess  with Ca, according t o  the  smallest l i f e  time of the PI level. The genera- 

t ion of the large interrogation frequency nay cause technical problems. 

5. WBIDILM CELL FREQUENCY STNARDS 

Spectral lamp optically pumped rubidium c e l l  f reqwncy standards are popular 

i n  applications where good short term s t ab i l i t y ,  but re la t ively  poor lon: term 

s t ab i l i t y  are compatible with small size,  small power consunption and low 

cost . 
A buffer gas i s  introduced in  the c e l l  containing mass 87 rubidiun atoms to  

enhance the optical punping efficiency . Nitrogen quenches rubidium a t n s  

i n  t.he excited s t a t e  so that  they make a non radiative t ransi t ion t o  the ground 

s ta te .  Otherwise, the fluorescence l ight ,  which contains both hyperfine compo- 

nents, would decrease the attained population difference. In addition, the slow 
(28) diffusion of atoms in the buffer gas greatly reduces the Doppler broadening , 

without requirement on the size of the c e l l  compared t o  the microwave wave- 

length, so that  the Doppler f ree  hyperfine t rans i t i cn  can be observed with a 

ce l l  f i l l i n g  the microwave cavity 2:. 

- 
:: I n  that case, .the mictoluave c a v i t y  ib noX nece6bmif. Th.i4 Dopplet 64ee &an-  
d a o n  may be obbehved i d  t h e  c e U  & phced h~ a & a v U n g  wave at t h e  h @ a -  
dine ZkanbLZion bhequenc y. 



I 
? 

With a laser l ight source the optical  punping efficiency is highly increased, 

due t o  the much larger energy density a t  the proper wavelength. I t  would then 
1 be possible t o  suppress the buffer gas, provided i) that  the c e l l  does not 

extend t o  regions where the phase of the  standing micrwave magnetic f i e ld  is 
i 

reversed and i i )  that a wall coating prevents strong relaxation on the glass 

wall. The great advantage would be tht! elimination of the large s ize  buffer 

gas frequency s h i f t  and ,mainly, of the inhomogeneous l ine  broadening effects 

causing large power frequency sh i f t s  (28bis) due to  the absence of motional 

averaging when a buffer gas is used. These inhomogeneous l ine  broadening ef- 

fects  are produced by the progressive absorption of l ight  along its path in  

the ce l l ,  causing a distributed l ight  sh i f t ,  and by inhomogeneous magnetic 

f ield.  In thiit event, the buffer gas frequency s h i f t  would be replaced by a 

noticeably smaller wall sh i f t .  

One may then expect that  the larger resonance signal increases the short term 

frequency s t ab i l i t y  and that the reduction of frequency offsets  improves the 

medium and long term frequency s tab i l i ty .  This assunes i) that  the optical  

wavelength i s  tuned t o  tha t  of the " l ine ,  so that the l igh t  sh i f t  :IPS t o  

zero and i i )  that the amplitude and frequency noises (29) of the laser  is  suf- 

f ic ien t ly  reduced so tha t  they are not transduced into fluctuations of the f re-  

quency of the hyperfine transizion. In the event that these requirements cannot 

be fu l f i l l ed ,  it would be possible to  eliminate l ight  s h i f t  related e f fec t s  by 

performing sequential optical  punping and by observing hyperf ine trans it ion 

"in the darkt1. 

Optical punping of the rubidiun maser by diodes may be considered as  well, but 

with the same limitations. 

6 THE HYDROGEN MASER 

6.1 . Standard Size Hydrogen Maser 

The standard size hydrogen maser usually includes a TEOll microwave cavity, 

resonating a t  1.42 (3Iz, with a thin  walled teflon coated storage quartz bulb, 

A typical s ize  i s  12 x 7.7 x 5.3 d. The device is able t o  sustain a sel f -  

oscillation, so that  it is said active. 

The standard size hydrogen maser is the most s table  atomic frequency stan- 

dard (30), a s  shown in Fig. 9. The mediun tern freqmncy s t ab i l i t y  10 s < r < 

1 b u r  is determined by the t h e m 1  noise i n  the micrmave cavity. We have : 



where k is  Boltzman constant,  T the  absolute temperature of the cavity,  Q the  

atomic line-width and P t,he power delivered t o  the  microwave cavity by the ny- 

drogen atoms. K1 i s  uni ty  f o r  ac t ive  masers. An optimization of the operating 

parameters i s  possible (31 ) but would only improve very s l i g h t l y  the frequency 

s t a b i l i t y ,  a s  shown in Fig. 10. 

Short term frequency s t a b i l i t y  (T < 10 s )  is mainly determined by the noise 

added i n  the f i r s t  s tage of the microwave receiver. We have, approximately : 

kT 1 
o ( T )  ' K2 (T) - -  

Y ' T 
(6) 

T is the  noise temperature of the  receiver and K2 is a ccnstant which depends 

on the noise bandwidth. 

The long term frequency s t a b i l i t y  ( T  > 1 hour) is determined by environmental 

e f fec t s ,  which a r e  mainly related t o  the cavity pull ing e f fec t  (32,331 I f  

necessary, it would be possible t o  operate a f a s t  autotuning system (34) to 

keep the resonant frequency of the cavi ty  under control ,  thereby improving the  

long tern  frequency s t a b l l i t y  f igure  t o  qalues of the order of lo-'' without 

degrading the  short and medium t e n  s t a b i l i t y .  

The accuracy of the hydrogen maser is  st i l l  limited by the lack of reproducibi- 

l i t y  of the wall s h i f t .  The bes t  achieved accuracy (35) is 6 x 10-l3 in a stm- 
dard s i ze  maser. I t  seems d i f f i c u l t  t o  improve it with tef lon coatings. How- 

ever, t h i s  is be t t e r  than the accuracy and the reproducibil i ty of presently 

manufactured cesiun beam frequency standards. This does not cause serious 

problems in the main f i e l d s  of application of the standard s i z e  hydrogen maser 

i. e. : very long base l i n e  radio-interfermetry and navigation. 

6.2. Small Size Hydrogen Masers 

The key of s ize  reduction i s  a decrease of the microwave cavity dimensions, 

its resonance frequency being kept equal t o  1 -42 GHz . This is achieved by using 

properly disposed d i e l e c t r i c  materials (36) o r  conductors (37,381 as in 
3 Fig. 11.  The achieved size of the maser is then of the order of 6 x 5 x 3.5 dm . 

However, tile presence of materials  in the  cavi ty  increases the losses and the  

quali ty factor  becomes smaller t l a n  10 000, which does not enable se l f -osc i l -  

l a t ion  to  occur anymore. The small size hydrogen masers may then be operated in 

two di f ferent  ways : either passively (39) o r  ac t ively  (40) . In the l a s t  case, 

electronic feedback is used t o  enhance the cavity qua l i ty  fac tor  above osc i l -  



lation threshold. In both circumstances, the frequency s t ab i l i t y  i s  given by 

Eq. 5, but with I$ larger than unity. The achieved frequency s t ab i l i t y  is very 

good (41 (42). Fig. 12 shows the result  obtained with a passively operated small 

size hydrogen maser of a particular design. The short and mediwn t e n  frequency 
s tab i l i ty  may st i l l  be improved by proper optimization of tk operating para- 

meters (31), as shown in  Fig. 10. The long term s tab i l i ty  happens to be excel- 
1 ent (42), of the order of 3 x 10-' for  r = 10 days, althollgh the t h e m 1  

coefficient of the loaded cavity is large. This shows that the achieved long 

t e n  s tab i l i ty  is due t o  thz operation of an efficient electronic control of 

the cavity. 

Actually, the snall size hydrogen maser realizes an excellent trade-off bet.- 

ween performance and size. 

6.3. Cold Hydrogen Maser 

The interest  t o  cool the hydrogen maser has been recognized early i n  the his- 
toiy of th i s  device. I t  was motivated by two different but complementary rea- 

sons : i) since the achieved short and medium t e n  frequency stabi- 

l i t y  is determined by themal noise, cooling must improve the short and me- 

d i m  tern s tab i l i ty  (43), as shown by Eq. 5 and 6 ind i i )  cooling provides a 
cans of studying the properties of the wall coating (44'45) a..d to search for 

naterials having m r e  reproducible properties than tef lon a t  room temperature. 

In that respect, the following materials have been studied : FEP 120 teflon 
down to  48 K (44-46) a d  tetrafluommethane between 50 and 25 K (47) 

A t  approximately the same time, fundamental studies aimed to  achieve Bose- 

Einstein condensation of hydrogen atoms i n  a high density gas of spin polari- 

zed hydrogen atoms were engaged in several laboratories. This led t o  infor- 

mation on tk interaction of hydrogen atoms with molecular hydrogen surfaces 

around 4 K (49950). A very significant breakthrough occured when it was dis- 
3 4 covered that He and He fihns are able t o  contain a high density of polarized 

hydrogen gas below 1 K (51 1, 

This result  opens very promising prospects for a cryogenic hydrogen maser fre- 

quency standard, for the following reasons, pointed out by Berlinsky and Har- 
d,, (52) : 

3 4 - the binding energy of H on a He o r  a He surface is 0.4 K o r  1 . I  5 K, 
respectively, thus allowing low enough recombination rates a t  the surface a t  

temperatures below 1 K. 



- tire t o t a l  pressure sh i f t  in the gas plus wall sh i f t  shows a minimun 
3 4 around 0.2 K for He and 0.5 K fo r  He. The frequency s h i f t  in a 15 an diame- 

t e r  storage bulb is then of the same magnitude than with teflon a t  room tern- 

perature . 
- the he1 iun film is hanogeneous and of high purity, a d  the pressure of 

the helium gas can be controlled well emugh to  expect a fractional frequency 

s t ab i l i t v  of the order of 10-18. 

- the spin exchange 3 l ine  broadening effect  is 10 times smaller a t  

very low temperature than a t  room temperature. This allows larger osci l la t ion 

power t o  be obtained. 
- tk cavity pulling effect  should be drast ical ly  reduced because materials 

have a very low expansion coefficient a t  low temperature and because it i s  pos- 

s ible  t o  operate tk cold maser a t  low values of the cavity quali ty factor. 

- slow hydrogen atoms issued from a cold hydrogen source may be very 

easily s t a t e  selected. 

- magnetic shielding may be provided by superconductive materials. 

- cooled GaAs FET amplifiers are available with noise temperature of 

10 K. 

From these statements, a fractional frequency capability of 2 x 10-l8 for  r > 
3 10 s is anticipated '52). One may add that the pressure and the wall sh i f t  

been assuned reproducible, the accuracy should be very significantly increased 

too. 

However d i f f icu l t ies  a r i se ,  which are  related t o  the background pressure of 
4 ~ e  a t  0.5 K, for  instance, giving a mean free  path of 1.4 an. A means t o  

introduce the hydrogen gas i n  the storage c e l l  should be found. In addition, 

the motional averaging effect  occuring in  conventional hydrogen masers disap- 

pears which may cause severe requirements on the magnetic f ie ld  homogeneity. 

7 .  ION STORAGE 

I t  i s  known, since several tens years that  one may s tore  charged par t ic les  

i n  e lec t r ic  and magnetic f ie lds  (53) (Penning trap) o r  i n  a mdiofrequency 

e lec t r ic  f i e ld  (54) (r. f . trap) . Storage may occur for  hours, and the interest  
3 + of t h i s  technique for high resolution -microwave spectroscopy, of He a t  f i r s t ,  

has been demonstr8ted by Dehnelt (55) 
I 

I t  has been proved that  it is possible to  use a hyperfine structure transit ion,  I 

I ,  
that  of the mass 199 mercury ion, t o  realize an experimental model of a fre- I 

I 



W e x y  standard using ions stored i n  a radiofrequency trap (56-59) 

In the following we shall mainly focus on the radiofrequency t rap  and the 

rriercury ions frequency standard and we shall give indications on the potentia- 

l i t i e s  of stored cooled ions (60 ) 

7.1. Storage in  a r.f. Trap 

Let us consider the three electrodes system and the applied vo:.tage shown in 
Fig. 13. Assuming that  the electrodes have the proper hypcrboioir? shape, the 

axial  and transverse components of the e1ectri.c f i e ld  are proportlonsl to  the 

distance from the center 0 of the t rap,  but they have opposite s i ~ ~  If the 

voltage is a constant, a charged par t ic le  w i l l  be suhnitted t o  . - ilsive 

force either in the axial  o r  the transverse direction,  according j 7s sign, 

and no storage may occur. 

The s i tuat ion is different i f  the voltage is a l t e r n a t i n g ,  with frequency vc. 

The e lec t r ic  f i e ld  forces a motion a t  the frequency v whose amplitude is c ' 
sinall. It is called the micromotion. This motion is approximately sinusoidal . 
As shc i i  in  Fig. 14, the axial  and transverse micromotions are out of phase 

because the two components of the e l ec t r i c  f i e ld  have opposite signs. In i t s  

motion, the par t ic le  explores the e lec t r ic  f i e l d  and, due to  i ts non-imifor- 

mity, the acting e lec t r ic  force is not sinusoidal. I t  follows that  it  has a 

non zero mean value and it may be shown that  its two components tend t o  a t -  

t r ac t  the par t ic le  towards the center of the trap. This central force imposes 

another harmonic motion of larger amplitude called the sec i la r  mot ion. I t s  

frequency vS is in  general noticeably smaller than v . I f  the inner dimensions 
C 

of the t rap are of the order of 1 an, vc equals 200 kHz and has an amplitude 

of 100 V, then vs i s  of the order of 20 4Hr for  the mercury ion and the ampli- 
I 
I 
I tude of the macromot ion is of the order of a few mn. Therefore, within con- 
! 

dit ions (61) which have m t  been considered here, the charged par t ic le  motion 

has a f i n i t e  amplitude and the par t ic le  may stay inside the t rap for  very long 

times, provided that  it does not suffer col l is ions  with the background gas. 

I t  is worth noting that  a stored ion cloud is very d i l u t e  as  a conjequence of 

the Coulomb repulsive forces leading t o  the so-called space charge effect .  
I Usually the ion density is  limited t o  about lo6  per cubic centimeter. 
I 
I 

t Assume now that  the ions are irradiated by an electromagnetic wave a t  frequen- 
I 
-I 
I 



c y  v . According t o  titeir harmonic mot ion, they w i l l  see a Doppler frequency 
0 

modulated wave canposed of a c a r r i e r  a t  frequency v and side-bands separated 
0 

by vs, a t  l e a s t ,  f r m  the c a r r i e r .  If the  ion atomic s p e c t n n  has a sharp l i n e  

c lose  t o  the  rrequency vo, only the  c a r r i e r  component of the  wave w i l l  be ef- 

fec t ive  and the condition o f  high resolut ion Doppler f r ee  spectroscopy is net. 

These principles a r e  implemented in the  mercury ion frequency standard, f o r  

instance. 

7.2. The Mercury Ion Frequency Standard 

'The mass 199 mercury ion has a hyperfine s t ruc ture  i n  the ground s t a t e  shown 

i n  Fig. 15. One has I = 1/2, and the hyperfine s t ruc tu re  is a s  simple a s  that  

of  the  hydrogen atom, but the hyperfine separation is large, equal t o  about 

40.5 Qlz  (see Table 1 ) . The hyperfine t r a n s i t  ion is observed by conventional 

op t i ca l  punping techniques owing t o  a favorable isotope s h i f t  of  the  mass 202 

mercury ion. The experimental sot-up is shown i n  Fig. 16. A lamp f i l l e d  with 

202 Hg emits tk resonance l i g h t  of the  ionized mercury a t  194 im. This 1 ight 

is se lec t ive ly  absorbed by those stored l g 9 ~ g +  iorw which a r e  in the  F = 1 

hyperfine level .  This level  is depopulated t o  the  bznefi t  of  the F = 2 level  

and the  in tens i ty  o f  the fluorescence l i g h t  is weak. I f  now the microwave 

t r a n s i t i o n  a t  40.5 GHz is induced, the  level  F = 1 is replenished and the  

in tens i ty  o f  the fluorescence l igh t  Increases. This in tens i ty  is used to  mo- 

n i t o r  the microwave hyperfine t rans i t ion .  Fig. 1 7  shcws a power broadened 

r f i n e  resonance pat tern,  corresponding t o  a l i n e  qual i ty  f ac to r  of 5 x 

10 . The high value of the  qua1 i t y  f a c t o r  compensates f o r  the  r e l a t i v e l y  p o w  

signal  t o  noise r a t i o .  A quartz c r y s t a l  frequency source Ins been frequency 

locked on such a t r ans i t ion  and a short  term frequency s t a b i l i t y  (10 s <- r < 

3500 s )  of 

-11 - 1 / 2  u y ( ~ )  = 3.6  10 r 

has been obtained I t  is shown i n  Fig. 18. 

A s u b s t a n t i a l l y  nar rower  l i n e ,  0.85 H z  wide,  has been ach ieved ,  i n  a d i f f e r e n t  

set-up (59862) where t h e  l i g h t  broadening and frequency s h i f t  a r e  eliminated 

by switching off periodical ly the  pumping l i g h t  and by interrogating the  m i -  

crowave t r ans i t ion  in the  dark. 

Stored ions have a r e l a t i v e l y  la rge  k i n ~ t i c  energy of about 1 cV and, conse- 



quently a large second order Doppler sh i f t ,  of - 5 x lo-' per eV i n  :he case 

of mercury. Models for the effect  of the ion number, i .e. of the space charge 

effect  on the ion motion and the ion kinetic energy have been established 

(62p63). This has led to  a measurement of the ion kinetic energy (63) and t o  

the extrapolation to  zero Doppler sh i f t  of the hyperfine transit ion frequency 

i n  a mercury ion cloud cooled by viscous drag with helium (62) . The cooling 

gas is efficient under very low pressure, of the order of lo-' Torr, for  which 

the pressure sh i f t  is about 6 x 10'14. 

The short and me&-m term capability of thr: mercury ion frequency standard is 

of 10-l2 ,-'I2 about '62'64). A long term frequency s t ab i l i t y  of 2.2 x 10'14 

and an accuracy of 2.5 x 10-I are  anticipated . 
The mercur - 'an frequency standard can be bui l t  smaller than the presently 

manufactbred cesiun beam frequency standard. I t  is then a potential competitor 

of this device. However, technical problems related t o  the life-time of the 

20kgt lamp and to ths  control of the pressure of the background neutral mer- 
cury remains t o  be solved. 

7.3. Microwave Spectrcscopy i n  Radio f requenc y Traps 

The ground s t a t e  hyperfine sp l i t t ing  of several ionized elements has been 

measured, with a precision of the order of 10-lo using the r . f .  t r ap  storage 

technique and a prlsed dye laser for optical w i n g .  They are 3S~a t  (493 ran) 

a t  7.18 GHz (65), 37Ba+ (493 nm) a t  8.04 GHz (66)  and 'Yb+ (369 nm) a t  

12.6 CHz (67), where the quantity within parenthesis is the wavelength used 

for optical pmping. A fractional linewidth up t o  3.8 x 10'' has been obtained 

i n  such experiments, which shows their interest  i n  the f i e ld  of atomic frequen- 

cy standards. An experimental set-up has been realized in which a quartz crys- 
t a l  osci l la tor  has been frequency locked t o  the hyperfine t ransi t ion of 1 37Ba+ 

(68). However, the drawback of these devices, compared t o  the mrcury ion fre- 

quency standard is the requirement of a pulsed dye laser,  a t  least  a t  the pre-, 

sent time. 

7.4. Ion Cooling 

In the absence of any collision, stored ions have an agitation energy which is 

larger than the room temperature + ' - n n q l  energy, especially i n  r .f .  traps. As 

stated previously, coll isions  wit^, the atoms of a rarefied l igh t  gas are 
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efficient t o  thermalize ions (61'69'70), in  a r.f.  t rap with the additional 

benefit of a? increase of the stored ion number and of the i r  storage t a e .  

However, the most eff ic ient  cooling is by means of side-band laser irradia- 

t ion (71 $72) which takes advantage of the Doppler effect .  4 schematical expla- 

nation is the fol l~wing.  h e  to  the h a m n i c  motion in a t rap,  the absorption 

spectrum of the storsd ions shows lower and upper sidebands. An ion can absorb 

a photon whose frequency, v coincides with a component of the lower sideband. L 
We then have vL < vo, where vo i s  the transit ion frequency of the ion a t  res t .  

By spontaneous mission,  t i l c  excited ion w i l l e m i t  a photon, with the frequency 

v in the average. In that process the ion looses the energy h(vL - v,) which 
0 

decreases i ts kinetic energy. This process requires ar! ion hv ing  a short l i f e  

time of the excited level in  order to  enable a large number of such cycles 
+ 

every second. Efficient cooling has been demonstrated, using Mg ions, e i ther  

(73,74) o r  a r . f .  t r ~ ?  
+ 

in  a Penning trap (75), o r  using ~a ions in a r . f .  
f 7 L  \ 

trap ""). Temperatures as low as 5 mK have been observed with a single stored 

&kt ion (75). Due to zero point energy, the lowest at tainable temperature i s  of 

the order of 

1 
T - 2 b y/k (8) 

where y is the natural linewidth of the transition. Typically, we have T 

1 mK. ; 
f 

One of the most impressive recent achievement has been the observation and the 
! 
1 

+ 
spectroscopy of single stored cooled Mg + (75977) and Ba ions (78) 

i ;. 

1 - * 

7.5. Frequency Standards with Cooled Stored Ions 

Precision microwave spectroscopy of 'hgf ("I an2 ' Be + (80) ions confined in 
a Penning t rap  and laser cooled has been accomplished. Tn that  experiments the 

magnetic f i e ld  was stabil ized to  a value for  which some of the hyperfine tran- 

s i t ions  show a minirnun. 

Following these experiments, a laboratory microwave frequency standard using 
9 + 
Be ions has been investigated (81). Approximately 300 ions are  stored in  a 

Penning trap a t  a magnetic f ield of 0.82 T and laser  cooled with a laser  beam 

a t  a wavelength of 313 nm This laser beam is produced from the output of a 
sirlgle mode dye laser by the frequency doubling technique, i n  a non linear 
crystal .  Although the t r ans i t  ion frequency i s  small, equal t o  approximately 



300 MHz, i n  that  experiment, the very long storage time enabled to  achieve 

a line-width a s  small as  10 mHr, and a l ine  quali ty factor of 1.2 x 10'' has 

thus been obtained. A quartz crystal  osci l la tor  locked t o  a t ransi t ion of the 

hyperfine manifold has a frequency s t ab i l i t y  given by : 

for  400 s < T < 3200 s, of the same order a s  achieved in  manufactured cesiun 

beam frequency standards. 'The magnetic f i e ld  ins tab i l i ty  contributes an un- 

certainty of 3 x 10-I in t h i s  experiment and the second order Doppler sh i f t  

i s  - 5 x l d 4  only, due to  the cooling. 

Ion storage in a r.f.  t rap o r  a Penning t rap  has proved t o  be a promising tech- 

nique for frequency standad applications. T h  r .f. trzip is best suited t o  the 

realization of a portable clock. Laser cooling affords the possibi l i ty  of a 

drastic reduct ion of velocity dependent frequency sh i f t s ,  and of the most 

annoying of them, the second order Doppler frequency sh i f t .  In addition, the 

related very small spatial  extension of the ion motion reduces the effects  of 

magnetic f ie ld  homogene'ity, accordingly. However, laser  cooling is tributary 

upon suitable coherent C.W. l ight  sources adapted t o  ions having a favorable 

energy level diagram, and it can be contemplated fo r  Laboratory f reque~cy  

s t a d a r d s  only. In that respect, a mass 201 mercury ion frequency standard is 

being studied (82). The required wavelength, a t  194 nm has been coherently 

produced (83). A frequency s t a b i l i t y  bet ter  than 10 -16 -'" and an accuracy 

better than lo-'' are  expected. Another similar pmposal refers t o  the use 

of 137Ba+ (84) 

Altlmgh t h i s  is out of the scope of t h i s  paper, it should be mentionned 

that laser cooled stored ions are being considered for  optical  frequency stan-- 
4 dards (85'86). A t  optical frequencies, which arz roughly 10 times larger than 

microwave frequencies, the l ine  quality factor and, therefore the performances 

should be greatly enhanced. The most fascinating proposal is by Dehnel t (87) 

He considers a single ion stored in  a r .f .  trap, such as  the 205~1*  ion .hose 

spectrwn contains both a wide l ine  and a very narrow l ine  sharing i n  comnon 

one energy level. The very narrow l ine  is used a s  the frequency reference 

feature. The broad l ine,  corresponding t o  a short-lived excited s t a t e  is ~ s e d  

for  eff ic ient  laser cooling and a s  a cycling transit ion providing about 10 6 



photons each time the narrow l ine  transit ion is  induced. This yields an opti-  

cal  resolution capability of 1 part in 1 018. Lbwever , optical  frequency gene- 

ration and synthesis mst be greatly improved, mainly i n  the IN part of the 

spectnm before such a potentiali ty can be experimentally ver i f ied. 

8. CONCLUSION 

I t  then appears that the performances of atomic frequency standards are  oper t c  

significant improvement. Table 3 summarizes the potentialities:: of some of the 

considered devices. 

The cold hydrogen maser and the cooled trapped ions frequency standards using 

storage techniques show the best prmise of frequency s t ab i l i t y  improvement. 

In a t rap  the storage process does not involve coll isions e i ther  with a wall 

or a buffer gas. For cooled ions, almost a t  rest  a t  the center of the trap,  the 

confinanent related frequency sh i f t s  are e i ther  extremely small (effect of the 

e lectr jc  f ie ld)  or calculable with a great precision (effect of the magnetic 

f ie ld) .  I t  follows that the expected accuracy is impressively good. The cold 

hydrogen naser and the cooled trapped ions frequency standards k i l l  be suited 

t o  applications in the f i e ld  of fundamental research (experimental verifica- 

ti.09 of Relativity theories, search for  gravitational waves), t o  deep space 

navigation or  t o  fundamental metrology. 

Other devices such as the optically pumped portable cesiun beam frequency 

standard, the small size hydrogen maser, the mercury ion frequency standard 

and the rubidium frequency standard have frequency s t ab i l i t y  capabi l i t ies  

very significantly better than achieved a t  present. T h y  w i l l  remain of 

d e r a t e  size and cost and they w i l l  certainly find a nunber of technical ap- 

plications such a s  in  navigation systems. 

I t  is worth reminding that a p ~ l i c a t i o n  of ~ p t i c a l  methods t o  laboratory pr i -  

mary ccsium beam frequency standards is being studied in  a n~nbe r  of labora- 

tor ies .  This is of prime importance t o  verify that  two different designs of 

tk realization of the definit ion of the time unit ,  one using magnetic s t a t e  

selection and the other optical punping and detection methods, yields the 

same result .  

2: The lLLLtlZal~ i 4  m.t 6- enough w U r  R b  dockd .to give p w i n e n t  6 igwra 
doh tkib device.  
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TABLE 2. Property  o f  f i n e  s t ruc ture  t r a n s i t i o t ~ s  i n  magnesium and 
3 3 calcium. v i s  the frequency of t h e  PI *-, Po f i n e  

0 3 
s t ruc ture  t r a n s i t i o n ,  T i s  t h e  l i f e - t i m e  of t h e  P, 

3 1 '  1 eve1 and h i s  t h e  wave1 engt h o f  t h e  P1 ,2 ,3  -+ So 

f l  uorescence 1 i g  h t .  
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Electrodes o f  a ion  t r a p ,  assuming a hyperbolo7d shape. 

Fig.13 



for r:O Er(t) /for r=ro {22;;o ";z; 

Radiofrequency t r a p  : o r i g i n  of t h e  a x i a l  ( l e f t )  and t ransverse ( r i g h t )  

confinement forces. The i a o i c  charge i s  assumed posi  t i u e .  

'rcp : pe r i od i c  v a r i a t i o n  o f  t he  a x i a l  e l e c t r i c  f i e l d  a t  p o i n t  r = 0 and . 

z  = zo and o f  t h e  t ransverse e l e c t r i c  f i e l d  a t  p o i n t  r = ro and 

z = o  
Midd lc  : Forced mot ion (micromotion) of t h e  i o n  i n  t h e  v i c i n i t y  o f  t he  

considered po in t s  

Bottom : Due t o  t he  e l e c t r i c  f i e l d  inhomogeneity, the  v a r i a t i o n  o f  th. 

a x i a l  and t ransverse components of t he  e l e c t r i c  force i s  not  s i -  

nusoydal. I t  f o l l o w s  t h a t  the mean va lue o f  t h i s  f o r c e  i s  n o t  

zero and i t  i s  d i r ec ted  towards t he  center o f  t h e  t rap .  I t  y i e l d s  

t he  macromotion. 



Simpl i f ied energy diagram o f  199~gt  and 202Hg+ 

Fig.15 
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199 t Power broadened hyperf ine  resonance 1 i n e  o f  Hg . 
Fig.17 
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QUESTIONS A N D  ANSWERS 

STUART CRAMPTON, WILLIAMS COLLEGE: I h a v e  s a v e d  m o s t  o f  my con?- 
m e n t s  f o r  t o m o r r a w ,  b u t  I w o u l d  l i k e  t o  m a k e  two c o m m e n t s  a b o u t  
c o l d  h y d r o g e n  m a s e r s .  One i s  t h a t  t h e y  a r e  i n h e r e n t l y  s m a l l ,  a n d  
i t ' s  n o t  n e c e s s a r y  t o  u s e  f e e d b a c k  i n  o r d e r  t o  g e t  o s c i l l a t i o n .  
T h e  s e c o n d  i s  t h e  p o s s i b i l i t y  o f '  t r a d e - o f f s .  A t  a s a c r i f i c e  o f  
s o m e w h a t  i n c r e a s e d  w a l l  s h i f t ,  o n e  c a n  o p e r a t e  a t  5 l o w e r  t e m p e r -  
a t u r e  w i t h  t h e  l i q u i d  h e l i u m  w a l l s  a n d  t h u s  a v o i d  t h e  b a c k g r o u n d  
p r e s s u r e  p r o b l e m .  S o  t h e r e  a r e  some i n t e r e s t i n g  p r o s p e c t s  i n  t h e  
f u t u r e  f o r  t h a t  k i n d  of d e v i c e .  

K R .  AUDOIN: Yes, a t  t h e  low t e m p e r a t u r e  t h e  l i n e w i d t h  i s  v e r y  
s m a l l .  T h e  Q  o f  t h e  m i c r o w a v e  c a v i t y  may b e  m a d e  e x t r e m e l y  l a r g e  
u s i n g  s u p e r c o n d u c t i n g  w a l l s ,  o r  e v e n  c o p p e r  h a s  l o w  l o s s e s  a t  l o w  
t e m p e r a t u r e ,  s o  i t  i s  p o s s i b l e  t o  h a v e  a n  a c t i v e  m a s e r .  

A l s o ,  i t  is p o s s i b l e  t o  u s e ,  i n  p r i n c i p l e ,  s u p e r  c o n d u c t i n g  
m a g n e t i c  s h i e l d s  w h i c h  r e d u c e  t h e  p r o b l e m  o f  s e n s i t i v i t y  t o  t h e  
m a g n e t i c  f i e l d .  S o  t h e r e  a r e  a l o t  o f  p o s s i b i l i t y  o f  i m p r o v e m e n t .  

VICTOR QEINHARDT,  HUGHES AIRCRAFT: Do y o u  h a v e  a n y  c o m m e n t s  o n  
t h e  f u t ~ .  e p o s s i b i l i t y  o f  a r u b i d i u m  s t a n d a r d ?  

M R .  AUDOIN: Yes, t h e r e  i s  s o m e  i n d i c a t i o n  i n  my m a n u s c r i p t  o n  
t h i s ,  t u t  I am n o t  a  s p e c i a l i s t  i n  r u b i d i u m  c l o c k s .  U s i n g  o p t i c a l  
p u m p i n g  b y  d i o d e  l a s e r s  o f f e r s  m a n y  n e w  p o s s i b i l i t i e s .  A s  y o u  
k n o w ,  i n  t h e  p r e s e n t  r u b i d i u m  c e l l s  o n e  u s e s  a  b u f f e r  g a s  f o r  
s e v e r a l  p u r p o s e s .  O n e  o f  t h e m  is  t o  i m p r o v e  t h e  o p t i c a l  p u m p i n g  
e f f i c i e n c y .  B u t  i f  y o u  u s e  a  l a s e r  d i o d e ,  t h e  o p t i c a l  p u m p i n g  
e f f i c i e n c y  w i l l  b e  l a r g e  a n y w a y ,  s o  we d o n ' t  n e e d  t h e  b u f f e r  g a s .  
Y o u  m a y  gcj t o  a  w a l l  c o a t e d  c e l l ,  w h i c h  w i l l  r e m o v e  a n y  
d i f f i c u l t y  d u e  t o  t h a t  s e n s e  o f  m o t i o n a l  v a r i a t i o n  i n  p r e s e n t  
r u b i d i u m  c e l l s .  S o ,  m a y b e  o n e  m a y  e x p e c t  i m p r o v e m e n t s  i n  t h a t  
f i e l d ,  t o o .  

M R .  HELI.WIG: Do y o u  h a v e  a n y  c o m m e n t  o n  t h e  p r i m a r y  s t a t u s  o f  
c e s i u m  v e r s u s  t h e  o t h e r  t e c h n i q u e s  f o r  t h e  r es t  o f  t h e  c e n t u r y ?  

M R .  AUDOIN: Yes. T h e  p r e s e n t  l e v e l  c f  p e r f o r m a n c e  o f  laboratory 
c e s i u m  s t a n d a r d s  is b e t w o e n  o n e  p a r t  i n  t e n  t o  t h e  t h i r t e e n t h  a n d  
o n e  p a r t  i n  t e n  t o  t h e  f o u r t e e n t h .  I d o  n o t  b e l i e v e  t h a t  i t  w i l l  
b e  p r o v e d  i n  t h i s  c e n t u r y  t h a t  o t h e r  d e v i c e s  h a v e  b e t t e r  
a c c u r a c y .  T h e r e  a r e  p o s s i b i l i t i e s ,  i o n  s t o r a g e  g i v e s  t h e  b e s t  
p r o m i s e  i n  my  v i e w  a n d  t h e r e  i s  a p r o s p e c t  w i t h  t h e  c o l d  h y d r o g e n  
m a s e r ,  b u t  t h i s  h a s  b e e n  p r o v e d  w i t h  a  d i f f e r e n t  d e s i g n  o f  t h e  
d e v i c e .  I t h i n k  t h a t  i t  w i l l  t a k e  t i m e  a n d  I am c o n f i d e n t  t h a t  
t h e  d e f i n i t i o n  w i l l  b e  a t t a c h e d  t o  t h e  c e s i u n !  a t o m  u n t i l  t h e  e n d  
o f  t h e  c e n t u r y ,  

STEVE KNOWLES, NAVAL RESEARCH LABORATORY: W h i l e  we a r e  o n  t h e  
s u b j e c t  o f  f r e q u e n c y  s t a n d a r d s ,  I j u s t  w a n t e d  t o  m e n t i o n  t h e  i d e a  
o f  f r e q u e n c y  s y n c h r o n i z a t i o n  v i a  p h a s e  l e n g t h ,  v i a  s y n c h r o n o u s  
s a t e l l i t e s .  I n  a s e n s e ,  t h i s  i s n ' t  a f r e q u e n c y  s t a n d a r d  a t  a l l ,  
b u t  i f  w h a t  o n e  w a n t s  i s  w o r l d w i d e  f r e q u e n c y  s y n c h r o n i z a t i o n ,  
t h i s  o f f e r s ,  I t h i n k ,  t h e  p o s s i b i l i t y  o f  a c c u r a c y  o n  t h e  o r d e r  o f  



t e n  t o  t h e  m i n u s  f i f t e e n t h ,  a n d  s i n c e  i t ' s  a  t r u e  c l o s e d  l o o p  
s y s t e m ,  i t  h a s  n e v e r  b e e n  t e s t e d  t o  s e e  w h e t h e r  l o n g  term 
p r e c i s i o n  may b e  c o n s i d e r a b l y  l o w e r  t h a n  t h a t .  

M R .  AUDOIN: Yes, b u t  a c c u r a c y  f i g u r e  i s  a t t a c h e d  t o  t h e  d e v i c e ,  
n o t  t o  t h e  c o m p r i s i n g  s y s t e m .  

M R .  KNOWLES: A s  I s a y ,  i n  a  s e n s e ,  I am n o t  t a l k i n g  a b o u t  t h e  
s u b j e c t  o f  y o u r  t a l k  a t  a l l ,  b u t  I w a n t e d  t o  s a y  t h a t  i f  w h a t  o n e  
w a n t s  i s  w o r l d w i d e  f r e q u e n c y  s y n c h r o n i z a t i o n ,  t h e n  h e  c a n  c l a i m  
t h a t  t h i s  i s  e q u i v a l e n t  t o  a  s e c o n d a r y  s t a n d a r d ,  a n d  n o t  a  
p r i m a r y  o n e .  

M R .  AUDOIN: Okay ,  t h e s e  t e c h n i q u e s  a l l o w  c o m p a r i s o n  o f  s t a n d a r d s .  



FREQUENCY AND TIME STANDARDS BASED 
ON STORED IONSt 

J. J. Bollinger, D. J. Wineland, W. M. Itano, J. C. Bergquist, 
and J. D. Prestage . . 

National Bureau of Standards, Boulder, Colorado 80303 

ABSTRACT 

The method of ion storage provides a basis for excellent time and 
frequency standards. This is due to the ability to confine ions for long 
periods of time without the usual perturbations associated with 
confinement (e.g. wall shifts). In addition, Doppler effects can be 
greatly suppressed. The use of stored ions for microwave frequency 
standards and the future possibilities for an optical frequency standard 
based on stored ions ere addrezsed. 

INTRODUCTION 

Since the pioneering work of Dehmelt and coworkers [ I ]  it has been 
realized that the techniques of ion storage provide some fundamental 
advantages over other devices for improved frequency and time standards. 
This assertion is based largely on the ability to confine ions for lcng 
periods of time without the usual perturbations associated with confine- 
ment. Samples of ions have been stored in electromagnetic traps for as 
long as days. [I-31 This means that the inter*act.ion time for the ions czn 
be quite long which gives rise to large line Q (transition frequency 
divided by the linewidth) and high spectral resolution. For example, the 
linewidth of a cesium beam is limited by the transit time between the two 
ends of the Ramsey cavity. Linewidths of 0.01 Hz have already Seen 
observed for stored M ~ +  ions. [ 4 ]  This wocld correspond to a cesium Seam 
tube of about 10 km length. The long term confinement alsa implies that 
the average velocity <f> of the ions approaches zero and first order 
Doppler shifts can be made very small. C51 This characteristic, which j s  
also shared by rubidium clocks and hydrogen masers, gives an advantage over 
atomic beam devices where a correction must be made for cavity phase shift 
errors which are a form of residual first order Doppler effects. In 
addition, typical confinement dimensions of < 1 cm imply that the Dicke 
criterion [61 (confinement dimensions < wavelength) can be easily 
satisfied in the microwave region of the spectrum. This nearly elimi;.,tes 
any first order Doppler broadening of the microwave spectrun. It also 
appears that the Dicke criterion can be met in the optical region of the 
spectrum with laser cooling (to be described) on a single otored ion. 

- 
tWork of the US Government; not subject to US copyright. 
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The ion storage technique has the advantage that  I t  lacks the usual 
perturbations associated with confinement. For example, the frequency 
s h i f t s  associated w i t h  col l i s ions  of atoms w i t h  identical  atoms, buffer 
gases, or  container walls such as  in rubjdium clocks or hydrogen masers 
are very small. Ions are  often stored under conditions of ultrahigh 
vacuum so that  frequency s h i f t s  due to ion col l i s ions  wi th  background 
neutrals  are  negligible. Frequency s h i f t s  due to  ion-ion col l i s ions  a re  
caused by the e lec t r i c  f i e lds  of the Coulomb repulsion. These s h i f t s  a s  
well as frequency s h i f t s  due t o  the e l e c t r  c f i e l d s  of the trap can, i n  
many cases, be made extremely small < 15.7.81 

Two types of traps have so fa r  been used for atomic clock experiments. 
The Paul [9] or r f  t rap uses inhomogeneous r f  e lec t r i c  f i e l d s  t o  provide 
confinement in a pseudopotential well [ I ] .  I t  is the three dimensional 
analog of the Paul quadrupole mass f i l t e r .  To see how i t  works we f i r s t  
note that  i n  a (homogeneous> sinuso!dal rf  e l e c t r i c  f i e l d ,  ion motion is 
sinusoidal b u t  is 180 degree9 out of phase wi th  respect to  the e l e c t r i c  
force. If the f i e ld  is somerhat inhomogeneous, i t  is easy to show that  
the force on the ion averaged over one cycle of the drive,? motion is 
towards the region of weaker f i e ld .  [ I ]  Since an e l ec t r i c  f i e ld  minimum 
can ex i s t  i n  a charge f ree  region, s table  trapping can be accomplished. 
Such a t rap  is shown schematically in Fig. 1 where the three trap 
e l  c t r  des are shaped t o  provide an e l ec t r i c  potential o: the form 5 9 ( r  -22 ) inside the trap. For t h i s  "idealtt  t rap  shape, an ion is bound in 
a nearly harmonic well. 

The "ideall1 Penning [ l o ]  t rap uses the same electrode configuration a s  i n  
Fig. 1 but uses s t a t i c  e l e c t r i c  and magnetic f i e lds .  A harmonic potential  
well i s  provided along the lfzl1 axis  by s t a t i c  e l e c t rh~c  f i e lds .  T h i s  
however resu l t s  in a radial  e l e c t r i c  f i e ld  which forces the ions towards 
the l1ringl1 electrode. T h i s  e f fect  can be overcome i f  a s t a t i c  magnetic 
f i e ld  8 is superimposed along the "zl1 axis .  I n  t h i s  case the x - y 
motion of the ions is a composite of c i rcular  cyclotron o rb i t s  (primarily 
due t o  the 8 f i e l d )  arid a ci rcular  x B d r i f t  ( llmagnetrontt motion) 
about the trap axis.  

FREQUENCY STANDARDS WITHOIYI' LASER COOLING 

Several groups have sought to  develop a 'crowave frequency standard based 
on the 40.5 GHz hyperfine sp l i t t i ng  i n  lg4Hg' ions stozed i n  an rf  trap. 
[ll-151 The re la t ively  small s ize  of t h i s  device could make i t  a per 

! standard w i t h  potential comercial  applications. The choice of the 
ion for a microuave freqcency standard is based on its k0.5 CHz 
ground-state hyperfine separation, which is the largest  of any ion which 

I might easi ly be used i n  a frequency standard (hence high Q for  given 
I interrogatian time), and its re la t ively  large mass (hence smal econd 
i order Doppler s h i f t  for  a given temperature?. In addl t ion,  a "'Hg* lamp 

199  + source can be be used to  optical ly pump the ,ig ground s t a t e .  A 
I f ract ional  frequency s t ab i l i t y  comparable to that  of commercial cesium 
I 



standards has been demonstrated. Cl31 In these experiments, the second 
order Doppler shift can be reduced by cooling the ions with a light 
neutral b ffer gas (e.g. helium or hydrogen). With buffer gas pressures 
UP to lo-' Pa the secular motion of the ions in the psuedopotential well 
can be thermalized to the ambient temperature.Cl41 For Hg at room 
temperature, the second order Doppler shift is about 2 x IO-'~. 
Unfortunately, the second order Doppler shift due to the micromotion of the 
ions can be much larger. [ I  ,141 The size of the micromotion contribution 
to the 2nd order DoppleP shift depends on the size of the ion cluud, or, 
for a given ion number dens y, on the total number of ions. Consequently 
in the performance of the ldbHgt frequency standard there is a tradeaff 
between systematic errors due to the 2nd or er Doppler shift and I! sign 1-to-noise ratio. For a cloud of -10 ions an accurac of 2 x 
10-lf and fractional frequency stability of 0 ( T I  ; 2 x 10 

Y 
5T-l l2 appear 

accessible.[14] This would be about an order of magnitude improvement 
in accuracy and stability over commercially available cesium frequency 
standards. 

In addition, optical microwave double resonance experiments on stored ions 
have been performed using tunab 1:sers as 34ght sources. T e gTound- 
state hyperfine splittings of 'j7Ba , C163 ~a', [I71 add lPIYb C183 
have been measured, using pulsed dye lasers ~ n d  r trtps. Microwave 
resonances as narrow as 60 mHz were observed in lSIYb . This has a line P 
of 2 x 10". In some cases, optical pumping out of the a5~orbing ground 
state preverlts use of the double-resonance method. This problem may be 
overcome, however, with the use of collisional relaxation [1 6,191. 

FREQUENCY STANDARDS WITH LASER COOLING 

A fucdamental limitation of the above ion trap experiments is the 2nd 
order Doppler shift. In 1975 proposals [20,21] were made which could 
further reduce the Second order Doppler shift by a process called laser 
cooling (also called optical sideband coollng or radiation pressure 
caoling). Laser cooling is a method by which a beam of light can be used 
to damp the velocity of an atom or ion. The basic mechanism for cooling 
of a trapped ion by a laser beam tuned slightly lower in frequency ',ian a 
strongly allowed resonance transition is as follows: when the velocity of 
the ion is directed against the laser beam, the light frequency in the 
ion's frame is Doppler shifted closer to resonance so that the light 
scattering takes placs at a higher rate than when the velocity is along 
the laser beam. Since the photons are reemitted in random directions, the 
net effect, over a motional cycle, is to damp the ion's velocity, due to 
absorption of photon momentum. If the laser frequency is tuned above 
resonance, it causes heating. In certain cases laser cooling can reduce 
the ion temperature below 1 K. Because of rf heating, it may be more 
difficult t~ do significant laser cooling on a cloud of many ions in an rf 
trap than in a Penning trap. C23 Consequently laser cooling experiments 
with a cloud of many ions have pri~arily been done in Penning traps. 



Laser cool in  of PIg+ [4,22-241 and Be+ [25,261 ions in  a Penning t r a p  has li been achieve . For both types of ions,' the l i g h t  sources were the second 
harmonics, generated in  nonlinear c r y s t a l s ,  of cw dye l a s e r s .  The ions 
were op t i ca l ly  detected by monitoring the  cooling l a s e r  l i g h t  s c a t t  red by % the  ions. Because the photon s c a t t e r  r a t e s  can be very l a r g e  ( >  10 s-I 
per ion) ,  the o p t i c a l  de tec t ion  provides a very s e n s i t i v e  de tec t ion  
technique where the  noise i n  the  system can be l imited t o  the  s t a t i s t i c a l  
f luc tua t ions  in  the number of ions t h a t  made the  clock t r ans i t i on .  [271 

As a s t ep  towards r ea l i z ing  a frequency standard based on l$ se r  cooled 
s tored ions,  a clock based on a hyperfine t r a n s i t i o n  in  9 ~ e  has been 
constructed [261. The average frequency of an r f  o s c i l l a t o r  was locked t o  
the  (MI,MJ) = (-3/2, I / ? )  t o  (-1/2, 1/21 nuclear spin f l i p  t r a n s i t i o n  i n  
the ground s t a t e  of 'Be , near the  magnetic f i e l d  (0.8194 T )  a t  which the 
f i r s t  der iva t ive  of the frequency with respect  t o  f i e l d  goes t o  zero. The 
ions were cooled t o  l e s s  than 2K. The 303 MHz resonance was observed w i t h  
25 mHz linewidth by r f -op t i ca l  double resonance ( see  Fig. 2 ) .  The 
frequency s t a b i l i t y  of the locked o s c i l l a t o r  ( o  (T) z 2 x ~ o ' ~ ' T ' ~ ' ~ )  was Y comparable t o  t h a t  of commercial C s  atomic earn frequency s tandards.  The 
frequency accuracy was on the order of l imited primarily by the  
uncertainty of the  second-order Doppler s h i f t  due t o  heat ing of the  ions 
during the  r f  resonance period, when the  cooling rad ia t ion  was shut  off  i n  
order t o  avoid l i g h t  s h i f t s .  A t  the  end of t he  20 s Ramsey in te r roga t ion  
period, t he  ion temperature had increased t o  - 30 K .  The dominant heating 
mechanism may be due t o  a x i a l  asymmetries in  the  t rap .  C28,291 Reduction 
of the heating (and consequently t he  second order  Doppler s h i f t )  by an 
order of magnitude should be possible  by construct ing a t r a  with b e t t e r  
ax ia l  symmetry or by tn8 use of a second type of ion (e .3.  94Mg+) t o  "sym- 
pa the t ica l ly"  cool the  ~ e +  ions. C22.231 Primary cesium standards a r e  
s l i g h t l y  b e t t e r  than t h i s  f i r s t  freque cy+standard based on a l a s e r  cooled 
ion, but fu ture  improvements with the 'Be standard a r e  an t ic ipa ted .  

Because ' ~ e +  is experimentally easy t o  cool with a l a s e r ,  i t  was used t o  
inves t iga te  the generic problems of a l a s e r  co led s tored  ion frequency 
standard. As a microwave frequency standard, 'Be+ is l imited because of 
the  low 303 MHz frequency of the clock t r ans i t i on .  Clock t r a n s i t i o n  
linewidths a r e  probably independent of the species  of t he  trapped ion 
used. Therefore an ion with a s  high a clock t r a n s i t i c n  frequency a s  
possible should be used i n  order t o  !ncrease the  l i n e  Q and reduce the  
measurement imprecisiyn. For t h i s  reason a b e t t e r  ion f o r  a l a s e r  cooled 
microwave clock is Hg . Unfortunately l a s e r  cooling is much harder t o  
achieve with H ~ +  than w i t h  Be ( p a r t l y  because the  194 nm cooling 
rad ia t ion  is d i f f i c u l t  t o  produce), and has not ye t  been demorlstrated. A 
proposal fo r  a frequency s ndard based on a 25.9 GHz magnetic f i e l d  
independent t r ans i t i on  in  '81Hg+ has the  o t e n t i a l  of achieving absolu te  
accuracies  of e t t e r  than one pa r t  in  10'' and frequency s t a b i l i t i e s  of 
l e s s  than 10-19. 1271 



OPTICAL FREQUENCY STANDARDS 

In order to increase the Q even further, one could go to a much higher 
frequency; for example, use a narrow opt a1 transition. The anticipated 
Q in this case can be extremely high, 10'' or more. A number of 
trans! tions in various ions have been proposed [2]; Dehmelt [30] was the 
first to suggest that such extremely high resolution spectroscopy could be 
carried out using one photon ransi ions in, for examplf, single group 
IIIA ions. instance the So* f Po transition in Tk ( A  = 202 nm) has 
as Q ; 5 x 1;". [301 For such optical one photon transitions, it is 
desirable to approximately satisfy the Dicke criterion; this is most 
easily accomplished with single trapped ions [2,301. Others [311 ha e 
pr posed using Doppler f ~ e e  two photon transltions for example the 'SlI2 8 1 4  
+ DSl2 transition in Hg ( A  - 563 nm, Q ; 7 x 10 1. Optical two photon 
transitions using equal frequency photons have the p6tential of completely 
eliminating the first order Doppler effect for a cloud of many ions where 
it is impossible to satiafy the Dicke criterion. They ultimately have the 
disadvantage that the rather large optical fields necessary to drive the 
transition cause undesirable ac Stark shifts C27.311. 

The projected accuracy for optical frequency standards sing single ions 
is extremely high. Second order Doppler shifts of 10"' or lower are 
possible. [2] Other systematic shifts can occur [ I  ,2,7,27,30,311 but it 
is possible that they can be controllable to this level. These extreme 
accuracies make important the problem of measurement imprecision since the 
signal-to-noise ratio on a single ion will at best be about one for each 
measurement cycle. Practically speaking, this means that a long averaging 
time will be required to reach a measurement precision equal to these 
accuracies. In fact, for a while, the accuracy and resolution may be 
limited by laser linewidth characteristics (linewidth and linewidth 
symmetry). However, the potential for extremely narrow lasers also exists 
C321 

Unfortunately, to use such laser devices as clocks one must count cycles 
of the radiation, that is, measure its phase. At microwave frequencies 
this is straightforward. A t  optical frequencies it is technically 
feasible but very hard 1333. In any case, the potential accuracy for 
stored ion spectroscopy in all spectral regions seems extremely h gh. 
Frequency standards and clocks with inaccuracy of one pa-t in 1014 appear 
very reasonable, eventually they could be orders of magnitude better than 
this. 
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b t B = Bo 1 (required for PInniw trap) 

u = u , + v o ~ ~ n t  
(Vo 0 for Panning trap) 

FIG. 1 Schematic representation of the electrode configuration for the 
"idealn Paul (rf) or Penning trap. Electrode surfaces are figures of 

2 revolution about the z axis and ape equip~tentials of $t(r,z) = ~ ( r ~ - 2 z  1. 
(Cylindrical coordinates are used wit.h the origin at the  center of the 
trap.) Typical dimensions are 42 zo = ro ; 1 cm. Typical operating 
parameters are: for the Paul trap, Vo = 300 V/cnl, n/2n ; 1 MHz; for the 
Penning trap, Uo ; 1V, B z IT. 



Frequency 

FIG. 2. Signal obtained with two 0 . 5 s  Ramsey pulse separated by 3 i 9  3 

free precision inter val on the clock transl tlon in 'Be' ( s ee  t e x t ) .  The 
sweep widt11 was 100 ~nHz a ~ l  the frequency interval between points was 5 
mHz. The riots are experimental and are the average of 10 sweeps; t h e  
curve i s  a least  squares f i t .  



QUESTIONS A N D  ANSWERS 

M R .  H E L L W I G :  What i s  t h e  t i i f f e r e n c e  b e t w e e n  m e r c u r y  199 a n d  
m e r c u r y  2 0 1 ?  I t  h a s  t o  d o  w i t h  t h e  F n u m b e r s ,  r i g h t ?  

M R .  B O L L I N G E R :  S i n c e  we wanted t o  d o  at? e x p e r i m e n t  i n  t h e  Penning 
t r a p ,  b e c a u s e  t h e  l a s e r  c o o l i n g  a p p e a r s  e a s i e r ,  we have  t o  f i n d  a  
f i e l d  i n d e p e n d e n t  t r a n s i t i o n  a t  a  l a r g e  m a g n e t i c  f i e l d ,  and one  
e x i s t s  i n  m e r c u r y  201 a t  a r o u n d  29.5 GHz. T h a t ' s  t h e  r e a s o n  t h e  
p r o p o s a l  i s  made f o r  m e r c u r y  201 a s  o p n o s e d  t o  m e r c u r y  199.  



ON TIIE ACCURACY OF Ce BEAH PRIMARY FREQUENCY STANDARDS 
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ABSTRACT 

Two e f f e c t s  which i n f l u e n c e  t h e  accu racy  of cesium beam 
pr imary  f requency  s t a n d a r d s  are examined: (A) second 
o r d e r  Doppler s h i f t ,  and (B) a p p a r e n t  f r equency  s h i f t  
upon r e v e r s a l  of t h e  s t a t i c  C- f i e ld  (-60 mGatiss) i n  
which t h e  h y p e r f i n e  t r a n s i t i o n s  occur .  

(A) A new t e c h n i q u e  f o r  e v a l u a t i n g  t h e  v e l o c i t y  
d i s t r i b u t i o n  of  t h e  Cs beam is p re sen ted .  Using t h i s  
m e t h o d ,  t h e  s e c o n d  o r d e r  Doppler  s h i f t  (p = 4 x 10-13 
f o r  o u r  pr imary  A s l a n d a r d s )  can  be e v a l u a t e d  t o  a n  

L1 L 
u n c e r t a i n t y  o f  r = , a n  i m p r o v e m e n t  on  o u r  
p r e v i o u s  u n c e r t a i n t y  of  2 x 10-1". 

(B) P r o g r e s s  i n  u n d e r s t a n d i n g  t h e  o r i g i n s  of t h e  
f r equency  s h i f t  a f  o u r  pr imary s t a n d a r d s  as t h e  s t a t i c  
C- f i e ld  is r e v e r s e d  i r .  d i r e c t i o n  i s  r epo r t ed .  T h i s  
e f f e c t  h a s  been e l i m i n a t e d  i n  o u r  e v a l u a t i o n s  of  C s V ,  
bu t  n o t  f o r  t h e  CsVI's.  

A p p l i c a t i o n  of  t h e s e  methods i n  e v a l u a t i n g  NRC c l o c k s  
g i v e s  no f r equency  s h i f t  o u t s i d e  p r e v i o u s l y  p u b l i s h e d  
e r r o r  budgets.  

A major problem w i t h  pr imary  cesium c l o c k s  is  d e t e r m i n i n g  t h e  v e l o c i t y  
d i s t r i b u t i o n  o f  t h e  Cs atoms,  which is n e c e s s a r y  t o  e v a l u a t e  t h e  second 
o r d e r  Doppler  s h i f t .  P r e v i o u s  app roaches  e i t h e r  s i m u l a t e d  t h e  Ramsey 
p a t t e r n  w i th  t runca , t ed  v e l o c i t y  d i s t r i b u t i o n s  ( ~ u n g a l l l  ); used  t h e  Ramsey 
p a t t e r n  i t s e l f  ( ~ a a m s *  and ~ a r v i s ~  ); o r  used p u l s e  e x c i t a t  ior.   ellwi wig'+ ). 
The f i r s t  two methods s u f f e r  from t h e  3pproximat ions  made e i t h e r  t o  t h e  form 
o f  t h e  v e l o c i t y  d i s t r i b u t i o n  o r  i n  i ts  c a l c u l a t i o n  from t\e Ramsey p a t t e r n .  
The t h i r d  method r e q u i r e s  major  m o d i f i c a t i o n  of  t h e  microwave e x c i t a t i o n  
system. We haved found a n o t h e r  method u s i n g  t h e  r e l a t i o n  between t h e  
t r a n s i t i o n  p r o b a b i l i t y  a t  t h e  c e n t e r  of  t h e  Ramsey p a t t e r n  and t h e  
(microwave) e x c i t a t i o n  l e v e l .  We have shown t h a t  t h i s  f u n c t i o n  is  a s i m p l e  



c o s i n e  t r ans fo rm of t h e  t i m e  of f l i g h t  d i s t r i b u t i o n .  The new method is  more 
a c c u r a t e  and is  e a s i e r  t o  u se  than  t h e  o l d  methods. 

Another  problem which was thought  t o  e x i s t  i n  cesium beam c l o c k s  is t h e  
so -ca l l ed  "Millman e f f e c t " 5 .  It has  been proven by Vanier  et  a16 t h a t  t h e  
M i l l m a n  e f f e c t  d o e s  n o t  e x i s t  f o r  a A m  = 0 t r a n s i t i o n  b u t  o n l y  f o r  a  
A ~ F  = f 1 t r a n s i t i o n .  The f r e q u e n c y  s h i f t  r e s u l t i n g  from r e v e r s a l  of  t h e  
C-f ie ld  r e p o r t e d  e a r l i e r  by ~ u n ~ a l l s  f o r  CsV, was a consequence o f  t h e  
method used t o  measure and set t h e  C-f ie ld  i n  t h e  normal and r e v e r s 4  f i e l d  
d i r e c t i o n s  ( u s i n g  (4,-4) t o  (4,-3) t r a n s i t i o n s ) .  It Cs no t  21) o f f s e t  i n  
f requency due t o  t h e  d i r e c t i o n  of t h e  C-field.  T h i s  was demonst ra ted  i n  
C s V ,  t l s i n g  f i e l d  dependen t  t r a n s i t i o n s  w i t h  AmF = 0 t o  measure and set t h e  
C-f ie l J .  However, i n  t h e  c a s e  o f  CsVI's t h e r e  is an  a p p a r e t t  s h i f t  i n  
f requency upon f  i e l d  r e v e r s a l  u s i n g  e i t h e r  of t h e s e  two methods. 

A - Determination of the velocity distribution 
a )  The e x c i t a t i o n  l e v e l  method 
I n  cesium f requency s t a n d a r d s ,  t h e  t r a n s i t i o n  p r o b a b i l i t y  a t  t h e  r e sonan t  
f requency of a n  atom between states p  and q  is g iven  by7: 

where b  is t h e  e x c i t a t i o n  l e v e l  and .r t h e  t i m e  of  f l i g h t  through one of t h e  
two c a v i t i e s .  It can he shown t h a t  t h i s  r e l a t i o n  is  t r u e  w i t h i n  a p a r t  i n  
106 f o r  t y p i c a l  primary cesium s t a n d a r d s  w i t h  c u r r e n t l y  a t t a i n a b l e  
u n i f o r m i t y  of t h e  C-f i e l d ,  microwave e x c i t a t i o n  l e v e l  and microwave phase*. 

Using s imple  t r i g o n o m e t r i c  man ipu la t ion  t h i s  e q u a t i o n  can  be r e w r i t t e n :  

On t h e  o t h e r  hand, t h e  measured s i g n a l  ampl i tude  i s  t h e  i n t e g r a l  ove r  a l l  
p o s s i b l e  t imes  of f i i g h t  

which can  be r e w r i t t e n  a s :  

1 
m 

I ( h )  = C o n s t a n t  - - I  2 f ( 7 )  c o s  4bz d ~ .  

* J-S Boulanger,  t o  be pcbl i shed .  



The second term is a c o s i n e  t r a n s f o r m  of t h e  time of f l i g h t  distribution. 
The r e v e r s e  o p e r a t i o n  g i v e s  ( f o r  r # 0):  

(b 

-16 
( )  X(b) c o s  4b7 d b .  

S ince  vt = 1 ,  t h e  l e n g t h  of one c a v i t y ,  i t  f o l l o w s  t h a t  t h e  v e l o c i t y  
d i s t r i b u t i o n  is: 

f ( v )  = t 2 f ( t )  x c o n s t a n t  ( 6 )  

C ~ n s e q u e n t l y  i t  is  p o s s i b l e  t o  c a l c u l a t e  t h e  time of f l i g h t  d i s t r i b u t i o n ,  
and hence t h e  v e l o c i t y  d i s t r i b u t i o n ,  from measurments of t h e  ampl i tude  of 
t h e  s i g n a l  a t  t h e  c e n t e r  of t h e  resonance  a s  f u n c t i o n  of  t h e  e x c i t a t i o n  
l eve  I. 

Once t h e  v e l o c i t y  d i s t r i b u t i o n  is  known i t  can be used i n  t h e  g e n e r a l  Rarnsey 
equat ion7 t o  r e t r i e v e  t h e  Rams?y p a t t e r n  of Cs beam i n t e n s i t y  v s  microwave 
frequency.  T h i s  p a t t e r n  can a l s o  be measured and t h e  agreement betwee? t h e  
c a l c u l a t e d  and t h e  measured p a t t e r n s  s e r v e s  as a check f o r  t h e  accu racy  of 
t h e  v e l o c i t y  d i s t r i b u t i o n .  The second o r d e r  Doppler s h i f t  can be 
e v a l u a t e d  from t h e  v e l o c i t y  d i s t r i b u t i o n  i n  a s t r a i g h t f o r w a r d  manner. 

(b )  Exper imenta l  and computa t ional  t e c h n i q u e  
We used  t h e  c l o c k s  wi thou t  m o d i f i c a t i o n s  a l though  f o r  C s V ,  t h e  2 l n e t e r  - 

c l o c k ,  w e  had t o  change t h e  microwave s o u r c e  i n  o r d e r  t o  o b t a i n  s u f f i c i e n t  
power. These c locks0  a r e  of t h e  f lop - in  t y p e  w i t h  a s i n g l e  c a v i t y  p r o v i d i n g  
two e x c i t a t i o n  regions .  The e x c i t a t i o n  is  normally provided  by a  Gunn 
o s c i l l a t o r  and a c a l i b r a t e d  v a r i a b l e  a t t e n u a t o r .  For t h e  C s V I ' s ,  10 mW of  
microwave power is a v a i l a b l e ,  and t h e  a t t e n u a t o r  cove r s  a  range  of 70 dB. 
For t h e  p r e s e n t  experiment  t h e  Gunn o s c i l l a t o r  was locked t o  a s e p a r a t e  C s  
r e f e r e n c e  and set a t  t h e  c e n t e r  f requency of  t h e  Ramsey p a t t e r n .  

The e x c i t a t i o n  l e v e l  i n  t h e  c a v i t y  is not  known e x a c t l y .  It can  be 
c a l c u l a t e d  u i r h i n  a few p e r c e n t  from a knowledge of t h e  c a v i t y  Q 
( l oaded  Q - 4000 f o r  ou r  c l o c k s )  and t h e  power a v a i l a b l e .  G r e a t e r  accu racy  
can  be o b t a i n e d  by f i t t i n g  t h e  c a l c u l a t e d  Ramsey p a t t e r n  t o  t h e  Ramsey 
p a t t e r n  measured on t h e  c lock .  T h i s  p a t t e r n  can be c h a r a c t e r i z e d  by i ts  
shape  ( t h e  r e l a t i v e  ampl i tude  of  secondary  peaks and v a l l e v s  t o  t h e  c e n t r a l  
peak,  t h e  number of peaks ,  e t c . )  and by i t s  scale i n  Her t z  ( t h e  d i s t a n c e  
between peaks ,  o r  t h e  width  a t  h a l f  t h e  h e i g h t  of  t h e  c e n t r a l  peak,  etc) .  

From t h e  Rarnsey e q u a t i o n ,  i t  can be seen  t h a t ,  a p a r t  from t h e  dependence on 
b ,  t h e  shape  of t h e  Ramsey p a t t e r n  i s  dependent  on ly  on t h e  shape  o f  t h e  
v e l o c i t y  d i s t r i b u t i o n ,  i f  t h e  second o r d e r  Doppler s h i f t s  and t h e  c a v i t y  
phase  d i f f e r e n c e s  are n e g l e c t e d  ( v a l i d  f o r  a  f i r s t  approximat ion) .  The 
f r equency  s c a l e  of t h e  Ramsey p a t t e r n  ( o r  i t s  width)  i s  de termined o n l y  by 
t h e  v e l o c i t y  s c a l e  ( o r  t h e  ave rage  v e l o c i t y  of t h e  d i s t r i b u t i o n ) ,  and t h e  
c l o c k  length .  



We a d j u s t  a  s c a l e  f a c t o r  and recompute  t h e  F o u r i e r  t r a n s f o r m  of  t h e  
e x c i t a t i o n  l e v e l  d a t a  u n t i l  t h e  t h e o r e t i c a l  and e x p e r i m e n t a l  w i d t h s  of t h e  
Ramsey p a t t e r n s  a r e  e q u a l .  The a d j u s t m e n t  is a  few p z r c e n t  o f  t h e  power. 
T h i s  f i t t i n g  is  r e q u i r e d  o n c e  f o r  e a c h  c l o c k .  The Gunn o s c i l l a t o r s  a r e  
s u f f i c i e n t l y  s t a b l e  i n  power f o r  t h e  same s c a l e  f a c t o r  t o  be a d e q u a t e  two 
montns  a f t e r  t h e  f i r s t  ineasurement ,  i n c l u d i n g  a r e v e r s a l  o f  t h e  beam 
d i r e c t i o n .  

I n  o r d e r  t o  r e s o l v e  t h e  Rabi  r e s o n a a c e s  and min imize  t h e  e f f e c t  o f  t h e  
o v e r l a p p i n g  of  t h e  f i e l d  d e p e n d e n t  t r a u s i t i o n s  on t h e  ( 3 , 0 ) + * ( 4 , 0 )  
t r a n s i t i o n  a t  h i g h  power l e v e l s ,  t h e  C - f i e l d  was r a i s e d  t e m p o r a r i l y .  A s  i s  
s e e n  :n F i g u r e  1, a t  20 dR above  t h e  optimum power l e v e l  f o r  t h e  Ramsey 
r e s o n a n c e ,  t h i s  e f f e c t  i s  q u i t e  s e r i o u s  a t  a  C - f i e l d  o f  67 mGauss which is  
t h e  normal  o p e r a t i n g  f i e l d .  A m a g n e t i c  f i e l d  o f  260 mGauss is  enough t o  
r e d u c e  t h i s  problem t o  a c c e p t a b l e  l e v e l s  a s  s e e n  i n  t h e  same f i g u r e .  

( c )  P r o c e s s i n g  of  d a t a  
A F a s t  F o u r i e r  ~ r a n s f G r m  (FFT) program was used. It r e q u i r e s  d a t a  e q u a l l y  
s p a c e d  i n  e x c i t a t i o n  l e v e l .  Because  o f  t h e  d i f f i c u l t y  i n  s a t i s f y i n g  t h i s  
c o n d i t i o n  w i t h  o u r  a t t e n u a t o r ,  we u s e d  a  s p l i n e  i n t e r p o l a t i o n  t o  e x t r a c t  
a b o u t  200 p o i n t s  f rom t h e  75 e x p e r i m e n t a l  p o i n t s  ( s e e  F i g u r e  2). We hope i n  
t h e  n e a r  f u t u r e  t o  be a b l e  t o  t a k e  more p o i n t s ,  i m p r o v i n g  t h e  a c c u r a c y  o f  
t h e  d a t a  f e d  t o  t h e  FFT. 

We have  a l s o  added a  " ta i l "  of  c o n s t a n t  v a l u e  e q u a l  t o  t h a t  o f  t h e  h i g h e s t  
power d a t a  p o i n t  beyond t h e  l a s t  measured p o i n t  t o  f i l l  t h e  1034 p o i n t s  
needed  by t h e  program. T h i s  a p p r o a c h  is j u s t i f i e d  by t h e  f a c t  t h a t  a t  h i g h  
e x c i t a t i o n  l e v e l  t h e  d e t e c t o r  r e s p o n s e  t e n d s  t o w a r d s  a  c o n s t a n t .  I f  t h e  
e x c i t a t i o n  is s u f f i c i e n t l y  g r e a t ,  e v e n  t h e  h i g h  v e l o c i t y  a toms  make many 
t r a n s i t i o n s  i n  p a s s i n g  t h r o u g h  t h e  c a v i t i e s .  I f  we a v e r a g e  a  l a r g e  number 
o f  a toms a t  d i f f e r e n t  v e l o c i t i e s ,  t h e  a v e r a g e  t r a n s i t i o n  p r o b a b i l i t y  is t h e n  
e x a c t l y  one  h a l f .  The e f f e c t s  o f  a d d i n g  t h i s  " ta i l "  a r e  d i s c u s s e d  below. 

( d l  S f f e c t s  o f  e x p e r i m e i i t a l  d i f f i c u l t i e s  
I n  o r d e r  t o  e v a l u a t e  t h e  i n f l u e n c e  o f  p o t e n t i s l  s o u r c e s  o f  e r r o r  i n  t h i s  
method, we have  e x a g g e r a t e d  f o b r  s e p a r a t e  e r r o r  so : l rces  and  examined t h e  
c o n s e q u e n c e s  o f  each .  I n  e a c h  c a s e ,  f o l l o w i n g  t h e  method d e t a f l e d  a b o v e ,  a 
v e l o c i t y  d i s t r i b u t i o n  was o b t a i n e d ,  and t h e  s c a l e  f a c t o r  was checked  u s i n g  
t h e  w i d t h s  of t h e  e x p e r i m e n t a l  and  c a l c u l a t e d  c e n t r a l  Ramsey peaks .  

Each time, t h e  q u a l i t y  o f  t h e  agreement  i n  terms of  t h e  s h a p e  o f  t h e  two 
Ramsey c u r v e s  c o u l d  be o b s e r v e d ,  and c h a n g e s  i n  t h e  c a l c u l a t e d  v e l o c i t y  
d i s t r i b u t i o n  c o u l d  be noted.  F o r  t h e  c u r v e s  p r e s e n t e d  i n  F i g u r e s  3 t o  6, 
t h e  agreement  between t h e  two Ramsey c u r v e s  i s  a p p r o x i m a t e l y  1% of  t h e  
c e n t r a l  Ramsey peak,  The f o u r  s o u r c e s  o f  e r r o r s  we have  i n v e s t i g a t e d  i n  
t h i s  manner a r e :  

1) E f f e c t  of q # 0  t r a n s i t i o n s  
I f  t h e  m a g n e t i c  f i e l d  is  t o o  low, a n  e x t r a n e o u s  s i g n a l  f rom n e i g h b o u r i n g  

. . t r a n s i t i o n s  is  added t o  t h e  t r u e  s i g n a l  f o r  h i g h  e x c i t a t i o n  l e v e l s .  

. ,  Comparing F i g u r e  3 w i t h  F i g u r e  7-a shows t h e  d i f f e r e n c e  between two sets of  
d a t a  a t  !ow (67 mGauss) and h i g h  (260 mGauss) m a g n e t i c  f i e l d s .  A t  a  low 

i f i e l d  t h e  e f f e c t  c a u s e s  a n  e r r o r  a t  t h e  h i g h  v e l o c i t y  end of t h e  s p e c t r u m ,  
t c r e a t i n g  s m a l l  f a l s e  v e l o c i t y  peaks.  These  a r i s e  s i n c e  t h e  s i g n a l  f rom t h e  

' t 
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nefghbour ing  t r a n s i t i o n s  makes I ( b )  i n c r e a s e  a s  t h e  e x c i t a t i o n  l e v e l  is  
r a i s e d .  T h i s  i n c r e a s e  adds  peaks i n  t h e  s h c r t  time of f l i g h t  ( o r  h i g h  
v e l o c i t y )  reg ion .  

2)  Inadequate  microwave e x c i t a t i o n  l e v e l  
I f  t h e  exper iment  is l i m i t e d  t o  low v a l u e s  3f e x c i t a t i o n  power, t h e  i n t e g r a l  
a p p e a r s  t o  be t runca t ed .  The r e s o l u t i o n  i n  t h e  t ime-o f - f l i gh t  d i s t r i b u t i o n  
i s  l i m i t e d ,  and t h e  v e l o c i t y  d i s t r i b u t i o n  i s  d i s t o r t e d  w i th  t h e  a d d i t i o n  of 
a n  " o s c i l l a t i o n "  a l o n g  t h e  v e l o c i t y  a x i s .  The d i s t o r t i o n  l o o k s  much t h e  
same a s  f o r  t h e  f i r s t  s o u r c e  of e r r o r  a t  h igh  v e l o c i t y  and adds  some n o i s e  
a t  low v e l o c i t y  a s  can  been s e e n  by comparing F igu re  4 w i t h  F igu re  7-a. The 
peaks  a t  h igh  v e l o c i t y  a r e  due t o  t h e  o f f s e t  g e n e r a t e d  by t h e  " t a i l ' '  added 
a t  t h e  wrong l e v e l .  

3) Noise i n  t h e  measured s i g n a l  
S ince  t h e  C s  beam n o i s e  is  much t h e  same a t  aily e x c i t a t i o n  l e v e l ,  i t s  
e f f e c t  a f t e r  FFT should  be v i s i b l e  i n  t h e  r e g i o n s  of l ong  times of f l i g h t  o r  
a t  low v e l ~ c i t l e s .  T h i s  e f f e c t  is s i m u l a t e d  i n  F igu re  5 which r e p r e s e n t s  
t h e  d a t a  c f  F i g u r e  4 t o  which a  n o i s e  e q u i v a l e n t  t o  5% of t h e  s i g n a l  maximum 
h a s  been added b e f o r e  t h e  i n t e r p o l a t i o n .  A Ramsey p a t t e r n  c a l c u l a t e d  from 
such  a  no i sy  set of d a t a  would s t i l l  g i v e  an  e s t i m a t e  of t h e  second o r d e r  
nopp le r  s h i f t  w i t h i n  10 pHz of t h e  n o i s e - i r e e  s e t  of da t a .  In  p r a c t i c e  t h e  
n o i s e  is below 0.2%. 

4) Dens i ty  of p o t n t s  
A s  expec t ed ,  an i n c r e a s e  I n  t h e  d e n s i t y  of p o i n t s  g i v e s  b e t t e r  r e s u l t s .  A s  
c an  be s e e n  i n  F i g u r e  6, when  compare^ t o  F i g u r e  7-c, an  i n c r e a s e  Erom 45 t o  
7 5  p o i n t s  r educes  t h e  n o i s e  a t  low v e l o c i t i e s  by a t  lesst a  f a c t o r  of 4. We 
e x p e c t  t h a t  doub l ing  t h e  number of p o i n t s  should  r educe  i t  even f u r t h e r .  

e )  R e s u l t s  f o r  e a c h  c l o c k :  second o r d e r  Doppler s h i f t  
F i g u r e s  /-a, I-b and I-c show t h e  r e s u l t s  o b t a i n e d  on CsVI -A ,  C s V I - B  and 
CsVI -C  r e s p e c t i v e l y .  F i g u r e s  8-a, 8-b, and 8-c show t h e  Ramsey p a t t e r n s  
c a l c u l a t e d  f o r  e a c h  c l o c k  from t h e  v e l o c i t y  d i s t r i b u t i o n  found by t h e  FFT. 
For comparison w i t h  F igu re  8-a, t h e  expe r imen ta l  Rrmsey p a t t e r n  of CsVT-A is 
a l s o  shown i n  F igu re  8. We have suppres sed  t h e  n o i s e  a t  low v e l o c i t y ,  s i n c e  
t h e  veometry of t h e  c l o c k  would e l i m i n a t e  a l l  atoms w i t h  v e l o c i t i e s  below a 
c e r t a i n  va lue .  

I t  is remarkable how well t h e s e  c u r v e s  f i t  t h e  e x p e r i m e n t a l  Ramsey p a t t e r n s  
up t o  a  thousand h e r t z  away from t h e  c e n t e r  of  resonance  ( s e e  F igu re  8-a). 
The agreement is b e t t e r  t h a n  1% everywhere. I f  t h e  d e l - i b e r a t e l y  d i s t o r t e d  
v e l o c i t y  d i s t r i b u t i o n  of F igu re  3  o r  F i g u r e  4 is used t h e  agreement  is 
reduced t o  a  r e g i o n  of abou t  500 Hz around t h e  c e n t e r  of resonance .  

D e s p i t e  t h i s  r e d u c t i o n  i n  q u a l i t y  of f i t ,  t h e  second o r d e r  Doppler  s h i f t s ,  
a s  c a l c u l a t e d  from t h e s e  t h e o r e t i c a l  Ramsey p a t t e r n s  f o r  any one c loc '  , a l l  
a g r e e  w i t h i n  10 pHz f o r  a  p a r t i c u l a r  c l o c k  o r  one p a r t  i n  1015 of  t h e  
f requency  of t h e  c lock .  The p r e v i o u s  method used  For t h e  CsVI 's ,  which 
assumed a t r u n c a t e d  Maxwellian d i s t r i b u t i o n ,  i s  i n  agreement  w i t h  t h e  
p r e s e n t  method t o  w l t h i n  i ts  s t a t e d  ( 1  o )  e r r o r  of 2 x 10'14 o f  t h e  c l o c k  
frequency.  



U n f o r t u n a t e l y ,  t h e  r e s u l t s  t o  d a t e  a r e  n o t  a s  good on CsV. A t  t h e  time of 
measurement ,  t h e  c a l i b r a t e d  a t t e n u a t o r  u s e d  i n  CsV had a  much n a r r o w e r  r a n g e  
( 2 0  dB) t h a n  t h e  o n e s  on t h e  CsVI ' s  ( 7 0  dB). The u s e  o f  a n  u n c a l i b r a t e d  
a t t e n u a t o r  i n  s e r i e s  w i t h  i t  made t h e  measurements  more d i f f i c u l t  and  t h e  
r e p r o d u c i b i l i t y  was a d v e r s e l y  a f f e c t e d .  To o b t a i n  s u f f i c i e n t  microwave 
power,  t h e  Gunn o s c i l l a t o r  was t e m p o r a r i l y  r e p l a c e d  by a  100 mW k l y s t r o n  
( a l s o  phase  locked) .  The r e s u l t s  are shown i n  F i g u r e  9. 

I n  F i g u r e  9-b t h e  hump a t  a r o u n d  150 m / s  is f a l s e ;  and ,  p o s s i b l y ,  a l s o  t h e  
l o n g  t a i l  a t  h i g h  v e l o c i t i e s  (> 500 m/s) .  A Ramsey p a t t e r n  c a l c u l a t e d  From 
i t  would be s i g n i f i c a n t l y  i n  e r r o r .  I f  we u s e d  t h e  o t h e r  sets of d a t a ,  a t  
low m a g n e t i c  f i e l d  o r  low maximum power,  t h e  hump would be d i s p l a c e d  and t h e  
main peak would z l s o  be s l i g h t l y  a f f e c t e d .  

D e s p i t e  t h a t ,  t h e  Ramsey p a t t e r n  c a l c u l a t e d  i n  F i g u r e  10-b is  good t o  b e t t e r  
t h a n  1 %  up t o  500 Hz f rom t h e  c e n t e r  o f  resonance .  The e v a l u a t i o n  o f  t h e  
s e c o n d  o r d e r  Dopple r  s h i f t  may n o t  be q u i t e  as a c c u r a t e  a s  f o r  t h e  CsVI's.  
The maximum v a r i a t i o n  ( 5 0  is 6 p a r t s  i n  10IS  o f  t h e  f r e q u e n c y  o f  t h e  
c l o c k  u s i n g  t h e  d i f f e r e n t  sets of  d a t a  and w i l l  l i k e l y  be improved by u s i n g  
a  b e t t e r  a t t e n u a t o r .  

I t  seems t h a t  f o r  e a c h  NRC c l o c k  (CsV and t h e  C s V I i @ )  t h e  s e c o n d  o r d e r  
D o p p l e r  s h i f t  h a s  oeen o v e r e s t i m a t e d  i n  t h e  p a s t  by t h e  same amount. T h i s  
e r r o r  is s t i l l  w i t h i n  t h e  e r r o r  l i m i t s  o f  t h e  o l d  method t h a t  u s e d  t r u n c a t e d  
v e l o c i t y  t l i s t r i b u t i o n s l .  Adopt ion  of  t h e  new method w i l l  r e d u c e  t h e  NRC 
p r i m a r y  c l o c k  f r e q u e n c y  by 1.7 x 

B - The Mil lman e f f e c t  r e v i s i t e d  

A n o t h e r  s o u r c e  o f  e r r o r  i n  o u r  c l o c k s  is t h e  e v a l u a t i o n  o f  t h e  m a g n e t i c  
f i e l d  needed t o  o p e r a t e  t h e  c lock.  a t  z e r o  o f f s e t  i n  f r e q u e n c y .  I t  was 
r e p o r t e d  some y e a r s  a g o  by A.G. ~ u n ~ a j . 1 ~  (1976) t h a t  t h e r e  was a  d i f f e r e n c e  
i n  f r e q u e n c y  between t h e  two o r i e n t a t i o n s  o f  t h e  m a g n e t i c  o r i e n t i n g  f i e l d  
( C - f i e l d )  i n  CsV. An e x p l a n a t i o n  based  on t h e  Mil lman e f f e c t  was t h e n  
t h o u g h t  t o  be t h e  s o l u t i o n ,  b u t  now p r o v e s  t o  be i n c o r r e c t .  A change  o f  
method i n  s e t t i n g  t h e  C - f i e l d  h a s  e l i m i n a t e d  t h e  f r e q u e n c y  s h i f t  on C - f i e l d  
r e v e r s a l  f o r  CsV. 

I n  t h e  o l d  method, t h e  m a g n e t i c  f i e l d  was e v a l u a t e d  w i t h  low f r e q u e n c y  c o i l s  
i n d u c i n g  (6 , -4 )  t o  (4 , -3)  t r a n s i t i o n s  a t  8 p o i q t s  a l o n g  t h e  beam t r a j e c t o r y .  
I n  t h e  new m e t h o d ,  t h e  f i e l d  d e p e n d e n t  m i c r o w a v e  t r a n s i t i o n s  ( m  = 1 o r  F 
r n ~  = - 1 ;  A m F  = 0 )  a re  c s e d  t o  e v a l u a t e  t h e  a v e r a g e  f i e i d  b e t w e e n  t h e  
e x c i t i n g  c a v i t i e s .  Both methods have  been  u s e d  i n  t h e  e v a l u a t i o n  of t h e  
C - f i e l d  o f  t h e  f o u r  p r i m a r y  C s  c l o c k s  i n  o p e r a t i o n  a t  NRC. 

F o r  CsV t h e r e  was t y p i c a l l y  a  f r a c t i o n a l  f r e q u e n c y  s h i f t  o f  1 x 10'13 when 
t h e  low f r e q u e n c y  method was u s e d  t o  set t h e  C - f i e l d  i n  t h e  r e v e r s e d ,  
compared t o  t h e  normal  d i r e c t i o n .  I f  t h e  microwave method was u s e d  t o  set 
t h e  f i e l d ,  no  s i g n i f i c a n t  s h i f t  was observed .  The a v e r a g e  of t h e  two 
methods a g r e e d ,  and  s i n c e  t h e  a v e r a g e d  C - f i e l d  h a s  a l w a y s  been used  f o r  
s e t t i n g  C s V ,  t h e  e f f e c t  and t h e  change  of  method f o r  C - f i e l d  e v a l u a t i o n  h a s  
had no i n f l u e n c e  on t h e  CsV time s c a l e .  The e x p l a n a t i o n  of t h e  C - f i e l d  



r e v e r s a l  e f f e c t  u s i n g  t h e  o l d  method, i n  terms of  t h e  Mil lman e f f e c t  on t h e  
c l o c k  f  requenci5,  i s  wrong. T h e o r e t i c a l l y  , t h e  Mil lman e f f e c t  c a n  e x i s t  
o n l y  f o r  A m F  = + 1  t r a n s i t t o n s  ( e g .  t h e  o l d  m e t h o d ' s  l o w  f r e q u e n c y  
t r a n s i t i o n s )  a n d  n o t  f o r  A q  = O t r a n s i t i o n s  ( s u c h  a s  t h e  c l o c k  t r a n s i t i o n  
and t h e  t r a n s i t i o n s  u s e d  f a r  t h e  new m e t h ~ d ) ~ .  The r e s u l t s  f o r  CsV c a n  be 
e x p l a i n e d  c o m p l e t e l y  a s  a Mil lman e f f e c t  a c t i o g  o n l y  on t h e  low f r e q u e n c y  
c r d n s i t i o n  used  f o r  t h e  o l d  method of  s e t t i n g  t h e  C- f ie ld .  

F o r  t h e  CsVI c l o c k s ,  i t  was found  t h a t  t h e  c l o c k  f r e q u e n c i e s  showed 
f r e q u e n c y  s h i f t s  w i t h  e i t h e r  method f o r  s e t t i n g  t h e  C-f i e l d .  F u r t h e r m o r e ,  
t h e  f r e q u e n c y  d e t e r m i n e d ,  u s i n g  t h e  a v e r a g e  o f  normal  and r e v e r s e d  C - f i e l d  
d i r e c t i o n ,  d i f f e r s  f o r  t h e  two methods by up t o  1  >i 10-13, The a v e r a g e  o f  
normal  and r e v e r s e d  C - f i e l d  d e t e r m i n e d  by t h e  microwave method h a s  a l w a y s  
been  used  f o r  t h e  CsVI c l o c k s ,  and a f t e r  e v a l u a t i o n  t h e y  have a g r e e d  w i t h  
t h e  CsV f r e q u e n c y  w i t h i n  a few p a r t s  i n  1014. 

111 t h e  c a s e  o f  t h e  CsVI c l o c k s ,  i t  seems t h a t  t h e  u n i f o r m i t y  o f  t h e  C-f i e l d  
i s  t h e  s o u r c e  o f  t h e  problem. I n  CsV, t h e  m a g n e t i c  s h i e l d s  a r e  l a r g e r  t h a n  
o n  t h e  C s V I  c l o c k s ,  and a n y  r e s i d u a l  m a g n e t i c  domains  a f f e c t  t h e  u n i f o r m i t y  
o f  t h e  f i e l d  t o  a  lesser e x t e n t .  S i m u l a t i n g  t h e  microwave method, o u r  
c a l c u l a t i o n s  have  shown t h a t  i f  t h e  e x c i t a t i o n  l e v e l  i s  n o t  i d ~ n t i c a l  i n  t h e  
two e x c i t a t i o n  r e g i o n s ,  t h z  C - f i e l d  i n h o m o g e n e i t i e s  ( i n  t h e  e x c i t a t i o n  
r e g i o n s  o r  i n  t h e  d r i f t  s p a c e )  c a n  c a u s e  Ramsey p a t t e r n  d i s t o r t i o n s  which 
make t h e  a v e r a g e  f r e q u e n c y  d i f f e r  f rom t h e  t r u e  f r e q u e n c y .  E m p i r i c a l l y  t h i s  
e f f e c t  is  l i k e l y  t o  be s m a l l  i n  o u r  c l o c k s  s i n c e  t h e  r a t e s  o f  a l l  f o u r  o f  
them are w i t h i n  a  few p a r t s  i n  1014 o f  e a c h  o t h e r  i m m e d i a t e l y  f o l l o w i n g  
e v a l u n t i o n .  

CONCLUSION 

We have  p r e s e n t e d  a  new and nuch more e x a c t  method f o r  e v a l u a t i o n  o f  t h e  
v e l o c i t y  d i s t r i b u t i o n  and t h e  s e c o n d  o r d e r  Dopple r  s h i r ' t  i n  ces ium beam 
f r e q u e n c y  s t a n d a r d s .  T h i s  method c a n  e v a l u a t e  t h e  s h i f t  t o  a n  a c c u r a c y  
b e t t e r  t h a n  a few p a r t s  i n  1015 o f  t h e  f r e q u e n c y  o f  t h e  c l o c k .  It  seems 
f e a s i b l e  t o  i a p r o v e  t h e  a c c u r a c y  e v e n  f u r t h c r  w i t h  b e t t e r  measurements .  The 
e v a l u a t i o n  o f  t h e  C - f i e l d  however is  s t i l l  l i m i t e d  t o  a  few p a r t s  i n  1014 
b e c a u s e  o f  t h e  u n c e r t a i n t i e s  l i n k e d  t o  t h e  method u s e d ,  and t h i s  u n c e r t a i n t y  
r e m a i n s  one of t h e  m a j o r  l i m i t a t i o n s  of N R C ' s  p r imary  c l o c k s .  
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Figure 1. High Power h y p e r f i n e  r e s o n a n c e s  a s  o b s e r v e d  i n  NRC p r i m a r y  
c e s i u m  c l o c k s .  The power l e v e l  is  20 dB above t h a t  f o r  normal  c l o c k  
o p e r a t i o n .  The s e v e n  0 and  s e v e n  x Rabi  p e d e s t e l s  are n o t  r e s o l v e d  a t  t h e  
normal  C - f i e l d  o f  67 mGauss ( u p p e r  c u r v e ) .  A t  a h i g h e r  C - f i e 1 1  o f  
260 mGauss t h e  R a b i  p e d e s t a l s  are r e s o l v e d  ( l o w e r  c u r v e ) ,  and t h e  
(3,O 4+ ( 4 , O )  Ramsey r e s o n a n c e  ( v e r t i c a l  a r r o w )  is n o t  g r e a t l y  c o n t a m i n a t e d  
by t h e  n e i g h b o u r i n g  RabC p e d e s t a l s .  



Smoothed I (b) 

I D  Time-of-flight 
. ?  1 d i s t r i bu t ion .  

Velocity d i s t r i b u t i o ~  
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Ramsey pa t t e rn  vs frequency 
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2. Proclessing data for WI-A. 
The Cs  beam intensity vs (microwave a t  the centre of the (3.0) c+ (4.0) Ramsey 
r c m m e  is the ueasumd I(b) (upper left). Interpolation is used to create a set of equally 
spaced points, to which a "tail" is added (upper right). lhis cum i s  Fourier transforraed to 
obtain the t m f - f l i p J t  distribtion (middle left) th- one -- 1 cm mlcm~ave interaction 
region. 'Ihe time scale factor is only approximite at this stage. Usirlg t'(s); the - 1 m 
d i s m  and Eq. 6, a velocity dfstritution is obtained (dddle  m t ) .  Ihe w b i t y  scale 
factor ie only appmdmte a t  thFs stegp. lhe scale factor is accurately detenrdned by 
fittirlg the width of the calcttlated Remrey pattern (bottan) to experiment: t k d s  width depends 
on the nean tinre of flight beteen the two interactloo re@oos (2.090 m for 38V, 1.006 m fo:: 
the OsVI's). 



ORIGINAL PA,@< tC 
OF POOR QUkklTi"Y 

Figure 3. I!b) ( a f t e r  i n t e r p o l a t i o n )  and t h e  v e l o c i t y  d i s t r i b u t i o n  
d e t e r m i n e d  f o r  CsVI-A a t  low C - f i e l d  (67 d a u s s ) .  Compared w i t h  F i  x r e '  7-a, 
n e i g h b o i r r i n g  t r a n s i t i o n s  have changed I ( b ) ,  y e t  t h e  mean v e l o c i t y  ( o v e r  t h e  
r a n g e  118 m / s  t o  457 m / s j  i s  230 m / s ,  and t h e  s e c o n d  o r d e r  D o p p l e r  s h i f t  f o r  
t h e  c l o c k  1s -23.2 x o f  t h e  c l o c k  f r e q u e n c y ,  v s  -23.1 x f o r  
F i g u r e  7-a. 
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Figura  4, I (b)  (after interpolation) snd the v ~ l  ocity distribu~ion 
determined s t  low maximum microwave pwer 13 M) for CaFi-A. Compared v ~ t k  
Figure 7-a, i n  the velocity distribution (10 nM mxfmm power) there ere 
changer in the velocity distribution Clowr resolution and "osctllettona"), 
yet the mean velocity ( w e t  the range 121 m/a t o  522 d m )  is 230 mEa, ond 
the second order Doppler e h i f t  for the clock i a  -23.1 x 10'14 of t?., clock 
frequency, va -23.1 x 10-l4 for Figure 7-a. 
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F ly re  5. I ( b )  (after interpolation) and the velocity d i s t d b u t l o n  
def?rrsIned for CaVI-A with exceaa noise added ( r s  noise is 5% of the 
maximum;. This ahould be compared t o  Figure 7-A. The mean -relocity (over 
the range 122 m/s t o  984 m/s) is 232 . Is ,  and the second Doppler shift for 
the . lock is -23.1 x of the clock frequency, vs -23.: x lom1* for 
Figure 7-a. 
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Pfgure 6. I(b)  (after interpolation). and the velocity dfoir1b;t ion 
determined using 45 points of data for CaVX-C. This shouid be compared t o  
Figure 7-c for which 75 data points were used. The mean veloc i ty  (over the 
range :31 m/e t o  700 m/s) i a  238 m / s ,  and the second order Doppler s h i f t  for 
the clock -24.1 x of the clock Frequency va -24.1 x for 
Figure 7-c* 
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Figure  ?-a. I(b) (af tzr Interpolation) and the velocity d l  atrf bution for 
CsVf -A,  me mean velocity (ove': the range 113 m/s t o  522 m / s )  is 234 ah, 
and the second o ~ d e r  Doppler a h i f t  for the clock is -23.1 x 1 0 - l ~  of the 
clack frequency. 
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Figure 7-b. I(b) Caf tes  interpolation) and the velocity d l s t t t b u  tton for 
CeVK-B. The mean velocity (over the range 121 m/s to  610 m/a) is 248 m/a, 
and the second order Doppler s h i f t  for the clock l a  -25.7 r 20-lh of the  
clock frequency. 
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Figure PC. I(b) (after interpolation] and tlte velocity distrlbutioh for 
CeVI-C. The mean velocity over the range 123 m / s  t o  592 mJs is 236 m l s ,  and 
the aecond order Doppler s h f f t  of the clock l a  -24.1 x of the clock 
f requeney. 



Figure 8-a. Upper: Experimental Ramsey pattern for CsVI-A. 

Lower: Calculated Ramsey pattern for CsVI-A. 
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Figure 8-b. Calculated Ramsey pattern for CsVI-B. I t  d i f f er s  by l e s s  
than 1% from the experimental pattern. 
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Figure 8-c. Calculated Ramsey pattern for CsVI-C. it  d i f f er s  by l e s s  
than 1% from the experimental pattern. 
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OR~MAL P A Q ~ E ? ~ ~ *  
OF POOR QUALITY 

I 1 dF=O 1 
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Figure 9-a. Upper: I ( b )  ! a f t e r  i n t e r p o l a t i o n )  f o r  CsV. 
The maximum power l eve l  ' 3  28 mW. Three s e c t i o n s  of I ( b )  have been matched 
t o  extend t h e  20dB r a a  ~f t h e  c a l i b r a t e d  a t t e n u r s o r  i n  CsV. 

Figure 9-b. Lower: The v o l o c i t y  d i s t r i b u t i o n  determined f o r  CsV. The 
mean v e l o c i t v  (over  t h e  range 178 m / s  t o  700 m/s) i s  283 m / s ,  and t h e  second 
order  Dopplec s h i f t  f o r  t h e  c lock is -39.5 x 10-14 f o r  t h e  c lock frequency. 



Figure 10-8. Experimental Ramsey pattern for CsV.  

Figure 10-b. Calculated Ramsey pattern for CsV.  I t  d i f f er s  by l e s s  than 
1% from the experimental pattern above. 



QUESTIONS A N D  ANSWERS 

D A V I D  A L L A N ,  NATIONAL BUREAU OF STANDARDS: The accuracy numbers 
you q u o t e ,  a r e  t h e y  one  s i g m a ,  o r  two s i g m a ,  o r  t h r e e  s igma 
numbers? 

M R .  JACQUES: They a r e  one sigma. 

M R .  H E L L W I G :  What i s  t h e  N.  R .  C . I s  o f f i c i a l  c l a i m  f o r  t h e  
r e a l i z a t i o n  of t h e  second? 

M R .  JACQUES: We t h i n k  t h a t  we can  s a f e l y  c l a i m  a  p a r t  i n  t e n  t o  
t h e  t h i r t e e n t h ,  because,  d e s p i t e  a l l  of t h e  problems t h a t  we have 
i n  t h e  m a g n e t i c  s h i e l d s ,  t h e  f r e q u e n c i e s  a r e  w i t h i n  one t o  two 
p a r t s  i n  t e n  t o  t h e  f o u r t e e n t h ,  one  f rom t h e  o t h e r .  B u t  on t h e  
o t h e r  hand,  we a r e  n o t  s u r e  how l o n g  we can go. Because o f  t h o s e  
problems i n  t h e  magnetjc s h i e l d s ,  we can ' t  e v a l u a t e  them a s  well  
a s  we would l i k e .  We have o n l y  Cesium V f o r  which t h e  m a g n e t i c  
s h i e l d s  a r e  v e r y  s t a b l e .  T h i s  l e a v e s  u s  w i t h  o n l y  one  c l o c k ,  
which we can ' t  compbre t o  i t s e l f .  

M R .  HELLWIG:  You cannot compare using GPS? 

M R .  JACQUES: We j u s t  g o t  t h e  GPS r e c e i v e r ,  b u t  t h e  problem i s  
t h a t  we need t o  do t h e s e  comparisons wi th in  twenty-four  hours ,  o r  
p o s s i b l y  f o r t y - e i g h t  h o u r s  t o  be s u r e  t h a t  t h e y  a r e  a c c u r a t e ,  
e s p e c i a l l y  f o r  t h e  r e v e r s a l  o f  t h e  beam, which  we have t o  do a s  
f a s t  a s  poss ib le .  



UBTBOD8 TO ENCOVER 'IBB W C n  I)ICI(E SUB-DOPPLER FEATURE 
IN EVACUATED WALL-COATED CEILS WITEOOT RESTRICI'IONS ON CELL SIZE 

8 .  G. Robinson 
Duke University 

Durham, North Curolina 27706 

The hyperfine resonance observed in evacuated wall-coated :ells 
with dimensions ( 112 (A is the byperfine resonance wavelength) 
consists of a narrow Dicke sub-Doppler linewidth featcre, the 
'spike', suporimposed on a broad pedestal. The hydrogen maser 
provides a classic example of this lineshape. A s  cell size is 
increased, an effect unique to evacuated wall-coated cells 
occurs. Certain combinations of microwave field distribution and 
cell size result in a lineshape having a pedestal with a small 
spike feature or only thr, broad pedestal with no spike. Such 
conditions are not sppropricte for atomic frequency stnndard 
applications. This paper reviews the cause of the evacuated 
wall-coatrd cell lineshape and discusses methods to recover the 
narrow spike feature without restrictions on  ell size. One 
exampls will be a cell with dimensions having equal volumes of 
exposure to opposite phases 3f the micrcwave mabnetic field. The 
typical signal recoTery technique would have no spike in this 
case. Potential applicakion is especially appropriate for Rb or 
Cs ovocuated wall-coated cells. 

The hydrogen maser provides a prnctical example of the use of the evacuated 
wall-coated cell in an atomic clock applicr'ion. T h e  high Q, narrov line 
width, homogeneous lineshape afforded by this technique provides one of 
technology's best clocks. I n  this use, the cell is d e s i g n e d  t n  h a v e  
dimensions < A(K!/2 where A is the cavity wavelength of the hyperfine 
transition ( free-space A - 2 1  cm). T h e  recent demonstration 11-31 of 
narrow, 87Rb hyperfine transitions in an evacuated wmll-coated sealed cell 
(EWSC) raises the possibility of taking advantage of the h o m o g e n e o u s  
linerhape for a superior 87Rb atomic frequency standard. Bere the free- 
space wavelensth, A - 4.4 cm, is considerably s m a l l e r  t h a n  t h a t  f o r  
h y d r o g e n .  T h u s  relativelv small RS cells compared to those used for 
hydrogen still may have dimensions ) A(Rb)/2. I n  addit ion, b0t.h hyperf ine 
reronance linewidth and wall shift are inversely proportional to the cell 
size: signal is proportional to cell size. Such considerations alone would 
lead to use of larler cells for improvement in these important parameters. 

The understanding of the effects of cell size on lineshape then beromes an 
important design consideration. In this paper, we review the basic cause of 
the EWSC lineshape with a simple o n e - d i m e n s i o n a l  m o d e l  nad d i s c u s s  
techniques to take advantage of the lrrge r-laxation times available in such 
cells even if cell dimensions are ) A/2. 

DISCUSSION 

A number of theoretical treatments have b e e n  r l d e  w h i c h  a d d r e s s  t h e  



1 innrhape of mot ionally averaging systems, Dicke't is well-known for the 
Doppler-linewidth reduction as applied to an atom diffusing in an inert 
buffer gas.[)] The theorj for the hydrogen maser lineshape was particularly 
applicable to cells with dimensions ( A12 where only a small microwave phase 
variation cxirtr across the ce11.[51 A theoretical statistical treatment of 
the lineshape for TElll and TEOll mode cavities has been mad3 with sbde 
simp1 ify ing assumptions. [61 A twc-dimensional model Monte Carlc trajectory 
calculation has given rerulrr for both wall-coated and gas filled cells.l7l 
Three dimensional Monte Carlo trajectory cafculatiors have been used to 
explore the lineshape of a Zeaman transition in the spherical ev?cuated 
wall-coated cell in the presence of magnetic field inhomogeneties.[81 
Experiment and theory were compared with good ngreoment. The coda developed 
w a s  later employed in studies on s y s t e ~ a t i c  effects of magnetic field 
gradients on the hydrogen mnser.[91 T h e  reader will find these papers 
informative . 
The lineshcpe characteristic of the evacuated wall-coa ted ce 11 is a nt.rrow 
sub-.Doppler spike centered on a broad pedestal having approximately the fuli 
Doppler width ( - 9 U z )  of the hyperf ins transition . T h e  width of the 
spiks is limited by the relaxation time of the atom-wall interaction. The 
narrowest width attained for 87Rb has been - 10Hz FWRM -- the observed 
lineshape was Lorentzian. 111 The interest in this paper is in understanding 
basic phenomena of tha averaging process leaLing to the relative heights of 
the spike and pedestal in order to maximize the former and minimize the 
latter. This not only moves the signal toward an optimum but also minimizes 
systematic effects associated with the pedestal. 

First we recall Di ,kc's one-dimensional model. A radiating oscilf ator is 
permitted to bounce between two confining walls. The moving oscillator as 
seen in the laboratory frame emits a constant amplitude, s q u a r e - w a v e  
f requekcj mc4ulated wave. Thus the oscillator is periodically Doppler- 
shifted either up or down from the resting oscillator's frequency dne to its 
rattling motion. T h e  resulting frequency spectrum is found by Fourier 
analyzing the time-dependent oscillation frequency. The result is the 
'lineshape' for t.he mo~ioaally averaged radiating systsm. 

The simple model chosen for discussion ic the case of the evacueted wall- 
coated cell is very similar to Dicke's. It coqsists of nn ensemble able to 
-mve in one-dimension in an avac~ated cell with walls which p9rmit 5ouncinm 
,.;thout perturbing the quantum state. A given atom is acted on by a 
r,ta,?ding-wave field applied to cause a transiticn from one byperf ine state 
to acother [e.g.(2,09 <--) (1,O)I. In the frame of the ator, an oscillating 
field is seen which i s  nmplitude modulated due to motion t h r o u g h  t h e  
s t a ~ d i n g - w a v e  field. T w o  special cases are considered: is the first, the 
< - ' I  has dimension D = i / 2 .  

V 

The first sketch shows the cell witb atom m o v i n ~  to right with speed v in 
the standing-wave field. After collision with the right-hand wall, the atom 



moves with the same speed tc the left through the same standing field. Th5 
field B1(x) seen by the atom at position x is 

2n*-t 
B1(x) = s i n 2  cnsw t = sin- 

0 
cosw t -: sino t cosw t : 0 ( t ( TI2 

A A 
0 n 0 

- - 2nv(T - t! 
6 in_---- cosw r = sinwD(T - t) corn t : TI? ! t < T 

A 0 0 

where w = 2nvIA. D 

Apparently tLis aystcm cau be replaced by one in which the atom moves only 
to the right in the field ampiltude arranged to mimic that actually scen by 
the a t a .  See sketch below. Fourier analysis of the periodic wvveform B1(x! 
gives the frequency spoct~trm sesa by the at?@. 

This spectrum co-sists of symme:ric sidebands on either s ? ~f the applied 
frequency w and a central non-shifted component at G - onrier anaiysis 

0 0 
gives this central amplit~de siffiply as <Blfx)), the spatial average of the 
field ovGr the cell. The transition probability, p.?yorticnsi 40 the square 
of thzs pcrtarbetion, gives a spikl signal proportional to < B  ) . 

1 

The presence of well-defired sidebands is s.1 artifact of the assumption of a 
constant sp2ed for s given member o f  the e a s b m b l e .  A n o n - c o h e r e n t  
s u p e r p o s i t i o n  of s i g u a l s  f r o m  an ensemble with r ~'axwcll--BoItzmann 
distribution of speeds produces the pedestal-spike lineshape. The pedestal 
height is taker proportional to (B 2 >  as a result of the incoherent addition 1 
of sidebands. Note thkt the width of the pedostal is expected to be related 
to that of the non-narrowed D o p ~ l o r  ridth. Other consideratioss axe in\ olved 
in attaining the rklative heights of the spike and pedestal sig?als, 0 . 8 . ,  
the linewidths of the respective features. This will be discussed shartiy. 
No doubt our assumptions art too s'.:,):i.fied -- but sone of the basis pbysics 
generating the lineshapa becomes clearcr. 

The second case treated in the same spir it is that of n cell with D = A. 
T h e  equivalent periodic field seen by ap atom traveling always to the right 
is sketched bdlow. 

Fourier analysis of this periodic waveform obvi.)usly will g i , v e  (B (XI)  = 0 1 
since the average value of the waveform is Z3rO by r p m t t t v .  "hus no spire 
would be seen under these conditions of excitation no mrttur ho~. rtronk the 
applied 3 is. Bowev-r the b y u d  pedestal with its c h a ~ a ~ t e r i s t i r ,  Dopplnr 
r i d t h  mill appear sirce ( 5  ) is not zero. 

1 



Another explanatton for the absence of the spike follows by considering an 
ar5itrary atom whicn begins a transition from state 1 to state 2 under 
stimulation of the oscillating microwave magnetic field. Since the atom is 
not constrained to remain fixed in space, it moves through the cell bou*acing 
from wall to wall in straight line paths. As long as it moves through a 
region of the cell having the same spatial phase as it experienced at the 
beginning of its transition, it will continue making the transition from 
state 1 to state -. However, when it crosses a microwave spatrzl ?base 
boundary and finds itself in a reeion of the cell having the opposite 
spatial phase from that which it first experienced, the transit ion ;roce s s 
will reverse and move from 2 back to state 1. On the average then, it is 
possible for the atoms bouncing from the walls of the cell to have a net 
zero transition probability for the spike component of the lineshape. 

Thas c - .I rith a more detailed theory of the notionally averaged lineshape 
in eve uated wall-coated cells, we know what conditions will maximize the 
spike. In the limit of no microwave satnration, the transitioa probability 
for the spike is found by considering the case of a 6-function of 
stimulating radiation interacting rith a Lorentzian li eshape of width 
bv 

9 . Thus the pike height will be proportional to < B  > / S v  
1 

. On the 
3 rke 

oti?tkkand. the transition probabil ity for the pedest a1 reqnlPes a broad 
stimulating spectral width interacting with a narrow intrinsic Lorentzian 
lineshape. The pedestal height then is proportional to the energy density in 
the field per unit frequency. a <B1 > / 6 ~  

ped' 
Therefore the ratio of heights 

S /S will be proportional to 
s P E 2 

<B1> x 6v 
s --- -------A! 

S 2 
P <B >x 6v 1 s 

The 6ri are the spike and pedestal linewidths. The spike linewidth is a 
delta-function in the one-dimensional model -- there is zero Doppler shift 
and zero Doppler width. In a real cell, the intrinsic linewidth is then 
detersiiicd principally by the actual =all-relaxation mechanism whi:h is 
l i ~ i t e d  mainly by dispersion in the phase shift due to the atom-wall 
interaction. 

The three dimensional Monte Carlo calculations[81 clearly showed that the 
atom statistically prefers to bounce 'back and forth8 revisiting the region 
from which it came before the last wall bounce. This is a consequence of 
the boundary condition that R v < 0 where _R is the vector from the cell 
center to the mcving atom and v is the atom's velosity. The wall allows 
access only to a 2n solid angle after a collision while in an atom-gas 
collision, access to 4 n  solid angle is available. T h e s e  physical 
constraints separate atom-wall collisions in evacuated cells from atom-gas 
collizions in gas cells. Thas one can expect different consequences to 
follow from collisions in wall-coated evacuated cells and those in gas 
cells.[lOl Motional averaging effects are dramatically diffrrent. 

An important issue regarding possible use of tb.e EWSC in atomic frequency 
standards is tht attainable figure of merit, M (signal-to-noise/linewidth), 
relative to that, say, of the Rb gas cell device. Consider a Lorentzian line 
with width 500Hz and height So attained in a cell xith Rb density po. Thas 
M a So/500. If it were possible to reduce lineridth by a factor of 1 0  at 
0 constant Rb density, the height of the resonsnce would increase to 10s . 

[Since the spike has a Lorentzian lineshare to a good approximation, tge 



product of signal height and linewidth is constant under conditions of no 
(or weak) saturation.] Now M a S 15, a factor of 100 improvement over M .  

0 
Thus a quadratic gain in M results from a decrease in linewidth. 

If we reduce the Rb density by a factor of 100, the signal drops by this 
same factor to S 110 , assuming constant linewidth. But now M = M = So/500. 
Thus the same Y ?s achieved with 11100 the original Rb density. 1: gas cells 
as used in Rb frequency standards, 500-700 Hz are typical linewidths. A 
sizable f r a c t i o n  of this linewidth is due to Rb - Rb spin exchange 
collisions due to the high required Rb density. T h e  simple argument 
presented above shows that operation of the EWSC is feasible at Rb densities 
far less than those used in gas cells. aence, Rb-Rb collisional broadening 
due to spin exchange need not be a major component in the linewidth of 
evacuated wall-coated cells even when operated at a f igure of hzr it 
comparable to or exceeding that of gas cells. 

EXPERIMENTAL TECBNIQUE 

The attainment of a large spike-to-pedestal signal ratio can p oce d in t ~ 3  1 5  
stages: minimizing the s?ike linewidth and maximizing the <B1> /(B > ratio. 

1 Among the factors determining the spike linewidth are dispersion in phase 
shift at wall (dominant cause of intrinsic width): light intensity 
%roadening: microwave power broadening: geometric lifetime: etc. The 
phase shift component of width is proportional to 1/R where R is a measure 
of cell size. In [ll, using a cell with a diameter to A12 ratio of 3.3, a 
12:l spike-to-pedestal height ratio was attained by judicious adjustment of 
a microwave horn's locationlorientatiafi with respect to the cell. A second 
method was also used to achieve the <B1) # 0 condition. 

In this case a small microwave loop whose dimensions were comparable to A120 
was positioned close to the cell wall with appropriate orientation to 
provide a sizable fraction of its field with proper orientation to drive the 
desired hyperfine transition. The spatial phase cf the near-zone field does 
indeed change phase at a XI2 distance from the loop: but the spatial 
gradient in the microwave field due to the small loop size reduces the 
amplitude of the unwanted phase so that <B1> # 0 as desired. See sketch. 

Th= result is that an atom samples the field at random times but remains 
phased with the inducing field's phase even when so far away as to see no 
field. On each entrance into the field it continnes making a transition. 
Thus the spike feature is large. The pedestal is also present although its 
lineshape is altered from Gaussian. One linewidth contribution to the 
pedestal is now due to the lifetime the atom speads in one pass through the 
localized field. (Lineshape due solely to the lifetime effect would be 
Lorentzian.) Since the ensemble has a velocity distribution, this width is 
nnighted by this distribution. Deviations from Gaussian pedestal lineshape 
~ e z e  observed. EffLects 9 the far and intermediate zone fields have been 
-,alcnlated for <B1) and (Bl) as a function ~f cell size. 



A symmetric a r r a y  of d i p o l e s  can a l s o  be used. A p a i r  a r e  s k e t c h e d  above .  
An e x t e n s i o n  of t h e  a r r a y  i s  a  r e s o n a n t - l i n e  s t r u c t u r e  c o n s t r u c t e d  i n  
p r i n c i p l e  of twis ted  s e c t i o n s  each of l eng th  112. 

.- -1- _ 
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Magnetic Field Hax1mum'- 

Quadrapole loops have been used t o  c r e a t e  eveL s t r o n g e r  s p a t i a l  g r a d i e n t  
f i e l d  f a l l o f f s .  Unwanted  m i c r o w a v e  f i e l d s  c a n  b e  c o n t r o l l e d  by  
a p p r o p r i a t e l y  p laced absorp t ive  m a t e r i a l .  

L a r g e r  c e l l  s i z e  i s  a d v a n t a g e o u s  i n  p r o v i d i n g  s m a l l e r  l i n e w i d t h  and 
inc reas ing  the  s i g n a l  a t  constant  Rb d e n s i t y .  Not only i s  s i g n a l  i n c r e a s e d  
b e c a u s e  l i n e w i d t h  i s  decreased,  but  a l s o  s ince  a  l a r g e r  number of Rb atoms 
a r e  being i n t e r r o g a t e d  (assuming cons tan t  Rb d e n s j t ~ ) ~  However, i t  may t h e n  
become more d i f f i c u l t  t o  a t t a i n  a  reasonable  <B ) /<B ) r a t i o .  Likewise, i n  

1 1 us ing  smal ler  c e l l s  of i n t e r e s t  i n  m i n i a t u r i z a t i o n ,  a  microwave c a v i t y  mode 
Jay be s e l e c t e d  i n  which (B ) = 0, thus  producing no spike  s igna tu re  a t  a l l .  1 
An example of  t h i s  i s  t h e  w a l l - c o a t e d  c e l l  w h i c h  f i l l s  a  TElll m3de 
c a v i t y .  l.61 Use of such  modes i s  s t i l l  p o s s i b l e  by p h y s i c a l l y  d i v i d i n g  the  
c e l l  wi th  a  septum placed along the  reg ion  where the  s p a t i a l  phase c h a n g e s ,  
a l t h o u g h  t h e  s m a l l e r  e f f e c t i v e  c e l l  s i z e  w i l l  i nc rease  spikc  l inewidth .  I n  
f a c t  f o r  the  hydrogen maser, t h i s  has  been proposed. [ l l l  

PRACTICAL CONSIDERATIONS 

Consider use of an EWSC i n  a  TEOll mode c a v i t y .  I n  a  r i g h t - c i r c u l a r  non- 
loaded c a v i t y ,  t h e  s p a t i a l  average of the  z-component of the  c a v i t y  magnetic 
f i e l d  over a  s p h e r i c a l  c e l l  i s  given by 

w i t h  Q = i R  2  112 
e  11 Dcav i t 

) x [ ( k ~ ) ~  + n I : kD = 2  x 3.832 
I n  t h e  hyd i rogen  m a s e r ,  t h e  f i l l i n g  f a c t o r  g i v e n  below i s  a  r e l e v a n t  
parameter.  

where L  = c a v i t y  length  and R = c a v i t y  r a d i u s .  A c l o s e d  form e x p r e s s i o n  
f o r  1 irr thus  found. Th i s  i g a i l o t t e d  i n  Fig.  1. Th i s  r e s u l t  does not  agree  
w i t h  &R'S[SI F ig .  3 ( c o r r e c t e d  by a  f a c t o r  of p o l  when t e  c e l l  r a d i u s  i s  9. 
l a rge .  It Rppears t h a t  KGR may have p l o t t e d  <BZ ~ c e l l / < B t o t ~ c a v .  

2  A p l o t  of the ' f i l l i n g  f a c t o r '  f o r  the EWSC, <BZ> cel l  / (B 2 ) c  11 ; i s  g i v e n  
i n  Fig .  2. Th i s  i s  the  r e l e v a n t  q u a n t i t y  f o r  f i e l d  averaggs  &en d r i v i n g  the  
( 2 . 0 )  - ( 1 , O )  h y p e r f i n e  t r a n s i t i o n .  Rho, p ,  i s  t h e  c e l l  r a d i u s l c a v i t y  
d i a m e t e r .  F i r s t  r e s u l t s  on a  c e l l  - 3U cc  give an i n t r i n s i c  l inewid th  of - 



20 Hz at 6.8 GHz with 1.5 pA light intensity. The hfs resonance in this cell 
is shorn in Fig. 3. 

As 8 practical matter, it appears that large m S C ,  D > A ,  are not necessary 
to attain significant figures of merit. A cell which fits in TEOll mode 
cavity is a aood example. The EWSC appears to remain an excellent candidate 
for atomic frequency standard use. 
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QUESTIONS A N D  ANSWERS 

H A R R Y  PETERS, SIGMA TAU CQRPORATION: I w a s  c u r i o u s  a s  t o  w h a t  
y o u r  w a l l  c o a t i n g  w a s ,  a n d  w h a t  t h e  s t a b i l i t y  o f  f r e q u e n c y ,  o r  
l i n e w i d t h  would be.  

M R .  ROBINSON: T h i s  p a r t i c u l a r  c o a t i n g  i s  t h e  s a m e  c o a t i n g  we u s e d  
o r i g i n a l l y .  I t ' s  T e t r a c o n t a n e .  T i m e  i s  t h e  m a i n  t h i n g  t h a t  
p r e v e n t s  u s  f r o m  t r y i n g  o t h e r  c o a t i n g s .  We w o u l d  g i v e  t h e  s a m e  
a n s w e r  t o  y o u r  s e c o n d  q u e s t i o n .  We r e a l l y  h a v e n ' t  e x p l o r e d  i n  
d e t a i l  how s t a b l e  t h e  f r e q u e n c y  i s ,  o r  t h e  l i n e w i d t h  a n d  s o  
f o r t h .  T h o s e  a r e  t h i n g s  t h a t  c l e a r l y  n e e d  t o  b e  d o n e .  T h e  t a l k  
t h i s  a f t e r n o o n  r i g h t  a f t e r  l u n c h  d e t a i l s  some o f  t h e  p a r a m e t e r s  
t h a t  a r e  i m p o r t a n t  i n  d e c i d i n g  w h e t h e r  you  c a n  u s e  t h i s  f o r  
a t o m i c  f r e q u e n c y  s t a n d a r d s .  T h a t  p a r t i c u l a r  i s s u e  i s  n o t  
a d d r e s s e d ,  t h o u g h ,  t h i s  a f t e r n o o n .  
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The evacuated wall-coated sealed cell coupled with diode laser 
o p t i c a l  p u m p i n g  o f f e r s  a n u m b e r  of attractive potential 
advantages for use in Rb or Cs atomic frequency standards. An 
investigation of systematic effects is required t o  explore 
possible limitations of the technique. We report on the use of 
diode laser optical pumping of 87Rb in an evacuated wall-coated 
sealed cell. Experimental resul ts/discussion to be presented 
include the signal strength and line broadening of the 0 - 0 
hyperfine resonance as a function of light intensity for the D l  
optical transitions (F - >  F') = ( 2  -) 1') and ( 2  -) 2') : shift 
of the 0 - 0 hyperfin? f r e q u e n c y  a s  a f u n c t i o n  o f  l a s e r  
intensity and de-tuning from optical resonance : and diode laser 
frequency stabilization techniques. 

INTRODU (IT ION 

Previously we have observed 87Rb and 133Cs Am = 0, + 1 hyperfine transitions 
i n  an evacuated wall-coated sealed cell (EWSC) of 200cc volume using 
conventional Rb or Cs rf-excited plasma lamps. [l-31 The use of diode lasers 
in optical pumping has been reported by other researchers for both Cs and Rb 
using gas cell or atomic beam apparatus.14-91 High efficiency optical 
pumping w i t h  diode lasers has been studied theoretically for the EWSC. (101 
In this paper, we report on the use of diode lasers in hyperfine pumping a n  
evacuated wall-coated sealed cell of - 30cc volume. The frequency of the 
ground state hyperfine transition (F,mF) = (2.0) <- )  (1.0) was monitored 
permitting a determination of a number of parameters useful in criticizing 
such wall-coated cells coupled w i t h  diode laser signal acquisition as a 
candidate for use in atomic frequency standards. 

APPARATUS 

T h e  basic apparatus is shown in Fig. 1. It consists of a diode laser, 
objective lens, attenuator, evacuated wall-coated cell inside a thermal 
enclosure, and a photodetector which monitors transmitted light intensity. A 
Rb side-arm on the cell was maintained at a temperature below that of the 
enclosure to control the Rb density in the cell. The diode laser is tuned to 
one of the four resolved D l  (F ( - >  F ' )  optical hyperfine transitions at 
794.7 nm. Figure 2 shows the optical transitions available. We report here 
only o n  simple Dumping w i t h  either the ( 2  < - )  2 ' )  o r  the ( 2  (-) 1') 
optical transition using linearly polarized light propagated along the 
direction of the applied magnetic f'eld. 
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Light intensity was monitored by measuring the photocurrent resulting from 
light transmitted through the cell. The conversion factor between current 
and power is - 640pAfmw (or 1.67pwfpA) at 795 nm for unit quantum efficiency 
at the detector. Typical photocurrents used are 1 0  pA which implies < l i  pw. 
The estima4ed intensity incident on the cell for a 10pA detected current is - 100pw/cm . 

Instead of an inhomogeneous lineshape characteristic of the gas cell, the 
homogeneous lineshap3 which results from us6 of an EWSC is one of its ctief 
advantages. Thus even though light intensity does not uni f ormly illuminate 
the EWSC, all atoms interact in the same way with the light due to the 
averaging which a given atom performs in bouncing against the cell walls. 
Indeed, it is this averaging wbich generates the homogeneous Lorentzian 
lineshape. 

RESULTS 

T h e  EWSC w a s  maintained at 40'~ while the Rb side-arm was kept at - 22'~. 
With the Rb density attained under these conditions and using 1 0  pA on the 
(2 <-> 1') transitioq2, the fractional absorption of light with no microwave 
power was - 7.5 x 1 0  . This was determined by a rapid sweep of the laser 
through the optical resonance - optical pumping effects were present to some 
degree. The fractional 0-0 sigfal under a high saturation condition by 
microwave power was 1.5 x 1 0  . This is taken as evidence of good optical 
pumpingfdetection efficiency even at the low light levels used. T\e long T 1  
relaxation time available in wall-coated cells implies relatively low light 
intensity will produce significant level popalation differences. 

The optical hyperfine pumping light which establishes popalation differences 
between the F = 2 and 1 levels in the ground electronic state and which 
p r o v i d e s  t h e  means for detecting the 0-0 hyperfine transition in the 
presence of a resonant microwave field also causes a broadening of the 0-0 
resonance. T h e  intrinsic linewidth attainad in this cell at - 1.5 pA light 
intensity was - 20 Hz. The following increases in the 0-0 width due to light 
intensity were determined: 

(2 (-> 2') =) - 4 HzIpA 
2 - 1 => - 2 HzIpA . 

The 0-0 signal amplitude vs. light intensity is shown in Fig. 3. The Hitachi 
laser w a s  used in this case. The microwave power was kept at an arbitrary 
but constant level und was weakly saturating. The klystron signal source was 
locked to the 0-0 resonance. Note the relatively low light intensities used. 
T h e  data for the ( 2  ( - >  2') and 2 - 1 '  transitions were t a k e n  
individually. Both sets of data are plotted on Fig. 3 for convenience. 

Two parameters are used for the light-induced frequency shift.[lll T h e  
p a r a m e t e r  a!I) gives the shift of the 0-0 frequency per unit optical 
inte~siiy when the optical frequency is tuned to resonance. 

a(1) = a ~ ~ - ~ / a I  
Thus the 0-0 frequency shift 6r0 - caused by the resonant light intensity I 
is given by 



A n o t h e r  p a r a m e t e r  $ d e s c r i b e s  t h e  s h i f t  of t h e  0-0 f r e q u e n c y  when t h e  
o p t i c a l  r a d i a t i o n  i b  de-tuned from resonanoe. 

$ ( I )  = a~ - l a w o p t .  
The frequency s h i f t  due t o  t h i s  e f f e c t  ?or a  small  de-tuning i s  

Bv = $ x A v  . 
A d i s c r i m i n a t o r - l i k e  frequency %?ft  of t h e 0 8 t ~  t r a n s i t i o n  i s  p roduced  f o r  
l a r g e r  de-tuning of the  o p t i c a l  resonance. 

I n  F i g .  4 a r e  shown the  r e s u l t s  of the  measurement of the  0-0 frequency vs. 
l i g h t  i n t e n s i t y  f o r  both  Hi tach i  and M i t s u b i s h i  l a s e r s .  The s l o p e  of  t h i s  
d a t a  g i v e s  t h e  l i g h t  s h i f t  parameter a ( 1 ) .  Here the  k l y s t r o n  was locked t o  
t h e  0-0 r e s o n a n c e  and t h e  l a s e r  was l o c k e d  t o  t h e  o p t i c a l  a b s o r p t  i o n  
resonance i n  the EWSC i t s e l f .  Using on-resonance ( 2  <-) 1 ' )  l i g h t  a t  - 10 pA 
i n t e n s i t y ,  a  0-0 sh i f t -g f  - - 4.5 Hz was found. Thus a  f r a c t i o n a l  i n t q p t y  
s t a b i l i t y  of 1 .5  x 1 0  w i l l  produce a  0-0 f r a c t i o n a l  s h i f t  of 1 x 10  a t  
6.8 GHz ender c o n d i t i o n s  u s e d .  The H i t a c h i  l a s e r  l i n e w i d t h  was - 30 MHz 
whereas  t h e  M i t  s u b i s h i  l a s e r  l inewid th  was - 100 MHz. Both of these  widths 
were determined f o r  free-running l a s e r s  ( n o t  locked t o  an atomic resonance) .  
I n  s p i t e  of  t h e  f a c t o r  of t h r e e  d i f f e r e n c e  i n  l inewid ths ,  bo th  l a s e r s  have 
almost i d e n t i c a l  a  c o e f f i c i e n t s ,  a s  s e e n  from F i g .  4 .  Because  t h e  l a s e r s  
w e r e  l o c k e d  t o  t h e  a t o m i c  a b s o r p t i o n ,  n a r r o w i n g  of t h e  s p e c t r a l  w i d t h  
o c c u r s .  We have no t  y e t  measured t h e  l a s e r  l i n e w i d t h s  i n  t h e  l o c k e d  
cond i t ion .  

Measurements on the  second l i g h t - s h i f t  parameter j3 were more d i f f i c u l t .  I n  
t h i s  c a s e  n e i t h e r  t h e  l a s e r  n o r  t h e  k l y s t r o n  was l o c k e d  t o  t h e  0-0 
t r a n s i t i o n .  The l a s e r  was detuned from o p t i c a l  resonance t y p i c a l l y  by - 150  
MHz. T h i s  i s  s m a l l  compared t o  t h e  o p t i c a l  D o p p l e r  w i d t b  and t h e r e f o r e  
impl ies  remaining i n  the l i n e a r  region of the  d i s c r i m i n a t o r  shaped 0-0 s h i f t  
c u r v e .  F i g u r e  5  s h o w s  r e s u l t s  f o r  t h e  ( 2  < - >  2 ' )  and ( 2  < - >  1 ' )  
t r a n s i t i o n s  where $ i s  found a t  a  g i v e n  l i g h t  i n t e n s i t y  by d i v i d i n g  t h e  
o b s e r v e d  0-0 f r e q u e n c y  s h i f t  by t h e  l a s e r  detuning from o p t i c a l  resonance. 
The $ -coef f i c i en t  has  a l s o  been repor ted  f o r  Rb gas c e l l  dev ices . [5 ,71  Table  
I compares d a t a  obta ined from the  ind ica ted  sources .  

Table I. Comparison of $ - c o e f f i c i e n t  f o r  gas  c e l l s  and the  EWSC. 
- - . . . - -. - 

I 
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Using t h i s  d a t a  a  comparison between the  gas  cell and the  EWSC i s  d i f f i c u l t  
s i n c e  d i f f e r e n t  c o n d i t i o n s  were  used  i n  e a c h  c a s e .  N e v e r t h e l e s s ,  a  $ 
n o r m a l i z e d  t o  u n i t  i n t e n s i t y  i s  c a l c u l a t e d  i n 2 t h e  l a s t  column. I n  t h i s  
T a b l e ,  o u r  t r a n s m i t t e d  i n t e n s i t y  of - 8jpwlcm ( a s  i n f e r r e d  by - 10pA 
pho tocur ren t )  was taken t o  imply - lOOpw/cm i n t e n s i t y  inc iden t  on the  g l a s s  
c e l l .  

DIODE LASER STABILIZATION 

A d e s c r i p t i o n  has  been given by Lewis  and Feldman[Sl  on t h e  u s e  of d i o d e  
l a s e r s  i n  atomic frequency s t andards .  They repor ted  long-term lockin8 of the  



l a s e r  t o  an atomic absorp t ion  l i n e .  O t h e r  r e s e a r c h e r s  have a l s o  r e p o r t e d  
locking diode lasers . [12,131 For the  i n i t i a l  de te rmina t ions  r e p o r t e d  i n  t h i s  
paper of va r ious  parameters c h a r a c t e r i z i n g  the  0-0 h y p e r f i n e  t r a n s i t i o n  i n  
t h e  EWSC, i t  was convenient  t o  s t a b i l i z e  the  diode l a s e r  t o  the  Rb o p t i c a l  
a b s o r p t i o n  of i n t e r e s t .  Methods u s e f u l  f o r  t h i s  p u r p o s e  a r e  p r e s e n t e d  
b r i e f l y .  

Two diode l a s e r  s t a b i l i z a t i o n  schemes have been implemented. F o r  ab-.. + u s  
s i m p l i c i t y ,  t h e  f i r s t  scheme u s e s  t h e  normal D o p p l e r  broadenut. +$t. . % I  
absorp t ion  i n  the  EWSC i t s e l f .  ( A  s e p a r a t e  non-wall-coated c e l l  ;=u ld  h a . <  
been  u s e d . )  The o t h e r  epheae  u s e s  D o p p l e r  f r e e  s a t u r a t e d  a b s o r p t i o c  i n  t. 

s e p a r a t e  c e l l .  Both of these  methods r e q u i r e  t h a t  t h e  l a s e r  b e  f r e q u e n c y  
modula ted  i n  o r d e r  t o  i n t e r x o g a  t e  t h e  o p t i c a l  l i n e  cen to r .  [ l41  Long-term 
d r i f t  i s  tuned out  by a  temperature se rvo  and short- term noise  i s  removed by 
feedback t o  the  l a s e r  c u r r e n t .  

The b l o c k  d iagram f o r  the  b a s i c  scheme t o  observe s a t u r a t e d  absorp t ion[ l51  
is  shown i n  Fig .  6.  To suppress  the  non s r t u r a t i o n  f e a t u r e s ,  t h e  s a t u r a t i n g  
beam c a n  be  chopped.  T h i s  s e l e c t i v e l y  m o d u l a t e s  t h e  s a t u r a t i o n  e f f e c t .  
Subsequent lock-in d e t e c t i o n  produces the  sub-Doppler f e a t u r e s  shown i n  Fig .  
7 c .  A l s o  shown i s  t h e  normal Doppler broadened absorp t ion  s i g n a t u r e  (F ig .  
7 a )  and t h e  a b s o r p t i o n - s a t u r a t i o n  s i g n a t u r e  w i t h o u t  s u p p r e  s s i o n  o f  
background  (F ig .  7 b ) .  A l l  of these  tnaces  a r e  shown us ing wide-band ( 5  kHz) 
s i g n a l  recovery channels .  E i t h e r  the  7b o r  7c s i g n a t u r e  can be used t o  l o c k  
t h e  l a s e r .  W i t h  t h e  $ - c o e f f i c i e n t  measured  f o r  t h e  2  -) 1' o p t i c a l  
t r a n s i t i o n  a t  1 0  pA i n t e n s i t y ,  a  s i g n a l - t o - n o i s e  r a t i o  of - 145 would be 
requ i red  t o  s f 2 b i l i z e  the  l a s e r  so t h a t  the  0-0 frequency would be s t a b l e  t o  
1 p a r t  i n  10- . Adequate SIN appears  t o  be p resen t .  

F i g u r e  8 a  shows t h e  b l o c k  diagram of the  system used i n  acqu i r ing  most of 
the  d a t a  presented i n  t h i s  r e p o r t .  Both  t h e  l a s e r  and t h e  k l y s t r o n  were  
l o c k e d  t o  the  Rb atoms. Figure  8b shows the  s a t u r a t e d  absorp t ion  l a s e r  lock 
diagram. 

CONCLUSIONS 

Several  parameters have been determined r e l a t i n g  t o  the  p o t e n t i a l  f o r  use of 
t h e  e v a c u a t e d  w a l l - c o a t e d  s e a l e d  c e l l  c o u p l e d  w i t h  d i o d e  l a s e r  s i g n a l  
a c q u i s i t i o n  i n  an atomic frequency s t andard .  T h i s  work may b e  r e g a r d e d  a s  
p r e l i m i n a r y  -- measurements need t o  be repeated,  r e f i n e d ,  and expanded. The 
e n c o u r a g i n g  r e s u l t s  on t h e  3 0 c c  c e l l  p r o v i d e  e x c e l l e n t  m o t i v a t i o n  f o r  
continued resea rch .  

Work s u p p o r t e d  i n  p a r t  by Frequency and Time Systems, Inc .  and by the  Duke 
Univers i ty  Research Council .  
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Figure 1. Schematic of basic optical  punping apparatus llsed with the EWSC. 
The thermal enclosure wa:; operated a t  40C while the Rb was maintained a t  22C. 

Figure 2 .  Rb D l  0ptici.i transit ions available.  The ( F  - F') = ( 2  - 2 ' )  
acd ( 2  - 1;) transitions were used for t h i s  work. 
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Figure 3. The 0-0 hyper f ine  s i g n a l  vs .  l i g h t  i n t e n s i t y  at  a weakly 
s a t u r a t i n g  microwave power. 
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Figure 4. The 0-0 frequency vs .  l i g h t  i n t e n s i t y  as a func t ion  of o p t i c a l  
t r a n s i t i o n  and type of l a s e r  used. The s l o p e  of t h i s  d a t a  g ives  t h e  l i g h t  
s h i f t  p a r a m e t e r a ( 1 ) .  This  d a t a  was taken w i t h  t h e  laser locked t o  t h e  Xb 
o p t i c a l  absorp t ion  and t h e  k l y s t r o n  locked to t h e  0-0 hyper f ine  t r a n s i t i o n .  
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Figure 5.  Light s h i f t  parameter P = v , ' y t .  as a funct ion o f  l i g h t  i n t e n s i t y .  
Data used o p t i c a l  detulling ofNlSOMHz, small  r e l a t i v e  t o  the  o p t i c a l  Doppler 
width. 
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Figure 6 .  Block diagram f o r  observation of saturated absorption fea tures .  



Figure 7a. Normal Doppler broadsr,~; a'usurption. 
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Figure 7b. Absorption-saturation signal. 

Figure 7c. Saturatioa feature observed with 5kHz bandwidth. 
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Figure 8a. Block diagram of system used t o  lock both laser and klystron to 
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Figure 8:. Block diagram showing saturated absorption laser lock. 



QUESTIONS AND ANSWERS 

J A C Q U E S  V A N I E R ,  NATIONAL RESEARCH COUNCIL:  Y o l l r  n l p h a  
c o e f f i c i e n t ,  c c u l d  i t  b e  d u e  t o  d i s t o r t i o n  o f  t h e  s p e c t r u m  cf  t h e  
l a se r  d i o d e ?  

M R .  ROBINSON: I w o u l d  h a v e  t o  g o  b a c k  t o  W i l l  H a p p e r  who h a s  
w o r k e d  o u t  t h e  t h e o r y  f o r  l i g h t  s h i f t s .  He h a s  w o r k e d  o u t  a  
t h e o r y  u s i n g  o p e r a t o r  f o r m a l i s m  w h i c h  is  a n  eas i e r  t h i n g  t o  g r a b  
h o l d  o f ,  a n d  t h e y  a r e  r e l a t i v e l y  c o m p l i c a t e d .  T h e  t h i n g  t h a t  
H a p p e r  a c t u a l l y  w o r k e d  o u t  w a s  f o r  l i g h t  t h a t  w a s  v e r y  b r o a d  
c o m p a r e d  t o  t h e  h y p e r f i n e  s e p a r a t i o n ,  a n d  h e r e  we h a v e  e x a c t l y  
t h e  o p p o s i t e  c a s e .  We h a v e  l i g h t  t h a t ' s  n a r r o w  c o m p a r e d  t o  t h e  
h y p e r f i n e  s e p a r a t i o n .  T h e  t h e o r y  i s  r i g h t .  T h e r e  i s  n o  q u e s t i o n  
t h a t  t h e  t h e o r y  i s  g o i n g  t o  w o r k  i f  y o u  a c t u a l l y  t r y  a n d  
c a l c u l a t e  i t ,  I t h i n k .  

T h e r e  a r e  s e v e r a l  d i f f e r e n t  e f f e c t s  t h a t  s h i f t  t h e  t h i n g .  
One is a s e c o n d  o r d e r  S t a r k  e f f e c t .  You a c t u a l l y  h a v e  a p p l i e d  a n  
A C  f i e l d  t o  t h i s  g r o u n d ,  a n d  y o u  a r e  a c t u a l l y  t i c k l i n g  l e v e l s  u p  
a n d  d o w n ,  a n d  you see t h e n  t h e  a v e r a g e  r e s u l t  o f  t h a t .  T h a t ' s  o n e  
o f  t h e  w a y s  y o u  c a n  g e t  a  l i g h t  s h i f t .  T h e r e  a r e  v i r t u a l  
t r a n s i t i o n s ,  t h e r e  a r e  t e n s o r  s h i f t s ,  t h e r e  a r e  a l l  s o r t s  o f  
s h i f t s  t h a t  c o m e  i n .  U s u a l l y  t h e  t e n s o r  s h i f t s  h a v e  b e e n  
n e g l e c t e d ,  b u t  a p p a r e n t l y  i n  t h i s  c a s e  t h e y  may n o t  b e  a b l e  t o  
b e .  

T h e  p o i n t  i s  t h a t  y o u  c a n  g e t  a r o u n d  t h e n 1  i f  y o u  n e e d  t o  b y  
u s i n g  p u l s e d  l i g h t ,  b u t  t h e y  c e r t a i n l y  a r e  i n  a l l  o f  t h e s e  o t h e r  
s y s t e m s .  T h e  g a s  c e l l  h a s  t h e s e  t h i n g s  i n  t h e r e .  I t ' s  j u s t  t h a t  
you d o n ' t  see t h e m .  They  a r e  m a s k e d  by o t h e r  t h i n g s .  

I t  j u s t  e x p l o r e s  a n  e x p l i c i t  p a r a m e t e r  t h a t  n e e d s  t o  b e  
l o o k e d  a t  i n  a n  e v a c u a t e d  w a l l - c o a t e d  c e l l .  

CARROLL ALLEY, UNIVERSITY OF MARYLAND: D i d  I h e a r  y o u  s a y  a  
t w e n t y  H e r t z  l i n e w i d t h ?  

M R .  ROBINSON: Yes. 

M R .  ALLEY: T h a t ' s  f o r  6835? 

M R .  ROBINSON: T h a t ' s  f o r  t h e  6835 l i n e .  You h e a r d  r i g h t .  

M R .  ALLCY: T h a t  s o u n d e d  v e r y  g o o d .  

M R .  h3BINSON: T h i s  s t u f f  w o r k s .  

IF?. ALLEY: Oh y e s ,  we know. What w a l l  c o a t i n g  were you u s i n g ?  

M R .  ROBINSON: T h i s  i s  s t i l l  t h e  s a m e  o l d  w a l l - c o a t i n g ,  
T e t r a c o n t a n e ,  a n d  I d o n ' t  h a v e  a n y  i d e a  t h a t  t h a t  i s  t h e  b e s t  
w a l l - c o a t i n g .  I t ' s  j u s t  t h a t  we a r e  m o v i n g  r e l a t i v e l y  s l o w l y ,  
d o i n g  c i i e  t h i n g  a t  a  t i m e ,  a n d  we h a d  g o t t e n  t h a t  t o  w o r k  b e f o r e ,  
s o  t l i a t l s  w h a t  we t r i e d  a g e i n .  

S o  t h i s  i s  t h e  f i r s t  o n e  -- we h a d  a  200 c u b i c  c e n t i m e t e r  
c e l l  t h a t ' s  a b o u t  f i f t e e n  y e a r s  o l d  t h a t  i s  s e a l e d  o f f .  T h e s e  
c e l l s  a r e  a b s o l u t e l y  s e a l e d .  T h e r e  i s  n o  vacuum s y s t e m  a s s o c i a t e d  



w i t h  t h e m .  You c a n  c a r r y  t h e m  a r o u n d  i n  y o u r  f i n g e r s .  T h a t ' s  t h e  
c e l l  t h a t  we h a v e  t a l k e d  a b o u t  h e r e .  

Sc t h e y  a p p a r e n t l y  h a v e  l o n g e v i t y .  T h e r e  a r e  a l o t  o f  
.. q u e s t i o n s  -- H a r r y  P e t e r s  a s k e d  o n e  t o d a y  a b o u t  w h a t  h a p p e n s  i n  

. I t h e  t i m e  h i s t o r y  o f  t h e s e  t h i n g s .  We d o n ' t  k n o w  t h a t  y e t .  We 

14 
h a v e n ' t  g o t t e n  t h e r e  y e t .  T h a t ' s  s t i l l  t o  come, c l e a r l y .  B u t  

- ,  e v e r y t h i n g  we d o  seems t o  b e  v e r y  a t t r a c t i v e  s o  f a r  i n  g e t t i n g  
t h e  s y s t e m  t o  w o r k .  

t M R .  ALLEY: I w i l l  g i v e  y o u  a t h i r t y  y e a r  o l d  c e l l  a n d  see  i f  i t  
w i l i  w o r k .  

b. 4 
M R .  ROBINSON: I s h o u l d  s a y  t h a t  C a r r o l  A l l e y  t r i e d  p u m p i n g  w i t h  

. .  lasers,  d i o d e  l a se r s ,  a n d  w h a t  we h a v e  d o n e  here i s  c e r t a i n l y  n o t  
u n i q u e .  T h e r e  a r e  s e v e r a l  J a p a n e s e  a u t h o r s  t h a t  h a v e  l o c k e d  
l a s e r s  t o  s a t u r a t e d  a b s o r p t i o n  t h i n g s .  I k n o w  p e o p l e  a t  N .  B. S. 
h a v e  d o n e  t h a t .  L y n d o n  L o u i s  h a s  d o n e  t h a t ,  we a r e  j u s t  f o l l o w i n g  
i n  t h e  t r a c k .  

I t h i n k  t h a t  we m a y  h a v e  s o m e  r e a l l y  g o r g e o u s  c u r v e s .  I am 
- ,  n o t  s u r e  t h a t  a n y b o d y  e l s e  h a s  a n y t h i n g  c o m p a r a b l e  t o  t h i s  s o r t  

o f  b e a u t i f u l  s a t u r a t e d  a b s o r p t i o n  c u r v e .  I h a v e n ' t  s e e n  i t  - 
2 a n y w a y .  B u t  t h e  s t u f f  j u s t  w o r k s .  I t ' s  j u s t  g o r g e o u s .  

M R  AUDOIN: T h e r e  i s  a t h i r d  r e s o n a n t  f e a t u r e  o n  y o u r  c u r v e .  I s  
t h a t  a  l e v e l  c r o s s i n g ?  

M R .  ROBINSON: T h e  t h i r d  r e s o n a n t  f e a t u r e ?  O h ,  i n  t h e  s a t u r a t e d  
a b s o r p t i o n  c u r v e .  T h a t ' s  c a l l e d  a c r o s s - o v e r  r e s o n a n c e ,  a n d  i t ' s  
n o t h i n g  p a r t i c u l a r l y  u n u s u a l .  I w o u l d  l i k e  t o  e x p l a i n  t h a t  t o  
you.  T h e  s a t u r a t e d  f e a t u r e ,  o r  c u r v e s  a r e  o n l y  f o r  c e r t a i n  a t o m s .  
S i n c e  t h e  t w o  b e a m s  a r e  s h o t  t h r o u g h  i n  o p p o s i t e  d i r e c t i o n s ,  t h e  
o n l y  a t o m s  t h e y  b o t h  t a l k  t o  a r c  t h o s e  w h i c h  a r e  m o v i n g  
p e r p e n d i c u l a r  t o  b o t h  b e a m s .  I n  o t h e r  w o r d s ,  t h e  n o r . - d o p p l e r  
s h i f t e d  t h i n g .  T h a t ' s  t h e  r e a s o n  y o u  g e t  t h e  m a i n  s a t u r a + . e d  
a b s o r p t i o n  f e a t u r e ,  w h i c h  d o e s n ' t  h a v e  a n y  D o p p l e r  w i d t h  t o  s p e a k  
o f .  

T h e  o t h e r  r e s o n a n c e  o c c u r s  w h e n  two o p p o s i t e  c u r v e s  c r o s s  
o v e r ,  a n d  t h o s e  t a i l s  c a n  b e  made  t o  d o  t h e  s a m e  t h i n g .  T h a t ' s  a n  
a r t i f a c t ,  i t ' s  n o t  r e a l l y  a r e s o n a n c e .  Y o u  d o n ' t  w a n t  t o  l o c k  o n  
t h a t ,  y o u  w a n t  t o  l o c k  o n  t h e  t w o  c e n t r a l  o n e s .  
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ABSTRACT 

Th i s  paper p r e s e n t s  an c n - o r b i t  f requency  s t a b i l i t y  
performance a n a l y s i s  o f  t h e  GPS NAVSTAR-1 q u a r t z  c l o c k  
and t h e  NAVSTARs-6 and -8 rubidium c l o c k s .  The c l o c k  
o f f s e t s  were o b t a i n e d  from measurements t aken  a t  t h e  
GPS moni tor  s t a t i o n s  which use  h igh  performance cesium 
s t a n d a r d s  a s  a  r e f e r e n c e .  

Clock performance i s  c h a r a c t e r i z e d  thro!,yh t h e  u se  of  
t h e  Al lan  v a r i a n c e ,  which is e v a l u a t e d  f o r  sample 
t i m e s  of 15 minu te s  t o  two h o u r s ,  and from one day t o  
10 days .  The q u a r t z  and rubidium c l o c k s '  o f f s e t s  were 
c o r r e c t e d  f o r  a g i n g  r a t e  b e f o r e  c o m p u t i n g  t h e  
f requency  s t a b i l i t y .  The e f f e c t  o f  sma l l  e r r o r s  i n  
ag ing  r a t e  is p r e s e n t e d  f o r  t h e  NAVSTAR-8 rubidium 
c l o c k ' s  s t a b i l i t y  a n a l y s i s .  

The a n a l y s i s  i n c l u d e s  p r e s e n t a t i o n  o f  t i m e  and 
f r e q u e n c y  r e s i d u a l s  w i t h  r e s p e c t  t o  l i n e a r  and 
q u a d r a t i c  models ,  which a i d  i n  o b t a i n i n g  ag ing  r a t e  
v a l u e s  and i d e n t i f y i n g  s y s t e m a t i c  and random e f f e c t s .  
The f requency  s t a b i l i t y  v a l u e s  were f u r t h e r  p rocessed  
wi th  a  t ime  domain n o i s e  p r o c e s s  a n a l y s i s ,  which i s  
used t o  c l a s s i f y  random n o i s e  p r o c e s s  and modulat ion 
t y p e *  

NAVSTAR-1 r e s u l t s  i n d i c a t e  good performance f o r  a  
q u a r t z  c l o c k .  Compar i son  o f  t h e  q u a r t z  c l o c k ' s  
s t a b i l i t y  w i th  t h e  b e s t  o n - o r b i t  cesium c l o c k  r e s u l t s  
i n d i c a t e s  t h a t  t h e  cesium s t a n d a r d  i s  more s t a b l e  by 
a t  l e a s t  a  f a c t o r  o f  two f o r  a  900 second sample ,  and 
i n c r e a s e s  t o  two o r d e r s  o f  magnitude f o r  a  one day 
sample t i m e ,  

The NAVSTAR-8 r u b i d i u m  c l o c k  d i f f e r e d  f rom t h e  
NA'ISTAR-6 r u b i d i u m  c l o c k  i n  i t s  improved  t h e r m a l  
environment .  T h i s  rubidium c l o c k  e x h i b i t e d  an e f f e c t  
t h a t  l a s t e d  f o r  n e a r l y  f i v e  months.  Fol lowing t h i s  
t r a n s i e n t ,  t h e  rubidium c l o c k  performed wi th  b e t t e r -  



than-expec ted  s t a b i l i t y .  A f i n a l  d i s c u s s i o n  o f  q u a r t z ,  
rub id ium,  and cesium o n - o r b i t  w i l l  be p r e s e n t e d .  

INTRODUCTION 

The NAVSTAR Global  P o s i t i o n i n g  Systen: (GPS) is  a  space-based 
navigation s a t e l l i t e  sy s t em,  which when o p e r a t i o n a l  i n  t h e  l a t e  
1 9 8 0 f s ,  w i l l  p rov ide  a c c u r a t e  n a v i g a t i o n  and t ime  i n f o r n a t i o n  t o  
u s e r s  anywhere  i n  t h e  w o r l d ,  o r  i n  n e a r - E a r t h  o r b i t .  A 
c o n s t e l l a t i o n  ( 1 )  of  18 t o  24 s a t e l l i t e s  w i l l  be t r a c k e d  and 

I c o n t r o l l e d  by a  network o f  Monitor S t a t i o n s  (MS). 

GPS w i l l  p rov ide  a  n e a r - i n s t a n t a n e o u s  n a v i g a t i o n  c a p a b i l i t y  
b e c a u s e  e a c h  NAVSTAR S p a c e c r a f t  V e h i c l e  (SV) c l o c k  i s  
synchronized  t o  a  common GPS t i m e .  The NAVSTAR c l o c k  o f f s e t s ,  
o r b i t a l  e l e m e n t s ,  and s p a c e c r a f t  h e a l t h  a r e  pet  i o d i c a l l y  
de ta rmined  by t h e  Master Con t ro l  S t a t i o n  (MCS). These updated 
pa rame te r s  a r e  then  uploaded t o  each NAVSTAR SV. Each NAVSTAR 
c l o c k  m u s t  then  ma in t a in  GPS t ime  u n t i l  t h e  n e x t  upda t e  by t h e  
MCS. Cur ren t  sys tem performance r e q u i r e s  t h r e e  u p d a t e s  per  day 
t o  meet n a v i g a t i o n a l  r e q u i r e m e n t s .  

The Naval  R e s e a r c h  L a b o r a t o r y  ( N R L )  h a s  r e c o g n i z e d  t h e  
impor tance  of  c l o c k  performance t o  t h e  GPS mis s ion  ( 2 , 3 ) ,  and is  
conduc t ing  t h e  NRL GPS C i u ~ k  Development Program. The o n - o r b i t  
c l o c k  perfot-mance ( 4 , 5 )  was de te rmined  th rough  t h e  p rocedure  
d e p i c t e d  i n  F i g u r e  1 ,  and d e s c r i b e d  i n  d e t a i l  i n  r e f e r e n c e  6 .  
Key f e a t u r e s  o f  t h i s  t e chn ique  a r e  ( 1 )  use  o f  a  high-performance 
ground r e f e r e n c e  c l o c k  a t  each MS, and ( 2 )  use  o f  a  Naval 
S u r f a c e  Weapons C e n t e r  (NSWC) smoothed  r e f e r e n c e  o r b i t  t o  
s e p a r a t e  t h e  o r b i t a l  and c lock  s i g n a l s  from t h e  pseudo-range and 
pseudo-range- r a t e  measurements.  

C L O C K  PERFORMANCE MODELS 

GPS o n - o r b i t  c l o c k  p e r f o r m a n c e  i s  c h a r a c t e r i z e d  f o r  b o t h  
s y s t e m a t i c  and random e f f e c t s .  Sys t ema t i c  pa rame te r s  i r l c lude  
c l o c k  t ime  and f requency  o f f s e t s ,  and a g i n g  r a t e ,  a l l  a s  
f u n c t i o n  o f  t ime .  The c l o c k ' s  random b e h a v i o r ,  i n  t h e  t ime  
domain, is  c h a r a c t e r i z e d  th rough  use  of  t h e  Al lan  v a r i a n c e  
( 7 , 8 ) .  A t y p i c a l  f requency  s t a b i l i t y  p r o f i l e ( 9 )  i s  p r e s e n t e d  i n  
F igu re  2. 

A t ime domain n o i s e  p r o c e s s  a n a l y s i s  i s  performed t o  de t e rmine  
random n o i s e  p r o c e s s  t y p e .  These t ime  domain pa rame te r s  mav then  
be t ransformed t o  t h e  f requency  domain u s ing  conve r s ion  foi-mulas 
d e t a i l e d  i n  r e f e r e n c e  ( 1 0 ) .  

Once a  c l o c k  h a s  been  c h a r a c t e r i z e d  t h r o u g h  a  f r e q u e n c y  
s t a b i l i t y  a n a l y s i s ,  t h e  f requency  p r o f i l e  may then  be used t o  
e s t i m a t e  a  c l o c k ' s  t i m e  p r e d i c t i o n  p e r f o r m a n c e .  F i g u r e  3 
p r e s e n t s  a  s e t  o f  t ime p r e d i c t i o n  c u r v e s ,  a s  a f u n c t i o n  o f  
f requency  s t a b i l i t y  and c lock  upda te  t i m e ,  u s i n g  o p t i m a l  two 
p o i n t  p r e d i c t i o n  0  1 1  Other  models f o r  t ime  p r e d i c t i o n  a r e  



p r e s e n t e d  i n  r e f e r e n c e  (7). Each o f  t h e s e  o p t i m a l  t i m e  
p r e d i c t i o n  models has  one t h i n g  i n  common -- namely t h a t  t h e  
long-term c lock  p r e d i c t i o n  performance i s  d r iven  by t h e  product  
of  t h e  c lock  update  t ime and t h e  frequency s t a b i l i t y .  The c lock  
update  t ime is determined by GPS requ i remen t s ,  hence improved 
clock s t a b i l i t y  i s  t h e  parameter  t h a t  w i l l  d i r e c t l y  i n f l u e n c e  
GPS t ime p r e d i c t i o n .  This  a n a l y s i s  r e p r e s e n t s  t o t a l  system 
e r r o r s  super-imposed on t h e  c lock  r e s u l t s .  GPS system i n f l u e n c e s  
e i t h e r  e n h a n c e  o r  d e t r a c t  f rom a c t u a l  c l o c k  p e r f o r m a n c e .  
Therefore  t h e  appa ren t  i n d i c a t i o n  of  s l i g h t  d e v i a t i o n s  from 
normal c lock  behavior  could be expected .  

NAVSTAR-1 Q U A R T Z  RESULTS 

NAVSTAR-1 was launched on Feb 22, 1978, and t h e  q u a r t z  c lock  was 
a c t i v a t e d  only a f t e r  d l 1  on-board rubidium c l o c k s  f a i l e d .  T h i s  
q u a r t z  c lock  i s  s t i l l  working a s  of  t h i s  d a t e ,  however i t s  
s t a t u s  is  l i s t e d  a s  "unheal thym because more s t a b l e  atomic 
c l o c k s  a r e  now a v a i l a b l e  i n  o t h e r  NAVSTAR SVs. Of i n t e r e s t  i s  
t h e  d e t e r m i n a t i o n  o f  t h e  s h o r t -  and l o n g - t e r m  f r e q u e n c y  
s t a b i l i t y  of t h e  NAVSTAR-1 q u a r t z  c lock  and i t s  comparison with 
t h e  NAVSTAR atomic c l o c k s .  

The c lock  o f f s e t s  between t h e  NAVSTAR-1 q u a r t z  c lock  and t h e  
Vandenberg Monitor S t a t i o n  (VMS) a r e  p resen ted  i n  F igure  4 .  The 
d a t a  i n d i c a t e s  a  sequence of smooth q u a d r a t i c  c u r v e s ,  w i t h  
occas iona l  adjustmeblts by t h e  Master Cont ro l  S t a t i o n ,  t o  keep 
t h e  q u a r t z  c l o c k ' s  t ime and frequency w i t h i n  p resc r ibed  limits. 
The concave shape of t h e  q u a d r a t i c  cu rves  i s  due t o  t h e  n e g a t i v e  
aging r a t e  of  t h e  NAVSTAR-1 q u a r t z  c l o c k .  The r e l a t i v e  maximum 
clock o f f s e t s  occur a s  t h e  q u a r t z  c l o c k ' s  f requency o f f s e t  
passes  through zero .  The cusps i n  t h e  q u a d r a t i c  cu rves  occur  
because o f  s t e p  frequency ad jus tmen t s ,  which keep t h e  frequency 
o f f s e t  between (+/ - )1PPlO(9) .  I n  a d d i t i o n  t o  t h e  frequency 
ad jus tmen t s ,  s e v e r a l  c lock  phase ad jus tments  were made t o  a l i g n  
t h e  c lock  o f f s e t s  w i t h  r e s p e c t  t o  GPS t ime .  

Frequency o f f s e t s  f o r  t h e  NAVSTAR-1 q u a r t z  c lock  were computed, 
us ing  c lock  o f f s e t s  s e p a r a t e d  one day i n  t i m e ,  and a r e  presentee 
i n  F igure  5. The t ime a x i s  i s  l a b e l l e d  i n  u n i t s  of Modified 
J u l i a n  Day (MJD), day-of-year ,  and ca lendar  d a t e .  The frequency 
o f f s e t s  d e c r e a s e  w i t h  t i m e ,  w i t h  a d j u s t m e n t s  i n  f r e q u e n c y  
o c c u r i n g  a s  t h e  f r e q u e n c y  o f f s e t  a p p r o a c h e s  ( + / - ) 1 P P 1 0 ( 9 ) .  
Visual  i n s p e c t i o n  of F igure  5 i n d i c a t e s  smal l  d e p a r t u r e s  from a  
l i n e a r  change i n  f requency,  which a r e  of primary i n t e r e s t  i n  t h e  
on-orb i t  s t a b i l i t y  a n a l y s i s .  

Using the  t imes  of t h e  frequency adjus tments  made by t h e  GPS 
Master Control  S t a t i o n ,  t h e  q u a r t z  f requency d a t a  was c o r r e c t e d  
t o  remove t h e  e f f e c t  o f  t h e  f r e q u e n c y  a d j u s t m e n t s .  These  
c o r r e c t e d  frequency o f f s e t s  a r e  p resen ted  i n  F igure  6. These 
d a t a  were f u r t h e r  analyzed t o  de termine  i f  t h e  q u a r t z  c lock  aged 
a t  a  c o n s t a n t  r a t e .  A c o n s t a n t  aging r a t e  is p a r t  of  t h e  c lock  
model used by t h e  GPS MCS f o r  t h e  q u a r t z  and rubidium c l o c k s .  



Assuming a  c o n s t a n t  a g i n g  r a t e  f o r  a l l  o f  1982 ,  a  l i n e a r  
f r e q u e n c y  model  was f i t t e d  t o  t h e  d a t a ,  and t h e  f r e q u e n c y  l i n e a r  
r e s i d u a l s  a r e  p r e s e n t e d  i n  F i g u r e  7. The r e s i d u a l s  i n d i c a t e  a  
c h a n g e  i n  a g i n g  r a t e  n e a r  d a y  1 5 0 ,  1982 .  The d a t a  was s e g m e n t e d  
i n t o  two s u b s e t s ,  w i t h  a  l i n e a r  f r e q u e n c y  model  u s e d  f o r  t h e  
f i r s t  s e g m e n t ,  and a  q u a d r a t i c  model  f o r  t h e  r e m a i n d e r  o f  t h e  
y e a r .  The r e s i d u a i s  f o r  t h e s e  two s e g m e n t s  a r e  p r e s e n t e d  i n  
F i g u r e s  8 and  9 .  

C l o c k  s t a b i l i t y  d u r i n g  a  p a s s  is  d e t e r m i n e d  by e v a l u a t i n g  t h e  
A l l a n  v a r i a n c e  f o r  s a m p l e  times o f  1 5 - m i n u t e s  t o  2 - h o u r s .  
S t a b i l i t y  r e s u l t s  f o r  900 - second  and 2-hour  s a m p l e  times a r e  
p r e s e n t e d  by  F i g u r e s  1 0  a n d  1 1 .  N o t e  t h a t  t h e  f r e q u e n c y  
s t a b i l i t y  v a l u e s  a r e  p l o t t e d  a s  a  f u n c t i o n  o f  r u n n i n g  time, 
r a t h e r  t h a n  t h e  s a m p l e  time. The mos t  i n t e r e s t i n g  r e s u l t  e v i d e n t  
i n  F i g u r e  10 i s  a  c h a n g e  t h a t  o c c u r s  n e a r  d a y  1 5 0 ,  1982 .  
I n s p e c t i o n  o f  t h e  s t a b i l i t y  v a l u e s  i n d i c a t e s  a  s m a l l  i n c r e a s e  i n  
t h e  c o r r e l a t e d  n o i s e  a f t e r  d a y  150.  T h i s  d e c r e a s e  i n  s t a b i l i t y  
is  f u r t h e r  s u p p o r t e d  by t h e  p r i o r  r e s u l t s  on a g i n g  r a t e ,  w h i c h  
i n d i c a t e  a  c h a n g e  t h a t  o c c u r e d  n e a r  d a y  1 5 0 ,  f rom a  c o n s t a n t  
a g i n g  r a t e  t o  a  l i n e a r  c h a n g e  i n  a g i n g  r a t e .  T h i s  c h a n g e  c a n  b e  
s e e n  by i n s p e c t i o n  o f  F i g u r e s  6 ,  7 ,  and 9 .  

Long term f r e q u e n c y  s t a b i l i t y  r e s u l t s  f o r  t h e  NAVSTAR-1 q u a r t z  
c l o c k  a r e  computed  a f t e r  e s t i m a t i n g  and c o r r e c t i n g  t h e  c l o c k  
o f f s e t s  f o r  a  c o n s t a n t  a g i n g  r a t e .  The e f f e c t  o f  t h e  a g i n g  r a t e  
e r r o r s  on f r e q u e n c y  s t a b i l i t y  w i l l  be  e x p l i c t l y  a d d r e s s e d  l a t e r  
i n  t h i s  r e p o r t .  

A c o m p o s i t e  o f  s h o r t -  and l o n g - t e r m  f r e q u e n c y  s t a b i l i t y  r e s u l t s  
f o r  t h e  NAVSTAR-1 q u a r t z  c l o c k  a r e  p r e s e n t e d  by F i g u r e  1 2 .  
U n c h a r a c t e r i s t i c  o f  a  t y p i c a l  c l o c k  i s  t h e  t r a n s i t i o n  f rom 
random walk  FM t o  f l i c k e r  n o i s e  FM, wh ich  o c c u r s  a t  a  s a m p l e  
time o f  a b o u t  3 d a y s .  F u r t h e r  c o n c l u s i o n s  w i l l  b e  made a f t e r  
c o m p a r i n g  t h e  q u a r t z  s t a b i l i t y  r e s u l t s  w i t h  p r e v i o u s  ( 6 )  
o n - o r b i t  r e s u l t s  f o r  t h e  NAVSTAR-6 c e s i u m  c l o c k .  

P a r a m e t e r i c  f r e q u e n c y  s t a b i l i t y  r e s u l t s  a r e  o b t a i n e d  b y  
c o m p a r i n g  t h e  NAVSTAR-1 q u a r t z  s t a b i l i t y  w i t h  t h e  NAVSTAR-6 
c e s i u m  s t a b i l i t y ,  which  is  p r e s e n t e d  by F i g u r ~ ?  13.  The r e s u l t s  
o f  t h i s  c o m p a r i s o n  a r e  summar ized  i n  T a b l e  1.  

T a b l e  1  

NAVSTAR-1 QUARTZ CLOCK 
COMPARISON WITH NAVSTAR-6 CESIUM CLOCK PERFORMANCE 

SAMPLE TIME IMPROVEMENT WITH CESIUM 

900 s e c o n d s  
2 h o u r s  
1  d a y  

10 d a y s  

FACTOR OF 2 
1  ORDER OF MAGNITUDE 
2 ORDERS OF MAGNITUDE 
FACTOR OF 300 



NAVSTAR-6 R U B I D I U M  RESULTS 

O n - o r b i t  f r e q u e n c y  s t a b i l i t y  r e s u l t s  w i l l  b e  p r e s e n t e d  f o r  one  
o f  t h e  t h r e e  r u b i d i u m  c l o c k s  onboard  t h e  NAVSTAR-6 SV. The 
f o u r t h  c l o c k ,  a  c e s i u m ,  was f i r s t  a c t i v a t e d ,  and o p e r a t e d  from 
May, 1980 u n t i l  e a r l y  i n  1984. The r u b i d i u m  c l o c k  was a c t i v a t e d  
i n  F e b u r a r y ,  1984,  and was o p e r a t e d  f o r  six months .  T h i s  
r u b i d i u m  c l o c k  was d e a c t i v a t e d  b e c a u s e  o f  d e g r a d e d  p e r f o r m a n c e .  

F requency  o f f s e t s  f o r  t h e  NAVSTAR-6 r u b i d i u m  c l a c k  a r e   resented 
i n  F i g u r e  14.  I n s p e c t i o n  o f  t h e s e  d a t a  i n d i c a t e s  an i n i t i a l  
p o s i t i v e  a g i n g  r a t e ,  which l a s t e d  f o r  a b o u t  1-week, f o l l o w e d  by 
a  l o n g  t r e n d  w i t h  a  n e g a t i v e  a g i n g  r a t e .  I t  is  p o s t u l a t e d  t h a t  
t h e  i n i t i a l  p o s i t i v e  a g i n g  r a t e  is due  t o  a  t r a n s i e n t .  

The f r e q u e n c y  d a t a  was e d i t e d  t o  remove t h e  t r a n s i e n t  and o t h e r  
o u t l i e r s .  The r e m a i n i n g  d a t a  ( F i g u r e  1 5 )  was f i t t e d  w i t h  a  
l i n e a r  f r e q u e n c y  model .  The r e s i d u a l s  t o  t h l s  l i n e a r  f r e q u e n c y  
model a r e  p r e s e n t e d  i n  F i g u r e  16. The a g i n g  ra f . e  v a l u e  o b t a i n e d  
was -8.2PP10( 1 4 ) / d a y ,  which i s  lower  t h a n  e x p e c t e d  f o r  t h e  
r u b i d i u m  c l o c k s .  The RMS f r e q u e n c y  n o j  s e  was 1.4PP10( 12) ,  which 
i s  h i g h e r  t h a n  e x p e c t e d .  

S h o r t -  and long- te rm s t a b i l i t y  r e s u l t s  a r e  p r e s e n t e d  i n  F i g u r e  
17 .  The b e s t  a f t e r - t h e - f a c t  a g i n g  term h a s  been removed from t h e  
d a t a  f o r  t h e  long- te rm f r e q u e n c y  s t a b i l i t y  d e t e r m i n a t i o n .  For  
t h e  s h o r t - t e r m  a n a l y s i s ,  t h e  e f f e c t  o f  t h e  a g i n g  r a t e  c o r r e c t i o n  
i s  s m a l l  enough t o  be  n e g l e c t e d .  The s h o r t  t e r m  s t a b i 1 i t . y  
r e s u l t s  i n d i c a t e  1 .8PP10(12)  f o r  a  900-second sample  t i m e .  For  a  
2-hour sample  t i m e ,  t h e  s t a b i l i t y  was 1 .3PP10(12) .  The l o n g - t e r m  
s t a b i l i t y  r e s u l t s  i n d i c a t e  a  4.2PP10( 13)  s t a b i l i t y  f o r  a  1-day 
sample  time, which r e m a i n s  e s s e n t i a l l y  c o n s t a n t  f o r  sample  t i m e s  
f rom 2 t o  10 d a y s .  

NAVSTAR-8 R U B I D I U M  RESULTS 

The NAVSTAR-8 s p a c e c r a f t  (SC) was l a u n c h e d  on J u l y  14 ,  1983,  
a s  p a r t  o f  t h e  GPS Phase  I c o n s t e l l a t i o n .  NAVSTAR-8 i s  e q u i p p e d  
w i t h  t h r e e  r u b i d i u m  c l o c k s  and one  c e s i u m  c l o c k .  One o f  t h e  
t h r e e  r u b i d i u m  c l o c k s  was a c t i v a t e d  s h o r t l y  a f t e r  l a u n c h  and h a s  
been t h e  o p e r a t i o n a l  c l o c k  f o r  NAVSTAR-8 from l a u n c h  t o  t h e  
p r e s e n t  t i m e .  

The r u b i d i u m  c l o c k  c u r r e n t l y  i n  u s e  onboard  NAVSTAR-8 h a s  
a d d i t i o n a l  t e m p e r a t u r e  c o n t r o l  which is  p r o v i d e d  by a  Thermo 
E l e c t r i c  D e v i c e  (TED) .  P r e l i m i n a r y  a n a l y s i s  o f  t e m p e r a t u r e  
c o r r e l a t i o n s  f o r  o t h e r  NAVSTAR r u b i d i u m  c l o c k s  h a s  i n d i c a t e d  a  
t e m p e r a t u r e  c o e f f i c i e n t  on t h e  o r d e r  o f  1 . 9 6 P P 1 0 ( 1 2 ) / d e g r e e  C .  

The NAVSTAR-8 r u b i d i u m  c l o c k  o f f s e t  d a t a  a n a l y z e d  is p r e s e n t e d  
by F i g u r e  18. Four a d j u s t m e n t s  i n  o f f s e t  o r  c l o c k  f r e q u e n c y  a r e  
p r e s e n t  i n  t h e  NAVSTAR-8 d a t a .  The f i r s t  i s  a  c h a n g e  i n  
f r e q u e n c y  w h i c h  was a r e s u l t  o f  a  C - f i e l d  a d j u s t m e n t  
( S e p t e m b e r , 1 9 8 3 ) .  The second  c h a n g e  was i n  c l o c k  o f f s e t  a s  a  



r e s u l t  o f  a  p h a s e  a d j u s t m e n t  ( F e b u r a r y ,  1 9 8 4 ) .  The  t h i r d  c h a n g e  
( J u l y ,  1 9 8 4 )  is  a n o t h e r  f r e q u e n c y  a d j u s t m e n t  w i t h  t h e  f o u r t h  
c h a n g e  ( A u g u t j t ,  1 9 8 4 )  b e i n g  a  p h a s e  a d j u s t m e n t  a f t e r  t h e  
o n - b o a r d  c e s i u m  c l o c k  w a s  c y c l e d  on a n d  o f f  f o r  a  p e r i o d  o f  
h o u r s .  

By c o r r e c t i n g  f o r  t h e  a d j u s t m e n t s  i n  t i m e  a n d  f r e q u e n c y .  a  
c o n t i n u o u s  f r e q u e n c y  i s  o b t a i n e d  a s  p r e s e n t e d  b y  F i g u r e  1 9 .  A 
l i n e a r  f r e q u e n c y  m o d e l  w a s  f i t t e d  t o  t h e  e n t i r e  d a t a  s p a n .  T h i s  
f i t  r e s u l t e d  i n  a n  a v e r a g e  a g i n g  r a t e  o f  - 3 . 2 P P 1 0 ( 1 3 ) / d a y  f o r  
t h e  e n t i r e  s p a n .  I n s p e c t i o n  o f  t h e  r e s i d l a l s  i n d i c a t e s  t h e  
p r e s e n c e  o f  a  s y s t e m a t i c  b e h a v i o r  i n  t h e  f r e q u e n c y .  C a r e f u l  
a n a l y s i s  o f  t h e  r e s i d u a l s  i n d i c a t e d  a  c h d n g e  i n  a g i n g  r a t e  n e a r  
J a n u a r y ,  1 9 8 4 .  B e c ~ u s e  o f  t h i s  a p p a r e n t  c h z n g e ,  a  l i n e a r  
f r e q u e n c y  m o d e l  was  f i t  t o  t h e  d a t a  f r o m  J a r . u a r ; f ,  1 9 8 4  u n t i l  
J u c e ,  1 9 8 4 .  Then t h i s  m o d e l  w a s  b a c k - d a t e d  t o  &'*e b e g i n n i n g  o f  
t h e  NAVSTAR-8 c l o c k  d a t a .  The r e s i d u a l s  t o  t , ? n t i r e  s p a n  o f  
c u r r e n t  d a t a  were c o m p u t e d  a n d  a r e  p r e s e n t e d  I .  g u r e  2 0 .  

The  r e s i d u a l s  t o  t h e  d a t a  s p a n  f r o m  A u g u s t ,  , y b j  u n t i l  J u n e ,  
1 9 8 4  i n d i c a t e  a  p o s s i b l e  l o n g - t e r m  e f f e c t  w h i c h  l a s t e d  f r o m  
A u g u s t  t h r o u g h  December  1 9 8 3 .  On J r i l y  1 2 ,  1 9 8 4  a n  a d j u s t m e n t  i n  
TED t e m p e r a t u r e  o f  t h r e e  d e g r e e s  w a s  p e r f o r m e d .  S h o r t l y  
t h e r e a f t e r  a  c h a n g e  i n  a g i n g  r a t e  o f  t h e  NAVSTAR-8 r u b i d i u m  
c l o c k  w a s  m z a s u r e d .  

NAVSTAR-8 r u b i d i u m !  f r e q u e n c y  s t a b i l i t y  d u r i n g  a  p a s s  w a s  
e v a l u a t e d  u s i n g  d a t a  f r o m  J a n u a r y ,  1 9 8 4  u n t i l  S e p t e m b e r ,  1 9 8 4 .  
The  d a t a b a s e  was  p a r t i t i o n e d  i n t o  5 - d a y  s e t s  f o r  t h e  s t a b i l i t y  
c a l c u l a t i o n s .  T h i s  p r o c e d u r e  i s  f u l l y  d e s c r i b e d  i n  r e f e r e n c e  6 .  
T h e  s t a b i l i t y  c a l c u l a t i o n s  were m a d e  f o r  s a m p l e  t imes  o f  
9 0 0 - s e c o n d s  t o  2 - h o u r s ,  i n  9 0 0 - s e c o n d  i n c r e m e n t s .  

F r e q u e n c y  s t a b i l i t y  r e s u l t s  f o r  9 0 0 -  a n d  2 7 0 0 - s e c o n d  s a m p l e  
t ia les  a r e  p r e s e n t e d  i n  F i g u r e  2 1  a n d  2 2 .  A n a l y s i s  o f  t h e s e  
r e s u l t s  i n d i c a t e s  t h a t  a n  u n e x p e c t e d  phenomena  i s  o c c u r i n g  fo r .  
t h e  NAVSTAR-8 r u b i d i u m  c l o c k .  T h e  r e s u l t s  i q d i c a t e  a  t w c - s t a t e  
s t a b i l i t y .  T h i s  r e s u l t  is more ~ v i d e n t  f o r  t h e  2 7 0 0 - s e c o n 2  
s a m p l e  time t h a n  f o r  t h e  900-secur ld  s a m p l e  time. A l l  c h e c k s  t o  
d a t e  h a v e  n o t  p r o d u c e d  a  s a t i s f a c t o r y  e x p l a n a t i o n  t o  t h i s  
o b s e r v e d  phenomena .  

A s h o r t - t e r m  f r e q u e n c y  s t a b i l i t y  p r o f i l e  f o r  t h e  NAVSTAR-8 
r u b i d i u m  c l o c k  i s  p r e s e n t e d  b y  F i g u r e  2 3 .  T h i s  c u r v e  s h o w s  a n  
u n c h a r a c t e r i s t i c  p e a k  f o r  a  t y p i c a l  c l o c k ,  a t  a  1 - h o u r  s a m p l e  
time. 

L o n g - t e r m  f r e q u e n c y  s t a b i l i t y  r r s u l t s  f o r  t h e  NAVSTAR-8 r u b i d i u m  
c l o c k  a r e  p r e s e n t e d  by  F i g u r e  2 4 .  A 2 8 0 - d a y  s e t  w a s  u s e d  f o r  
t h e s e  s t a b i l i t y  r e s u l t s ,  w h i c h  i .  more t h a n  a  f a c t o r  o f  1 0  
l o n g e r  t h a n  t h e  l o n g e s t  s a m p l e  time. T h e s e  r e s u l t s  i n d i c a t e  a  
s t a b i l i t y  o f  7PP10! 1 4 )  f o r  a  1 -day  s a m p l e  t jme, w h i c h  d e c r e a s e s  
t o  5 . 5 P P 1 0 ( 1 4 )  f o r  a  3 - d a y  s a m p l e  t ime,  f o l l o w e d  b y  a n  i n c r e a s e  
t o  8 P P 1 0 ( 1 4 )  f o r  a  10-day  s a m p l e  time. T h e s e  s t a b i l i t y  r e s u l t s  



were a c h i e v e d  assuming  an a c c u r a t e  knowledge ( a f t e r s - t h e - f a c t )  o f  
t h e  a g i n g  r a t e  o f  t h e  NAVSTAR-8 r u b i d i u m  ? l o c k .  In  a d d i t i o , -  t h e  
a s s u m p t i o n  t h a t  t h e  a g i n g  r a t e  was c o n s t a n t  i s  n e c e s s a r y .  
O c c a s i o n a l  u n p r e d i c t a b l e  c h a n g e s  i n  a g i n g  r a t e  can  o c c u r ,  whic:i 
w i l l  d e g r a d e  long-  and s h o r t - t e r m  rub id ium c l o c k  p e r f o r m a n c e .  

A s e n s i t i v i t y  a n a l y s i s  o f  t h e  NAVSTAR-8 l o n g - t e r m  f r e q u e n c y  
s t a b i l i t y  t o  a g i n g  r a t e  was computed u s i n g  a  95-day s u b s e t ,  a r l  
is p r e s e n t e d  by F i g u r e  25. The s t a b i l i t y  a n a l y s i s  was computed 
w i t h  ati i n c r e m e n t  o f  a g i n g  r a t e  o! 2  n a n o s e c o n d s / J a y / d a y .  The 
b e s t  s t a b i l i t y  was o b t a i n e d  u s i n g  an a g i n g  r a t e  o f  -23  
n s e c / d a y / d a y .  A n a l y s i s  o f  t h e s e  r e s u l t s  i n d i c a t e s  a l.ow 
s e n s i t i v i t y  t o  a g i n g  r a t e  e r r o r s  f o r  a  l -day sample  t i m e ,  w i t h  
d r a m a t i c a l l y  i n c r e a s i n g  s e n s i t i v i t y  a s  t h e  sample  t i m e  i n c r e a s e s  
t 3  10 d a y s .  The i m p o r t a n c e  o f  t h i s  a n a l y s i s  i s  r e a d i l y  s e e n  when 
GPS i s  used i n  a p r e d i c t i o n  mode. An a g i n g  r a t e  v a l u e  o f  some 
f a s h i o n  must be assumed d u r i n g  t h e  p r e d i c t e d  s p a n  o f  time. 

NAVSTAR : / 3 / 4 / 5 / 6 / 8  RESULTS 

A c o m p o s i t e  o f  t h e  NAVSTARs 1 , 3 , 4 , 5 , 6 ,  and  8 r e s u i t s  i s  
p r e s e n t e d  i n  F i g u r e  2 6 ,  i l s ing  p r e v i o u s l y  p r e s e n t e d  r e s u l t s  ( 6 )  
i n  a d d i t i o n  t o  t h o s e  p r e s e n t e d  i n  t h i s  p a p e r .  

These r e s u l t s  i n d i c a t e  t h a t  CPS NAVSTAR a t o m i c  c l o c k s  a r e  s t a b l e  
t o  2PP10(12)  f o r  a  90a-second sample  t i m e ,  and improve w i t h  
l o n g e r  sample  t i m e s ,  w i t h  b e t t e r  t h a n  2PP10(13)  f o r  a  1-day 
sample  t i m e .  For sample  times l o n g e r  t h a n  l - d a y ,  t h e  ces ium 
c l o c k s  show a  s p r e a d  i n  s t a b i l i t i e s  from 8  t o  lOPPlO(14) .  The 
r u b i d i u m  c l o c k s  show a  s p r e a d  i n  s t a b i l i t i e s  f r o m  5  t o  
25PP10(14) .  The long- te rm s t a b i l i t y  p r e s e n t a t i o n  h a s  t h e  b e s t  
a f t e r - t h e - f a c t  a g i n g  e f f e c t  remalted f o r  a l l  t h e  r u b i d i u m  c l o c k 2  
a n a l y z e d .  T h i s  was n o t  n e c e s s a r y  f o r  t h e  ces ium c l o c k s  s i n c e  t i l e  
a g i n g  t e rm f o r  ces ium c l o c k s  i s  e s s e n t i a l l y  z e r o .  
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QUESTIONS A N D  ANSWERS 

PHIL TALLEY, AEROSPACE CORPORATION: I would l i k e  t o  comment t h a t  
t h e r e  is a  p o s t - c o r r e l a t i o n  f o r  t h o s e  v a r i a t i o n s  i n  t h e  f r e q u e n c y  
t h a t  you c a n  s e e  w i t h  s o l a r  a c t i v i t y ,  a n d  I h a v e  l o o k e d  a t  t h a t  
i n  some d e p t h ,  and e v e r y  t i m e  t h e r e  i s  a  s i g n i f i c a n t  c a s e  t h a t ' s  
b e i n g  n o t e d ,  t h e r e  w i l l  b e ,  w i t h i n  t h e  n e x t  t w e n t y - f o u r  h o u r s ,  a  
s i g n i f i c a n t  c h a n g e  i n  t h e  a g i n g  r a t e ,  a n d  t h e y  c o r r e l a t e  v e r y  
c l o s e l y  w i t h  t h e  c h a n g e s  i n  a g i n g  r a t e  t h a t  you s h o w e d  i n  y o u r  
c u r v e .  I m e n t i o n e d  i t  t o  Jim Buisson e a r l i e r , ' b u t  we can d i s c u s s  
t h a t  i n  s o m e  d e p t h  l a t e r .  T h a t  i s  n o t  a n  i r ? h e r e n t  q u a r t z  
c h a r a c t e r i s t i c .  I t  i s  i n d u c e d ,  and  we t h i n k  we know t o  w h a t  
e x t e n t .  

M R .  McCASKILL: Thank you f o r  your  comments, P h i l .  

D A V I D  A L L A N ,  NATIONAL B U R E A U  OF STANDARDS: T h e r e  was  a  q u e s t i o n  
e a r l i e r  i n  my mind w i t h  r e g z r d  t o  t h e  d e v i a t i o n s  i n  s igma  a t  900 
s e c o n d s .  I w o n d e r e d  i f  t h o s e  c o u l d  b e  i n d u c e d  by a  d e v i a t i o n  i n  
o n e  o f  t h e  o t h e r  s p a c e c r a f t s ,  s i n c e  t h e  Kalman f i l t e r  f o r c e s  t h e  
e r r o r  s o m e w h e r e  i n  t h e  s y s t e m .  I f  you h a v e  a  p r o b l e m  i n  a n o t h e r  
p a r t  o f  t h e  s y s t e m ,  i t  c a n  show u p  o n  a n o t h e r  s p a c e c r a f t ,  a n d  
n o t  b e  on  t h a t  s p a c e c r a f t .  I t  m i g h t  b e  w o r t h  l o o k i n g  a t  t h e  
c o r r e l a t i o n s  o f  s o m e  bad  p e r f o r m a n c e  on  o t h e r  s p a c e c r a f t s  a t  
t h o s e  times when t h o s e  e v e n t s  o c c u r r e d .  

M R .  McCASKILL: T h a t  w o u l d ,  o f  c o u r s e ,  b e  t r u e  i f  we were u s i n g  
t h e  o r b i t a l  e l e m e n t s  t h a t  w e r e  g e n e r a t e d  by t h e  GPS m a s t e r  
c o n t r o l  s t a t i o n .  We a r e  n o t .  We a r e  u s i n g  a n  a f t e r - t h e - f a c t  
smoothed o r b i t ,  which  i s  d e t e r m i n e d  f o r  e a c h  o f  t h e  s p a c e c r a f t ,  
t h e  NAVSTAR 8 Rubidium i n  t h i s  c a s e .  

The f l u c t u a t i o n s  o n  N A V  8 s h o w e d  u p  f i r s t  a t  a b o u t  9 0 0  
s e c o n d s ,  and t h e y  seem t o  i n c r e a s e  a s  you go o u t  t o  a round  2,700 
s e c o n d s  s a m p l e  t i m e .  We h a v e  l o o k e d ,  b u t  a t  t h e  moment  we h a v e  
s t i l l  n o t  been  a b l e  t o  i s o l a t e  t h e  c a u s e .  

GERNOT W I N K L E R ,  N A V A L  OBSERVATORY: W o u l d  y o u  r e p e a t  t h e  
p e r f o r m a n c e  c o n c e r n i n g  o n e  day and t e n  d a y s ?  I t  a p p e a r s  t h a t  t h e  
Rubidium c l o c k  i s  b e t t e r  t h a n  t h e  Cesium c l o c k .  Is t h a t  c o r r e c t ?  

M R .  McCASKILL: The NAVSTAR 8 R u b i d i u m  c l o c k  w i t h  t h e  a d d i t i o n a l  
t h e r m a l  c o n t r o l  d o e s  g i v e  a  b e t t e r  s t a b i l i t y  a t  a  one  day  s a m p l e  
t i m e .  T h a t ' s  a s s u m i n g  t h a t  you know wha t  t h e  a g i n g  r a t e  i s  g o i n g  
t o  be .  We h a v e  d e t e r m i n e d  t h e  a g i n g  r a t e  a f t e r  t h e  f a c t .  I f  you 
d o  n o t  know w h a t  t h e  a g i n g  r a t e  i s ,  you  c a n  g e t  r e s u l t s  t h a t  
don ' t  l o o k  l i k e  t h i s ,  b u t  t h e y  f o l l o w  an a p p a r e n t  random walk FEi 
p r o c e s s .  

P l e a s e  k e e p  i n  mind t h a t  we a r e  d e t e r m i n i n g ,  on t h e  r u b i d i u m  
c l o c k s ,  arid on  t h e  q u a r t z ,  t h e  a g i n g  r a t e  a f t e r  t h e  f a c t .  On t h e  
c e s i u m  c l o c k s ,  t h e  s t a b i l i t y  m e a s u r e m e n t s  w e r e  made w i t h o u t  any 
a g i n g  c o r r e c t i o n  a t  a l l .  Cesiums d o n ' t  a g e .  
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ABSTRACT 

This  paper descr ibes  the on-orbi t opera t ional  performance of the 
frequency s tandards on the GPS 1-10 Navstar s a t e l l i t e s .  The h i s t o r y  of the Rb 
frequency s tandards showing the improvements incorpora ted a t  var ious s tages  of 
the program and the corresponding r e s u l t s  a r e  presented. Also presented is the 
opera t iona l  h i s to ry  of the Nevstar Cesium Frequency Standards. The frequency 
s tandards configurat ion da ta  presented w i l l  cover the chronology of events  
from the concept va l ida t ion  s a t e l l i t e s ,  Navstars 1-10, s t a r t i n g  i n  1978 to the 
present ,  including the configurat ions of clocks to  be used on the GPS 
Product ion Program. 

Data w i l l  be presented a d d i t i o n a l l y  showing the r e s u l t s  of long-term 
laboratory t e s t i n g  of a production Rb frequency standard with th,: necessary 
data  taken to  c a l c u l a t e  D e l t a  F, d r i f t ,  t i m e  e r r o r ,  and Allan variance. 
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The evo lu t ion  of the Rb frequency s tandards  (RFS) on the GPS program 
s t a r t e d  wi th  the  Block I concept v a l i d a t i o n  program beginning wi th  a proposal  
program i n  1973, followed by the (GPS 1-8) prototype space v e h i c l e  c o n t r a c t  i n  
1974. The f u l l  s c a l e  developmental (GPS 9-11) models, con t rac ted  i n  1978, 
provided both  nav iga t ion  and nuc lea r  d e t e c t i o n  c a p a b i l i t y .  The product ion qua1 
v e h i c l e  (GPS-12) was con t rac ted  i n  1980, and the  production v e h i c l e s  (GPS 13- 
40) i n  1982. During the  proposal  phase of t h i s  program, the  on-board frequency 
s tandards  were considered the most c r i t i c a l  i tem wi th in  the  GPS n a v i g a t i o n a l  
system f o r  achieving user  p o s i t i o n  accuracy.  Therefore ,  a cons iderab le  amount 
of e f f o r t  was devoted t o  the  frequency s tandards .  To minimize the  r i s k  t o  t h e  
GPS program on t h i s  c r i t i c a l  item, the  i n i t i a l  GPS v e h i c l e s  (GPS 1 through 3) 
incorporated th ree  Rb frequency s tandards ,  each w i t h  a backup mode. T h i s  was 
achieved by opera t ing  a high performance VCXO without Rb reference.  T h i s  
design concept r e s u l t e d  i n  the  redundancy p o t e n t i a l  o f  s i x  frequency s tandards  
per  veh ic le .  L a t e r  space v e h i c l e s ,  s t a r t i n g  wi th  GPS 4 ,  included a n  a d d i t i o n a l  
cesium frequency s tandard,  a l s o  wi th  a backup VCXO mode. T h i s  extended 
redundancy was deemed necessary  i n  l i e u  of the  more convent ional  dua l  
redundancy. The a c t u a l  on-orbi t GPS frequency s tandard opera t ing  h i s  to ry ,  
shown i n  Figure  1, i l l u s t r a t e s  the  r e s u l t s  of t h i s  hardware implementation. 

A s  of mid-1973, no space-borne s u p p l i e r s  of atomic frequency s tandards  
e x i s t e d .  Therefore ,  Rockwell pursued a plan to review a l l  c r e d i b l e  cand ida tes  
f o r  conversion from commercial t o  aerospace u n i t s .  The plan t o  develop a Rb 
frequency s tandard was t o  s e l e c t  the  b e s t  a v a i l a b l e  vol tage-control led  c r y s t a l  
o s c i l l a t o r  (VCXO) and phase lock  i t  to  a small Rb s tandard.  The des ign  was LO 

be such t h a t  i f  the  Rb atomic physics  package f a i l e d ,  the  VCXO could be 
u t i l i z e d  a s  a backup device.  T h i s  c o n d i t i o n  would s t i l l  mainta in  frequency 
s t a b i l i t y  f o r  a s p e c i f i c  per iod of time to  mainta in  nav iga t ion  accuracy over 
the  t e s t  a r e a .  The development of t h i s  Rb frequency s tandard s t a r t e d  dur ing 
the  GPS proposal  phase. Efraton! commercial u n i t s  were procured and underwent 
the  fol lowing modif icat ions  a d  t e s t s :  

1. Commercial p a r t s  were replaced wi th  high r e l i a b i l i t y  p a r t s .  

2 .  One u n i t  was repackaged t o  a l low thermal d i s s i p a t i o n  i n  a vacuum. 

3. F a b r i c a t i o n  of s w c i a l  Rb components wi th  m u l t i p l e  b u f f e r  gases  were 
designed t o  reduce tempera tu re  s e n s i t i v i t y .  

4. The u n i t  was repackaged to  accommodate t h e  GPS boos t  v i b r a t i o n  
environment . 

5. One u n i t  was subjected t o  r a d i a t i o n  t e s t s  to  v e r i f y  opera t ion  t o  GPS 
requirements . 

6. The National Bureau of Standards  was con t rac ted  to  perform bo th  
ambient and vacuum s t a b i l i t y  tests. 



This  plan has resu l ted  in  the development of very s t a b l e ,  high- 
r e l i a b i l i t y  Rb frequency standards,  but  no t  without the normal development 
problems associated with new hardware. A s  t h i s  program progressed, ten 
d i f f e r e n t  models of the Rb standards have evolved. The p a r t  nusbers of the 
d i f f e r e n t  models of each frequency standard a r e  shown i n  Figure 1. The f i r s t  
Rb standards on Navstar 's  1 and 2 accumulated a t o t a l  of 44 months of 
opera t ion  with s i x  f a i l u r e s ,  which necessi ta ted switching to  the backup mode 
(1978-1980). The l a s t  42 months of GPS Rb clock operat ion on Navstar 's  5 ,  6 ,  
and 8 have been f a i l u r e  f r ee .  This  v a s t  improvement can be mostly a t t r i b u t e d  
t o  the clock improvements a s  the program progressed. 

Although Rockuell was not d i r e c t l y  involved i n  the e a r l y  s tages  of 
development of the cesium frequency standards,  the on-orbi t chronology or  
events were very s imi la r  to the Rb clocks. The f i r s t  engineering development 
model f a i l e d  a few hours a f t e r  turn-on. The problem was corrected i n  the pre- 
production models (PPM) a s  ve r i f i ed  by a t o t a l  of 77 months of operation f o r  
two un i t s  with only one f a i l u r e .  This  f a i l u r e  w i l l  be addressed in  the 
subsequent paragraphs a s  wel l  a s  a desc r ip t io r  of the co r r ec t ive  ac t ions  taken 
t o  el iminate  the problem. 

RFS ORBITAL ANOMALIES 

On-orbit operation data  of GPS Rb frequency standards s t a r t e d  with 
Navstar 1 in  March, 1978, followed by Navstar 2 i n  May, 1978. The o r i g i n a l  
Dash 001 p a r t  number clocks were used i n  Pos i t ions  1, 2 ,  and 3 on Navstar 1 
and i n  Pos i t ions  3 on Navstar 2. Dash 002 clocks were used i n  Pos i t ions  1 and 
2 and Navs t a r  2. The only d i f fe rence  i n  the Dash 002 from the Dash 001 clocks i 
was a time constant  change i n  the servo cont ro l  loop. A s  shown i n  Figure 1 ,  
three types of problems were experienced: 

1. Power supply transformer f a i l u r e s  

2. Lamp f a i l u r e s  

3. Low frequency o s c i l l a t i o n  of the VXOO heater  con t ro l  

The operating summary of GPS standards i s  shown i n  Table 1.  The following 
paragraphs w i l l  address each type of problem, co r r ec t ive  ac t ions  taken, and 
r e su l t s .  

Transformer problems were experienced on both the Dash 001 and Dash 002 
standards.  The transformer problem was i so l a t ed  to  be a s h o r t  c i r c u i t  between I 

the primary and secondary windings, which took time to  mater ia l ize .  After  
extensive ana lys is  and t e s t i ng ,  the cause of the problem was i so la ted  to  a 
number of f ac to r s  i n  the transformer design and f ab r i ca t ion  processes: 

I 

1. The pot t ing compound, used in  the transformer, so£ tened the wire 
iasula  t ion.  4 

2. The transformer core,  around which the wire was would, had sharp edges 
and gradually wore through the insu la t ion  which has thinned when 
s tretched over the sharp edges on the core. 



3. There was a n  i n s u f f i c i e n t  amount of d e t a i l  i n  t h e  t ransformer  assembly 
and p rocess  i n s  t r u c t i o n s .  

4. The t ransformer  l e v e l  sc reen ing  test were inadequate to  i d e n l i f y  o r  
s c r e e n  o u t  t h i s  type of  problem. 

The primary c o r r e c t i v e  a c t i o n s  taken t o  a l l e v i a t e  t h i s  problem a r e :  

1. A new p o t t i n g  r e s i n ,  compatible wi th  t h e  wire i n s u l a t i o n  c o a t i n g ,  was 
s e l e c t e d .  

2. A very  s t r i n g e n t  i n s p e c t i o n  c r i t e r i a  was i n i t i a t e d  on a l l  t ransformer  
cores .  

3. A parylece/RTV coa t ing  was a p p l i e d  t o  the  cores .  

4. Very d e t a i l e d  f a b r i c a t i o n  and process  i n s t r u c t i o n  procedures were 
prepared. 

5. Each t ransformer  was exposed t o  a very d e t a i l e d  Acceptance T e s t  
Procedure which included post -pot t ing t e s t ,  thermal c y c l i n g ,  and burn- 
i n  t e s t i n g .  

6. Extensive  q u a l i t y  i n s p e c t i o n  c o n t r o l s  were i n s t i t u t e d .  

The new t ransformer  was i n s t a l l e d  i n  a l l  Dash 003 and subsequent c locks .  
R e s u l t s  of t h i s  change a r e  very  apparen t  from t h e  d a t a  shown on Table 1. A 
t o t a l  of  186 months (15.6 yea r s )  of on--orbi t  o p e r a t i o n  have accumulated wi th  
no t ransformer  f a i l u r e s .  R e f e r r i n g  t o  Figure  1, no te  t h a t  Frequency Standard 1 
on Navstar  3 nas been o p e r a t i n g  cont inuously  f o r  70 months (approximate ly  
s i x  y e a r s ) ;  t h i s  provides  a very  high degree of conf idence t h a t  t h e  
t ransformer  problem has  been c o r r e c t e d .  

The Rb lamp f a i l u r e s  were perhaps t h e  most c r i t i c a l  on-orbi t  problem 
encountered on the  e a r l y  space  veh ic les .  To i n v e s t i g a t e  the  problem, a team 
was assembled t h a t  c o n s i s t e d  of r e p r e s e n t a t i v e s  from Rockwell, t h e  Nat ional  
Bureau of Standards ,  Duke Univers i ty ,  the  USAF, Aerospace Corpora t i o n ,  and 
Efratom. Once t h e  c l o c k  f a i l u r e  was e s t a b l i s h e d  to  be the  lamp, a p lan  was 
i n i t i a t e d  t o  d u p l i c a t e  the  on-orbi t  f a i l u r e s  i n  the  l a b o r a t o r y .  Lamps were 
prepared wi th  an  i n t e n t i o n a l l y  low Rb f i l l ,  i n s t a l l e d  i n t o  the  physics  
packages, and subsequent ly  i n s t a l l e d  i n  t o  s e v e r a l  frequency s tandards.  
Laboratory t e s t i n g  on t h e s e  s t a n d a r d s  dup l i ca ted  the  on-orbi t  lamp f a i l u r e s .  
A l l  u n i t s  e x h i b i t e d  the  same lamp v o l t a g e  decay c h a r a c t e r i a  t i c s  symholic of 
the  suspected lamp f a i l u r e s  a s  i l l u s t r a t e d  i n  Figure  2. 

To determine the amount of Rb i n  the  lamps, a three-fold  c o r r e c t i v e  p lan  
of a c t i o n  was i n s t i t u t e d :  

1. For Rb lamps a l r e a d y  b u i l t ,  t he  f i l l  would be determined by neu t ron  
a c t i v a t i o n .  

2 .  The f i l l  of newly f a b r i c a t e d  lamps would be determined by sampled 
d e s t r u c t i v e  a n a l y s i s .  



3. A ca lor imet r ic  measurement u t i l f  zing a d i f f e r e n t i a l  scanning 
calor imeter  is now used. 

NEUTRON ACTIVATION ANALYSIS OF Rb LAMPS 

Neutron a c t i v a t i o n  ana lys is  was one of the methods used to determine the 
quant i ty  of Rb-87 i n  the lamps. The procedure is a s  follows: Lamps a r e  
inser  ted in to  a nuclear  reac tor  and i r r ad i a t ed  with thermal neutrons f o r  about 
a n  hour. I n  addi t ion  to  the lamps being tes ted ,  a spec i a l  lamp with no Rb, and 
another lamp with a prec ise ly  weighed milligram quant i ty  of Rb metal a l s o  a r e  
i r rad ia ted .  The thermal neutrons a r e  absorbed i n t o  the Rb i n  the lamps, 
producing one o r  more short-l ived radioact ive species.  The r e su l t an t  
r ad ioac t iv i ty  is measured by counting with a li thium-drif ted germanium gama 
ray spectrometer the i n t e n s i t y  of c e r t a i n  gama  rays emitted by the ac t iva ted  
Rb. The empty bulb provides the background counting r a t e ,  and the bulb with a 
known milligram quant i ty  of rubidium is used to  determine the number of counts 
per second ( l e e r  background) per n i l l ig ram of Rb. The amount of rubidium i n  
each lamp then is obtained f ~ o m  the s ing le  r a t i o s  of counts l e s s  background to  
the known standard. Thir  technique i r  no longer used due to  cost.  

DESTRUCTIVE ANALYSIS 

Destructive ana lys is  is a method by which the Rb f i l l  of a sample of 
lamps was made from the same production manifold. Since a l l  of the lamps on 
the manifold a r e  f i l l e d  a t  the same time, it was assumed t h a t  the remainder of 
the lamps had the same f i l l  a s  the sample. Good r e s u l t s  were achieved using 
t h i s  technique. However, the production y i e ld  was small. With a manifold of 
f i v e  lamps, three were used t o  determine the Rb f i l l  and only NO remained f o r  
clock usage. 

The frequency standard dash numbers were changed t o  i den t i fy  the types of 
lamps. Dash 4, 5 ,  6 ,  and 7 clocks had the lamp f i l l  measured by neutron 
ac t iva t ion ,  and the Dash 8 ,  11, and 12 clocks had the f i l l  measured by 
des t ruc t ive  ana lys is .  The usage of thzse dash numbers on the GPS s a t e l l i t e s  
s t a r t i n g  with Navstar 5 is shown on Figure 1. Table 1 summarizes the operating 
h i s  tory of these frequency standards thorough November 1984. Note t h a t  
44 months of fa i lure- f ree ,  on-orbit opera t i on  has accumulated. 

CALORIMETRIC MEASUREMENT 

The newest technique t h a t  is used to determine the amount of Rb f i l l  is 
making use of a d i f f e r e n t i a l  scanning calor imeter ,  Perkin-Elmer DSC-2C. This 
instrument i s  used to measure the hea t  energy required t o  melt  the Rb i n  a 
lamp. This allows (using the known hea t  of fusion of Rb)(6.2 callgram) the 
amount of Rb to  be determined with a reso lu t ion  of a few micrograms. L i f e  t e s t  
data  shows t h a t  the Rb consumption (due t o  Rb d i f fus ion  i n t o  the g lass )  
c lose ly  obeys a power law model and thus allows an est imate of lamp l i f e  to  be 
made. The key va r i ab l e  i s  the i n i t i a l  Rb f i l l  and i ts  measurements. 



VCXO ON-ORBIT PROBLEH 

Rb Frequency Standard 2 on Navstar 2 was turned on Hay 2 ,  1978. A t  turn- 
on, the  Kalman f i l t e r  r e s i d u a l s  ind ica ted  a c y c l i c  e r r o r  wi th  a per iod of 
54 seconds. The t r o u b l e  shoot ing plan t o  determine which p a r t  of t h e  frequency 
s tandard was a t  f a u l t ,  was t o  switch the  s t andard  t o  the  backup mode, record 
range d a t a ,  and process  t h i s  d a t a  to  determine the  d e l t a  range r e s i d u a l s .  T h i s  
d a t a  was procecsed by the  Aeroepsce Corporation.  The r e s i d u a l  e rLors  showed 
the same c y c l i c  per iod a s  the  primary mode except  the  range e r r o r  magnitude 
had increased by a f a c t o r  of the  se rvo  loop g a i n  Th is  i n c r e a s e  i n  short-term 
e r r o r  c l e a r l y  showed t h e  problem to  be a s s o c i a t e d  wi th  the  10.23 MHz VCXO. 

Laboratory t e s t i n g  was i n i t i a t e d  a t  both Rockwell and Frequency 
E l e c t r o n i c s  Inc . ,  (FEI) the  VCXO manufacturer.  The i n i t i a l  hypothesis  was 
t h a t  the  o s c i l l a t i o n  was caused by e i t h e r  the  inner  o r  o u t e r  oven h e a t e r s .  To 
v e r i f y  t h i s  hypothesis ,  the  o u t e r  h e a t e r  was forced t o  o s c i l l a t e  w i t h  a 
30-second period.  No e f f e c t  was observed on the  VCXO o u t p u t  frequency. Th is  
t e s t  v e r i f  led  the  problem was n o t  caused by t h e  o u t e r  oven. 

The i n v e s t i g a t i o n  of the  probable causes  of the  inner  oven o s c i l l a t i o n  
was i s o l a t e d  to  two a reas :  

1. A mechanical bond s e p a r a t i o n  a t  the  the rmis to r ,  hea te r  winding, o r  
h e a t e r  t r a n s i s t o r  

2.  A s h o r t  a c r o s s  the inner  oven feed back r e s i s t o r .  

FEI, a f t e r  ex tens ive  t e s t i n g  inc lud ing  aging,  v i b r a t i o n ,  x-ray, and 
neutron radiography, could n o t  d e t e c t  any the rmis to r  bond d e f e c t s .  The 
conclus ion reached was t h a t  the o s c i l l a t i o n  was n o t  r e l a t e d  t o  a bond 
separa t ion .  

A computer s imula t ion  of the  inner  h e a t e r  c i r c u i t r y  showed t h a t  a s h o r t  
a c r o s s  R8 would cause  a n  o s c i l l a t i o n  wi th  a 53-second per iod.  Laboratory t e s t  
wi th  a s h o r t  a c r o s s  t h i s  r e s i s t o r  dup l ica ted  the  s p a c e c r a f t  anomaly. F u r t h e r  
i n v e s t i g a t i o n  of the  Autonet ics  t e s t  d a t a  i n d i c a t e d  t h a t  t h e  anornely was n o t  
p resen t  p r i o r  t o  launch and t h e r e f o r e  was caused by t h e  launch environment. 
The f i n a l  conclus ion was t h a t  the  s h o r t  a c r o s s  R8 was caused by an  i s o l a t e d  
workmanohip d e f e c t  i n  t h e  rou t ing  of jumper wires i n  t h e  assembly. T h i s  
conclus ion i s  s u b s t a n t i a t e d  by t h a t  f a c t  t h a t  the  o s c i l l a t i o n  has  n o t  
re-occurred on any space v e h i c l e  Rb c locks .  

A very s i g n i f i c a n t  f a c t  about  the  e f f e c t i v e n e s s  of these  changes and t h e  
improved r e l i a b i l i t y  can be seen by no t ing  the  t o t a l  ~ p e r a t i n g  h i s  to ry  of t h e  
Dash 3 and subsequent s t andards .  Clock 1 on Navstar 3 ,  has  been o p e r a t i n g  f o r  
73 months; Clock 3 on Navstar 4 f o r  35 months; and the  44 months accumulated 
on Navstar ' s  5 through 8 y i e l d  a t o t a l  of 152 months (approximately 13 years )  
of f a i l u r e - f r e e  opera t ion .  



CFS ORBITAL ANOMLIES 

A s  previously s t a t ed ,  the f irst  GPS s a t e l l i  te to  have a cesium frequency 
standard (CFS), i n  add i t i on  t o  th ree  Rb s tandard,  was Navstar 4. A government- 
furnished engineering development model (PDISOOZ), b u i l t  by Frequency and Time 
Systems (lTS),  was i n s t a l l e d  i n t o  CPS-004 on February 17, 1978; success fu l ly  
completed a l l  ground space vehic le r  t es t ing ;  and was launched on December 11, 
1978, A t o t a l  of 493 space vehicle  operat ing hours were accumulated p r io r  t o  
launch. On February 23, 1979, i t  was turned on, operated c o r r e c t l y  f o r  spprox- 
imately 12 hours, and f a i l e d .  The r e s u l t s  of an A i r  Force anomaly team 
concluded t h a t  the spacecraf t telemetry ind ica t ions  were no t  conclusive to 
i s o l a t e  the exac t  cause of the problem. The frequency standard had switched to  
the backup mode of operat ion because the cesium-half of the power supply was 
of f .  There a r e  two possible  f a i l u r e s  t h a t  would cause t h i s  condition: (1) the 
re lay  t h a t  feed2 the second inve r t e r  could have f a i l e d ,  and (2)  the high- 
voltage power supply could have f a i l ed .  The conclusion reached was t h a t  the 
cesium-half of the power supply had apparent ly  f a i l e d .  The r e s u l t s  of the 
team's inves t iga t ion  ve r i f i ed  t h a t ,  i f  required,  the backup VCXO mode of t h i s  
clock was s till opera ti onal. 

Numerous design changes were incorporated i n t o  the pre-production model 
power suppl ies .  Table 2 is a sumary  of the operat ing h i s to ry  of c locks  wirh 
modified power suppl ies .  PPM-2 operated on Navstar 5 fo r  31 months with no 
problems. The u n i t  was turned of f  becailse of a space veb'cle a t t i t u d e  con t ro l  
problem. PPM-11 operated on Navstar 6 fo r  44 months. This  u n i t  was turned of f  
because of a de;letion of cesium. The two dash 0001 Rockwell u n i t s  on 
Navstar 's  9 and 10 have a t o t a l  of 7 months operat ing time. A r e s u l t a n t  t o t a l  
of 84 months of operat ing time has accumulated on a l l  CFS' s with no power 
supply r e l a t ed  problems. This  record c l e a r l y  shows t h a t  the problem has been 
corrected. 

A s  s t a t ed  i n  the previous paragraph, PPM-11 was turned of f  because of the  
deplet ion of cesium. Under normal operat ing condi t ions,  the one gram of cesium 
i n  these u n i t s  was considered to  be more than adequate t o  s a t i s f y  the speci- 
f i e d  5-year operat ing l i f e  of the PPM uni t s .  Af te r  reviewing the on-orbit 
operat ing da t a ,  i t  became apparent t h a t  a cesium leak  developed i n  the cesium 
oven assembly a f t e r  8 months of operation. This  add i t i ona l  l o s s  of cesium over 
a 36-month period caused the e a r l i e r  than expected deple t ion  of cesium. This  
same problem developed on another PPM u n i t  (SIN 10) during space vehic le  
tes t ing .  The u n i t  was returned to  FTS and a f a i l u r e  ana lys i s  was performed. 
The r e s u l t s  of t h i s  ana lys i s  showed t h a t  there  was a microscopic tunnel i n  a 
braze j o i n t  i n  the oven assembly. Because of the suppl ie rs  p ropr ie ta ry  na ture  
of t h i s  informa t ion ,  no add i t i ona l  d e t a i l s  a r e  presented. 

A s  a r e s u l t  of t h i s  ana lys i s ,  the  following co r r ec t i ve  ac t i ons  were 
i n s  t i  tuted by FTS i n  both t h e i r  commercial and h igh - r e l i ab i l i t y  tube 
fabr ica  t ions: 

1. A new brazing procedure was developed. 

2. Helium l eak  t e s t i n g  i r  performed on a l l  brazed jo in t s .  



3. S t r i c t e r  q u a l i t y  c o n t r o l  and inspec t ion  po in t s  were i n s  ti tu ted dur ing 
the  f a b r i c a t i o n  process. 

I n  a d d i t i o n  t o  these  a c t i o n s ,  FTS a l s o  has increased the  amount of cesium f i l l  
t o  1.5 grams t o  provide a n  a d d i t i o n a l  s a f e t y  margin f o r  the  production tubes 
t h a t  have 7-112 year  s p e c i f i c a t i o n  requirement.  

The c n l y  c o r r e c t i v e  measure, i n  e f f e c t  a t  the  time the  tubes were f a b r i -  
ca ted ft.r the  s t andards  on Navstar ' s  8 ,  9 ,  and 10, was the  s t r i c t e r  q u a l i t y  
c o n t r o l  and the  i n s  t i  t u t i o n  of i n s p e c t i o n  po in t s .  Therefore ,  t h e  e f f e c t i v e n e s s  
of a l l  of these  changes w i l l  n o t  be f u l l y  v e r i f i e d  by on-orbi t  d a t a  of the  
p r e s e n t  s a t e l l i t e  c o n s t e l l a t i o n .  However, the Naval Research Laboratory (NRL) 
has l i f e  t e s t i n g  i n  progress  on two tubes  t h a t  were f a b r i c a t e d  w i t h  a l l  
improvements . Twen ty-f c u r  months of continuous opera t i n g  Lime have been accu- 
mula ted on each tube wi th  no f a i l u r e s .  

Another s i g n i f i c a n t  d a t a  p o i n t  demonstrating the r e l i a b i l i t y  of the  
cesium frequency s tandards  is  the  t e s t i n g  of PPM-14 a t  NRL. T h i s  u n i t  has  the  
same tube con£ igura  t i o n  a s  the u n i t s  opera t ing  on Navstar'  s 9 and 10. The test 
s t a r t e d  a t  NRL on November 17, 1982, and is s t i l l  i n  progress .  Adding t o  this, 
the  6-month opera t ing  time of PPM-14 a t  Rockwell. y i e l d s  30 months of opera t ion  
wi th  no problems. 

RFS LONG-TERM LABORATORY TEST 

An unmodeled dev ia t ion  of a GPS v e h i c l e  c l o c k  from GPS time, l eads  to 
e r r o r s  i n  nav iga t iona l  accuracy. These e r r o r s  may be minimized by the  p e r i o d i c  
r e c h a r a c t e r i z a t i o n  of the  c locks  i n  terms of the  time d i f f e r e n c e  o r  phase 
o f f s e t ,  frequency o f f  s e t ,  and the  frequency d r i f t  wi th  r e s p e c t  t o  GPS time. I n  
the  even t  the  v e h i c l e  is  n o t  uploaded wi th  t h i s  da ta ,  the  r a t e  a t  which time 
e r r o r  is accumulated depends on the  v a l i d i t y  of the  p rev ious ly  uploa,ded char-  
a c t e r i z a t i o n  data .  

I n  ~ r d e r  t o  p r e d i c t  p r e c i s e  use r  time e r r o r s  f o r  systems such a s  GPS, 
David Al lan of the  Nat ional  Bureau of Standards  (NBS) has  published a model 
(References 1, 2 )  f o r  the  p r e d i c t i o n  of time e r r o r  based on t h e  previous 
performance of the  c lock  i n  terms of the  Al lan var iance ,  o ( t )  , and the  l eng th  
of t e s t  da ta .  Th i s  model has s e t  GPS autonomous o p e r a t i o x  s tandards  and pre- 
d i c t i o n  of a v a i l a b l e  nav iga t iona l  accuracy versus  time from upload. 

An i n t e r n a l  p r o j e c t  was i n i t i a t e d  i n  a n  e f f o r t  t o  b e t t e r  c h a r a c t e r i z e  the  
Rb frequency s tandards  developed f o r  GPS a s s o c i a t e d  wi th  t h e  autonomous opera- 
t i o n a l  goa l s .  i n  o r d e r  to  perform t h i s  t a sk ,  a n  140-day s t a b i l i t y  t e s t  was 
completed from February to  June 1983, wi th  the  necessary  d a t a  taken t o  calcu- 
l a t e  d r i f t ,  time e r r o r ,  and Allan var iance.  During t h i s  t e s t ,  t h e  phase 
accumulation between the  test RFS and the  re fe rence  cesium clock,  frequency 
performance , and test te lemetry  were recorded to determine the  a c t u a l  time 
p r e d i c t i o n  e r r o r  accumulated dur ing  the  t e s t  (Reference 3 ) .  

This  time p r e d i c t i o n  e r r o r  is the  d i f f e r e n c e  i n  the  a c t u a l  phase accumu- 
l a t i o n  and t h e  p red ic ted  phase. The time e r r o r  is  s e n s i t i v e  t o  e x t e r n a l  and 

I i n t e r n a l  environmental in f luences  on the  clock.  



The bea t  frequency, A f l f ,  is shown i n  Figure 3. The frequency was calcu- 
l a t ed  from 1,000-recond period average da t a ,  which was then averaged over 
10 data  points  to  conform t o  computer s torage  requirements. Examination of the 
e n t i r e  140-day period shows an i n i t i a l  "warmup" p e r i v 4  of about 50 days. 
dur ingl rh ich  the d r i f t  changes from about minus 6 x 10 Af/f/day to  minus 
2 x 10 Aflflday. The frequency d r i f t  is  r e l a t i v e l y  constant  from Day 50 to 
Day 140, except f o r  a d ip  from Day 70 to  Day 86. This  d ip  c o r r e l a t e s  to  a drop 
the clock baseplate  temperature of about 0.8'~. This  points  out  the c r i t i c a l  
r o l e  t h a t  temperature s t a b i l i  ty plays with frequency and time predict ion 
e r ro r .  

The Allan variance, o y ,  can be ca lcu la ted  both with and without the 
warmup period data.  I t  can be seen i n  Figure 4 t ha t  the main e f f e c t  of the 
behavior is on the long-term values o r  the "random walk." The t o t a l  data o Y 
represents  the usual RFS Allan variance s ignature;  whereas, the day 50-1500 
values a r e  b e t t e r  i n  terms of random walk. I f  p is the slope of the random 
walk port ion of the Allan variance p l o t  where a - t p f o r  l a rge  t, then j~ = 0.7 
f o r  Day 0 to Day 140 da ta ,  and P O .  1 f o r  Day 50 to Day 140 data  . 

Excluding the data  which was a f fec ted  by the warmup o r  temperature 
change, the time predict ion e r r o r  is found to be very small. This points  out  
the importance to  the time e r r o r  of small temperature changes to the RFS. 
Since the on-orbi t Rb standards now have a basepla t e  temperature con t ro l l e r  
t ha t  cont ro ls  the clock temperature to within t0. 1°C, exce l l en t  time e r r o r  
values on o r b i t  a r e  expected a s  evidenced i n  Navs t a r  8. 

This t e s t  has shown t h a t  time predict ion e r r o r  is very sens i t i ve  to  
environmental influences,  both ex terna l  and i n t e r n a l  to the RFS. Spec i f i ca l ly ,  
the apparent aging of the Rb lamp represents  an i n t e r n a l ,  systematic change 
and c o r r e l a t e s  with the clock f requenc . c h a r a c t e r i s t i c s  This c h a r a c t e r i s t i c  
inf luences both the clock warmup time and the apparent random walk port ion of 
the Ll lan  variance. Pleasuring the long-term Alla nce during t h i s  warmup 
period gives a random walk slope in  the t = 10' _VB3 region. However, t h i s  
does not  represent  random walk behavior of the clock tha t  has warmed up, but  a 
systematic change. Once the RFS has been on f o r  50 to 60 days, the lam:, 
voltage curve begins t o  s t raighten ou t  and the RFS random walk values decrease 
drama t i c a l l y .  Data beyond t h i s  60-day warmup period be8 t charac te r izes  the 
frequency standard i f  the temperature is held within - +O.lOc. 

I t  was seen from the baseplate  temperature t ha t  a 0 . 8 ' ~  temperature 
plateau resu l ted  i n  a small  frequency s h i f t .  For a 15-day period, t h i s  gave a 
600 to 700-nanosecond o f f s e t .  This period influenced longer data length pre- 
d i c t ion  i n t e r v a l s  before, during, and a f t e r  the occurrence of the plateau.  A l l  
subsequent RFS'r now a r e  being cont ro l led  to - +O.lOc by a temperature 
con t r o l l e r .  

The f i n a l  t e s t  period (beyond the lamp varmup and the 0 . 8 ' ~  temperature 
variat . ion) data resu l ted  i n  exce l l en t  time predict ion e r r o r  values with the ! 
longer period p lo t s ,  s a t i s fy ing  the 13 1-meter , 14-day user range e r r o r  
requirement. This is s i g n i f i c a n t  i n  the view of the GPS autonomous operat ion 
requirements, which were previously thought optimized by only the cesium 
s tandard. 



CONCLUSION 

I 

Considering the re  were no space q u a l i f i e d  Rb o r  cesium frequency 
s t andards  a v a i l a b l e  11 y e a r s  ago a t  the s tar t  of the  GPS program, the develop- 

, ment and on-orbi t  performance of  both types of s t andards  has been ou t s t and ing .  
i This  is  n o t  t o  edy t h a t  t h i s  program has no t  ex2er ienced the normal types of 
/ problems a s s o c i a  ted wi th  new hardware. A s  s u b s t a n t i a t e d  by on-orbi t per- 

formance da ta  , the c o r r e c t i v e  a c t i o n s  taken t o  e l i m i n a t e  the problems have 
been very e f f e c t i v e .  No transformer o r  VCXO oven o s c i l l a t i o n  problems have 
occurred s i n c e  the implementation of c o r r e c t i v e  a c t i o n s  i n  the Dash 0003 Rb 
f  ~ e q u e n c y  s tandards .  No lamp problems have occurred s i n c e  the c o r r e c t i v e  
a c t i o n  implementation i n  the Dash 0004 s t andards .  The same r e s u l t s  a r e  
apparent  i n  the cesium frequency s tandards .  The c o r r e c t i v e  a c  t i o c s   take^^ 
a s s o c i a t e d  with the power supply problem have n o t  re-occurred i n  any of the 
PPM o r  Dash 0001 u n i t s .  A 1  though the re  i s  no t  s u f f i c i e n t  on-orbit  d a t a  t o  
v e r i f y  the c o r r e c t i v e  measures taken to  e l i m i n a t e  e a r l y  d e p l e t i o n  of the 
cesium, more than 24 months of l abora to ry  d a t a  have accumulated s t  NRL t h a t  

', demonstrates the e f f e c t i v e n e s s  of t h i s  change. 

The v a l i d a t i o n  of the  approach taken on the  GPS program to  have frequency 
s t andards  wi th  both  a primary and secondary mode of o p e r a t i o n  is  very  
apparent .  I f  t h i s  approach had n o t  been taken, bo th  Kavs ta r ' s  i and 2 would 
have been i n o p e r a t i v e  i n  l e s s  than 3 years .  Both Navstar  1 and 2 have been 
opera t ing  i n  the backup mode f o r  approximately 4 yea r s .  The backup mode of 
o p e r a t i o n  is s t i l l  a v a i l a b l e  on a l l  o t h e r  Navstar space v e h i c l e s ,  i f  r equ i red  
a t  some l a t e r  time t o  i l l u s t r a t e  the  e f f e c t i v e n e s s  of  t h i s  approach. A t o t a l  
( a l l  c l o c k s )  of 312 months (26 yea rs )  of on-orb i t  time have accumulated i n  the  
primary mode of o p e r a t i o n  and 428 months (35.7 y e a r s )  inc lud ing  the  backup 
mode of opera t ion .  
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Table 1, GPS Rubidium Frequency S tanda rd  O p e r a t i n g  Sulnmary (Pr imary  Mode) 

T a b l e  2. GPS Cesium Frequency S tanda rd  O p e r a t i n g  Summary 
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None 

Backup (VCXO) mode 
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ABSTRACT 

Work on a n  i n n o v a t i v e  d e s i g n  f o r  m i n i a t u r e  
r u b i d i u m  f r e q u e n c y  s t a n d a r d s  h a s  r e a c h e d  t h e  
p r e - p r o d u c t i o n  d e m o n s t r a t i o n  s t a g e  a t  L i t t o n  
G u i d a n c e  and  C o n t r o l  S y s t e m s .  P r e - p r o d u c t i o n  
u n i t s  h a v e  b e e n  b u i l t  a n d  t e s t e d  u n d e r  c o n t r a c t  
t o  t h e  Rome Air Development  C e n t e r  o f  t h e  U.S. 
Air F o r c e  S y s t e m s  Command. The u n i t s ,  wh ich  
a r e  d e s i g n e d  f o r  u s e  i n  t a c t i c a l  m i l i t a r y  
a p p l i c a t i o n s ,  f e a t u r e  f a s t  warm-up, low power 
c o n s u m p t i o n ,  a n d  v i b r a t i o n  i n s e n s i t i v i t y .  The 
c u t p u t  s t a b i l i t y  u n d e r  v i b r a t i o n  is m a i n t a i n e d  
w i t h o u t  t h e  n e e d  f o r  e x t e r n a l  s h o c k - m o u n t s .  
The d e s i g n  o b j e c t i v e s  a n d  t e s t  r e s u l t s  a r e  
d i s c u s s e d .  

INTRODUCTION 

R e p o r t e d  h e r e i n  are  d e s i g n  c o n s i d e r a t i o n s  a n d  p r e l i m i n a r y  tes t  
r e s u l t  o f  t h e  p r e - p r o d u c t i o n  model  T a c t i c a l  Rubid ium F r e q u e n c y  
S t a n d a r d  (TRFS.) d e v e l o p e d  by t h e  G u i d a n c e  a n d  C o n t r o l  S y s t e m s  
D i v i s i o n ,  L i t t o n  S y s t e m s ,  I n c . ,  u n d e r  c o n t r a c t  w i t h  t h e  R me Air 
Development  C e n t e r  o f  t h e  U.S. Air F o r c e  S y s t e m s  Command. ? 

The TRFS must  be  c a p a b l e  o f  o p e r a t i n g  u n d e r  s e v e r e  e n v i r o n m e n t a l  
c o n d i t i o n s ,  s p e c i f i c a l l y  e x t r e m e  o p e r a t i n g  t e m p e r a t u r e s  a n d  v i -  
b r a t i o n s .  An i n n o v a t i v e  d e s i g n  o f  a r u b i d i u m  f r e q u e n c y  s t a n d a r d  
was n e c e s s a r y  i n  o r d e r  t o  meet t h e s e  r e q u i r e m e n t s  and  t o  r e a l i z e  
s m a l l  s i z e ,  f a s t  warm-up, a n d  low power c o n s u m p t i o n .  S e v e r a l  
d e s i g n  f e a t u r e s  a re  c o n s i d e r e d  u n i q u e  t o  t h e  L i t t o n  TRF?. a n d  are  
d i s c u s s e d  b r i e f l y .  The L i t t o n  TRFS d e v e l o p m e n t  p r o g r a m  1-33 
r e a c h e d  t h e  p r e - p r o d u c t i o n  d e m o n s t r a t i o n  s t a g e ,  a n d  f u r t h e r  
d e v e l o p m e n t a l  e f f o r t s  a r e  c o n t i n u i n g .  P r e s e n t e d  i n  t h i s  p a p e r  
a r e  p r e l i m i n a r y  t e s t  r e s u l t s  a v a i l a b l e  f rom t h e  L i t t o n  p r e - p r o  
d u c t i o n  model  TRFS a t  t h e  d e m o n s t r a t i o n  s t a g e .  The L i t t o n  TRFS 
is Shawn i n  F i g u r e  1 , a n d  m e a s u r e s  3-1 /4"  W x 4-1 /2 "  L x 3-1 / 4 "  H 
e x c l u d i n g  c o n n e c t o r s .  

* P r e s e n t l y  Manager o f  Rb F r e q .  S t d .  a t  F r e q u e n c y  E l e c t r o n i c s  
I n c . ,  M i t c h e l  F i e l d ,  N . Y .  
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DESIGN CONSIDERATIONS 

Rubidium P h v s i c s  Package  

Shown i n  F i g u r e  2 I s  t h e  i t t o n  TRFS p h y s i c s  p a c k a g e  modu le .  
The module  c o n t a i n s  a  Rb8\ e l e c t r o d e l e s s  d i s c h a r g e  lamp a n d  
lamp d r i v e r  c i r c u i t r y ,  a  6 .8  GHz mic rowave  c a v i t y ,  a n d  a  p a i r  

o i l s  g e n e r a t i n g  a  u n i  rm m a g n e t i c  f i e l d .  A s e p a r a t e  ;i8' f i l t e r  c e l l  and  a Rbeq r e s o n a n c e  c e l l  a re  l o c a t e d  
i n s i d e  t h e  mic rowave  c a v i t y .  Both  c e l l s  are  o f  c y l i n d r i c a l  
s h a p e ,  12  mm d i a  x 8 mm l e n g t n .  The r u b i d i u m  l i g h t  f r o m  t h e  
lamp is d i r e c t e d  t h r o u g h  o p t i c a l  l e n s e s  t o  t h e  f i l t e r  c e l l ,  
t h e  r e s o n a n c e  c e l l ,  a n d  f i n a l l y  t o  t h e  p h o t o d e t e c t o r  mounted  
on t h e  o u t s i d e  o f  t h e  mic rowave  c a v i t y .  

The g l a s s  e n v e l o p e  o f  t h e  lamp is d e s i d n e d  t o  a l l o w  s t r o n g  
a d h e s i o n  o f  l i q u i d  r u b i d i u m  o n t o  t h e  g l a s s  w a l l ,  a d e s i r e d  
f e a t u r e  f o r  a  lamp t o  b e  v i b r a t i o n  r e s i s t a n t .  The lamp 
d r i v e r  c i r c u i t r y  is o f  t h e  c o n v e n t i o n a l  t y p e ,  m o d i f i e d  f o r  
f a s t  lamp s t a r t - u p .  The lamp s t a r t s  w i t h i n  10  sec a n d  30  
s e c  a t  room t e m p e r a t u r e  a n d  a t  -55OC, r e s p e c t i v e l y .  Lamp 
s t a r t  up i n  a  "wrong d i s c h a r g e  modew is p r e v e n t e d  t h r o u g h  
a n  e l e c t r o n i c  c o n t r o l  u n d e r  a l l  power o f f - o n  c o n d i t i o n s .  

Both  t h e  lamp h o u s i n g  and  t h e  c a v i t y  a re  m a i n t a i n e d  a t  
e l e v a t e d  t e m p e r a t u r e s  by s t r i p  h e a t e r s .  The s t r i p  h e a t e r s  
r e p r e s e n t  a n  e x t e n d e d  u n i f o r m  h e a t  s o u r c e ,  r a t h e r  t h a n  a  
p o i n t  s o u r c s ,  and  t e n d  t o  r e d u c e  t h e  t e m p e r a t u r e  g r a d i e n t  
a c r o s s  t h e  h e a t e d  b l o c k .  Un ique  d e s i g n  o f  t h e  s t r i p  h e a t e r  
t e m p e r a t u r e  c o n t r o l  c i r c u i t r y  m i n i m i z e s  s t r a y  m a g n e t i c  
f i e l d s ,  which  would c a u s e  a n  e x c e s s i v e  f r e q u e n c y  s h i f t  when 
h e a t e r  c u r r e n t  c h a n g e s ,  f o r  e x a m p l e ,  a s  a  f u n c t i o n  o f  
e n v i r o n m e n t a l  t e m p e r a t u r e s .  

The microwa e  c a v i t y  is o f  r e c t a n g u l a r  s h a p e  a s  d e s c r i b e d  
p r e v i o u s l y .  3 s 3  The e v t r e m e l y  s m a l l  s i z e  o f  t h e  c a v i t y  h a s  
r e s u l t e d  i n  r a p i d  warm-up, a s  i t  w i l i  b e  shown l a t e r ,  w i t h  
low peak  warm-up power .  

The e n t i r e  p h y s i c s  e i e m e n t s  a r e  e n c l o s e d  w i t h i n  two l a y e r s  
o f  m a g n e t i c  s h i e l d s .  The o u t e r  s h i e l d ,  which is s e e n  i n  
F i g u r e  2 ,  m e a s u r e s  1-3/811 x 1-3/81' x  3 " .  I t s  p e r f o r m a n c e  
c h a r a c t e r i s t i c s  a r e  s i m i l a r  t o  t h o s e  d e s c r i b e d  p r e v i o u s l y .  4  

VCXO 

The VCXO is a  s e l f - c o n t a i n e d  module  ( 1 . 2 "  x 1 . 2 "  x  2 . 4 " )  
c o m p l e t e  w i t h  h e a t e r s  and  o s c i l l a t o r  e l e c t r o n i c  c i r c u i t r y .  5 
The q u a r t z  c r y s L a l  i n  t h e  VCXO is a SC-cb t  10  M H z 1 6 r y s t a l  
h a v i n g  a n  a c c e l e r a t i o n  s e n s i t i v i t y  o f  Y 4  x 1 0  / g .  The 
VCXO module is mounted  on a  s e t  o f  w i r e - s u s p e n d e d  v i b r a t i o n  
i s o l a t o r s  i n s i d e  t h e  TRFS p a c k a g e .  

The w i r e - s u s p e n d e d  i s o l a t o r s  were c h o s e n  i n s t e a d  o f  t h e  
c o n v e n t i o n a l  r u b b e r - t y p e  p r i m a r i l y  d u e  t o  t h e i r  c o n s i s t e n t  
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characteristics under all temperatures, (The rubber mounts 
tend to harden at low temperatures.) The isolator trans- 
missibility is designed to have a minimal resonance rise 
while providing a high attenuation of vibration inputs at 
high frequencies . 
Vibration-induced sidebands of the VCXO output, including 
those at the isolator resonance rise, are minimi~ed by a 
fast VCXO control servo loop (bandwidth -100 Hz). 

Vibration Sensitivity Design Considerations 

Sources of vibration sensitivity in a conventicnal rubidium 
frequency standa d have shown to be both the VCXO and the 
physics package.? Since the output of a ruoidium frequency 
standard is essentially that of a VCXO, vibrat ion-induced 
sidebands of the VCXO appear directly in the frequency stan- 
dard output at all vibration frequencies. In most frequency 
standard applications, either as a clock or as a stable, 
low-noise frequency sokrce, the vibration-induced sidebands 
do not appear to be a serious drawback at high vibration 
frequencies. In order to improve the low Frequency vibra- 
tion sensitivity of the Litton TRFS ovsr that of a conven- 
tional rubidium frequency standard, a large bandwi tk ( - 1 0 0  
Hz) is implemented in the VCXO control servo loop. t! 

Unlike a VCXO, the physics package is not intrinsically 
vibration sensitive. Vibration sensitivity of the physics 
package is generally considered zs an engineering design 
challenge. In a typical mechanization of a rubidium fre- 
quency standard such as the Litton TRFS, rubidium atomic 
resonance signal is in the form of a modulated (ac) light 
intensity riding on top of a large dc light background. 
The ac portion of the light, i.e., the resonance signal, is 
an extremely small fraction of the total light intensity 
detected by the photodetector. The ac signal is demodu- 
lated in a conventional phase sensitive detector, and pro- 
cessed further to generate dc control voltage for the VCXO. 

Any spurious modulation in the detected dc lignt intensity 
in addition to the resonance signal, generates an erroneous 
control voltage. Such an effect is most significant when 
the spurious modulation frequency is close to the modula- 
tion frequency (fmOd) of the phase sensitive detector. The 
spurious modulation may be a result of, for example, 
periodic displacement of the lamp with respect to the 
photodetector under vibration. The TRFS physics package is 
designed for maximal mechanical integrity of the whole 
while allowing for adequata thermal isolation of the 
different components operated at different temperatures. 

Vibration-induced sidebands of the VCXO also cause spurious 
light intensity modulation. The VCXO control servo loop is 
upset when the vibration frequency is close to 2xfmOd. In 
order to reduce the vibration input at this frequency, the 
Litton TRFS incorporates a shock-mounted VCXO. 



E l e c t r i c a l  D e s i g n  - 
One i m p o r t a n t  a s p e c t  o f  t h e  e l e c t r i c a l  d e s i g n  is t o  m i n i -  
mize s p u r i o u s  s i g n a l s  w h i c h  may u p s e t  t h e  VCXO c o n t r o l  
s e r v o  l o o p  r e s u l t i n g  i n  a n  e r r o n e o u s  o u t p u t  f n e q u e n c y .  Any 
s p u r i o u s  s i g n a l  a t  f r e q u e n c i e s  c l o s e  t o  f . . .  u p s e t s  t h e  
VCXO c o n t r o l  l o o p  a s  a s p u r i o u s  l i g h t  i n c '  i ' i y  m l ~ d u l a t i o n  
d o e s .  The i n t e r f e r e n c e  e f f e c t s  observedsc;:  a r u b i d i u m  
f r e q u e n c y  s t a n d a r d  o p e r a t i n g  i n  t h e  v i c i n i t y  o f  o t h e r s  
d e m o n s t r a t e s  t h e  e f f e c t  o f  t h e  s p u r i o u s  s i g n a l  p i c k - u p .  
S p u r i o u s  s i g n a l s  may b e  p i c k e d  u p  f r o m  t h e  v o l t a g e  r i p p l e  
p r e s e n t  i n  t h e  i n p u t  p o w e r  l i n e ,  i f  n o t  r e g u l z t e d  
a d e q u a t e l y .  

The L i t t o n  TRFS a c c e p t s  two  s e p a r a t e  p o w e r  i n p u t s :  o n e  f o r  
a l l  h e a t e r s  a n d  t h e  o t h e r  f o r  a l l  electronics. B o t h  p o w e r  
i n p u t s  may b e  22V t o  33VDC w i t h  r i p p l e s  a s  l a r g e  a s  3Vrms 
a t  a u d i o  f r e q u e n c i e ~ ,  a n d  may c o n t a i n  h i g h  v o l t a g e  
t r a n s i e n t s .  

V o l i a g e  r e g u l a t i o n  f o r  e l e c t r o n i c s  is a c c o m p l i s h e d  by a  
s w i t c h i n g  D C / D C  c o n v e r t e r  f o l l o w e d  by a l i n e a r  r e g - l a t i o n  
s t a g e .  T h i s  c o m b i n a t i o n  p r o v i d e s  a d e q u a t e  r i p p l e  r e g u l a -  
t i o n  a n d  c o a s t a n t  p o w e r  d i s s i p a t i o n  a t  a l l  i n p u t  v o l t a g e  
c o n d i t i o n s .  The f e a t u r e  o f  c o n s t a n t  p o w e r  d i s s i p a t i o n  
m i n i m i z e s  i n p u t  v o l t a g e  d e p e n d e n t  f r e q u e n c y  s h i f t  ( v i a  
t e m p e r a t u r e  d e p e n d e n c e  of o u t p u t  f r e q u e n c y ) .  

The  6.8 GHz r e s o n a n c e  i n t e r r o g a t i o n  f r e q u e n c y  is  g e n e r a t e d  
by a s t e p  r e c o v e r y  d i o d e  (SRD), w h i c h  is d r i v e n  by -40 MHz.  
Direct f r e q u e n c y  s y n t h e s i s  t e c h n i q u e  is u s e d  t o  g e n e r a t e  40 
MHz f r o m  t h e  VCXO 10 M H z .  

The r u b i d i u m  r e s o n a n c e  s i g n a l  is d e t e c t e d  i n  a c o n v e n t i o ~ a l  
way w i t h  s i n u s o i d a l  m o d u l a t i o n  t e c h n i q u e .  The  m o d u l a t i o n  
w a v e s h a p e  is g e n e r a t e d  p i e c e w i s e  d i g i t a l l y  t h r o u g h  d i v i d i n g  
t h e  VCXO 10 MHz a n d  a d d i n g  t h e  r e s u l t a n t  s q u a r e  w a v e s  w i t h  
p r o p e r  a m p l i t u d e s .  

T e m p e r a t u r e  c o n t r o l  c i r c u i t r y ,  w h j c h  m a i n t a i n s  t h e  l a m p  a n d  
t h e  c a v i t y  a t  e l e v a t e d  t e m p e r a t u r e s ,  is o f  h i g h  g a i n ,  a n d  
u t i l i z e s  b o t h  p r o p o r t i o n a l  a n d  i n t e g r a l  g a i n .  C o m b i n a t i o n  
o f  u n i q u e  c i r c u i t  d e s i g n  a n d  t h e  s t r i p  heater  m i n i m i z e  t h e  
s t r a y  m a g n e t i c  f i e l d  g e n e r a t e d  by h e a t e r  c u r r e n t .  

The  e n t i r e  c i r c u i t r y  is c o n t a i n e d  i n  f i v e  c i r c u i t  ca rds ,  
e a c h  h a v i n g  t h e  s i z e  o f  -3"x3" .  E a c h  card c o n t a i n s  more  
t h a n  o n e  l a y e r  o f  g r o u n d  p l a n e  w h i c h  a c t s  a l s o  a s  h e a t  
p a t h s  f o r  e l e c t r o n i c  c o m p o n e n t s .  N e i t h e r  h y b r i d s  n o r  L S I t s  
are u s e d  i n  t h e  e n t i r e  d e s i g n ;  a l l  c o m p o n e n t s  a re  d i s c r e t e  
d e v i c e s .  

A l l  mater ia l ,  c o m p o n e n t s ,  p r o c e s s e s  a n d  c o n s t r u c t i o n  
m e t h o d s  a r e  i n  a c c o r d a n c e  w i t h  t h e  g o v e r n i n g  m i l i t a r y  
s p e c i f i c a t i o n s  a n d / o r  w i t h  t h e  a c c e p t e d  m i l i t a r y  p r a c t i c e .  



Mechanical Desinn 

The Li t ton TRFS package is designed w i t h  a  modular concept: 
f i v e  c i r c u i t  c a rds ,  EM1 f i l t e r - m u l t i p i n  coniiector module, 
physics package, and V C X O  module. One of the f i v e  c i r c u i t  
cards  is a  mother board i n t o  which a l l  modules a r e  plugged, 
,do hard-wiring is necessary between the  modules; miniature 
RF connectors a r e  used f o r  a l l  coaxia l  cable connections.  

The package bonding is per the governing mi l i t a ry  spec;- 
f i c a t i o n .  The case may be sea!.ed by laser-weld,  i f  
necessary,  f o r  water immersibi l i ty .  Heat d i ~ s i p ~ t i o n  is 
accomplished pr imari ly  by conduction through chass i s  
s t r u c t u r e  t o  the  basepla te .  

Vibrat ional  c h a r a c t e r i s t i c s  of the e n t i r e  s t r u c t u r e  was 
s tudied by f i n i t e  element method, and was determirled t o  be 
s a t i s f a c t o r y .  

PRELIMINARY TEST RESULTS 

The TRFS development program has reached a  d~mons t r a t i on  s t age  a t  
L i t ton .  As a  par t  of ;lanned design v e r i f i c a t i o n  t e s t s ,  the TRFS 
un i t  has been subjected t o  a  number of funct ional  and environmen- 
t a l  t e s tL .  Design modificat ions a r e  planned i f  the  t e s t  r e s u l t s  
warrant them, Such modif ica t ions ,  i f  ~?eces,-.dry, a r e  expected t o  
be minor in nature .  When completed, tke  TRFS uni t  w i l l  be rub- 
Jected t o  r igorous mi l i t a ry  q u a l i f i c a t i o n  t e s t i n g .  Discussed i n  
t h i s  s ec t i on  a r e  the t e s t  r e s u l t s  ava ' l ab le  t o  da te .  Design 
ve r i f i ca t i o r .  t e s t s  a r e  con t inu i rg .  

Sinusoidal  Vibration 

Figure 3a and 3b a r s  the  p l o t s  of f r a c t i o n a l  f req lency  
s h i f t  versus v ib ra t i on  frequency under s inuso ida l  v ib ra t i on  
of klg peak acce le ra t ion  f o r  v ib ra t ion  i n p u t s  a long  the 
o p t i c a l  a x i s  and along the  a x i s  perpendicular  t o  the b-se- 
p l a t e ,  r espec t ive ly .  

The opt- lca l  ax i s  i s  p a r a l l e l  t o  the  basepla te .  Bandwidth 
of the  frequency measurement system includ!ng the s t r i p -  
cha r t  reccrder  is a  few Hz, while the v ibra t ion  i n p u t  i s  
swept from 10 Hz t o  ?KHz a t  a  r a t e  of one octave/min. ,The 
hor izon ta l  ax i s  of Figures 3a and 3b is ,  however, l i n e a r  i n  
tims.) 

Refelmring to  Figur 3a, the observed frequency s h i f t  is 
l e s s  than k3 x 10-eO Prom the nominal under a l l  v ib ra t i on  
frequencies includjng those of fmod and a t  2xfmOd. 

Figure 3b is f o r  v ib ra t ion  i n p u t  applied along the  a x i s  
perpendicular  t o  the baseplht  and shows no o b s e r v ~ b l e  
frequency s h i f t  within s2x10-eb under a l l  v ib ra t i on  
frequencies except a s  noted below. 



A l a r g e  u n e x p e c t e d  f r e q u e n c y  s h i f t  was o b s e r v e d  i n  F i g u r e  
3b ,  when v ib : a t i on  f r e q u e n c y  is c l o s e  t o  fmod.  I n v e s t i g a -  
t i o n  r e v e a l e d  t h a t  a f a s t e n i n g  screw was l o o s e  d u r i n g  t h e  
t e s t  c a u s i n g  t h e  mic rowave  c a v i t y  r o c k  e x c e s s i v e l y  w i t h i n  
t h e  p h y s i c s  p a c k a g e .  

We n o t e  t h a t  no  m e a s u r a b l e  f r e q u e n c y  s h i f t  was o b s e r v e d  a t  
v i b r a t i o n  f r e q u e n c i e s  c l o s e  t o  2xf rnod ,  a n d  t h a t  o u t p u t  
f r e q u e n c i e s  a r e  well behaved  a t  low v i b r a t i o n  f r e q u e n c i e s .  
No l o s s  o f  r e s o n a n c e  l o c k  were s e e n  d u r i n g  t h e  m e a s u r e m e n t .  

Audio S u s c ? p t i b i l i t y  

Audio s u s c e p t i b i l i t y  r e f e r s  t o  t h e  TRFS o u t p u t  f r e q u e n c y  
d e p e n d e n c e  on  t h e  a u d i o  f r e q u e n c y  v o l t a g e  r i p p l e  p r e s e n t  i n  
t h e  i n p u t  power .  Test was c o n d u c t e d  w i t h  a 3Vrms r i p p l e  
added  t o  t h e  n o m i n a l  d c  v o l t a g e s  a p p l i e d  t o  t h e  power  i n p u t  
f o r  e l e c t r o n i c s .  The r i p p l e  f r e q u e n c y  was v a r i e d  s l o w l y  
f rom 5 Hz t o  2K Hz d w e l l i n g  f o r  a n  e x t e n d e d  p e r i o d  o f  time 
a t  r i p p l e  f r e q u e n c i e s  e q u a l  t o  1 /2 fm0  , f m D d ,  and  2 f m  d .  
No f r e q u e n c y  s h i c f O w a s  o b s e r v e d  beyon! the  msasuremen? 
p r e c i s i o n  ( 5 2 x 1 0  1. 

Warm-UD and  Power C o n s u m ~ t i o n  

F i g u r e s  4a alld 4b a r e  t y p i c a l  o u t p u t  f r e q u e n c y  b e h a v i o r  
d u r i n g  warm-up a f t e r  t e m p e r a t u r e  s o a k  a t  room t e m p e r a t u r e  
( n a t u r a l  c o n v e c t i o n )  and  a t  -55OC ( f o r c e d  a i r ) ,  r e s p e c -  
t i v e l y .  Warm-up t e s t  r e s u l t s  are  summar i zed  i n  T a b l e  I .  

T a b l e  I - L i t t o n  TRfS Warm-Up C h a r a c t e r i s t i c s  

T i m e  After Power-On 

Room Temp - -55OC 

o Lamp S t a r t  8  s e c  28  sec 

o Resonance  Lock 1 min 1 2  sec 2 rnin 22  sec 

o Warm-up t o  5x10  -10  1 min 39  sec 2 mi11 49 sec  
f rom t h e  f i n a l  f r e q .  

o T o t a l  S t e a d y  S t a t e  1 0 . 4  watts 1 9 . 5  watts 
Power 

o  T o t a l  peak  p?wer 8 4  ,. l t ts  8 4  w a t t s  
d u r i n g  warm- f o r  20 sec f o r  42 sec 



T e m p e r a t u r e  

No m e a s u r a b l e  f r e q u e n c y  s h t g t  was o b s e r v e d  beyond t h e  mea- 
s u r e m e n t  p r e c i s i o n  ( ~ 2 x 1 0 -  ) when t h e  TRFS was s u b j e c t e d  
t o  e n v i r o n m e n t a l  t e m p e r a t u r e  s t e p s  r a n g i n g  f r o m  -55OC t o  
+71 O C .  

O r i e n t a t i o n  

A r u b i d i u m  r e s o n a n c e  f r e q u e n c y  may b e  o r i e n t a t i o n  d e p e n d e n t  
u n d e r  t h e  i n f l u e n c e  o f  e a r t h  m a g n e t i c  f i e l d .  D i s p l a c e m e n t  
o f  p h y s i c s  e l e m e n t s  w i t h  r e s p e c t  t o  e a c h  o t h e r  u n d e r  g r a v i -  
t a t i o n  may a l s o  be a s o u r c e  o f  o r i e n t a t i o n  d e p e n d e n c y .  I n  
a p r o p e r l y  d e s i g n e d  p h y s i c s  p a c k a g e ,  b o t h  o f  these e f f e c t s  
are c o n s i d e r e d  t o  b e  n e g l i g i b l e .  P e r h a p s  t h e  mos t  s i g n i f -  
i c a n t  o i i e n t a t i o n  d e p e n d e n c e  o f  t h e  TRFS o u t p u t  f r e q u e n c y  
ar ises  f rom i ts  t e m p e r a t u r e  s e n s i t i v i t y ,  T h i s  is b e c a u s e  
t h e  ra te  o f  h e a t  d i s s i p a t i o n ,  a n d  t h e r e f o r e  t h e  b a s e p l a t e  
t e m p e r a t u r e  o f  t h e  TRFS, depend  o n  t h e  o r i e n t a t i o n .  Such  g 
t e m p e r a t u r e - r e l a t e d  f r e q u e n c y  s h i f t  was r e p o r t e d  by o t h e r s  
w h i l e  m e a s u r i n g  s t a t i c  g - s e n s i t i v i t y  o f  a n  o v e n - c o n t r o l l e d  
c r y s t a l  o s c i l l a t o r .  

The TRFS u n i t  was p o s i t i o n e d  a t  v a r i o u s  o r i e n t a t i o r , ~  w h i l e  
i ts  c q t p u t  f r e q u e n c y  was m o n i t o r e d  c o n t i n u o u s l y .  The u n i t  
was h e l d  f i x e d  a t  e a c h  o r i e n t a t i o n  f o r  a n  e x t e n d e d  p e r i o d  
o f  time i n  o r d e r  t o  o b s e r v e  any  t e m p e r a t u r e - r e l a t e d  f r e -  
quency  s h i f t .  No m e a s u r a b l e  f r e q u e n c y  g b i f t  was o b s e r v e d  
a b o v e  t h e  measu remen t  p r e c i s i o n  ( ~ 2 x 1 0 -  1. 

1 

I n p u t  V o l t a g e  V a r i a t i o n  

Similar a r g u m e n t  p r e s e n t e d  f o r  t h e  o r i e n t a t i o n  d e p e n d e n c e  
a p p l i e s  t o  t h e  i n p u t  v o l t a g e  d e p e n d e n c e .  I f  a  u n i t  d e p e n d s  
s o l e l y  on  a l i n e a r  v o l t a g e  r e g u l a t o r  whose heat d i s s i p a t i o n  
d e p e n d s  g r e a t l y  on  t h e  i n p u t  v o l t a g e  l e v e l ,  t e m p e r a t u r e  d 

1 

d e p e n d e n c e  o f  t h e  o u t p u t  f r e q u e n c y  may be m a n i f e s t e d  a s  i f  
i t  were t h e  v o l t a g e  d e p e n d e n c e .  A s  d i s c u s s e d  e a r l i e r ,  t h e  
L i t t o n  TRFS i n c o r p o r a t e s  a s w i t c h i n g  D C / D C  c o n v e r t e r  j 
f o l l o w e d  by a l i n e a r  r e g u l a t o r .  

The L i t t o n  u n i t  was powered  a t  +22 Vdc a n d  t h e n  t h e  i n p u t  
v o l t a g e  was v a r i e d  t o  33 Vdc by s t e p s  o f  a  few v o l t s .  A t  
e a c h  v o l t a g e ,  t h e  u n i t  was o p e r a t e d  f o r  a n  e x t e n d e d  p e l l i o d  
o f  time t o  o b s e r v e  t e m p e r a t u r e - r e l a t e d  f r e q u e n c y  s h i f t .  No 
m e a s u r a b l e  f r e q ~ e n c ~ ~ s h i f t  was o b s e r v e d  w i t h  measu remen t  
p r e c i s i o n  o f  52x10 . 4 

t 
4 

Shor t -Te rm S t a b i l i t y  .j 
2 

S h o r t - t e m m  s t a b i l i t y  o f  5 4 x 1 0 - ~ '  a t  1 sec a v e r a g i n g  time 
was measu red  w i t h  p h a s e  n o i s e  5-70dWHz a t  1 Hz away f r o m  
t'le 10 MHz ca r r ie r .  Note  t h a t  t h e  m e a s u r e d  e t a b i l i t i e s  a re  
t h o s e  o f  p h y s i c s  r e s o n a n c e - ~ { g n a l ,  n o t  t h o s e  o f  VCXO. 
P h y s i c s  s t a b i l i t y  o f  52x10 is o b t a i n a b l e ,  i f  d e s i r e d ,  
w i t h  a m i n o r  m o d i f i c a t i o n .  
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QUESTIONS A N D  ANSWERS 

ALAN JENDLY, OSCILLOQUARTZ: I h a v e  a  q u e s t L o n  r e g a r d i n g  t h e  g -  
s e n s i t i v i t y ,  t h e  s t a t i c  g - s e n s i t i v i t y .  

M R .  KWON: A l l  r i g h t .  

MR.  JENDLY: You m e n t i o n e d  t h a t  you a r e  u s i n g  a n  ~ s c i l l a t o r  w h i c h  
t y p i c a l l y  h a s  a  s t a t i c  g - s e n s i t i v i t y  of f o u r  p a r t s  i n  t e n  t o  t h e  
m i n u s  t e n  p e r  g .  

M R .  KWON: T h a t ' s  cor rec t .  

MR.JENDLY: You a l s o  m e n t i o n e d  t h a t  y o u  a r e  u s i n g  i t  a t  a  b a n d -  
w i d t h  o f  a b o u t  1 0 0  Hz, I b e l i e v e .  T h e n  y o u  s a y  t h a t  t h i s  d e v i c e ,  
t h e  c o m p l e t e  d e v i c e ,  i s  t o t a l l y  i n s e n s i t i v e  t o  o r i e n t a t i o n .  

My q u e s t i o n  i s :  If y o u  t a k e  t h i s  d e v i c e  a n d  s l o w l y  r o t a t e  i t  
b y  1 8 0  d e g r e e s ,  a n d  90 d e g r e e s  w i t h i n  t h e  t h r e e  a x e s ,  d o n ' t  y o u  
m e a s u r e  t h o s e  f o u r  p a r t s  i n  t e n  t o  t h e  t e n ?  

MR. KWON: T h e  a n s w e r  t o  t h a t  q u e s t i o n  i s  no ,  b e c a u s e  we h a v e  a  
v e r y  f a s t  s e r v o  l o o p .  S o ,  t h e  o r i e n t a t i o n  d e p e n d e n c e  o f  t h e  VCXO 
i s  s e r v o e d  o u t  by t h e  p h y s i c s  p s c k a g e .  



THE RUBIDIWCRVSTAL OSCILLATOR HYBRID DEVELOPMENT PROGRAH 

John R. V ig  and Vincent J. Rosat i  

US Army E lec t ron i cs  Technology and Devices Laboratory (ERADCOM) 
Fo r t  Monmouth, New Jersey 07703-5302 

ABSTRACT 

The rub id ium-crysta l  o s c i l l a t o r  hyb r i d  (RbXO) w i l l  make 
p rec ise  t ime a v a i l a b l e  t o  systems t h a t  l ack  the power 
requ i red  by atomic frequency standards. The RbXO cons is ts  
o f  two subassemblies i n  separate enclosures. Orle conta ins 
a small rub id ium frequency standard (RFS) wi thout  i t s  
i n t e r n a l  oven-control l e d  c r y s t a l  osc i  1 l a t o r  (OCXO) , p lus  
i n t e r f a c e  c i r c u i t s .  The second conta ins a low-power OCXO, 
and add i t i ona l  i n t e r f a c e  c i r c u i t s .  The OCXO i s  ON 
cont inuously.  P e r i o d i c a l l y ,  e.g., once a week, the user 
system app l ies  power t o  the RFS. A f t e r  the few minutes 
necessary f o r  the warmup o f  the  RFS, the  i n t e r f a c e  c i r c u i t s  
ad jus t  the frequency o f  the OCXO t o  t he  RFS reference, 
then shut o f f  the RFS. The OCXO enclosure i s  separable 
f rom the  RFS enclosure so t h a t  manpacks w i l l  be ab le  t o  
operate w i t h  minimum size, weight, and power consumption, 
wh i l e  having the accuracy o f  the RFS f o r  the dura t ion  o f  
a mission. 

A p ro to type  RbXO's RFS has operated success fu l l y  f o r  4200 
ON-OFF cycles.  P a r a l l e l  e f f o r t s  on a Phase I 1  RbXO 
development are i n  progress. Two sources f o r  the RbXO 
are  scheduled t o  be a v a i l a b l e  dur ing  1986. 

INTRODUCTION 

The rub id ium-crysta l  o s c i l l a t o r  hyb r i d  (RbXO f o r  sho r t )  i s  intended t o  
s a t i s f y  the requirements o f  systems t h a t  need frequency ( o r  c lock )  accuracies 
t h a t  are c u r r e n t l y  beyond the  c a p a b i l i t i e s  o f  c r y s t a l  o s c i l l a t o r s ,  bu t  
which cannot t o l e r a t e  the h igh  power consumption o f  atomic frequency 
standards. 

Rubidium frequency standards (RFS) t y p i c a l l y  have about 100 t imes b e t t e r  
long-term s t a b i l i t y  than the  bes t  oven-control l e d  c r y s t a l  o s c i l l a t o r s  
(OCXO's). RFS's, however, a l s o  consume about 100 t imes more power than 
the lowest-powr-consuming OCXO. The RbXO wi 11 prov ide the best  qua1 i t i e s  
of both types o f  o s c i l l a t o r s ,  i .e . ,  i t  w i l l  have the long-term s t a b i l i t y  
o f  a RFS w i t h  o n l y  s l i g h t l y  more power consumption than the OCXO. 

PRINCIPLE OF OPERATION OF THE RbXO 

A RFS normal ly  cons is ts  o f  an atomic (Rb) resonator,  an oven c o n t r o l l e d  
c r y s t a l  osc i  1 l a t o r  (OCXO) , p lus  mu1 t i p 1  i e r  and feedback c i r c u i t s ,  i n  a 
s i ng le  enclosure. The RbXO cons is ts  o f  two subassemblies i n  separate 
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enclosures. One conta ins a  small RFS, w i thou t  the  OCXO, p l u s  i n t e r f a c e  
c i r c u i t s .  The second conta ins a  low-power OCXO and a d d i t i o n a l  i n t e r f a c e  
c i r c u i t s .  The OCXO i s  ON cont inuous ly .  P e r i o d i c a l l y ,  the user system 
app l ies  power t o  the RFS. A f t e r  the few minutes necessary f o r  the  warmup 
o f  the  RFS, the i n t e r f a c e  c i r c u i t s  ad jus t  t he  frequency o f  ( "syn ton ize" )  
the OCXO t o  the RFS reference, then shuts o f f  the RFS. For manpack 
app l i ca t i ons ,  the OCXO subassembly w i l l  be separable from the  r e s t  o f  the 
RbXO so t h a t  the  manpack can operate w i t h  minimum s ize,  weight, and power 
consumption, wh i le  having n e a r l y  the accuracy o f  the  RFS f o r  the  du ra t i on  
o f  a  mission. 

The f o l l o w i n g  w i l l  i l l u s t r a t e  how the RbXO i s  expected t o  operate.  The 
RFS i s  expected t o  be ab le  t o  mainta in  a  frequency accuracy o f  +1 X 10-9 
f o r  a  pe r i od  o f  ten years when operated i n  a  du ty -cyc l ing  mode (e.g. ,  5 
micutes ON t ime per week). The OCXO can be expected t o  have an ag ing ( o r  
" d r i f t " )  r a t e  o f  b e t t e r  than 1 X 10- lo per day when operated f o r  extended 
per iods,  and a maximum frequency o f f s e t ,  due t o  a11 o ther  f a c t o r s ,  o f  5 1  

X One can then determine the  worst-case t ime e r r o r s  f o r  varaious 
scenarios. For example, i f  the RbXO syntonizes the OCXO once a week, then, 
f o r  any pe r i od  o f  a  month a f t e r  synchron izat ion,  the RbXO w i l l  be ab le  
t o  ma in ta in  a  t ime accuracy of b e t t o r  thdn ten  mi l l i seconds  ( i  .e., under 
t h i s  scenar io the wcrst-case o f f s e t  would be 2.7 X 10-9). 

For comparison, the same OCXO w i thou t  the  RbXO would accumulate an o f f s e t ,  
due t o  aging alone, of about 3 X one year a f t e r  i t s  c a l i b r a t i o n .  A t  
t h a t  time, i t  would be ab le  t o  mainta in  an accuracy o f  o n l y  100 msec f o r  
a  one month resynchron izat ion i n t e r v a l .  I f  the user needed 100 msec per  
month o r  b e t t e r  accuracy, then the OCXO would have t o  be re turned t o  depot 
f o r  r e c a l i b r a t i o n  a t  i n t e r v a l s  o f  one year o r  l ess .  

POTENTIAL RbXO APPLICATIONS 

One can env is ion  several p o t e n t i a l  m i l i t a r y  app l i ca t i ons  f o r  the  RbXO. 
Exarrples are:  

1. Manpacks and teampacks 
2. Vehic les - where, al though s u f f i c i e n t  power i s  a v a i l a b l e  f o r  a  

RFS wh i le  the veh i c l e  generator i s  ON, p rec ise  t ime must be 
maintained even when the  generator i s  OFF. 

3. Troop t r anspo r t  veh ic les  - a f t e r  the veh i c l e  t r anspo r t s  the  t roops 
i n t o  the f i e l d ,  the  RFS stays w i t h  the veh ic le ,  the  OCXO's i n  
the  manpack(s) are disconnected from the  RFS a t  the  s t a r t  o f  a  
mission, and are reconnected a t  the conc lus ion o f  the mission, 

4. M i ss i l es  and remotely p i l o t e d  vehic les  (RPV) - the  RFS stays w i t h  
the launcher, the  OCXO goes w i t h  the  m i s s i l e  o r  RPV. 

THE OCXO 

A min ia tu re ,  low-power OCXO i s  a  key p a r t  o f  the  RbXO. The main candidate 
f o r  t h i s  i s  the Tac t i ca l  M in ia tu re  Crys ta l  O s c i l l a t o r  ( T M X O ) , ~  which i s  
c u r r e n t l y  the  sub ject  o f  a  Manufactur ing Methods and Technology con t rac t  
w i t h  Bendix, Inc .  Since the TNXO i s  no t  y e t  ava i l ab l e  i n  p roduc t ion  
quan t i t i e s ,  and i n  order  t o  minimize the r i s k  associated w i t h  t h i s  task,  
the RbXO techn ica l  requirements spec i f y  t h a t  "The RbXO i n t e r f a c e  s h a l l  



be capable o f  i n t e r f a c i n g  w i t h  e i t h e r  a 10 MHz TMXO, o r  any 10 MHz 
Hewlett-Packard 10811 equ iva len t  OCXO, o r  any comparable s t a b i l i t y  OCXO." 
If, f o r  whatever reason, the  TMXO i s  n o t  ava i l ab le ,  the power consumption 
o f  the RbXO would be h igher  because o ther  OCXO candidates consume several  
times mcre power. 

RbXO ENERGY CONSUMPTION AND TIME AND FREQUENCY UNIT 

S i g n i f i c a n t l y  lower energy consumption i s  one o f  the  major advantages o f  
the RbXO over cont inuously  operated RFS's. A comparison o f  the expected 
RbXO performance wi th :  the performance o f  a RFS; the expected performance 
o f  product ion TMXO's; and an HP 10811 type OCXO (e.g. the  Piezo Crys ta l  
model no. 007) i s  shown i n  Table 1. The comparison i s  based upon the Efratom 
MlOOO spec i f i ca t i ons  f o r  the RFS, the use o f  the TMXO f o r  the OCXO o f  the 
RbXO, and assumes t h a t  a p a i r  o f  l i t h i u m  b a t t e r i e s 2  (BA-5590/U) are ava i l ab le  
f o r  powering the o s c i l l a t o r s .  The RbXO increases the b a t t e r y  l i f e  from 
less  than a day w i t h  a cont inuously  operated RFS, t o  52 days. 

Each BA-5590 has a capac i ty  o f  about 6.5 Ah, and a volume o f  883 cm3. 
Therefore, a " t ime and frequency u n i t "  cons i s t i ng  o f  an RbXO, two BA 55901s, 
a t ime code generator and a frequency d i s t r i b u t i o n  system cou ld  operate 
cont inuously  wi thout  b a t t e r y  replacement f o r  over a month wh i le  occupying 
a volume on the order  o f  3200 cm3 (195 i n3 ) ,  e.g., a box o f  s i z e  14 cm 
X 15 cm X 15 cm (5%" X 6" X 6 " ) .  

PHASE I RbXO DEVELOPUENT 

During Phase I o f  the RbXO Development e f f o r t  (under an FY-83 con t rac t  
w i t h  Efratom, Inc.), a breadboard RbXO was designed and constructed. The 
breadboard cons is ts  o f  an Efratom MlOOO RFS, and an i n t e r f a c e  box t h a t  
contains the i n te r f ace  c i r c u i t s ,  a government furn ished m in ia tu re  OCXO 
( t he  "TMXO"), a t ime-of-day c lock,  and a t ime r  w i t h  which the  OM-OFF 
i n t e r v a l s  o f  the RFS can be se t .  The dimensions o f  the i n t e r f a c e  box are 
about 17" X 16.5" X 6". A copy o f  the Phase I f i n a l  r epo r t  i s  a v a i l a b l e  
t o  q u a l i f i e d  requesters f rom tne  Defense Technical In format ion ~ e n t e r . 3  

RbXO PROTOTYPE TEST RESULTS 

As the r e l i a b i l i t y  under i n t e r m i t t e n t  operat ion i s  a major unce r ta i n t y  
about the RbXO approach, as soon as the RbXO prototype was rece ived i n  
A p r i l  1984, i t  was placed on t e s t  a t  l abo ra to r y  ambient temperature. The 
i n t e r f a c e  box was se t  t o  t u r n  on the RFS once an hour f o r  5 minutes each 
time. The t ime e r r o r  was measured by comparing the RbXO's 1 pps output  
w i t h  t h a t  o f  a Hewlett-Packard 5601 cesium standard. 

During the f i r s t  700 hours ( i .e . ,  700 on-o f f  cyc les ) ,  the average t ime 
e r r o r  was about 8 microseconds per  day. Changing the ON t ime changed the 
slope o f  the accumulated t ime e r r o r  curve; e.g., i nc reas ing  the ON t ime 
t o  6 minutes resu l t ed  i n  a slope o f  about 10 microseconds per  day (which 
corresponds t o  an average frequency o f f s e t  o f  1.2 X 10-10). The v a r i a t i o n  
o f  t ime e r r o r  w i t h  ON t ime was the r e s u l t  o f  the  v a r i a t i o n  o f  the  RFS's 
frequency o f f s e t  w i t h  warmup t ime. 
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A f t e r  about 1500 on-o f f  cyc les,  the RFS was cooled t o  -45"C, wh i l e  the 
i n t e r f a c e  box remained a t  l abo ra to r y  ambient. The slope o f  the  t ime e r r o r  
vs. elapsed t ime changed t o  -25 microseconds pe r  day. A f t e r  about 90 on -o f f  
cyc les  a t  -45OC, the  RFS's i n t e r n a l  c r y s t a l  o s c i l l a t o r  f a i l e d  t o  ho ld  lock ;  
i .e., i t  would l ock  f o r  a few seconds, then unlock,  then lock,  e t c .  When 
the  temperature was increased gradual ly ,  re1 i a b l e  l o c k i n g  s t a r t e d  t o  occur 
a t  about +lO°C. A f t e r  coo l i ng  again, the  f a i l u r e  t o  l ock  was reproduced. 

The RFS was re turned t o  Efratom f o r  f a i l u r e  ana lys is .  Efratom confirmed 
the f a i l u r e  a t  low temperatures and determined t h a t  the  cause o f  f a i l u r e  
was i n s u f f i c i e n t  ga in  i n  the  c r y s t a l  o s c i l l a t o r  c i r c u i t .  Replacement o f  
the c r y s t a l  o s c i l l a t o r  and r e s e t t i n g  the  c r y s t a l  o s c i l l a t o r  ga in  co r rec ted  
the problem. Since the  RFS i n  the  Phase I1  and product ion RbXO's w i l l  
no t  con ta in  an i n t e r n a l  c r y s t a l  o s c i l l a t o r ,  t h i s  f a i l u r e  i s  no t  s i g n i f i c a n t .  

A f t e r  r e c e i p t  o f  the repa i red  RFS, the on -o f f  c y c l i n g  was cont inued a t  
room ambient f o r  1176 cyc les.  The RFS was then temperature-cycled d a i l y  
f o r  38 days between -55OC and +70°C, and on -o f f  cyc led  about hou r l y  dur ing  
t h i s  38 day per iod,  f o r  a t o t a l  o f  840 on-o f f  cyc les.  The t ime e r r o r  was 
measured each day a f t e r  s t a b i l i z i n g  the temperature a t  60°C. The accumulated 
t ime e r r o r  vs. elapsed t ime had a slope o f  -51  psec per  da as shown i n  Id Figure 1, i n d i c a t i n g  a constant frequency o f f s e t  o f  -5.9 X 10' . 

ACCUMULATED T I M E  ERROR (v.. CESIUM) 
(TEMPERATURE CYCLED) 

. . 
Slope: -51 psec/day 

DAYS 
-2.0 

o r) o n o o m o I * r( (U m m P 

Figure 1. Time e r r o r  vs. elapsed t i m e  



During the  temperature cyc l i ng ,  frequency vs. temperature data was c o l l e c t e d  
once a week dur ing  a  cyc le  from -55°C t o  +70°C t o  -55°C. The RFS was ON 
cont inuous ly  dur ing  the  frequency vs. temperature run. The r e s u l t  o f  one 
such run i s  shown i n  F igure 2. The frequency excurs ion was w i t h l n  the 
M-1000's 3  X 10-10 s p e c i f i c a t i o n .  

Figure 2. RFS frequency vs. temperature character is t ic .  

The on -o f f  c y c l i n g  h i s t o r y  o f  the RbXO pro to type  RFS i s  summarized i n  Table 
11. The summary inc ludes 600 cyc les  the  RFS experienced a t  Efratom p r i o r  
t o  shipment. That the RFS stayed w i t h i n  s p e c i f i c a t i o n s  f o r  over 4200 on-o f f  
cyc les (as ide from the  f a i l u r e  o f  the RFS's i n t e r n a l  c r y s t a l  o s c i l l a t o r )  
i s  very encouraging because i t  i nd i ca tes  t h a t  inheren t  f a i l u r e  mechanisms 
due t o  on -o f f  c y c l i n g  do no t  e x i s t .  O f  course, a d d i t i o n a l  u n i t s  need t o  
be tested.  Sixteen a d d i t i o n a l  u n i t s  a re  scheduled t o  be t es ted  du r i ng  
the Phase I 1  RbXO development, as i s  descr ibed below. 

Upon complet ion o f  the 4206 o n - o f f  cyc les,  the  RbXO pro to type  RFS was placed 
on long-term aging whi le  cont inuous ly  ON, i n i t i a l l y  a t  23OL". The r e s u l t s  
f o r  the  f i r s t  44 days a t  23°C a re  shown i n  F igure 3. ( S t r a i g h t  l i n e s  i n  
the curve i n d i c a t e  t h a t  no data was c o l l e c t e d  dur ing  the  per iod . '  On day 
12, a  momentary power i n t e r r u p t i o n  r esu l t ed  i n  a  frequency off:,et o f  - 4  
X 10- l1  and an increased aging ra te .  On day 25, an i n t e n t i o n a l  10-second 
power i n t e r r u p t i o n  re turned the frequency t o  i t s  prev ious value. The cause 
o f  t h i s  " g l i t c h "  has no t  y e t  been determined. However, i f  we ignore  the  
of fsets ,  the t o t a l  aging i s  7 X 10-12 i n  44 days, and the ag ing r a t e  a t  
day 44 i s  about 1 X 10-13 per  day. 



RbXO BREADBOARD RFS HISTORY 
(APRIL 1984 TO NOVEMBER 1984) 

# ON/OFF CYCLES TEMP TIME ERROR/DAY - REMARKS 

23 
23 
-45 
23 

T CYCLED 

4206 I VARIOUS - - - I TOTAL NUMBER OF 
CYCLES. 

- .- -. 
8,uSEC AVG 

ERRATIC 
o - - 

5 1  ASEC AVG 

TABLE I I  

AT EFRATOM 

INTERNAL XO FAILED 
NO DATA TAKEN 
-55 TO 70 DEG. C 
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Ffgure 3. RFS agf ng after  4200 on-off cycles 



PHASE I 1  RbXO DEVELOPMENT 

On 26 June 1984, two f i r m  f i x e d  p r i c e  con t rac ts  were signed f o r  Phase I 1  
o f  the RbXO program, one w i t h  the  Efratom D i v i s f o n  o f  Ba:l Corp., the  
o ther  w i t h  E.G.& G., Inc .  The t o t a l  cost  o f  the two con t rac ts  i s  $668,000. 
Both companies are t o  meet the  same requirements and both programs a re  
o f  18 months dura t ion .  S a l i e n t  features o f  the  requirements are:  

Slze: 80 cu. i n .  (517 cm3) p l us  the  s i ze  o f  the OCXO 
Operat ing temperature ranpe: -55°C t o  +68"C 
RFS thermal r e t r ace lhys te res i s :  5 X 10-11 a t  a l l  operating 
temperatures 
RFS frequency vs. temperature: '4 X 10-10 
RFS aging a f t e r  30 days a t  60°C ambient: 1 X 10-12 per  day 
Power consumption a t  -55" ( a f t e r  warmup): 23W f o r  the  RFS, 80mW 
f o r  the i n t e r f a c e  c i r c u i t s  
Hardened t o  t a c t i c a l  r a d i a t i o n  leve ls ,  
Usable w i t h  5MHz and lOMHz OCXO's 
De l i ve rab le  hardware from each con t rac to r :  8 RbXO's, four of which 
have passed the design v e r i f i c a t i o n  t e s t ,  p l us  f o u r  which a re  t o  
be tes ted  b j  the government, and 3 RbXO demonstrators t h a t  inc lude  
a d i g i t a l  c lock and t ime r  f o r  t u rn i ng  the RFS ON p e r i o d i c a l l y .  

THE DESIGN VERIFICATION TEST 

This req~ l i rement  o f  the Phase I 1  RbXO development c a l l s  f o r  the RbXO t o  
be temperature-cycled from -55°C t o  +6a°C t o  -55°C once a c l y ,  and f o r  
the RFS be turned ON and OFF twenty t imes a day f o r  a t o t a l  o f  3600 on -o f f  
cycles,  according t o  a s p e c i f i e d  schedule. This t e s t  i s  intended t o  uncover 
f a i l u r e  mechanisms and s t a b i l i t y  changes due t o  the duty  c y c l i n g  mode o f  
operat ion.  

P r i o r  t o  t h i s  program, the re  had been o n l y  hearsay type o f  i n f o rma t i on  
on the s t a b i l i t j  and re1 i a b i l i t y  o f  RFS's opera t ing  i n t e r m i t t e n t l y .  A 
major goal of  the Phase I 1  RbXO program i s  t o  determine the degree o f  r i s k  
due t o  the i n t e r m i t t e n t  opera t ion  and t o  minimize the r i s k  through proper 
RbXO design. A second goal i s  t o  determine the  s t a b i l i t y  o f  RFS's under 
i n t e r m i t t e n t  operat ion.  

RbXO SCHEDULE 

The RbXO progrdm schedule o f  major mi lestones i s  as fo l l ows :  

1. Breadboard phase: complete 
2. Design and b u i l d :  August 1984 t o  March 1985 
3. Design v e r i f i c a t i o n  t e s t  by con t rac to rs :  March 19'5 t o  September 

1985 
4. Del i v c r y  o f  the 16 RbXO's t o  government: Oct - Nov 1985 
5. Design v e r i f i c a t i o n  t e s t s  by government: December 1985 t o  June 

19S6 
6. Government long-term t e s t s  s t a r t :  J u l y  1986. 

Mi lestones 3 t o  6 assume t h a t  the con t rac to r s '  design v e r i f i c a t i o n  t e s t s  



are successful on the i n i t i a l  attempts. If f a i l u r e s  occur, contractors 
w i l l  have t o  cor rec t  the problem and repeat the tes ts .  The schedules w i l l  
then s l i p .  

The RbXO w i l l  ;#lake prec ise t ime ava i lab le  i n  systems t h a t  lack  the power 
requi red by atomic frequency standards. The f e a s i b i l i t y  o f  the RbXO has 
been demonstvted. That the prototype RFS has operated proper l y  f o r  4200 
on-of f  cycles i s  encouraging. ( I f  :?a RFS i s  on-of f  cycled once a week, 
the 4200 cycles correspand t o  an 80 year 1 i f e !  ) 

Pa ra l l e l  e f f o r t s  on the Phase I 1  RbXO development are i n  progress. Twc 
so+~:ces fo r  the RbXO are scheduled t o  be avai1ab:e dur ing 1986. 
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NEW FEATURES OF DIFFERENT FREQUENCY GENERATING SYSTEMS DUE 
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ABSTRACT 

Design and production data af bVA quartz crystal  resonators and asc i l l e to r s  have been 
present* d in the past a t  the Frequency Control Symposium. [1,2,3,41 
The BVA 5 MHz crystal  equipped frequency sources exhibit  a new blend of remarkable 
performances such as  10-11 daily sMbi l i ty ,  5x10-13 short term s t a b i l i t y  ( 1  t o  30 6 time 
intervals) and close t o  the ca r r i e r  low phase noise ( 1  tlz : -120 dBc, 10 Hz : -140 dBc), 
whereby retaining the customary crystal  osci l la tor  benefits  of smal:! volume, high 
re l i ab i l t ty  and low price, a s  opposed t o  oore sophisticated frequency generators which 
would be rewired to achieve comparable performances. 
EAamples i l lus t ra t ing  the impact of the Cscilloquartz PVA OCXO in di f ferent  frequencv 
generating uyrteas w i l l  be presented : 
- in zesium frequency srandards 
- in a hydrogen frequency standard 
- in a precision distribution sub-system for  s a t e l l i t e  ground s ta t ions  
- ill high hierarchy exchanges of d i g i t a l  networks, synchronized by the master-slave 

method 
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INTRODUCTION 

Over the  p a s t  4 years ,  OSC'ILLOQIARTZ S.A. went through t h e  var ious  and chal lenging s t e p s  
of  tu rn ing  t h e  b a s i c  "BVA CONCEPT1 i n t o  an i n d u s t r i a l  product,  then t o  pu t  t h a t  product 
i n t o  the  f i e l d .  
This  paper in tends  t o  focus on t h e  l a s t  por t ion  of  the  p rogram,  namely t o  descr ibe  where 
and why BVA o s c i l l a t o r s  have been chosen f o r  var ious  frequency genera t ing  devices,  and 
how such devices b e n e f i t  from t h e  BVA technology. 

PRODUCT DESCRIPTION : BVA RESONATOR 

The BVA u n i t  ve a r e  d i scuss ing  here,  c o n s i s t s  of an welec t rode less l l  r esona tor  a t  5 MHz, 
5th  overtone, AT-cut, which is decoupled from h i s  mounting s t r u c t u r e  by 4 bridges. These 
br idges a r e  p r e c i s e l y  made (width : 0.4 ma) and located and se rve  t h e  purpose of keeping 
t h e  mounting s t r e s s  away fruin t h e  a c t i v e  c e n t e r  p a r t  ( resona tor )  a s  much a s  poss ib le .  
The e l e c t r o d e s  a r e  evaporated on two counterpieces,  l i k e  condensors, a l s o  made of AT 
quar tz  blanks with the  same cu tangle  as t h e  resona tor  blank ( s e e  f i g .  1 ) .  
'flie 3 p a r t s  a r e  r i g i d l y  held toge ther  with s t a i n l e s s  s t e e l  c l i p s ,  and the  whole sandwich 
i s  spring-mounted i n t o  a r i g i d  cage c o n s i s t i n g  of  a base p l a t e  and a cover p l a t e  which 
a r e  f ixed t o  four  columns. 
The BVA assembly is mounted i n  a cold-weld enclosure with a c- wney which enables  t o  bake v 
out  t h e  f in i shed  resona tor  a t  250°C while  pumping it t o  1 0  mbar with a r r y o  pumping 
system and s e a l i n g  t h e  enclosure by a pinch-off process ( s e e  f i g .  2). 

This f a i r l y  complex s t r u c t u r e  o f f e r s  many advantages, namely : 
- t h e  "e lec t rode less  design" eliminates most of t h e  problems l inked t o  sur face  

per tu rba t ions  and ion migrat ions 
- t h e  use of  a c r y s t a l  re5onator  mounting made out  of quar tz  m a t e r i a l  e l imina tes  

t h e  problems linked t o  d i s c o n t i n u i t i e s ,  r e l a x a t i o n  anti s t r e s s e s  i n  the  mounting 
p o i n t s  

- t h e  reduct ion of space surrounding t h e  a c t i v e  p a r t  e l i m i n a t e s  t h e  problem l inked 
t o  contamination 

Typical ly,  t h e  EVA rescna tor  provides t h e  following c h a r a c t e r i s t i c s  (: MHz AT 5 t h  
overtone c n i t  ) : Q = 2 . 5 ~ 1 0  

6 

R1 = 80 R 
-4 

C1 = 1 . 0 2 ~ 1 0  pf 
CO = 4.1 pf 
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PRDDUCT DESCRIPTION : BVA OSClLUfOR 

To match the outstanding performances of the resonator, the electronics of our best OCXO 
B-5400 has been redesigned, with high emphasize on low noise and high stability at a11 
levels of the package. Basically, the BVA oscillator (so-called 8600 or 8601) includes 
the following sub-sections (see fig. 3 and 4). 

Inside the oven assembly : - BVA resonator 
- 5 EMz oscillator and automatic gain control 

- ::equency pulling network 

- oven control circuit 
- 17 V/7 V voltage regulator 

Outside the oven assembly : - thermal isolation 

- 24 V/17 V voltage regulator 

- dual output buffers 
- nechnical frequency adjustment 

The most significant features and performances of the BVA oscillator can be outlined as 
folious (typical 'slues) : 

long term stability : s lx10-10/month 
short term stability (m) : S 5x13-!1 for T = 0.2 to 30 sec 

phase noise ( S$) : at 1 llz = -:20 dB / at 100 Hz = -lSO dB 

static I1gv1 sensitivity : 5x10-10/g 

In these areas, the BVA oscillator has considerably improved the performances obtained 
with cormnercially available OCXOs, and has set new standards to this category of fre- 
quency sources. This further, closes the gap between the best OCXOs and the Rb rources 
offered on the market. 
It should also be noted that due to its relative simplicity, the BVA oscillator compare8 
very advantageously to its nearest atomic competitor (rubidium standards) both in terms 
of prices and reliability. 
We shall now take a closer look at the various possibilities offered with this device, 
when integrating it into various frequency generating systems. 



APPLICATION IN CESEFREQUENCY STANDARDS 

Combined requirements for high accuracy and good spectral purity of the output signal can 
be found in Doppler Radar Networks, where many observation sites must operate in perfect 
synchronization. 
A cesium standard with BVA oscillator offers the ideal solution to fulfill these 
requirements : 

the cesium accuracy enables plesiosynchronization of the network while 
the BVA oscillator guarantees the spectral purity of the distributed output 

The crystal oscillator in a cesium frequency standard loop (see fig. 5) serves the 
following purposes : 

- provides a 5 MHz output to the user and to the multiplier chain 
- contributes to the determination of the loop time constant 
- contributes to the phase performances of the output signal ( S $ )  

for Fourier frequencies located above the loop band-width 
- contributes to the short term stability performances of the output signal 

(UT) for the time intervals (1) shorter than the loop time constant 

For a given device (in our example, the cesium oscillator OSA 3000), the replacement of 
the flywheel oscillator (conventional AT-PS OCXO) by a BVA oscillator results in the 
following advantages : 

POSSIBILITY TO INCREASE THE LOOP TIME CONSTANT FROM 1 TO 3 sec (SHORT) 
AND/OR 10 TO 30 sec (LONG) 

A conventional AT-cut, 5th overtone crystal oscillator has a typical static g-sensitivity 
of 2x10-9/g whlle the BVA oscillator improves that figure by a factor of 4 (typically 
5x10-10/g). In thc cesium loop, the BVA oscillator can therefore be more losely locked to 
the cesium beam tub?, thus allowing a better exploitation of its superior short term 
stability and spectral purity. 

IMPACT ON THE PHASE NOISE PERFORMANCES 

With a time constant set to either 3 or 30 sec, the cesium standard now exhibits the 
following characteristics (see fig. 6 )  : 

Frequency offset from carrier SQ T = 3 sec S$ T = 30 sec 



FIGURE 5 : CESIUM FREQUENCY OSCILLATOR BLOCK DIAGRAM 
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I N A C T  ON THE SHaRT TERM STABILITY PERFORMANCES 

With a time constant ee t  t o  e i the r  3 or  30 sec,  the cesium standard now ex>ibi ts  t b -  

following character ie t ics  (see f ig.  7) : 

Time in terval  (T) 

0.1 sec 
1 sec 
10 sec 
100 sec 

a (T - 3 aec) 

Figure 6B provides the same data,  looking a t  Fourier frequencies very close-in t o  the 
ca r r i e r .  Assuming that  the equipment could operate i n  a very s table  environment, the loop 
time constant could even be increased t o  100 sec,  providing even be t t e r  resul ts .  

S @ [dbl 
4 

0 - - 
-10 C S  tube - ( S  loop with conventional XO --- CS loop with BVA XO I T : 30 s 

* - * * - *  Cs loop w ~ t h  BVA X O  I T : 1 0 0 ~  
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3 FIGURE 6B : 300G/3W1 PHASE NOISE DATA PLOT - 10 HZ) 
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APPLICATION IN A HYDROGEN MASER OF POOR QUALITY 

The use in radioastronomy and VLBI (Very Long Baseline Interferometry) of increasingly 
higher observation frequenciea creates a unique requirement for an oscillator having the 
lowest spectral density of phase fluctuations (S$) obtainable for both high Fourier 
fre uencies (1.e. from 1 Hz up to a few Mllz) and low Fourier frequsncier (i.e. down .;o -3 
10 Hz). The LO (Local Oscillator) signal needed for a radioastronomv receiver is nor- 
mally derived from an H-maser atomic signal through at least 2 phase lock loops (see fig. 
8). A VCXO (Voltage Controlled Crystal Oscillator) having normally a 5 MHz output fre- 
quency is phase locked to the atomic signal with a typical loop bandwidth of a few Hz, 
and the microwave oscillator is phase locked to the VCXO signal. The bandwith of this 
last PLL (Phase Locke' Loop) depends on the p ase noise characteristics of the microwave a 
oscillator and is typically of the order of 10 Hz. The reason behind that design resides 
in the fact that the atomic signal has the lowest phase noise for Fourier frequencies 
below 1 Hz, the VCXO multiplied to the LO freq ency has normally the lowest phase noise Y 
in the Fourier frequency range between 1 and 10 Hz d the microwave oscillator has the 'fP 
lowest phase noise for Fourier frequencies above 10 Hz. Here we are concerned mostly 
with the phase locking of the VCXO on the atomic signal. 

OUT 

FIGURE 8 : E E R  PHASE-LOCK SYSTEM 



REALISATION OF AN llOPTIMUH" PU 

The rtate-of-che-art 5 lPlz BVA quartz crystal oacillatorr (4) has a spectral density, a t  
5 N, given by 

A mrer  orci l la tor  typlcal phare noire referred to  5 mz i r  given by (41 
12.9 -2 + lo-ll.l 0 

S - 10 xf 
4'A 

xf 141 

An l ~ o p t i m ~ l  P U  rlmilar to  the one dercribed i t1  ref.  7 ha8 been derigned and realized 
according t o  the criterion of minimum integrated rau phare noise. The experimental 
results are in good agreement with the theoretical calculation and are represented, a t  
che 5 M z  output frequency, in fig. 9, 10 and 11, for Fourier frequencies above 1 Hz. The 
result derived from the final setting (fig. 11) i s  believed to be one of the best avail- 
able today and i r  r t i l l  rurceptible to an improvement of U dB in the white phare noise 
region. 'P.e previous rerults give u total  rmr time j i t t e r  of 0.32 p8 in the 1 Hz-100 kHz 
bandwidt~t, Lhir mean8 that this rarer could be conveniently used up to 200 GHz interfero- 
meter :requency with u negligible 101, coherence lorr.  For tne details of the calculation 
we refer to  ref. 5 

SPECIFICATIONS DETERMINATION - FREQUENCY STABILITY - 
In addition to  the previous dircurrion r the requirement of the rhcrt term/long term 
frequency s tab i l i ty  the fo1lm:ing comacnt i r  in order. The optimum PLL previously descri- 
bed can be used coven~ently only in vibration free enviro~uaents, Irccaure the loop band- 
width i s  approximately 0.5 Hz and the BVA oscillator g-sensitivity 5x10-10/g the olow 
coherence requirement n o m l  ly i s  translated i n  the fo l l  ~wing epecif ication for the Allan 
Variance : 

a (T) = 7x10-l3 1-l 
and y 

1 5 T 5 100 rec 

u (TI = 2x10 -I5 To 1'000 S T  s 10~000 rec 
Y 

which appears fully satL~factory in conrideration of the 1x10-14 Allm "ariance limita- 
tion imposed by the atmosphere i t s e l f .  Ihe 5 EFOS H-masers (81 constructed and terted i n  
our laboratory have shown conristently s t ab i l i t i e r  within the previous rpecr (ace fip. 9). 



FIGURE 9 : MASER PLL & VCXO TYPE BVA 8601/5 ntz  
Fn - 10.6 Hz 

FICllRE 10 : HASER PLL L VCXO TYPE BVA 8601/5 W i t  
F n -  O . L > H Z  



FIWi 11 : HASER P U  L VCXO TYPE BVA 860115 KHz (FINAL SETTING) 
Fn - 0.55 Hz 



AI'PLICATION IN PRECISION DISTRIBUTION SUB-SYSWI FOR SATELLITE GROUND STATION - 
DESIGN PHIUISOPHY 
With the requiremiits in satellite conmunication systems to make maximum usage of the 
frequency spectrum, coupled w i ~ h  the reliability and availability requirements of a 
state-of-the-art cocanunications system, the technical specification of a frequency 
distribution sub-system is extremely stringent, especially since the  pera at ion of the 
station is totally depc lent on that sub-system. 
In order to meet this high technical specification within a relatively short development 
timescale, a design vas evolved making the maximum use of state-of-the-art proprietary 
equipment nodules. 
The main frequency references for the sub-system are provided by two crystal frequency 
standards, each including BVA oscillators. 
"ystal c?scillators although not as stable, long term wise, than rubidium standards, vere 
used becav.sr -f their extremely l w  phase noise and high MBF. 
Longer :e,.a ?.ends in stability are determined by comparing the oscillator outputs with a 
ruhidiun standard. Considering the typical aging of the oscillator below l0-ll/day, the 
number of periodic recalibration can be set to a minimum. 

IHPLEHEHTATXON 
The sub-system may be conveniently divided into five main areas for considerrtion : 

THE FREQUENCY GENERATION 
INTERMEDIATE CABLING 

REWTELY S ITUAT&D AMPLIFIERS 
THE POWER SUPPLY 

The relationship betveen these areas can be seen in fig. 13. 

FIGURE 13 : FREQUENCY DISTRIBUTION SUB-SYSTEM -BLOCK D I A W -  



FREQUENCY GENERATION E Q U I P M ~  (see f i p .  14) 

Two frequency r e f e r e n c e s  a r e  provided i n  t h e  f requency g e n e r a t i o n  equipment.  These s o u r -  
c e s ,  each o f  which is  provided w i t h  its own i n t e r n a l  backup b a t t e r y  supp ly ,  c o n t a i n  a 
unique type  of  c r y s t a l  o s c i l l a t o r  w h i ~ h  p rov ides  an  o u t p u t  s i g n a l  w i t h  a long term s t a b i -  
l i t y  of b e t t e r  than ? 2 p a r t s  i n  10 p e r  day, i e  approach ing  t h a t  o f  a rubidlum s t a n -  
dard .  lhe o u t p u t s  o f  t h e s e  two r e f e r e n c e  s o u r c e s  a r e  f ed  t o  an  au tomat i c  changeover u n i t  
i n  o r d e r  t o  i n c r e a s e  t h e  r e l i a b i l i t y  and a v a i l a b i l i t y  o f  t h e  ou tpu t .  The ou tpu t  from t h e  
automat ic  changeover u n i t  is i n  t d r n  fed  t o  a main d i s t r i b ~ t i o n  a n p l i f i e r  which p rov ides  
t h e  main feeds  f o r  t h e  v a r i o u s  a r e a s .  The o u t p u t  f r e q u e n c i e s  from t h e  r e f e r e n c e  s o u r c e s  
a r e  compared t o  t h e  o u t p u t  from a rub'dium s t a n d a r d  u s i n g  a f requency d i f f e r e n c e  me te r ,  
coupled wi th  a c h a r t  r e c o r d e r ,  e n a b l i '  3 a p p r o p r i a t e  f r a c t i o n a l  changes  t o  be e f f e c t e d  
manually. To f u r t h e r  i n c r e a s e  t h e  a v a i l a b i l i t y ,  b a t t e r y  backup is provided f o r  t h e  whole 
r ack  of equipnent  and coaprehenslve  moni tor ing is provided t o  enab le  f a u l t s  t o  be q u i c k l y  
r e c t i f i e d .  

IMEREIWIATE CABLING 

Having ob ta ined  a v e r y  h igh  s i g n a l ,  i t  is e s s e n t i a l  t h a t  i t  is n o t  degraded t o  any e x t e n t  
d u r i n g  tra.-smission t o  o t h e r  sub-systems. For t h i s  reason,  a c o a x l a 1  c a b l e  o r i g i n a l l y  de -  
s igneo  for e l ec t ro -magne t i c  p r o t e c t i o n  i n  n u c l e a r  r e a c t o r s  is used. I t  c o n s i s t s  o f  t h r e e  
b r a i d s  and two s p i r a l l y  wound mu-metal t apes .  T h i s  p r o v i d e s  g r e a t e r  p r o t e c t i o n  a g a i n s t  
e l ec t ro -magnz t i c  i n t e r f e r e n c e  than s e m i - r i g i d  c o a x i a l  c a b l e s ,  u h i l s t  r e t a i n i n g  a f l e x i b i -  
l i t y  s i m i l a r  t o  t h a t  of  s t a n d a r d  c o a x i a l  c a b l e .  S p e c i a l  c o m e c t o r s  a r e  used w i t h  t h i s  
c a b l e  i n  o r d e r  t o  p r e s e r v e  its h igh  s h i e l d i n g  p r o p e r t i e s .  

REHDTELY SITUATED AMPLIFIERS 

As many more o u t p u t s  a r e  r e q u i r e d  than can he s u p p l i e d  by on2 a m p l i f i e r ,  f u r t h e r  ampl i -  
f i e r s  a r e  s i t u a t e d  i n  t h e  sub-systems t h a t  t hey  se rve .  These a m p l i f i e r s  a r e  of t h e  same 
type  a s  t h e  main d i s t r i b u t i o n  a m p l i f i e r  and a r e  once a g a i n  o f  a ve ry  lw n o i s e  des igv .  
S i t u a t i n g  them i n  t h e  same a r e a  a s  t h e  equipments they  s e r v e  keeps  i n t e r f e r e n c e  t o  a 
lainimun and reduces  c a b l e  c o s t s .  Each a m p l i f i e r  is coupled t o  an  a l a rm u n i t  t o  d i s p l a y  
power o r  f requency f a i l u r e  f a u l t s .  

POWER SUPPLY 

Due t o  t h e  r equ i remen t s  f o r  extrcrnely low phase n o i s e  o u t p u t s ,  i t  is a l s o  v i t a l l y  tmpor- 
Sant  t o  a v c i d  components i n  t h e  phase  n o i s e  t h a t  a r e  d e r i v e d  from t h e  power supply .  
Lmi l s t  it i s  no t  p o s s i b l e  t o  e l i m i n a t e  50 Hz mains componerts comple te ly  i n  an  unsh ie lded  
e n v i r o n m ~ n t  they a r e  r e d ~ c e d  by p rov id ing  a 50 t o  400 H z  pover conver to r .  Host o f  t h e  
sub-system is run o f f  400 Hz, thus  reducing t h e  e f f e c t  of  t h e  components produced. Gene- 
r a l l y ,  t h e  400 Hz components i n  t h e  phase n o i s e  w i l l  f ~ ; l  o u t s i d e  tt.e loop bandwidth o f  
t h e  RF cor tver tors  and t h e  RF system is subsequen t ly  more t o l e r a n t  o f  such components. The 
c o n v e r t o r s  a r e  provided i n  d u p l i c a t e  t o g e t h e r  wi th  au tomat i c  changeover t o  ma in ta in  t h e  
o v e r a l l  a v a i l a b i l i t y  o f  t h e  system. 
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The frequency sub-system meets t h e  s t r i n g e n t  t echnica l  requirements with a  phase n o i s e  
performance t h a t  represen ts  t h e  b e s t  a v a i l a b l e ,  using today's technology. 

The phase noise f i g u r e s  obtained a r e  equal  t o ,  o r  b e t t e r  than,  the  foliowing : 

Frequency o f f s e t  from c a r r i c r  SSB phase n o i s e  i n  1 Hz bandwidth 
(llz) (dBc/Hz) 

Now harmonically r e l a t e d  and power supply r e l a t e d  spurious phase no ise  components ( s p u r s )  
a r e  b e t t e r  than 

-1U dBc i n  t h e  range o t  1 Hz t o  395 Hz f r m  c a r r i e r  
and - 94 dBc i n  t h e  range of  395 Hz t o  1 0  kHz from c a r r i e r  

The achievable system s t a b i l i t y  is  : s h o r t  term, f 1 p a r t  i n  10" per second 
long term, + 2 p a r t s  i n  10" per  day 

An a v a i l a b l e  f i g u r e  of 99.9995% ensures  almost continuous on- l ine  opera t ion  of t h e  
s t a t i o n .  
The modularity of the  sub-system makes simple provision f o r  f u t u r e  expansion t o  meet new 
requirements. Thf. sub-system can be c i t h e r  compressed o r  expanded in s i t e ,  o r  modified t o  
s u i t  d i f f e r e n t  p t ~ y s i c a l  c o n s t r a i n t s  without a f f e c t i n g  i ts  e s s e n t i a l l y  high t e c h n i c a l  
s p e c i f i c a t t a n .  



APPLICATION IN A SYNCHRONIZED DIGITAL NETWORK 

The needs and characteristics of reference clocks for digital communications systems are 
extensively described in ref. 10 and 11. From these information, we can sumarize trends, 
facts and requirements es follows : 

- Data transmissions by means of time division multiplex (TDMA) are 
becoming increasingly popular in modern telecomunication networks. 

- International data comunication are n.%ed by ITU (International Telecomuni- 
cation Union), hy means of CCITT recomendations. 

- CCITT recommendation G-811 calls for a maximum frequency offset of = 1x10-11 
between two international exchanges. This value is based on the m;aximm error 
rate (or slip rate) allowable between two nodes to ensure proper data 
transmission. 

To comply with this reconwendat ion, trends are nowadays to achieve "frequency 
synchronization" : 

- At an INTERNATIONAL LEVEL in a plesiosynchronous way, using master clock 
systems including cesium standards. 

- At a NATIONAL LEVEL in a synchronous way, using synchronizing modules at each 
nodes connected directly or indirectly to the master clock. 

A typlcal letwork ccnfiguracion is given in fig. 15. 

N 1 
N 2 

N1 N2 R 3  = PCM I ~ n k s ,  2048  k b ~ t  

To 3 rd order 

1 st order 

2 nd order 

FIGURE 15 : TYPICAL NETWORK CONFIGURATION (MASTER SLAVE MODE) 
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nR).IS AND DEFINITION 

It should be mentioned a t  t h i s  s tage  t h a t  t h e  requirements and concerns of t h e  @'telecom- 
munications people" i n  terms of frequency sources a r e  expressed i n  a very s p e c i f i c  
manner. 
- 1 9 0 s c i l l a t o r s  people" l i k e  t o  d e f i n e  and c h a r a c t e r i z e  t h e i r  product i n  terms o f  ACCU- 

RACY, STARILITY per  u n i t  of time o r  over a given environment, REPRODUCIBILITY, AGING, 
e t c .  

- 9Telecoaaunicat ion people" on t h e  o t h e r  hand s p e c i f y  t h e i r  needs by us ing  t h e  fol lowing 
terms : 

JIlTER : WS phase dev ia t ion  i n  a given bandwidth 
WANDER : systematic  and/or random phase o r  time f l u c t u a t i o n ,  

l inked t o  cab le  delay,  seasonal  temperature v a r i a t i o n s ,  
t ransmission e f f e c t s ,  e t c .  

TIE : "TIHE INTERVAL ERROR"; d e f i n i t i o n  of the  c lock  performances 
limits given by the  r e l a t i o n  

TIE ( t )  = AT ( t  + T) - AT ( t )  

AVAILABILITY : time during which t h e  system w i l l  remain wi th in  the  CCITT 
C-811 limits, i n  case of degradat ion o r  absence of  
synchronizing re fe rence  

The l a t t e r  is of p a r t i c u l a r  i n t e r e s t  t o  us  s i n c e  d i r e c t l y  r e l a t e d  t o  t h e  long term s t a b i -  
l i t y  (aging) ,  of the  fly-wheel o s c i l l a t o r  i n  the  synchronizing module. A law aging o s c i l -  
l a t o r  w i l l  indeed g ive  more time t o  t h e  o p e r a t o r  f o r  s e r v i c i n g  t h e  nodes i n  c a s e  o f  
reference f a i l u r e .  

lo' 

n1 

10' = 

EVA oscillator 
aging : 10-lllday 

FIGURE 16 : T I E  INTERNAL ERROR LIMITS, CCITT REC. G-811 (DRAFT REVISION 1980) 



SYNCHRONIZING MODULE 

A s  previously shown ( f i g .  I S ) ,  each ncde located a t  a secondary l e v e l  is connecte: t o  one 
o r  severa l  l i n e s  ca r ry ing  the synchronizat ion and reference s i g n a l  ( i n  our  example, a t  
2048 kHz 1. 
Each l i n e  a l s o  c a r r i e s  messages which, combined with t h e  e f f e c t s  of d i s tance  and t h e  
na ture  of t ransmission,  r e q u i r e  s p e c i a l  precaut ion t o  e x t r a c t  and use the  re fe rence  
frequency. 
The main purpose of t h e  synchronizing module is  t o  e x t r a c t ,  f i l t e r  and regenerate ,  from 
t h i s  s i g n a l  a c lean  reference frequency which is compatible t o  the  CCITT reconreendation 
G-811. 
This  frequency w i l l  be used f o r  d r i v i n g  the  frequency converter  and d i s t r i b u t i o n  ampli- 
f i e r s  intended f o r  loca l  use. 
A t y p i c a l  2nd l e v e l  node conf igura t ion  xould c o n s i s t  of 3 synchronizing modules each 
driven by one o r  p re fe rab ly  severa l  reference input  l i n e s  ( s e e  f i g .  17) .  

R3 '-1-1 Y E  - c  DIGITAL I OSCILLITOR I 
5000 SMHz To Bus 

TB - r  mad 8608 

F R I I 
I I 

W2 
5000 

IC - B  O S C l L L A 1 0 1  1 
to  

rc -r I 
P L L  

mad 8600 SMH2 Bus 
F R I I I 

I I I 

FR 5000 Compar~son Calibrat~m 

ALARMS* LOGIC 

FIGURE 1 7  : TRIPLICATE SYNCHRONIZING MODULE 



ROLE OF THE OSCILWTOR 

In view of these different constraints, many features only offered with the BVA oscilla- 
tor can be exploited to the benefit of the system performances : 

OSCILLATOR FEATURES 
-11 

Very low aging rate (< 10 /day) 

High KIBF 

SYSTEM BENEFITS 

24 hours autonomy (availability in 
case of loss of reference) 

Excellent short/medium term stability 
(S 5 x 1 0 - 1 3  from 0.1  to 3 0  s) and low 
sensitivity to environmental changes 

Improves system's availability 
figure. Decreases servicing and 
operating costs 

Possibility to use high P U  time 
constant, thus to improve the jitter 
rejection 

The data plots provided in fig. 18 and 19 exhibit the performances of the synchronization 
module we realized for this application, based on the use of a BVA oscillator in a loop 
bandwidth of % 1x10-4 Hz. 

Linearized frequency control function No variation of loop time constant 
with time (following compensation of 
XO Gging) 

FIGURE 18 : MAX. JITTER LEVEL VS G - 7 0 3  RECOMMEMIATION 

1 o' 

MO- 

M A X  ADMISSIBLE INPUT JITTER LEVEL 
FOR OSA SYSTEM 

G-703 REQUlREtiENTS 



Observation period (S seconds) a~n.~tuz 

FIGURE 19 : PERMISSIBLE TIE (G-703) AND TYPICAL SYSTEM'S PERFORMANCES 

CONCLUSIONS 

- BVA oscillators have now reached industrial maturity both in terms of their production 
and applications. 

- Substantial pcrformanccs lmprovements have been demonstrated in various frequency 
generating devices, following the repl~cement of the conventional OCXO with a BVA 
oscillator. 

- Developments based on the BVA technology arc being conducted in the areas of HF OCXO 
and low 8-sensitivrty osclllators. These efforts, combined with the growing number of 
applications calling for very high performances frequency sources, are contributing to 
further improve the ~tate-of-the-art in quartz crystal osclllators. 
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L/ 
1 QUESTIONS A N D  ANSWERS 

A L B E R T  BENJAMINSON, S. T. RESEARCH: Can you t e l l  u s  more a b o u t  
t t h e  B V A  r e s o n a t o r ?  

M R .  JENDLY: Do you mean s p e c i f i c a t i o n s ?  

M R .  EENJAMINSON: Yes. 

M R .  JENDLY: Yes ,  t h e y  a r e  i n  t h e  p a p e r .  I c a n  g i v e  yot: t h e  p a p e r  
r i g h t  a w a y ,  i f  you w i s h .  The Q f a c t o r  i 3  2.5 m i l l i o n ,  and t h e  
r e s r s t a n c e  i s  280 ohms, and C 1  and Cp  I can  g i v e  you r i g h t  away. 



O R I W A L  PAQZ~S '  
OF POOR QUALIW 

T h e  S y s t e m  D e s l g n  o f  a  H u b i d t u r n  M a s e r  F r e q u e n c y  S t a n d a r d  

C h e n g - X i  X I  o n q  
B e i . ~  ~ n q  I n s t  I t u t e  o f  R a d ;  o 

M e t r o 1  o q ~  a n d  M e a s u r e m e n t  
f 3e i . i  inq,  C h i n a  

T h e  R u b ~ d ~  urn M a s e r  F r e q u e r ~ c ~ . ~  S t a n d a r d  1s a  p r e c  I - 
s l o n  f r e q u e n c v  s o u r c e  w l t h  e x c e l l e n t  s h o r t - t e r m  s t a b ~ l -  
I t v .  A t y p e  PBR- I1  R b  m a s e r  f r e q u e n c  s t a n d a r d  has b e e n  
d e l l e l o p e d  b v  t h e  b e 1  1 1 n q  Institute o f  R a d l a  M e t r o l w . . ,  
a n d  Measur  enten t 1.BIRMI,1). T h e  t  me-doma1 r~ f r e q u e n c v  
s t a b 1  1 i  t v  1: t w o - s a m p l e  (.Jar. l a n c e )  o f  t h i s  f r e q ~ e n c . . . ~  
c t a n d a r d  1 5  l e s s  t h a n  1 . 5 ~ 1 6 - ~ ~ T - ~  t c l r  ?=18rnc,+l .8c, ,  
f h= 1 . cl kHz . 

Two PER- I1  f r e q u e n c v  s t a n d a r d s  h a v e  b e e n  us.ed a s  
r e f e r e ~ c e  f r 9 q u e n c l *  s o u r c e s  I r~ a f r e q u e n c f  c t a b 1  1 I t... 
m e a s u r e m e n t  s v s t e m .  

Ir ,  this p a p e r  some ~ r n p o r t a r t t  clZ=tern c h a r a c t e r i  s- 
t I c s  f o r  t h e  PBR-I I Rb m a s e r  f r e q u e n c . d  s t a n d a r d  such a s  
p h a s e  n o 1  c e  a n d  f r e q u e n c y  s t a b 1  1 I t v  t r a n c f  e r  c h a r a c t e r -  
I s t  I c z  w i  1 1  b e  d i  s c u s s e d .  F u r  t he r tnc rs r  , t h e  f 0 1  1 ow I ncl 
~ O Q I C S  ~ 1 1 1  b e  I n c l u d e d  a s  Ij.tel 1 :  

1 .  D e s l g n  o f  t h e  f r e a u e n c v  s t a , n d a r d  f o r  b p t l m u r n  
f r e q u e n c y  s t a b 1  1 i  t, of t h e  . , u t p u t  c l o n a l  . 
2 .  T h e  c h o ~ c e  of a VCXO t o r  t h e  f r e a u e n c . . ,  s t a n d 3 r d .  

3 .  The d e s i q n  o f  t h e  p h a s e - l o c k e d  l o n b .  

The r e q u e n c y  s t a b i l  l t v  t e s t  r e s u l t s  on t h e  PER- I1  
show t h e  a c h l e c e m e n t  o f  t h e  s v c t e r n  design g o a l s  given 

a b @ \ ~ e .  

I 

I NTRC DUCT I ON 

I The F u h l d i u m  m a s e r  i s  art a c t i v e  a t o m ~ c  f r e a u e n c : ,  s t a n d a r d .  One o f  
i t s  characteristics i s  t h a t  o f  ~ e r v  g o o d  s h o r t - t e r m  s t a b i  1 I t ~ .  I n  
a t o m 1  c  f r e q u e n c y  s t a n d a r d s . .  t h e  R u b l d ~  urn m a s e r  f r e q u e n c y  s t a n d a r d  
h a  t h o  b e s t  f r e a u e n c v  s t a b i  1  i t v  f o r  a v e ~ a g i n g  t ~ m e s  b e t w e e n  
m i  1 1   seconds a n d  s e c o n d s .  T h u s ,  t h e  Rub1 d l  um m a s e r  I S  a  p r e c  I 5 1  o n  
f r e q u e n c y  s o u r c e  w h l c h  c a n  b e  u s e d  I n  f r e q ! ~ e r r c v  s t a b i  1  it^ 
m e a s u r e m e n t  s v s  t e m s .  

T h i s  p a p e r  p r e s e n t s  t h e  d e s i g n  c o n s i d e r a t i o n s  f o r  t h p  P B R - I 1  
r u b i d i u m  m a s e r  f r e q u e n c y  s t a n d a r 8  d e v e l o p e d  by t h e  B e ; . j l n o  
I n s t  i t u t e  o f  R a d i o  M e t r o l o g y  a n d  ~ . , c a s u r e m e n t  (B IRMM) .  The main 



p r o b l e m  t h a t  w l l l  be d i s c u s s e d  i s  t h e  f r e q u e n c y  s t a b l l l t v  o f  t h e  
o u t p u t  s l q n a l  o f  t h e  r u b l d l u m  maser f r e q u e n c y  s t a n d a r d .  We w i l l  
f l r s t  discuss t h e  b a s : c  d e s l g n  e q u a t i o n s  o f  t h e  f r e q u e n c v  
s t a n d a r - d  sys tem and g l u e  a  d e s c r l p t  i o n  o f  d i  f f e r e n t  phase n o l c e  
s p e c t r a l  d e n s i  t i e s  o c c u r r  I n g  i n  t h e s e  components  s o  t h a t  t h e  
r e l a t  l o rash  I p between t h e  phase -no lse  and t h e  f r e q u e n c v  s t a b 1  l i t v  
o f  t h e  o u t p u t  s l m a l  o f  t h e  f r e q u e n c y  s t a n d a r d  c a n  be determined. 
We t h e n  discuss t h e  o p t i m i z a t i o n  o f  t h e  d e s i q n  o f  t h e  l o w - n o i s e  
r e c e l v e r ,  t h e  UC>'O and t h e  p h a s e - l o c k e d  l o o p  t h a t  a r e  u s e d  I ~ I  t h e  
PBR-11. F i n a l  l y  we p r e s e n t  t h e  me thods  u s e d  a n d  t h e  experimental 
r e s u l t s  f o r  m e a s u r i n g  r e s i d u a l  f r e q u e n c y  l n r t a b i  1 i t~ f t h e  
phase-1 ocked r e c e  i u e r  . The des I gn v a l  u e s  and  t h e  e x o e r  imen t a l  
u a l u e s  a r e  I n  b a s l c  agreement .  d e m o n s t r a t i n g  t h e  <la1 id1 t r  o f  t h e  
de51  gn c o n s l d e r a t  l o n s .  A  d e s c r i p t i o n  o f  t h e  t ime-domain frequent?, 
s t a b 1  1 I ? v  of  t h e  c o m p l e t e  PBR-I I f r e q u e n c v  s t a n d a r d  3nd o f  t h e  
R I J ~ I  131 urn 1 ~ 1 3 ~ e r  a r e  g l  uen.  

The R b  maser and t h e  t r a n s f e r  ot I t s  f r  equencv  5 . t 3 . b i  l i t't; t o  an 
o u t p u t  s t q n a l  have been d i s c u s s e d  e x t e n s l u e l v  ( 1  t h r o u g h  1@3.  The 
deue lapment  ot t h e  Ph maser f r e a u e n c v  s t a n d a r d  heqan ~ n  t h e  BIRMM 
i n  1971. An ea r - l  i e r  model o f  t h e  Rb maser f r e q u e n c v  s t a n d a r d  
w h i c h  I.tar d e v e l o p e d  t t v  t h e  Wuhan I n s t i t u t e  o f  F)h...>.~.lcs ,,nd BIPIII '~~ 
has  been d e s c r  I t - d  b e f o r e  C l B ? .  The PBP-I1 Rb maser +requenc.-.. 
~ . t a n d a r d  p r e s e n t e d  i n  t h l s  paper 1s a new m o d e l .  I t s  f r e q u e n c r  
s t a b 1 1  I ti. 1 5  now 1 . 5 ~ 1 @ - l ~ f - ~  t o r  a u e r a g i n q  t l m e s  between ml  1 1  I -  

seconds and seconds,  and  exh  I b l  t s  b e t t e r  0pera. t  i o n a l  r e 1  I at11 1 r t r  
t h a n  t h e  e a r l  i e r  mode l .  

BAS1 C SYSTEM DESIGN PRINCIPLES 

The sys tem d e s l q n  f c ~ r  t h e  PPR-I1 wlac. d l r e c t e d  t o w a r d  t h e  a c h l e u e -  
ment o f  opt lmum  stem p e r f o r m a n c e  and  g l u e s  requirements on  t h e  
v a r l o u c  cornponelsts o f  t h e  s:vctem. 

1  . Genera l  Descr  I p t  i on o f  t h e  Rb Maser F requency  S t a n d a r d  

The F u b l d l u m  maser f r e q u e n c y  s t a n d a r d ,  1 l k e  o t h e r  maser a torn lc  
f requ+ ' scv  s tanda i -ds .  c o n s l s t s  o f  a Rb maser and  a p h a s e - l o c k e d  
r e c e  I u s r ,  a s  shown I n  F i g u r e  1. The Rb maser I S  a f r e q u e n c r  
s a u r c e  w i  t h  e x c e l  1 e n t  f r e q u e n c v  s t a b i  1 I t v .  The o p e r a t  I n g  
f r e q u e n c y ,  V ,  o f  t h e  maser 1s 6834 MHz and  ~ t s  power o u t p u t  i s  on 
t h e  o r d e r  o f  W .  The p h a s e - l o c k e d  r e c e i v e r  shown I n  F i g u r e  2 
p l a y s  a  m a . j , ~ r  r o l e  i n  t h e  t r a n s f e r  o f  t h e  f r e q u e n c u  s t a b 1 1  i t v  to  
t h e  o u t p u t  s l g n a l  . c o n v e r s i o n  t o  a  s t a n d a r d  f r r q , e n c v  and  I ~ I -  

c r e a s e  i n  t t , e  power l e v e l .  6i t v p l  c a l  c y s t e m  o f  t h e  Rb maser 
f r e q u e n c r  cta1.1dard w i  t h  t h e  r e l e v a n t  components and  t h e i r  c c ~ n t r  i -  
b u t l o n s  a r e  shown i n  F i g u r e  3. The preamp1 i + l e r  shown ~ n  F l ~ g u r e  3 
I S  n o t  u:,?d i n  t h e  PBR-I I Rb maser + r e q u e n c v  s t a n d a r d .  I t  IS. 

I I ! ~ ?  ~ d e i  . n  t h e  d i a g r a m  f o r  t h e  p u r p o s e  o f  a n a l v s l s  and  
c cmp ar i scrr~. 

TII: uol taqe c o n t r o l  l e d  c r y s t a l  osc I 1 l a t o r  <IJC..XO) has a mean 
o u t j u t  f r e q u e n c v  V.a phase s p e c t r a l  dens1 t v  Sap ~n t h e  l o c k e d  
c a r e  and a t u n  I n g  s e n s i  t i v  i t v  K y  e x p r e s s e d  I ? r5d1 d r i ~ . / u o l  t -  
second.  I t s  + requencv  I S  multiplied b y  an i n t e g e r  M t o  y i e l d  a 



s i q n a l  w l  th f r e q u e n c y  c l o s e  t o  t h e  mase r  f r e q u e n c r .  The  
p h a s e  n o i s e  c o n t r i b u t i o n  o f  t h e  m u l t l p l i e r  r e f e r r e d  t o  t h e  i n p u t  
f r e q u e n c y  i s  g i v e n  by SaMU( f ) .  The m i c r o w a v e  m i x e r  I S  f e d  by t h e  
amp1 i f  i e d  maser  s i g n a l  ( o r  t h e  mase r  s i g n a l  1 a n d  t h e  f r e q u e n c y  
m u l t i p l i e d  VCXO s i g n a l  t o  y i e l d  an  i n t e r m e d i a t e  f r e q u e n c r  ( I F ?  
s i g n a l  with a f r e q u e n c y  V I F ~  much s m a l l e r  t h a n  v ~ .  The i f  
c o n t a i n s  b o t h  t h e  p h a s e  i n s t a b i l i t y  of  t h e  m a s e r  a n d  o f  t h e  
m u l t i p l i e d  VCXO. The VCXO s i q n a l  i s  a l s o  t h e  r e f e r e n c e  o f  a  
f r e q u e n c y  o f  a  s y n t h e s i z e r  w h i c h  y i e l d s  a n  o u t p u t  f r e q u e ? c r  VLQ3 
e q u a l  t o  v 1 ~ 2 .  The  mase r  f r e q u e n c y .  a n d  c o n s e q u e n t l v .  t h e  
i n t e r m e d i a t e  f r e q u e n c r  VIF a n d  t h e  VCXO f r e q u e n c v  a r e  n o t  r e l a t e d  
by a s i m p l e  r a t l o n a l  number .  The  f r e q u e n c y  s v n t h e s l z e r  a c t s  as a  
t h i r d  f r a c t i o n a l  mu1 t i p 1  i c a t l o n  f a c t o r  M3. The f r e q u e n c v  
s y n t h e s ~ z e r  a l s o  e x h i b i t s  i t s  own p h a s e  n o l s e ,  b u t  s i n c e  t h e  
mu1 t i p l  i c a t l o n  t a c t o r  1s s o  smal  1 i t  r a n  be n e g l e c t e d  when 
compared  t o  t h e  phase  n o l s e  a d d e d  by t h e  f i r s t  m u l t l p l i e r .  The  
s i g n a l s  w i t h  f r e q u e n c i e s  V 1 ~ 2  a n d  V ~ 0 3  f e e d  t h e  p h a s e  d e t e c t o r  
h a v i n g  a  phase  s e n s l  t 1 v i  t y  Kd e x p r e s s e d  l n  v o l  t s / . . r a d ~  an .  T h a t  
p a r t  o f  t h e  r e c e l v e r  c o m p r i s i n g  t h e  mu1 t i p l  i e r  s y n t h e s i z e r .  
m l x e r ,  I F  a m p l i f i e r  a n d  p h a s e  d e t e c t o r  i s  d e s i g n a t e d  a s  t h e  down 
c o n v e r t e r  . 
The  l o w - f r e q u e n c y  o u t p u t  s i g n a l  o f  t h e  p h a s e  d e t e c t o r  i s  a 
measu re  o f  t h e  p h a s e  e r r o r  b e t w e e n  t h e  s i g n a l s  a t  f r e q u e n c r e s  VM 
a n d  YLO1. The e r r o r  s l g n a l  i s  p a s s e d  t h r o u g h  t h e  l o o p  f i 1 t e r  w i  t h  
t h e  t r a n s t e r  f u n c t i o n  F C j u ) .  U s u a l l y  t h e  l o o p  f i l t e r  1s o f  t h e  
1  ow-pass t y p e ,  a n d  t h e  t r a e l s f e r  f u n c t i o n  i s  c h o s e n  t o  y i e l d  
o p t i m a l  PLL p e r f o r m a n c e .  F i n a l l v  t h e  f i l t e r e d  e r r o r  s i g n a l  i s  f e d  
t o  t h e  t u n l n g  I n p u t  o f  t h e  VCXO, w h l c h  I S  t h e n  l o c k e d  t o  t h e  
f r e a u e n c v  o f  t h e  maser  SI  g n a l  . 
2. B a s i c  E o u a t i o n s  

The  b a s t  c  b l o c k  d i a g r a m  o f  t h e  p h a s e - I o c K e d  s y s t e m  I S  shown I n  
F l a u r e  2. A s  s t a t e d  i n  (8). t h e  p h a s e  n o i s e  s p e c t r a l  d e n s i  t v  o f  
t h e  o u t p u t  o f  a VCXO w h i c h  i s  p h a s e - l o c k e b  tn a r e f e r e n c e  s i g n a l  
c a n  b e  w r i t t e n :  

The  power  s p e c t r a l  dens1  t y  o f  t h e  r e l a t  l v e  f r e q u e n c y  f l u c t u a t i o n s  
c a n  be c a l c u l a t e d  f r o m :  

HI(+) a n d  H 2 ( f )  a r e  t h e  t r a n s f e r  f u n c t i o n s  o f  t h e  p h a s e  l o c k e d  
l o o p ,  F ( j 2 f l f )  i s  t h e  t r a n s f e r  f u n c t i o n  o f  t h e  IOOP filter, K d  i s  



t h e  phase  s e n s l  t i v l  t~ o f  t h e  p h a c e  d e t e c t o r .  Kv  I S  t h e  v o l t a g e  
c o n t r o l  1  e d  o s c  i 1  1  a t o r  t u n  I n g  s e n s l  t i  v  I t v .  Serx( f 1 and Seri. f )  a r e  
t h e  phase  no1 s e  power  s p e c t r a l  d e n s i  t v  of t h e  t h e  f r e e - r u n n  i n 0  
VCXO a n d  t h e  r e f e r e n c e  s o u r c e  r e s p e c t  I v e l  r .  

The  above  b a s l c  relationships c a n  b e  a p p l  i e d  t o  t h e  Rb maser  
f r e q u e n c v  s t a n d a r d .  shown ~n Figure 3 [ I l l .  The r e l a t i o n s  f o r  
t h  i s i i g u r e  c a n  b e  e x p r e s s e d :  

The time doma in  f r e q u e n c v  + t a b 1  1 I t v  o f  t h e  VCXO o u t p u t  5 1 g n a l  
t h a n  t h e n  b e  e x p r e s s e d  ClZi by: 

where  f c  i s  t h e  c u t o f f  f r e q u e n c y  o f  t h e  f i r s t - o r d e r  l o w  p a s s  
f l l t e r  u s e d  i n  t h e  measurement  s y s t e m .  F r o i i  e q u a t i o n  (10:) we see  
t h a t  t h e  f i r s t  t e r m  r e p r e s e n t s  t h e  c o n t r i b u t i o n  f r o m  t h e  VCXO. 
The  l o o p  a c t s  a s  a  h i g h  p a s s  f i 1  t e r  W I  t h  a  1 i m ~  t l n q  v a l u e  o f  one  
f o r  v e r y  h i g h  F o u r i e r  f r e q u e n c ~ e s .  The  s e c o n d  t e r m  i s  t h e  
c o n t r i b u t i o n  f r o m  t h e  r e f e r e n c e  s o u r c e s  w h i c h  i n c l u d e  t h e  m a s e r .  
t h e  p r e a m p l i f i e r .  t h e  m l x e r  t h e  m u l t i p l i e r ,  e t c .  I n  t h a t  c a s e .  
t h e  l o o p  a c t s  a s  a  l o w  p a s s  f l l t e r  w i t h  a  l i m i t i n g  v a l u e  o f  one  
f o r  v e r y  l o w  F o u r i e r  f r e q u e n c  ~ e s .  The  o v e r a l  1  p e r f o r m a n c e  of t h e  
s y s t e m  w i l l  t h e n  g i v e  t h e  h i g h  f r e q u e n c y  f l u c t u a t i o n s  o f  t h e  VCXO 
p l u s  t h e  l o w  f r e q u e n c y  f l u c t u a t i o n s  o f  t h e  r e f e r e n c e  s o u r c e s .  
T h l s  I S  an i m p o r t a n t  c o n s i d e r a t i o n  f o r  t h e  d e s ~ g n e r  o f  t h e  
s y s t e m .  
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F r o m  t h e  aboue  we c a n  c o n c l  ude :  OF P90A Q d A L I n  

1. The  r e t e r e n c e  s y s t e m  c o n s l s t l n g  o f  t h e  Rb  m a s e r .  o r e a m p l  l t i e r .  
m l x e r  a n d  mu1 t ~ p l  l e r  m u s t  h a v e  l o w  pha5.e no1  se  a t  l o w  F o l ~ r l e r  
f r e i l u e n c  l e s .  The  f !  I c k e r  o f  p h a s e  a n d  f l i c k e r  12t t r e q u e n c  ;. nc11 r e  
m u s t  be  c o n t r o l  l e d  a s  lo l~ a c  p o s s r b l e .  

2. The VC.<O u s e d  I n  t h e  R u b i d 1  um m a s e r  t r e q u e r ~ c -  s t a n d a r d  rnlJst 
e x h  I b l  t * ? e r v  . 11m.1 cllh I t e  p h a s e  r,ctl se.  The l clng t e r m  + r e a u e n c . ~  a n d  
d r l f t  a r e  n o t  t o o  ~ m ~ o r  t a n t .  

3 .  The tr  a n s t e r -  f unc  t I o n  Ft J~S:I? c&+ t h e  1 c,~:~p f I ' t e r  p l  a,,,~ a n  
l m ~ o r t a n t  r o l e  i n  t h e  frequent.. s t a n d s r d .  The  c h o l c e  o t  t h e  l o o p  
p a r a m e t e r s  m u s t  b e  made '9 o p t  t m l z e  t h e  t r e o u e r ~ c -  s t a b 1  l I t i  c ~ t  +he  
o u t p u t  f r e a u e n c v .  

CHARACTER I ZAT I CYJ OF THE NO I SE I N  THE CUMPCtPJENTS 

1. R u b l d l u m  maser  

S e v e r a l  a u t h o r 5  [ P I  11 1 I h a v e  chor.!n t h a t  t h e  one-5 I d e d - c ~ e c t r a l  
dens1  t v  of t h e  t r a c t  I m a 1  t r e q u e n c r  t l  u c  t u z t t  I 11~ns c a n  b e  
a p p r o x i m a t e d  by: 

w h e r e  k 1s E : o l z m a n r ~ - s  c o n s t a n t .  T 1s t h e  a b r o l u t e  t e r n p e r a t ~ r e  o t  
t h e  s y s t e m .  Pat 1s t h e  pctwer Q e n e r a t e d  : n s l d e  t h e  a c t l r r e  m e d ~ u r n ,  
Q1 i s  t h e  a t o m l c  l i n e  q u a l l t v  + a c t o r .  M 1s t h e  a t c m r c  r e s o n a n t  
f r e q u e n c y  a n d  G I  t 1 5  t h e  p o l ~ ~ e r  t r . ans . t e r  t u r ~ c t  l o r t  o f  t h e  
microwave c a v i  tr. The  t ~ r ~ . t  term, r e p r e s e n t s  t h e  w h l  t e  p h a s e  1 1 3 i s e  
c o n t r l b u t l o n  a n d  t h e  s e c o n d  t e r m  I S  t h e  w h l  t e  t r - e q u e n c v  n o l c e  
c o n t r t b u t l o n  resulting f r o m  s t ~ m u l a t e d  e r n l s s l o n  o t  r - a d i a t l o n  
w i th I n  t h e  a t m i  c 1 i new1 d t h .  ~ c c o r d l  n g  t o  t h e  e x p e r  , m e n t a l  
r e s u l t s  o f  a t  BIRMM a n d  t h e  r e f e r e n c e  [ 7 1  t h e r e  1 %  r a n d o m  w a l k  o f  
f r e a u e n c u  I n  t h e  r u b i  d l  um m a s e r .  b u t  t h e  s o u r c e  ot t h e  n o i  se  i s  
s t i  I 1  unknown.  f i c c o r d l r t g  t o  t h e  @ r e 1  i m l n a r ,  a n a l y s i s  C33 Cal I t 
i s  be1  i e v e d  t c ~  c m e  m a l n l v  t r o m  c a u l  t v  t e m p e r a t u r e  f l u c t u a t i o n s  
o r  l l a h t  fluctuations. The t ~ m e  d o m a i n  f r e a u e n c v  s t a b i l i t r  g o e s  
as  7% f o r  a u e r a g l n g  t  me 'T>3s. F r o m  e x p e r  i m e n t a l  r e s u l  ts .  shown 
i n  F I  a u r e  15, we c z n  o t l t a ~  n  ~ ? ~ ; , i . ~ i = 4 . 7 ~ 1 @ - 1 ~  t o r  ~'=.3-1 B b s .  The 
power  s p e c t r a l  d e n s i  t v  o f  t h e  r h l a t  i u e  t r e q u e r t c v  f l u c t u n t  i o n s  c a n  
be c a l c u l a t e d  f r o m  ( 12 )  

From 114) we o b t a i n  t h e n  



T h e  Gpec t r  a1 d e n s i  t ., ot f r - a c  t i o n a l  t r  e q u e n c v  f 1 u c  t u a t  i o n s  of t h e  
R b  m a s e r  PBR-I I c a n  b e  w r  I t t e n  : 

Tb,us. t h e  p o w e r  s p e c t r a l  d e n s l t v  o f  t h e  p h a s e  n o r s e  c a n  be 
e x p r  e z  s e d :  

I!C:O s t . r h i ch  a r e  cornmcinl-. u s e d  w i t h  a t o m i c  f r e q u e n c v  t a n d a r d c .  
are SP.1Hz. 16 MHz and 100FlHi q u a r t z  c r ~ s t a l  o s c ~  1 l a t c j r r .  T h e  poi.i!er 
~ c : c l :  t r a l  d e n s !  t:., o f  t h e  p h a s e  n o i  r e  o f  t h e  I.!C.xCl; z  w h i  ch  h a u e  b e e n  
6 e v . ? l  a p e d  3 t  BIRI,lI.1 c s n  t ie e * - p r e s s e d  as: 

The p o l ~ ~ e r  5 p e c t r  a ?  d e n s i  t .  oQ t h e  t r a c t  1 o n s i  + r - e a ~ ~ e n c . , .  
f 1 U C ~ I J ~ ~  i o n s  can t h e n  t ~ e  1,1r I t t e r ~ :  

MIC~I: I~.+JV~ p r e a m p l ~ f i e r s  f i n d  rh11de u z e  i n  l c w - n o i s e  r e c e i v e r s ,  s o  
we l l a u e  o e e n  t r y  I ng t o  f i rid a z u  I t 3bl e u n  i t t o r  Rub1 d l  urn m a s e r  
u.se. We h a v e  o n l y  b e e n  a b l e  t o  t i n d  FET m i c r o w a v e  amp1 : f l e r s .  
T h e  p h a s e  n o i s e  o f  s e v e r a l  o f  t h e s e  a m p l i f i e r s  w e r e  t e s t e d .  
Mode Y s 0 5 1  1A a n d  CXSl  1 C a r e  b e  i h q  u ~ e d  I n  t h e  Rt1 m a s e r  . T h e y  
h a v e  a g a i n  o f  17.2 t o  17.5 dB  a n d  a n o i s e  f ~ q u r e  o f  4 t o  6 dB 
o v e r  a n  i n p u t  p<1h4er r a n g e  o i  -28 t o  -t.8 JBm. T h e  p h a s e  n o i s e  
s p e c t r a l  d e n s t + .  w a s  f o u n d  t o  b e :  

wher-e F ,  I r. t h e  I n p u t  pctf..{~er l e v e l  , e ~ p r e s s e d  i n  w a t t s .  E q u a t  I o n  
( 2 4 . 1  l o w s  t h a t  t h e  FET ampl  I +  i e r  h a s  n o t  o n l y  1.1h1 t e  p h a s e  n o ~ s e ,  
b u t  a l ~ o  f 1 i c K c r  FM a r j d  PM n o i s e .  T h e  t l r s t  t e r m  r e p r e s e n t s  t h e  
f 1 c K e r  FM n o i s e ,  t h e  s e c o n d  t e r m  r e p r e s e n t s  t h e  f 1 I c K e r  PM 

I 5 . .  T h e v  a r e  ~ n d e p e n d e n t  of t h e  i n p u t  s i  gna! p o w e r  1 e v e 1  f o r  
a n  t r p l c a l  ampi  i f  l e r .  T h e  n c l s e  l e v e l  v a r i e s  w l  t h  t h e  FET m o d e l  
a n d  t h e  o p e r a t i o n a l  c o n d i  t I o n 5  o f  t h e  amp1 i f ;  e r .  T h e  t h i r d  t e r m  
r e p r e s e n t s  w h i  t e  p h a s e  n o i  s e .  T h  I s n o i s e  i s  i n d e p e n d e n t  o f  t h e  
i n p u t  - i g n a l  p o w e r  l e t t e l  a n d  ampl  ~f i e r  n o i s e  f i g u r e .  
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From ( 2 4 ) .  t h e  s p e c t r a l  dens1  t v  f 3 c  t I a n a l  f r e q u e n c v  
f 1  u c  t u a t  I on  c a n  b e  wr I t t e n :  

O a t a  on  f 1  i c k e r  Pr-l a n d  f 1  ~ c k e r  FM n o i s e  l e v e l s  o f  s u c h  a n  amp1 i - 
f i e r  a r e  n o t  a v a i l a b l e  f r o m  a n v  c o u r c e  t o  o u r  K n o w l e d q e .  We w i  I 1  
make a  f u r t h e r  e f f o r t  t o  d e v e l o p  lol:.! nc r l se  p reamp1 i f l e r s  ~ n  t h e  
. f u t u r e .  

The  m l c r o w a u e  m i x e r  i s  a n  ~ m p o r t a n t  componen t  i n  t h e  PER-I1  
f r e q u e n c y  s t a n d a r d .  The wht  t e  p h a s e  n o l s e  o f  a  m t - x e r  w h l c h  
o p e r a t e s  a t  l a w  s iqnal  l e v e l  i s  a u z l l a b l e  f r o m  t h e  n o i s e  figure 
s p e c i f i c a t i o n .  D a t a  on  i l l c k e r  PM n o ~ s e  a t  l o w  s l g n a l  l e v e l s  a r e  
n o t  a v a l  1  a b l e  a n d  m u s t  b e  measu red .  The  p h a s e  n o i s e  of s e v e r a l  
m i c r o w a v e  1  ml l e v e l  b a l a n c e d  m l  x e r s  h a v e  b e e n  m e a s u r e d .  The  mode l  
WH32 S c h o t t k v  d i o d e s  a r e  u s e d  I n  t h e  m i  4 e r .  

The  m l x e r  h a s  a n o i s e  f lqu;.e o f  -5-10 dB. a  LC) power PI o f  3 dBm 
a n d  s l q n a l  Dower l e u e l  o t  0 dBm t c ~  -28 dBm. 

The  p h a s e  n o l s e  s p e c t r a l  d e n 5 1  t v  t s  i o u n d  t o  b e :  

w h e r e  Ps i 5 t h e  s i q n a l  p c w e r  l e k ~ e l  x p r e s s e d  i n  w a t t s .  

The  l o c a l  o s c i  1  l a t o r  power  t o  t h e  m i x e r  I S  c o n s t a n t .  s o  t h a t  t h e  
o p e r a t  I n g  c o n d l  t i  on  o f  t h e  ml  x e r  1s I n u a r  i a n t .  We c a n  deduce  a 
c o n c l u s i o n  f r o m  t h e  above  s t a t e m e n t s  t h a t  expression 1:2ar W I  1 1  b e  
v a l  i d  t o r  l o w e r  s l g n a l  l e v e l s .  From (26). t h e  s p e c t r a l  d e n s i  t.... c f  
f r a c t i o n a l  frequent-v f l u c t ~ ~ a t  Icons o f  t h e  rr,i .;far r 3n b e  ..t!r i t to as: 

A c c o r d i n g  t. i .27,. t h e  p h a s e  n o i s e  o f  t h e  m i x e r  1.3 ~ n  i n v e r s e  
p r o p o r t ~ o n  t o  t h e  s ~ g n a l  powe r  l e u e l  f o r  t h e  c a s e  o f  l o w  s i g n a l  

e u e l  s. The  f i r s t  t e r m  r e p r e s e n t s  f 1  l c k e r  PM n o i s e  w h l c h  wa: 
n+q: e c t e l  i n  g e n e r a l .  The  s e c o n d  t e r m  r e p r e s e n t s  w h i  t e  p h a s e  
n o i s e  w h i c h  i s  d e p e n d e n t  o n  t h e  n o i s e  f i g u r e  o f  t h e  m i x e r .  The  
p h a s e  n o ~ s e  v a r i e s  w i t h  t h e  d ~ o d e  a n d  t h e  m i c r o w a v e  c i r c u i t  of  
t h e  m i x e r .  

5. M i c r o w a v e  f r e q u e n c y  m u l t i p l i e r  

The  t r e q u e n c ~  mu1 t i p l  i e r  c o n s 1  c t s  o f  a t r a n s 1  s t o r  power  
a m p l i f i e r ,  a  100 MHz f r e q u e n c y  d o u b i e r  a n d  a h igh o r d e r  
mu1 t i p 1  i e r  w i t h  a  s t e p  r e c o v e r y  d i o d e .  T h e  i n p u t  power  i s  0 dBm 
a n d  t h e  o u t p u t  power  i s  +13 dBm a t  6 .0  GHZ. The  m e a s u r e d  p h a s e  
n o i s e  s p e c t r a l  d e n s i  t v  r e f e r r e d  t o  100 MHz i s :  



The s p e c t r a l  d e n s i  tr o f  t h e  f r a c t i o n a l  f r e q u e n c y  ~ l u c t u a t ~ o n s  c a n  
be g i v e n :  

6. M ic rowave   sola at or a n d  a t t e n u a t o r  

The i s o l a t o r  and  a t t e n u a t o r  a r e  p a s s i v e  d i s s i p a t i v e  non - rec  i p r o c a l  
components and  c c n t r i b u t e  o n l y  w h ~  t e  phase n o l s e :  

where  a i s  t h e  t n s e r t ~ o n  l o s s  o+ t h e   sola at or and  a t t e n u a t o r  and  
P i  i s  t h e  a u a i l z - b l e  s i q n a l  power a t  t h e  I n p u t  o f  t h e  components .  
The a c t u a l  v a l u e s  a r e :  P l = l x l ~ - l O ~ .  a4.8 11 dB!. From ,271 ~t 
f o l  1 ows t h a t :  

and  

7. O t h e r  components I ~ I  r e c e i u e r  

The i n f l u e n c e  o f  t h e  o t h e r  compc~nehts  I n  t h e  r e c e i v e r  on t h e  
p e r f o r m a n c e  o f  t h e  f r e q u e n c y  s t a n d a r d  I S  t h e o r e t  i c a l  l v  smal l e r  
t h a n  t h a t  o f  t h e  above ccmponents .  I n  o r d e r  t o  improve  t h e  
p e r f o r m a n c e  o f  t h e  f r e q u e n c y  s t a n d a r d .  141e measure  phase n o l s e  a n d  
f r e q u e n c y  s t a b i l i t y  o f  t h e s e  components. t o  a c q u i r e  t h e  f o l l o w i n g  
r e s u l  t s :  

a. 5 MHz x  7 f r e q u e n c y  m u l t i p l i e r  

b. Phase d e t e c t o r  

c .  Second m i x e r  

d .  Frequencv  s r n t h e s i  z e r  

T h e r e f o r e :  
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I n  o r d e r  t o  c o m p a r e  t h e  n o i s e  c o n t r ~ b u t i o n s  of t h e  d i i f e r e n t  
c o m p o n e n t s ,  t h e  p o w e r  s p e c t r a l  d e n s i  t v  o f  f r a c t i o n a l  q r e q u e n c y  
f l u c t u a t i o n  o f  t h e  v a r l o u s  c q m p o n e n t s  a r e  g i v e n  i n  F i q u r e  4.  

C I N S  I CtEPAT I ON5 OF THE SYSTEM DES I GN 

BY s v s t e m  d e s i g n  we mean t h e  o p t i m i z a t i o n  of  t h e  s y s t e m  frequenc.,,  
s t a t 1 1  1 i t y .  I n  t h i s  s e c t ~ o n  we W I  1 l p r e s e n t  d e s i g n  c o n s l d e r a t l o n s  
of t h e  m a i n  c o m p o n e n t s  ~ n  t h e  PBR- I1  f r e q u e n c y  s t a n d a r d .  

1 .  C o n c l d e r a t ~ o n  o f  t h e  R u b i d i u m  m a s e r  d e s i a n  

F r o m  ( 1 6 ) .  t h e  o u t p u t  s ~ q n a l  o f  t h e  Rb m a s e r  e x h i b ~ t s  t h r e e  m a l n  
n o ~ c e  i o m p o r ~ e n t s .  B e c a u s e  t h e  R b  m a s e r  1s ~ n c l u d e d  i n  t h e  
r e t e r e n c e  s o u r c e  o f  t h e  f r e q u e n c i  s t a n d a r d ,  t h e  n o l s e  
c o n t r  i b u t ~ o n  o f  t h e  l o w  F o u r ~ e r  f r e q u e n c ~ e s  I S  t h e  m a i n  
c o n t r  I b u t  i o n  t o  t h e  o u t p u t  f r e q u e r ~ c > ~  o t  t h e  f r e q u e r t c .  ~ t a n d a r d .  
We s e e  f r o m  F i g u r e  1.4, t h a t  t h e  main n o i s e  i o m p o r l e r ~ t  i c  r a n d o m  
w a l k  FM. O t h e r  n o ~ s e  c o m p o n e n t s .  c a n  b e  n e g l e c t e d  c o m p a r e d  t o  t h e  
t 1  ~ c l . e r  p h a s e  noise o f  t h e  n ~ i c r o w a v e  m l . i e r  o f  t h e  r e f s r e n c e  
z .ou rce  s v s t e m .  

I n  c l r d e r  t o  r e d u c e  t h e  r a n d o m  IS.JalCc FM n o 1  z e ,  a h l  g h  p r e c  I c  i o n  D C  
p o w e r  s u p p l v  arad h i g h  s t a b i  1  I t.- o v e n  a r e  u s e d  I ~ I  t h e  PER-11.  E v e n  
t h e n  a g o o d  m e t h o d  h i s  n o t  b e e n  t o u n d  t o  r e d u c e  t h i s  n o i c e  
comclonen t . 
According t~ cc27i, I t 1 5  l s e r v  ~ r n p u r t a n t  t c ~  increase t h e  o u t p u t  
p o w e r  o t  t h e  H t  m a s e r  t o  r e d u c e  t h e  n a i  se c c , r  t r  I t .u t I o n  o f  t h e  
rn lcrouJal le r n l x e r .  W i  t h  t h i s  e r l d  I ~ I  v ~ e r . t ~ ,  t h e  m i c r o w a v e  c a e J l  t v  a n d  
t h e  m a s e r  b u l b  o p e r a t e  a t  a t e m p e r a t u r e  o f  &BC'C-+.Z0C.. T h e  l a m p  
o s c i  1 l a t o r  c a n  give a n  o u t p u t  pol.,.ler ot a b o u t  1 8  W. Thus, t h e  
o u t p u t  power  o f  t h e  R b m a s e r  1 5  on t h e  o r d e r  o t  ~ x l E l - ~ @  l*.l. . +  
d e t a l l e d  d e ~ . l g n  o f  t h e  m a s e r  w ~ l l  n o t  b e  given i n  this p a p e r .  

2. Low noise r e c e i v e r  

G e n e r a l  1 v  a  l o w  n o 1  s e  r n ~  c r o w a v e  r e c e  I u e r  I S  c h s r a c  t e r  I z e d  ~ I Y  t h e  
n o i s e  f i g u r e ,  b u t  o n l y  t h e  w h i  t e  p h a s e  n o l s e  c a n  b e  d e t e r m i n e d  b..., 
t h 1 5 .  v a l u e .  

ks s t a t e d  a b o v e ,  t h e  FET p r e a m p 1  I +  i e r  a n d  t h e  microwave mixer 

e x h ~ b ~  t $1 i c k e r  FM o r  PM h o ~ s e  i n  a d d l  t i o n  t o  w h i  t e  p h a s e  n o l s e .  
T h e y  W I  1 1  c o n t r i b u t e  t o  t h e  o v e r a l  1 n o l s e  o f  t h e  f r e q u e n c y  
s t a n d a r d  a n d  d e g r a d e  t h e  p e r f o r m 3 . n c e .  

T h e r e  t w o  m e t h o d s  w h i c h  c o u l d  b e  u s e d  t o  r e c e l v e  t h e  l o w  p o w e r  
l e v e l  o u t p u t  o f  t h e  Rb m a s e r .  One o f  t h e s e  u s e s  a  FET 
p r e a p p l i f i e r  a n d  t h e  o t h e r  g o e s  d i r e c t l y  i n t o  t h e  m i c r o w a v e  
m i x e r .  T h e  n o ~ s e  c o n t r i b u t i o n  o f  e a c h  m e t h o d  i s  g i v e n  ~ n  F ~ g u r e s  
5 a  a n d  5b, w h e r e  S Y R e 1 ( f  ) ,  SyRe,(f i ,  dYREl (7.1 a n d  
r e p r e s e n t  t h e  f r e q u e n c y  d o m a i n  a n d  t i m e  d o m a i n  n o i s e  c o n t r i b u t i o n  
of t h e  f l r s t  a n d  s e c o n d  m e t h o d .  



Assum1 ng t h a t  o t h e r  n o 1  s e  c c ~ n t r   but ~ o n s  c a n  b e  n e g l e c t e d  c o m p a r e d  
t o  t h e  p r e a m p 1  I +  ~ e r  a n d  microwave m ~ x e r ,  t h e  n o i s e  c o n t r i b u t i o n  
of e a c h  m e t h o d  c a n  b e  e x p r e s s e d :  

a n d  c o n s e q u e n t  1 v  
CO 

S I  rlrli.TL'Tf 1 

c?.,,Rel('??= 2 Sy$. f  1 d f 

0 t , x ~ f ) 2 ~ l t ( f / . f c , Z : t  

F r o m  F ~ g u r e s  5 a  a n d  5b. we s e e  t h a t :  t h e  s e c o n d  m e t h o d  1s b e t t e r  
t h a n  t h e  f i r s t ,  t h a t  1 5 ,  t h e  n o ~ c , e  c o n t r i b u t i o n  o f  t h e  m i c r a w a u e  
m i x e r  i s 1 e s s  t h a n  t h e  FET amp1 I +  I e r .  I n  v i e w  o f  o p e r a t  i m a 1  
r e l ~ a b ~ l ~ t y ,  n o i s e  c o n t r ~ b u t i o n ,  c o s t  a n d  v o l u m e  o f  t h e  svc=.tern, 
we h a v e  d e c i d e d  t o  c h o o s e  t h e  s y s t e m  w i t h  t h e  m i c r o w a v e  m i x e r  as 
t h e  I n p u t  s t a g e  cl+ t h e  p h a s e - 1  o c k e d  r e c e  i v e r  . 

T h e  VCSO i s  a n  I m p o r t a n t  c o m p o n e n t  i n  t h e  a c t i v e  f v e q u e n c v  
s t a n d a r d .  I t  m u s t  b e  l o c K e d  t o  t h e  r e s o n a n t  f r e q u e n c y  o f  t h e  
a t o m i c  1 l n e  a n d  e . * t i l b ~  t e x c e l  l e n t  ~ . p e c t r a l  p u r i  t r  a n d  l o w  w h i t e  
p h a s e  n o l s e .  

T h e  1 8 6  l lHz !!i.":<:Cl h a s  b e e n  chc tsen  a s  t h e  b a s i c  clsc i 11  a t o r  I ~ I  t h e  
P R B - I 1  R b  m a s e r  f r e q u e n c y  s t a n d a r d .  T h e  r e a s o n s  a r e  s u m m a r l z e d  
b e 1  ow: 

i .1 )  In v ~ e w  oS t h e  n o ~ c e  c o n t r i t ~ u t ~ o n  f o r  f r e q u e n c y  s t a b i  1 i t v  of 
t h e  s y s t e m ,  t h e  w h ~ t e  p h a s e  n o ~ s e  04 t h e  VCXO i s  m o s t  i m p o r t a n t .  
F r o m  F i g u r e  4,  we c a n  s e e  t h a t  t h e  w h ~  t e  p h a s e  n o i s e  o f  t h e  1 0 8  
MHz VCXO i s  l e s s  t h a n  t h e  18 MHz VCXO a n d  t h e  5 MHz VCXO. 

T h e  F b  m a s e r  f r e q u e n c y  s t a n d a r d  u s 1  ng t h e  5 MHz VCXO has b e e n  
d l  s c u s s e d  e x  t e n s i v e l v  i n  r e f e r e n c e s  171 and C81. I t  has b e e n  
s h o w n  t h a t  t h e  5 MHz l l C X O  I S  n o t  t h e  t e s t  c h o i c e  f o r  t h e  R b  m a s e r  
f r e q u e n c y  s t a n d a r d .  

( 2 )  T h e  o r d e r  o f  t h e  f r e q u e n c v  mu1 t ~ p l  i e r  w i  1 1  b r e d u c e d  w i  t h  
r e c p e c t  t o  t h e  5 MHz VC'>:Cl a n d  1 0  MHz I j C X O .  T h e  n o i s e  c o n t r ~ b u t i o n  
o f  t h e  f r e q u e n c v  mu1 t i p l  i e r s  w i  11  b e  t h u s  r e d u c e d  a n d  t h e  
s t a b 1  1  i t v  o f  t h e  mu1 t i p 1  l e r  c h a ~ n  c a n  b e  ~ m p r o u e d .  

T h e  f r e q u e n c y  mu1 t i p l  i e r  h a s  a n  ~ n p u t  f r e q u e n c v  o f  S MHz a n d  a n  
o u t p u t  f r e q u e n c y  o f  6800 MHz. T h e  m e a s u r e d  p h a s e  n o i s e  s p e c t r a l  
d e n s i  t y ,  r e f e r r e d  t o  5 MHz i s  
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sYMU< + ) = 4 r 1 0 - 2 ' + + 8 ~ 1 0 - 3 ' + ~  ( 4 4 )  

e n o l s e  contribution o f  t h e  f r e q u e n c y  mu1 t i p 1  l e r  c h a l n  w ~  t h  a n  
; n p u t  o t  5 MHz w l l l  become a m o j o r  f a c t o r  I n  d e g r a d i n g  t h e  
f r e q u e n c y  r t a b i l i t )  f t h e  r e f e r e n c e  s o u r c e  s y s t e m  i n  t h e  R b  
m a s e r  f r e ~ u e n c y  s t a n d a r d .  

i 3 i  T h e  PBR- I1  f r e q u e n c y  s t a n d a r d  I S  m a i n l y  u s e d  a s  a r e f e r e n c e  
f r e q u e n c y  s o u r c e  w i t h  e x c e l l e n t  f r e q u e n c y  s t a b i l i t y  i n  t h e  
m e a s u r e m e n t  o f  s h o r t - t e r m  f r e q u e n c y  s t a b i  1 i t r .  T h e  h i g h  s t a b i  1  i t r  
p r e c i s l o n  f r e q u e n c y  s o u r c e s ,  s u c h  a s  5 MHz a n d  10 MHz s t a n d a r d s  
m u s t  b e  mu1 t ~ p l  r e d  t o  l e d  MHz Lo a c h l e v e  s u f f  ~ c ~ e n t  m e a s u r e m e n t  
resolution. T h e  PER- I1  o u t p u t  n e e d  n o t  b e  mu1 t i p l  i e d ,  t h e r e t v  
i m p r o u l  rig t h e  p e r f o r m a n c e  o f  t h e  m e a s u r i n g  s y s t e m .  

( 4 2  D e s i  q n  o f  t h e  p h a s e - 1  o c k e d  1 o o p  

T h e  m a i n  t a s k  o f  t h e  l o o p  1s 'o c o r r e c t  t h e  f r e q u e n c y  d r i f t  o f  
t h e  VCXO a n d  t o  t r a n s f e r  t h e  f r e q u e n c v  s t a b i  1  I t v  o f  t h e  R b  m a s e r  
t o  t h e  c i u t p u t  . D o u b l  v b a l  a n c e d  m ~  x e r s  u s 1  n g  S c h o t  t k s  d i  o d e s  a r e  
u s e d  a s  t h e  p h a s e  d e t e c t o r  ~ h ~ c h  h a s  t o  b e  s e r v  s e n s i t l s e  a n d  
c o n t r i b u t e  s e r . /  1 i t t l e  n o l s e .  In o r d e r  t h a t  n o  f r e q u e n c y .  e r r o r  
e x i s t s  when t h e  f r e e - r u n n  I n g  VCXO i s  dr l f  t ~ n g ,  a s e c o n d  o r d e r  
l o c p  t y p e  2 1131 1 5  c h o s e n .  An ~ n t e g r a t o r  w i t h  p h a s e - l e a d  
c o r r e c t  I o n  9 1  u e s  r a t h e r  g o o d  1 oop  s t a b 1  1 I t r  p e r f o r m a n c e  a n d  I S  

u s e d  a s  a  f I 1 t e r  f c ~ l l o w i n g  t h e  p h a s e  d e t e c t o r .  I t s  t r a n s f e r  
f u n c t ~ o n  I S :  

A f t e r  s u b s t 1  t u t ~ o n  o f  ( 4 5 )  ~ n t o  (7) a n d  ( S i ,  t h e  t w o  l o o p  
t r a n s f e r  f u n c  t i 01-15 become 

w h e r e  s=..iw, On i s  t h e  n a t u r a l  f r e q u e n c y  o f  t h e  l o o p  a n d  i s  
d e f  I n o d  b.r. Un=2Rf ,=< KdK,,,M,/"T 1 jY 4 8 )  a n d  < I s t h e  damp i n g  f a c t o r  
d e f  I n e d  by:  

W ~ t h  t h i s  l o o p  d e s i g n  t h e s e  t w o  p a r a m e t e r s  5 a n d  on c a n  b e  
s e l e c t e d  i n d e p e n d e r t l  Y b r  s e t t i n g  t h e  v a l u e s  o f  ' f l  a n d  T 



i s  impo r tan t  when one 1s concerned w ~ t h  t he  c o n d i t ~ o n s  f o r  
op t~mum t r a n s f e r  o+ f requency  s tab1  1 i t ~ .  

The cao tu re  and l o c k i n g  r+ange a re  n o t  c r i t i c a l  parameters  i n  t h ~  
a c t  ~ v e  atomic  f requency  s tanda rd ,  because the  two f requenc  ~ e s  
a r e  a l r e a d y  ue-Y c l o s e  t o  each o t h e r  and s t a b l e .  

From the exp ress ions  i 4 6 )  and ( 4 7 , .  the  t r a n s f e r  f u n c t i o n s  o f  the  
f requency  s t a n d a r d  system can be :ar i t t en :  

When < = 6.707,  t h a t  1 5  the c r  i t ~ c a l  darn pin^. (58i and ( 5 1 ,  can 
be w r i  t ten :  

When + / f n  = 1.55, the5.e two t r a n s f e r  f u n c t  rons a re  equa l .  The 
f ~ r s t  method o t  locip d e s ~ g n  f o r  the PBR-I1 i s  a method o f  rough  
app rox lma t l on  of f, and c a l c u l a t i o n  o f  the  v a l u e s  o f  T I  and T 2  
accord1 ng  t o  the  equa t i ons :  

I f  the cross-ouer  p o ~ n t  o f  power s p e c t r a l  dens1 t y  of f r a c t i o n a l  
f requency  f l u c t u a t i o n  between the  100 MHz VCXO and the  r e f e r e n c e  
source can b e  found, such as p o i n t  O i n  F i g u r e  4, denote the  
f requency  of the cross-over  p o i n t  by  f, and the n a t u r a l  f requency  
o f  the  l oop  can be expressed as: 

k n o t h e r  method o f  loop  des ign  w h ~ c h  has  been appl  i e d  t o  the  PBR- 
I 1  f requency s tanda rd  i s  the c a l c u l a t i o n  of f n  f r o m  the  optimum 

- 6 f requency  s t a b i  1 i t v  o f  the o u t p u t  s i g n a l  . k microcomputer  was 
.'$ 
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u s e d  t c l  c a l c u l a t e  t h e  o ~ l t i m u r n  ?:alcre o f  f, according t o  t h e  
e x p r e s s l o n  ( 1 1 )  o r  ( 1 2 ) .  F o r  e x a m p l e ,  a c c o r d i n g  t o  t h e  f i r s t  
m e t n o d ,  we f i n d  f o  = 170 Hz frctm F i q u r e  4 .  T h e n ,  f, I S  o t l t a i n e d :  

T h e  ~.. lal  uez. o f  T 1  and '72 ".an be  e 1 ~ 3 1 u a t e d  f r o m  0 .54 ' )  a n d  1 :55 j  

r ~ l h e r e  k.d = 6.5 'J.,,'rad, b:,, = 38.g2.n rad. : '~ ,  p1 = 68, 5 = 8.787 
a n d  Idn = 2 -  118.K r a d / s .  T h e  a c t u a l  v a l u e s  o f  a n d  ,T>  l l t le 
d e t e r m l n e d  b.., s e t t  I n g  t h e  t1 .31  u e  o f  P wh i  l e  m e a s u r  l n g  t h e  
+ r e a u e n c r  c.tat-11 1 I t ,. o+ t h e  PEP- I  I + r s q u e n c  5 t a n d 3 r d .  

DESCRI P T I  0I.I O F  THE Sv'STEt,t PLOCk [lI+iGRCiPl 

T h e  c.:.,stern b l o c k  d l a q r s r n  o f  t h e  P E R - I 1  + r e q u e n c b t  s t a n d a r d  1 % .  

s h o w n  t n  F i g u r e  1 7 .  T h e  m i c r o w a u e  r n ~ ~ e r  1 %  u s e d  as t h e  f ~ r s t  
c . t a q e  o f  t h e  p h a s e - l o c k e d  r e c e l l J e r  a n d  a 108 MHz I,'C'tCi 1 5 .  u s e d  a s  
t h e  t ~ a s i c  r - ~ s c l l l a t o r .  T i l e  s e c a r ~ d  L O  s i g n a l  o f  35 MHz i s  d e l i l ~ e r e d  
.from1 a 5 PlHz l)C:(O u ~ e d  a ~ .  a r e f e r e n c e  5.1 p n a l  f o r  t h e  3 1  1  KHz 
f r e q u e n c y  s v n  t h e 5 1  z e r  . T h e  5 MHz P I  a n a l  i s  a  n o n - s t a n d a r d  clcl t p u  t 
s i g n a l  I t s  n c l l c e  c o n t r i b u t i o n  c a n  b e  n e g l e c t e d  c o m p a r e d  t o  t h e  
198 MHz VCXO. We car1 s h o w  t h a t  t h e  t t m e - d o m a i n  f r e q u e n c v  
, z . t a t t ~  l I t v  w h i c h  i s  a d d e d  b v  t h e  5 M H i  I,IC?:O c a n  b e  e x p r e s s e d  a s :  

w h e r e  f i y C , l l  T )  I S  t h e  t lme domain frequent... 5 . t a t l i  l I t v  a d d e d  h ; ~  t h e  
5 MHz ',}C>'Cl a n d  6.,,51..T) 15.  t h e  t i m e - d o m a i n  f r e q u e n c r f  s t a b i  1 I t v  o f  
t h e  5 MHz VCXO. F r o m  ( 5 7 : )  f l y O 1 . T )  = 5 x 1 8 - 1 4 ~ ~ - 1  f o r  by5!?) = I x l B -  

' 7 - l .  T h e  5 MHz t}C>:O I c  r e a d i  1 Y a u a i  1  a h 1  e  f r o m  o u r  own 
l a b o r a t o r y .  I +  c a n  a l s o  b e  o p e r a t e d  o p e n  l o o p  i f  t h e  f r e q u e n c y  
s t a b 1  l i tr o f  t h e  f r e e - r u n n l  n g  LJC..YD i s  g o o d  e n o u g h  f o r  t h e  avz . tem.  
T h e  3 1  1  kHz  f r e q u e n c y  s v n t h e s  i z e r  h a s  a f r e q u e r ~ c v  r a n g e  o f  1 KHZ 
a n d  a  r c s o l u t l o n  o f  1  H z .  1 hac a t l m e - d o m a i n  f r e q u e n c y  s t a b 1 1  i t y  
b e t t e r  t h a n  ~ x l d - ~ ? ' ~ .  A 31 1 k H z  q u a r t z  c r y c , t a l  o s c i  1 l a t o r  ma:., b e  
s u b s t  I t u t e d  f o r  t h e  s y n t h e s i z e r  f o r  l e s c  d e m a n d i n g  u s e s .  

The t i m e - d o m a i n  f r e q u e n c v  c t a h i  l i t,j' I s a m o s t  i m p o r t a n t  
s p e c  i f  i c a t i o n  o f  t h e  PBR-11 frequent%*, s t a n d a r d .  T h e  b a s i c  
e q u a t i o n s  f o r  e v a l u a t i n g  t h e  t l m e - d o r n a ~ n  t r e q u e n c v  s t a b i l ~ t v  o i  
t h e  o u t p u t  s i g n a l  o f  t h e  f r e q u e n c v  s t a n d a r d  c a n  b e  w r  i t t e n  as: 



The s p e c t r a l  densi  t v  o f  f r a c  t i ona l  f r equency  f 1 uc t u a t  I I , the 
main components i n  the PBR-I1 i s  f ound  t o  be 

A f t e r  cutart ' - . t i o n  o f  (d3)-C59)-i6@), the  numer i ca l  e v a l u a t ~ o n  o f  
6 f rom '58) can be ob ta ined .  I t  i s  shown I n  F i g u r e  6 t o r  
c ~ : ; f t  t r r i J e n c v  f c  = 1 KHz and a l o c ~  n a t ~ ~ r a l  f requency  of 
fn=ZOO Hz .  W @  see t h a t  b Y o i I )  shows a r-l dependence over  the 
range o f  ave rag ing  t imes  f rom 2 ms t o  1 s and a  dependence f o r  
ave rag ing  t ;me5 7 > 3s. A c c o r d i n g  t o  F i g u r e  6, t he  t  me doma~n  
f requency  s t a b i  1 I tr by,(T) can be expressed  approx ~ m s t e l  Y as 

From the  second des ign  method, we e v a l u a t e d  the  aotimum va lue  o f  

f n m  The r e l a t  i onsh tp  b e +  + + ?  the  numer,ical e v a l u a t i o n  o f  
byo(O.  1 s )  and the n a t u r a l  f r equency  o f  t he  l oop  i s  shown i n  
F ~ g u r e  7. I t  i s  seen t h a t  t he  optimum va lue  of f n  i s  about  108 
Hz. 

EXPERIMENTAL RESULTS 

1. Time domain f requency  s t a b i  1 i t r  

The t ime domain f requency  s t a b t l i t r  ( two-sample v a r i a n c e ]  o f  the  
PBR-1: f requency s tanda rd  was measured u s t n g  t he  c o n f i g u r a t i o n  
shown i n  F i g u r e s  8 and 9. The r e s u l t s  a r e  g iuen  i n  F i g u r e  1 8 .  

The bea t  f requency method i s  used as t he  b a s i c  f r equency  
s t a b i l i t y  measurement method. For  aue rag ing  t i m e r  between 2 m r  and 
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1 8 8  ms ,  t h e  r e f e r e n c e  c ~ s c l  l l a t c t r  1s a  low-noise f r e q u e r ~ c r  
s v n t h e s l z e r .  T h e  b e s t  f r e q u e n c y  I S  a p p r o x i m a t e l r  1 0  Hz -580  Hz .  F o r  
a v e r a g l n g  t l m e s  f r o m  1 0 0  m s  -l$@s, t h e  r ~ + e r e n c e  ~ s c i  1 l a t o r  I S  

ano tP le r  PBR-I1 f r e q u e n c y  s t a n d a r d .  T h e  b e a t  f r e q u e n c v  I S  a b o u t  18  
H z .  T h e  n o i s e  b a r t d w l d t h  I S  a b o u t  1  KHz f o r  a v e r a q i n q  t i m e s  b e t w e e n  
2 m= a n d  160 s. 

2 .  Fr  e q u e n c v  I n s t a b ~  l I tr a d d e d  by t h e  p h a s e - 1  o c k e d  r e c o  i o e r  

The f r e q u e n c y  I n s t a b i  1 i t v  a d d e d  by t h e  p h a s e - l o c k e d  r r c e  I v e r  1s 
d e f  ~ n e d  a s  t h e  f r e q u e n c y  s t a b i  1 I t y  of  t h e  o u t p u t  s ~ q n a l  o f  t t . e  Hb  
m a s e r  t r e q u e n c v  s t a n d a r d  w h e n  t h e  R b  m a s e r  i s  a n  i d e a l  
CISCI l l a t c l r ,  t h a t  I S ,  S y M ( f ) = 6 .  A d e t a l  l e d  b l o c k  d ~ a q r a m  o f  t h e  
m e a s u r e m e n t  s y s t e m  1 5  s h o w n  I ~ I  F l q u r e  l l a  a n d  l i b .  T h e  
m e a s u r e m e n t  principle 1s s h o w n  I ~ I  F ~ g u r e  12a a n d  1 2 b .  

T h e  n o i s e  s p e c t r a l  d e n s ~ t v  s h o w n  ~ n  F ~ g u r e  1 2 a  car t  b e  w r l t t e n  a s :  

+ 

w h e r e  l H ( f )  l S 2  a n d  I H l t )  I L L  a r e  r e s p e c t  ~ v e l  r t h e  r . ~ s t e r n  
t r a n s f e r  f u n c t  i o n c  o f  t h e  m l  c r o w a v e  s y n t h e s i  t e r  a n d  t h e  p h a c e -  
1 o c k e d  r e c e i v e r .  S,,,xl:f? a r td  Syucll.t j r e p r e s e n t  t h e  n o i s e  r = p e c t r  a1  
ddnsi t v  c f  t h e  VCXO I I\ f r e e  o s c  I 1 1  a t  I o n  a n d  l o c K e d  c o r t d i  t I o n  
r e s ~ e c t ~ v e l r ,  Sy,r f ;  r e p r e s e n t s  t h e  n o ~ s e  s p e c t r a l  d e n 5 1  t~ o f  t h e  
1 0 0  MHz VCXO o f  t h e  r , e c e ~ u e r  I ~ I  f r e e  o s c i  1 l a t ~ o n ,  Sj,nl(f:> 
r e p r e s e n t s  t h e  n o l s e  s p e c t r a l  d e n 5 1  t f o <  t h e  1016 MHz I..!C.YU I ~ I  t h e  
m i c r o w a v e  s r n t h e s ~ z e r .  5,,if) a n d  S v p ! f )  r e p r e s e n t  t h e   no^ se 
c o n t r  I b u t i  csns o f  t h e  c s n t h e s i  z e r  a n d  t h e  p h a s e - 1  o c k e d  r e c e  I ~ E I -  

r e f e r e n c e  s v s t e m  r e s p e c t  I u e l  f a n d  S V p l  i f )  1s t h e  nc I c e  
c o n t r  I b u  t I o n  o f  t h e  p h a s e - 1  o c k e d  r e c e  I v e r  . B e c a u s e  t h e  p h a s e  1 : ~ k  
t l a n d w l d t h  o f  t h e  s y n t h e ~ . ~  z e r  Ir w i d e r  t h a n  t h e  r e c e i v e r .  E., t h e  
f o u r t h  t e r m  I n  ( 5 1 )  c a n  b e  n e g l e c t e d .  T h e  t h ~ r d  a n d  f l f t h  t e r m s  
c a n  b e  m e a s u r e d  b r  t h e  m e t h o d  s h o w n  ~ r t  F l g u r e  I l b .  T h e  f i r s t  a n d  
s e c o n d  t e r m s  i n  (68) c a n  b e  e v a l u a t e d  by 

T b e  t lme doma l  n  f r e q u e n c v  i n s t a b i  1 I tv a d d e d  by t h e  p h a s e - 1  o c k e d  
r e c e  i v e r  1s m e a s l ~ r e d  a c t u a l  1 Y b~ t h e  b e a t  f r e q u e n c f  m e t h o d . T h e  
b e a t  f r e q u e n c y  s ~ g n a l  b e t w e e n  t w o  1 0 8  MHz UCXO's  i s  a b o u t  1 8  Hz 
t o  l a @  Hz ,  w h l c h  c a n  b e  o b t a l n e d  by v a r y i n g  t h e  o u t p u t  f r e q u e n c v  
of t h e  m i c r o w a v e  s y n t h e s i z e r .  T h e  m e a s u r e m e n t  r e s u l  t.; a r e  c h o t ~ ~ n  
i n  F i g u r e  1 3 .  

3. R u b i d i u m  m a s e r  

T h e  b l o c k  d i a g r a m  o f  t h e  m e a r . u r e m e n t  s e t u p  i s  s h o w n  I n  F i g u r e  1 3 .  
Shown i n  F ~ g u r e  1 5  1 s  t h e  m e a s u r e m e n t  r e s u l t  w h l c h  I n c l u d e s  t h e  



n o l s e  contribution o f  t h e  r e c e i v e r .  We h a v e  n o t  f o u n d  a  g o o d  
m e t h o d  t o  p r e c i s e l y  m e a s u r e  t h e  n o i s e  c o n t r i b u t ~ o n  of t h e  R b  
m a z e r .  

The b e a t  f r e a u e n c v  s i g n a l  b e t w e e n  t h e  t w o  R b  m a s e r s  i s  a b o u t  500 
Hz. The t w i n - T  t u n e d  amp1 i f  i e r  I S  u s e d  t o  c o n t r o l  t h e  noise 

bandwidth from 3 Hz t o  3 kHz.  

F rom t h e  measurement  r e s u l t s  i n  F l q u r e s  10 t h r o d g h  15, we s e e  
t h a t  t h e  n o i  s c  c o n t r i b u t i o n  o f  t h e  p h a s e - l o c k e d  r e c e  l u e r  
p r e d o m ~ n a t e s  t o r  2 ms 5 7 I 1 s. F o r  l o n g e r  a v e r a g i n g  t i m e s  t h e  
random ~ ~ a l k  FM n o l s e  o f  t h e  Rb mase r  p r e d o m ~ n a t e s  a n d  d e g r a d e s  
t h e  f r e q u e n c y  s t a b i l l t v  of  t h e  PBH-I1  f r e q u e n c y  s t a n d a r d .  

The measurement  r e s u l  t s  o f  F i g u r e  1 6  b a s ~ c a l  1 v a g r e e s  W I  t h  t h e  
c s l c u l  a t e d  u a l  u e s .  

The f r e q u e r ,  ~ n s t a b i l i t v  a d d e d  by t h e  p h a s e - l o c k e d  r e c e i v e r  c a n  
t e  u s e d  t o  c h a r a c t e r r z e  t h e  p e r f o r m a n c e  o f  t h e  r e c e i v e r .  I t  i s  
v r g  u s e f  u l  f o r  d e u e l  o p ;  ,ig a 1 ow-ncti s e  phase-1  o c k e d  r e c e  i t.ler . 
F-om t h e  measurement  r e s u l t s  I n  F i g u r e  15 ,  we s e e  t h a t  b,,,i.f r 

st ows a  1 1  .638+3Ln iZ l [ f  ,i:) 1 %  dependence  o v e r  t h e  r a n g e  ' o f  
a t l e r a g l n g  t i m e s  f r o m  10  m% t o  1 s f o r  n o i s e  b a n d w i d t h s ,  f h ,  f r o m  
1 U  Hz t o  1 kHz.  T h ~ s  dependence  shows c l e a r l y  t h a t  t h e  n o i s e  
c o n t r ~ b u t ~  on o f  l i f  PM n o i s e  o f  t h e  mr c r o w a v e  m l x e r  p r e d o m i n a t e s  
f o r  10 ms ! T i 1  s. 

We haue  shown t h a t  t h e  s y s t e m  d e s i g n  m e t h o d  a d o p t e d  f o r  t h e  PER- 
I 1  maser  f r e a u e n c .  s t a n d a r d  i s  ? u s e f u l  one  f o r  c h o o s i n g  
componen ts  a n d  p a r a m e t e r  d e s l g n .  P r e c  i s l o n  c h a r a c t e r  l z a t  i o n  o f  
t h e  n d l s e  s p e c t r a l  d e n s i  t v  i s  t h e  b a s i s  o f  t h e  s y s t e m  d e s l g n .  The  
m a i n  n o i s e  c o n t r l b u t ~ c ~ n  f r o m  t h e  PER-I1 t r e q u e n c y  s t a n d a r d  i s  t h e  
f l  i c k e r  phase  n o i s e  o f  t h e  m i c r o w a v e  m i x e r ,  r a n d o m  w a l k  FM n o i s e  
o f  t h e  t h ?  R b  maser  a n d  w h i t e  phase  n o i s e  o+  t h e  100  MHz VCxO. 

The a u t h o r  c11 s h e s  t o  a c k n o w l e d g e  t h e  h e l p f u l  a s s i s t a n c e  o f  t h e  
Wuhan I n s t 1  t u t e  o f  P h y s i c s  ~ n  t h e  d e v e l o p m e n t  o f  t h e  R u b l d l u m  
m a s e r .  

The  a u t h o r  a1c.o i s  ~ n d e b t e d  t o  P r o f ,  Q l a o  a n d  M r .  X i e  f o r  t h e i r  
a s s i s t a n c e  I n  t h e  p r e p a r a t i o n  o f  t h e  m a n u s c r i p t .  
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Fig.1. Basic configuraticn of R b  maser frequency .;tandard 

+ p,=l0-~'-1 o-l OU rn 4 ~ 0  

F i g . 2 .  Basic block diagram of phase-locked system 

R b87 
MASER 

Syw( f 
> Syo( f 

&=6834.6%!Hz 

CYM(-rj :I X I  0-I jr -' 
PHASE-1QCi;ED 

rtix.:1v>;:t 

v 0 
b 

r?o(f) 

S y o (  f 

L)o 

qro(7) 

LOOP 

FILTER 

I?(j W )  

a 

- 
I 

v 

'IC>:O 

I.; v 

?$,x(f! ,S : ix ( f  

-- 
X?ERENCE 

FRE 2UENCY 

SOURCSS 

d 

Y r 
b 

Sgr (f) 

Syr( f 

b 

P!IASE 

DSTECTO3 

Kd 



1 oW2 10-I 1 o0 1 o1 1 02 

f (Hz, 
Fic.3. Frequency-domain stability of main components 



ORIGINAL PAGE IS 
OF POOR QUALIYY 

J 0 

- I.!IlITIPLIER 4 K v 
.a qdf)  

A'lLTIPLIER 

7 M!PLIFIEX 1 
I I 

1 

r + 5 a a ( f )  .. 7 

MICI!O!:AVE 
PHASE 

S+R( f ) .  
- - !.lI;.:E!i - DETECTOR '#P(~) 

r 
i4IXER vr@i 1: d 

7 + 

w b 

IF I F  Pnal?!!errcy 
%IF f 1- + I'IiE 31~1 . SYWrI'1I!:SI?,E!i + S ~ S (  f) 

N4PLIIpIEX - 1 P l  I VIFl 
Mblj  

< S41:2(f)- * I 

Fig.3. General block diagram of a maser receiver and main 

noise contribution 



Fig ,5 ,a  Frequency-dosain frequency s t a b i l i t y  o f  two low-noise receives. 
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Fig.6. Evaluated ths -domain  frequency s t a b i l i t y  of PBR-I1 
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for  T o0.ls, f c = l m z .  
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F i g . 8 .  E x ? , : r i n o n t a l  s e t u p  used  in xnssurezi?nt  o f  PB3-I1 f r e q u ~ n c : ~  stability f o r  

S 
2v~rsgFr.g ti..=!? 7 = I  OonS-1 00 . 

Fig,g. E x p e r i m e n t a l  s e t u p  used in meas icrement  of  PH3-I1 f r equency  s t a b i l i t y  f o r  
averaging t i n e  =2ms-1 0oa3. 
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IC3ASUfLED FRZ?WNr! STABILITY OF, 

PBR-I I FRZQUENCY STAlTDA'1D. 

7,' CS) 

Fig-10, Act 331 t e s t e d  t k z - d o n a i n  fraquenay s^ - b i l i t y  of PBX-11 
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F i g . 1 1 .  Experimental setup used in msasurements nc i s e  contribution of  phase-locked 

ycceiver (a )  and Microwave synthesizer (b) 
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Fig.12. P r i n c i p l e  b lock diagram of Flg.11 a, and Flg.11 b ,  



the tine-c.omain for fh=lKHz. 



MASER rb-, , 

Fig.3 4. Block diagram of measurenents Rb csser frequency stability. 



F i g  . l5. Time-domain frequency s t a b i l i t y  of  3b masei-. 
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F i g  .I 6. Time-doxsin f requency s t a b i l i t y  
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ABSTRACT 

Radio waves  u n d e r g o  s e v e r a l  e f f e c t s  when t h e y  p a s s  t h r o u g h  t h e  
e a r t h ' s  ionosphere .  0r.e o f  t h e  most i m p o r t a n t  o f  t h e s e  e f f e c t s  i s  
a  r e t a r d a t i o n ,  o r  gr-oup d e l a y ,  on t h e  modula t ion  o r  i n f o r m a t i o n  
c a r r i e d  on t h e  r a d i o  wave t h a t  i s  d u e  t o  i t s  e n c o u n t e r  w i t h  t h e  
f r e e ,  t h e r m a l  e l e c t r c n s  i n  t h e  e a r t h ' s  i onosphe re .  Other  e f f e c t s  
t h e  i o r i o s p h e r e  h a s  on r a d i o  waves  inc!.ude: ( 1 )  R L  c a r - i e r  p h ~ s e  
a d v a n c e ;  ( 2 )  1)opp le r  s h i f t  o f  t h e  RF c a r r i e r  o f  t h e  r a d i o  wave; 
( 3 )  F a r a d a y  r o t a t i o n  o f  t h e  p l a n e  c f  p s l s r i z a t i o n  o f  i i n e a r l y  
p o l a r i z e d  waves ;  ( 4 )  a n g u l a r  r e f r a c t i o n  o r  b e n d i n g  of '  t h e  r a d i o  
wave paLh a s  i t  t r a v e l s  through t h e  i onosphe re ;  and (6) a m p l i t u S e  
and p h a s e  s c i n t i l l a t i o n s .  With t h e  e x c e p t i c n  o f  s c i n t i l l a t i o n ,  
a l l  t h e  o t h e r  e f f e c t s  l i s t e d  h e r e  a r e  p r o p o r t i a t ? a l ,  a t  l e a s t  t o  
f i r s t  o r d e r ,  t o  t h e  t o t a ; .  number of  . e l e c t r o n s  encounte red  by t h e  
wave cn i t a s  pa s sage  through t h e  i onosphe re  o r  t o  t h e i r  t i m e  r a t e  
of change. I n  f a c t ,  ~ h a s e  s c i n t i l l a t i o n  a l s o  is n e r e l y  t h e  s h o r ~  
t e r m  t i m e  r a t e  o f  c h a n g e  o f  t o t a l  e l e c t r o n  c o n t e n t  ( T E C )  a f t e r  
t h e  l onge r  t e rm v a r i a t i o n s  have been renoved.  

I n  t h i s  r e v i e w ,  a  s h o r t  d e s c r i p t i o n   ill b e  g i v e n  o f  e a c h  
i o n o s p h e r i c  T E C  e f f e c t  upon  r a d l o  w a v e s ,  a l o n g  w i t h  a 
r e p r e s e n t a t i v e  v a l u e  o f  t h e  m a g n i t u d e  o f  e a c h  o f  t h e s e  e f f e c t s  
under normal  i o n o s p h e r i c  c o n d i t i o n s .  Th i s  w i l l  be f ~ l l o w e d  by a  
d i s c u s s i o n  o f  t h e  i m p o r t a n t  c h a r a c t e r l  s t i c s  o f  a v e r a g e  
i o n o s p h e r i c  TEC behav io r  and t h e  t empora l  and s p a t i a l  v a r i a b i l i t y  
~ f  T E C .  

T h i s  paper  was not  r e c e i v e d  f o r  p u b l i c a t i o n .  



QUESTIONS A N D  ANSWERS 

JULES SCHLESINCER, HAZELTINE CORPORATION: O b v i o u s l y ,  t o  g e t  a  
h i g h  c o n f i d e n c e  l e v e l ,  I c a n ' t  u s e  e v e r y  r e a d i n g  t h a t ' s  c o m i n g  
down from a  g r o u p  o f  s a t e l l i t e s .  Is t h a t  c o r r e c t ?  

M R .  K L O B U C H A R :  Yes, I would assume s o .  

M R  SCHLESINGER: Going from t h a t ,  i n  your b e s t  j u d g m e n t ,  how many 
r e a d i n g s  would I p r o b a b l y  have  t o  t a k e  t o  make s u r e  t h a t  T am i n  
good s h a p e ?  

M R .  K L O B U C H A R :  Do you h a v e  t o  h a v e  t h i s  t i m e  c o n t i n u o u s l y ?  You 
m u s t  h a v e  s o m e  s o r t  o f  an  o s c i l l a t o r  t h e r e  t h a t ' s  f a i r l y  s t a b l e  
t h a t  you can r e l y  upon f o r  s e c o n d s ,  o r  t e n s  o f  s e c o n d s ,  o f  t i m e .  

MR.  SCHLESINGER: Yes, t h a t ' s  c o r r e c t .  However,  we a r e  p l a n n i n g  -- 
and  t h i s  i s  i n  t h e  p l a n n i n g  s t a g e  -- s o m e  s o r t  o f  an a l g o r i t h m  t o  
use t h e  GPS s y s t e m  a s  a  m a s t e r  t o  k e e p  u p d a t i n g  t h e  g r o u n d  
s t a t  i o n  f l y w h e e l .  

Now, i f  I w e r e  t o  u s e  e v e r y  m e a s u r z m e n t  i n  my a l g o r i t h m ,  on 
o c c a s i o n ,  d u r i n g  f a d i n g ,  my a l g o r i t h m  would i n d i c a t e  a  f a i l u r e .  
So,  somewhere  i n  my a l g o r i t h m ,  j u d g i n g  f rom y o u r  i n f o r m a t i o n ,  I 
must p u t  i n  some c o e f f i c i e n t  which s ~ y s  I h a v e  t o  u s e  l t x W  number 
o f  r e a d i n g s  r a t h e r  t h a n  a  s i n g l e  r e a d i n g .  What would c h i s  number 
"xV be i t ]  your  b e s t  e s t i m a t e ?  

FR. K L O B U C H A R :  Weil, I d o n ' t  know w h e t h e r  I b r c u g h t  any ~ l t h  me, 
b u t  we h a v e  v a r i o u s  p o w e r  s p e c t r a  o f  t h e  s i m u l a t i o n  f a d i n g .  I 
g u e s s  t h a t ' s  r e a l l y  what you a r e  a s k i n g .  

Does  m u s t  o f  i t  o c c u r  w i t h i n  t h e  f i r s t  t e n t h  o f  a  ~ e c o n d ,  o r  
o n e  s e c o n d ?  The a n s w e r  i s  y e s ,  a  s e c o n d  l e t ' s  s a y .  None o f  t h e  
d e e p  f a d e s  h a v e  o c c u r r e d  w i t h  a n y  l e n g t h  o f  t i m e ,  d u r a t i o n ,  
l o n g e r  t h a n  someth ing  on t h e  o r d e r  o f  h a l f  a  s e c c n d  t o  a  s e c o n d .  

Now t h e  q u e s t i o n  i s :  H O W  a r e  you g o i t ~ g  t o  know when you h a v e  
a  bad r e a d i n g ?  J u s t  by t h e  AGC on your  r e c e i v e r  c h a n n e l ?  Because 
t h a t ' s  what we a r e  m e a s u r i n g ,  i n  e f f e c t .  

M R .  SCHLESINSER: What w i l l  happen i n  t h i s  p roposed  s y s t e m  i s  t h a t  
t h e r e  w i l ' l  be an e r r o r  g e n e r a t e d  b e c a u s e  t h e  s i g n a l  coming down 
f rom t h e  s a t e l l i t e  w i l l  be  p r o b a b l y  m a r k e d l y  d i f f e r e n t  from t h a t  
o r i g i n a t i n g ,  o r  b e i n g  k e p t  i n  t h e  f l y w h e e l  s y s t e m .  From what you 
j u s t  s a i d ,  i t  a p p e a r s  t h a t ;  i f  I w e r e  t o  d o  t w o  m e a s u r e m e n t s  e v e r y  
two s e c o n d s  I w o u l d n v t  see an e r r o r ,  b e c a u s e  t h e  f a d i n g  would be 
l e s s  t h a n  a  second  l o n g .  I s n ' t  t h a t  c o r r e c t ?  

M R .  K L O B U C H A R :  T h a t ' s  r i g h t .  You c a n  m e a s u r e  t h a t  by  j u s t  u s i n g  
t h e  A G C  o n  your  r e c e i v e r ,  and know w h e t h e r  you h a v e  t h a t  s o r t  o f  
problem o r  noL. 

M R .  SCHLESINCEH: Wculd t h a t  be  i n d i c a t e d  i n  t h i s  " q u a l i t y w  s i g n a l  
t h a t .  comes from t h e  CPS? 

M R .  K L O B U C H A R :  Nothing i n  t h e  t e l e m e t r y  coming  down from t h e  CPS 
i s  g o i n g  t o  t e l l  you t h a t  t h e r e  i s  a n y t h i n g  i n  t h e  i n t e r v e n i n g  



a t m o s p h e r e .  I t ' s  t h e  i o n o s p h e r e  i t s e l f ,  f r o m  y o u r  p a r t i c u l a r  
d i r e c t i o n ,  t h a t  you w i l l  h a v e  t o  m e a s u r e  i n  o n e  way o r  a n o t h e r  t o  
t e l l  you w h e t h e r  you have  a  problem.  

M R .  SCHLESINGER: I t h i n k  t h a t  you have  a n s w e r e d  t h e  q u e s t i o n .  I f  
I u s e  n o t  e v e r y  r e a d i n g ,  b u t  p e r h a p s  e v e r y  t w o ,  I w i l l  p r o b a b l y  
b e  s a f e  a n y w h e r e  i n  t h e  w o r l d  m o s t  o f  t h e  t i m e .  I s  t h a t  a  c o r r e c t  
a s s u m p t i o n ?  

M R .  K L . O B U C H k R :  If you c a n  i n t e g r a t e  f o r  a  s e c o n d ,  I t h i n k  t h a t  
you w i l l  be  i n  good s h a p e .  

DAVID ALLAN, NATIONAL B U R E A U  OF STANDARDS: When you have  a  l a r g e  
d e v i a t i o n ,  1 t o  3 s i g m a ,  w h a t  i s  t h e  e x t e n t  o f  ' c h a t ?  I s  i t  
wor ldwide?  

M R .  K L O B U C H A R :  No. I n  f a c t ,  f r o m  C o l o r a d a ,  b a c k  i n  t h e  e a r l y  o r  
mid-seven t  i e s ,  we were making m e a s u r e m e n t s  -- llwell meaning n o t  * 

me, b u t  some i o n o s p h e r i c  p e o p l e  -- w e r e  making measurements  i n  I 
t w o  d i r e c t i o n s ;  o n e  s t a t i c r .  r ~ e a r  B z u l d e r ,  a n d  o n e  n e a r  F o r t  1 
C o l l i n s ,  and we were  l o o k i n g  a t  two d i f f e r e n t  s a t e l i i t e s .  One o f  i 

them saw a  b i g  i n c r e a s e ,  and one  o f  them d id r ! ' t .  Tha t  happened t o  t ! 

b e  t h e  d e m s r c a t i o n  l i n e ,  b e c a u s e  a l l  o f  t h e  e a s t  c o a s t  s t a t i o n s  
d i d  s e e  a b i g  i n c r e a s e ,  and a l l  o f  t h e  west c o a s t  s t a t i o n s ,  from 
t h e  one  l o o k i n g  wes tward  i n  B o u l d e r ,  t o  t h e  o n e s  a t  S t a n f o r d  and 
a t h e r  p l a c e s  i n  t h e  w e s t ,  o n l y  saw a  d e c r e a s e .  1 

No, i t ' s  n o t  a  wor ldwide  phenomenon, and i t  w i l l  be  l a t e r  i n  I I 
t i m e ,  g e n e r a l l y ,  t h e  l o w e r  i n  l a t i t u d e  y ~ u  g o ,  b e c z u s e  t h e s e  
t h i n g s  p r o p a g a t e  from t h e  h i g h e r  l a t i t u d e s .  

I i 

MEL B U C H W A L D ,  LOS ALAMOS NATIONAL LABORATORY: I o n o s p h e r i c  p e o p l e  
have  been l o o k i n g  a t  s i m u l a t i o n s  and t h e  e f f e c c s  c f  s i m u l a t i o n s  
o n  t h e  d i s t u r b i n g  r a d i o  c r a n ~ m i s s i o n s  f o r  l o c a l i z i n g  . 
e l e c t r o m a g n e t i c  p u l s e s  u s i n g  t h e  W s e n s o r s  o n  t h e s e  C P S  SJ 

s a t e l l i t e s ,  and we wonder where t h e  body o f  d a t a  on s i m u l a t i o n s  1 
e x i s t ,  and i s  i t  measured o n l y  t h r o u g h  t h i s  R a y l e i g h  f a d i n g  d a t a ?  i 

1 
M R .  K L O B U C H A R :  We c a n  p r o b a b l y  t a l k  p r i v a t e l y  in-"n'b<." d e t a i l  i 

a b o u t  t h i s ,  b u t  I c a n  a n s w e r  t h a t .  T h e r e  i s  a l o t  o f  e h ~ ~ k q ; , a l  
d a t a ,  t h a t  i s ,  f a d i n g  d a t a  o f  t h e  o c c u r r e n c e s  o f  d i f f e r e n t  a e p ~ + , ~ .  

"0 o f  f a d e  v e r s u s  time f o r  d i f f e r e n t  s t a t i o n s .  
T h e r e  i s  a t  l e a s t  o n e  g r o u p  t h a t  i s  t r y i n g  t o  make a m o a o l  1 

b a s e d  p a r t i a l l y  on t ' h i s  e m p i r i c a l  d a t a ,  a n d  p a r t i a l l y  on some 
t h e o r e t i c a l  work. They a r e  making good p r o g r e s s  i n  t h a t .  T h i s  is  .@. } 

a l l  f o r  t h e  background n a t u r a l  i o n o s p h e r e ,  however.  
T h e r e  a r e  a l s o  g r o u p s  who a r e  making e x t r a p o l a t i o n s  t o  t h e  

i 
f 

n u c l e a r  d i s t u r b e d  i o n o s p h e r e .  We p r o b a b l y  d e a l  w i t h  t h e  bu lk  o f  t 
'3 

t h e  s t a t i s t i c s  on  t h e  n a t u r a l  i o n o s p h e r e  i n  o u r  g r o u p ,  on t h e  
n a t u r a l l y  o c c u r r i n g  i o n o s p h e r e  measurements ,  a t  l e a s t .  

M R .  BUCHWALD: A l l  we a r e  i n t e r e s t e d  i n  i s  t h e  r a n g e  o f  n a t u r a l l y  
o c c u r r i n g  s i m u l a t i o n .  

M R .  KLOBIJCHAR: W e l l ,  t h e  w o r s t  i s  R a y l e i g h  f a d i n g .  You c a n ' t  g e t  
w o r s e  t h a n  t h a t .  E v e r y t h i n g  g e t s  b e t t e r  f r o m  t h e r e ,  b u t  I d o n ' t  
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know what  p e r c e n t a g e  o f  t h e  t i m e  you have  R a y l e i g h  f a d i n g  a t  
d i f f e r e n t  l o c a t i o n s .  T h a t t s  a  f u n c t i o n  o f  a  l o t  o f  t h i n g s :  t i m e  
o f  d a y ,  s e a s o n ,  s o l a r  g e o d e t i c  a c t i v i t y ,  where  you a r e  l o c a t e d ,  
an those  k inds  of f a c t o r s .  

M R .  BUCHWALD:  Thank you. 

M R .  K L O B U C H A R :  On t h a t  gene ra l .  s u b j e c t ,  I h a v e  one  more view 
graph,  and t h a t  is  t o  show you about t h e  s o l a r  cyc le .  T h i s  i s  t h e  
l a s t  o f  twen ty - some  odd s o l a r  c y c l e s .  I t  i s  a  b i t  o u t  o f  d a t e  
now, b e c a u s e  we a r e  w e l l  down on t h i s  p r e s e n t  s o l a r  c y c l e .  I f  you 
l o o k  c a r e f u l l y ,  t h e  h i g h e s t  s o l a r  c y c l e  recordbld a c c o r d i n g  t o  
sunspot  number. was recorded i n  1958. 

The second h i g h e s t  was t h e  one t h a t  we have j u s t  completed. 
It  hadn't passed t h a t  poin t  a t  t h e  t i m e  t h i s  graph was made. The 
t h i r d  h i g h e s t  was t h e  one back i n  t h e  f o r t i e s .  The one  t h a t  
peaked i n  1968 o r  1964 das a  good average c y c l e .  

We have  been on a  r o l l ,  t h e n ,  d u r i n g  t h e  l a s t  f o u r  c y c l e s ,  
i f  I may use  t h a t  express ion .  We have have had e i t h e r  an average,  
o r  w e l l  above  a v e r a g e  c y c l e s . .  We have been w e l l  above  t h e  a v e r a g e  
f o r  t h e  l b s t  four  c y c l e s .  

Who i s  t o  s a y  what we a r e  g o i n g  t o  g e t  i n  t h e  fu t .u re?  We a r e  
now n e a r i n g  t h e  m i n i m u m  o f  t h e  p r e s e n t  c y c l e .  Those o f  you who 
a r e  going t o  t r y  t o  make measurements tomorrow, o r  f o r  t h e  next  
few y e a r s ,  h e r e  i s  a  c u r v e  and we a r e  a b o u t  h e r e  on t h e  c u r v e  
( i n d i c a t i n g ) .  The f i r s t  s even  c y c l e s  a r e  l e f t  o f f  this c u r v e  
b e c a u s e  t h e  o p t i c s  and t h e  q u a l i t y  o f  t h e  d a t a  a r e  s u s p e c t .  You 
s e e  t h a t  we have been a t  t h e  mean o r  h ighe r  f o r  t h e  l a s t  s e v e r a l  
c y c l e s .  I n  t h e  n e x t  few y e a r s ,  we a r e  g o i n g  t o  be down i n  t h e  
minimum, and who knows what w i l l  be t h e  maximum f o r  t h e  next, 
c y c l e .  I f  I had t o  b e t  t o d a y ,  I would b e t  on t h e  a v e r a g e ,  n o t  
above  o r  below it .  I a t t e n d e d ,  i n  J u n e ,  a  m e e t i n g  i n  P a r i s  o f  
s o l a r  f o r e c a s t e r s ,  among o t h e r  ionospher i c  f o r e c a s t e r s ,  and you 
can  f l i p  a  c o i n  and come up w i t h  a b e t t e r  a p p r o x i m a t i o n .  

T h i s  i s  w h a t  t h e y  p r e d i c t e d  f o r  t h e  p r e s e n t  c y c l e  
( i n d i c a t i n g ) .  The p r e d i c t i o n ,  t h e  guy ' s  name and t h e  d a t e  o f  t h e  
p r e d i c t i o n .  You can see  from t h e  a c t u a l  maximum and t h e  range o f  
t h e  g u e s s e s  t h a t  t h e y  a r e  a l l  o v e r  t h e  b a l l p a r k .  Th ings  a r e  
improving, but i t ' s  r e a l l y  empi r i ca l .  

I f  anyone  has  any p r e d i c t i o n s  t h e y  want t o  add t o  t h i s ,  i t  
was done b y  J e r r y  Brown. I grabbed i t  f rom h i m  j u s t  t o  show t h e  
f u t i l i t y  i n  t r y i n g  t o  look  a  few y e a r s  i n  a d v a n c e  f o r  s o l a r  
c y c l e s .  
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The ionosphere can c o n t r i b u t e  a p p r e c i a b l e  group 
de lay  and pnase change t o  r a u i c  s i g n a l s  t - s v e r s i n y  
i t ;  t h i s  can c o n s t i t u t e  a  tcndamental 1imitat i .on 
t o  t n e  accL,racy o t  time and rrequerlcy measurements 
using s a t e l l i t e s .  Because of t h e  d i s p e r s i v e  na tu re  
of: t h e  ionosphere ,  t h e  amount o t  de lay  1s  s t r o n g l y  
frequency -dependent (1 / t 2 ) .  A r  t h e  1.5 Gtlz 
frequency band used i n  :he GPS systems t h e  
vertical-incidence ionospher ic  excess  de lay  i s  
t y p i c a l l y  5 nanoset onds dur ing t h e  daytime (based 
on a  t o t a l  e l e c t r o n  con ten t  o t  10l7/m2), and 
2Uk of t h a t  a t  n i g h t .  Even a t  X-band,the t o t a l  
daytime iunospher lc  delay of about 1 nanosecond 
is  enough t o  make compensation necessary  'or 
implementation o t  extremely p r e c i s e  time t r a n s f e r  
schemes such a s  the  coherent  s a t e l l i t e  l i n k  
proposed by Knowles. C a l i b r a t i o n  us ing models i s  an 
u n r e l i a b l e  procedure because of t h e  v a r i a b l e  n a t u r e  of 
t n e  ionosphere.  I t  1s  p o s s i b l e  i n  p r i n c i p l e  t o  provide 
a  s e l f - c e l i b r a t i o n  by observing a t  two f requenc ies  
s imul taneously .  While t h i s  technique has on 
occas ion proven s u c c e s s f u l  i n  reducing ionospher ic  
e r r o r s ,  a t u l l e r  unders tanding u t  t h e  under ly ing 
phenomenon i s  necessary  i n  o rde r  t o  understand 
t h e  b a s i c  l i m i t a t i o n s  i t  mandates i n  time t r a n s f e r  
techniques .  

The ionosphere i s  known t o  be highly  v a r i a b l e ,  
both i n  terms o t  l a rge - sca le  changes and i n  
terms o t  smal le r - sca le  i r r e g u l a r i t i e s .  Much 
work i n  r e c e n t  y e a r s  has  focused on 
' p a t h o l ~ y i c a l '  i r r e g u l a r i t i e s  i n  the  p o l a r  
r eg ions  and e q u a t o r i a l  region t h a t  amount t o  
v a r i a t i o n s  o t  LOX t o  s e v e r a l  hunared percent  
i n  t h e  t o t a l  e l e c t r o n  con ten t .  Kecent 
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e k t o r t s  t o  i n v e s t l g d t e  ionospher lc  d i s t u r b a n c e s  
us ing  r a d i o  astronomy i n t e r f  eroniters have shown 
t h a t  t h e  mld- la t i tude  reg ion ,  where most tlme 
t r a n s f e r  experiments take  p lace ,  a l s o  has a  
p reva len t  i r r e g u l a r l t y  d l s t r i b u t l o n .  T i l l s  worrt 
has been undertaken by our NKL group us ing  
i a t e r t e r o m e t e r s  a t  Green bank, W .  VA, and 
Magdalena, NM, and a l s o  by a  Uutch group us ing  
t h e  Westerbork in terkerometer  ( 3 ) .  l'hese 
experiments measure the  d i f f e r e n t i a l  e l e c t r o n  
con ten t  oetween two o r  inore antenna l o c d t i o n s ,  
and r e l a t e  more c l o s e l y  t o  the  ionospher ic  e f f e c t  
seen by a  tirric! t r a n s t e r  experiment thdn niost 
o t h e r  techniques.  Las i ly  measurable ionospher ic  
i r r e g u l a r l t l e s  ndve been seen i n  mid- la t i tude  
regions .  Our group has observed a  t y p i c a l  
d i f f e r e n t r a l  e l e c t r o n  con ten t  o t  about 1 ~ 1 5 / m 2  
over a  b a s e l i n e  of 35 km. A day-night c o r r e l a t i o n  
wlth T L C  values  i s  observeo;  tile night-t ime 
ionosphere is more i r r e g u l a r  dur ing  pe r iods  of  
nrgn geoinabnetlc activity. by combiri~ng r e s u l t s  
trom our work with t h a t  o i  the  butch group, wi-10 

used a b a s e l i n e  t h a t  was cunsruerably  s h o r t e r ,  
i t  i s  p o s s i b l e  t o  o b t a i n  informat ion about the  
s l z e  a l s t r l b u t i o n  o t  t h e  irregularities. The 
i r r e g u l a r i t y  amplitude i s  approximately 
proyor t londl  t o  the  b a s e l l n r  over t h e  range 
s t u d i e d ,  Only l imi ted  informat ion i s  a v a i l a b l e  
aoout ano the r  parameter of i n t e r e s t , t r l e  time 
s c a l e  d i s t r r b u t i m  9 k  t hese  i r r e g u l a r i t e s .  
Irregularities have been observea un a l l  t i n ~ e  
s c a l e <  from scconas t o  hours,  a s  i l l u s t r a t e d  by 
d a t a  samples. l n e  t y p l c a l  i r r e g u l a r l t y  i n  the  
mid- la t i tude  region i s  about 1 X  of the  t o t a l  
e l e c t r o n  con ten t .  While t h i s  i s  l e s s  than 
the  extreme v a r i a t i o n s  seen i n  p u l a r  r eg ions ,  
c a l i b r a t i o n  o t  these  anomalies must a l s o  t a k e  
place  t o  achieve f u l l  accuracy i n  time t r a n s f e r  
and i t s  a s s o c l a t e u  use f o r  p o s r t i o n  location. 

INTHODUCT ION 

The ionosphere can c o n t r i b u t e  appreciable group de lay  t o  s;gnals t r a v e r s i n g  
it. This delay depends on both the  trequency and tne  s t a t e  ok t h e  ionosphere.  
The equat ion t o r  t h e  refractive index ok t n e  Ionosphere can be expressed a s :  



where n, i s  the  e l e c t r o n  d e n s i t y  

P i e  the  e a r t h ' s  magnetic f i e l d  

0 i s  the  ang le  beLween the  wave normal ana the  magnetic t i e l a ,  
and 

K 1 ,  K2 a r e  numerical c o n s t a n t s  (Mathur 2 t  a l . ,  1 9 7 ~ ) .  

l t  ne 1s  replaced by a  t y p i c a l  Lota l  e l e c t r o n  con ten t  a lony a  v e r t i c a l  
column (TcC), an es t ima te  can be obta ined of t h e  a d d i t i o n a l  group delay due t o  
t h e  ionosphere.  Such a  curve  i s  p l o t t e d  i n  t i g u r e  1 f o r  a  t y p i c a l  daycinle 1 L C  
o t  2 X l ~ ~ ~ l l n ~ .  'lne curve  i s  f o r  a  v e r t i c a l  path aild i s  n lu l t lp l i ed  by t h e  
secan t  o t  the  z e n i t h  d i s t a n c e  of the  l ine-ot -s ight .  The dominant term froin 
equat ion (1) has a  shape inverse ly  p r o p o r t ~ o n a l  t o  frequency squared,  anu a 
t o t a l  magnitude of about 5 nanoseconds a t  t h e  Global Pos i t ion ing  bystem (c:PS) 
frequency. The t y p i c a l  night-t ime clelay i s  abuut 2% or  t h i s .  klobucnar 
(1984) d i s c u s s e s  the  l i m i t a t i o n s  i n  a t t empt ing  t o  c o r r e - t  f o r  t h e  delay w i t h  a  
s o d e l  due co t n e  v a r i a t i o n s  i n  TaC. Such a model can be expected t o  be 
accura te  t o  about + 2 5 X .  

A method o f t e n  mentioned t o r  c o r r e c t i n g  a c c u r a t e l y  f o r  the  ionospher ic  group 
6elay i s  dual-frequency measurements. because o t  the  d i s p e r s i v e  n a t u r e  of  the  
ionospher ic  d e l a y ,  measurements a t  two t r equenc ies  can be useu co aetermine 
what the  delay c0nstar.t i s  and c ,yrrect  f o r  it. I n  p r i n c i p l e  t h i s  method can 
be very a c c u r a t e ,  because i t  measures t h e  '[LC along t n e  scae  l i n e  o t  s i g h t  
t h a t  i s  t o  be used f o r  t h e  observat ion.  ~ l t h o u y h  t h e  dual-frequency method 
has been used i n  a  number o t  exper iments ,  and i s  t o  be implcn~ented f o r  G P s ,  
i t s  accuracy has not  been c r i t i c a l l y  examined. poss ib le  inaccurac ies  i n  t h i s  
mcthod inc lude  e r r o r  r n u l ~ ~ p l i c a t i o n  caused by a  i i a i t e  trequency u i r r e r e n c e ,  
and the  e f f e c t  of higher-order terms i n  equat ion (1) .  Figure 1 c o n t a i n s  an  
e s t i m a t e  o i  t h e  r e s i d u a l  ComDonent i f  ti1 s c o r r e c t i o n  is  a c c u r a t e  t o  1%. une f 
r e s i d u a l  cornponent o t  concern i s  t h e  \ /  f CUInFOlleIlK i n  equa t ion  (1).  I n l s  
component g ives  r i s e  t o  two p o s s i b l e  phase and group v e l o c i t i e s  i n  a  wave 
propagat ing rhrol~yh t u s  lonosphere.  'I'ile u i r t e r e n c e  i ~ r  v e l o c i t i e s  depencls on  
the  angle  o t  the  propagation d i r e c t i o n  t o  the  e a r t h ' s  magnetic t i e l d .  T h i s  
e f f e c t  g ives  r i s e  t o  Faraaay p o l a r i z a t i o n  r o c a t i o n ,  b u t  i t  a l s o  causes  a  
d i f t e r e n c e  i n  group delay between the  two modes. Figure 1 shows t h e  
I1 worst-case" milgnituue o t  t n l s  e l t e c t .  k n i l e  t h e  n e t  time delay chaugt caused 
i s  zero ,  a propagat ion b i t u r c a t i o n  r e s u l t s  t h a t  causes a  dua l  a r r i v a l  time 
measurement. ' In i s  cari or  d s e r l o u s  limitation on lower-srequency tiinin6 
measurements. 

When considering t h e  l i m l t a t l o n s  yroviaeu oy the  ionosphere t o  t ime t r a n s f e r  
measurements, i t  is  important  t o  cons ide r  the  complete temporal and s p a t i a l  
spectrum o r  ionospher ic  i r r e g u l a r i t i e s .  hlobuchar (1984) d i s c u s s e s  t h e  
l a rge - sca le  ( g l o b a l )  component o t  TtC v a r i a t i o n s .  kecent e x p e r i ~ u e n t a l  
in tormat ion has been sccumulatiny about med~um-6cale (lOu m - lOo0 ~ m )  
i r r e g u l a r i t i e s  i n  TEC t n a t  a r e  important  i n  c o n t r i b u t i n g  t o  time mdasureraent 
inaccurac ies .  It has been deduced t r o ~ u  in -o i tu  s a t e l l i t e  measurements t h a t  
medium-scale i r r e g u l a r i t i e s  of 1-10 Z of TEC  xis st commonly a t  a l l  t imer i n  



t a e  a r c t i c ,  and dur ing  ni&ht t ime i n  e q u a t o r r a l  r eg ions  (Szuszczewicz e t  a l ,  
1963). Although i t  has been commonly assumed t h a t  medium-scale 
i r r e g u l a r i t i e s  i n  the  "normal" m i d - l a t ~ t u d e  ionosphere a r e  i n s i g n i f i c a n t ,  
r ecen t  r e sea rch  us ing r a d i o  astronomy i n t e r t e r o m e t e r s  have shown t h a t  t h i s  is  
not t h e  case .  

In  a r a d i o  i n t e r t e r o m e t e r ,  two o r  more l a r g e  r a d i o  antennas  a r e  pointed a t  t h e  
same d i s t a n t  n a t u r a l  r a d i o  source.  The ou tpu t s  of t h e s e  antennas  a r e  combined 
coheren t ly ,  a f t e r  c o r r e c t i o n  f o r  d i t f e r e n t i a l  a e l a y ,  t o  make a Michaeison 
in te r fe romete r .  The output  o t  t h i s  in te r fe romete r  measures any source  of 
d i t f e r e n t i a l  phase delay.  Slnce  t h e  ionospnere i s  t h e  dominant d i s p e r s i v e  
e f f e c t ,  i t  is p o s s i b l e  t o  measure t h e  d i f f e r e n c e  i n  t o t a l  e l e c t r o n  c o n t e r t  by 
combining measurements a t  two t r equenc ies  i n  an  a p p r o p r i a t e  manner. To t h i s  
end, the  Naval ~ b s e r v a t o r y ' s  Green bank, West Vi rg in ia  i n t e r f e r o m e t e r  and t h e  
newer Very Large Array f a c i l i t y  i n  New Mex~co have been used t o  conduct 
preliminary i n v e s t i g a t i o n s  i n t o  the  f e a s i b i l i t y  and use fu lness  of  such a 
t o o l .  The r a d i o  i n t e r i e r o ~ n e t e r  system a t  Green bank, whose primary miss ion  i s  
t o  measure geodet ic  parameters,  observes con t imous ly  a success lon  0.t r a d i o  
sourczs  a t  quasi-random p o i n t s  n t h e  l o c a l  sky. t ~ l e p c z y n s k i  e t  a l . ,  1979). 
Simultaneous obse rva t ions  a t  2695 MHz (11.1 cm. vdvelength)  and 8085 MHz (3.7 
cm. wavelength) provide a measurement o t  t h e  d i f f e r e n t i a l  e l e c t r o n  c o n t e n t  
between the  ionospher ic  paths  o t  any of the  p o s s i b l e  antenna p a i r s .  The 
continuous a v a i l a b i l l l t y  o t  dd ta  irom t o i s  a r r a y  makes i t s  u s e  a t t r a c t i v e  f o r  
ionospheric monitoring.  A t  the  time t n e  p resen t  d a t a  was recorded,  t h e  a r r a y  
cons i s t ed  of 3 antennas o t  $5-ioot uiardeter locateci a long a 2.> k i lomete r  
t r ack  t h a t  is o r i e n t e d  a t  an azimuth of 62.05 degrees ,  and one remote s t a t i o n  
wi:h a 45-toot d iameter  antenna loca ted  about J >  KIU away. An a d d i t i o n a l  
remote s t a t i o n  has s i n c e  been added. The Very Large Array, d e s c r i b e d  i n  
d e t a i l  by Thomps~n e t  a 1  (19801, i s  an a r r a y  o f  27 antennas loca ted  n e a r  
Socorro, NM, and aes ignea w i t h  maximum f l e x i b i l i t y  f o r  a v a r i e t y  of 
a s t r o p h y s i c a l  experiments.  I t s  27 antennas  a l low s i g n i f i c a n t l y  more complete 
s p a t i a l  sdmpling of ionospher ic  phase d i f r e r e n c e s  than the  Green bank a r r a y .  
The iuaximum b a s e l i n e  a v a i l a b l e  i s  approximately t h e  same a s  t h e  Green bank 
array.  

The d , - i e r e n t i a l  phase path  between two antennas  due t o  t h e  ionosphere is :  

so t h a t  the  d i f f e r e n t i a l  phase a e l a y  i s  p ropor t iona l  t o  t h e  d i f i e r e n c e  i n  
t o t a l  e l e c t r o n  con ten t  a long t h e  two p s r a l l e l  pa ths .  I n  t h e  c o n t e x t  of t h i s  
a r t i c l e ,  D.O.C. w i l l  be used t o  r e f e r  t o  t h e  exper imenta l ly  determined 
d i f f e r e n c e  i n  ionospher ic  path  l eng th  a s  between t h e  l o c a t i o n s  o t  d i f f e r e n t  
antennas. It may be due t o  a number of d i f f e r e n t  mechanisms; e.g., 
ionospheric g r a d i e n t s  (Komesaroff, 146U), i r r e g u l a r i t i e s ,  d i u r n a l  e f f e c t 8  on 
TEC, e t c .  This q u a n t i t y  g 2 n e  d l  -.fine d l )  w i l l  nencefor th  be c a l l e d  
d i f f e r e n t i a l  e l e c t r o n  content  = b.b.C. Converting from measurcrnent u n i t e  o f  
delay t o  u n i t s  o t  phase, a  power of trequency i s  cance l l ed ,  s o  t h a t :  



where K 2 r h l  - 
C 

a n d A g l  i s  t h e  measured phase change due t o  t h e  ionosphere .  

Another impor t an t  parameter  t o  c o n s i d e r  is t h e  e f t e c t i v e  area i n t e r c e p t e d  by 
each  an tenna  primary beam a s  i t  t r a n s i t s  t h e  ionosphe re ,  a s  w e l l  as t h e  
o v e r l a p  between beams. The d i t f e r e n t i a l  phase e f t e c t s  on a n  i n t e r f e r o m e t e r  
from t h e  ionosphere  a r e  d e s c r i b e u  by a  s p e c i a l  c a s e  o t  s c i n t i l l a t i o n -  
s c a t t e r i n g - d i f f r a c t i o n  t h e o r y ;  i n  p a r t i c u l a r  one may expec t  t h in - sc reen  
d i f f r a c t i o n  t h e o r y  t o  s e r v e  as a b a s i s .  This  t ype  o t  t h e o r y  i s  complex and 
has  Seen d i s c u s s e d  by a  number o f  a u t h o r s  (Crane,  1977; Kufenach, 19751, 
a l t hough  r e l a t i v e l y  few (Whale and Gard ine r ,  1966) d i s c u s s  the expec ted  pnase 
p e r t u r b a t i o n s .  While i t  i s  beyond t h e  scope  o t  t h i s  a r t i c l e  t o  devc lop  a 
complete t h e o r y  t o r  t h i s  phenomenon, t h e  b a s i c  remark can  be made t n a t  i f  t h e  
two antenna  beaus d o  n o t  o v e r l a p  t h e  phase t l u c t u a t i o n s  w i l l  be f u l l y  
developed,  w h i l e  f o r  beams t h a t  l a r g e l y  o v e r l a p  t h e  phase f i u c t u a t i o n s  w i l l  be 
l a r g e l y  c a n c e l l e d .  With t h e  27 an tennas  o f  t h e  VLA, i t  i s  p o s s i b l e  t o  do  a 
more complete r e c o n s t r u c t i o n  of  t h e  ionosphere .  l f  t h e  an tenna  D e a m s  do  n o t  
i n t e r s e c t  whi le  p a s s i n g  tnrough t h e  ionosphe re ,  27  indepenaent  p o i n t s  i n  t h e  
ionospne re ,  l o c a t e d  a l o n g  a Y-con t igu ra t ion  a t  d i s t a n c e s  from e a c h  o t h e r  o f  up  
t o  35 km, w i l l  b e  sampled by t h e  VLH. 

The d i f f e r e n t i a l  e l e c t r o n  c o n t e n t  measured by a n  i n t e r i e r o m e t e r  p a i r  is  a  sum 
of t h e  t r u e  d i f f e r e n c e  i n  t h e  f r e e  e l e c t r g n  d e n s i t y  between t h e  p a t h s  ove r  
each  an tenna ,  and a  second o r d e r  d i f f e r e n c e  i n  between t h e  p a t h s  o v e r  each  
an tenna ,  and a  second o r d e r  d i r f e r e n c e  i n  t h e  p a t h  l e n g t h  caused  by t h e  
c u r v a t u r e  of t h e  e a r t h .  Tile formula  f o r  t h e  c u r v a t u r e  e f t e c t  may be shown t o  
be i n  phase u n i t s  

a&= 4.85 x lbl' (TEC) . 
f s i n  8 

where el, e2 a r e  t h e  e l e v a t i o n  01 t h e  s o u r c e  a t  each  antenna, t i s  t h e  
t requency i n  MHz, a n d A 4  is t h e  d i f t e r e n t i a l  phase I n  u n i t s  of  deg rees .  The 
d i f f e r e n c e  ( l / s i n e 2  - l / s i n e l )  can  be e i t h e r  o r  n e g a t i v e ,  
depending on t h e  sou rce  geometry, but  is  always less than  d / r  where d is  t h e  
d i s t a n c e  between afi tennas,  and r is  t h e  e a r t h ' s  r a d l u s .  b i n c e  t h i s  is  a 
r e f r a c t i o n  e f t e c t  due t o  t h e  s p h e r i c i t y  of t n e  e a r t h ,  i t  does  n o t  depend on 
t h e  h e l g h t  of  t h e  e l e c t r o n  l a y e r s  doing  t h e  r e r r a c t i n g .  I h e  t o t a l  measured 
d i t t e r e n t i a l  e l e c t r o n  c o q t e n t  is t h u s  t h e  sum o t  t h e  d i f f e r e n t i a l  e l e c t r o n  
c o n t e n t  due  t o  v a r i a t i o n s  i n  t o t a l  e l e c t r o n  c o n t e n t  between t h e  two l o c a t i o n s  
and t h a t  due t o  t h e  s p n e r i c i t v  o t  t h e  e a r t h .  

For t h e  b a s e i i n e s  used i n  o u r  d a t a  sample,  both  e k f e c t s  a r e  o f  comparable 
magnitude and must be cons ide red .  To measure t h e  i r r e g u l a r i t y  component, t h e  



other must be subtracted. In order to do this, some estimate must be made ot 
the TEC. 1n analyzing the Green Bank data TEC values obtained trom satellite 
Yaraday rotation data by the air Yorce Global Weather Control (l9bl) were used 
for this purpose. Values obtained at Sagareore Hill, MA were used as the 
closest approximation avai~able to the Green Bank, WV site. A time correction 
was made in the TCC data to compensate for the difference in longitude. In 
orcer to simplify the date anaiyses only phases trom two baselines, one of 35 
km and one of 1.5 km, were considered. Data taken with the U.b.N.U.'s 
Greenbank interteroueter during November 198.3 together witn smaller samples 
from 1980-81, was analyzed ta isolate xonospheric ettects. lhe periods 
include a wide range of geomagnetic activity. 

Figure 2 shows the estimates of variance of estimates of k far the long and 
short Green bank ~aseline tor the month ot November 1983. Data has been 
grouped inta periods oi morning twilight, day, evening twilight, and night to 
emphasize diurnal effects. Occasional data points have been bridged. Both 
the higher absolute value of the variance on the long baseline and its 
increased variability are evident. gigure 3 shows a weighted average of the 
variance £01 the four time periods tor the entire month. The day variance for 
the long baseline is clearly greater during the daytime, while this eftect is 
not present for the short baseline. An obvious interpretation ot this is that 
D.E.C. 's of 5xl014lm are consistently present during the daytime over a 
35 km baseline, while irregularities over a 1.5 km baseline are consistently 
less than l=5x1014/m 2.  The phase OF the etfect agrees wath that of TLC 
measurements, which is normally four times higher during daylight hours. 
Although the constant portion of the long baseline variance may be due to the 
ionosphere, it is more reasonable to ascribe this to equipment effects. 

Althougn the variance correlates well with the diurnal TGC eitect, it would be 
expected to correlate more directly with an index that would predict 
irregularities in the ionosphere. In Figure 4 the daytime long baseline 
variance is plottea on tne same graph as the geomagnetic index A,,. A 
general correl?tion is evident. No noticeable correlation of the daytime 
variance with the daytime maximum TCL was evident. This is an indication that 
irregularities are being measured, rather than some difterential of the normai 
daily gradient. 

Another method ot displaying tne results of the experiment is to follow the 
tracks of one or more sources and compare the measured differential 
ionospheric eftect with that predicted trom independent total electron content 
data. This is done in Figures 5 and 6 for the radio source 0355+508, which 
was observed at night, and tne radio source 1749+701, which was o~served 
during the day. Also plotted on these tigures is the difterential path length 
ionospheric effect predicted from the total electron content data. The data 
from the nighttime source is seeti to be generally smocther, although variable 
.rom night to night. That from the daytime source always, and that from the 
nighttime source sometimes, has fluctuations of 1-2x10~5 in dif fbrential 
electron content. The data is too sparsely sampled to enable a detailed 
Fourier analysis of the time scale of the fluctuations, but it appcars that a 
typicai time scale is of the order of 1-2 haurs. For the baseline of 35 km, 
the observed 1-2 hour time scale means that tne ionospheric irregularities 



observed a r e  t y p i c a l l y  e i t h e r  changing wi th  t h a t  t i m e  s c a l e  o r  moving w i t h  a  
v e l o c i t y  of a t  l e a s t  20 km/hr (7mIsec) w i t h  r e s p e c t  t o  t h e  e a r t h ' s  s u r f a c e .  
Thls e s t ima ted  speed is much lower than c u r r e n t l y  accepted va lues  t o r  t h e  
ionospher ic  s u p e r r o t a t i o n  r a t e  o t  5U-150 mlsec. 

A sample d e t e c t i o n  of an  ionospher ic  i r r e g u l a r i t y  us ing  t h e  VLA i s  shown i n  
Figure  7. A method s i m i l a r  t o  t n a t  desc r ibed  above has been used t o  s e p a r a t e  
phase excurs ions  a t  f r equenc ies  of  1.4 CHz and 5  GHz i n t o  d i s p e r s i v e ,  o r  
ionospher ic ,  and non-dispersive,  or  t ropospher ic  terms. The u a t a  shown 
inc ludes  spacings  of  17 km., 9 km., 3 km., and 0.4 km., d u r i n g  a per iod of 24 
hours  beginning a t  08  hours l o c a l  t ime on 21 January 1979. The f i g u r e  snows 
observed phase i n  u n i t s  of degrees  a t  1.4 bhz (100 degrees  = 2 . 5 ~ 1 0 1 5  
D.C.C.). During this per iod ,  t h e  source  1311+b78, which i s  c i rcumpolar ,  was 
observea u n t i l  about 14.7 hours  l o c a l  t ime; then  source  0552+393 was observed 
u n t i l  the  t i r s t  source  was aga in  v i s i b l e  a t  about 0.7 hours. Source-change 
t imes a r e  indicated by t h e  long,  v e r t l c a l  b a r s  extending through t h e  f i g u r e .  

The deep p r o t r u s i o n  in  t h e  17 km. and 9 km. ionospher ic  o u t p u t s  may be 
i n t e r p r e t e d  a s  a  g r a d i e n t  i n  TLC which l a s t e d  f o r  a  d u r a t i o n  o r  about 7  hours ,  
wi th  a  mean epoch of about ? O  heirs iacai time. Its apparen t  i n t e n s i t y  is 
magnit ied by t h e  f a c t  t h a t  t h e  obse rva t ions  a t  t h a t  time were low Ln t h e  sky. 
A t t e r  c o r r e c t i n g  f o r  a s e c a n t  e f f e c t  m u l t i p l i c a t i o n  o t  about 3 ,  an 
i r r e g u l a r i t y  uf bx1014 i n  u.E.C. i s  i n d i c a t e a ;  t h i s  is c o n s i s t e n t  wl th  t h e  
Green bank r e s u l t s  . 
The 9 km spac ing  i s  g e n e r a l l y  s i m i l a r  t o  t h e  1 7  kin spacing,  but  i s  decreased 
i n  amplitude by about  50Y, as would be expected f o r  a n  ionospher ic  g r a d i e n t .  
Thus, t h e  t o t a l  D.E.C. may be l a r g e r  depending on t h e  s i z e  ok t h e  
i r r e g u l a r i t v .  A cons i s t ency  check i s  provided by the  t ropospher ic  o u t p u t ,  
which shows no s i g n i f i c a n t  change dur ing  t h i s  per iod.  

u ISCUsS ION 

The r a d i o  astronomy technique,  can measure lonospher ic  s t r u c t u r e  on a  v a r i e t y  
of s c a l e s ,  and provides  a  measure of an e f f e c t  r n t e g r a t e d  through the  
ionosphere,  r a t h e r  than t h e  marglnal  e l e c t r o n  con ten t  seasurement made by 
e i t h e r  bottomside o r  t o p s i d e  ( k e i n i s c h  and Xuegin, 1982) sounders.  IJuring t h e  
o b s e r v a t i o n a l  pe r ious  desc r ibed  h e r e ,  i r r e g u l a r i t i e s  ok t h e  o r d e r  of  from 
2x1014 t o  2 .5~1015  i n  d i k f e r e n t i a l  e l e c t r o n  con ten t  were observed. Th i s  
asounts  t o  about 0.5 t o  5  Y o t  the  measured TEC, and i n d i c a t e s  t h e  f requen t  
presence o t  s i g n i t i c a n t  i r r e g u l a r  s t r u c t u r e  i n  t h e  ionosphere on t h l s  s c a l e .  

A butch group ( ~ p o e l s t r a  and Kelder,  1984) have r e c e n t l y  used t h e  Westerbork 
in terkerometer  t o  measure ionospher ic  d i s tu rbances .  s l though  t h e i r  longes t  
b a s e l i n e  a v a i l a b l e  was only 2.7 km., they were a b l e  t o  e a s i l y  measure 
ionospher ic  i r r e g u l a r i t i e s .  They found t h e  t y p i c a l  s i z e  t o  be c o n s i s t e n t l y  
g r e a t e r  than t h e i r  maximum b a s e l i n e ,  which i s  i n  agreement wl th  t h e  p r e s e n t  
s i z e  es t ima tes .  Their  conc lus ions  about t h e  g r e a t e r  prevalence  o t  
d i s tu rbances  dur ing  t h e  daytime a r e  i n  g e n e r a l  accord wi th  o u r s ,  a l though t h e  
uutch kroup d i d  n o t  provide  numerical  e s t i m a t e s  o t  a i f f e r e n t i a l  e l e c t r o n  
con ten t .  



Botn the Green Bank results and the sample of data from the VLA show clear 
evidence of horizontal ionospheric gradients in TEC persisting ror periods of 
several hours, while the butch group o~served periods of less than fikty 
minutes. Thz mid-latitude radio interterometer observations clearly are not 
related to the ionospheric wind, which is known to have velocities of 50-150 
kilometers per second (kegan and hodriquez, 1981; Kino and Livingston, 1982). 
They are most easily accounted for by tne pheuomenon ot traveling ionospheric 
disturbances, or 'LID'S. This class of disturbances, as pointed out by Ovans 
et a1 (1383), includes fluctuations with a wiue variety of periods, which, in 
spite 01 many observations with various techniques, are not well-defined. 

From the limited observations undertaken by our group and the Dutch. group, it 
is possible to make a rough estimate of the approximate amplitude vs. distance 
relationship ot these medium-scale lrregularities. This is shown in flgure 
8. A similar graph that gives typical time scales is not yet possible due to 
inadeq~ate aata. 

6 Ionospheric compensation is necessary kor the most precise time transfer and 
frequency measurements, with a group delay accuracy better than 10 

I nanoseconds. A priori modeling is not accurate to better than 9 5 % .  The 
dual-frequency conpensation method nolds promise, but has not been rigorously 
experimentally tested. lrregularities In the ionosphere must be included in 

.I the compensat ion process. 
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Fig. 1 Ionospheric effects on group delay. 
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Fig. 2. Scatter in ionospheric phase measurments for Green bank ! 

interferometer for the month ot November, 1983. uottea line marks ; 
! 

short baseline; solid line marks long baseline. Data is grouped into 
morning twilight, day, evening twilight and night. , 

! 

Fig. 3 All data of Figure 2 grouped to show behavior of variance as a 
function of time of day. 
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Fig. 4 Comparison ot Green bank Long baseline vari.ance tor daytime with 
geomagnetic inacx . hormalized units used on ordinate. 
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Pig. 5 Uifferential  electron content measurement a s  a function of time for 
0355+3U8, a nightf lue source. Ubservations taken auring early 
December, 1981. 



Fig. 6 , Diiferential electron content measurement as a function of time tor 
1749+701, a daytime source. Period ot observations same as Fig. 5 
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Fig. 7 Sample ionospheric measurements made using a series of baselines with 
the Very Large Array, illustrating the detection ot an ionospheric 
disturbance. Tne graph shows both non-dispersive, or tropoephcric 
and dispersive or ionospheric differential phases. Long vertical 
bars mark source changes. 
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Fig. 8 Amplitude ve.  size parameters of lonospheric irregularities. 



QUESTIONS A N D  ANSWERS 

L A R R Y  D ' A D D A R I O ,  NATIONAL R A D I O  ASTRONOMY OBSERVATORY: T h i s  
1 n f o r m a t i : n  a b o u t  t h e  v a r i a t i o n s  b e t w e e n  s t a t i o n s  on r e l a t i v e l y  
s h o r t  b a s e l i n e s  would  a l s o  s u q g e s t  t h a t ,  f o r  a  s i n g l e  s t a t i o n ,  
t h e r e  w o u l d  b e  a  l o t  o f  v a r i a t i o n  i n  d i r e c t i o n  if' you a r e  l o o k i n g  
a t  t h e  s k y .  Thu3, knowledge o f  t h e  z e n i t h  t o t a l  e l e c t r o n  c o n t e n t  
w o u l d  n o t  b e  a  g o o d  p r e d i c t o r  o f  t h e  p a t h  d e l a y  i n  o t h e r  
d i r e c t i o n s  where you a r e  u s u a l l y  l o o k i n g .  Is t h a t  r i g h t ?  

M R .  KNOWLES: I would a g r e e  w i t h  t h a t  s t a t e m e n t .  

M R .  K L O B U C H A R :  I f  I c o u l d  i n t e r j e c t  a  c o m m e n t  h e r e ,  t h a t ' s  
c e r t a i n l y  t r u e ,  b u t  you h a v e  t o  l o o k  a t  w h a t  d e t a i l  i s  t r u e ,  If 
S t e v e  w o u l d  s h o w  t h e  1 s t  v i e w  g r a p h  .... ( t h e  v i e w  g r a p h  was  
shown h e r e ) .  You w i l l  n o t i c e  t h a t  t h e  t w o  r e a l  p c i n t s  t h a t  yoic 
s a i d  w e r e  a c t u a l l y  o b s e r v e d ,  w e r e  d o w n  a r o u n d  t e n  t~ t h e  
f i f t e e n t h .  The p o i n t  way up a t  t h e  t o p  h e r e  a t  ai.oi;cd a  thousand  
k i l o m e t e r s  above  t e n  t o  t h e  s e v e n t e e n t h  is  a c t u a l l y  a  d i f f e r e n c e  
i n  t h e  d i u r n a l  c u r v e  b e t w e e n  t w o  p o i n t s .  The  t o t a l  t i m e  d e l a y  
m i g h t  b e  on t h e  o r d e r  o f  t e n  t o  t h e  s e v e n t e e n t h ,  a n d  you a r e  
s e e i n g  e f f e c n s  h e r e  on t h e  o r d e r  o f  t e n  t o  t h e  f i f t e e n t h ,  one  o r  
two p e r c e n t .  Ten t o  t h e  s i x t e e n t h  i s  h a l f  a nanosecond a t  L-band, 
s o  we a r e  t a l k i n g  a b o u t  much l e s s  t h a n  a  ~ ~ a n o s e c o n d ,  d i f f e r e n -  
t i a l .  I f  t h a t ' s  a  p r o b l e m  f o r  y o u r  t ime t r a n s f e r ,  t h e n  you a r e  
i n  t r o u b l e ,  b e c a u s e  you a l w a y s  g e t  f 1 u c f ; u a t i o n s  o f  t h i s  o r d e r .  
For t h e  V L B I  f o l k s ,  i t  i s  a  s e r i o u s  p r o b l e m ,  and S t e v e ' s  work is 
v e r y  i m p o r t a n t  i n  t h i s  r e g a r d ,  b e c a u s e  t h i s  s i z e  o f  i r r e g u l a r i t y  
i s  o n e  t h a t  r e a l l y  h a s n ' t  b e e n  m e a s u r e d  b e f o r e .  I t  i s  v e r y  
i m p o r t a n t  t o  c o n t i n u e  t h a t  k i n d  o f  w o r k ,  b e c a u s e  t h e r e  a r e  
i r r e g u l a r i t i e s  a t  a l l  l e v e l s ,  and  no o n e  u p  u n t i l  t h i s  work h a s  
d o n e  a n y t h i n g  i n  t h a t  d i s t a n c e  r a n g e  t h a t  I am a w a r e  o f .  The  
Dutch work and t h i s  work a r e  t h e  o n l y  o n e s .  
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ABSTRACT 

T r o p o s p h e r i c  r e f r a c t i o n  e f f e c t s  m a y  s e r i o u s l y  l i m i t  t h e  
p e r f o r m a n c e  o f  c o m m u n i c a t i o n ,  n a v i g a t i o t i  and  r a d a r  s y s t e m s  t h a t  
o p e r a t e  a t  l o w  e l e v a t i o n  a n g l e s .  T h e  lower a t m o s p h e r e  h a s  a n  
i n d e x  o f  r e f r a c t i o n  w h i c h  i s  s l i g h t l y  l a r g e r  t h a n  u n i t y  a t  t h e  
e a r t h ' s  s u r f a c e  and  w h i c h  d e c r e a s e s  a p p r o x i m a t e l y  e x p o n e n t i a l l y  
w i t h  h e i g h t .  A s  a  r e s ~ l t ,  r a d i o  w a v e s  t r a v e i  a t  s l o w e r  v e l o c i t y  
t h a n  i n  f r e e  s p a c e  a n d  a s  t h e y  t r a v e r s e  l a y e r s  o f  d e c r e a s i n g  
i n d e x  o f  r e f r a c t i o n ,  t h e y  a r e  b e n t  d o w n w a r d .  T h u s ,  t a r g e t s  
o b s e r v e d  f r o m  t h e  g r o u n d  a p p e a r  t o  b e  a t  h i g h e r  e l e v a t i o n  a n g l e  
t h a n  t h e  t r u e  a n g l e  a n d  i f  t h e  r a n g e  o f  t h e  t a r g e t  i s  b a s e d  o n  a  
time d e l a y  m e a s u r e m e n t ,  t h e  t a r g e t  w i l l  a p p e a r  f a r t h e r  away.  I n  
a d d i t i o n ,  a b n o r m a l  r e f r a c t i v i t y  g r a d i e n t s  may c a u s e  r a d i o  waves  
t o  be  t r a p p e d  w i t h i n  t r o p o s p h e r i c  l a y e r s ,  t h u s  p r o d u c i n g  r e g i o n s  
t h r a u g h  w h i c h  t h e  w a v e s  d o  n o t  p a s s :  t h e s e  a r e  c a l l e d  " r a d j o  
h o l e s "  . 
F o r  s o m e  l o c a t i o n s  a n d  f o r  m a n y  a p p l i c a t i o n s ,  r e f r a c t i v e  
c o r r e c t i o n s  b a s e d  o n  t h e  s u r f a c e  r e f r a c t i v i t y  a r e  a d e q u a t e  f o r  
e l e v a t i o n  a n g l e s  a b o v e  a  few d e g r e e s .  However ,  new s y s t e m s  w h i c h  
o p e r a t e  a t  e l e v a t i o n  a n g l e s  n e a r  t h e  h o r i z o n  o f t e n  r e q u i r e  
i m p r o v e d  a c c u r a c i e s .  I n  t h i s  p a p e r ,  t e c h n i q u e s  f o r  o b t a i n i n g  
t h e s e  improved c o r r e c t i o n s  a r e  r e v i e w e d .  

T h i s  p a p e r  was n o t  r e c e i v e d  f o r  p u b l i c a t i o n .  
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QUESTIONS A N D  ANSWERS 

V I C T O R  R E I N H A R D T ,  HUGHES AIRCRAFT C O M P A N Y :  Those e r r o r  f i g u r e s  
you had f o r  t h e  r a n g e ,  i s  t h a t  t h e  one way r a n g e ,  o r  t h e  two way 
range? 

MR.ALTHSULER: One way. 

M E L  SUCHWALD, LOS ALAMOS N A T I O N A L  L A B O R A T O R Y :  You s a i d  t h a t  
duct ing  was very unusual except  i n  c e r t a i n  l o c a t i o n s  where i t 's  
common. I  t h i n k  a  l o t  o f  u s  a r e  wonder ing  i f  we l i v e  i n  one o f  
those  p laces .  

MR.ALTHSUL.ER: A s  I u n d e r s t a n d  i t ,  t h e  d u c t i n g  v e r y  o f t e n  t a k e s  
p l a c e  o v e r  w a t e r .  There  i s  a  r e g i o n  o f f  o f  San Diego where t h e y  
s a y  t h a t  d u c t i n g  o c c u r s  on a  ve ry  r e g u l a r  b a s i s .  T h e  u 'uc t ing  i s  
very  s e r i o u s  o v e r  t h e  P e r s i a n  G u l f .  I t  i s ,  I t h i n k ,  one o f  t h e  
h o t t e s t  b o d i e s  o f  w a t e r  on t h e  e a r t h ,  and ,  a s  you know, t h e r e  
have been a l l  k i n d s  o f  p rob lems  a s  t o  w h e t h e r  t o  p u t  r a d a r s  on 
t h e  g r o u n d ,  o r  up i n  t h e  mounta ins .  I f  you p u t  them on  t h e  
ground, then you have usua l ly  s e r i o u s  d u c t i n g  csnd ic ions .  I f  you 
put  them up ir .  t h e  mountains, you have  l e s s  d u c t i n g ,  bu t  you have 
o t h e r  problems. I t 's  a  r e a l  nightmare. 

I t  i s  s o m e t h i n g  which i s  ~ b v i o u s l y  v e r y  d i f f i c u l t  t o  
measure, b u t  t h e  d a t a  t h a t  a r e  a v a i l a b l e  i n d i c a t e  t h a t  i t  occurs  
mostly over  wa te r ,  and t h e r e  a r e  l o c a t i o n s  where you can expect  
i t .  

M R .  REINHARDT: Is t h e r e  a  s imple  cosecant  law t h a t  you can use t o  
g e t  the  average de lay  f o r  c o r r e c t i o n ?  

M R .  ALTHSULER: Thank you f o r  b r i n g i n g  t h a t  up. I t  t u r n s  o u t  t h e  
d i s t a n c e  o f  t h e  s l a n t  p a t h  t h r o u g h  t h e  a t m o s p h e r e  i s  a  f u n c t i o n  
o f  t h e  c o s e c a n t  o f  t h e  e l e v a t i o n  a n g l e ,  o r  t h e  s e c a n t  o f  t h e  
zen i th  a n g l e ,  whichever you choose. 

For  a n g l e s  t y p i c a l l y  around f o u r  o r  f i v e  d e g r e e s  you know 
how t h e  s e c a n t  behaves .  I t  e v e n t u a l l y  g o e s  t o  i n f i n i t y .  B u t  
depend ing  upon how much o f  an e r r o r  you a r e  w i l l i r . ; ;  t o  a b s o r b ,  
you can g e t  down t o  e i g h t  o r  t e n  deercis w i t h o u t  any problem. 
Once you g e t  below e i g h t  o r  t e n  d e g r e e s ,  you a r e  s t a r t i n g  t o  
compromise a  l i t t l e .  Of course ,  I c e r t a i n l y  wouldn't. t r y  i t  below 
four  degrees.  
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ABSTRACT 

Clock rynchroniration uhemer utiliring microwave rignala that piua througa the earth'r otmorphere are ultimately 
limited by our ability to correct for the variable delay imporad by the atmorphere. The atmorphere in non-dirperrlve 
at micr~:wave frequenciw and imp- a delay of roughly 8 nanow timw the corecant of the elevation angle. Thin 
de!+y ir c o m p d  of two putr,  the delay due to water vapor moleculem (i.e. the 'wetm delay), and the delay due to all 
other atmorpheric conrtituentr (i.e. the ,drym delay). Water vapor contributar approximately 5 to 10% of the total 
atmoopheric delay but in highly variable, not well mixed, and dimcult to atimate from surface air meauremmk. 
However, the technique8 of parsive remote ~ n r i n g  uring microwave rldiometry can be urad to ertimate the line of 
right delay due to water vapor with potential accuracier of 1C to 20 picom. The device8 that are u d  an, called 
water vapor radionetem and rimply mearure the power emitted by the water vapor molecule at the 22.2 GHs r p e c t d  
line. An additional power mearurement ir urually included at 31.4 GHs in order to compenrate for the effect of liquid 
water (e.g. cloudr). The dry a tm~phere  ia generally in lomethin< clors to hydrortatic equilibrium and itr delay 
contribution at renith can be artimated quite well from a rim 1s barometric meulrremmt. At low elevation anglw 
one muat compeute  for refractin bending and pomible rul)atiow in the vedical refractivity pmdle. With cam 
thwr e l u k  can be wtimatod with ucuracla on the order of 30 rdc- down to elevation anal- of 10 d e p .  

I. INTRODUCTION 

During the past decade we have witnessed a steady improvement in our ability to synchronire clockr on 
a global basis. Techniqnes such as Very Long Baseline Interferometry (VLBI) or any of several schemes 
that utilise earth orbiting -atellites such as the Global Positioning System (GPS) offer the prospect of 
subnanowcond clock and frequency comparison. Atmospheric erron have not b u n  a major contributor 
to the error budget in these techniques but as we approach the nanc~econd (ns) level of accuracy, aa our 
btrumentation and experimental technique improves, the atmospheric delay effects begin to take on the 
upect  of a limiting error source (Rwch,1980). Thin paper is intended to quantify the magnituda of thew 
atmospheric effects a t  microwave frequencies and review the extent to which they can be reduced with 
technology that is currently available. 

II. ATMOSPHERIC DELAY 

At microwave frequencies it is a good approximation to consider the atmosphere to  be non-dispersive. An 
elemental volume cf air ie characterired by it8 kdex  of refraction n(s), so &hat the total delay experienced 
by a signal from an extraterrestrial nource (neglecting bending) is; 

rArw = n(l)/cdl (1) 

Where c in the vacuum speed of light and the integral is evaluated along the ray path L whose line element 
m dI. It b convenient to define a parameter N, called the refractivity, that is a measure of the departure of 
the index of refraction from unity. 

N = (n - l)10' (3) 
We can now write the 'extra" delay imposed by the atmospl~ere (i.e. over and above the geometric delay) 
U. 

AT = lo-' N(l)Jl/r (9) 

If we are trying to syuchronire clocks by observing an extraterrert.ria1 source then the entire problem of 
accounting for atmospheric effects reduces to estimating this simple integral. 

Uning the molecular properties of atmospheric conbtituents it is podble  to  derive an analycic expreuiom for 
Bean and Dutton, 1988). A simple formulation for the refractivity h u  been given by Smith 

N = 77.6(P/T + 4810c/~') 



Where, T is the temperatun ic Kelvin (K), P the r o t d  premure in millibai (mb), and e is the partial 
pressure of water vapor in mb. This expression is accurate to  0.5% over the range of temperature, pressure, 
and vapor content normally found in the atmosphere. Note that the refractivity call be decomposed into 
two components. One component we call the 'wet' component because it depends primarily on the density 
of water vapor (i.e. a polar molecule), and the asher we call the "dry* component in which we lump the 
e!fects of ail atmospheric gases (including water vapor) but is dominated by the most abundant molecules 
of oxygen and nitrogen. 

Hence, the atmospheric delay correction is simply decomposed into two separable problems. Ueing elementary 
definitions, the dry and wet atmospheric delay corrections can be written as; 

where pD is the density of dry air, p, ia t,he vapor density, and T is the temperature. Estimating the dry 
delay is equivalent to evaluatil?g the integrzl of the Cry air density along the ray path. Estimating the wet 
delay is equivalent to evaluating the integral that contains the vapor density divided by the temperature, 
again along the enti-e ray path. 

111. ZENITH DELAY VALUES AND MAPPING FUNCTIONS 

At sea level under average conditions the total atmospheric delay a t  the renith is approximately 8 ns. The 
dry atrnsspheric delay at  the zenith ia just a bit less than 8 ns and is dominated by the gaseous form of oxygen 
and nitrogen. These components are well mixed throughout the atmoephere and hydrostatic equilibrium ia 
a reasonable approximation. The wet delay ia highly variable and can range from practically rero up to 1 ne 
a t  the renith. Although the wet delay contributes less than 10% of the total atmospheric delay it dominaten 
the variaklity and will take 99% of your effort should you require its accurate calibration. 

The reason tha: the wet delay is ouch a problem lies in the fact that water is not a well mixed atmospheric 
co~atituent,  it occurs b all three phases (solid, liquid, and gas). The mixrng ratio ia driven primarily by 
thermal processes in the lower atmosphere which means that it is dificult to estimate the wet renith delay 
using mly surface meteorological measurements. Nevertheless, one can model the water vapor and estimate 
a renith delay. The problem with water vapor model ia the accuracy of the resulting estimate which must 
be judged in the context of the goals for a particular experimeut. Depending on how a set of observations 
is constructed, it may be possible to solve for the senith values of atmospheric delay with higher confidence 
tt m is afforded by a model. 

If you have ever tried to synchronite clocks with VLBI or by using satellites you will have noticed that the 
sources are never at  the senith. Zenith vdues of the delay correction must be mzpped co the line of sight to 
the radio source. If we assume that the atmospherc: ia homogeneous and plane-layered, then the delay along 
an arbitrary line of sight (LOS) ia simply, 

A r ~ o s  = AT= csc E (7) 

where AT, is the renith delay and E is the elevation angle (azimuthal symmetry is implied in the assumption 
of h~rno~eniei ty) .  This simple cosecant mapping function is generally quite adequate for elevation angles 
greater than 20 degrees Of course the error in the zenith delay is also multiplied by the cosecant of the 
elevation angle, hence the premiurr ur: obtaining an accurate value of the zenith delay. For clocks that .re 
separated by large distance; it is nob practical to restrict elevatian angles to greater than 20 degrcer. 

If equation (5) is evaluated along a renith ray path we see that it 18 simply the mass of air in a vertical 
column and can be measured with a barometer. If the total renith delay at  sea level is roughly 8 ns then 
an error of 1 mb in the barometric meaeurement corresponds to a delav error of 8 picosecond (p). If we 
aasurne an elevation angle cutoff of 6 degrees, the line of eight atmospheric delay ia appro~imately 80 ns 
(corresponding to 10 airmasses) and a 2 mb barcmetric measurement accuracy would map to 160 p of line 
of right delay error. Thus, with reasonable care of our barometer we can neglect measurement erron. 

Much larger line of sight delay errom a r k  from three effects; 1) both the atmosphere and the ray p.th 
u curved, 2) errom in estimating the renith vapcr delay, and 3) the real atmosphere in not homogr~ooor. 



If m we the aimple ma ping function m will make a 8 or 7 nr error at a 6 degree elevation becauoe we 
M not uco rn t  for e u t  i cumatwe or ra bending. Vuiatiow in the real atmorphsnr and mibmodeling 

rill account for another 1 or I nr arror independent 01 the mapping function. Using a furction 
rlig tly more complicated than the colccant we can take into account earth curvature and ray bending :ny= "p" 

an reduce that portion of the error to  leu than 1 nr. Them u e  long-term variation8 in the atmosphere 
u w n d  effectr) that crr. he modeled, included with the mapping function and can remove perhaps 0.5 nr h, m the vuiable portion of the atmorphere. Finally, we u e  left with roughly 1 ns of variations that cannot 

be modeled but can be atimsted uring remote sensing to the 0.1 ua level down to 10 degree elevation. 

Them we at least a half-dosen msppin functionr from vuiour authom that account for atmospheric and ! ray path curvature at low elevation ;ng er. In general they are remi-empirical formulae. In order t o  derive 
.n improved ma~p ing  function one typically rtartr with rome avua  e profile of the refractivity, w u m u  
horirontd homogeniety, performs ray-trace calculationr at variour e 1 evation angles, and then notes that 
the delay as a function of elevation an le can be approximated by an analytic function containing a few 
parametere. Figiue 1 compares rome of t !i e moot popular mapping funct~onr with actual ray trace calculationr 
do- to an elevation angle of 6 degrau. Shown are mapping functionr from Lanyi (1984), Black (1978), 
Black and E h w r  (:984), Chao (1974), Marini and Murray (19731, and Swtamoinea (1972). 

The ray trace calculations that are uaed in Figure 1 as the 'truthw are in fact baaed on the assumption of 
homogenieity. Bending of the ray path will depend upon tho vertical denrity profile. Water vapor variatiow 
dominate the variation8 in the density rofile and will exhibit variations on several timeticales and may even 
exhibit horisontal gradients that are dnven either by local topography or meaoncale weather patt-. If 
vertical soundings of temperature and relative humidity are available for a particular observing site then it 
b pouible to identify the low frequency fluctuating compo;l:?tr (e.g. reuonal variations) and incoqdrate 
them into the mapphg function. 

All of thcw mapping functicns shown in Figure 1 offer rignificant improvemellt o\er the simple cooecuit 
mapping. The most recent, by Gabor Lanyi at JPL has the distinct advantage of agreeing with ray trace 
crkulatiom to  better than 10 pa dawn to elevation angles of 6 degree. Lanyi'n lilapping function together 
with improved estimates of seasosal variability in now being tested on 7 yeam of VLBI data taken between the 
rtations of the Deep Space Network. Preliminary indications are that thin new mapping function exhibik 
one of the eought after qualities of accurate atmospheric delay correction - it improvts the repeatability 
between experiments. 

Ilr mentioned earlier, the wet delay can also be modeled. Modeling is of c o m e  the least expensive method 
to account for atmospheric effects eo there is a great deal of fiscai motivation to  use them whenever poaeible 
and there in a plethora of models that can be used with varying degreea of statistical auccesa to estimate the 
wet atmospheric delay. Berman (1976) h a  dincuseed oeveral of these models. In general, one starts with 
the anaumption that the vertical rofile of vapor density L described by an analytic function, measure the 
rurface value of vapor density, an 1 ure the model to  estimate the senith delay. The typical accuracy that b 
achievable ia on the order of 100 pa at the senith which translates to a 1 ns error at an elevation angle of 6 
d m .  

It i m  eometimes pmible to  structure an experiment so that i t  is possible to  w!ve for the senith delay. In 
thh cue ,  if one uses a good mapping function it in only the departures from homogenieity and temporal 
variations of the atmosphere that u e  error sources. If it is not poesil?le to solve for the senith delay and high 
accuracy is a requirement then one must directly estimate the line of sight vapor content. The technique 
that can be used falln in the category of paaaive remote sensing and is based on the fact that the water vapor 
molecule radiates weakly at the microwave frequency of 22.2 GHs. If the molecule is locked in the solid or 
liquid state the transition L inhibited eo the spectral line in a direct indicator of water vapor. The technique 
hu been reviewed by Hogg c t  d. (1983) and by Reach (1984) and will only be outlined here. 

Figure 2 shows what an ideal radiometer would measure if it observed the senith through a rtandard atmo- 
r here between the frequencies of 10 to  300 GHs. The intensity or power level of the received rodlation b 
r I own along the vertical scale and is given in units of Kelvin which in a measure of the brightnesr temperaturn - the tempvatwe that a black body would have if the black body were to replace the atmorphere and to 
deliver an equivalent amount of power to the radiometer. The lower curve shows the spectrum when t h m  
ie no water vapor in the atmos2here and the upper c w e  Is drawn for the caee of a precipitable vapor of 2 
gm/cma. You nee aeveral spectral feature between 10 and 300 GHs, one of which in the 22.2 GHr line from 
water vapor that was just mentioned. Under the assumption of low total absorption (i.e. less than 3 db) the 
strength of the line b proportional to the total amount of water vapor along the line of sight. In equation (6) 
we raw that the wet path delay can be cast into a form thalt very much resembles the integral of the vapor 
deroity along the line of right. Thie meuu  that we can we a radiometer operating at a frequency n e u  22.3 8 

C h  to memure the intensity of radiation and develop an algorithm to then w e  the measurement i. ordrr. 
to estimate the wet path delay. Unfortunately, nature d w  not let ru off quite that ~euily. 



Figure 3 rhows the effects on the brightneu temperature of liquid water wumed  to exkt w very small 
droplek rimilar to what exirk in a cloud. TLL rhowr the brightneu spectrum of the atmosphere for three 
c w r :  1) na vapor and no liquid, 2) 2 gm/em' of vapor and no liquid, and 3) 2 gm/cm' of vapor and 0.1 
gm/cm'.of precipitable liquid. ~ h k - a m o u n t  of liquid water haa negligible effect on thd delay but you can nee 
that it has a very large effect on the measurement of the brightness temperat-lre. We can either be content 
with a single channel radiometer that will operate on!y under clear sky conditions or we can add a second 
radiometer operating at a frequency off the water vapor line and use the second measurement along with 
the 6mt to  simultaneously estimate both the water vapor and liquid in the atmosphere. One can look at the 
rccond channel as the price you must pay in order to operate in both clear and cloudy conditions. 

Instruments that are capable of estimating the line of sight delay have been described by Girard e t  d. 
(1979) and by Resch c t  al. (1982). The absolute accuracy of the technique over the dynamic range that 
k experienced in the real atmosphere in addressed in Figure 4 (Resch, 1984) by comparing the amount 
of atmospheric water determined by two independent techniques. Along the vertical axis is plotted the 
wet delay that was inferre2 from an instrumented aircraft measurement. The aircraft carried a package 
of instruments that measured temperature, pressure, and relative humidity and flew predetermined flight 
paths that approximated various lines-of-sight through the atmosphere. The measurements were recorded 
and later converted to vapor density and iniegrated to obtain wet delay. The horizontal axis shows the vapor 
delay u determined by a water vapor radiometer (WVR) operated during the aircraft flight pointing along 
the flight path. The rms scatter of roughly 50 pa k the quadratic sum of the errors in both measurement 
techniques. If we rather generously assume that the errom in the aircraft measurement ware on the order of 
10% of che total delay then we can infer that the accuracy of the WVR is about 30 pa in the delay domain. 
Sirnulation calculationa suggests that the theoretical limit of performance for the WVR is approximately 10 
ps 

Figure 5, taken from Resch e i  nl. illustratee the precision of two WVRs operating along with ;n interferometer 
in the Very Large Array located in New Mexico. The experiment was unusual in two respects. First, the 
baseline is only 7 km long 3r.d we would normally expect the atmoephere to be well correlated over that kind 
of separation however the data was taken during the summer when there was thunderstorm activity in the 
area md the atmosphere wba very dynamic. Secondly, this is not a VLBI experiment, we were comparing 
ihe V!VRs with a connected element inkerferometer whose phase stability is on the order of a few ps over 
a neveral hour period. The dotted line ehows the interferometer phase in delay u n ~ t s  as a function of time 
and the eolid line shows the resulting phase after corrections were applied from the two WVRY. The rms of 
the corrected haae is approximately 20 ps and corresponds to the expected noise levol of the WVRs in this 
observing mo 1 e. Although this is an unusual event on a 7 km we can speculate that :t my not be quite so 
unusual in the uncorrelated atmospheres that one would find using 1000 or 10,000 km banelines. The data 
indicates that large delay cha~ges are possible in relatively short time periods, and the delay changes are 
indeed dominated by water vapor. Used properly the WVR k capable of trackwg the vapor delay changes 
with a preckion of a few pa. 

IV. SUMMARY 

UriPg a eimp!e barometer to measure the ourface presscre, a thermometer, something to measure surface 
water vapor dezsity, and a model, we can estimate the tenith delay and then use any of a half-doaen mapping 
functions to aatimate the delay along the line of sight. If we uae a model for the atmoephere that can remove 
a portion of the dynamicc we can achieve a 1 ns delay accuracy at elevation angles of 6 degree. If the 
experiment is structured properly it is possible to solve for the aenith delay and reduce the atmospheric 
delay error to  leae than 1 ns. 

If we wish to improve on this capability we must estimate the line of sight vapor delay. An instrument to 
make accurate meaeuremel~te of atmospheric brightness temperature at two frequencies near the 22.2 GHr 
rpectcal line is called a water vapor radioxreter and will cost about $150K. Someone will have to maintain 
and operate it, and someone will have to artalyse the data it prod~~cea. For the eflort one can anticipate 
roughly an order of magnitude: improvement over models. 

Ackl:owled menk: The research dcreribed in thk  paper w u  performed by the Jet Propubion Laboratory, 
Cd io r r i a  L t i t u t e  of Technology, under contract w ~ t h  the National Aeronautics and Space Adminkt r~ ion .  
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QUESTIONS A N D  ANSWERS 

NICHOLAS Y A N N O N I :  Th i s  p a r t i c u l a r  q u e s t i o n  migh t  be anzwered b e s t  
by y o u ,  J a c k ,  o r  p e r h a p s  by t h e  s p e a k e r .  I wou ld  l i k e  t o  have  a  
qu i ck  c o m p a r a t i v e  s t a t e m e n t  o f  t i l e  d o m a i r s  o f  c o r r e c t i o n  t h a t  h a s  
been a d d r e s s e d  by t h e  speaL2rs .  These a l t i t u d e  domains ,  o r  l i n e s  
o f  d e m a r c a t i o n  where t r o p o s p h e r i c  e f f e c t s  domina t e  i o n o s p h e r i c  
e f f e c t s .  I  know t h a t  t h e s e  e x i s t ,  and  w o s l d  l i k e  t o  h a v e  a  
b a l l p a r k  s t a t e m e n t  abn1:t them. 

M R .  K L O B U C H A R :  L e t  me s a y  a  f ew  w a r d s  a b o u t  t h e  i o n o n p h e r e .  1: 
t h ' n k  t , i a t  t h e  GPS L - 1  f r e q u e n c y  i s  p r o b a b l y  a  r e a s o n a b l e  
d e m a r c a t i o n  l i n e .  T h e r e  a r e  t i m e s  when t i l e  t o t a l  z e n i t h  t i m e  
d e l a y ,  d u e  t n  t h e  i o n o s p h e r e ,  n i g h t  b e  o f  t h e  o r d e r  o f  a few 
nano:,econds, bay f i v e  t o  t e n  nanoseconds .  

L e t  me a s k ,  e i t h e r  George  o r  Ed, t h e  ~ e n i t h  : me d e l a y  due  
t o  t h e  a tmosphere  would be  how much? 

VOICE FROM A U D I E N C E :  Nine t o t a l .  

M R .  K L O B U C H A R :  About t h e  same.  However ,  t h e y  c a n  mode l  t h e i r s .  
The v a r i a b i l i t y  o f  L!le t r ? p o s p h e r e  i s  wha t ,  a  few p e r c e n t ?  

V O I C E  FROM T H E  A U D I E N C E :  Ter~ p e r c e n t .  

M R .  K L O B U C f i A R :  Is t e n  p e r c e n t  t h e  h i g h e s t ?  

VOICE: T h a t ' s  maximum. 

M R .  K L O B U C H A R :  Yhereas  t h e  : , . i a b i l i t y  o f  t h e  i o n o s p h e r e ,  d u r i n g  
t h e  n i g h t t i m e ,  when t h e  t o t a l  d e l a y  i s  f i v e  t o  t e n  r l a r l o s e ~ - t ~ ~ : d s ,  
i s  v e r y  h i g h .  I t  may be  40 o r  5 0  p e r c e n t .  i t  d e p e n d s  cjn t h e  
regio11 of t h e  world you a r e  i n .  

That  i s  s t i l l  abou t  where the:y become e q u a l .  There  a r e  t i m e s  
when t t l e  i o n o s p h e r e  i s  s e v e r a l  o r  many t e n s  o f  n a n o s e c o n d s  a t  
L-1, f o r  i r s t a n c e ,  and %he  t r d p o s p h e r e  n e r e r  g e t s  t o  many t e n s  o f  
n a n o s e c o n d s ,  d o e s  i t ?  I t h i n k  t h a t  you h a d  s o m e t h i n g  l i k e  100 
nanoseconds ,  d i d n ' t  you, o r  100 f e e t  o f  e r r o r ?  

M R .  ALTKSULER: The l a r g e s t  e r r o r ,  r i g h t  on t h e  h o r i z o n ,  i s  l i k e  
100  m e t e r s ,  b u t  when you g e t  up t o  f o u r  o r  f i v e  d e g r e e s ,  i t ' s  
more l i k e  100 f e e t .  Ycu a r e  t a l k i n g  abou t  a  maximum ~ f  100 nano- 
s econds ,  at, f o u r  o r  ~ ' i v e  degrees .  

M R .  RESCfi: I t ' s  a l s o  s t r o n g l y  f r e q u e n c y  d e p e n d e n t .  Wi th  GPS you 
have  t w o  f r e q u e n c i e s ,  s o  you h a v e  a h a n d l e  c n  c a l i b r a t i n g  t n e  
i o c o s p h e r e  t o  some l e v e l ,  pe rhaps  a s  good a s  a 'ew c e n t i m e t e r s  o f  
e q u i v a 1 e r . t  p a t h  d e l a y .  W i t h  t h e  a t m c s p h e r e ,  you a r e  l e f t  w i t h  r 
m o d e l ,  o r  a  w a t e r  v a p o r  r a d i o a e t e r  a s  a n  i n d e p e n d e n t  ha:; I i' 
cop ing  w i th  t h e  e r r o r .  

MR.. K L O B U C f I A R :  1 g u e . 3  t h a t  t h e  a n s w e r  i s  t h a t  CPS L-1 1s a good 
b a l l p a r k  t o  s t a r t  a rgu ing .  If yop) g e t  down t o  a coup1.e o f  hund r to  
megahe r t z ,  t h e  T r a n s i t  freqtrenc i e s ,  t h e n  th r  , n o s p h e r i c  e r r o r s  
p robab ly  p r edomina t e .  



W h e n  we g e t  t o  a f e w  g i g a h e r t z ,  t h e  i o n o s p h e r e  i s  n o t  s o  
i m p o r t a n t ,  a l t h o u g h  t h e  V L B I  p e o p l e  u s e  S a n d  X b a n d  t o  g e t  r i d  
o f  t h e  i o n o s p h e r e  b e c a u s e  i t ' s  a  r e l a t i v e l y  e a s y  t h i n g  t o  do .  I 
c a n ' t  s e e  $ 1 5 0 , 0 0 0  f o r  a  d u a l  f r e q u e n c y  i o n o s p h e r i c  s c h e m e .  
C e r t a i n l y  a r o u n d  ten g i g a h e r t z  you s t a r t  n o t  worryi r ig  a b o u t  t h e  
i o n o s p h e r e ,  b u t  i t ' s  a l l  r e l a t i v e ,  b e c a u s e  a  few y e a r s  ago i f  you 
g u y s  c o u l d  t r a n s f e r  t i m e  w i t h i n  a  m i c r o s e c o n d ,  e v e r y b o d y  w a s  
happy. Now you a r e  t a l k i n g  abou t  n a n o s e c c n d s ,  and i n  a  few y e a r s  
we w i l l  b e  t a l k i n g  a b o u t  p icoseconds .  come back ana s e e  u s  then .  
The i o r l o s p h e r e  wo; l t t  go  a w a y ,  and  I d o n ' t  t h i n k  t h e  w a t e r  v a p o r  
and t h e  d r y  component  o f  t h e  a t m o s p h e r e  w i l l  go  sway e i t h e r .  

M R .  KNOWLES: I h a v e  j u s t  a  m i n o r  q u i b b l e .  I t h i n k  y o u r  e s t i m a t e  
o f  150K f o r  t h a t  w a t e r  v a p o r  r a d i o m e t e r  i s  a  b i t  h i g h .  T h a t  would  
c e r t a i n l y  d e c r e a s e  when t h e y  were made on a  p r o d u c t i o n  l i n e .  

M R .  R E C C H :  I arn n o t  s o  sere a b o u t  t h a t ,  a t  l e a s t  t h e  q u a n t i t i e s .  
T h e r e  i s  a t  l e a s t  2 n e  company t h a t  i s  m a k i n g  t h e s e  d e ; l i c e s  a s  a  
c o m m e r c i a l  p r o d u c t ,  and  i n  a  c c n v e r s a t i o n  d i t h  o n e  o f  t h e i r  
r e p r e s e n t a t i v e s  a  f e w  w c e k s  a g o ,  t h a c  was  t h e  p r i c e  t h a t  was 
q u o t e d  t o  me. 

M R .  PONSONBP, JODRELL SANK, ENGI-AND: I would l i k e  t o  a s k  whe the r  
t h e  d e l a y s  t h a t  l lsve been d i s c u s s e d  a r e  r e c i p r o c a l  d e l a y s ?  Can we 
assume t h i c t  t h e  i o r  9 e r i c  d e l a y  i n  p a r t i c u l a r  I s  t h e  same f o r  
t h e  down p a t h  a s  i t  ;'or t h e  up p a t h ?  

ME.  K L O B U C H A R :  Yes ,  p e r i o d ,  and a l s o  f o r  F c r a d a y  r o t a t i o n .  I t ' s  
v e r y  i n t e r e s t i n g  t h a t  b a c k  lrhen p e o p l e  f i r s t  s t a r t e d  m e a s u r i n g  
i t ,  s o m e  p e o p l e  t h o u g h t  t h a t  you w o u l d  g e t  r o t a t i o n  i n  o n e  
d i r e c t i o n  f c r  t h e  u p - g o i n g  s i g n a l  a n d  r o t a t i o n  i n  t h e  o t h e r  
d i r e c t i o n  f o r  t h e  down-going s i g n a l  and t h u s  g e t  c a n c e l l a t i o f i  of  
t h e  r o t a t i o n .  You f o l k :  a t  J o d r e l l  Bank d i d  some  o f  t h e  e a t  
work i n  t h e t  and  know t h a t  you g e t  t w i c e  t h e  a m o u n t .  The p a t h s  
a r e  e s s e n t i a l l y  i d e n t i c a l ,  a t  l e a s t  f o r  t h e  f r e q u e n c i e s  t h a t  we 
a r e  t a l k i n g  a b o u t .  
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The main emphasis 9f t h i s  t u t o r i a l  paper i s  on t h e  formulat ion of 

a p p r o p r i a t e  s t a t e - space  models f o r  Kalnar f i l t e r i n g  

a p p l i c a t i o n s .  The so-cal led  "model" is completely s p e c i f i e d  by 

f o u r  mat r ix  parameters and t h e  i n i t i , l  cond i t ions  of t h e  

recurs ive  equat ions .  Once t h e s e  a r e  determined, t h e  d i e  is  c a s t ,  

and the  way i n  which the  measurements a r e  weigtrted is determined 

f o r e v e r a f t e r .  Thus, f ind ing  a model t h a t  f i t s  the  phys ica l  

s i t u a t i o n  a t  hand is  a l l  important .  Also,  i t  is o f t e n  the  most 

d i f f i c u l t  a spec t  of des igning a Kalman f i l t e r .  Formulation of 

d i s c r e t e  s t a t e  models from the  s p e c t r a l  d e n s i t y  and ARM4 random 

process  d e s c r i p t i o n s  is a iscussed.  F i n a l l y ,  i t  is pointed out  

t h a t  many common processes encountered i n  app l i ed  work (such a s  

bacd-l imited whi te  no i se )  simply do c o t  lend themselves very we l l  

t o  Kalman f i l t e r  modeling. 

INTRODUCTION 

Kalman f i l t e r i n g  is  1;9w wel l  known, and t u t o r i a l  d i s c u s s i o n s  of the  tech- 

nique a r e  g iven i n  a number of s t andard  re fe rences  [ 1 , 2 , 3 ] .  The f i l t e r  

r e c u r s i v e  equa t ions  a r e  summarized i n  Figure  1 f o r  ref  :ence purposes here. 

It should be noted t h a t  once the  i n i t L a l  cond i t ions  and t h e  $ k *  Hk, Rk* Qk* 
parameters a r e  s p e c i f i e d ,  t h e  d i e  is  c a s t  and t h e  way i n  which t h e  

measurement sequence i s  proceseed is completely determined. Thus, t h e  

spec ' f lca t ion of t h e s e  parameters i s  e s p e c i a l l y  important  -- they a r e ,  i n  

e f f e c t ,  the  f i l t e r  "model". The emphasis i n  t h l s  t u t o r i a l  paper w i l l  b! on 

modeling aspe- r  of Kalman f i l t e r i n g .  To s e e  vhere these  parameters come 

from, we w i l l  n3w review the  b a s i c  process  and measurement equat ions .  



ENTER I N I T I A L  1 ii AND P i  

COMPUTE GAIN 

PROJCCT AHEAD 
TO NEXT STEP 

UPDATE ESTIMATE 

Xk = X i  * K k ( z k  - H k X i )  

IJPDATE ERROR COVARIANCE 

Pk = ( 1  - KkHk) P i  

Figure  Kalman f i l t e r  loop 

THE DISCRETE PROCESS AND MEASUREMENT EQ'JATIONS 

The s t a r t i n g  point  f o r  d i s c r e t e  Kalman f i i t e r  theory begins wi th  the  process 

and measurement equations.  The random process under c o n s i d e r a t i o n  i s  

assumed t o  s a t i s f y  t h e  fol lowing recursive equa t ion  

where k r e f e r s  t o  t h e  k-Lh s t e p  i n  t i m e ,  xk i s  a v e c t o r  random process ,  

(k is the  t r a n s i t i o n  matr ix ,  and wk is a Gaussian white sequence with a 

covar iance s t r u c t u r e  given by 

The measurement r e l a t i o n s h i p  is assumed t o  be of t h e  form 

where vk is  a l s o  a Gaussian white sequence, uncor re la ted  wi th  wk, and 

descr ibed by the  covar iance 

I n  words, then,  t h e  key parameters of a Kalman f i l t e r  model can be desc r ibed  

a s  follows: 

dRIGINAL PAGE iS 
OF POOR QUALITY 



( I )  $ J ~  i e  the  t r a n s i t i o ~ l  matr ix  t h a t  d e s c r i b e s  the  n a t u r a l  dynamics of 

t h e  process  i n  going Irom s t e p  k t o  k+l. 

( 2 )  Hk i e  t h e  l i n e a r  connect ion mat r ix  t h a t  g i v e s  t h e  i d e a l  

( n o i s e l e s s )  r e l a i i o n e h i p  between t h e  measurement zk and t h e  

process t o  be es t ima ted  xk. 

(3)  Qk d e s c r i b e s  t h e  a d d i t i o n a l  noise  t h a t  comes i n t o  t h e  xk process  

i n  the  A t  i n t e r v a l  between s t e p  k and k+l. 

( 4 )  Rk d e s c r i b e s  add i  t tve  measurement noise. 

It is important  t o  note t h a t  the  d i s c r e t e  model descr ibed by Eqs. ( 1 )  

through (4 )  s t a n d s  t n  i t s  own r i g h t .  I t  is  not a n  approximation of some 

continuous system, nor does i t  have t o  be r e l a t e d  t o  ano the r  contintlous 

l i n e a r  dynamical system i n  any way. Once the  d i s c r e t e  model i s  assur~ed ,  t h e  

r e c u r s i v e  e s t i m a t i o n  process  g iven i n  Fig. 1 fo l lows d i r e c t l y .  

IMPORTANCE OF THE GAUSSXN ASS'JMPTLON 

We w i l l  d i g r e s s  f o r  a moment and look a t  the  Gaussian assumption used i n  

Eqs.  (1 )  through ( 4 ) .  I f  wk and vk a r e  Gaussian white sequences,  then xk 

and zk w i l l  be Gaussian processes.  Even though the  Gaussian assumption is 

o f t e n  omitted i n  d i scuss ions  of l eas t - squares  f i l t e r i n g ,  we make here  wi th  

no apology. The reason f o r  t h i s  i s  t h a t  minimizing t h e  mean square  e r r o r  

r e a l l y  does not make very good sense  f o r  non-Gaussian processes.  To 

i l l u s t r a t e  c h i s ,  cons ide r  the  two processes  shown i n  Fig. 2. The f i r s t  i s  a 

s c a l a r  Gauss-Markov process  which has the  genera l  appearance of t y p i c a l  

noise.  The secona process  is t h e  random te legraph  wave which swi tches  

between +1 and -1 a t  random p o i n t s  i n  time. I f  the  parameters of t h e  two 

processes  a r e  a d j u s t e d  a p p r o p r i a t e l y ,  they can be made t o  have i d e n t i c a l  

power s p e c t r a l  d e n s i t y  func t ions .  Yet, they a r e  r a d i c a l l y  d i f f e r e n t  

processes!  The l eas t - squares  p r e d i c t i o n  f a r  ou t  i n t o  t h e  f u t u r e  is zero  f o r  

both cases .  This makes good sense  i n  the  Gaus8-Markov case  because zero i s  

t h e  mean and most l i k e l y  value.  On t h e  o t h e r  hcnd, i t  i s  rid. iculous t o  

p r e d i c t  zero  i n  the  random te legraph  wave case. We know a p r i o r 1  t h a t  t h i s  

vavefortk is never zero. We would be b e t t e r  off  t o  p r e d i c t  e i t h e r  +1 o r  -1 

and be c o r r e c t  hal f  the  time than t o  p r e d i c t  zero  and be wrong a l l  t h e  time1 

Thus, t h e  Gauesian assumption is  a reasonable  one i n  t h e  l e a s t  squares  

e s t i m a t i o n  theory,  and t o  s t r a y  from i t  l e a d s  ue i n t o  dangerous t e r r i t o r y .  
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Figure  2 Gauss-Markov and random te legraph  waves 

TRANSITION FROM A SPECTRAL DESCRIPTION TO A DISCRETE STArE MODEL 

I n  Kalman f i l t e r  a p p l i c a t i o n s ,  we f r e q u e n t l y  begin with a s p e c t r a l  d e s ~ r i p -  

t i o n  of the  va r ious  random processes  Lnvolved. The problem  the:^ i s  t o  

conver t  t h i s  informat ion t o  a model of t h e  form s p e c i f i e d  bv Eqs. (1 )  

through (4) .  The genera l  procedure f o r  rnaking t h e  t r a n s i  c ion t o  t h e  

d i s c r e t e  model i s  a s  fo l lows 

(1) Look f o r  a continuous dynamical system t h a t  y i e l d s  the  d e s i r e d  

process  when d r iven  by white noise.  (The v h i t e  noise  inpu t  

a s s u r e s  t h a t  wk w i l l  be a whi te  sequence. ) 

(2 )  Then w r i t e  t h e  dynamical equa t ions  i n  s ta te-space  iorm: 

( 3 )  Solve t h e  s t a t e  equa t ions  f o r  s t e p  s i z e  A t  <!nd o b t a i n  

( 4 )  Determine t h e  measurebient equa t ion  from t h e  p a r t i c u l a r  s i t t i a t i o n  

a t  hand. 

To i l l u s t r a t e  t h e  procedure f u r t h e r ,  suppose the  y process  power s p e c t r a l  

d e n s i t y  f u n c t i o n  S ( 6 )  can be w r i t t e n  a s  a r a t i o  of polynomials i n  e2 ( o r  
2 2 Y 

w , where o = -6 ). The s p e c t r a l  f u n c t i o n  can then always be f a c t o r e d  i n t o  

two symmetric p a r t s ,  one wi th  i t s  poles  and zeroe i n  t h e  l e f t - h a l f  s plane ,  

the 0 t h ~  with mirror-image polee and zeros  i n  the  r ight-hal f  plane. Thio 

i,e c a l l e d  s p e c t r a l  f a c t o r i z a t i o n  and is  represen ted  m t h e m a t i c a l l y  as 



+ 
where S and S- a r e  t h e  l e f t -  and r igh t -ha l f  p lane  p a r t s  r e spec t ive ly .  
+ Y Y 

S ( s )  then  becomes the  shaping f i l t e r  t h a t  w i l l  shape u n i t y  whi te  no i se  i n t o  
Y 

a process  y ( t )  wi th  a s p e c t r a l  func t ion  S (8 ) .  (See Ref. [ l ]  f o r  f u r t h e r  
Y 

d e t a f  1s. ) 

Now suppose t h a t  t h e  shaping f i l t e r  is of the  fcrm shown i n  Fig. 3, We seek  

a s ta te-space  model f o r  t h a t  dgnamical system. One way of achieving t h i s  1s 

w(t )  . 
(Uni ty  White 

> 
Noise) 

Figure  3 Shaping f i l t e r  

shown i n  block diagram form i n  Fig. 4. The s t a t e - space  equa t ions  a r e  then 

Define s t a t e  v a r i a b l e s  a s  .. 
r ,  f ,  r ,*** where r is  a n  
in te rmedia te  va r i ab le .  

F igure  4 Shaping f i l t e r  redrawn 



C o n t r o l  Yystem e n g i n e e r s  r e f e r  t o  t h i s  a s  t h e  c o n t r o l l a b l e  c a n o n i c a l  form, 

and i t  can always be ach i eved  for  t h e  dynamical  sys tem as shown i n  Fig. 3. 

I f  y i s  t h e  p roces s  t h a t  is a c t u a l l y  measured, t h e n  t h e  H nra t r ix  i s  j u s t  t h e  

row m a t r i x  of b ' s  g iven  i n  Eq. (9) .  

EXAMPLE 

Suppose we have a  s c a l a r  Gauss-Markov p roces s  y ( t )  whose power s p e c t r a ;  

d e n s i t y  f u n c t i o n  is 

We f i r s t  f a c t o r  S a s  fo l l ows :  
Y 

The shaping  f i l t e r  i s  t h e n  p 20 B/(s+f3) which co r r e sponds  t o  t h e  dynamica l  

e q u a t i o n  

./z 9 + By = 2a 0 w ( t )  

T h i s  is  a s imp le  f i r s t  o r d e r  d i f f e r e n t i a l  e q u a t i o n ,  s o  we o n l y  have one 

s t a t e  v a r i a b l e .  C a l l  i t  XI. Our s t a t e  e q u a t i o n  is t h e n  

The s o l u t i o n  of t h i s  e q u a t - ~ n  f o r  a  s t e p  s i z e  A t  I s  

and e c a n  be s e e n  t o  be  t h e  t r a n s i t i o n  m a t r i x  (I The mean s q u a r e  value k ' 
. - of  wk c a n  be de termined  from random p r o c e s s  t heo ry  [ I ] ,  and i t  works o u t  t o  



The process model i s  now c o m p l ~ t e .  

UNIQUENESS 

We might pose a q u e s t i o n  a t  t h i s  point:  

L Are Kalrsn f i l t e r  models unique? 

The answer i s  a n  emphati: NO. k'e know from l i n e a r  system theory t h a t  any 

nonsingular i i n e a r  t r ans fo rmat ion  on the  s t a t e  vec to r  l e a d s  t o  ano the r  

equa l ly  l e g i t i m a t e  s t a t e  vector .  The choice  of coord ina te  frame f o r  

performing t h e  e s t i m t i o n  process  is purely  a mat ter  of convenience. 

Optimal e s t i m a t e s  can be transformed f r e e l y  from one coord ina te  frame t o  

another  ( through a l i n e a r  t r ans fo rmat ion)  and s t i l l  remain opt imal  estimates 

i n  t h e  new frame of reference .  

ARMA MODEL 

Sometimes t h e  random p o c e s s  model comes t o  us i n  t h e  form of a d i f f e r e n c e  

equat ion r a t h e r  than a continuous d i f f e r e n t i a l  equation.  For example, 

consider  the  au to - regress ive  moving average ( A R M )  model t h a t  r e l a t e s  a 

d i s c r e t e  process ~ ( k )  t o  a n  inpu t  white sequence u(k). 

There is a c l o s e  analogy between d i f f e r e n c e  and d i f f e r e n t i a l  equa t ions ,  and 

i t  works out  t h a t  t h i s  nth-order d i f f e r e n c e  equat ion cea be converted t o  

vec to r  form i n  rmch t h e  same manner as f o r  a d i f f e r e n t i a l  equation.  I f  we 

d e f i n e  a n  in te rmedia te  v a r i a b l e  y' (k)  as the  s o l u t i o n  t o  Eq* (16) wi th  j u s t  

u (k )  a s  t h e  d r i v i n g  func t ion ,  and then  d e f i n e  our s t a t e  v a r i a b l e s  a s  

x l ( k )  * ~ ' ( k ) ,  x2(k) = y'(k+l), e t c .  (17) 

then  t h e  system of Eq. (16) t r a n s l a t e s  i n t o  s t a t e - space  form as 



Note t h a t  our choice  of s t a t e  v a r i a b l e s  l eads  t o  the  c o n t r o l l a b l e  canooical  

form, j u s t  a s  i n  the  continuous dyllamical case. Of course ,  we could have 

def ined our s t a t e  v a r i a b l e s  d i f f e r e n t l y  and a r r i v e d  a t  a form d i f f e r e n t  from 

Eqs. (18) and (19). We w i l l  not pursue t h i s  f u r t h e r  o t h e r  than t o  say t h e  

choice  of s t a t e  v a r i a b l e s  is (wi th fn  l i m i t s )  a mat te r  of convenience f o r  t h e  

s i t u a t i o n  a t  hand. 

PROCWSSES DERIVED FROM IRRATIONAL SHAPING FILTERS 

The random process  modeling procedures d i scussed  thus  f a r  have been 

s t r a igh t fo rward .  They may be tedique f o r  higher-order p rocesses ,  but  they 

do not c a l l  f o r  much imagination.  There e x i s t s ,  however, a whole c l a s s  of  

processes  where t h i s  i s  not t h e  ceee. These a r e  the  procesees t h a t  cannot 

be thought of as the  t e e u l t  of pass ing vec to r  whi te  noise  through a l i n e a r  

dynamical system of f i n i t e  order.  Such processes  a r e  cornonplace i n  

engineer ing l i t e r a t u r e .  For example, bandlimited Gaussian whi te  noise  is a 

very u s e f u l  a b s t r a c t i o n  i n  communication theory. It i s  Gaussian no i se  t h a t  

has a f l a t  spectrum i n  the  baseband and then is  zero out  beyond t h e  c u t o f f  

frequency. It can be thought of a s  t h e  r e s u l t  of paesing pure whi te  no i se  

through an i d e a l i z e d  lowpaee f i l t e r ,  but no euch f i l t e r  can be represen ted  

a s  a rati;, o i  po ly~oaa ia l s  i n  e af f i n i t e  order. (Note t h a t  a But terworth  

f i l t e r  can be made t o  approximate the  i d e a l  case ,  but not equal  i t . )  The 



i d e a l i z a t i o n s  of bandlimited whi te  no i se  a r e  o f t e n  a convenience i n  coramuni- 

c a t i o n  theory;  however, they a r e  an  o b s t r u c t i o n  i n  Kalrnan f i l t e r  theory.  

There is a theorem from l i n e a r  systems theory t h a t  i s  u s e f u l  a t  t h i s  point .  

Chen [4 ]  g ives  us the  fo l lowing c r i t e r i o n  f o r  t h e  r e a l i z a t i o n  of l i n e a r  

dynamical models. 

A l i n e a r  dynamCcal model of t h e  form 

w i l l  e x i s t  f o r  a system with  an input-output impulsive response G ( ~ , T ) ,  

i f  and only i f ,  G ( ~ , T )  i s  f a c t o r a b l e  i n  t h e  form 

G ( t , z )  = M ( ~ ) N ( T )  (21)  

M and N a r e  f r .n i te-order  ma t r i ces ,  s o  i f  G ( ~ , T )  is  s c a l a r  ( i . e . ,  s i n g l e -  

i n p u t ,  s i n g l e - o u t p u t ) ,  M(t) i s  a row vec to r  and N ( t )  i s  a column vector .  

This theorem can then be used ss a t e s t  t o  s e e  i f  a  dynamical system w i l l  

e x i s t  f o r  a corresponding impulsive response funct ion.  Furthermore, t h e  

f a c t o r i z a t i o n  provides  the  n e c e s s ~ r y  informat ion f o r  r e a l i z a t i o n  of t h e  

model. (See Chen [4] f o r  f u r t h e r  d e t a i l s . )  We w i l l  use f l i c k e r  no i se  t o  

i l l u s t r a t e  the  use  of Chen's theorem. F l i c k e r  noise  i s  of s p e c i a l  i n t e r e s t  

t o  t h e  PTTI community because of i t s  presence i n  p r e c i s i o n  frequency 

s tandards .  It is c h ~ r a c t e r i z e d  by a power s p e c t r a l  d e n s i t y  f u n c t i o n  of t h e  
3 form of l / f  a t  t h e  frequency l e v e l ,  or  l / f  when r e f e r r e d  t o  t h e  phase l e v e l  

[ 5 , 6 ] .  A block diagram showing the  r e l a t i o n s h i p  between f l i c k e r  noise  and 

whi te  noise  i 3  given i n  Fig. 5. 

White 
Noise > phase ( r ime)  
w(t> Frequency 

Figure  5 Block diagrams r e l a t i n g  f l i c k e r  noise  t o  whi te  noise  

C l e a r l y ,  the  t r a n s f e r  f u n c t i o n  r e l a t i n g  input  white noise t o  t h e  o u t p u t  

phase x ( t )  id 11s 3/2. The i n v e r s e  t ransform of l/s3'2 g i v e s  t h e  impulsive 

response t o  a n  impulse a p p l i e d  a t  t -0 .  This  i u  2 f i l f i .  Thus, f o r  a n  

impulse a p p l i e d  a t  t = ~ ,  we have ( i n  Chen's no ta t ion)  



The q u e s t i o n  i s ,  "Is G ( ~ , T )  f a c t o r a b l e  i n  t h e  form M ( ~ ) N ( T ) ? "  It appears  

t h a t  i t  i s  not ,  a l though t h i s  is d i f f i c u l t  t o  show i n  a r igorous  sense. 

This being the  c a s e ,  Chen's theorem says  t h a t  no l i n e a r  dynsmical system 

w i l l  e x i s t  t h a t  corresponds t o  t h e  G ( ~ , T )  of Eq. (22). 'h is  i s  t o  say t h r ~ t  

no fin!te-order s t a t e  model w i l l  e x a c t l y  r epresen t  f l i c k e r  noise!  Of 

course ,  the  s t a t e  model i s  e s s e n t i a l  f o r  Kaliwn f i l t e r i n g ,  so t h i s  l eads  t o  

a dilema when one a t t empts  t o  inc lude  f l i c k e r  noise  i n  a Kalman f i l t e r  c lock 

model. This is the  s u b j e c t  of a companion paper i n  these  Proceedings [ 6 ] ,  

s o  we w i l l  not  pursue t h i s  f u r t h e r  hera. 

SUMMARY 

Various a s p e c t s  of Kalman f i l t e r i n g  modeling have been discussed b r i e f l y  i n  

t h i s  paper. Perhaps the  most important  th ing  t o  remembzr is t h a t  th+ random 

processes  under c f ,ns ide ra t ion  mst be modeled i n  v e c t o r  s t a t e - s p a c e  form. 

This can o f t e a  be done wi th  exac t  meth.ods. I f  the  exact  methods d i scussed  

he re  cannot be used, as i n  t h e  case  of f l i c k e r  noise ,  then  one mst seek 

approximate f i n i t e - o r d e r  v e c t o r  2odels  t n  o rde r  t o  form a workable Kalman 

f i l t e r ,  The measulement model usua l ly  does not cause d i f f i c u l t y ,  because i t  

simply depends on what s t a t e  v a r i a b l e s  a r e  be in^ observed. 
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t h i s  Conference ( 1  984). 



QUESTIONS A N D  ANSWERS 

V I C T O R  R E I N H A R D T ,  HUCi-tES AIRCRAFT C O M P A N Y :  I  t h i n k  you a r e  r i g h t  
abou t  t h a t  n o t  be ing  a b l e  t o  be f a c t o r e d ,  and I t h i n k  t h a t  I have 
a r e a s o n  f o r  t h a t .  You can  show t h a t  f l i c k e r  n o i s e  can  b e  
m a t h e m a t i c a l l y  g e n e r a t e d  by  t h e  sum ~ f  an i n f i n i t e  number o f  
g a u s s i a n  p r o c e s s e s  w h e r e  t h e  b e t a  t e r n  g o e s  f r o m  zerc;  t o  
i n f i n j . t y .  T h e r e f o r e ,  t h e r e  a r e  i n f i n i t e  t i m e  c o n s t a n t s  i n  t h e  
p r o c e s s .  S o ,  you c a n ' t  g i v e  a  s t a t e  v e c t o r  a t  any  one  t i m e ,  
because  t h e  b e t a  term goes  from z e r o  t o  i n f i n i t y .  

Y R .  B R O W N :  I a g r e e  w i t h  what  you s a y .  I t h i n k  t h a t  i t  f i t s  m y  
i n t u i t i o n  t o  t h i ~ i k  t h e  same t h i n g ,  a r ~ d  I h a v e  r e a d  t h a t  p a p e r  
t h a t  you w r o t e  on i t .  I t h i n k  t h a t  i t ' s  a v e r y  n i c e  p a p e r ,  and a  
n i c e  way t o  l o o k  a t  i t .  

O t h e r  p e o p l e  have  a l s o  a p p r o x i m a t e d  f l i c k e r  n o i s e  w i t h  a  
cascaded sequence  o f  what we, i n  c o n t r o l  sy s t em e n g i n c e r i n g ,  c a l l  
l e a d  o r  l a g  n e t w o r k s ,  which  g i v e s  k i n d  o f  a  s t a i r c a s e  s o r t  o f  
f r e q u e n c y  r e s p o n s e  f u n c t i o n ,  w h i c h ,  t o  a  c e r t a i n  d e g r e e  o f  
a p p r o x i m a t i o n ,  d r o p s  o f f  a t  t e n  dB per  decade  r a t h e r  t h a n  twenty  
dB. 

I f  you t a k e  any r a t i o n a l  t r a n s f e r  f u n c t i o n ,  o r  o n e  t h a t  i s  
w r i t t e n  o u t  i n  i n t e g e r  p o w e r s ,  and l o o k  a t  t h e  Bode p l o t ,  t h e  
s l o p e s  go  i n  m u l t i p l e s  o f  t w e n t y  d B  p e r  d e c a d e ,  T h e r e  a r e  no 
t h i r t y  dB per  d e c a d e ,  o r  f i f t y  d B  per  decade  s l o p e s .  

I n  t h e  c a s e  o f  f l i c k e r  n o i s e ,  and c o n s i d e r  t h e  f i l t e r  t h a t .  
s h a p e s  w h i t e  n o i s e  i n t o  f l i c k e r  n o i s e ,  I t  r e q u i r e s  an s t o  t h e  
n e g a t i v e  one -ha l f  power i n  t h e  t r a n s f e r  f u n c t i o n .  That would g i v e  
a  Bode   lot t h a t  d r o p s  o f f  a t  t e n  d B  p e r  d e c a d e  i n s t e a d  o f  
t w e n t y .  W ~ I ~ C  you would do i s  a p p r o x i m a t e  t h a t  t e n  d B  j , e r  d e c a d e  
s l o p e  w i t h  a  whole sequence of  f i l t e r s  w i t h  a l t e r n a t i n g  ze ros  and 
po l e s .  You t h e n  end up w i t h  a  s t a i r c a s e  shape  r e s p o n s e  which, on 
t h e  a v e r a g e ,  ha s  a  t e n  dB per  deoade s l o p e .  

I n c i d e n t a l l y ,  I t h i n k  t h a t  t h i s  i s  a  very  good way t o  model 
f l i c k e r  n o i s e .  The d i f f i c u l t y  i s  t h a t  e v e r y  t i m e  you p u t  a  neil 
p o l e  i n  t h e  s y s t e m  you have  a  new s t a t e  mode l .  I f  you want  g e t  a 
? - r '  sonab ly  a c c u r a t e  approx imat ion  o f  f l i c k e r  n o i s e  t h a t  way, i t  

5 i n v o l v e  e s c a l a t i n e  t h e  o r d e r  o i '  t h e  Kal rnan  f i l t e r  
c in : : ide rab ly .  There  i s  no th ing  wrong w i t h  d o i n g  i t  of , ' - l i i~e  f o r  
e n a l j s i s  p u r p o s e s .  I t h i n k  t h a t  t h e r e  a r e  some o n - l i n e  c a s e s  
where it. wou1.d n o t  be accep t ed .  

M R .  R E I N H A R D T :  I t h i n k  t h a t  some p e o ? l e  h a v e  r e p o r t e d  on a  
si;,~ ar method where t hey  used a  f i n i t e  number of  f i l t e r s  and i t  
worired v e r y  w e l l  i n  an o p e r a t i o n a l  c a s e .  I f  you t r y  t o  l i m j  t t h a t  
p r o c e s s  t hough ,  what happens i s  t h a t  a l l  t h e  p o l e s  run  t o g e t h e r ,  
and you end up w i t h  a  br3nch l i n e .  

M R .  B R O W N :  I g u e s s  m y  a n s w e r  t o  t h a t  would be  t h a t ,  i n  any  c f  
t h e s e  p r o c e s s e s ,  i n  t h e  c a s e  o f  f l i c k e r  n o i s e  f o r  e x z m p l e ,  a t  
z e ro  f r equency  and o u t  a t  i n f i n i t y ,  t h e r e  a r e  s i n g u l a r  c o n d i t i o n s  
f o r  e i t h e r  c a s e .  I f  i t  d r o p s  o f f  a s  o n e  o v e r  f ,  t h e  d r e a  u n d e r  
t h e  c u r v e  o u t  a t  i n f i n i t y  i s  n o t  f i n i t e .  You a r e  t a l k i n g  a b o u t  a  
p r o c e s s  w i t h  i n f i n i t e  v a r i a n c e ,  which i s  p h y s i c a l l y  r i d i c u l o u s .  

The same t h i n g  h a p p e n s  a t  t h e  o t h e r  end  of t h e  s p e c t r u m ,  t h e  



a r e a  under  t h e  c u r v e  d o e s n ' t  c o n v e r g e  t h e r e ,  e i t h e r .  P h y s i c a l l y  
i t  m a k e s  s e n s e ,  i f  you want  t o  b e  c a r e f u l  and  t a l k  a b o u t  
p r o c e s s e s  o f  f i n i t e  v a r i a n c e ,  t k . a t  you 5 a v e  t o  bound t h e  power 
s p e c t r a l  d e n s i t y  a t  t h e  low f r e q u e n c y  end and a t  t h e  h i g h  
f r eque i , cy  end .  I t  h a s  t o  r o l l  o f f  a t  l e ~ s t  t w e n t y  d B  p e r  decade  
i n  o rde r  t o  have a proc:ess of f i n i t e  v a r i a n c e .  

I t  d o e s n ' t  b o t h e r  me t o  t n i n k  o f  p u t t i n g  i n  a  f i l t e r  a t  t h e  
o r i g i n  which w i l l  bound t h e  frequency c o n t e n t  a t  zero  frequency,  
and a l s o  p u t  one  i n  a t  t h e  h i g h  end an+  make it. r o l l  of: a t  l e a s t  
twenty dB  per decade.  

I n c i d e n t a l l y ,  t h a t  impulse response f u n c t i o n  is  q o t  o r i g i n a l  
w i t h  me. Other pecple  have . r r i t t e n  about  hat b e f o r e ,  i nc lud ing  
y o u r s e l f ,  I t h i n k .  

JIM BARNES, AUSTRON, I h ' C . :  I  h a v e  d o n e  a  f a i r  a m o u n t  o f  
s i r n u l a t i o r .  o f  f l i c k e r  n o i s e  w i t h  p o l y n o m i a l s ,  t h e  l e a d - l a g  
n e t w c r k s  you m e n t i o n e d ,  and havc one comment i n  t h e i r  d e f e n s e :  
Three  o r  f o u r  s t a g e s  ccn do an amazir,g amcun t .  You can c.;ver a s  
much a s  t h r e e  t o  f o u r  d e c a d e s  o f  f r e q u e n c y  w i t h  o n l y  f.:rt.e o r  
four  s t a g e s .  

M R .  B R O W N :  O h ,  i s  t h a t  riet;cY? I t  i s n l t  a s  bad a s  i t  rr . 1 ,  a p p e a r  
a t  f i r s t  g l a r ~ c e  then.  I haven't used i t ,  b u t  would hbve lrnagined 
t h a t  you would need a  f a i r l y  l a r g e  number. 

M R .  REINHARIIT: As a n o t h e r  corcrnent, even a  s i n g l e  f i l t e r ,  which 
g e n e r a t e s  a  random t e l e g r a p h ,  w i l l  gener?t,e a  f l a t  Allail var iance  
o f  a b o u t  two o r d e r s  o f  magn i tude  i n  t a u ,  r i g h t  a round  t h e  peak. 
Then you r e a l l y  have t o  p u t  a p o l e  e v e r y  c ~ r d e r  o f  magn i tude  o r  
elfen every two o r d e r s  of magnitude. 

M H .  B R O W N :  A l l  o f  t h e s e  a r e ,  o f  c o u r s e ,  a p p r c . . l m a t e  models  fo ) -  
t h e  r easons  which I just c i t e d .  

M R .  A L L A N :  I t h i n k ,  i n  p r a c t i c e ,  t n e  p rob lem w i t h  f l i c k e r  n o i s e  
i s  n o t  a s e r i o u s  o n e ,  b e c a u s e  i t f c  o n l y  a t  t h e  e x t r e l , ~ e s ,  a s  y9u 
p o i n t e d  o u t ,  a t  z e r o  and a t  i n f i n ~ t y  , ;hat  y n u  have  d i f r ' i c u l ~ i e s  
w i t h  une o v e r  f i n t e g r a t i o n .  Tn  p rac ! , . ce ,  t , ha t . ' s  n o t  where t h e  
Four i e r  f r e q u e n c i e s  a re .  I r e l i t  ir few s t a g e s  of  t h e  f i l t e r  
w i l l  work very n i c e l y  i n  d e s c r i b i n g ,  p r e d i c t i n g  o r  simuiaf;ing 
f l i c k e r  p rocess .  

M R .  B R O W N :  You n e e !  someth i r Ig  l i k e  t h a t  t hough  a s  f a r  a s  t h e  
Kalman f i l t e r  i s  c o n c e r r ; e d .  You c d n f t .  d f f o r d  t o  have t h e s e  
f r a c t i o n a l  powers  o f  s i s  you a r e  g o i n g  t o  do t h e  i t a t e  model.  
You have t o  havc  s o m e t h i n g  where yorl sn.; q need t o  worry a b o u t  
i n t e g e r  powers  o f  s ,  and i f  you c;n do t h e t  v y  crlly a d d i r , ~  two o r  
t h r e e  p o l e s ,  t h a t  would be a very f e a s i b l e  way t o  apprC,ximate i t  
c e r t a i n l y .  
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ABSTRACT 

In this paper we construct a relationship between the Allan variance parame- 

ters (h2, hi, ho, h-1 and h-2) and a Kaiman Filter model that would be used to 

estimate and predict clock phase, frequency and frequency drift. To start 

with we review the meaning of those A1 lan Variance parameters and how they are 

arrived at for a given frequency source. Although a subset of these parame- 

ters is arrived at bj measuring phase as a function of time rather than as a 
spectral density, they a1 1 represent phase noise spectral density coef - 
ficients, though not necessarily that of a rational spectral density. 

The phase noise spectral density is then transformed into a time domain 

covariance model which can then be used to derive the Kalman Filter model 

parameters. Simulation results of that covariance mode: are presented and 

compared to clock uncertainties predicted by A1 lan variance parameters. A two 

state Kalman Filter model is then derived and the significance of each state 

is explained. 



INTRODUCTION 

The NAVSTAR Global Pos i t ion ing  System (GPS) has brought about a challenge -- 

the challenge o f  modeling c locks f o r  est imat ion processes. The system i s  very 

r e l i a n t  on clocks, since i t s  navigat ion accuracy i s  d i r e c t l y  r e l a t e d  t o  c lock 

performance and the a b i l i t y  t o  estimate and p red i c t  time. 

The est imation processes are usua l ly  i n  the form o f  Kalman F i l t e r s ,  o r  v a r i -  

a t ions  thereof such as Square Root Information F i l t e r s .  These f i l t e r s  range 

from the large Ephemeris Determination F i l t e r  i n  the Control Segment, t o  

Navigation F i l t e r s  i n  the User Equipment, t o  Pos i t ion ing  F i l t e r s  f o r  s ta t i on -  

a ry  pos i t ion ing  o r  f o r  merely so lv ing f o r  t ime and frequency i n  a Time Trans- 

f e r  system. I n  a l l  of these appl icat ions, clock states and thus c lock models 

ex is t .  NGC a l l  o f  the models are necessar i ly  proper. 

It i s  the purpose o f  t h i s  paper t o  shed some 1 i g h t  on how t o  model clocks f o r  

Kalman F i l t e r s .  The presentat ion of clock s t a t i s t i c s  as A l l an  Variances has 

f rus t ra ted  systems engineers f o r  some time now because they don ' t  know how t o  

i n t e r p r e t  them o r  how they can be used t o  p red i c t  system performance. The 

problem i s  even compounded because f l i c k e r  noise i s  not a r a t i o n a l  process. 

I n  the past, O r  James Barnes ( l s 2 )  and Dave A1 lan  had shed some 1 i g h t  on 

the clock modeling problem, although some o f  i t  was wel l  i n  the past 

(1966)( l) .  For some young modern day engineers, t h i s  work i s  hidden i n  o l d  

IEEE proceedings and NBS Technical Notes. Here, we are going t o  resur rec t  

some of t ha t  work and form i t i n t o  Kalman F i l t e r  models, but not  without 

problems because o f  the f l i c k e r  noise phenomenon. 

Review o f  the A l l an  Variance Parameters 

The A l lan  Variance parameters o f  an o s c i l l a t o r  o r  atomic frequency standard 

are based on measurements o f  phase di f ferences between tha t  o s c i l l a t o r  or  

atomic standard and a reference standard (which may be a low phase noise 

c r y s t a l  osc i  1 l a t o r  f o r  shor t  term - high frequency measurements). These 

measurements are processed i n  two ways -- spectral  analys is  f o r  higher 

frequency phase noise and time domain analysis f o r  the r e l a t i v e l y  low 



frequency variat ions. The single sided phase noise spectral density i s  

converted t o  a single-sided spectral density of  f rac t iona l  frequency 

f luc tuat ion of the form ('1 

where f l  and fh deffne the neasurement system noise bandwidth, and where the 

ha coef f ic ients  represent the fol lowing processes: 

h2 - white phase noise 

h l  - f l i c k e r  phase noise 

ho - white frequency noise 

h-1 - f l i c k e r  frequency noise 

h-2 - random walk frequency noise 

Normally the spectral density o f  equation 1 i s  obtained from a combination o f  

the measured s i  ngle-sided phase noise spectral density i n  radians/squared/Hz 

by 

' 0 

f o r  a nominal frequency fo, and from the square root  o f  the A l l z n  two-sample 

variances, ay(r), which are computed as ( 3  

where < r i s  the expected value operator and 

where + ( t k )  are the measurements of  the phase differences mentioned ear l  i e r .  



When plot ted,  a y ( ~ ) ,  as shown i n  Figure 1, has the form ( 3 )  

f o r  white, f l i c k e r  and random freqtiency noises, respect ively.  I n  t h i s  paper 

we w i l l  on ly  consider those three processes i n  the t ime domain f o r  the Kalman 

F i l t e r  model. However, the white and f l i c k e r  phase noises w i l l  be considered 

l a t e r  i . 1  the model o f  the Kalman F i l t e r  measurement noise. 

As can be seen, the ha parameters can be obtained from iwo sources -- the 

s ingle-s ide band (SSB) phase noise p l o t  o f  a spec i f i ca t i on  o f  an o s c i l l a t o r  o r  

frequency standard and i t s  s t a b i l i t y  spec i f i ca t ion ,  which i s  given i n  terms o f  

the A l l an  two-sample standard deviat ion. The SSB phase noise spectrum i s  

usua l ly  given i n  dBc/Hz, o r  

Also o f  i n t e r e s t  i n  l a t e r  discussions i s  the spectra l  densi ty  o f  tsme 

f l u c t u a t i o n  x ( t )  i n  seconds, where 

so tha t  

1 = -  2 3 4 
[h* + hl/f + h0/f + h l/f + h */f ] 

(2,) 
- 

i n  seconds squared per Hz. 
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Transformat i on  t o  a  S t a t i s t i c a l  Covariance Model 

Here, the wcrk o f  Barnes and A l l an  ('1 i s  expanded a  b i t  t o  develop a  co- 

variance model t ha t  a t  leas t  provides an *uncer ta intyu model one might use i n  

a  Kalman F i l t e r . *  An "uncer ta inty"  model i s  d e f i ~ e d  nere as one t h a t  has the 

variance propagation cha rac te r i s t i cs  o f  a  process, although the time auto- 

co r re la t i on  proper t ies may be wanting. This i s  not unusual i n  modeling f o r  a  

Kalman F i l t e r  where large s ize  s ta te  models are not f eas ib le  o r  when the 

process i s  not  t r u l y  a  def inable s tochast ic  process. For example, i f  we were 

t o  model p o s i t i o n  and v e l o c i t y  of a  navigator i n  6 states, where any acceler- 

a t i on  excursions are considered an uncer ta in ty  i n  the change i n  p o s i t i o n  and 

ve loc i ty ,  t ha t  uncer ta inty  i s  c e r t a i n l y  not  a  "whi te noise" process by any 

means. 

Barnes and A l l an  only  addressed the s t a t i s t i c a l  model o f  f l i c k e r  frequency 

noise. However, the models f o r  white and random walk frequency noise are 

straightforward. Just i n  b r i e f ,  they derived a convolut ion i n teg ra l  t h a t  

re la ted  the phase f l uc tua t i on  due t o  f l i c k e r  frequency noise t o  white noise, 

where 

where h ( t )  i s  an impulse response o f  a  t rans fe r  func t ion  and n ( t )  i s  a  white 

noise process. The secret i s  i n  the de r i va t i on  o f  t ha t  impulse response, 

which they d i d  f o r  the f l i c k e r  noise. To prov ide a  more general de r i va t i on  o f  

t ha t  impulse response, l e t  us back up a  b i t .  

A theore t ica l  d e f i n i t i o n  JF a  white noise spectra l  densi ty  i s  a  constant, such 

as the ho i n  equation 1. I f  i t  i s  possible, another spectral  densi ty  can be 

re la ted  t o  a  white nc ise spectra l  densi ty  as 

*For a  t u t o r i a l  on Kalman F i l t e r  Models, r e f e r  t o  Reference 4 by R, G. Brown, 
which i s  the prev iously  presented paper i n  t h i s  meeting. 
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where we define the white noise density to be unity. Let us do that for the 

ho, h-1 and h-2 processes defined in equations 1 and 11, converting first to 
fract tonal frequency squared/radians/second and seconds squared/radi ans/- 

second, and then to a two sided spectra1 density S t .  Then, 

s ,  (u) = ho/2 (white frequency noise) 
yo 

S I  (w) = nh-l/w (f 1 icker frequency noise) 
Y- 1 

2 
5 ,  (w) = 2. h-2/~Z (random walk frequency noise) 
y-2 

and correspondingly, and respectively 

These can all be factored into the Fourier Transform of the impulse response 

h(t) , where respectively, 1 

! 



Converting these to La Place Transforms ( E = ~ u )  and using tables from Reference 

5, we have the respective impulse responses 

(t) = n /iGl(t) ; t 2 O 
hy-2 
hx (t) = 1(t) ; t 2 0 

0 

- 
x -2 (t) = n t  t z O  

Where a(t) is the Dirac delta function and l(t) is the unit response function. 

We can now derive the autocorrelation, variance and cross-correlation 

functions of these processes from the following: 

The autocorrelation function is 

Using the property that 

r.nd that 



provided tha t  O:u:t+~, which i t  i s  i f  we r e s t r i c t  K t o  be greater  than zero. 

The variance o f  a process i s  then 

I) 

Simi lar ly ,  the cross-corre lat ion func t ion  between two processes i s  

provided t h a t  they are dr iven by the same whi te ncise process. (Otherwise 

RXy(t,r) i s  zero.) 

For each process then 

R ( t , r )  i sunde f i ned  
Y- 1 

R~ 
( t , r )  does rwt e x i s t  because i t s  impulse response (equation 27) i s  

i n f i n i t e  a t  t-0. However, i f  one bounds the f l i c k e r  noise spectral  dens i ty  t o  

a frequency region o f  f l  2 f - < fh, such as suggested i n  Reference 2, a 

s tat ionary process i s  def ined and an VJ tocorre 1 a t  ion  funct ion can be def i ned 

as the inverse Four ier  Transfer o f  the spectral  densi ty  as 



I which is a well defined function of r. 
I 

_ / I  

, . 
. I  Then, the variances can be derived as 

u 
2 h = h  ln- 

y-l -1 f, 

2 ho 
u (t) = 7 t 

X~ 

a (t) = 2h-lt 2 
x - 1 

2 2  3 
a2 x (t) = n h-*t 
-2 

Here, u 
Y 

is defined for a limited bandwidth fh and U, isderived 

from eqfation 36. Cross correlations between frehency aib tine of like 

processes are then 

or, for zero correiat ion time (cross-covariances) . 
r! 
1 
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Equations 44 through 49 and 53 through 55 cou ld  be used t o  def ine a covar iance 

mat r i x  a t  any t ime t descr ib ing  the  combined unce r t a i n t y  i n  instantaneous t ime 

and f r a c t i o n a l  frequency. That i s  

[%t+2h-lt2+ $ r 2 h  - 2 t3 

L 4 

However, d i s c r e t e  Kalman f i l t e r s  do no t  est imate instantaneous frequency, bu t  

an average f r a c t i o n a l  frequency over a Kalman f i l t e r  ':me i n t e r v a l  ~ t .  L e t  

tha t  average f r a c t i o n a l  frequency be 

Then, us ing equat ions 40 through 42 w i t h  T = ~ t ,  bu t  f i r s t  s i m p l i f y i n g  

equat ion 41 t o  a steady s t a t e  value ( l a r g e  t/,) o f  

and equat ions 47 through 49, a new covar ia~ lce  can be com?uted, where 



all of which is a well-balanced function o f  t, except the 2,2 term that has 

terms as a functlon of ~t that basically describe the Allan standard deviation 

(within 1172). 

Trarsformation to a 2-state Kdltnan Filter Covariance Model 

It should be noted th?t both x and 7 are nonstationary random processes that 
grow with time. If we wish to obtain a measure of this growth over a at 

interval, we simply let t = ~t in equation ' and obtain 

We now propose the follwing 2-state Kalman filter model. Let the state 

variables be defined as 

XI = x (i.e., time as before) 

x 2  = "NO i sy " average f requenc~ 

The precise meaning of x 2  will be made apparent presently. Now, following the 

usual notdt' .? of Kalman filter thzory ( 4 1 ,  we iet the transition matrix for 

a at interval be 

and we let the Q matrix be 

as given by equation 60. 



We also pos tu la te  t h a t  ee w i l l  stc.p the  est imate o f  the  s t a t e  \:;~cor and i t s  

e r r o r  covariance ahead v i a  the usual p r o j e c t  i o n  equations. 

We w i l l  now have a proper Kalman f i l t e r  model except f o r  t he  measurement 

equation. This p o r t i o n  o f  the model depends on the s i t u a t i o n  a t  hand, so we 

w i l l  omit  f u r t h e r  d iscuss ion o f  t h i s  here. (For example, the  c lock  model 

might be imbedded i n  a l a r g e r  s t a t e  model as i n  ihe  SPS a p p l i c a t i o n  161 .) 

We now need t o  exp lore more c a r e f u l l y  the  connect ion between o l l r  pos tu la ted  

s ta te  model and the x and s t a t i s t i c s  as d i c t a t e d  by equat ion 60. F i r s t ,  by 

choosing our Q mat r i x  as exac t l y  t h a t  o f  equat ion 60, L-e are  assured o f  having 

the  proper growth o f  unce r t a i n t y  i n  our  t ime and averzge frequency est imates 

i n  the ~t i n t e r v a l .  This i s  necessary i n  order  t o  generate appropr ia te  f i l t e r  

gains w i t h  each step o f  the e s t i ~ a t i o n  process. However, we cannot have x2 i n  

our s t a t e  model represent t r u e  average frequency, and a t  the  same moment 

requ i re  the 1,l  term o f  the  Q mat r i x  t o  be novzero. Th is  i s  no t  compat ib le 

w i t h  the de f i n i ng  equat ion f o r  average frequency. That i s ,  ,>quation 57 s t a t e s  

Whereas, our s t a t e  model says 

We have def ined x l  t o  be x, and thus x 2  must d i f f e r  f r m  7 by t he  a d d i t < v e  

d isc re te  wh i te  noise term wk/at. We are comforted, though, w i t h  t he  f ac t  t h a t  

the average x2 i n  the  s t a t e  model i s  equal t o  the  usual average frequzncy. 

I t  should be noted t h a t  the Kalman f i l t e r  model proposed here i s  e n t i r e l y  

se l f - cons is ten t  i n  terms 3 f  strite-space theory. The t r a n s i t i o n  m a t r i x  i s  

l eg i t ima te  i n  t h a t  i t  reduces t o  the i d e n t i t y  ma t r i x  f o r  A ~ = O ;  and Q i s  

p o s i t i v e - d e f i n i t e  f o r  3.1; a t  as i t  must be t o  be a l e c i t i m a t e  covar iance 



matr ix.  The o n l j  inconsistency l i e s  i n  the s ta te  model's connection t o  the 

x,y processes are described by equation 59. I n  view o f  the remarks about 

f l i c k e r  noise i n  the companion paper i n  these Proceedings 141, we should not  

expect t o  be able t o  make t h i s  connection exact. No f i n i t e -o rde r  s ta te  model 

w i l l  f i t  f l i c k e r  noise pe r fec t l y !  Thus, something has t o  give. Ue in ten t ion-  

a l l y  kept the i d e n t i t y  o f  t ime exact i n  our model, i.e., xl=x. We then 

circdmvented inconsistency i n  the s t a t e  model by l e t t i n g  x2 be a noisy version 

o f  y. The f i l t e r ' s  estimate o f  x2 i s  s t i l l  a v a l i d  estimate of frequency, 
- 

though, because the mean o f  x 2  i s  y. 

An Example 

Standard dev ia t ico  p l o t s  o f  the time s ta te  x ( t )  o f  t y p i c a l  c r ys ta l  o s c i l l a t o r s  

?re p lo t ted  i n  Figures 2 and 3, whose A l lan  var iarce cha rac te r i s t i cs  are 

represented i n  Figure 4. Also shown i n  Figure 4 are p l o t s  o f  the standard 

deviat ion o i  time ;m div io -d  by - f o r  comparison t o  the two-sample 

standard deviat ion. I t  has been suggested i n  the past tha t  a procedure t o  

estimate the standard dev ia t ion  o f  t ime i s  t o  simply m u l t i p l y  the two-sample 

standard dev ia t ion  by the elapsed time. These p l o t s  e i t h e r  v e r i f y  t ha t  

estimate or v e r i f y  the v a l i d i t y  o f  the de r i va t i on  provided e a r l i e r .  

Kalman F i l t e r  Measurement Noise 

Suppose one uses a phase lock loop t o  track the phase d i f fe rence between an 

o s c i l l a t o r  and a tseference frequency source as shown i n  Figure 5. The 

variance o f  the t rack ing e r ro r  a @  i n  radians due t o  phase noise o f  the 

osc i l l ~ r ; , -  i s  gjven as 

where 
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of a phase lock loop with corner frequency f~ and damping ratio of m2, and 
2 

SO(f) is the phase noise spectral density represented in equation 9. 
as4 

reprerents that part of the measurement error introduced into the Kalman 

Filter. It is usually affected mostly by the h2, hi and ho terms of S + ( f ) ,  

depending upon the loop bandwidth. 

In a laboratory environment, the measurement error whose variance is depicted 

in equation 69 may be the only measurement error of significance. However, in 

such systems as GPS, it is usually dominated by thermal noise and other system 

effects. 

SUMMARY AND CONCLUSIONS 

Because of flicker poise, good models of ciocks for Kalman Filters can be 

elusive. In this paper we derived a two state model of clock characteristics 

that can be used in a Kalman Filter. It represents the characteristics of a 

clock described in terms of Allan variance parameters. We believe the models 

presented within this paper are a vast improvement over those used in most 

applications of the NAVSTAR GPS system, and that they could also be used in 

many other applications of time and frequency where real-time estimates and 

predictions of time and frequency are required. 
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QUESTIONS A N D  ANSWERS 

VICTOR REINHARDT, HUGHES AIRCRAFT CO.: I h a v e  a  cornmerit on f s u b  
h  a n d  f  s u b  1. T h e y  a r e  n o t  r e a l l y  a r b i t r a r y ,  b u t  r e a l  p h y s i c a l  
p a r a m e t e r s  t h a t  h a v e  t o  b e  s e t  by t h e  e x p e r i m e n t .  J u s t  a s  w i t h  
t h e  w h i t e  n o i s e  p r o c e s s ,  you  h a v e  t o  s e t  t h e  b a n d w i t h  b e f o r e  you  
c a n  d e f i n e  t h e  amoun t  o f  n o i s e  t h a t ' s  g o i n g  t o  e n t e r  t h e  s y s t e m .  
T h e  w h i t e  n o i s e  p r o c e s s  i s  a n o t h e r  p r o c e s s  t h a t  r e q u i r e s  t h e  
d e f i n i t i o n  o f  t h e  h i g h  f r e q u e n c y  l i m i t ,  and  f l i c k e r  n o i s e ,  a  l o w  
f r e q u e n c y  l i m i t .  I t h i n k  t h a t ' s  r e a l  e f f e c t ,  b e c a u s e  t h e  A l l a n  
v a r i a n c e  g o e s  t o  i n f i n i t y .  S o ,  t h o s e  a r e  r e a l  t h i n g s  t h a t  you  
h a v e  t o  d e f i n e ,  t h e y  a r e  n o t  a r b i t r a r y .  I d o  t h i n k  t l ~ a t  you  c a n  
l e a v e  t h o s e  p a r a m e t e r s  a s  t h i n g s  t o  b e  d e f i n e d  b y  t h e  p e r s o n  
u s i n g  t h e  mode l .  

M R .  B R O W N :  T h e r e  w a s  s o m e t h i n g  t h a t  y o u  s a i d  t h a t  I d i d n ' t  
u n d e r s t a n d .  W h a t  i s  i t  t h a t  g o e s  t o  i n f i n i t y ?  T h e  s e c o n d  
d i f f e r e n c e  i s  s t a t i o n a r y ,  t h a t  i s  t h e  r e a s o n  t h a t  i t  is  u s e d .  

M R .  REINHARDT: I am t a l k i n g  a b o u t  t h e  e f f e c t  o f  h a v i n g  a  d e a d  
t i m e  i n  t h e  A l l a n  v a r i a n c e ,  when t h e  d e a d  t i m e  b e t w e e n  s a m p l e s  
g o e s  t o  i n f i q i t y .  T h e  v a r i a n c e  d o e s  g o  t o  i n f i n i t y  t h e n .  O r ,  i f  
you h a v e  N s a m p l e s ,  t h e  p r o c e s s  g o e s  t o  i n f i n i t y  a s  l o g  N .  

What  t h i s  m e a n s  i s  t h a t  t h e r e  i s  d e f i n i t e l y  a  l ~ w  f r e q u e n c y  
c u t - o f f  p a r a m e t e r  w h i c h  h a s  t o  be  c o n s i d e r e d  i n  y o u r  m e a s u r e m e n t  
p r o c e s s ,  wh ich  may n o t  n e c e s s a r i l y  be  a s s o c i a t e d  w i t h  t a u .  

M R .  ALLAN. I t h i n k  t h a t  o n e  c a n  make  a  g e n e r a l  s t a t e m e n t  a b o u t  
t h i s  w h o l e  a r g u m e n t .  The Kalman f i l t e r  c o n c e p t  is  s t r o n g l y  mode l  
d e p e n d e n t ,  and  no  mode l  i s  p e r f e c t .  The f a c t  t h a t ,  i n  t h e  c a s e  o f  
f l i c k e r  n o i s e ,  we may need  t o  a p p r o x i m a t e  t h e  s t a t e  m a t r i x  w i t h  a  
f e w  t e r m s  d o e s n ' t  b o t h e r  me a t  a l l ,  b e c a u s e  t h e  m o d e l  i s  
a p p r o x i m a t e  anyway.  

W h e t h e r  y o u  a r e  t a l k i n g  a b o u t  w h i t e  n o i s e  o r  o t h e r  n o i s e ,  
i t ' s  a p p r o x i m a t e  a t  e v e r y  l e g  c f  t h e  t r i p ,  a n d  you h a v e  t o  
a p p r o x i m a t e  f o r  f l i c k e r  n o i s e  o r  a n y t h i n g  e l s e .  You h a v e  a  f i n i t e  
m e a s u r i n g  s y s t e m  b a n d w i d t h  i n  t h e  r e a l  w o r l d .  You h a v e  l o w  
f r e q u e n c y  a n d  a  h i g h  f r e q u e n c y  c u t - o f f ,  s o  t h e s e  a r e  o n l y  
a p p r o x i m a t i o n s  t o  t h e  i d e a l .  I t h i n k  t h a t  e v e r y t h i n g  f i t s  
t o g e t h e r  r a t h e r  well .  

M R .  BROWN: I c e r t a i n l y  a g r e e  w i t h  t h a t .  I n  t h i s  p a r t i c u l a r  mode l  
t h a t  A 1  and  I h a v e  come up w i t h ,  we were  w o r k i n g  e s p e c i a l l y  h a r d  
t o  c o m e  u p  w i t h  a  t w o  s t a t e  m o d e l ,  a n d  t h e r e  h a v e  t o  b e  s e r i o u s  
a p p r o x i m a t i o n s  i n  t h a t .  

I d o  p l a n  t o  h a v e  a  s t u d e n t  w o r k i n g  o n  t h i s  t h r o u g h  t h e  
w in t e r  d o i n g  s o m e  s i m u l a t i o n s  t o  s ee  w h i c h  o f  t h e  t w o  s t z t e  
m o d e l s ,  o r  w h i c h  o f  t h e s e  o p t i o n s  w i l l  w o r k  o u t  t o  b e  t h e  b e s t .  
Of c o u r s e ,  we a r e  n o t  a b s o l u t e l y  l i m i t e d  t o  a  t w o  s t a t e  m o d e l .  We 
t h o u g h t  t h a t  i t  would  b e  n i c e ,  w i t h  a l l  t h e  o t h e r  a p p r o x i m a t i o n s  
t h a t  g o  i n t o  t h e  t h i n g ,  t o  j u s t  k e e p  it a  two  z t a t e  mode l .  
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ABSTRACT 

The Radio  Research  L a b o r a t o r i e s  o f  J a p a n  (RRL) h a s  
d e v e l o p e d  two f i e l d  o p e r a b l e  hydrogen  m a s e r s  f o r  t h e  VLBI 
j o i n t  e x p e r i m e n t  c o n d u c t e d  by t h e  c o o p e r a t i o n  between RRL 
and NASA. They a r e  now p l a y i n g  a n  i m p o r t a n t  r o l e  a s  t h e  time 
and  f r e q u e n c y  s t a n d a r d  o f  t h e  K-3 VLBI sys tem,which  h a s  a l s o  
been  d e v e l o p e d  by RRL. 

The m a s e r s  c o n s i s t  o f  a p h y s i c s  package  and a n  
e l e c t r o n i c s  package.  The p h y s i c s  package  is 84cm w i d e ,  94cm 
d e e p  and  160cm h i g h .  Four p e r m a l l o y  m a g n e t i c  s h i e l d s  a r e  se t  
i n  a  vacuum chamber and f u n c t i o n  a l s o  a s  t h e r m a l  r a d i a t i o n  
s h i e l d s .  The s t a n d o f f s  which suppo-  t t h e  m a g n e t i c  
s h i e l d u , t h e  C-coZ.1 and t h e  c a v i t y  a r e  made o f  po ly in i ide  w i t h  
low t h e r n a l  c o n d u c t i v i t y .  Thus t h e  t h e r n a l  i s o l a t i o n  i s  
g r e a t l y  improved. Also se t  i n  t h e  vacuum chamber a r e  two 
aluminium c y l i n d e r  o v e n s ,  and t h e  c a v i t y  t e m p e r a t u r e  
s t a b i l i t y  o f  1mK h a s  been a c h i e v e d  w i t h o u t  t h e r m a l  
i s o l z t o r s .  Th.? c a v i t y  c y l i n d e r  is  made o f  g l a s s  c e r a m i c s  
(!JEC!CERA!,I) w i ~  h  a t h e r m a l  e x p a n s i o n  c o e f f i c i e n t  o f  
- 5 . 0 ~ 1 0 - 7 .  Cbdnge o f  t h e  m e c h a n i c a l  stress o n  t h e  c a v i t y  i s  
a b s o r b e d  b j  a B e l l s v i l l e  s p r i n g .  As t h e  r e s u l t ,  t h e  
t e m p e r a t l i r e  c o e f f i c i e n t  o f  t h e  c a v i t y  f r e q u e n c y  is r e d u c e d  
t o  500iiz/K. 

The e l e c t r o n i c s  package  c o n s i s t s  o f  a r e c e i v e r , a  c a v i t y  
a u t o  t u n e r ,  and envi i30nment  c o n t r o l  c i r c u i t s  s u c h  as 
t e m p e r a t u r e  c o n t r o l l e r s .  The r e c e i v e r  u s e s  2 low n o i s e  
p r e a m p l i f i e r  and a n  image r e j e c t i o n  mixer  , and  h a s  a n  
c v e r a l l  n o i s e  f i g u r e  o f  4.5dB. The r e c e i v e r  f r o n t  end and  
t h e  p h a s e  l o c k e d  f r e q u e n c y  m u l t i p l i e r  f o r  t h e  f i r s t  l o c a l  
o s c i l l a t o r  a r e  t e m p e r a t u r e - s t a b i l i z e d  w i t h i c  5mK by a  
p e l t i e r  module. The f r e q u e n c y  o f  t h e  s t a n d a r d  s i g n a l  is 
a d j u s t a b l e  by a  s y n t h e s i z e r  w i t h  a  r e s o l u t i o n  o f  7x10-13. 

The f r e q u e n c y  s t a b i l i t y  h a s  been  measured be tween  t h e  
m a s e r s .  The measured s t a b i l i t y  i s  2x10-13 a t  1  s e c o n d ,  
2 . 4 x 1 0 - ' ~  a t  8 3 0  secondn ,and  1 . 4 x 1 0 - ~ ~  a t  l o 5  s e c o n d s .  The 
e x t e r n a l  m a g n e t i c  f i e l d  s e n s i t i v i t y  is 2 .5~10-13 /G,which  h a s  
b e s n  measured by a d d i n g  a  v e r t i c a l  rnzgne t ic  f i e l d  w i t h  a  
llelrnhol t c o i l .  The t e m p e r a t u r e  s e n s i t i v i t y  is .i; 

Y 

2.3xlO-"/K, which h a s  been o b t a i n e d  by c h a n g i n g  t h e  room .k rr: 
t e m p e r a t u r e .  



1. I n t r o d u c t i o n  

The Radio Research L a b o r a t o r i e s  (RRL) h a s  developed  t h e  K-3 
VLBI sys tem [11 , [21 ,  which is compa t ib l e  w i t h  t h e  Mark I11 VLBI 
sys tem o f  NASA,  f o r  t h e  VLBI j o i n t  exper iment  between RRL and NASA 
[ 3 j .  As a p a r t  o f  t h i s  p r o j e c t  two f i e l d  o p e r a b l e  hydrogen masers  
have  been developed  a s  t h e  time and f requency  s t a n d a r d  o f  t h e  K-3 
system. 

I n  a VLBI sys t em a s i g n a l  from a r a d i o  s t a r  shou ld  be 
down-converted t o  t h e  v ideo  f r equency  wi thou t  t h e  l o s s  o f  t h e  
coherence.  The re fo re  t h e  phase n o i s e  of  t h e  l o c a l  o s c i l l a t o r  of  t h e  
VLBI sys tem must be small enough. The phase s t a b i l i t y  r e q u i r e d  of  
t h e  l o c a l  o s c i l l a t o r ,  which is  phase-locked t o  a h ~ d r o g e n  maser ,  
depends on t h e  n o i s e  t empera tu re  o f  t h e  VLBI sys tem and t h e  s i g n a l  
s o u r c e ,  and t h e  sample time. I n  t h e  K-3 s y s t c n  t h e  phase f l u c t u a t i o n  
below n / 8  r a d i a n  f o r  t h e  sample t ime  o f  600sec  and t h e  o b s e r v a t i o r  
f requency  o f  8GHz was p r o j e c t e d .  

I n  a VLBI exper iment  s e v e r a l  r a d i o  s t a r s  a r e  observed  aad  t h e  
d e l a y  time must be measured f o r  each  o b s e r v a t i o n .  The re fo re  t h e  
f l u c t u a t i o n  o f  t h e  system c l o c k  d u r i n g  t h e  exper iment  must be 
s m a l l e r  t h a n  t h e  p r e c i s i o n  o f  t h e  d e l a y  t ime measurement. I n  t h e  
Japan-USA VLBI exper iment  t h e  p r e c i s i o n  o f  subnanosecond was 
r e q u i r e d .  

I n  o r d e r  t o  s a t i s f y  t h e  above r e q u i r e m e n t s  o f  t h e  K-3 sys tem 
che  f o l l o w i n g  f r equency  s t a b i l i t y  of  t h e  mase r s  was p r o j e c t e d  as t h e  
minimum requi rement .  

T h i s  paper  p r e s e n t s  t h e  d e s i g n  and t h e  performance o f  t h e  
developed masers  and some d i s c u s s i o n  on  t h e  e x t e r n a l  magnet ic  f i e l d  
d i s t u r b a n c e  on t h e  maser which h a s  been observed  a t  Kashima Branch 
where t h e  K-3 sys tem is l o c a t e d .  

2. Design o f  t h e  masers  

The masers c o n s i s t  o f  a phys ins  package and a n  e l e c t r o n i c s  
package. The p h y s i c s  package is 84cm wide,  94cm deep ,  and 160cm 
high.  It tdeighs 550kg. The e l e c t r o n i c s  package is mounted i n  a r a c k ,  
which is  175cm h igh  and 57cm wide. I n  Fig. 1 t h e  phys i c s  packages 
and t h e  e l e c t r o n i c s  packages a r e  shown. 

2.1 Phys i c s  package 

I n  Fig. 2 t h e  s t r u c t u r e  of t h e  p h y s i c s  package i s  shown. 



2.1.1 M a g n e t i c  s h i e l d i n g  

The maser  h a s  f o u r  p e r m a l l o y  m a g n e t i c  s h i e l d s ,  a l l  o f  which a r e  
2mm t h i c k  and se t  i n  a  vacuum chamber. T h i s  s t r u c t u r e  h a s  two 
a d v a n t a g e s .  

One is  t h a t  t h e  c o n d u i t  p i p e  which c o n n e c t s  t h e  i o n  pump and 
t h e  r e s o n a n t  c a v i t y  c a n  be e l i m i n a t e d .  T h i s  e n a b 3 8 s  u s  t? n a k e  t h e  
a p e r t u r e  o f  t h o  m a g n e t i c  s h i . l d s  f o r  t h e  hydroger .  beam p a t h  s m o l l e r ,  
which r e s u l t s  i n  b e t t e r  m a g n e t i c  s h i e l d i n g .  The d i a m e t e r  o!' t h e  
a p e r t u r e  i s  40rmn, w h i l e  t h a t  o f  t h e  l a b o r a t o r y  t y p e  maser " RRL 
which h a s  a  c o n d u i t  p i p e  i s  8 0 m .  The m a g n e t i c  s h i e l d s  a 1  s o  
small h o l e s  for t h e  s t a n d o f f s ,  which f i x  t h e  s h i e l d s ,  end t h e  
d r i v i n g  a x i s  o f  t h e  c a v i t y  t u n i n g  p o s t .  The d i a m e t e r s  o f  . . 4 e s  
are 161x0 and lo rn ,  r e s p e c t i v e l y .  T h i s  s t r u c t u r e  h a s  a l s o  e n a b l e d  u s  
t o  e l i m i n a t e  t h e  h e a t - f l o w  t h r o u g h  t h e  c o n d u i t  p i p e ,  and t h e  t h e r m a l  
i n s u l a t i o n  c a n  be improved. 

The o t h e r  a d v a n t a g e  i s  t h a t  t h e  m a g n e t i c  s h i e l d s  f u n c t i o n  a l s o  
a s  t h e  t h e r m a l  r a d i a t i o n  s h i e l d s ,  which c o n t r i b u t e  t o  i m p r o v i n g  t h e  
therm.31 i s o l a t i o n .  The m a g n e t i c  s h i e l d s  are d e g a u s s e d  by a p p l y i n g  
d i r e c t l y  AC c u r r e n t  o f  SOA [4] .  

2.1.2 Resonant  c a v i t y  

A s  well known, t h e  f l u c t u a t i o n  cf t h e  r e s o n a n c e  f r e q u e n c y  o f  
t h e  c a v i t y  d i s t u r b s  t h e  o s c i l l a t i o n  f r e q u e n c y  o f  t h e  maser .  The main 
c a u s e s  o f  t h e  f l u c t u a t i o n  a r e  t h e  t h e r m a l  e x p a n s i o n  o f  t h e  c a v i t y  
m a t e r i a l ,  t h e  m e c h a n i c a l  d i s t o r t i o n  o f  t h e  c a v i z y  material, and t h e  
t h e r m a l  f l u c t u a t i o n  o f  t h e  d i e l e c t r i c  c o n s t a n t  o f  t h e  s t o r a g e  bulb.  
The last  c a u s e  c a n  be r e d u c e d  by u s i n g  a  l j g h t  s t o r a g e  b u l b  151. 
Fig .  3 shows t h e  c a v i t y  s t r u c t u r e .  

The c a v i t y  c y l i n d e r  and t h e  u p p e r  end p l a t e  a r e  made o f  g l a s s  
c e r a m i c s  (NEOCEEAM) w i t h  a  low t h e r m a l  e x p a n s i o n  c o e f f i c i e n t  o f  
-5x1 o-~. S i l v e r  c o n d u c t i v e  c o m p o s i t i o n  is  p a i n t e d  o n  t h e  i n n e r  
s u r f a c e  o f  t h e  g l a s s  c e r a m i c s .  The measured l o a d e d  q u a l i t y  f a c t o r  is 
500011. The c o a r s e  t u n i n g  is  c a r r i e d  o u t  by moving t h e  u p p e r  end 
p l a t e .  The sc rewed  a x i s  f o r  a d j u s t i n g  t h e  u p p e r  end p l a t e  is  made o f  
molybdenum which h a s  r e l a t i v e l y  low t h e r m a l  e x p a n s i o n  c o e f f i c i e n t  o f  
5 x 1 0 " ~  [61. The r e s o l u t i o n  o f  t h e  c o a r s e  t u n i n g  is I k H z ,  

I n  o r d e r  t o  f i x  t h e  c a v i t y  c y l i n d e r ,  a  stress I ;  g i v e n  t o  t h e  
c e i l i n g  p l a t e ,  which h o l d s  t h e  c o a r s e  t u n i n g  a x i s .  T h i s  stress 
d i s t o r t s  t h e  c e i l i n g  p l a t e  and t h e  d i s t a n c e  between t h e  c a v i t y  end 
p l a t e s  i s  changed. I n  o r d e r  t o  a c h i e v e  t h e  maser  f r e q u e n c y  s t a b i l i t y  
o f  1 x 1 0 - ~ ~ ,  t h e  f l u c t u a t i o n  o f  t h e  d i s t a n c e  s h o u l d  be below 0.3nm. 
T h e r e f o r e  t h e  c a v i t y  m a t e r i a l  s h o u l d  be n i g h l y  r i g i d  a n d  t h e  stress 
s h o u l d  be s t a b l e .  The f l e x u r a l  r i g i d i t y  o f  a p l a t e  d e p e n d s  o n  i ts 



Young's modulus and t h e  t h i r d  power o f  i ts t h i c k n e s s  [71. The 
c e i l  ng p a t e  i s  made of  alumina which h a s  h igh  Young's modulus of 6 5 3 x 1 0  kg/cm . The base  p l a t e  is 29mm t h i c k  and made o f  aluminium. The 
f l u c t u a t i o n  o f  t h e  s t r e s s  is  main ly  caused by t h e  thermal  expans ion  
o f  t h e  c a v i t y  hold-down can. T h i s  stress change i s  absorbed  by a 
B e l l e v i l l e  s p r i n g  [a ] ,  whicn is made of  t i t e n i u n .  The c h a r a c t e r i s t i c  
o f  a B e l l e v i l l e  s p r i n g  i s  g i v e n  by t h s  f o l l o w i n g  e q u a t i o n s ,  

where E and v a r e  t h e  Young's modulus and t h e  Po i s son ' s  r a t i o  of  t h e  
s p r i n g  m a t e r i a l ,  r e s p e c t i v e l y .  h is  t h e  d i s t o r t i o n  o f  t h e  sprir .g  and 
H is t h e  f r e e  h e i g h t  of  t h e  s p r i n g .  P is t h e  l o a d  g i v e n  t o  t h e  
s p r i n g .  Other  pa rame te r s  a r e  g i v e n  i n  Fig.  4. The l o a d  o f  t h e  s p r i n g  
o f  which H e q u a l s  J2h  becawes c o n s t a n t  i f  is H. Using t h i s  
cons t an t - load  c h a r a c t e r i s t i c  t h e  s t r e s s  on t h e  c e i l i n g  p l a t e  can  be 
s t a b i l i z e d .  A s  shown i n  Fig.  5 t h e  change i n  t h e  c a v i t y  f r equency  
becomes v e r y  small when t h e  s p r i n g  d i s t ~ t i o n  i s  between 1 and 2mm. 
The c a v i t y  can  be s t a b i l i z e d  by s e t t i n g  t h e  s p r i n g  i n  t h i s  r e g i o n .  

Tho s t o r a g e  bu lb  i s  s p h e r i c a l  and mad? o f  q u a r t z  g l a s s .  Its 
d iame te r  is 180mm and t h e  weight  is 260g. The o v e r a l l  thepmal 
c o e f f i c i e n t  of  t h e  c a v i t y  f requency  is 500Hz/K. 

2.1.3 Thermal c o n t r o l  

The s t a b i l i t y  of  t b e  c a v i t y  t empera tu re  shou la  be b e t t e r  t h a n  
1mK t o  a c h i e v e  t h e  maser f r equency  change of  l e s s  t h a n  1 x 1 0  -I4. The 
thermal  c o n t r o l  is c a r r i e d  o u t  by doub le  ovens. The c a v i t y  hold-down 
c a n  on which h e a t e r s  and t h e r m i s t o r  c o n t r o l  s e n s o r s  a r e  at tachled is  
used  as t h e  i n n e r  oven. The h e a t e r s  a r e  d i v i d e d  i n t o  two zones ,  each  
o f  which i s  independen t ly  c o n t r o l l e d  t o  minimize t h e  thermal  
g r a d i e n t .  The o u t e r  oven is  made of  a t h i c k  aluminium c y l i n d e r  w i t h  
h e a t e r s  and s e n s o r s  and p l aced  on t h e  o u t s i d e  of  t h e  innermost  
magnet ic  s h i e l d .  It i a  a l s o  d i v i d e d  i n t o  t h e  c y l i n d e r  zone and t h e  
base  z o r ~ e ,  each  of  which is  independen t ly  c o n t r o l l e d .  S!nce t h e  
h e a t - f l a d  through t h e  c o ~ d u i t  p i p e  i s  e l i m i n a t e d  and t h e  thermal  
r a d i a t i o r i  i s  s h i e l d e d  bv t h e  magnet ic  s h i e l d s ,  t h e  r e s i d u a l  
heat-f low p a t h s  a r e  t h e  c a b l e s  and t h e  s t a n d o f f s  which s u p p o r t  t h e  



c a v i t y ,  C-(:oil, magnet ic  s h i e l d s ,  and t h e  ovens. The s t a n d o f f s  a r e  
made of  p d y i n i d f ?  (VESPEL) wi th  low thermal  c o n d u c t i v i t y  o f  
0.28kcal/m. lir.' C. They are ou tgas sed  i n  a vacuum environment  by 
be ing  baked a t  200'C f o r  s e v e r a l  hou r s  b e f o r e  t h e  assemble  of  t h e  
maser. ';his p roces s  is needed t o  a c h i e v e  h igh  vacuum. The c a b l e s  a r e  
t he rma l ly  connected t o  t h e  base of  t h e  o u t e r  oven t o  p revan t  t h e  
h e a t  from f lowing  d i r e c t l y  i n t o  t h e  c a v i t y .  Thus t h s  c a v i t y  
tempera ture  s t a b i l i t y  of  1mK is ach ieved  w i t h o u t  any  o t h e r  thermal  
i n s u l a t o r s .  

2.2 E lec t r ' on i c s  package 

2.2.1 Phase- l ock  r e c e i v e r  

?-g.  6 shows t h e  b lock  diagram o f  t h e  phase-lock r e c e i v e r .  The 
outpuc  s i g n a l  of  t h e  maser is  a m p l i f i e d  by t h e  low n o i s e  a m p l i f i e r ,  
which is  preceded by t h e  v a r a c t o r  d iode  f o r  t h e  c a v i t y  au to - tun ing  
and t h e  6068 i s o l a t o r .  The n o i s e  f i g v r z  o f  t h e  low n o i s e  a m p l i f i e r  
i s  2.2dB and, t h e  o v e r a l l  n o i s e  f i g u r e  of t h e  r e c e i v e r  is  4.5dB. The 
s i g n a l  is then  n ixed  w i t h  t h e  1.40GHz l o c a l  s i g n a l  from t h e  
phase-lockec! mu1 t i p l i e r  i n  t h e  image r e j e c t i o n  a i x e r .  The r e s u l t a n t  
1 s t  I F  s i g n a l  (20.405MHz) is a g a i n  down-converted t o  405kHz. The 2nd 
I F  s i g n a l  is phase-compared w i t h  t h e  r e f e r e n c e  s i g n a l  from t n e  
s y n t h e s i z e r  (hp3336 A ) .  The r e s u l t a n t  e r r o r  s i g n a l  is f i l t e r e d  by t h e  
low-pass ampi i f  ier and used  t o  t une  e l e c t r o n i c a l l y  t h e  1 ObMz 
vo l  t age -con t ro l l ed  c r ~ n t a l  o s c i l l a t a r  ( VCXO) t o  t h e  maser f requency .  
The 10bMz o u t p u t  s i g n a l  o f  t h e  VCXO is d i s t r i b u t e d  t o  t h e  
m u l t i p l i e r s ,  t h e  s y n t h e s i z e r ,  t h e  second p u l s e  g e n e r a t o r ,  t h e  c a v i t y  
au to- tuner  and t h e  VLBI sys tem,  v i a  t h e  d i s t r i b u t i o n  a m p l i f i e r  w i t h  
l2OdB i s o l a t i o n .  

The t empera tu re  f l u c t u a t i o n  u j l l  c ause  t h e  phase f l u c t u a t i o n  o f  
t h e  r e c e i v e r  f r o n t  end. The re fo re  t h e  f r o n t  end ,  wkich is  e n c l o s e d  
by t h e  broken l i n e  i n  Fig. 6 ,  is t h e r m a l l y  con t r . o l l ed  by t h e  p e l t i e r  
modtlle t o  improve t h e  phase s t a b i l i t y .  n e  s t a b i l i t y  of  t h e  
t empera tu re  i s  5mK. The f r o n t  end i s  mounted i n  t h e  phys i c s  package. 

I n  t h e  VLBI e ~ p e ~ i m e n t  t h e  f r equency  d i f f e r e n c e  between t h e  
l o c a l  o s c i l l a t o r s  o f  t h e  Via1  s t a t i o n s  shou ld  be less t h a n  1 x 1 r 1 2  
i n  o r d e r  t o  s u p p r e s s  t h e  phase r o t a t i o n  o f  t h e  c r o s s - c o r r e l a t i o n  
spectrum. The re fo re  t h e  f requency  o f  t h e  IOHHz o u t p u t  s i g n a l  is 
r e q u i r e d  t o  be f i n e l y  ad jus t ed .  Th i s  can  be  c a r r i e d  o u t  by t h e  
s y n t h e s i z e r  cf which t h e  s e t t i n g  r e s o r u t i o n  is  7x1tT13. 

3.2.2 Cavi ty  au to - tune r  

The maser is  equipped w i t h  t h e  c a v i t y  au to - tune r  [ 3 ] ,  of which 
t h o  b lock  diagram is shown i n  Fig. 7. The o u t p u t  s i g n a l  o f  t h e  low 
noi.3e a m p l i f i e r  o f  # I  maser 1.420Hz) and t h e  o u t p u t  s i g n a l  o f  t h e  



phase-locked m u l t i p l i e r  o f  Y2 maser (1.YOGHz) a r e  mixed i n  t h e  image 
r e j e c t i o n  a i x e r .  The r e s u l t a n t  I F  s i g ~ a l  (20.405MHz) is mixed w i t h  
t h e  I F  s i g n a l  o f  #2 maser and t h e  b e a t  s i g n a l  between t h e  masers is 
ob ta ined .  The b e a t  s i g n a l  is t h e n  div?Sed and i t s  p e r i o d  i s  measured 
by t h e  coun te r .  The hydrogen beam is modulated by t h e  mechanica l  
s h u t t e r ,  which i s  d r i v e n  by t h e  p u l s e  motor. The CPU (Z80) 
c a l c u l a t e s  t h e  d i f f e r e n c e  between t h e  b e a t  p e r i o d s  a t  H i  beam and Lo 
beam, and g e n e r a t e s  t h e  v a r a c t o r  c o n t r o l  s i g n a l s  and t h e  s h u t t e r  
c o n t r o l  s i g n a l s .  ?he CPU a l s o  c o n t r o l s  t h e  l o o p  g a i n ,  t h e  
measurement mode, and t h e  o t h e r  measuring pa rame te r s  9f t h e  c a v i t y  
au to- tuning .  

If a miscount  o f  t h e  b a a t  p e r i o d  happens,  t h e  v z r a c t o r  c o n t r o l  
v o l t a g e  and,  hence,  t h e  c a v i t y  f r equency  may be changed by a l a r g e  
amount. To avo id  t h i s  miscount  t h e  C3U moni to r s  t h e  d i f f e r e n c e  
between t h e  newly and l a s t  g e n e r a t e d  v a r a c t o r  c o n t r o l  v o l t a g e s .  If 
t h e  d i f f e r e n c e  exceeds  t h e  p r e s e t  l i m i t ,  t h e  CPU r e j e c t s  t h e  new 
v a l u e  a s  abnormal and h o l d s  t h e  v a r a c t o r  c o n t r o l  v o l t a g e  a t  t h e  l a s t  
va lue .  Then t h e  measurement is  r e p e a t e d  aga in .  

3. Frequency s t a b i l i t y  o f  t h e  masers 

The f r equency  s t a b i l i t y  o f  t h e  f r e e  runn ing  mase r s  was 
measured. The p e r i o d  o f  t h e  be2 t  s i g n a l  from t h e  c a v i t y  au to - tune r  
was measured by t h e  c o u n t e r  (hp5300B) and gy (') was c a l c u l a t e d .  The 
bandwidth o f  t h e  measur ing  sys tem was 2Hz. A C-f i e ld  o f  20mOe was 
added t o  one o f  t h e  mase r s  t o  o f ' f s e t  t h e  maser f r equency  by 1.2Hz. 
During t h e  f r equency  s t a b i l i t y  measurement both mase r s  were p l aced  
i n  t h e  same thermal  and magnet ic  environment .  The roam t empera tu re  
was c o n t r o i l e d  w i t h i n  t l o  C and t h e  c o n t r o l  c y c l e  was L bout 1000 t o  
2000sec. 

Fig. 8 shows t h e  f r equency  s t a b i l i t y  o b t a i n e d  It shows t h e  
T-' c h a r a c t e r i s t i c  between 1 and 20 s e c  and T -'I2 c h a r a c t e r i s t i c  
between 20 and IOOOsec, I n  t h e  VLBI exper iment  t h e  o b s e r v a t i o n  
pe r iod  o f  a r a d i o  star is  between abou t  10 and 20min. and t h e  
f r equency  s t a b i l i t y  i n  t h i s  r e g i o n  is  t h e  most impor t an t .  Tne 
f r equency  s t a b i l i t y  o b t a i n e d  is b e t t e r  t h a n  3 x 3 r 1 5  f o r  t h e  
a v e r a g i n g  p e r i o d  between 500 and 5000sec and is  2 . 4 ~ 1 ~ ~ ~  f o r  
830sec ,  which is  enough f o r  a VLBI exper iment .  

The l o n g  term frequency  s t a b i l i t y  g r a d u a l l y  a e  t e r i ~ r a t e s  f o r  
t h e  a v e r a g i n g  p e r i o d  o f  more t h a n  3000sec,  and is 1 .4x10- '~  f o r  
1&sec .  The main r e a s o n  f o r  t h e  d e t e r i o r a i i i o n  may be t h e  r e l a t i v e l y  
h igh  C- f i e ld  o f  20mOe, which is  added t o  one of  t h e  masers, and t h e  
i s l adequa te  s t a b i l i t y  o f  t h e  C- f i e ld  c u r r e n t  30UFC"* The 
s p e c i f i c a t i o n  o f  s t a b i l i t y  o f  t h e  c u r r e n t  s o u r c e  is 5x10- /day. T h i s  
c o v i ~ s p o n d s  t o  t h e  maser f r equency  s t a b i l i t y  of  7 . 8 x 1 0 - ' ~ / d a ~ ~  f o r  
t h e  C-f ie ld  o f  20mOe, though t h e  measured s t a b i l i t y  is 1 .0x1Om f o r  



one day. The r e a l  pel-formance o f  t h e  c u r r e n t  s o u r c e  may be b e t t e r  
t han  t h e  o p e c i f i c a ~ i o n ,  which e x p l a i n s  t h e  d i s c r e p a n c y  between t h e  
va lues .  !lowever i t  is ve ry  p robab le  t h a t  t h e  l o n g  term frequency 
s t a b i l i t y  is r e s t r i c t e d  by t h e  s t a b i ' i t y  of  t h e  c u r r e n t  source .  I n  
VLBI expe r imen t s  t h e  msser which d i s t r i b u t e s  t h e  s t a n d a r d  f requency 
and time s i g n a l  t o  t h e  K-3 system is o p e r a t e d  under t h e  C- f i e ld  o f  
O.2mOe and t h e  f ;dc tua f . i o i~  o f  t h e  c u r r e n t  s o u r c e  can  be neglec ted .  
Fig. 9 shows t h e  monitor  r eco rd  o f  t h e  b e a t  p e r i o d  between t h e  
masers  and t k e  1CPlHz phase conpa r i son  among t h e  masers and a 
co,amer?iai C s  clot!<. 

4. S e n s i t i v i t y  t o  t h e  environment 

The f requency of a maser is  d i s t u r b e d  by s e v e r a l  envi ronmenta l  
f a c t o r s .  They are t h e  room t empera tu re ,  t h e  e x t e r n a l  magnet ic  f i e l d ,  
t h e  b-rometrl  c p r e s s u r e ,  and t h e  mechanical  v i b r a t i o n .  The i n f l u e n c e  
of  t h e  l a s t  two f a c t o r s  could  n o t  been e v a l u a t e d  because t h e  
measurement f a c i l i t i e s  were r o t  a v a i l a b l e .  

A s  s t a t e d  above,  t h e  t empera tu re  o f  t h e  room where t h e  masers 
a r e  p laced  i s  c o n t r o l l e d  w i t h i n  -1 "C and t h e  c o n t r o l  c y c l e  is  a b o u t  
1000 t o  2000sec. P.e  maser f requency is  no t  s i g n i f i c a c t l y  d i s t u r b e d  
by t h i s  t empera tu re  c o n t r o l ,  bu t  is d i s t u r b e d  by a s lower  
t empera tu re  change. I n  o r d e r  t o  e v a l u a t e  t h i s  i n f l u e n c e  t h e  roon 
tempera ture  was changed by 6.5"C and t h e  change of  t h e  b e a t  
f requency was monitored.  The t ime c o n s t a n t  of  t h e  t empera tu re  change 
was 3.9hours. During t h e  measurement t h e  l a b o r a t o r y  t y p e  maser o f  
which t h e  c a v i t y  was auto- tuned was used as t h e  r e f e r e n c e  maser. The 
r e f e r e n c e  maser was p laced  i n  a n o t h e r  room and independent  of  t h e  
t empera tu re  change. The change of  t h e  b e a t  p e r i o d  was measured 
24hours a f t e r  t h e  t empera tu re  had been chas,ged. It w a ~ ~ 1 . 5 x 1 0 - ~ ~  and 
t h e  t empera tu re  s e n s i t i v i t y  of  t h e  inaser is  2 .3~10-14/  C. 

I n  o r d e r  t o  e v a l u a t e  t h e  i n f l u e n c e  of t h e  e x t e r n a l  magnet ic  
f i e l d ,  a Helmholtz c o i l  was wound on t h e  vacuum b e l l  jar and a 
v e r t i c a l  magnetic  f i e l d  o f  1 G was added. The maser was o p e r a t e d  
under t h e  1mOe C- f i e ld  d u r i n g  t h e  measurement. The measured magnet ic  
s e n s i t i v i t y  i s  2 . 5 ~ 1 0 - I  3 / ~ ,  and t h e  magnet ic  s h i e l d i n g  f a c t o r  i s  
1 5000. 

The above measurement was c a r r i e d  o u t  a t  t h e  RRL Headquar ters ,  
where t h e  masers  had been developed,  and t h e  measured v a l u e  was 
cons ide red  t o  be goo? enough f o r  t h e  VLBI exper iment  under t h e  u s u a l  
geomagnetic  c i rcumstances .  However, after t h e  masers  had been 
t r a n s p o r t e d  t o  Kashima Branch, where t.he VLBI s t a t i o n  o f  RRL is  
l o c a t e d ,  frequency f l u c t u a t i o n  of  4-5x 10 - I 4  was observed  o n l y  d u r i n g  
t h e  VLBI experiments .  During t h e  VLBI expe r imen t s  a large p a r a b o l i c  
an t enna ,  2601 i n  d i ame t s r  and 160ton i n  we igh t ,  was swung t o  t r a c k  
t h e  r a d i o  s t a r s .  Th i s  movement of t h e  an tenna  d i s t u r b e d  t h e  



envi ronmenta l  magnetic  f i e l d .  The f l u c t u a t i o n  o f  t h e  magneLic f i e l d  
i n  t h e  maser room, which is l o c a t e d  abou t  20m d i s t a n t  f~ m t h e  
basement o f  t h e  an tenna ,  h a s  been measured by u s i n g  a magnetic  f l u x  
g a t e  meter. The r e s u l t s  are shown i n  Fig. 10 and Fig. 11. Fig. 1 0  shows 
t h e  v a r i a t i o n  o f  t h e  magnetic  f i e l d  i n  t h e  maser room when t h e  
azimuth o f  t h e  antenna  i s  swept. Fig.11 shows t h e  f l u c t u a t i o n  o f  t h e  
magnet ic  f i e l d  i n  t h e  maser room d u r i n g  t h e  VLBI expe r imer t  which 
was c a r r i e d  o u t  a t  t h e  end o f  August 1984. The magnet ic  d i s t u r b a n c e  
amounts t o  more t h a n  10mC. During t h e  VLBI exper iment  one n a s e r  was 
o p e r a t e d  under t h e  0.2mOe C-f ie ld  and used  as t h e  time and f r equency  
s t a n d a r d  o f  t h e  K-3 system, w h i l e  t h e  o t h e r  maser was o p e r a t e d  under 
t h e  20mOe C-f ie ld  and used  as t h e  r e f e r e n c e  maser. The magnet ic  
v a r i a t i o n  d i s t u r b e d  t h e  r e f e r e n c e  maser. L a t e r  t h e  C- f i e ld  o f  t h e  
r e f e r e n c e  maser was set t o  6mOe and t h e  f l u c t u a t i o n  o f  t h e  maser* 
f requency reduced t o  1x10-' 4 .  

There fo re  i t  shou ld  be recommended t o  check t h e  e x t e r n a l  
magnetic  f i e l d  v a r i a t i o n  and t o  a p e r a t e  t h e  maser under low C-f ie ld  
a t  VLEI s t a t i o n s .  E s p e c i a l l y  a t  mobi le  VLBI s t a t i o n s  t h e  magnet ic  
d i s t u r b a n c e  o f  t h e  an tenna  may be l a r g e  because 5 e  maser is p laced  
ve ry  c l o s e  t o  t h e  antenna .  

5. Conclus ion  

Two f i e l d  o p e r a b l e  hydrogen masers  have been developed a s  t h e  
time and f r equency  s t a n d a r d  o f  t h e  K-3 VLBl system. The measured 
performance f u l i y  s a t i s f i e s  t h e  r equ i r emen t s  o f  t h e  K-3 sys tem,  and 
t h e y  are now playir lg a n  impor t an t  r o ? e  a s  t h e  t ime and f r equency  
s t a n d a r d  o f  t h e  K-3 sys tem a t  Kashima Branch. 

The magnet ic  d i s t u r b a n c e  by t h e  VLBI an tenna  t r a c k i n g ,  which 
h a s  been observed  a t  Kashima s t a t i o n .  s u g g e s t s  t h a t  i t  is  n e c e s s a r y  
t o  check t h e  magnet ic  environment i n  t h e  maser room and t o  o p e r a t e  
t h e  maser under low C-f ie ld  f o r  VLBI e x ~ e r i m e n t s .  
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Fig .10  Change of t n e  e x t e r n a l  magnetic f i e l d  
when azimuth of t h e  antennb is sweeped 

F ig .11  Change of t h e  e x t e r n a l  magnetic f i e l d  
during t h e  VLBI experiment 



QUESTIONS A N D  ANSWERS 

L A U R E N  R U E C E R ,  JOHNS HOPKINS: Did you h a v e  b o t h  o f  t h e  f i e l d  
o p e r a b l e  m a s e r s  a t  t h e  s i t e  i n  you o p e r a t i n g  mode, o r  d i d  you 
have on ly  one? 

M R .  M O R I K A W A :  We have two hydrogen masers  a t  t h e  VLBI s t q t i o n .  We 
used t h e  f i r s t  maser  a s  t h e  f r e q u e n c y  s o u r c e ,  and t h e  o t h e r  i s  
u s e d  a s  a  m o n i t o r ,  b u t  t h e  s e c o n d  m a s e r  c a n ,  o f  c o u r s e ,  
d i s t r i b u t e  s t anda rd  s i g n a l s  t o  t h e  system i f  tile f i r s t  maser i ~ a s  
some t r o u b l e .  

A L B E R T  KIRK, JET PROPULSION LABORATORY: What i s  t h e  ou tpu t  power 
of t h e  maser? 

M R .  M O R I K A W A :  I t  depends  on t h e  f l u x  j f  t h e  hydrogen beam. The 
maximum power is  m i n u s  95 dBm. 

M R .  K I R K :  For  t h e  d a t a  t h a t  you have shown on t h e  g r a p h ,  what i s  
t h e  ou tpu t  power while  t h a t  d a t a  was t aken?  

M R .  M O R I K A W A :  M i n u s  95 dBm. 

M R .  KIRK: How long do you expect  t h e  ion pumps t o  l a z t ?  

M R .  M O R I K A W A :  About two y e a r s  o r  more. One maser  o p e r a t e d  a b o u t  
two y e a r s ,  a t  w h i c h  t i m e  t h e  i o n  pump w e n t  down,  b u t  i t  
recovered .  

M R .  M C C O U B R E Y :  And they  operated con t inuous ly  d u r i n g  t h i s  time? 

M R .  M O R I K A W A :  Yes. 

!/ICTOR REINHARDT, HUGHES AIRCRAFT C O M P A N Y :  In t h e  Allan var iance  
da ta  you showed, was t h e  d r i f t  removed? 

M R .  M O R I K A W A :  I t  was not  removes. 

M R .  REINHARDT: What was t h e  frequency d r i f t  per  day? 

M R .  MORIKAWA: a  few p a r t s  i n  t e n  t o  t h e  m i n u s  1 4 .  



ATOP! IC HYDROGEN MASER ACTIVE OSCILLATOR 
CAVITY AND BULB DESIGN OPTIMIZATION 

H. E. Peters and P. J. Washburn 

Sigma Tau StandsrLs Corporation 
Tuscaloosa, Alabama 

ABSTRACT 

The performance characteristics and reliability of the active 
oscillator atomic hydrogen maser depend upon "oscillation 
parameters" which characterize the interaction region of the 
maser: the resonant cavity and atom storage bulb assembly. With 
particular att2ntion to use of the cavity frequency switching 
servo (1) to reduce cavity pdlling, it is important to maintaii~ 
high oscillation level, high atomic beam flux utilization 
efficiency, small spin exchange parameter and high cavity quality 
factor. It is also desirable to have a small and rfgid cavity 
and bulb structure and to minimize the cavity temperature 
sensitivity. In this paper we present curves for a nnvel 
hydrogen maser cavity configuration which is pai-tial1.y loac!ed 
with a quartz dielectric cylinder and show the relationships 
betwnen cavity length, cavity diameter, balb size, dielectric 
thickness, cavity quality factor, fillinq factor and cavity 
frequency temperature coefficient. The results are discussed in 
terms of improvement in maser perfo~.mance resulting from 
particular design choices. 

In an atomic hydrogen maser, hydrogen atoms are produced in an RF discharge 
source from which they emerge and pass in a b e a ~  through a magnetic state 
selector, with atoms in the proper hyperfine energy level passing to a 
quartz storage bulb mounted within a cavity resonant at the hydrogen 
frequency wher%-in maser action occurs, producing a CW output signal at the 
frequency of 1,420,405,751.689,3xx Hz. Figure 1 illustrates the major 
elements of the physical structure of masers currently constructed at 
Sigma Tau Standards Corporation. Several of the advantages of this general 
configuration were described in Reference 1. The optimization of the cavity 
assembly through computer analysis of the relevant maser oscillation 
parameters will be the primary subject of this paper. 
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CAVITY DESIGN AND ELECTROMAGNETIC FIELD DIAGRAH 

The cavity configuration used in the Sigma Tau hydrogen masers is 
illustrated in Figure 2. A copper cylinder and copper end plates form the 
cavity walls. A relatively thick circular cylinder of quartz is held by 
spring tension between the end plates, and the quartz atom storage bulb is 
secured to the quartz cylinder using quartz shims and hard epoxy. The 
quartz cylinder provides dielectric loading to reduce the outer diameter of 
the cavity as well as the temperature sensitivity, and at the same time 
provides rigid support for the bulb and a fixed spacing of the cavity end 
plates. The electromagnetic field mode is the TEOll mode of the usual 
hydrogen maser active oscillator. Figure 2 also illustrates the 
orientation of the electric and magnetic field lines. 

Figure 3 shows a diagram of the cavity and bulb assembly which is the model 
used for subsequent computations. The region within the inner diameter of 
the storage bulb is Region 1 with the dielectric constant of vacuum. In 
computing the filling factors, integrations of the z axis magnetic field 
were performed numerically over the inside volume of the bulb. Region 2, 
with the dielectric constant of fused quartz, includes the quartz wall of 
the bulb as well as the wall thickness of the quartz cylinder. The 
approximation is used that the quartz wall of the bulb ends is equivalent 
to the effect of the extra wall thickness at the ends of the cylinder, and 
this is a very adequate approximation since the cavity fields are 
relatively weak in the end regions and the bulb wall is relatively thin. 
Region 3, with the dielectric constant of vacuum, extends from the quartz 
cylinder to the copper side wall of the cavity. 

OPERATIONAL EQUATIONS OF THE HYDROGEN MASER 

heference (2) presented the basic operational equations for the hydrogen 
maser oscillator, and the maser equations presented herein will either be 
taken from or derived from that reference. By combining equetions (15) and 
(9) oi deference 2, the following equation is obtained for the relative 
power radiated by the hydrogen atomic beam: 

In this equation, P is the radiated power, Pa = the power available from 
the beam if the maser were 100 percent efficient, I is the beam intensity 
(atoms/second), Ith is the flux required for oscillation if spin exchange 
could be neglected, and q is the spin exchange parameter defined in 
Reference (2). 

Spin exchange is due to collisions between hydrogen atoms within the maser 
storage bulb and is the main factor which limits the possible oscillation 
level and line Q of the hydrogen maser. Figure 4 illustrates the severe 
limitation on beam utilization efficiency as the spin exchange parameter 
becomes large. The dependence of the spin exchange parameter on the cavity 
assembly conilguration may be expressed (from Ref . 2 ,  Eq. 11) as: 

q = Kl/(n'x Qc) 



where K1 is a constant (approximately equal to 1.000), Qc is the loaded 
quality factor of the cavity. and is the "filling factor.'' which is 
defined as: 

In the foregoing equation, Vb !s the bulb volume, Vc the cavity Volume. 
H b is the z axis magnetic field averaged over the bulb vclume and 
H' c is the zgerage of the square of the magnetic field over the volume 1 Y 

of the cavity. 

Considering only those factors which depend on the cavity configuration, 
Ith may be expressed as: 

Ith = K2x(bulb dia.)/(n8x Qc). 

Therefore both the spin exchange parameter and the flux required to 
oscillate depend upon the product of n' and Qc. The loaded quality factor 
of the cavity, Qc, is given by: 

where PC is the power coupled from the cavity which is available to the 
receiver input amplifier and Po is the power dissipated within the cavity. 

In a practical hydrogen maser oscillator it is very desirable that the 
coupling of the receiver to the cavity be light to reduce cavity frequency 
dependence on receiver impedance changes or other external environmental 
effects, and so Pc/Fo is typically a small fraction (of the order of .1 to 
3 The above considerations i~dicate that it is highly desirable to 
maximize the product cf n' and Qo to obtain an efficient and reliable 
maser oscillator. 

ELECTROMAGNETIC FIELD ANALYSIS 

The electromagnetic field analysis follows conventional procedures and will 
not be given in detail in this paper. In outline, we st.srt from Maxwell's 
equations for the curl of the electric and magnetic fields in material 
media and use the expressions for the curl in cylindrical coordinates. The 
general known solution for the electric field is expressed in terms of 
Besselts functions of the first and second kinds of orders C and 1, and by 
application of appropriate boundary conditions, differentiations and 
integrations, several simultaneous equations are obtained which describe 
the electric and magnetic fieid coordinate components in the separate 
cavity regions identified in Figure 3. A computer was then programmed to 
obtain subroutines for :he fields and the subroutines were used in 
further calculations to obtain the data presented in the pages which 
follow. 

Typical results for the field analysis are illustrated by Figures 5 and 6, 
which show the electric and z axis magnetic fields for a cavity 12 inches 
long vith a bulb 4.13 inches in diameter having several different 
thicknesses of quartz cylinder. 



Q x n', CAVITY SIZE AND TEMPERATURE COEFFICIENT 

In the curves which follow it has been assumed that the dielectric loss 
factor of quartz is .000,1 and the dielectric coefficient is 3.75. Also, 
the electricdl canductivity of copper = 2.0 microohm-cm and the expansion 
coefficient of copper = 1.7 x 10-5. The length of the bulb for the 12 
inch long cavities is 9.0 inches, and the assumed shape is a straight 
central section with hemispherical ends. This shape is not quite optimum, 
but is a practical approximation which more detailed calculations show is 
very close to optimum. For cavity lengths other than 12 inches, the bulb 
length was made proportionately greater or smaller. In calculating the 
cavity frequency temperature coefficients, both the expansion coefficient 
of quartz and the variation of the dielectric coefficient of quartz with 
temperatlare have been ignored since these have a small effect compared to 
the thermal properties of copper. 

It is interesting to observe the separate behavior of the quality factor 
and the filling factor as the thickness of the quartz dielectric is 
increased. The general form of the curves for all cases considered is 
exemplified by the case of the 12 inch long cavity and 4.13 inch diameter 
bulb show. in Figure 7. While the quality factor continuously decreases 
with increased dielectric ioading, the filling factor rises to a peak in 
the range of .5 to 1.5 cm before decreasing. Therefore the use of thin- 
walled quartz bulbs in conventional oscillating hydrogen masers is not in 
general the optimum configuration to obtain the highest value of (n' x Q). 

Figure 8 illustrates the variation of (Q x n') and cavity radius for 
several different lengths of cavity and one bulb diameter. This figure 
shows that there is a significant improvement in these parameters with 
longer cavities, and also that the optimum conditions occur with a 
relatively thick quartz cylinder. Figures 9 through 13 show the effect of 
use of different diameter bulbs and different thicknesses of quartz in 
cavity lengths of 18, 14, 12, 10 and 8 inches. 

One of the motivations for adding quartz dielectric loading to the cavity 
is to reduce, as much as possible, the cavity frequency temperature 
sensitivity. Figures 14, 15, and 16 show the cavity frequency temperature 
coefficient as a function of dielectric thickness for several interesting 
cases. Figure 14 shows the temperature coefficient for a fixed cavity 
length of 12 inches and three different bulb radii. For reference, a 
copper cavity without loading would have a temperature sensitivity of 
approximately 24.0 KHzIDegree C. Figure 15 shows the result for a bulb 
radius of 5.25 cm and two different cavity lengths, and Figure 16 shows the 
result for a 4.25 cm bulb and three cavity lengths. 

DlSCUSSION OF RESULTS 

The analysis and results presented in this paper were undertaken to 
optimize the hydrogen maser cavity and bulb design based upon the general 
configuration represented in Figures 1, 2 and 3. A primary consideration 





to control the average cavity frequency with a varactor; not only would 
this result in a non-linear and narrow frequency control range, it would 
introduce the possibility of changing the cavity Q'e or receiver coupling 
coefficient when modulating the cavity frequency. So the use of a metal 
cavity with the cavity frequency switching servo is strongly indicated, and 
the temperature dependence shown by the figures is well suited to the 
requirements of cavity tuning. 

CONCLUSION 

The results presented in this paper provide guidelines for the design of 
cavity and bulb assemblies for hydrogen masers in an optimal fashion which 
are well adapted to use of the cavity frequency switching servo technique, 
as well as information which should be of more general interest for 
consideratian of alternative maser cavity assembly design approaches. The 
two hydrogen masers described in Reference 1 were the first masers 
constructed using the new configuration. These masers also demonstrated 
the first use of the cavity frequency switching servo, and the stability 
results obtained show that unprecidented stability as well as the other 
advantages discussed in this paper can be realized. An example of the long 
term stability obtained in recent maser comparisons is illustrated in 
Figure 17. This figure shows the fractional frequency change for a thirty 
day period between the two hydrogen masers described in Reference 1. The 
slope af the frequency differences over this period is 5.8 x 10-16 per day, 
so the effect of drift on the daily frequency fluctuations is neglegible. 
Figure 18 shows the measured stability in a "Sigma Tau" plot using the two 
sample "Alan Variance" for intervals from one second to ten days. There 
has been no drift term removed, nor other modifications made to the data. 
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QUESTIONS A N D  ANSWERS 

JACQUES V A N I E R ,  NATIONAL RESEARCH C O U N C I L :  I n  y o u r  p r o p o s e d  
d e s i g n ,  w o u l d  i t  n o t  b e  s i m p l e r  t o  r e m o v e  t h e  b u l b  a n d  u s e  t h e  
d i e l e c t r i c  l o a d i n g  a s  a  b u l b  i t s e l f ?  

M R .  PETERS: Yes, t h a t ' s  v e r y  c o n c e i v a b l e .  I h a v e  been  t h i n k i n g  o f  
g e t t i n g  p i e c e s  o f  q u a r t z  g round  o u t .  

M R .  V A N I E R :  B u t  t h e r e  i s  no  p u r p o s e  f o r  t h e  b u l b  a t  t h e  p r e s e n t  
t i m e ?  

M R .  PETERS: I h a v e n ' t  a n a l y z e d  i t  c o m p l e t e l y ,  b u t  I t h i n k  t h a t  
you n e e d  t o  i m p r o v e  t h e  f i l l i n g  f a c t o r  a  l i t t l e  m o r e  by f i l l i n g  
i n  t h e  t o p  s e c t i o n  s l i g h t . 1 ~ .  

STUART CRAMPTON, WILLIAKS C O L L E G E :  I wou ld  l i k e  t o  s a y  t h a t  t h e  
l a s t  i s  n o t  t r u e  when you t a k e  i n t o  a c c o u n t  t h e  way i n  wh ich  you 
a r e  c h a n g i n g  t h e  v o l u m e  o f  t h e  b o t t l e .  You a r e  b e t t e r  o f f  t h a n  
h a v i n g  t h o s e  g r o u n d  p i e c e s .  

M R .  V A N I E R :  You w o u l d n ' t  i n c r e a s ?  t h e  f i l l i n g  f a c t o r .  

M R .  PETERS: I t h i n k  t h a t  e v e n  i f  you i n c r e a s e  t h e  b u l b  t o  t h e  
f u l l  l e n g t h ,  t h a t  s h o u l d  b e  f i l l e d  i n  w i t h  q u a r t z ,  n o t  make  t h e  
b u l b  t h e  f u l l  l e n g t h  o f  t h e  c a v i t y .  

M R .  V A N I E R :  I s ee .  B u t  my q u e s t i o n  i s  t h i s :  You w o u l d  g a i n  i n  
s i m p l i c i t y  by r e m o v i n g  t h e  b u l b  c o m p l e t e l y ,  and  u s e  up  t o  t h e  end 
a s  a  b u l b .  You w o u l d  l o s e  a  l i t t l e  i n  f i l l i n g  f a c t o r ,  b u t  s o  
wha t?  

M R .  PETERS: You c o u l d  l o s e  s o m e t h i n g  e l s e  v e r y  i m p o r t a n t  t h o u g h ,  
t h e  f a c i l i t y  w i t h  wh ich  you c o u l d  c o a t  t h e  b u l b  i n  a  n i c e ,  c l e a n ,  
d e p e n d a b l e  way. 

ALBERT K I R K ,  JET PROPULSION LABORATORY: Can you t e l l  me t h e  a g i n g  
r a t e  o f  t h e  c a v i t i e s  b e f o r e  you a p p l y  t h e  t h e r m a l  c o r r e c t i o n s ?  

M R .  PETERS: T h e s e  a r e  r e l a t i v e l y  u n s t a b l e  c a v i t i e s .  i h e y  a r e  a  
t h i n  w a l l  o f  c o p p e r  o n  t h e  o u t s i d e ,  c o m p a r e d  t o  a  much m o r e  
t h e r m a l l y  m a s s i v e  c a v i t y .  But t h e y  a r e  s t i l l  f a i r l y  r e s p e c t a b l e  
i n  t h a t  r e s p e c t .  One o f  them i s  g o i n g  a t  a b o u t  t w o  t o  t h r e e  p a r t s  
i n  t e n  t o  t h e  f o u r t e e n  p e r  d a y  a n d  t h e  o t h e r  o n e  i s  a b o u t  s e v e n  
p a r t s  i n  t e n  t o  t h e  f o u r t e e n  p e r  day .  

H o w e v e r ,  we t u n e  c o n t i n u o u s l y .  A l l  t h e  s t a b i l i t y  d a t a  i s  
t a k e n  w i t h  t h e  a u t o t u n e r  s y s t e m  w o r k i n g ,  a n d  t h e r e  i s  n o  
d e g r a d a t i o n  i n  e i t h e r  t h e  s h o r t  term o r  t h e  l o n g  term s t a b i l i t y  
i f  you l e a v e  t h e  c a v i t y  s e r v o  o n .  The  c a v i t y  s e r v o  i s  r e a l l y  a  
t h e r m a l  c o n t r o l  s y s t e m ,  s o  i n  t h a t  s e n s e  t h e y  d o n ' t  d r i f t .  

M R .  K I R K :  What is  t h e  time c o n s t a n t  o f  t h e  s e r v o  s y s t e m ?  

M R .  PETERS: I t ' s  j u s t  a b o u t  f a s t  enough t o  come i n  w h e r e  t h e r m a l  
p e r t u r b a t i o n s  s t a r t  t o  b e c o m e  i m p o r t a n t .  T h a t  i s  b e t w e e n  o n e  



thousand and t e n  thousand seconds.  

M R .  McCOUBREY: I f  I foZlowed your d i s c u s s i o n ,  you i n d i c a t e d  t h a t  
t h e  l o n g  n a r r o w  c a v i t y  was a d v a n t a g e o u s  w i t h  r e s p e c t  t o  t h e  
c a v i t y  Q and f i l l i n g  f a c t o r .  Did you a l s o  c o n s i d e r  t h e  e f f e c t  o f  
t h e  d e c l i n i n g  e f f e c t i v e n e s s  o f  t h e  ,magnetic s h i e l d s  t h a t  you put  
around a l l  o f  t h i s ?  The long  narrow s h i e l d s  a r e  l e s s  e f f e c t i v e .  

M R .  PETERS: I t h i n k  t h a t  t h e y  a r e  more  e f f e c t i v e .  The l a r g e r  
c a v i t y  d i a m e t e r  and t h e  l a r g e r  s h i e l d  a r e  s h o r t e r ,  and i t ' s  
m o s t l y  t h e  a x i a l  f i e l d  t h a t  g i v e s  you t r o u b l e .  The t r a n s v e r s e  
s h i e l d i n g  f a c t o r  h a r d l y  eve r  g i v e s  any e f f e c t  i n  measurement. The 
l onge r  and na r rower  s h i e l d  3 i v e s  more space  on t h e  ends than  wee 
had i n  t h e  p a s t ,  s o  you g e t  a  b e t t e r  s h i e l d i n g  f a c t o r  w i t h  a  
s m a l l  d i a m e t e r  and a l s o  more s p a c e  f o r  t h e r m a l  i n s u l a t i o n ,  and 
vacuum and t h i n g s  l i k e  t h a t .  

M R .  ALLAN: I s  t h e  l a s t  d a t a  p o i n t  on y o u r  s i g m a - t a u  p l o t  t e n  
days? 

M R .  PETERS: I s t o p p e d  i t  a t  t e n  d a y s .  I t  was o n l y  t t .  ' . r t y  d a y s  
worth of  d a t a .  



HYDROGEN MASER OSCILLATION AT 10 K 

S. B, Crampton, K .  M .  Jones,  C. Nunes, and S. P. Soaza 

Williams College, William~town, Maasachusctta 01267 

ABSTRACT 

We have developeu a low iemperature atomio hydrogen maser 
asing frozen atomic neon a s  the storaple sarfat-s. The maser 
has been operated i n  the ; ; i i ~ e d  mode a t  temperatures from 6 K 
t o  1 1  K and a s  a  s e l f ~ e x c i t e d  o s c i l l a t o r  from 9 K t o  10.5 K .  

INTRODUCTION 

As soon a3 some :l?pclarized hydrogen atom gas hdd been s~ lcceas fu l ly  s tored  a t  
4.2 K i n  a b o t t l e  coated with frozen moleclllar hydrogen1, i t  was clear1 t h a t  
the  new 1.w temper.at,lre hydrogen s torage techniydes might improve htomic 
hydrogen m t  . ser  frequency standards.  ' The most 1 i kel y improvement is in  the 
yhort term frequency noise,  which is proportional t o  the r~d la t ! . ve  decay r a t e  
1/T,  times the  square root of the thermal noise divided by the averaging time 

3 and t.he power radiated by the atoms. There :3 a  dramatic decrease of the 
cross  sec t ion  f o r  re laxa t ion  due t o  e lec t ron  spin exchange c o l l i s i r ~ n s  betweer1 
the  radiating atoms.' Beca:rse of co l l  i s ions  the radiated power is quadratic 
i n  input atomic beam f l : ~ x  and has maxim~m value proportional t o  the  inverse of 
the sp in  excha~ge  cross sec t ion  squared. The poten t ia l  improvement i n  
radiated power is  l a rge ,  given s u f f i c i e n t  bean1 f lux.  Fo r t~ lna t e ly ,  low 
temperatrlre technique3 can a l so  provide a  la rge  gain of c lean ,  state7::elected 
beam flux. In addit:on, thermal noise power i n  the  maser cavi ty and recej--r  
f i r s t  s tage  can be grea t ly  reduced by cooling, and sabs t an t i a l  improvements i n  
r ad i a t ive  decay r a t e s  a re  an t ic ipa ted .  These f ac to r s  should combins t o  
produce all improvement 3y several  order3 of magnitude i n  the  shor t  term 
frequency noise of hydrogen maser s tandards.  

Low temperature technique8 may a l so  o f f e r  subs t an t i a l  improvements i n  the  long 
term frequency s t a b i l i t y  of hydrogen maser s tandards.  S t a b i l i t y  t o  one part  
i n  10" requi res  temperature s t a b i l i t y  t o  7 .3  mK, d i f f i c u l t  t o  achieve a t  room 
temp< r a t q l r e  but rout inely achieved a t  low temperatllres. S t ab i l  i t v  t o  one part  t 

i n  10" requi res  s t a b i l i t y  of the cavi ty geometry equivalent t c  about ' A i r i  

the  l i nea r  dimensions; mechanical creep i s  l i t e r a l l y  f roz tn  out a t  low ? 
tsa;peratur+a. Magnetic f i e l d  homogeneity and s t a b i l i  t y  can be improved by 
using supercondl.~ct i ng magnet i c  sh i e lds  . a .n 



APPARATUS 

Figure 1 is a schematic of the apparatus we have b u i l t  t o  t e s t  these ideas. 
The apparatus is immersed i n  liquid helium held in a 6" ID sdperins~llated 
dewar. Molecular hydrogen is fed through a 1 cm OD pyrex tube inside a 
s ta in less  s t e e l  "Source dewar" separating the helium bath c~r t s ide  from a 
liquid nitrogen bath inside. The l iquid nitrogen cooled 180 MHz rf  discharge 
dissociates m3lecules to  atoms, which pass downwards through an "accommodatortl 
where they are  cooled t o  5 and are  t h ~ n  focrlsed by a s i x  pale s t a te -  
selecting magnet t o  a 5 cm OD quartz storage bott le .  The storage bot t le  i s  
surrounded by a 4" O D  1420 MHz microwave cavity, a se t  of three 0.005" thick 
magnetic shields,  and a vacllum tight  can containing he1i:un exchange gas, which 
allows the cavity and bot t le  t o  be heated uniformly t o  temperatures above the 
temperature of the l lq~r id  helium bath. 

Figure 2 is a more detailed schematic of the hydrogen dowee and cavj t y  
assembly. Dissxia ted atoms pass from the discharge through a t h i n  2 mm I D  
or i f ica  in to  the 5 mm ID by 1.5 cm long copper accommodator coated w i t h  
sol id molecular hydrogen. Semicirc~rlar baffles prevent atoms or imp~lri t i e s  
from getting through the accommodator withoilt making about 100 col l i s ions  w i t h  
its cold sol  i d  hydrogen s:lrface. The acconlmodator is  neat& by recombining 
atoms or by an external heater, and i t  is cooled by a copper heat conduction 
path t o  the l iquid helium bath. Slow moving H atoms are e f f i c ien t ly  focused 
by a 1.3 cm bore by 10 cm loag s i x  pole permanent magnet thro:lgh a 12 cm long 
by .75 cm ID entrance t ~ b e  t o  the storage bott le .  The cavi tyS provides a 
uniform rf magnetic f i e l d  over the storage bot t le  and has unloaded Q as high 
as 20,000 a t  4 .2  K .  

The inside surface of the storage botLle and its entrance tilbe are coated 
wi th  several hundred tho:lsand layers of sol i d  mo1ec:rlar hydrogen or atomic 
neon, frozen o:rt from the gas phase as the apparatus is cooled i n i t i a l l y .  
Care is taken to  ~ a n t r o l  the gas pressure and temperature so as t o  form soma 
liquid f i r s t ,  then the sol id  coating. Below the threshold for osci l la t ion a 
short pulse a t  the AF=O hyperfine transiton freqilcncy s e t s  the atoms radiat ing 
on that  t rans i t ion,  and the decaying cavity rf f i e ld  1s sampled by a co~rpiing 
loop, cor~verted to  an audio frequency signal ,  and fed t o  the A / D  converter and 
comp~rter storage. The frequency and radiat ive decay r a t e  are  f i t t e d  di rect ly  
f r m  the signal ,  and level population recove:-y ra tes  1 / T ,  are determined from 
signals i n  response t o  m u l t i ~ l e  pulses. The signal amplitude. m~rlt ipl ied by 
T , ,  i s  proportional t o  the input flux of F=1, mFaO hydrogen atoms. 

Figure 3 shows the i n p u t  f lux of state7solected atoms plotted against the 
temperature of the accommodator as measured by a carbor! film thermometw. The 
open c i rc les  represent fluxes obtained by varying the i n p u t  of atoms t o  t re 
accommodator. As the flux in to  the accammndator increases, heat ciue t o  atoins 
recombining on the solid hydrogen sccommodatar surface warms that  surface. 
The accommodator temperature and outpllt flux both ric w i t h  i n p h  fl:lx and 
accommodator temperature u n t i l  the . tcommodator temperat,.*e reaches about 5.3 
K ,  where the s a t ~ r r a t P . ~  vaF3r p!& e of H, over the surface becomes high 
enough t o  impede the f l c i .  Abov~ j . 3  K the accommodator temperature contin~rea 
co r i so ,  b u t  the outplrt flux actually decreases w i t h  increasing i n p ~ ~ t  flux. 
The cr30sses repre3er.t fluxes obtained by leaving the icput f l u x  a t  the level  
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tha t  produced the f l u x  a t  the sol id  c i r c l e  and then increasing the 
accommodator temperature using an external heater. The coincidence of the 
output fluxes w i t h i n  e r rors  sugpests tnat the output f lux is saturated w i t h  
respect t o  input flux. Increasing the input f lux t o  the accommodator w i l l  not 
increase output f lux a t  the same accommodator temperature. A design requiring 
fewer col l i s ions  w i t h  the accm-modatw surface would improve output f lux,  bu t  
even these present fluxes compare favorably w i t h  the fluxes i n  room 
temperature hydrogen masers, and the beam is almost certainly cleaner. 

SOLID MOLECULAR HYDROGEN SURFACES 

We began by i nvesti gat i ng sol  i d  molecular hydrogen wall coatings because they 
are  the eas ies t  coatings t o  make a t  temperatures between 4 K and 15 K and 
because we had already studied then over the lower temperature range from 3.5 

6 K t o  4.5 K using an ea r l i e r  apparatus. Figure 4 shows some resu1t.a f o r  the 
wall s h i f t s  for  hydrogen a t m s  stored over these sol id  hydrogen silrfaces a t  
temperatures between 4.2 K and 5.5 K. The sol id  l i n e  has been p l t  by eye w i t h  
slope 35.8 K equal t o  the value we obtained for the binding znergy of H t o  H z  
a t  the somewhat lower temperatures i n  the e a r l i e r  work. Theoretical 
calculat;ons7 of the binding of H t o  sol id  H,  indicate chat there sho:rld be a 
single bound s t a t e  f o r  motion perpendic!llar t o  t h e  surface and almost complete 
freedom t o  move la te ra l ly .  ~heory '  predicts chat. for  t h i s  k i n d  of "two 
dimensional gas" binding the variation of wall s h i f t  wi th  temperature shoirld 
be such as  t o  produce a s t ra igh t  l i n e  it? Figure 4. W i t h i n  errors we find that  
the behavior we observed a t  lower trtmperatures extrBapolates well ~ l p  t o  the 
highest temperatures a t  which we obtain signals.  The data does not go higher 
than about 5.5 K f o r  the s % ~ e  reason that  the output from the accommodator 
drops off t o  very low vs?des a t  accommodator temperatures above 5.5 K: the H, 
vapor over the surfac: of the entrance tube prevents the state-selected H beam 
from entering the ;torage bott le .  A t  5.5 K the lowest wall s h i f t  observed is 
about 50 Hz, a faqtor of 1000 higher than wall s h i f t s  in  room temperature 
hydrogen masers having Teflon up11 coatings. If  we could go higher i n  
temperature, the wall s h i f t s  would be dramatically lower, b u t  the high H,vapor 
pressure prevents that .  

Rel-dxat ion prozessses other than the dephasi ng while adsorbed that  produces 
the large wall s h i f t s  car1 be investigated using multiple pulses t o  measure the 
level  population recovery r a t e  l / T , .  These ra tes ,  l e s s  the contribution from 
escape through the entrance, are plot5ed in  Figure 5. A l i n e  w i t h  slope 35 K 
has been drawn as a guide t o  the behavior t h a t  would be expected fo r  a 
relaxation simply proportional t o  the rneh.1 surface dwell time. I t  appears 
that  the relaxaticn ra tes  are  fa l l ing  off somewhat fas te r  than a t  the higher 
temperatures. Again, i f  we were able t o  go t o  higher temperatures, we would 
expect very low relaxation ra tes .  

To summarize the resu l t s  for  H,: T h i s  ptrlsed resonance experiment is an 
interest ing probe of atom-surface interactions i n  a part icularly simple 
system, but i t  is not a candidate for* precision frequency metrology because of 
the Pfgh H, vapor pressure a t  temperatures where the wall s h i f t s  and 
relax .ion ra tes  would be low. 







U K I G ~ A L  PA9E '16' 
ATOMIC NEON SUHF!.CES OF POOR QUALITY 

Neon atom gas h ? s  much less  saturated vapor density than H, a t  the same 
temperature. I t s  e lec t r i c  polarlzabil i ty i s  l e s s  than that  of H , ,  so  tha t  the 
force between a hydrogen atom and one neon atom i n  the surface i s  l e s s  than 
for  H , .  Unfortrlnately, sol id  neon has l e s s  zero point motion than H, and so  
is more compact. The resu!t is that che hipding energy of H t o  a sol id  neon 
surface is predicted7 to  be about the same as the binding of H t o  a so l id  
moleclrlar hydrogen slrrface. Figure 6 displays wall sh i f t s  we have observed 
for  H stored i n  bott les w i t h  so l id  neon wall coatings, plotted as  i n  Figure 4 ,  
The slopes are the same from one sarface preparation t o  another, indicating a 
consistent surface b i n d i n g  energy i n  good agreement wi th  the theoretical  
predictions. The intercepts vary considerably, indicating var iab i l i ty  of 
effective surface area from one surface preparation t o  another. These data do 
not show indications of t h i n  spots or contamination by some heavy impurity; 
both effects  woilld s h i f t  the slope l~pwards as well a s  the intercepts.  We 
obtain data ohly u p  t o  about 1 1  K ,  where the saturated vapor presslire of neon 
i n  the entrance ttlbe prevents atoms from gettind in to  the bott le .  The wall 
s h i f t  a t  1 1  K i n  this 5 cm diameter bot t le  is about 1 Hz. 

The relaxation ra tes  vary milch more than the wall s h i f t s  from one slrrafce 
preparation to  another and even from one time t o  another for  a single surface 
preparation as the ~ . l r f a c e  Evaporates. Evidently, the relaxation ra tes  arld 
the effective ~ u r f a c e  area are very sensit ive t o  surface s t ructure ,  b u t  the 
binding energy is not. Wi4:hin e r rors ,  T,=T,, indicating that  the relaxation 
process is predominantly one that removes atoms rather than relaxing them 
through some magnetic interaction. We have observed relaxation ra tes  as low 
as 1 sect '  greater than the ra te  of escape through the entrance, bu t  we have 
also observed relaxation ra tes  a hltndred times higher. The f au l t  l i e s  wi th  
the high cohesive energy of sol id  neon, which tends t o  freeze in to  an cpen, 
snowy stractllre into which H atoms diffuse and eventaally recombine. We 
believe that  much more ilniform and s table  surfaces can be made by growing them 
very slowly a t  the temnerat'rre a t  which they are  used and by maintaining over 
them the saturated vapor pressure o; neon gas, b u t  that  w i l l  reqgire a new 
appar a t 11s . 

MASER OSCILLATION AT 10 K 

We have several times prod:lced surfaces w i t h  low enough relaxation ra tes  t o  
support se l f -~exc i  ted maser avci l la t ion a t  temperatures ranging from 9 K t o  
10.5 K a t  flirxes of order 10'' s t a t e ~ s e l e c t e d  atoms sect' and cavity Qvs  as 
l * ) w  as 3500. The radiated power a t  t h i s  Q has been of order l o 7 I 2  watts. The 
linewidth of abol~t 3 Hz. has been dominated by the r a t e  of escape through the 
bot t le  entrance. The short term freqlrency noise is l e s s  than that  of our room 
temperature comparison maser, but  we have not yet been able t o  measure the 
short term noise precisely. T h i s  f i r s t  experimental apparat~ls is not 
optimized for  temperature s t a b i l i t y  or magnetic f i e l d  s t ab i l i t y  or even fo r  
surface s t ab i l i t y .  Although the wall sh i f t s  using sol id  neon wall coatings a t  
10 K are re la t ively  high compared t o  the wall s h i f t s  i n  conventions! hydrogen 
maser standards, the pl~ysics of the surface i s  much simpler. Whether the 
reprodllcibility and s t ab i l i t y  of the sol id  neon surfaces can be made t o  
compensate for the higher wall sh i f t s  remains t o  be seen. 





ACKNOWLEDGEMENTS 

We are g r a t e f u l  f o r  s ~ r p p o r t  of t h i s  work by t h e  Je t  P r o p u l s i o n  L a b o r a t o r y ,  t h e  
Off  ice of  Naval  Resea!,ch, and  t h e  N a t i o n a l  S c i e n c e  F o ~ m d a t i o n .  We t h a n k  Gus H.  
Zimmermann, J o h n  F r e n c h ,  J o h n  Kru?czak,  Behzad Mirhashem, Karen Anderson ,  
B r i a n  Benn, Jim P o i r o t ,  E m i l e  O u e l l e t t e ,  and B r y c e  Babcock f o r  t h e i r  v a l u a b l e  
c o n t r i b ~ ~ t i o n s  t o  t h i s  work. 

REFERENCES 

1 .  D a n i e l  K l e p p n e r ,  Thomas J .  C r e y t a k ,  W i l l i a m  D .  P h i l l i p s ,  David A .  S m i t h ,  
and  Abel W e i n r i b ,  B u l l .  A m .  Phys .  Soc .  - 2 3 ,  86  ( 1 9 7 8 ) .  

2. S t u a r t  B. Crampton,  W i l l i a m  D .  P h i l l i p s ,  a n d  D a n i e l  K l e p p n e r ,  81111. Am. 
Phys.  Soc .  - 2 3 ,  8 6  ( 1 9 7 8 ) .  

3.  D. K l e p p n e r ,  H .  M .  G o l d e n b e r g ,  and N. F. Ramsey, Phys. Rev. 126 ,  603 - 
( 1 9 6 2 ) .  

4. A .  C .  A l l i s o n ,  Phys.  Rev. A5, 2695 ( 1 9 7 2 ) .  - 

5. H. T. M .  Wang, J .  B. Lewis ,  and  S. B. Crampton,  i n  P r o c e e d i n g s  o f  t h e  3 3 r d  --- 
Annaal  Symposium on Frequency  C o n t r o l ,  A t l a n t i c  C i t y ,  N.J., 30 May 7 1 J u n e  - - -  -- - -  
1979 ,  ( ~ l e c t r o n i c T n d ~ l s t r i e s  A s s o c i a t i o n ,  Wsahing ton ,  D . C . ,  1 9 7 9 ) .  p .  543. - 
6 .  S. B. Crampton,  J .  J .  Krupczak ,  and  S .  P. S o u z a ,  Phys.  Rev. B25, 4383 - 
( 1 9 8 2 ) .  

7 .  L. P i e r r e ,  H .  C u i g n e s ,  and C .  L h i r i l l i e r ,  J .  Chem. Phys.  ( t o  b e  p ~ r b l i s h e d ) .  



QUESTIONS A N D  ANSWERS 

JACQUES V A N I E R ,  NATIONAL RESEARCH C O U N C I L :  I n  v i e w  o f  t h e s e  
r e s u l t s ,  w o u l d  you c a r e  t o  comment  on t h e  l a s t  l i n e  you had  t h e r e  
on he l ium s u r f a c e s ?  Do you t h i n k  t h a t  i t ' s  b e t t e r  t o  u s e  he l ium?  

M R .  CRAMPTON: I would l i k e  t o  s a y  two o r  t h r e e  t h i n g s  a b o u t  t h a t .  
F i r s t ,  f o r  t h e  same g e o m e t r y ,  t h a t  i s ,  t h e  same r a t i o  o f  s u r f a c e  
a r e a  t o  v o l u m e ,  t h e  w a l l  s h i f t  f o r  n e o n  s u r f a c e s  a r e  a b o u t  t e n  
t i m e s  t h o s e  o f  h e l i u m .  S e c o n d ,  t h a t  l i q u i d  h e l i u m  e x p e r i m e n t  
g e o m e t r i e s  a r e  n a t u r a l l y  r a t h e r  s m a l l .  A l t h o u g h  Hardy and  
B e r l i n s l c y  g a v e  t h e i r  d a t a  e x t r a p o l a t e d  t o  a  f  i f t e e r ,  c e n t  i r n e t e r  
d i a m e t e r  s t o r a g e  b u l b ,  i t ' s  n o t  l i k e l y  t h a t  s o m e o n e  i s  g o i n g  t o  
hang a  f i f t e e n  c e n t i m e t e r  d i a m e t e r  s t o r a g e  b u l b  f rom t h e  mix ing  
c h a m b e r  o f  a  d i l u t i o n  r e f r i g e r a t o r ,  w h e r e a s  i t ' s  no b i g  d e a l  t o  
s c a l e  o u r  b o t t l e  up from f i v e  c e n t i m e t e r s  t o  f i f t e e n  c e n t i m e t e r s .  
SG,  you can g e t  a  f a c t o r  o f  f i v e  j u s t  f rom t h e  g e o m e t r y .  The main 
t h i n g  t o  l o o k  a t  i s  t h a t  you a r e  t a l k i n g  a b o u t  e n t i r e l y  d i f f e r e n t  
p h y s i c s .  I n  o n e  c a s e  you a r e  t a l k i n g  a b o u t  a  t e m p e r a t u r e  o f  10K, 
and a  s o l i d  s u r f a c e  which is  f a i r l y  q u i e t  a t  t h s t  t e m p e r a t u r e .  In  
t h e  o t h e r  c a s e  you a r e  t a l k i n g  a b c u t  a  l i q u i d  h e l i u m  s u r f a c e  a t  
h a l f  a  K .  I t ' s  a  f a c t o r  o f  t w e n t y  i n  t e m p e r a t u r e .  I t ' s  a  
s u p e r f l u i d  f i l m .  T h a t ' s  g r e a t  f o r  t e m p e r a t u r e  u n i f o r m i t y  w i t h i n  
t h e  f i l m ,  b u t  l i q u i d  h e l i u m  f i l m s  c r e e p  t o w a r d s  t h e  warmest  p l a c e  
t h e y  can s e n s e .  Then t h e y  e v a p o r a t e  and r e f l u x  back. The d e n s i t y  
o f  h e l i u m  g a s  i s  g o i n g  t o  b e  p r o p o r t i o n a l  t o  t h e  l o c a l  
t e m p e r a t u r e  i n  t h a t  r e g i o n .  The  p r o b l e m s  a r e  j u s t  c o m p l e t e l y  
d i f f e r e n t  i n  t h e  t w o  c a s e s .  What s h o u l d  b e  d o n e  i s  t h a t  b o t h  
t h i n g s  s h o u l d  b e  t r i e d  t o  s e e  wha t  t h e  p h y s i c s  i s  i n  t h e s e  t w o  
d i f f e r e n t  r e g i m e s .  

M R .  McCOUBREY: You p o i n t e d  o u t  t h a t  t h e  w a l l  s h i f t s  a r e  
r e l a t i v e l y  l a r g e  on  t h e  h y d r o g e n  and  n e o n  s u r f a c e s  c o m p a r e d  t o  
t h e  wsll s h i f t s  on t e f l o n  a t  room t e m p e r a t u r e .  I m i s s e d  what  you 
s a i d  a b o u t  t h e  m o d e l .  I s  t h e  mr?del  n o t  a p p r o p r i a t e  a t  room 
t e m p e r a t u r e ?  

M R .  C R A M P T O N :  No, i t  i s  n o t  a p p r o p r i a t e .  The  b i n d i n g  e n e r g y  i s  
h i g h  e n o u g h  s o  t h a t  you a r e  g o i n g  t o  h a v e  b i n d i n g ,  I t h i n k ,  a t  
l o c a l i z e d  s i t e s .  A t  l e a s t  one  and a  h a l f  d i m e n s i o r ~ a l  g a s  b i n d i n g .  
On t h i s  m o d o i  t h e  w a l l  s h i f t  would g o  t o  z e r o  a s  you w e n t  up  i n  
t e m p e r a t ~ r e ,  w h e r e a s  w i t h  t e f l o n  i t  g o e s  r i g h t  t h r o u g h  z e r o  and 
g o e s  g o s i t i v e .  The p h y s i c s  i s  v e r y  d i f f e r e n t  a n d ,  o f  c o u r s e ,  i s  
v e r y  messy w i t h  t e f l o n  s u r f a c e s .  
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ABSTRACT 

H low noise synthesizer has been aevelopeu for use in  hydrogen maser 
au tot unirlg and performance evaluation. This synthesizer replaces the 
frequency offset maser nornially used for this purpose and allows the user 
to maintain all masers i n  the ensemble a t  the same frequency. 

The syntnesieer design utilizes a quartz oscillator with a B.V.A. resonator. 
The oscillator has a frequency offset of 5 x The B.V.A. oscillator is 
ptlase-locked to a hydrogen maser by means of a high gain, high stabil~ty 
phase-locked loop, employing low noise multipliers t ls phase error ampli- 
fiers. A functional block aielgran~ of the synthesizer and pertormarice data 
will be presented. 

The Jonns Hopkins Univellsity Applied Pl~ysics Laboratory has been involveci in  tne re- 
search, wvelopment ana fabr iut~oo of Hyorogen Masers since 1975. The PUH (NASA 
Hesearch) H yarogen Maser, developed s t  J H  UIAPL has several innovative features whicn 
greatly enhance ~ t s  perfolqmance. One of these features is the ability of the N H  maser to 
tune itself by making frequency diffe elwe nreasurements between itself ano a reference 6 signal, offset In frequency IJ) 5 x 10- . The best autotune performance IS obtained when 
the offset reference signal is obtained from another hydrogen maser. Unfortucately this 
method mandates that the reference maser be offset 5 x lo-* thus removing a veluauie 
inaser from the on-frequency clock ensemble. Clearly it would be desirable to operate 
all masers on frequency at~d to have a synthesizer phase lockea to the maser to proviae 
the offset frequency refei crice signal. To be an adequate ~~eplacement for the reference 
maser, the synthesizer should not degrade the rnaser performance in autotuning, and it 
should be small and rugged enougtr for maser field repair and alignment operations. 



DESIGN APPROACH 

The offset generator is basically a single trequency i7ciirec t synthesizer uslng a niultiply- 
mix - phase locked l w p  apprchcn. (Please refer to Figure 1). For clsrity of ~resenta-  
tion, the synthesizer is divided into three parts: the fixed frequency, the pnase mulii- 
pliers and the phase locked loop. The fixed frequency secti n contains a very stable, 8 spectrally pure VCXO -.=;IICII is operated tr.t 5 MHz + 5 x 10- . The VCXO is mtlnufac 
tured by Oscilloqu&rtz using a B.V.A. resonator. The VCXO has excellent short term 
.tabilit) below 1 second. Tlre phase error ri!,;lltiplier section contains two low noise 
multipliers which multiply the 5 MHz o~~ tpu t s  df  the offset VC:XO and the Mbser to 
1 Cillz. The 1 Gliz signals are then mixed to produce M 50 biz signal which 118s 203 times 
the phase infoilnation as the original 5 MHz signals. The frequency of the 50 Hz signal is 
dep ndent on the fractional frequency difference between the offset VCAO (5 MHz + 5 -0 10 ) and the reference maser. The 50 Hz signal has a i'requency 7ensitivity of 1 x 10- B 
per hz. The phase locked loop section contains o ll~otor~lti  MC . .,4 4 phase lock !ooy I.C., 
a divide by lOO,Q00 circuit, and a mixe~low pass filter. T!le 50 Ilx signal resultirlg from 
the two 1 Gliz outputs which nontains tile Offset VCXO vs maser phase data is colrhpared 
with a reference 50 Hz signal vhich is divided down frorn the maser input. The compari- 
son is made using a N!otorol~i MC 4044 digiial phase detector used in the quaartiture 
mode. The resulti error signal is translate13 and filtered and usea to lock the offset -F VCXO. The 5 x 10 offset si$;ntll from the VCXO is the tput of the s;.i,tbesizer. 

YEHFORMANCE UAl 'A 

l'he data presented in Figure 2 was taken at  JH LJ/ APL and shows the results o; colnpar- 
ing two masers together (NHX and N R 9 )  i n  two configurations. 'I he bottom trace is a 
sigma tau plot ~f the NRX maser .ijnlpared to the N K 9  maser w~th N H 9  offset 111 fre- 
quency 5 x IG-'. The top trace :news a sigma tau plot of the same two masers except i n  
this instance the nlasers are running tit the same frequency. NR3 was pis :ed lack on 
frequency p d  the offset generator was pl~ase locked to the NHX maser  us prouuciny 
tlie 5 Y. 10- offset. Note there is very llttle dilference between the two traces arld that 
for all practical purpwes the offset generator peloforms as well as the maser wtrich was 
intentionally offset i n  frequency. 

The offset generator was also performance testec in  the fleld at  the kojave Base 
Station, Goldstone California, in the foliowing manner. Five NR mttsers were autotuned 
using the offset generator. Lnter one of the masers was offset and used to evtilutlte the 
other four nlg ers tuned with the offset generator. The agreement was found tc be 
within i x lo-'' tau. 

The design featuras of a low noise slngle frequency synthesizer used to provide a 5 x 10- 8 
offset signal for tuning NR hydrogen rnasers has been yrese~ted. Test data ~ r e s e n t e ~  
indicate that there is a negligible performance penalt* whc.n using the otfset generator in  
place of an offset maser for providing the 5 x 10-' offset reference signal used for 
frequency difference measurements arid t wring of N R masers. 
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QUESTIONS AN2 Af,!SWERS 

M R .  McCOL'BREY: You p o i n t  o u t  t ! ~ a t  t h e  u s e  o f  t h i s  s y n t h e s i z e r  
p e r m i t s  y o u  t o  o p e r a t e  a l l  t h e  m a s e r s  i n  a n  a s s e m b l y  a t  t h e  same 
f r e q u e n c y .  I h a d  a l w a y s  u n d e r s t o o d  t h a t  w h e n  y o u  g o t  a number.  of  
i d e n t i c a l  o s c i l l a t o r s  c l r ~ s e  t o  t h e  same f r e q u e n c y ,  t h e y  t e n d  t o  
p u l i  e a c h  o t h e r  a n d ,  t h e r e f o r e ,  b e c o m e  n o t  a l l  i n d e p e n d e n t ,  w h i c h  
y o u  l i k e  t h e m  t o  b e  i f  t h e y  a r e  t o  o p e r a t e  i n  a n  e n s e m b l e .  Is  
t h a t  a ? r o b l e m ?  

M R .  INGOLD: I h a v e n ' t  s e e n  t h a t  i r l  t h c  T i m e  a n d  F r e q u e n c y  l a b  a t  
J o h n s  H o p k i n s .  Maybe L a u r e n  R u e g e r  c o u l d  a n s w e r  t h a t .  

M R .  RUECER: ge h a v e  e n o u g h  i s o l a t i o n  i n  t h e  i n s t r u m e n t  t h a t  we 
c a n  r e a d i l - ,  see '. l l i n g  i f  it  3 c c u r r e d ,  a n d  we d o  n o t .  We l o o k  a t  
p h a s e  : l s t s  w i t h  r e s o l u t i o n  o f  s o m e t h i n g  on t h e  o r d e r  o f  o n e  
; ; ~ . o s c c o n d  a n d  s t 2  n a  e v i d e n c e  o f  p u l l i n g .  We c a n  m o v e  t h e  C 
f i e l d s  u p  a n d  d o w n  t h r o u g h  t h e  r e s o l u t i l ; n  v a i u e s  a n d  s ee  no 
er'fect a t  t h a t  p o i n t .  

M R .  McCOUBREY: S o  y o u  i n t r o d u c e  c o n t r o l l a b l e  s h i f t s  a n d  a c t u a l l y  
l c o k  f o r  t h i s ?  

M R .  RUEGER: E x d c t l y .  

M R .  McCOUBREY: I t ' s  v e r y  i m p c r t a n t  t o  d o  t h a t .  A s  t h e y  g e t  c l o s e r  
a n d  c l o s e r ,  tt:e d i f f e r e n c e  i s  i n  t h e  d e n o m i n a t o r ,  a n d  y o u  
u l t i m a t e l y  g e t  t h e m  s o  c l o s e  t n a t  e v e n  a n  e x t r e m e l y  s m a l l  
c o u p l i n g  w i l l  i n f l u e n c e  t h e  s i t u a t i o n .  

M R .  RUEGER: We h a v e  i s o l a t i o n ,  i n  t h e  c l o s e d  l o o p  s y s t e m ,  c f  
a b o u t  120 d B ,  a n d  we h a v e  a n  a d d i t i o n a l  i s o l a t i o n  o f  a n  i n i t i p l  
120 d E .  T h a t ' s  a b o u t  t h e  l e a k a g e  t h r o u g h  s o l i d  c o a x  c a b l e s .  

M H .  McCOUBREY: U l t i m a t e l y  200 dB.  

M R .  PETERS: A c t u a l l y  t h e  r e c e i v e r s  a r e  m o u n t e d  i n  v e r y  i n t i m a t , e  
c o n t a c t  w i t h  t h e  t o p  o f  t h e  c a v i t y ,  s o  t h e y  h a v e  e n o r m o u s  
i s o l a t i o n .  B e s i d e s  t h a t ,  we h a v e  s y n t h e s i z e r s  w h i c h  h a v e  a  
r e s o l u t i o n  o f  5 t i m e s  t e n  t o  t h e  m i n u s  s e v e n t e e n t h .  W i t h  e l o v e n  
d i g i t s ,  y o u  c a n  r u n  t h e  maser f r e q u e n c y  t h r o u g h  a n o t h e r  o n e ,  
t h r o u g h  a n y  f r e q : l e n c y  y o u  w i s h ,  a n d  y o i  w i l l  n e v e r  s e e  a n y  
p u l l i n g  p h e n o m e n o n  w h a t s o e v e r .  U n l e s s  y o u  t a k e  t h e  r e c e i v e r  
a p a r t ,  o r  p u t  i n  a h i g h  p o w e r  s i g n a l  a t  o r  n e a r  t h e  maser 
f r e q u e n c y ,  t h e r z  i s  n o  s i g n a l  i n  e x i s t e n c e  w h i c , .  w i l l  e f f e c t  i t .  

M R .  McCOUBREY: A p p a r e n t l y  t h i s  !-,as b e e n  l o o k e d  a t  i n  d e p t h .  

VICTOR REINHARDT, HUGHES AIRCRAFT COYPANY: W h a t  y o u  h a v e  t o  
r e a l i z e  i s  t h a t  w h a t  y o u  a r ?  d o i n g  i n  a h y d r o g e n  maser  w h e n  y o u  
c h a n g z  t h e  s y n t h e s i z e r  i s  j u s t  t o  m o v e  t h e  VCO, b u t  n o t  m o v i n g  
t h e  maser  f r e q u e n c y .  You c a n  s t i l l  s e e  e f f e c t s  i f  y o u  a r e  n o t  
c a r e f u l .  T h e y  d p n r t  e f f e c t  t h e  m a s e r ,  b u t  t h e y  d o  e f f e c t  t h e  VCO, 

rld y o u  c a n  s o r i c t i m e s  s ee  i n t e r a c t i o n s  a n d  b e a t s  b e t w e e n  t h e  
c r y s t a l s  i f  y o u  a r e  n o t  c a r e f i l l .  



You h a v e  t o  remember t h a t  t h e  two m a s e r s  a r e  a l w a y s  r u n n i n g  
a t  1 4 2 0  m e g a h e r t z  r e g a r d l e s s  o f  w h a t  y o u  d o  w i t h  t h e  
s y n t n e s i z e r s .  

M R .  R U E G E R :  They a r e  n o t  r e a l l y  t h e  same f r e q u e n c y .  

M R .  McCOUBREY: Yes. I f  t h e  C f i e l a s  a r e  o f f ,  t h e  f r e q u e n c i e s  w i l l  
be  s l i g h t l y  d i f f e r e n t .  

ALBERT K I R K ,  JET PROPULSION LABORATORY: Have  you  a c t u a l l y  
m,asured t h e  n o i s e  c o n t r i b u t i o n  o f  t h e  o f f s e t  g e n e r a t o r  i t s e l f ?  

M R .  I N G O L D :  Y e s ,  we h a v e  m e a s u r e d  t h a t .  I t ' s  a p p r o x i m a t e l y  o n e  
p a r t  i n  t e n  t o  t h e  t h i r t e e n t h ,  t a u  t o  t h e  m i n u s  o n e - h a l f .  T h i s  
was f o r  a  m a s e r  w i t h  t h e  e x t e r n a l  s y n t h e s i z e r  compared t o  a n o t h e r  
mase r .  

M R .  K I R K :  Yes,  but, have  you t r i e d  t a k i n g  one  m a s e r  and o f f s e t t i n g  
it and t h e n  compar ing  it a g a i n s t  i t s e l f ?  

M R .  I N C O L D :  Y e s ,  i t ' s  a b o u t  o n e  p a r t  i n  t e n  t o  t h e  t h i r t e e n ,  t a u  
t o  t h e  minus o n e - h a l f .  

M R .  A L L A N :  To t h e  minus one? 

M R .  REINHARDT: To t h e  minus  o n e - h a l f .  Why is  i t  t a u  t o  t h e  minus  
o n e - h a l f ?  

M R .  IKC OLD:  I c a n ' t  e x p l a i n  i t .  
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ATOMIC HYDROGEN W E R  MEASUREMENTS 

WITH WALL SURFACES OF CARBON TETRMLUORIDE 

R.F.C. Vessot. E.M. Hattlson, E.A. Imbier and Z.C. Zhal 

Smithsonian Astrophysical Observatory 

Cambridge, Ma. 02138 

The principal c~jectlves of the SAO cold maser research programs are: 

1. To understand the behavlor of the atomic hydrogen wall collision 

process and find better wall coating materlals or processes. 

2. To develop hyd-open masers of improved stability taking advantage of 

the following low tempo rture properties: 

a) Lower thermal nolse per unit bandwidth (kT) . Both the 

alg.~al-to-noise ratio of the output slgnal and the intrinsic 

stablllty llmlt vary as T% 

b) Smaller spin exctange cross section for at2mic hydrogen. At 4OK this 

cross aectlon 's about 200 tlmes smaller than at room temperature. 

For a given rate of spin exchange quenching a+ room temperature we 

can obtaln 200 times greater power outpt and thus reduce the 

signal-to-nolae in the output signal. 

c) Slower apeed of the atoms !propr'.tional to TI?), which reduces the 

wall colllalon rate. 

d) Better mechanical an6 thermal stability of materlals at low 

temperatures. Superconductlng magnetlc shlelds can also be used at 

mufflciontly low tomporaturea. 
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Tho work wo report horo is aimed prlnclpally at understanding moro about 

tho intoraction of hydrogon atoms with wall coatings of fluorlnatod othylono 

propylono (Dupont Teflon PEP-120 co polpor) and of carbon totrafluorldo (CF4). 

Tho principal moasurod quantity in thoso orprrinnts is tho 'wall shlft" of tho 

masor's output frequency. To rolato rho prosont data to tho study of cold 

Toflon surfacos mado by Michel D ~ S a i n t f u s c i m , ~ ~ ]  wo calculatod tho wall shift 

por atomic colllslon from the nasurod wall froquoncy shift. As will bo soon 

later, this assumes that the wall surface area is smooth on a nolocular scalo. 

We calculate tho avorage phase shift Mg por goometrical collision 

determined from the dimensions of the storage bulb: 

2rAuw (T) 
Mg(T) = 

uc (TI 

vhere uc is the rate of atomic collislons with the storage bulb wall and Auw(T) 

is the frequency shift owing to wall collislons. uw is obtained by measuring 

tho mas*? output frequency uout and correcting it for second-order Doppler 

shift, second order magnetic field dependence, and cavity resonator froquoncy 

offset pulling as follows: 

Hero uo is the unporturbod hmrrfino soparatlon froquerrcy of atomic hydrogen, 

H is the statlc magnatic t.+ld strength in tho storago volumo, m is tho hydrogen 

atom mass, fc is tho cavlty rosonanco froquoncy, Qc 1s tho cavity Q, and Qt Is 

tho atomic line Q. 

Each moasuromont roquirod a datormlnatlon of tho output frequoney at 

mrvmral *noun c8.,ty froquoncy sottlngs. Tho output froquoncy data woro fit to 

a mtralght line as a function of cavlty froquancy fe, and tho froquoncy dvW 

corrospondJng to f= - uo was calculatod in order to allmlnato tho effects of 
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kT 
rosonaror pulling. From the average velocity of tho atom., t = (aflD)%, and the 

~omotrical surface-to-volwo ritio of the storage volumo AQ/Vg, wo determine 

the avorago collision rate, Gc. 

- average veloclty 
YC = 5 1 = = -  

mean fr geometrical dis tance 5 - (3)  
?c 

J'g 

Eollowing Hardy and  orr row[^] we assume a model for the hydrogen wall 

surface interaction where s o w  fraction of thr uall collisions result in 

momentary binding of the atom in a poten:lal well characterized by energy Eb. 

While in the well the atoms have the properties of a two-dimensional gar. The 

time spent in this state is very much smaller than the mean tlme botween 

collisians, Tc. The ratio of TI, the time spent bound to tho wall, to ib, the 

time betveen these events, la qiven by I31 

where A = h 
(2rmkT)f 

is the thermal de Broglie wavelength. 

Since an atom 350S not bind to the wall on each impact, the time Fb may 

involve many collisions. The probability of binding per collision is 
- 

represented by the fraction o = k During a binding collision the phase of the 
?b 

hyperfino interaction is retarded an amount 

whore 4 i8 tho froquency change ot the atom while in tho bound state. The wall 

collision froquency shift is 

and tho avera90 phase .ft por eolli#ion is 



(Ug (T) = ? EbbTba 
Ag V kTe 

We note in this expression that A/V is the actual area 'o volume ratio and Ag/V1 

is the geometrically determined area to volume ratio. A Is the effective 

surface area of the storage region coatir~g, which may be microscopically rough, 

while Ag is the area of 'the storage region assuming perfectly smooth walls. 

Because the aurfaca roughness has negligible effect on the storage volume, for 

practical purposes V = Vg. 

2 .  EXPERIMENTAL PROCEOURE 

The cryostat shown in F i g .  1 was equipped with a TElll-mode whose 

interior surface was coated with PEP-120 Teflon and that had a Teflon PEP septum 

0.25 mm thick. The atomic hydrogen source is cooled by contact with the copper 

shroud, and operates at about BOOK. Liquid helium admitted via a control valve 

into the sample holder cools the cavity. 

The maser was operated In the range of 7e°K to 50°K with the bare Teflon 

surface. After completing the data runs for bare Teflon, the system was 

stabilized at about COOK and gaseous CF4 was beamed toward the cavity entrance 

aperture by a nozzle located in the shadow of one of the pole tips of the 

hexapols magnet. The system pressure rosu to about torr and was kept there 

for about 4 minutes by the flow of C P 4 .  

The wallshift was meas,~red and the coatlng process waa repeated a second 

and third time. No further shift in frequency w a ~  observed. We conclude that 

we had completa~y and cnoroughly coated th* surface using thls procedure. 
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Elguro 1 shows tho average phaao shift por collision based on the 

georotrical surfaco to voluro ratio of tho storago voluo. For Teflon we 

include tho ontiro data sot of 1983 and 1984 and tho data polnt at I7.4K made by 

DaSaintfuscion in 1976. C1l'The carbon totrafluoride data karo obtainod withln 30 

minutes of the tlme of lnjoction of CFq. The system was then coolod at a rate 

of S°K por hour to 52OK, was allowed to oquilibrato at 52OK for about 40 

rinutos, and was thon again cooled at S°K pot hour until tho cavity roached 

4S°K. Wo pausod for equilibration for 20 rinutos boforo cooling stoadily to 

33.GoK at a rate of about 4OK pot hour. Frequency moasuromonts vero made with 

the contlnuourly oscillating maser. Moasuromonts at each temperature wore made 

for throo or more cavity frequency settings. Each data sot was made vithin a 

two-minute time interval to mlnirize errors owing to the coqstant slow cooling 

of the cavity. 

Wo found that tho temperature gradient botweon tho sample holder and the 

cavity caused magnetic quenching, probably duo to thrrmoeloctric currants. To 

keep the maser oscillating tho field coil current was raisod to produce a 

magnetic field as high as 27 x 10'~ gauss. Tho usual flold setting was 

12.8 x gauss; when gradients uoro soall, data wore succossfully taken at 

z x 10-3 9.~8.. 

The plot of -TMg(T) vs 1000/T shown In Fig. 3 was calculated from 

moasuremonts taken botwoon noon and 7 P.M. on October 15, 1984. Tho straight 

line is a loast mquaros fit to -TMg(T) = 0 . 4 1 ~ 1 0 - ~ 0 1 5 ~ . ~ ~ ~ .  Moasuromonts mad. 

at 4a°K, 44OK and 46OK on October 16 to11 into tho sproad of tho Octabor 16 data 

u t .  Mobauroments made on Octobor 17 at 53OK and 5S°K and on Octobor 18 at 60°K 

lie well b l o w  oxpoctod values. Wo can perhaps confludo that at tho highor 



tomporaturms tho CF4 surfaco suhllmos away. Tho jaqgod odqos and promlnoncos of 

thls surfaco would dlsaljrrr first, loavlng a proqreselvoly smoothor surfaco 

until all of the CF4 had hemn pumped away. Thls bohavlor upon warmlnq tho CF4 

surfacos has boon observod on at least throe previous occasions. To data, uo 

have not boon able to fJrd rollable valums of the CF4 vapor prossuro for 

tomporaturos bolow its amltlng point of 89OK. From tho prossurc 'bohavlor 

obsorvod when we ware up the mystom, uo boliovo that tho vapor prossuro 1s 

slgnlflcant, perhaps on tho ordmr of torr, at tomprraturos around dO°K and 

that at higher tomporaturms tho surface Is sufflclontly volatllo to chanp. its 

structurm elqnlficantly In an lntorval of oovoral days. 

Wo have recalculated - T M g  (T) vs 1000/T using DoSalntfusclon '8 data, our 

1983 and 1984 Teflon data, and the October 15 data of Fig. 3. Tho rmsults are 

plotted in Flq. 4. 

From this plot uo cor.clude that the l~itoractlon energy of atomlc hydrogen 

on carbon totrafluorlde 1. 154.6OK, and that of EEP-120 Teflon Is 143.4OK. 

Thmee dlffer by only about 8 pet cont, and load us to the conclusion that tho 

surfaco lntoractlon of hydrogon collldlng wlth a fluorlno atom bound to carbon 

does not siqnlflcantly depend on tho Internal carbon structurm. Howovor, vo 

obsorvo a slqnlflcant dlfforonco botwoon tho maqnltudos of tho phaso mhlft por 

colllslon for Teflon and CF4. Thoro la about throo %lmor loss phano shlft per 

colllslon fur frozen-ln-place CF4 than for Toflon. 

Prom Equation 6 wo 8.0 that thm tmrmc that govern thin si?lft at0 tho actual 

ourfaco area and tho hyjmrflnm froquoncy shlft of tho hydr0g.n atom iihllo In tho 

bound state, 4. Calculatlo?s of tho hyporflnr mhlftt51 hmvo boon glvon wlth 

roasonablo agrooment wlth oxporlmonts uslnq tire asrurptlon that, the intor-atomlc 

hn.rflno 8hlft 1s proportional to tho lntoractlon potontlal. Whon tho 



hyporflno shlft is calculatod for colllslons with an aggragato of atoms, such as 

a Tmflon moloculol tho actual structure of tho surfaco mumt bo modmlod In tho 

m a n  way. This mlcro model of tho colllmlon procmas whoro hydrogen la 

conmldorod to Lntoract wlth, say, 10 fluorlne atoms bound to a carbon core must 

bm contrasted wlth a mscyo mod01 wboro tho surfaco 1s irregular on a much 

groator ocalo lnvolvlng, say, tans of mllllons of atoms. Tho situation 

lnvolvlng tho latter scale can bo r.prosontod ln tmrms of surface aroa-to-volume 

snd rmlatod to fro. malocular flow colllsion procos8on. In mlthor case It 1s a 

quo st lo:^ cf tho actual physical conflgurstlcn of the fluorlno atoms oncounterod 

by tho i-plnglng hydrogen atom. 

Wo mumt romombar that our plots of log [TMg(T)] vs aro normalized to 8 

colllslon rite ostlmatod from goommtrlcal surfaco and volumm. We have used 

oquatlon 6 to show tho connoctlon botweon DoSalntfusclon's data and o w s ;  wo 

moo frrr thls mquatlon that. in prlnclplo, LUg(t) Is lndopondont of A n .  

A more rmsllstlc way to plot tho d- s 18 to use oquatlon 5 ,  plotting 

loq[T%Auw] vs ~'1. This has tho samo slope as tno TMg(T) data, and tha 

profactor contalns A/$ and S .  

Wo conclude from tho close agrmommnt bmtwoon Dobalntfuscimn'm data and ours 

that thm TIP-120 Tmflon dlspormlon han producmd r fslrly roproduclblo surfaco In 

thoso two appllcatlons. 

From tho slml1arLty in tho mxporimont~l terms shown in tho EtP-120 and CTq 

data plotted In Flguro 4, wo ROO that tho onorgy of Sntoractlon ls vary slmllar 

for thoso two surfacos. Tho qumstion of tho throe-fold to four-fold dlsparlty 

In tho wall shlft rorslnm. 



Fluorlno, tho most eloctronogativa of a11 olomentr, forms ortrosoly stab10 

carbon compounds (fluorocarbons) whoma molecular mttraetlon (as well as 

repulslon) arm ontlroly govornod by fluorlno. Tho long chains of tho Q2 

(totrafluor-othylono) homopolymor (TCE Teflon) or tho ahortor brsnchod chains of 

tho PEP co-polymor (f1uor)natod othy:ono-propylono) have substantially similar 

structure in that they can bo rlthor crystalllno or largoly mmorphous, dopondlng 

on tholr condition aftor moltlng, 1.0. whothor slovly annoaled or quonched. 

Thoro arn subscantla1 dlfforoncos in wallshlft botwoon tt.oso two physical 

statom l6 * 5 1 7 ]  , and thoso dlf foroncos hmvo boon mssocLated vlth tho surfaco 

structuro. Tho crystalllno surfacr has tho largor wallshlft ovlng to tho grovth 

of platolots that produce a roughor surfaco on a macroscopic scalo and to 

microscopic toxtural offacts of tho platolots when plcturod rs a stack of 

cordvood whoro tho Teflon chalns (1098) of vsrloum longths protrudo from tho 

mid08 of tho gonorally woll organlzod stack. 

Tkr kamopolymor is obtalnod In tho form rf l water dlspormlon of parrtclos 

about 0.22 micro motors avorage dlamotor stabillrod vith a aoap-llko substan~d 

to provont coagulation. Tho C O - ~ O ~ ~ I U O ~  has 0.1 clcro mrtor slzod partlclom ord 

Is also available in a wstor dlspormlon. Thoso d;sporslonm sro cast on tho 

murfsco to bo coated, the water ovaporatod, and tho partlclom elntorod or moltod 

togeb.hor to form a film. Tho homopolymor has a high vlscoslty of &bout 1011 

poises In '.ha molt06 state. Its consistoncy 1s "more 11ko a framo than s 

liquid". lS1 Tho co-polymor ham molt vlscoslty of about lo6 pols08 and flows more 

oamlly. In 1978, tho surfaco of thln fllmm, msy 0.002 inches in thlcknoss, varo 

found to bo porous from tests mad. at tho U.S. Na-a1 Rosoarch Laboratory using 

eloctron scsttorlng and lou onorgy oloctron dlffractlon tochnlquos. Thlr has 

1od us to lncroamo tho coatlng thlcknrms of our fllmo from about 1 mllllgram por 

em3 to woll over 3 ~Illlgrams por cm3 by mpplying succoaslvo soatrngs of tho 



Dupont ILP-120 CO-polynr. Whothor or nor t.ho donslty of tho films has boon 

lmprovod 1s open to quostlon. What has probably happenod under thoso multiply 

coatod rondltlons Is that re have pllod up moro and more platolots but still 

have s porous and, to tho hydrogon atom, macroscopically rouqh surface. 

Tho thromfold docroaso in apparent surfaco area by froozlng CI4 probably 

rosults from tho smoothlng of tho Teflon st\rf@co by a build-up of -4 "frost" on 

tho interior of tho storaqo chsmbor. That thin "frosted" CF4 uurfacw la 

not as smooch 21 It could bo 1s strongly ovldoncod by tho further .rt: Lien In 

wallshlft when tho surfaco Is warmod to 60°K. hero wo onvir - 4 further 

smoothlng of tho surfaco olthor by malting, ur more probably, by subllmatlon 

where tti polnrod w a k s  aro first to go, loavlng a smoothor surfsco tha+ lasts 

as long as thorm 1s CF4 svrllablo. 

Tho fact that the Tmflon surfaco Is porous 2nd that tho coli~slon rat. 

apparently can bo reduced by a factor of as much as four tlmms loads us *o 

roconsldor tho present status of wall coatlngs created by fuslng granulos of 

Toflon appllmd from a wator d1spo:slon. Thls is s dlfflcult procoss to control 

and has 8 groat deal of varlablllty. 

Tho Importanem of wall coatlng~: is ,:uc:al tc ;ha hydrogon mssmr storhgm 

tochnlquo, whore tho llnowldth of tbs osc?llator Is llmltod by tho wall 

ralaxation procoss. Remarkably llttlo has h e n  Jon. to lmprovo wall coatings 

slnco tho lnvontlon of tho nsarr by Kloppnor, Ooldonborq snd Ramsoy lr! 1969. 

With aupport f? oa tho Offlco of Naval Rmsomrch lnclujod a# a rmsll part of a 

contract with tho U.S.  fatis1 Romearch Loboratory !N0001$-':I-A-07.10-0003) an 

attempt warn mod. In 1975-1976 by our qroup r~ PA0 to obcrln bulbs coatod wlth 

Tollon polpmrlsod ln plf~co using C;T4 monolor gas. n o  :ochn.\puo wss ,rcvolopod 

by tho Laboratolro I~lsso do Rochorchom Iolog.ros (L.S.R.I.), W.uchstr1, 



ORlrMAL PAGE IS' 
OF POOR QUALITY 

Swit.zerland in 1975 and patented in the U.S.A.. France. Japan and Cormany. SAO 

engaged the L.S.R.H. to coat two quartz bulbs with a film of l000A to ~OOOA 

thickness made from polymerized C2F4, using ultraviolet surface photo 

polywrization. This was to be done along with samples of glass and KB, for 

.. alyses by pyrolysis to determine moluular wight. and other wasurrrmts to 

aetermine moluular structure and film thickness. 

One bulb was received and tested in Dmc.rb.r 1975. Samples tested at 

L.S.R.B. by in1 .red spectroscopy showed proprr Teflor, polymer lines. The high 

tap.rature pyrolysis test showed no deterioration over 34 hours at Z20°C. 

indicating satisfactory molecular weight. A. part of the contract, a co~plete 

report of the coating process from L.S.R.H. was roceived. Tests run at SAO on 

the bulbs initially showed excellent line Q results, bur In less than a week the 

coating had failed. 

While the maser was oscillating ve measured the wallst.ift and found it t~ 

be in the range of normal values for P.T.E.E. Teflon. However, in a few days 

the line Q diminished steadlly from a relatively high value of 1 . 5 ~ 1 0 ~  to w l l  

bmlow lxlo9. We took the maser apart to examine the bulb and found that its 

surface had deteriorated and was very easily wetted. and that a loose powder 

appeared on the surface of the water drop we had introducd. W e  concluded that 

the film on the bulbs was not the same as on the test samples. L.S.R.H. agreed 

to rocoat the bulbs after testing their system with other bulbs. This work was 

not done and w e  were forced to conclude our contract with L.S.R.H. in August of 

1977. 

To the bast of our knowledg., no further work on Teflon-like coatlnp. for 

hydrogen masmrs has bmmn done since this date. Thr present results with frozen 

-4 sugp.rt that another attempt at polymerlring CpP4 in place would k 



ORIGINAL PAOE is 
OF POOR QUALIN 

uorthwhllo. r)lo prosput of a posslblo fourfold llprovonnt In storaw t l n  and 

drvoloplng a controllablo w a n 8  of coatinj hydrogen masor bulbs lu a strong 

motlvatlon for this ronouod effort. 

Y. are happy to acknowlodga tho oxcollmt work by Mr. Richard Nlcoll and 

Mr. Donald Cravollne In tho dosign and construction of much of tho exporlnntal 

.pparatus. No are pratoful to Prof. Isaac E. Sllvora and Dr. Herman Codfrled 

for thoir many helpful dlscusalona. Thlu work was support& by the Offlce of 

Naval Rosoarch under Contract N00014-77-0777. 
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QUESTIONS AND ANSWERS 

SAMUEL W A R D ,  JET PROPULSION LABORATORY: Are you r e a d y  t o  make a  
c o m m i t m e n t  a s  t o  w h i c h  o f  t h e s e  t w o  t h i n g s  i s  c a u s i n g  t h e  
p u l l i n g ?  

M R .  MATTISON: I t h i n k  t h a t  b o t h  t h i n g s  a r e  g o i n g  on .  I n  t h e  
b e g i n n i n g  o f  t h e  l i f e  o f  t h e  maser when you h a v e  j u s t  a s s e m b l e d  
i t ,  t h e  j o i n t s  b e t w e e n  t h e  e n d  p l a t e s  a n d  t h e  c y l i n d e r s  o f  % h e  
c a v i t y  t e n d  t o  grow t o g e t h e r .  A f t e r  a  w h i l e  t h a t  s t o p s ,  o r  s l o w s  
down, and what  you see is t h e  s h r i n k a g e  o f  t h e  b u l k  m a t e r i a l .  

M R .  W A R D :  My s e c o n d  q u e s t i o n  is: We r e t u r n e d  a  VLG-10 t o  y o u ,  
s e r i a l  number 6 ,  l a s t  y e a r  f o r  s e r v i c e ,  and when it came back t o  
u s  -- we have  had it o n - l i n e  f o r  a  y e a r  now -- t h e r e  h a s  been no 
m e a s u r a b l e  d r i f t .  What happened? 

M R .  MATTISON: I am g l a d  t o  h e a r  it. I d o n ' t  know w h a t  h a p p e n e d ,  
b u t  i f  t h e  c a v i t y  w a s  n o t  d i s a s s e m b l e d ,  I w o u l d  e x p e c t  i t  t o  
d r i f t  v e r y  l i t t l e .  T h e  a n s w e r  i s  t h a t  I am h a p p y  t o  h e a r  i t ,  b u t  
I c a n ' t  g i v e  you a  r e a s o n  r i g h t  o f f .  

MICHEL TETU, LAVAL UNIVERSITY: Have you c o n s i d e r e d ,  a s  a p o s s i b l e  
! 

i n f l u e n c e  o n  t h e  c h a n g e  i n  t u n i n g  o f  a  m a s e r ,  t h e  c h a n g e  i n  t h e  
c h a r a c t e r i s t i c  o f  t h e  t u n i n g  o f  t h e  v a r a c t o r  w i t h  t i m e  a s  a  
p o s s i b l e  s o u r c e ?  

M R .  MATTISON: No, b u t  i t ' s  a p o s s i b i l i t y .  

VICTOR REINHARDT, HUGHES AIRCRAFT COMPANY: T h i s  i s  a  q u e s t i o n  
r e a l l y  f o r  t h e  q u e s t i o n e r .  Have you o b s e r v e d  t h a t  phenomenon? I 
M R .  TETU: No, I h a v e n ' t .  

ALBERT K I R K ,  JET PROPULSION LABORATORY: What was t h e  a c t u a l  n e t  
d i f f e r e n c e  i n  d a i l y  d r i f t  be tween what  you measured  a g a i n s t  NBS, 
I g u e s s ,  and wha t  you d e t e r m i n e d  by c a v i t y  t u n i n g ?  I n o t i c e  t h a t  
t h e y  d o n ' t  e x a c t l y  a g r e e .  What was t h a t  d i s a g r e e m e n t ?  

M R .  MATTISON: My r c o l l e c t i o n  i s  t h a t  t h e  d r i f t  measured  by c a v i t y  
t u n i n g  was  o n  t h e  o r d e r  o f  f o u r  i n  t h e  f i f t e e n s  p e r  d a y ,  and t h e  
o b s e r v e d  d r i f t  r a t e  w a s ,  a p p r o x i m a t e l y ,  c o m p a r a b l e .  T h e  
d i f f e r e n c e  w o u l d  b e  a  c o u n l e  o f  p a r t s  i n  t h e  f i f t e e n s  p e r  d a y ,  
b u t  t h e  c a v i t y  t u n i n g  measured r a t e  was an e s t i m a t e ,  you can  s e e  
t h e  change  i n  t h e  s l o p e  o f  t h e  c u r v e .  I c a n ' t  s a y  e x a c t l y  t o  what  
e x t e n t  t h e y  d i s a g r e e .  

MR.  K I R K :  Would you s a y  t h a t  v i r t u a l l y  a l l  o f  t h e  d r i f t  i s  due  t o  
t h e  c a v i t y ,  or  i s  t h e r e  a  p o s s i b i l i t y  t h a t  o n e  o r  t w o  p a r t s  p e r  
d a y  d r i f t  i s  d u e  t o  s o m e t h i n g  o t h e r  t h a n  t h e  c a v i t y ?  

M R .  MATTISON: I t h i n k  t h a t  m o s t  o f  i t  seems t o  b e  c o n s i s t e n t  w i t h  
t h e  c a v i t y  f r e q u e n c y  c h a n g e .  I w o u l d  e x p e c t  s o m e  c h a n g e  i n  t h e  
w a l l  p r o p e r t i e s ,  s o m e  l o n g  term c h a n g e  i n  t h e  w a l l  s h i f t ,  b u t  
t h a t  d o e s n ' t  show up b e c a u s e  you c a n ' t  s e p a r a t e  t h e  two. 



M R .  M c C O U B R E Y :  T h i s  i n i t i a l  d r i f t ,  t h e  r e l a t i v e l y  r a p i d  d r i f t ,  
d o e s  i t  t a k e  p l a c e  when t h e  m a s e r s  a r e  f i r s t  a s s e m b l e d ?  Does i t  
s t a r t  when t h e  masers  a r e  f i r s t .  assemble ,  o r  when t h e y  a r e  f i r s t  
tu rned  on? 

M R .  MATTISON: You c a n ' t  observe  it u n t i l  you t u r n  them on. 

M R .  McCOUBREY: But t h e y  appear  t o  s t a r t  when t h e  o p e r a t i o n  f i r s t  
began a t  t h e  Naval Observa tory ,  from t h e  d a t a  you showed us .  

M R .  MATTISON: Those masers  were b u i l t  s e v e r a l  months be fo re  t h a t ,  
and we had t r a c k e d  t h a t  d r i f t  p r i o r  t o  t h e  i n s t a l l a t i o n  a t  t h e  
Observatory.  We had observed i t  i n  s e v e r a l  masers  a l s o ;  you have 
a  d r i f t  t h a t  s t a r t s  f a i r l y  l a r g e ,  and d e c r e a s e s  o v e r  t ime, f rom 
t h e  t ime t h a t  t h e y  a r e  assembled. 

M R .  McCOUBREY: If you t u r n  them o f f  f o r  a  w h i l e ,  and their  t u r t ?  
them back  o n ,  you would n o t  e x p e c t  t o  s e e  t h a t  i n i t i a l  d r i f t  
again? 

M R .  MATTISON: The d r i f t  would n o t  go back t o  t h e  o r i g i n a l  va lue .  



P E I V O W C E  DATA OF U.S. NAVAL OBSERVATORY 

VLC-11 HYDROGEN MASERS SINCE SEPTLHEER 1983 

R.P.C. Vessot,,E.M. Mattison, E.A. Imbler and Z.C. Zhal 

Smlthsonlan htrophyslcal Obsorvatory 

Cambrldgo, ~saachusotts 02138 

W.J. Klopczynskl, P.G. Whaolor, A.J. Kublk, and C.M.B. Winkler 

U.S. Naval Obsorvatory, Washington, D.C. 20390 

In 1983, two VLC-11 manors worm da!ivorad to tho U.S. Naval Obsorvatory by the 

Smlthsonlan htrophyslcal Obsorvatory. Last yoar tho short-term stabillty of 

thono maaors was roportod and tho offoct of this short-term stabillty on 

tlmokooplnp par formanco was discussod by C .M .R. Wlnklor . Slnco rhe date of 

lnstallatlon, 13 Saptombor 1983, data on tho masors' long-term porformrnce hnvo 

boon accumulated. Figuro 1 from roforonco [l] shows tho Allan variance, o t r )  , 

of tho ralatlvo fraquoncy botwoon tho aaoors. This varlanca roaehos a mlnimum 

of about 4 parts ln 10" at avoraqlng tlmos of 5x10' seconds and rimom at longer 

avoraglng tlmos dua, rt loast partly, to systomatlc froquoncy drlft. 

1 df In this papor wo dlacuss tho systomatlc froquency dr!ftit. oxpresaod as - - 
f dt 

and glvon In unltm of fractional froquoncy dlfforonco por day. 

1 df 
Figure 2 is a plot of 7 In unlts of 10'" por day vsrsus cblondar day 

startlng in Soptombor of 1983 and continulng through Octobor of 1984. Tablo 1 

1s a chronology of sstlvlty lnvolvlng 8AO W - 1 1  masors P18 rnd PIP. 



QDONOLOOY OF VW-11 MASER MIVITX AT U.S.W.O. 

1 3  Sopt. 1983 Pouor t o  maaor a turnod off  a t  SAO. 
Wcaora ahfppod t o  tho U.S.N.O. by t ruck .  

1 4  Sopt. 1983 Hamors a r r l v o  a t  2.S.N.O. Powor turnod on --  both maaora o s c l l l a t l n g .  PI9 dogauaaod. 

(Thia, with aynthomlzor mot b t  1420405751.68700, 
vhlch was our boat omtimato for  VTC a t  SAO 
v i a  Loran "C". Our probable o r r o r  I n  UTC 
1. f5xl0".) 
Conclumlon: Shlpmont dld not  a l t e r  tho  c a v l t y  
frequoncy a lgn l f lcan t ly .  

26 Sopt. 1983 Both P18 and PI9 voro tunod. 
Attor tunlng Af/f (Pl9-Pl8) = 0 . 1 1 ~ 1 0 - ' ~  
Hamor cav i ty  froquoncy a h l f t  wan found t o  have 
k e n  a s  toll ow^: 

Af.(P18) = t40.1 Hz., At,(P19) = t24.68 Hz. 

27 Oct. 1983 Af/f (P19-P18) = 3.03 x 10'" 
Aftar  tunlng P19 Af/f (P19-P18) 2 . 0 8 ~ 1 0 - ~  
Af.(P19) = t34.55 X z .  

SO Jan.  1964 Af/f (Pl9-Pl8) 3 . 9 ~ 1 0 ' ~ '  
Aftor tunlng P18 and P19 Af/f (Pl9-018) = 0.8xlW'a 
Atc (P18) = t28.9 Hz , At, (P19) = 6 9 . 2  Hz. 

27 Fob. 1984 Powor of f  P18 for  aoveral hours f o r  l n a t a l l a t l o n  
of V.8.N.O. b a t o r  Clock Syatom. 

24 r 1984 Fowor of f  PI9 for movaral hour8 f o r  lnmta l la t lon  
of U.S.W.O. b80r Clock Bystom. 

1 0  Hay 1984 P19 automatically tuned ualng U.S.N.O. S y i t m .  
Afe(319) m t46.4 Hz. 

1 6  Hay 1984 - Af/f (P19-OlB) m -0.6~10"' 
After  tunlng PI8 Af/f (P19-P18) = *2 .4xlO-u 
Afc(P18) = t25.4 X z .  

From tho  d r l f t  r a t e  p l o t  mhovn In  Fig. 2, wo moo t h a t  tunlng t h e  maaora had 

no appsront o f f u t  on t h o  d r l f t  rat.. From t h e  chronology we a w  t h a t  tho 

cav i ty  resonator frequency of  both P18 and P19 roqulrod rystomrt lc  frequency 



corroctlonm to lower froqusnclom. 1%. cavlty froquoncy ml~lftm obtalnod from tho 

tuning data are mhown In Fig. 3. From thome data and our knowlodge of tho llno 

Qa of tho mamorm we can prodlct an avorago drift rat. of tho mamor output 

fl-oquoncy. For P19 we hava 7x10"' per day and for P18 wo have 4~10''~ por day, 

betwoon Imptombor l9I3 and A. ..1 1904. Thlm lm In ro,monably good agreement 

with drlft data ln Cobruary 1904, whon PI9 drlftm *9~10'~'per dry and T19 

drift8 4x10-" par dry. h e  mlotunlng rat. of tho cavlty, if amcrlbad to a 

chengo In axial length of tho cylindrical cavlty, roqulros l change of length 

f7r PI0 . 2 = - 1 . 9 ~ 1 0 - ~  cm/day and for P19, 2 = -3.OxlO-* cm/day. 

To rolato thtm mcale of dlmonmlono to momothlng vory mmall, wo not. that a 

hydrogen atom ham a diamotor of about 10-' cm. From tho drlft bohavlor and 

cavlty froquoncy moaauromontm wo nato tho following: 

1. Tho froquoncy change of the cavlty lm the domlnant offoct 

on tho mamerm' froquoncy 

2. Tho marly drift rate app.8rm moro mevero than tho lator drlft 

and tho ovorall drlft rate maom8 to bo amylptotlcally approaching zero. 

The proportlo8 of ultra stablo matorlalm and the bohavlor of optically 

contectod murfacom In rxtromoly mtable matorlalm havo boon domcrlbod by S.F. 

~acobm[~l from obmorvailonm made urlnq an lodlno mtablllzed lamer to moamuro 

length changom . 

Figure 4, roproducod fror roforence 2, mhowm tho mottling of optlcally 

contacted murf.com In vory hlgh mtablllty metmrlalm. Tho cavlty cyllr~dor and 

mnd plate. of tho M O  VLO-11-merlom mamorm aro mad. of kr-Vlt ~101.. After 

k i n g  ground to ahape thay aro mtromm rollovod by bolng otchod In tho surface 

mlcr~crackm[~] created in tho grlndlng procoms. The matlng murfacos arm then 

optically pollmhod m d  tho cavltlos 8amombl.d under clran condltlonm 80 th-t 



vhito light frlngos are observod ovor the circumference of the jolnts ktwoon 

tho zvlindor and the ondplatos. 

Tho cavities were ass+ld in May of 1983. and lt ls llkoly that tho 

sottllng of tho end plat08 was stlll In progress durlng latr 1983, and early 

4 The aettling brhavlor m obsorve with tho polished surfacos of thoso 

cavltios is at a much uallor rate than th. previowly observod settling 

behavior of cavlty jolnts that wero mad. wlth surfacos grOUnd to a roughly 16 

mlcro-lnch flnish. Tho sottllng rat. was about 1 r.m.8. surraco roughness 

disturco ln tho flrst 40 days. Tho prosont nurfaces aro at least 10 tllrs 

noothor and flatter, and the mount of lnltial mistunlng aftor assnbly has 

boon subatantlally roduced. 

Tho long-tor. dlmmslonal bohovlcr of structures mado of ertronly hlgh 

1 At 
stablllty matorlal can bo doscrlbod in toru of i z, the 'cr..p rate". 

~oasurronts of creep wsro "do by B.F. J~CO~.I~I in terns of optical path 

1 At 
chang.8 detoctod uslng 8 stabillzod laser. His data give - - -++5~10-'~ per day t At 
for Cor-vita (br-Vlt ClOl - Owens Illlnols). Other matorlals, such as 2orodure 

@eraow-Schott) , Ultra Low Ixp.nslon Tltanlu 6111catoo (Cornlng) , ~0~081l@ 

fusod slllca (Heraous-Bchott) , and cornlnfl 7940 fusod sllica have creep rates 

botwoon * 5 ~ 1 0 - ~ ~  and -5x1Vo p r  day. 

If m aserlbo the masor froquoncy drift of the later months mhown In Flg. 2 

to cavlty mlstunlng from materlal croop vo obtaln a rat. of about -3~10-'0 par 

day for Cor-Vlt. 

Thl8 agrees In magnitude with Jacobs* ~oasuronnt on stable matorlals. It 

1s opposlto in slgn for hls croop rat. for Cor-Vlt, but agroos with his data for 

the other msterlals, which a11 have nogatlvo creep rates. This dlfforonce in 

mlgn for kr-Vlt may result from varlatlona fro11 sarplo to sample or from our 



700°C cavlty sllvorlng process. 

fh. parforunco of t h o  manors lndlcatms thet thr long-tom stability of 

today's masers 1s chlefly gnvormd by proportiom of tha cavlty utorlals. 

flrtronlc mystrs that stablllxo ths cavlty roson.ncr frmquoncy boyond thur 

lrvols w t  bu upab'e of uintalnlng th. u n r  fr.puncy to ktter than 8 fmt 

parts In 10l5 pmr day for long pmrlods of tin. 
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QUESTIONS A N D  ANSWERS 

JACQUES V A N I E R ,  NATIONAL RESEARCH C O U N C I L :  What w a s  t h e  l i n e  Q 
t h a t  you o b s e r v e d  i n  t h e  VLG-11? 

M R .  MATTISON: T h e  l i n e  Q t h a t  we u s e d  t o  g e t  w a s  o n  t h e  o r d e r  o f  
1.1 t o  1.3 t i m e s  t e n  t o  t h e  n i n t h .  More r e c e n t l y  we h a v e  b e e n  
g e t t i n g  v a l u e s  on t h e  o r d e r  o f  1.8 t o  1.9 t imes t e n  t o  t h e  n i n t h .  

M R .  VANIER: I b e l i e v e  t h a t  t h e r e  i s  a  l a r g e  g a i n  t o  b e  made 
t h e r e .  S i m p l y  a  r e d e s i g n  o f  t h e  b u l b  a n d  o f  t h e  c o l l i m a t o r ,  s o  
t h a t  you can  i n c r e a s e  t h a t  by a  f a c t o r  o f  t h r e e  o r  f o u r .  Then t h e  
d r i f t  t h a t  you were t a l k i n g  a b o u t  b e f o r e ,  d u e  t o  t h e  c r e e p i n g  o f  
t h e  c a v i t y ,  w o u l d  b e  d i m i n i s h e d  d r a m a t i c a l l y .  T h a t  would  b e  
f a n t a s t i c .  

M R .  MATTISON: You a r e  r e f e r r i n g  t o  c h a n g i n g  t h e  d e s i g n  o f  t h e  
c o l l i m a t o r ?  

M R .  V A N I E R :  Yes. B e c a u s e  you c a n  make i t  f o r  a  v e r y  l o n g  t i m e  
c o n s t a n t ,  a n d  i t  w i l l  s t i l l  work  v e r y  b e a u t i f u l l y ,  s o  t h a t  you 
would be l i m i t e d  by t h e  w a l l  t h e n .  

M R .  MATTISON: I d o e s  g e t  l i m i t e d  by t h e  w a l l .  T h a t  i n c r e a s e  i n  
l i n e  Q t h a t  you o b s e r v e d  h a s  b e e n  d u e  t o  o u r  m e t h o d  o f  a p p l y i n g  
t h e  t e f l o n .  We h a v e n ' t  changed t h e  d e s i g n  a t  a l l .  

M R .  M c C O U B R E Y :  My i m p r e s s i o n  i s  t h a t  w i t h  t h e  a d v a n c e s  you a r e  
m a k i n g ,  t h e r e  i s  g o i n g  t o  b e  m o r e  and  m o r e  i n t e r e s t  i n  t h e  a c t u a l  
s t r u c t u r e  a n d  m o r p h o l o g y  o f  t h o s e  s u r f a c e s .  Maybe s o m e  o f  t h e  
p o l y m e r  s c i e n t i s t s  would  h a v e  t o  p l a y  a  r o l e  i n  t h i s ,  b e c a u s e  I 
would e x p e c t  t h a t  w h a t e v e r  happens  w i t h  t h i s  t e f l o n ,  and how i t  
r e a r r a n g e s  i t s e l f  i s  s o m e t h i n g  t h a t  t h e y  h a v e  l o o k e d  i n t o ,  a n d  
p r o b a b l y  u n d e r s t a n d  f a i r l y  w e l l  t h e s e  d a y s .  

M R .  MATTISON: Our m e t h o d  o f  a p p l y i n g  t e f l o n  h a s  c h a n g e d .  I t  i s  
e s s e n t i a l l y  a  b l a c k  a r t .  A l l  we know i s  t h a t  t h e r e  i s  a  r e c i p e ,  
a n d  we a p p l y  i t  a c c o r d i n g  t o  t h e  r e c i p e ,  a n d  i t  w o r k s .  I f  we d o  
it a  d i f f e r e n t  way, i t  may work b e t t e r .  

M R .  McCOUBREY: I t  s o u n d s  l i k e  t h e r e  a r e  some r e a l l y  i n t e r e s t i n g  
p o s s i b i l i t i e s ,  
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AHSTRACT 

A brief historical review of time transfer techniques used during the last 
twenty years will be presented. Methods currently used will be discussed in 
terms of cost effectiveness as a function of accuracy achievable. Future 
trends will be discussed in terms of projected timekeeping capabilities. 

Within the last 20 years, we have seen improvements of several orders of magnitude in 
our ability to keep time. This has brought forth a number of sophisticated, timed 
nmigation and communications systems and led to a dramatic improvement in the time- 
keeping capabilities of many laboratories and observatories. The timek :epiny community 
has always been interested in transferring time between cooperating laboratories and in 
improving tima transfer techniques as timekeeping capabilities improved. Obvious 
operational economies can be achieved through coordinated and synchronized systems. 

Twenty-f ive years ago, timekeeping at the major observatories and laboratories of the 
world was between the 25-100 microsecond level. Fifteen yews ago, i t  was at the 5-25 
microsecond level. Up to about 5 years ago, i t  was down to the 1- 10 microsecond level. 
Today, I microsecond timekeeping is achievable with a modest amount of effort. In fact, 
the majar timekeeping centers are keeping sub-microsecond level timing, in the 5-200 
nanosecond range. Soon, we can expect nanosecond or, even, sub-nanasecond tirnekeep- 
ing. However, it will not be easily achieved or come cheaply. 

These statements concerning timekeeping require certain assumptions and understand- 
ings. "Timekeeping capability" as used here is neither rigorously defined nor is there a 
generally accepted consensus on what i t  means. Some would justifiably say that i f  they 
can make sub-nanosecond measurements in  a laboratory, they then have sub-nanosecond 
timekeeping. However, i t  may not be possible to predict how that time scale will 
compare with some accepted standard at sorne future epoch. This view provides the 
basis for the definition used in this paper. This definition takes into account a 
"standard" of comparison and includes the duration of the measurement. Therefore, in 
assessing timekeeping capability for a somewhat realistic case, it should include the 
ability to maintain a reference clock to within sorne prescribed tolerance to either a 
tirne scale determined by averaging a number of clocks or some external reference over 
some period of time. In this context, then, a I microsecond (us) timekeeping capability 
would mean that a laboratory could maintain a reference clock to within I microsecond 
of a mathematically derived time scale or some external reference, such as maintained 
by some navigation system for a reasonable period of tirne. In order to be concerned 
with operational systems, a reasonable period of time would be four weeks. 

In regard to the earlier mentioned developments in  timekeeping, it is obvious that the 



introduction of the commercially available cesiulr beam frequency standard was a 
significant milestone which caused the first major improvement noted sorne 20 years 
ago. Improvements to the cesium beam frequency standard (improved tube), improve- 
tnents in the computution of local tirne scales and improved monitoring and measurement 
systems contributed to the next two rounds of improvements, During the next 10 yews, 
we can look forward to the i n t r d c t i o n  of several new devices, such as stored ion 
frequency standards and optiscrily pumped cesium beam frequency standards, into our 
timekeeping systems to spearhead the next round of improved capabilities. In order to 
utilize these devices in a practical way, more robust statistical techniques and improved, 
more stable measurement systems will also have to be introduced. Table I surnrncaizes 
in tabular form, while Figure I presents in graphical form the prqress made in 
"timekeeping" over the last 20 years and projects forward an estimate of what can 
optimistically be evected during the next 10 yews. 

TIME TRANSFER TECtiNIQUES 

Very frequently, after a timekeeping system has been inuagurated, it becomes desirable 
to intercornpare it with another system or systems. This desire may be based on real 
need, such as a requirement to mointain a system to within some specified tolerance, or 
intellectual curiosity, such as an interest in seeing the performance of one system with 
respect to another. I t  should be emphasized that this latter case is  also a real need, for 
example, one can he trying to intercompare laboratory type cesium beam frequency 
standards as a basis for the definition of the System International (SI) second. 

A time transfer comparison is usually achieved by the one or two-way exchange of timing 
data. One-way time transfer data is based on receiving a tirned signal from sorne 
transmitting system, such as 4 satellite disseminating time signal or a navigational 
system. Usually, one is concerned with simultaneous reception of the same signal. In 
order to use these signals for precise time transfer, one must first carefully evaluate the 
propagation puth delay from the transmitter and all electronic component delays of 
equipment used in the receiving system. One usually neglects delays in the transmitting 
system because all measurements are uswlly referenced to the time the signals leave the 
transmitting antenna. However, this does not rule out the need to know the delays 
through the transmitting equipment. Once the delays have been carefully estimated, 
they usually remaiq fixed until cotnponents are changed. The received signals are usually 
referenced to some local time standard. Two-way time transfer depends on the mutual 
exchange of scjme timed signals between the two stations involved. Because the mutually 
exchanged signals travel thou# the same atmosphere, propagation path delays do not 
affect the results as they are common to both sets of rneasuremer~ts and usually bop-out 
of the final comparison of the two-clocks. If there is some relaying device, such as a 
satellite, between the two stations, then it must be carefully investigated whether each 
signal suffers the same delay as it propagates th rwc j~  t l ~  relaying devices. For 
satellites, this means careful pre-launch calibration. 

Obviously, the precision and accuracy of Time Transfer Techniques should be comparable 
with the accuracies of the timekeeping capabilities of the systems we are comparing. If  
.rot, it could take an inordinately long period of time to make the comparison, A 
measurement precision of I ns will yield a frequency measurement good to 1x 10-1 2 in 
just 1000 secs ( 1 7 mid. A measurement system good to I microsecond will need over a 
day to attain the same precision in  frequency. 

The capabilities and usage of several Time Transfer Techniques over the lost two decades 
will be traced in order to develop a picture of future expectations in the field of Time 
Transfer. An historical approach to the categorization of the techniques (CCIH, 1982) 



will be used. These categories include geographic area of coverage, frequency deinain of 
the technique, and major system categorization, such as, r~avigation or communications 
systems. 

One of the simplest metlwds of classification is throudi the specification of ine fre- 
quency used to exchange timing data, such as radio or optical. In the former, we c~sually 
find sub-groups sucn as very low frequency (VLF), low frequency (LF), high frequency 
(HF), very high frequency (VHF) or microwave. Optical methods usually include laser 
pulses or optical fiber techniques. Various systetns developed for specio: yrposes such 
as navigarion or communications can also be used for tirne transfzr. These systems can 
be either land-based or satellite-based. The most obvious ones are the navigation 
systems, such as Loran-C, Transit, Omega and the Global Positioning System (CPS) and 
the communication systems, such as geostationary commercial cotnmunications satellites 
and the Defense Satel li te Communications System (DSCS). Very Long Baseline Inter- 
ferometry (VLBI), becuuse i t  requires highly precise frequency standards which are used 
as a local reference oscillator and clock, can be used as a time transfer system over 
intermediate to intercontinental distances. Time transfer techniques which ure local in 
coverage include both radio (TV, rnicrowave, satellite systems) and optical (laser pulses 
and optical fibers). Methods which are intermediate i t1  coverage include LF, HF and 
satellite systems. t-lernispheric or intercontinental coverage in time transfer can be 
achieved through VLF or satellite systems. The latter are used for greatest precision. 
The satellite systerns can be at either radio or optical frequencies. 

During the last 20 years, the various systems mentioned above have been used in varying 
degrees by the timekeeping community to effect time transfers. Some systems have 
enjoyed more use than others, some have recent popularity. The choice of system i s  
based on requirements and avuilable funding. Th.-, popularity of some systems rests on 
the fact that over the years, they have shown an ability to increase system performance 
with time and use. Some systcrns have not and tend to be bounded in their time transfer 
capabilities. Hence, their usage quickly becomes limited. As i t  is with t i~nekeeping 
systems, progress is marked by one of three i tems: 

a) introduction of new devices, i.e. new technique; 
b) improvements to fundamentals of technique, i.e. improved propagation theory 

or ha-dware; 
or 

c) technical irnprovements in ancillary or support systems, i.e., improved 
meusure~nent components (SITREM modems). 

As the capubili ties of these systems for time transfer are traced over the last 20 years, 
thc various factors which have caused enhancements in their capabilities will be 
mentioned as well as the factors which limit the technique. 

RADIO TECHI4IQUt-S FOR TIME TRANSFER 

While optical methods, such as the dropping of a time ball at noon, dominated the ecrly 
history of time transfer, their area of coverage wus a limitation to their use. The 
introduction of the telegraph for time distribution brouQIt about a rnajor revolution in 
time transfer. The area of coverage of a time transfer system was greatly expanded. A 
significant increase in accuracy of time transfer was also achieved compared to the 
bopping of the tirne ball. We have here the case of an increase in time transfer 
capability t hrougtr the use of a new technology. 

A. VLF and LF Techniques 



In 1904, the use of VLF transmissions from a U. S, Navy communication station for time 
distribution brought about another revolution in time transfer capabilities. A whole new 
region of the spectrum and a whole new technclogy was quickly seized-upon to effect 
intercontinental time transfer. By 1964 (Blair, 1974), time transfer techniques using VLF 
transmissions were good to about 50 us. in accuracy. The primary usage of VLF signals 
which has evolved over the last 20-30 years has been as a means of frequency control and 
stability measurement, Propagation path variations huve proven to be the largest 
limitation to their use as a source of time. These variations are of a periodic nature, 
which can be modeled to a large extent, and a non-periodic nature, such as Sudder~ 
Ionospheric Disturbances (SID's) and Polar Cap Absorptions (PCA's), whose amounts can 
not be predicted. It was tlwu@t that ?Ire introduction of the Omegu Navigation Systetn, 
which used several VLF transmissions, would allow time to be recovered to about I us 
throu& the use of two-frequency techniques. More will he said about this in a later 
section. In any event, the non-predictable variations in both the periodic and non- 
periodic portions of propagation path variations have proven to be a limitation to the use 
of this technique to better than 10 us i t 1  accuracy. Extreme care and ideal laboratory 
conditions and equipmet,+ might reduce this number by 30-60 percent. 

LF trantrnissions are subject to the same limitations In accuracy as the VLF systems. 
Dispersion, caused by the difftveixe in the phase and group velocities of the VLF and LF 
waves, must be taken into account. As mentioned earlier, the primary effects in the VLF 
region are in the ionosphere. While in the LF region, the primary effects are caused by 
ground conductivity variations. 

6. HF Techniques 

The HF standard tirne and frequency trammissions hwe proven to be the most exten- 
sively used timing signals. While unmodelable ionospheric variations tend to limit their 
accuracy to about 0.2 ms., they are the most widely used and cost-effective meam of 
time tra7sfer. Their lack of great accuracy has not hampered their popularity and 
frequency of use because there are a large rrumber of users who need time only to the 
accuracy necessary for everyday life, I sec. In fact, these HF signals are necessary for 
the initially setting most high precision time transfer systems in  order to set tlwir 
observing windows. 

C. TV Techniques 

While inore limited in geographical coverage than other RF techniques, TV tirne trarwfer 
systems are capable of reasonably high degrees of accuracy and precision The original 
experiment of Tolman et al (1967) and its immediate applications were limited to about 
100 ns in accuracy primarily because of receiver noise, Ifnproved hardware has now 
reduced that number to about 10 ns. The atrnosphere now seerns to be the limiting factor 
for this technique. Geographic coverage is limited to primarily line-of-sight by the fact 
that the path the signals take are subject to large and unpredictable variatiom in order 
to compensate for the source of some network programming. Table 2 summarizes the 
development of the RF techniques for Time Transfer during the last 20 yews. 

NAVIGATION SYSTEMS FOR TIME TRANSFER 

During the last 20 yews, navigation systeins have been th,- primary meam for time 
transfer where wide geographic coverage and a relatively high degree of accuracy are 
required (Klepczynski, 1983). The four major systems in use for this purpose ore Omega, 
Transit, Loran-C, and the Global Positioning System (GPS). In all but the Transit system, 



the navigation signals emanating from their respective transmitters ara control led by 
redundant cesium beam frequency standards. This asures the reliability and stability of 
the signals. 

The importance of these navigation systems to the timekeeping community cannot be 
overstated. 1-oran-C has been the primary vehicle which has allowed the Bureau 
International de I'Heure (BIH) to compute International Atomic Time (TAI) based on 
international representation. By noting the difference of contributing cesium clocks with 
respect to locally received Loran-C signals, i t  is possible to form a semi-global time 
scale through somewhat sophisticated averaging techniques (Cmnveaud and Guinot, 
1976). The degree to which the various Loran-C chains can be coordinated (Charron, 
1981) determines the geographic extent of contributing laboratories. The use of CPS for 
this purpose h a  been growing. Because of its precision a d  scclrracy a d  because i t  is a 
truly global system, CPS can contribute significantly 30 this task, In fact, CPS timing 
receivers are now located on four continents and are allowing marly more laboratories to 
contribute to the formation of TAI. I t  is thus becoming a truly in t .sn .~~ iond time scale. 

A. Omega 

As mentioned earlier, Omega suffers from the same limitatio: ..:.:t affect al l  VLF 
transmissions. Initial experiments with dual frequency timing receivers indicated that i t  
was possible to build a receiver that could acheive a microsecond precision in timing. 
Unfortunately, ionospheric vwiatiorw significantly degraded the transmitted signals to 
the 1-5 us level. More significantly, the frequency difference used in the experimental 
dual frequency timing receivers was not found among the frequencies actually trans- 
mitted by the operational Omega system, including the four nwigation and one unique 
frequency transmitted by each member of the system. Thus, while Tabte 3 indicates a 
limit of 5 us f o ~  Omega time trarufer, it cannot be achieved in practice. 

B. Tmnsit 

The navigation solution in  the Transit system analyzes the received Doppler shift of the 
signal transmitted from the spacecraft. The stability requirements of the transmitted 
nwigation frequency translates into a tirning requirement of about 300 us. These 
requirements can be met by a high quality crystal oscillator. However, the ground 
stations which control the spacecraft oscillator, al l  make their measurements with 
respect to cesium beam frequency standards. Thus, control of the spacecraft oscillator 
is operationally maintained at a higher level than required by the nwigation require- 
ments. In fact, Transit timing receivers can d ta in  a precision of 25 us in their* time 
transfer capabilities. The new Nova satellite, which was lctunched into orbit in  1982, 
contains a significantly better orcil lator control system than the older Oscar satellites, 
consequently time transfers utilizing the Nova spacecraft can achieve a precision of 
between 3-20 us. In addition, the Nova spacecraft has built into it a PRN code modula- 
tion scheme which has the inherent capability to improve Transit time transfers to the 
sub-microsecond level. Unforttmately, this capability has not been operationally , 

implemented. 

C. Loran-C 
3 

Each of the 3-5 transmitting rites making up the stations of a Loran-C chain h a  4 
cesium beam frequency stamjar& govarning the timing of the transmitted pulse. 
Synchronization within a chain can be kept within 20 na. However, this is a relative 
synchronization and relates to navigation. It dnes not pertain to time transfer 
accuracy. It is a measure of the ultimate accuracy limit for time transfers i f  all 

I 



systematic effects can be taken into account. The initial time transfer receivers 
developed for Loran-C were very awkwurd to use, requiiing an oscilliscope and excellent 
judgement in  locating the third zero crossover of the first pulse of the series of 
navigation pulses. The early seventies saw the emergence of the Austron 2000C Lorar~C 
tirning receiver. While i t  was not a completely automatic receiver a d  stil l a l itt le 
cumbersome to use, i t  did help make the process of locking the receiver to the Lori-n-C 
signals a litt le easier. A good technician, with a l i t t le training, could set one up wilhin 
an hour, tbwever, the process still required the use of an oscilloscope and good judg- 
ment in locating the third zero crassover. 

Our knowledge of the perplexities of the propagation path delay computa+ions has 
improved. Computer programs, which computed the propagation path delay, bepn to 
take into account t l ~  conductivity of the surface over which the signals travelled. Thus, 
it became possible to achieve microsecond time trunsters using Loran-C In certain pcrts 
of the world. With the advent of the Austron 2100, a microprocessor based LorawC 
timing receiver in the early W's, many of the problems associated with setting up a 
Loran-C timing receiver disappeared. The primary one being the selection of the ttiird 
zero crossover. Inspection of time transfer data taken with these nevq receivers indicate 
o root mean sqmre error of about 20-30 ns. Unfortunately, comparison of Loran-C time 
transfers with other techniques, in particular communication satellite time transfers 
(Costain et al, 1979) are supporting the conjectures that tllere is a,, anrwal variation in 
the propagation path delays on the order of about I us. 

D. GPS 

The CPS system is  a satellite-based navigation systern which will give 24 h~ur ,  world- 
wide, three dimensional positiori fixing capability to two levels of accuracy, Il;m and 
loom, respectively. The navigation signal= transmitted from each of the 18 satellites in 
the final configuration will be controlled by cesium beam frequency standards or a 
rubidium frequency standud. GPS syste~n time, which is based on the time kept at a 
ground station which has been designated as the master clock for the system, is 
physically kept to within I us of UTC(USN0). In addition, a set ~f coefficients is 
trans~rrit ted with the navigution message which allows the user to derive U'TC(USN0j to 
within 100 ns. 

Two portable clock verification trips in the mid-sevecties showed that the CPS system 
would prove to be the major time distribution and time transfer system of the future. 
The first involved the acceptance testing of a single frequency time transfer unit 
(Putkovich, 1979) which showed that the set was capable of an accuracy of 50 ns. The 
second verified the time tranqfer capabilities of a specially modified d w l  frequency 
navigation receiver <Rot!i et al, 1979). This series of experiments showed an accuracy of 
27 ns in time transfer capability. That these tests verified the tirne t r  arufer capabilities 
of the CPS system at such an early stage of its development, indicated thot the system 
had great potential. 

Allan and Weiss ( 1  980) pointed out the advantages of using common-view time tramtsr 
measurements. In this way, the lirnitations in precision of present single freque~cy CPS 
Tirne Transfer Units can be better overcome. Ry looking at tlle same sotellite at the 
same instant, two stations could reduce the error budget in their time transfers by a 
significant amount because all errors common to the spacecroft clock and most of the 
error due to poor eplw~nerides would be eliminated from the measurements. The primcry 
errors left i n  the measurements would be that due to the difterential, cmmodelled 
ionospheric path delays between the two stations. The differential unmodelled t r o p  
spheric corrections should be about a narmecond or srnaller, provided that the 



trappheric models are correct. Portable clock visits, which are also necessary for 
system calibration, have demonstrated that common-view CPS time tmnsf ers show u 
consistency of between 5-10 ns. Table 3 summarizes the development of navigation 
systems for Time Transfer during the last 20 years. 

SATELIITE SYSTEMS FOR TlME TRANSFER 

h i d e s  the satelli te-based navigation systems: there exist a number of satel li te-based 
cmmunications systems which are extremely effective for time transfer. The use of 
geoatatiomry communication satellites for time transfer goes back to 1962 when clocks 
at USNO, NPL and RGO were compared to an accuracy of I us using two-way exchange 
of 5 us long pulses through the Telstar satellite (Steele et al, 1964). During the late 70fs, 
a three-yew long link was established between North America and Europe using the 
Symphonie satellite (Costain et al, 1979) at C-band (416 GHz). At the same tirne, 
experiments using the HermesICTS satellite at K-band (1 21 14 CHS were commenced 
between USNO, NBS and NRC (Costain, 1 979). Sub-nanosecond precision and accuracies 
of 20-50 ns were obtained by these techniques. Recently, rl new PRN modem (SITREM), 
specially designed for time transfer (Hartl et al, 1983 a), has been used in some 
experiments (Hartl et al, 1983 b). While precisions in time transfer achieved with this 
' t3N modem are comparable to those achieved in the latter Hermes/CTS experiments, 
i.e., 600 ps, the main advantage of these modems lies in  their simplicity of use and small 
power requirem-is. Only I watt of transmitting power is required. Because of the PRN 
coding technique and low power, the signals are non-interfering. 

I f  care is not taken to carefully calibrate and measure all delays in the satellite being 
used before launch, thest techniques suffer in  attainable accuracy. Hence, portable 
clock trips ore necessary to remove systematic errors between cooperating stations. 
Because these techniques use two-way exchange of signals, many common errors b o p  wt 
of the time transfer mathematics. However, non-reciprocal delays through the channels 
and transponders of the satellite & not &op wt, as well as differential ionospheric and 
tropospheric delays. The use of DSCS for time transfer is similar to that of using 
commercial communications satellites, in principle. Because of operational require- 
ments, .here are some tectnical differences in how the time transfers are made. 
However, the results are comparable. 

The GOES satellite is primarily a weather and environmental monitoring platform. The 
data down-linked from the satellite contains a time code provided by and referenced to 
the NBS ~Hanson et al, 1979). The system is used as a time distribution system in North 
America. If  the user applies corrections for his location, an accuracy of I ms can be 
attained If the user also applies corrections for the position of the satellite, an 
accuracy of 30-50 us can be achieved. Table 4 compares the capabilities of some 
satellite systems over the last 20 years. 

SPECIAL SYSTEMS FOR TIME TRANSFER 

WhI!e zmigation and commw~ication systems are significant contributors to the 
timekeeping field, several other systems, such as VLBI, laser ranging and Portable 
Clocks, also contribute significantly. There is no single unifying theme which brings 
these three techniques under one category. VLBl requires highly precise frequency 
standmds at eoch station in a network. The VLBl correlation process, itself, detert-r' , lnes 
the offsets in both epoch and frequency of the clocks within the network. Thus, a VLBl 
network is a self-contained synchronized network (but not in real-time). Very short laser 
pulses can form the basis of o highly precise time transfer system, because the time of 
arrival of a coded seque .? of extremely short laser pulses can be crnambiguously and 



precisely determined. Portable clocks are included in this categorj because they have 
been the ultimate technique for verification and calibration of all other techniques. 
VLBl has shown itself to be an extremely precise time transfer system. Over the yeas, 
the data recording teclmiques used in  various VLBl systems has gown and evolved into 
the present wide band system known as the Mark Ill system. The original Mark I sytern 
had a bandwidth of only 2 KHz. A1 len Rogers (1 976) has shown that the ultimate capabil- 
i ty to synchroriize two VLBl tapes is based on their bandwidth and SIN ratio of the 
observed sources. For the Mark I system, this is about I50 ps. For the Mark II system, 
whose bandwidth is 9 ?4Hz, this number is typically about 100 ps. These numbers refer to 
the inherent precision which +he correlation process can attain. However, there are 
many systematic effects which rnust be removed in order to achieve uccuracy. Several 
experiments have attempted to  verify the VLBl intrinsic capabilities by carefully 
calibral ing and evaluating the many delays throuc& the elements af a VLBl system (Clark 
et al, 1979; Spencer et al, 1981; and Johnston et al, 1983). The best results which have 
k e n  obtained to date are those of Spencer et al (1 981) and Johnston et al (1 983) where 
verification was done at the 3 ns and 2 ns levels, respectively. I t  has become rather 
obvious that at these levels, present day verification and ccllibratio;l tectniques are 
tnaryinally adequate. The ultimate limitation to VLBl time transfer appears to be the 
atmosphere and will limit the accuracy of VLBl time transfers to about 60 ps (Crane, 
1976). 

The two-way exchange of laser pulses should prove to be an extre:nely precise a d  
accurate [net hod for time transfer. When used to synchronize two ground stations over a 
distance of 35 km, a precision of 600 ps was achieved (Alley ct al, 1982). Inter- 
continental time transfer, as proposed by the Lasso Program (Leschiutta, 19791, using a 
satellite with a retrereflector and an on-board event timer should achieve similar 
results. However, this experiment has not been done as yet because the satellite planned 
for this purpose never rnade i t  into orbit. Use of very short laser pulses assures that the 
time of reception will be precisely recorded. Use of a reflecting surface, as opposed to a 
relaying transponder in the radio region, assures a reciprocal path. The differential 
variations in the propagation path delay during two-way exchange of laser pulses would 
become the limiting factor to the accuracy of this method. Thus, it seems that this 
technique should prove to be the verification and calibration system of the future. 
Unfortunately, laser stations which have sufficient capability both in regards to 
manpower and equipment are very few and very expensive to operate. 

For the moment, the portable clock is the primary, although somewhat limited, ver i f  ica- 
tion and calibrcltion system for certifying the accuracy of time transfers. Over the i 
years, the capabilities of portable cfi>ck trips has improved. Initially, in the early 605, 
one could only expect 1-5 us as the resulting occuracy of a PC trip. This improved 
dramatically with the introduction of the cesium clocks with the high performance beam 
tube. Since the early 70's (Putkovich, 1981 1, several factors have contributed to the 
further improvement i n  the accuracy attained with PC trips. Improved monitoring of the 
PC before and after the trip and care in minimizing the duration of the trip have helped i 
the situation. For special critical experiments, an ensemble of clocks (Hafele & Keating, , 

1972 and Spencer et al, 1981) has been used. Presently, the best perfornance that can be 
expected from a PC trip is about I ns. This means a short trip and use of more than one 
PC. Table 5 shows the capabilities of these specicll systems during the last 20 years. ! 
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COST FACTORS OF VARIOUS TIME TRANFER TECHNIQUES i 

Many factors enter into the choice of selecting a time transfer systetn to meet a require- 
ment. Very often, cost is the s in~ le  most important factor. Table 6 is presented in order 
to give a comparison of coats versus accuracy of technique. There is a general trend of 



increased precision meaning increased costs. However, on considering CPS, it can be 
seen that for about twice the cost of a Loran-C timing receiver, one gets 8-10 times the 
performance. It should be pointed out that within a few short yecrs, CPS timing 
receivers have &opped in price from their initial offering of about $55K to abut  $25K in 
1985. It is expected that this trend should continue. It is also interesting to note that at 
$25K, CPS timing receivers are less than the price of a cesium beam frequency standard. 
The sub-narmaecond techniques, at this point in time, are still expensive. In order to 
utilize commercial communication satellites, an Earth station is needed. It would cost 
about $105~ to outfit one. However, this may not be a significant problem as many 
laboratories almost have this capability i f  resources with sister institutions are 
combined. The use of VLBl requires the equivalent of a radio astronomical observatory. 
The c a t  of establishing one would be in excess of $ 1 0 0 ~ .  A local, high-precision laser 
ranging system could be established for several hundreds of thousands of dollars. To 
expand to an intercontinental time transfer system would require the establishment of an 
observatory quality facility at a cost in excess oi a mil lion &I lars. However, one should 
not look at askance at these techniques. It may not be necesscry to comrnit these vast 
resources to utilize these techniques. Several observatories already participate in VLBl 
networks. Consequently, the building blocks for nodes in an organized time transfer 
system exist. As timekeeping capabilities evolve and there becomes a greater need to 
perform super-precise and accurate time transfers on a regular basis, the use of existing 
resources in a cost-effective manner wil l evolve. 

OlSCUSSlON AND CONCLUSIONS 

It does not seem that in the next ten yews we will have any significant changes in time 
transfer instrumentation. Existing tectnology, with improvements, can probably keep up 
with timekeeping improvements, which will be based upon the introduction of hydrogen 
maser devices into time scales and also other new standards such as stored ion devices. 
Unless some serendipitous discovery allows a new type of technology to be applied to 
timekeeping, there appears to be no major quantum leap in time transfer technology 
capabilities in prospect. Most likely, we will witness a gradual evolution in the 
improvement of precision and accuracy of current techniques, some of which are in their 
developmental stage, i.e., laser-ranging. Most likely, these improvements wil l lead to 
the 10- 100 ps range in time transfer capability. Satellite communications systems will 
play a larger role in time transfer techniques. These systems will go to higher 
frequencies with greater system bandwidths. Hopefully, we will see better pre-launch 
calibration in order to improve their accuracy. We will probably see the development of 
an intercontinental loser-ranging time transfer system. In order to utilize resources in a 
cost-effective manner we will see a developing hierarchy where some laboratories or 
observatories will become important nodes in an integrated time transfer network. 

CPS will play a major role in worljwide time transfer. It will become one of the most 
cost-effective systems for a majority of users, in spite of the cloud of Selective 
Availability and Denial of Accuracy which hangs over the community of civilian users. 
There are effective ways to overcome some shortcomings, perhaps not in real time and 
perhaps not attaining all of the present day's precision attainable with the Standtrd 
Positioning Service. However, it still will be a viable caat-effective system. In the 
coming decade, there could arise a need for satellite-to-satellite time transfers. This 
would evolve from a need for the worldwide exchange of data through satellites or be 
biven by scientific reasons such as interferometry in space. There may be a demand for 
medium precision time transfer in order to synchronize networks of comp~ters. The 
future will offer many challenqes. 
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Table I 

TIMEKEEPING IN BETTER 

TIMEKEEPING LABOHATOHIES 

Commercial cesium just introduced (HPS060). 
Crystals s t a t  to be phased out. 

Iiigh Performance Cesium Beatn Tube introduced 

Time scale algorithm improved. I~nyroved measure- 
ment and control systerns. Active hydrogen masers 
introduced. Laboratory type cesiums being run as 
clccks. 

ltnproved optically pumped Cs tubes 
Stored ion Devices 
Passive Hy&ogen masers 
Cooled active hydroc,)en masers 
Robust techniques for alyorithms 
Improved rneasurement systems 

Table 2 

HF TECHNIQUES FOR 

TIME TRANSFER 

1964 1974 1984 SOUHCES OF ERROR - - - - 
VLF 500us l Ous lOus Variation in  propagation path delay due to ionosphere 

LF 50us 40us 20us Variations in  propagation path dealy due to lono- 
i spheric variations and ground conductivity variations 
i 

HF I ms 0.2ms 0.231s Propagation delays 

4 TV - IOOns Ions Atmosphere 



Table 3 

NAVIGATION SYSTEMS FOR 

TIME TRANSFER 

1964 -- 1974 - 1 984 -- COMMENTS - 
LORAN-C 5- I Ous 0.5-5us 40-70011s Seasonal Term 

OMEGA - 5us 5us 

TRANSIT SOOus 25us 3-20us Dependent on satellite used 

CPS - loons 5-40ns Best results with common \view 

Table 4 

SATELLITE SYSTEMS FOR 

TIME TRANSFER 

1 964 - 1974 - 1 984 -- COMMENTS -- 
GOES - 5 h s  30us Time distribution system 

DSCS - IOOns Sons Measurement System lirni ted 

Commercial l us l Ons 200-600ps Spread Spectrum PRN modems 
Communication 
Satellite 



Table 5 

SPECIAL SYSTEMS FOR 

TlME TRANSFERS 

Portable I-5us 30-IOO(lns 5-500ns Limitedbydurationoftrip 
Clocks 

VLBl - 150ps(I 5ns) 60ps(3ns) Ultirnately limted by atmosphere to 
about 60ps accuracy; values in 
parenthesis indicate verification 

Loser-Ranging 

Met hod 

I) GOES 

2) THANSI'T 

3) LORAN-C 

4) Portable Clock 

5) CPS 

6) Cornm. Satellites 

7) VLBl 

8) Laser Ranging 

Table 6 

COSTS OF VARIOUS 

TlME TRANSFEH TECHt\llQUES 

Cost for System (Receiver ) 

$7K 

S12K 

$ I OK (receiver) 

$ 3 ~  (micro-processor) 

$43K 

$20-32K 

30K (antenna) 
SK (PRN Modem) 
OK (other electronics) 

Accuracy 

20us 

l Sus 

40- 100ns 

I 0- 100ns 

5-4ks 

Ins 

Ins 

Ins 
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Figire I Hange of values expected in timekeeping capabilities at 
better laboratories. The values for 1984 are author's 
estimates. 

- - -  

l u r  J 

Figure 2 Hange of 'Tirne Transfer cdpabilities. The values for 
1984 are the author's estirnates. 
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Figure 3 Composite of Figures I and 2 
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QUESTIQNS A N D  ANSWERS 

B O B  B A K E R ,  V A N ~ J E N B E R G  A I R  FORCE BASE, FEDERAL ELECTRIC 
CORPORATION, ITT:  Would you s a y  a  f e w  w o r d s  a b o u t  s e l e c t i v e  
a v a i l a b i l i t y  f o r  C P S ,  p l e a s e .  

M R .  KLEPCZYNSKI: T h a t  is a  d i f f i c u l t  s u b j e c t .  R i g h t  now t h e  p l a n  
o r  p o l i c y  i s  t h a t ,  e v e n t u a l l y  a t  s o m e  t i m e ,  w h e n  t h e  s y s t e m  
becomes o p e r a t i o n a l ,  t h e  c u r r e n t  c a p a b i l i t i e s  o f  t h e  s y s t e m  f o r  
t h e  C A  c o d e  w i l l  b e  d e g r a d e d  t o  a b o u t  a  100  m e t e r  p r e c i s i o n  f o r  
n a v i g a t i o n  p u r p o s e s ,  w h i c h  w o u l d  mean t h a t  i t  v ~ o u l d  g o  down t o  
a b o u t  300 n a n o s e c o n d s  f o r  time t r a n s f e r .  

However, t h e  common view mode would e l i m i n a t e  some o f  t h e s e  
p rob lems .  

I n  a d d i t i o n ,  n o t  a l l  o f  t h e  s a t e l l i t e s  w h i c h  a r e  i n  o r b i t  
now would  h a v e  t h a t  c a p a b i l i t y ,  would  n o t  b e  a b l e  t o  h a v e  t h e  
s e l e c t i v e  a v a i l a b i l i t y  a p p l i e d  t o  t k e m ,  I t ' s  o n l y  t h e  l a s t  one  o r  
t w o  s a t e l l i t e s  w h i c h  h a v e  b e e n  l a u n c h e d  w h i c h  h a v e  t h a t  
c a p a b i L i t y ,  a s  we l l  a s  t h e  f u t u r e  o n e s .  T h o s e  a l r e a d y  i n  o r b i t  
w i l l  a t i l l  p r o v i d e  t h a t  c a p a b i l i t y  f o r  f i v e  o r  t e n  y e a r s  -- t h e i r  
l i f c t i m e .  T h e r e  a r e  some c l o u d s  on t h e  h o r i z o n ,  b u t  i t ' s  n o t  t h a t  
baJ.  The s y s t e m  w i l l  e v o l v e  and ,  I t h i n k ,  k e e p  g o i n g .  

'IR. BUISSON: L e t  me a d d  o n e  t h i n g .  T h e  s e l e c t i v e  a v a i l a b i l i t y  
c a p a b i l i t y  w i l l  e x i s t ,  b u t  t h e r e  i s  a c h a n c e  t h a t  i t  w i l l  n e v e r  
happen.  

M R .  B A K E R :  Thank you. I h a v e  a n o t h e r  q u e s t i o n :  On your  commerc in l  
s a t e l l i t e ,  you d i d n ' t  l i s t  t h e  c o s t  c f  t h e  s a t e l l i t e  u s a g e .  

M R .  KLEPCZYNSKI: T h a t  i s  d i f f i c u l t  t o  g e t  a h a n d l e  o n ,  Some o f  
t h e  new t e c h n i q u e s ,  i n  p a r t i c u l a r  t h e  s p r e a d  s p e c t r u m  modem, o n l y  
n e e d  o n e  f o u r  m e g a h e r t z  w i d e  v o i c e  c h a n n e l .  You d o n ' t  n e e 3  t h e  
number  o f  c h a n n e l s  t h a t  you n e e d  f o r  a  TV b r o a d c a s t  o r  a n y t h i n g  
l i k e  t h a t .  T i m e  c o s t s  a b o u t  f i f t y  d o l l a r s  p e r  h o u r  o r  l e s s  b u t ,  
f o r  t ime t r a n s f e r ,  you w o u l d n ' t  b e  on  t h e  a i r  f o r  an  h o u r .  A l l  
you would  h a v e  t o  b e  on would  b e  f i v e  o r  t e n  s e c o n d s ,  c r  maybe 
f i v e  m i n u t e s  i f  you wanted i t  t o  be  r c n l l y  good.  

T h a t  p a r t  o f  t h e  c o s t  i s  r e l a t i v e l y  m i n o r .  I t ' s  t h e  i n i t i a l  
c a p i t a l  c o s t  which wokld b e  t h e  b i g g e s t  p rob lem.  

SAM W A R D ,  JET i'ROPULSION LABORATORY: I t h i n k  i t  s h o u l d  b e  
emphasized a l s o  t h a t ,  a l t h o u g h  h i g h l y  b r e c i s e ,  t h e  l a s e r  and V L B I  
t e c h r i q u e s  c a r r y  a h e a v y  b u r d e n  i n  t h e  a p r i o r i  l e v e l  o f  t i m e  
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i n d i c a t e d  t h a t  t h e r e  a r e  g o i n g  t o  b e  v e r y  f e w  c e n t e r s  w i t h  t h a t  
c a p a b i l i t y .  
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ABSTRACT 

Tel ecomn~unicat i on  netwarks o f  t ime d i v i s i o n  switches, interconnected by 
d i q i t a l  transmission are heing put i n t o  place. A t  each switch, each 
incoming b i t  stream i s  brought i n t o  i t s  own bu f fe r .  Then the clock i n  
the  switch "reads" each buf fer  t o  re -es tab l i sh  phase. Care must be 
taken t o  keep frequency d i f fe rences  betwzen various clocks from becominq 
too 1 arge, other-wise hb:"fers w i  11 underlover f low at an unacceptably 
h igh  rate,  Rated on emp i r i ca l i y  defined data transmission reqcirements, 
one major n e t ~ o r k  has determined tha t  f r a c t i o n a l  frequency i nequa l i t y  
between switches should be no worse than 1 . 7 ~ 1 0 * ' ~ .  

A network needs near frequency equa l i t y  between i t s  own switches, and 
a lso between i t s   itches and other networks w i th  which i t  in ter faces.  
Frequency accuracy - per Fe - i s  not required, hut as a p r a c t i c a l  
matter, the best way t o  achieve needed frequency e q u a l ~ t y  i s  f o r  each 
network have master clock w i th  an accuracy which i s  at  l eas t  as qocd 
as 1X10-i8. ?o be c e r t a i n  t ha t  t h i s  accuracy i s  achiev9d the  
master clock i n  each network should be based on a s iqnal  frwt a cesium 
source. 

Cesium sources f o r  the purpcse of prov id ing , : .> ' : r4 ,  ~ ' d c k ,  f a l l  i n t o  two 
categories: 

1) Cesium standard on s i t e .  
2 )  bzsium based siqnal d i s t r i b u t e d  v i a  some transmission medium. 

Concerns of  systems designers are tha t :  
A )  The master signal he t i e d  t o  a proper ly  funct ion ing cesium 

standard. 
3 )  I f  master sipnal i s  los t ,  the secondary clocks be of 

s u f f i c i e n t l y  low aging tha t  they fr e-run at l eas t  a week before 5 t h e i r  accuracy degrades below 1x10- . 
The accsrzcy of a properly f cnc t inn inq  c o m ~ r c i a l  Cs bean standard i s  no 
worse than about 1x10' , The master/secondarg system must he 
designed such tha t  the accuracy of  the master can be ve r i f i ed .  

The paper discusses the r e l a t i ~ n s h i p  between the master and the 
secondary clocks. The quest ions of  master clock accuracy and prec is ion  
and the free-running c a p a h i l i t y  o f  the secondary clocks w i l l  be 
examined. 



I NTROOUC T I ON 

U n t i l  recent ly ,  t he  t ime and frequency (T&F) requirement of t he  
commercial commirnications i ndus t r y  was almost t o t a l l y  1 im i ted  t o  quar tz  
o s c i l l a t o r s  of low t o  medium q u a l i t y .  This s i t u a t i o n  i s  chanqing very 
r ap id l y .  There now ex i s t s  a s i g n i f i c a n t  need f o r  atomic standards and 
hiqh-qua1 i t y  quar tz  o s c i l  1 ators. There are two reasons f o r  t h i s :  

1. V i t a l  por t ions o f  most major networks are now, o r  soon w i l l  be, 
d i q i t a l .  

2. The breakup ( d i v e s t i t u r e )  o f  the Re11 System and associated chanaes 
i~ the industry.  

The hreakup o f  the B e l l  System i s  a major add i t i ona l  step i n  t he  redera1 
government I s  encouraqement o f  compet i t ion i n  the telephone indust ry .  
This general encouraqement p lus  one very spec i f i c  aspect of the  
d i v e s t i t u r e  dec is ion are o f  great importance i n  t h e  i ndus t r y ' s  needs f o r  
TbF capabi 1 i t y .  D i v e s t i t u r e  spec i f  i c a l  l y  requ i res  "Equal Access." What 
t h i s  means i s  that, f o r  any ca r r i e r ,  t he  cost o f  access t o  a lcnq-haul 
( lonq distance) network and the q u a l i t y  o f  t h a t  access must he equal t o  
tha t  o f  any other c a r r i e r .  

So cornpetit i on  and s p e c i f i c a l  l y ,  Equal ?,ccess, press f o r  a widespread 
improvement i n  T?tF capahi 1 i t y  and spec i f i c  c h a r a c t e r i s t i c s  o f  d i q i  t a l  
communications de f ine  t he  q u a n t i t a t i v e  requirement. 

I n  most, i f  nnt a l l ,  2 x i s t i n p  and planned commercial networks, huffer 
in te r faces  are used on each incominq trunk o f  a d i q i t a l  switch. That 
is,  i t  i s  not a t o t a l l y  synchronous network--phase i s  re-estab l  ished a t  
each switch. 53 even though t he  networks w i l l  be d i q i t a l ,  the  use of 
buf fers at  each switch means t ha t  i t .  i s  on ly  frequency equal i t y  (near 
equa l i t y )  t h a t  i s  needed. (We t h i nk  t h a t  t h i s  may not  he t r u e  i n  the  
f u tu re  because there are advantages t o  a t o t . a l l y  synchronous system.) 
Since t he  network w i l l  he d i q i t a l ,  t he  requirement i s  that ,  as they  pass 
th ro~ igh  the switches, the var ious h i t s  must have a d e f i n i t e  t ime (phase) 
r e l a t i o n s h i p  t o  one another. This i s  achieved at  each swi tch by t he  
loca l  clock i n  the switch t h a t  sequen t i a l l y  "reads out"  the bu f f e r s .  I f  
the  r a t e  o f  t h i s  l oca l  c lock i s  no t  equal t o  t h a t  o f  the incoming b i t  
stream, then the bu f f e r s  w i l l  q radua l l y  under/over f low. 

By empi r ica l  tes ts ,  the B e l l  System determined t h a t  data customers 
incurred anacceptahle deqradat ion  i f  s l  i p  r a t e s  (buf r overlunder f low 
ra tes )  went beyond ahout one T-1 frame i n  20 hours. I! ( A  T-1 
s i ~ n a l  i s  communications t r a f f i c  i n  a c e r t a i n  d i q i t a l  format whose r a t e  
i s  1.544 Mh/s and whose frame lenqth i s  193 b i t s  (125 microseconds) 
lonq.) This correspo ds t o  an end-to-end f r a c t i o n a l  fi-equency 9 dif ference of 1.7X10' . Assuminq t ha t  the  f requencies o f  t he  nodal 
c locks ?re randomly d s t r i b u t e d  about some nominal value, the  probahle 4 o f f s e t  I S  about 1x10' t o  cause s l  ippaqe at  the  l eve l  where 
co r rec t i ve  act ion needs t o  he taken. 



Freauency accuracy, per se, i s  not required. Rut, as a p rac t i ca l  
matter, achi ev i  nq frequency accuracy i s  the mast cost-ef f z c t  i ve  means 
o f  acheivina the needed frequency equal i ty .  I f  311 users take t h i s  
approach, which they seem t o  he doinq, then each one w i i l   chie eve both 
compat ahi 1 i t y  and autonomy. 

I f  compatahi l i ty i s  t o  he achieved, every node (swi tch)  i n  a qiven 
network which i s  t o  in ter face w i th  a node i n  an ther  network must have 8 f rac t iona l  frequency accuracy of at l ~ a s t  1x10' . From a metrology 
viewpoint, one would 1 i k e  t o  have a reference whose accuracy i s  of t he  
order of ten times be t te r  thdn those d ices which are t o  be fll cont ro l  ledlmasured, i .e., ahout 1x10' . 

FURTHER CONS I DERATIONS 
ON NETWORK FREQUENCY REQUIREMENTS 

For rnost users o f  TltF equipment, t h e i r  major husiness i s  something else, 
e.q., telephony--and they want t o  keep i t  that  way. This means tha t  
idea l ly ,  a l l  equipment should a r r i v e  fry the manufacturer on frequency, 
and i t  should stay w i t h i n  one pc-t i n  10 fo r  many months. When 
recal  i b r a t i o n  i s  required, i t  should he pe r fo rm4  at low cost by people 
who have no p a r t i c u l a r  exper t ise w i th  T&F technoloqy. 

The r e a l i t y  of the ~ ( i t u a t i o n  i s  tha t  a quartz o s c i l l a t o r  whose aaqinq 
r a t e  i s  about 1x10- /day w i l l  be out o f  frequency tolerance i n  a 
few weeks i f  l e f t  t o  free-run. Such an o s c i l l a t o r  (known i n  the 
telephone industry  as a Stratum 2 o s c i l  l a t o r )  i s  near the top of the 
1 ine  i n  comnercially avai lab le quartz osc i l l a to rs .  As a p ra t  i c a l  
matter, t h i s  means tha t  i n  any major network, there must he a minimum of 
at least  one atomic frequency standard. We be1 ieve tha t  these sources 
should be based on cesium. That i s ,  i t  should he a cesium standard on 
s i te ,  a GPS (Glohal Pos i t ion inq  System) receiver, or  a loran-C receiver .  
With one such cesium master clock and su i tab le  transmission l i n e s  t o  the 
other nodes tha t  in te r face  with the outside networks, an avtonomous 
nntwork o f  minimal frequency capability can h~ assembled. The remainder 
cjf t h i s  paper i s  a discussion of what l's meant by "su i tab le  transmission 
1 ines" and "mininial frequency capabil i t y . "  What we w i l l  sketch out i s  
tha t  the design of an optimum TtF network, hased on the c r i t e r i o n  o f  
ove ra l l  communications network p ro f  i t a h i l  i t y ,  i s  a ra ther  qeneral 
systems problem. One s ign i f i can t  fac tor  i n  the analysis i s  t o  t r y  t o  
x c o u n t  f o r  the qeneral unease o f  the telephony industry  at havinq t o  
deal w i th  sophist icated T&F considerat ions. 

Figure 1 i s  intended t o  make three points:  

1. I n  a b i g  network (e.g., a network coverinq most of the  U.S.) some 
5:itches can be adequately slaved o f f  ). given master, hut  not a1 1. I n  
the f iqure, the ~ o l  i d  1 ines j o in ing  nodes/ switches are short-haul 
( l o c a l  d i s t r i b u t i o n )  paths tha t  t y p i c a l l y  are less than 10 mi les  long. 
The broken paths are long-haul, f o r  example, a s a t e l l i t e  path. Whether 
a path i s  su i tab le  t o  t ransfer  master clock depends on four things--the 



qual i t y  o f  the slave osc i l  l a to r ;  the  i n s t a h i l  i t y  tha t  the path adds t o  
the transmitted signal;  the cot ~f using a por t ion  o f  the bandwidth o f  
t ha t  path f o r  sendinq the TLF . 331; and the rea l  i b i l  i t y  o f  the path. 
It i s  not our purpose t o  discus, these th ings i n  de ta i l ,  both because o f  
lack o f  space and because i t  could only  be hypothet ical  s ince the 
optimum so lu t ion  for each 1 i ~ k  of a given network depends on the present 
and fu tu re  cor~ipet i t ive s i t u a t i o n  for  tha t  network. It i s  useful, 
however, t o  q ive an example: Assume tha t  the l i n k  between two nodes 
say, switches 1 and 2 o f  Network E, i s  a s a t e l l i t e  path. If "clock" i s  
t o  be passed from switch 2 t o  switch I, t h ~ c  the slave clock at switch 1 
must have a s u f f i c i e n t l y  low aqinq r a t e  t o  average out the doppler s h i f t  
due t o  s a t e l l i t e  motioo. The rrotion i s  approximately per iodic  w i th  a 
per iod o f  one d . If  the qoal i s  that  the clock at. switch 1 nsver he 
more tha t  ~ X ~ ( ? - ' ~ a w a ~  from t master thpn i t s  aoinq r a t e  w i  11 
have t o  he be t te r  than lXIO"'/day. The reason i s  that  the 
iock-loop time constant cannot be shorter than one day. 

I n  summary, one o f  the major considerat ions i n  decidinq whether t o  slave 
a clock located a t  the end of a given transmission path i s  t o  examine 
the t rade-of f  between slave-clock q u a l i t y l c o s t  and s t a b i l i t y l r e l i a h i l i t y  
o f  the path. 

2. The f i q u r e  i s  drawn t o  i nd i ca te  tha t  i t  i s  unadvisable f o r  one major 
network t o  take i t s  master clock f r a n  another major network. For 
example, w i th  the connections as shown, consider what would hapj1en if 
Network A took i t s  clock from e i t h e r  Network R or C. If the signal qoes 
away ( f o r  whatever reason) Network A w i l l  not be able t o  serve i t s  own 
in te rna l  needs or have d connection of adeauate q u a l i t y  t o  the 
s t i l l - f u n c t i o n i n q  "other" network. We bel ieve tha t  every major 
lonq-haul network should have i t s  own (autonomous) cesium-hased master 
clock at at leas t  one node. 

3. We bel ieve i t  w i l l  be very common f o r  a switch o f  a laroe p r i va te  
network t o  be interconnected w i th  two or more lops-haul ca r r i e rs .  (See 
"Customer 4" i n  the f i qu re ) .  Such a customer may or may not wish t o  
take clock from one o f  these c o n e r c i a l  ca r r i e rs .  I n  any event, i t  
again points  up the need f o r  qood freqtrency equa l i t y  between a l l  
par t ies - -pr iva te  as we1 1 as comrtercial. 

What about the qual i t y  o f  the slave clocks? I n  the commercial networks, 
any d i g i t a l  switch s i t e  tha t  d i r e c t l y  i n t e r f a c ~ s  w i th  (no in terveninq 
switch) a d i a i t a l  switch f a competinq c a r r i e r  should have a clock tha t  
aqes ,lo r r s e  than lXIO-'*/day, t ha t  i s ,  a Stratum 2 clock. U i t h  
a slave o f  t h i s  q u a l i t  i f  the master i s  lost ,  frequency accuracy a t  
l eas t  as good as l X l ~ - " w i  11 he maintained f c r  rt leas t  one week. 
This w i l l  probably be s u f f i c i e n t  t ime t o  res tore  the naster.  



We tu r t i  now t o  t he  idea of " n i n i r n ~ i  f req i~er lcy  cnpahi l  i t y "  ra ised  
e a r l i e r .  We said  there t h a t  a  s i n q l e  source o f  "cesium" at  j u r t  one 
q i t e  was in in ina l .  La te r  we ind ica ted  that ,  i n  a very larclt. nt.twork, 
sevet a1 s i t e s  wnu!d prnhahly need t h e i r  own master c lock.  Ne ? lso  t h i n k  
tha t ,  f o r  a t  l eas t  one s i t e  i n  each n f  t h e w  networks, it a i l 1  prove 
very va l~ !ah lo  t o  have a dual "cesium" source. 
T ~ P  need fo r  dual cesium i s  bassd on the  idea t ha t  the master c lnck 
neetis t o  he i nd i spc tah l y  accurate. If Master c1oct.s n f  any t ~ n  
switchez, o f  d i f f e r e n t  networks, are interconnected w i t h  one annt,tler, 
accuracy prnhably w i  11 he i n  auest ion. 

There are four ma,io! types of master c locks t h a t  are l i k e l y  t o  be found. 
They are: 

- Cesium Standard(s) on s i t e  
- The ubiquitous 1.544 Vb/s d i q i t a l  s iqna l  i n  t he  format known as 971 
- GPS rece i ve r  
- Lorac-C r e c i v e r  

Thc 851, GPS, and i o r a ~ i  opt ions are a? 1, n f  ccllrcc', ~ E S C ? ~  7n ~ O C ~ I J ~  

standards hut t he  users '  s i t e  i s  t y p i c a l l y  very remote from the  source. 
Also, the  s ianal  a r r i ves  i n  a  form ( a  for-mat) which r ~ q ~ r i r e s  prncessin:] 
i n  order t o  ex t r ac t  the f r e q ~ ~ e n c y  o f  the  cesium standards t h a t  l i t ?  

h ~ h i ~ d  them. (The ThF s iqna l  broadcast hy Stat.ion WVH o f  the Nat.iona1 
Rureau o f  Standards i s  a lso used i n  s o w  cases. Rut, due t o  the n l t u r ~  
of the s iqnal ,  the  a v ~ r a q i n g  t ime needed t o  acheive +ne requ i red  
p rec i s i on  w i l l  he lonqer than i s  convenient f o r  most userc.)  

Rut, f o r  a  wh i le  a t  least ,  the  means o f  ob ta in ina  master c lnck w i l l  
prnhably d i v i d e  i n t o  two ma,inr cateqor ies :  

1. The Re1 1 System Reference Freq11enc.v Nrtwork (BSRFN) and 

2 .  nther, where "o ther"  conc is ts  o f  on - s i t e  c ~ s i u m ,  o r  GVS, o r  Loran, 
n r  some cnrrlhination o f  these three. 

Thp BSPFN, which i s  owned and operat  d y ATRT Communications, has heen 
discussed i n  d e t a i l  i n  o ther  places. ?,?I It i s  im?ortant,, 
however, t o  sumrnariz~ i t s  essen t i a l  c h a r a c t e r i s t i c s :  It i s  hasen on a 
t r i a d  o f  cesium standards loca ted  i n  a  s i n q l e  neoqraphical l oca t ion .  
The s iqna l  i s  t ranspor ted i n  s inuso ida l  form t o  approximately 100 s i t e s  
throughout the  U. S., where i t  i s  terminated. 

These s i t e s  are 1ocat.ions o f  #4ESS -,wit.ches ( the  very l a rqe  d i q i t a l  t o l l  
swi tches o f  the AT&T loncl-hal~l  system). This s iqna l  hecorrles the  waster 
c lock f o r  each swi tch and, as such, i t s  frequency i s  ernhedded i n  t h e  D S 1  
t r a f f i c  streams t ha t  merqc! from these switches. F i n a l l y ,  some o f  these 
D S 1  streams terminate i n  other d i q i t i r l  switches which are pa r t  o f  the 
convent ional  telephone opr ra t  i n q  compmi es (These companies inc lude  the 
B e l l  Operat inq Companies [ROC'S) a m  what, p r i o r  t o  d i v e s t i t u r e ,  were 
krlown as the - 1ndepctic;ents.") The! fl kHz Four ie r  cornponent o f  t i iese 
s t w a n s  becomes the master cic:ck f o r  these switches. 



So now we have the s i t u a t i o n  of a qreat many BSRFN-derived master clocks 
interconnect ing wi th each other and the "other" based clocks i n  
neighborins networks, such as M C I  and Spr in t .  

There have been and w i l l  be cases where there is--or appears t o  be--an 
out o f  tc lerance frequency di f ference between switch pairs.  It w i l l  not 
be easy t o  determine which, i f  e i ther ,  o f  the switch clocks i s  i n  e r ro r .  
This i s  bec se the neasyfement needs t o  be made t o  an accilrac o f  at 
1 east 1x10-' (and 1x10- a t  in te rna t iona l  gateway s i t e s  7- 
And i t i s  because each ana everyone o f  these master clocks w i  11 have 
been transformed at least  once i n  i t s  pathway from i t s  o r i s i n a t i n s  
cesium standard. (Almost w i t h o ~ j t  exception i t  w i l l  on ly  be v i a  an 
incominq DS1 t r a f f i c  stream tha t  a switch w i l l  be able t o  access the 
frequency of i t s  neiqhhor. ) The noise which accompanies these 
transformations, and the associated transmission processps, w i l l  requ i re  
appropriate averaging times-- y p i c a l l y  f r a n  one t o  e ight  hours--to li achieve a prec is ion of 1x10- . 
We contend that, f o r  a t  leas t  one node i n  each major network, i t  w i l l  
prove very cost e f f e c t i v e  t o  have a means o f  
easily--unambiguously--determininq the accuracy of your own and .your 
neiahhor's clock. The way t o  do t h i s  i s  w i th  dual cesium capat j i1i ty r \ f  

siiL:;~r the CS!GF~ ur me C s i ~ o r a n  variety, and a DS1  i n te r face  tha t  
ext racts the clock f r a n  the incomino t r a f f i c  stream. 

I f  the intercomparison o f  such a dual cesium sy em shows a f rac t i ona l  3 i frequency d i f fe rence not m c h  la rqer  than 1x10- then, t o  a very 
h iqh  probabi l  i t y ,  both sources are ~ c c u r a t e  approximately 1x10- . 
A check of the incominq clock against one o f  the members o f  the duo w i l l  
then complete the tests.  A l l - i n - a l l ,  the resources spent t o  create a 
hiqh-qua1 i t y  frequency reference system f o r  a communicat ions network 
w i l l ,  i n  the long run, prove t o  be very cost e f fec t ive .  
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ABSTRACT 

This paper describes the TRAK Systems' GOES Satefiite 
Synchronized Time Code Generator. T94Y % = f e ~ ~  h=.= 
developed this timing instrument to supply improved 
accuracy over most existing GCZS receiver clocks. 
Integrating a classical time code generator with a 
GOES receiver combining the best of both. 

IWTRODUCTION 

During the last few years, several. GOES Satellitie Time 
Receivers have been designed by various manufacturers. All 
output time with accaracies of 2 milliseconCs or better (at 
least one has a reported accuracy of better than 1QO 
microsrconds) when locked to the satellite signal but all lack 
several features desired by many users. All known designs 
cannot output a usable time signal between power turn-on and 
signal acquisition. When synchronizatio~ with the satellite 
signal is lost, the accuracy of the time outputs degrades 
rapidly in many designs. The 1P?S output in several designs 
exhibits significant jitter during various microproces+or 
activities. Output options are very limited and speciai 
outputs are cot economical, 

There has been a significant interest to correct these 
deficiencies by providing a manually presettabie time code 
generator which can operate as a stand alone generator or 
fully synchronized to the satellite signal. Until now this 
could only be accomplished by purchasing two separate units 
from two suppliers. As r result of these problems, TRAK has 
designed a new timing instrument to correct these deficiencies 
in a single timing unit. 



PRODUCT DESCRIPTION 

TRAK Systems Model 8600 Satellite Synchronized Generator is a 
precision time oignal generator with an internal CCES 
satellite rsceiver used Lo synchrcaize the generator. The 
single 1-3/4-inch high r a w  mounca3le inst,ru~ent provides for 
both a satellite synchronized timo signal aenerator or a 
manual front panel settable time signal generator. 

This Synchronized Qeneratnr was designed to provide an 
accurate time source when synchronized to t,he GOES Satell~te. 
It also will function as a local time source ~ h e c  
synchronization is impossible. 

This unit generates time by counting down either an external 1 
MHz input or using its internal temperature controlled oven 
crystal oscillator. W h e ~  syschroniz~d to the satellite 
slgnai, tl-,c5e count down registers are continuously 
synchronized to the satellite 100 Hz reference. In this mode, 
the time cf day accumulator will be set and periodically 
upd~ted  sing the satellite data. Initial setting may also be 
done manually to sroqide usable time outputs before the 
satellite data is acquired. 

The only required set-up mode parameters are Latitude and 
Longitude of the receiver site. These val~es are inputted via 
the front panel switches and stored in a non-volatile RAM. 
Time zoae offset may also be entered to dllplay and output 
local time. 

The UHF receiver is a completely shielded coherent synchronous 
digital dual converc'on receiver with automatic tuning for 
reception of both t h e  GOES East and GOES West satellites. The 
receiver is fully enclosed ir a metal case and located wi~hin 
the generator chassis. Signal enhancement and data detection 
is accomplished outside the receiver. Data and clock are 
inputted to the microprocessor for frame synchronization and 
data processing. 

A microprocessor is used to control various operations of the 
unit. It is used to examine the detected satellite data, 
provide frame synchronization, test data for bit errors, 
selest good data, calculate path delays, correct data for 
actual path delay, synchronize clocking freq~~ency to the 
satellite clock, provide for synchronous time update and 
provide for interface with R S 2 3 2  and IELE 488. 

Path delay calculationr are performed on initial acquisition 
and each time a change of satellite position is observed. The 
signal path delay is calculated with a resolution of one 
microsecond and with an accuracy of better than 10 
microeeconds. 



Tho time of year accumulator, its minor scaler (fxequency 
divieers), the parallel time outputs and the serial time code 
generator(r) are a11 hardware to provide macinum time signal 
accuracy and coherency. The lPPS is generated by a hardware 
divider chain from either the external 1 MHz or the intcrnal 
temperature controlled oven crystal oscillator. A 100 )iz 
digital phase lock loop is c~rrcctrd one microsecond at a time 
to maintain phase lock with the satellite 100 Hz signai. 

Time sigcal outputs provided are: 
Fully syochronizes lPPS output 
Farallel BCD with strobes 
IRIG B Mouulated time code 
IRIG B DC time code 
IZEE 488 I/O interface 
RS 237 I/O int.eriace 

Optional outputs include: 
Additional serial time codes 
Parallel binary codes 
Additional precision raLee 

A list of features are given in Table  1 with a general 
specification following. A block diagraw is in Figure 1. 

REFERENCES 

(1) GOES Satellite Time Code Dissemination by R.E. 
Beehler published in Proceeding of the Fourteenth Annual 
Precise Time and Time Internal (PTTI) Applic~tions and 
Planning Meeting, 
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Model 8600 Satellite Synchonized Generator key features: 

. Continuous Path Delay Correction 

Fully Synchronized 1 PPS Output 

. Internal Drop-In Receiver 

. Microprocessor Controlled 

. Receiver Location Eotered as Latitude and 
Lonqi tude 

. Hardwkre Frequency Divider, Time Acc~rnulator and 
Time Coda Generation Logic 

Displays UTC or Local Time 

. Displays All Set-Up Parameters 

. IRIG B Output 

. Optional Additional Time Code Outputs 

. Parallel BCD Time of Year Output 

. Optional Special Parallel Outputs 

. IEZE-4aa and RSZ32 1/0 Ports 

. Single 1-3/4" Chassis 

, Antenna Supplied 

. Satellite Status Outputs 

RECEIVER: Internal drop-in coherent synchronous digital 
UHF dual conversion receiver with automatic tuning fox 
the reception of satellite generated signals at 468.8250 
MHz and 468.8375 MHz. 

ANTENNA: Outside mast mounted antenna furnished with 
unit. 

SYSTEM SENSITIVITY: The sensitivity is suitable for 
proper operation when the viewing angle exceeds seven 
drgrres above the horizon under normal conditions. 

OPERATION MODES! A CPU suc%ioa supervises internal 
operation and allows the Receiver to synchronize the 
generator only after analyzing the received data for 
acceptable content. Once synchronized, time is 



continuously and smoothly corrected by tkacking the 
received 10" Hz signal and 3y makiny path corrections 
based on received data. Three operating mcdes are 
provided r 

SETUP iSU)r Permits entry of setup data sush as 
latitude, longitude, time zone, preset time. 

GENERATE! Unit generates time, including all rate, time 
code, and computer outputc, without srtmllite time 
synchronization. Time accumulation skartci from the time 
entered during SETUP. 

SYNC: Same as GENERATE except that Receiver provides 
time and frequency updates to the Generator once the 
Receiver is processing acceptable data. 

TIME BASE: The Model 8600 has a~ internal crystal 
oscillator and may also bu operated txom an external 1 
MHz standard. 

INTERNAL FREQUENCY STANDARD: 

Frequency: 10 MHz-9 
Aging rate: k2xlC per day -8 
Temperature stab~lity! i5x10 (0 to 60 deg C) 

EXTERNAL STANDARD INPUT: 

Frequency 1  MHz 
Impedanc,2: 50  ohms 
Amplitude: 0.5 to 10 volts peak-to-peak 
Waveshape: Slnewave ar squarewave. 

TIMEIDATA PRESETTING: Front panel thumbwheel switches 
allows for presetting the time in seconds through days. 
Latitude, longitude, and time zone correction data are 
also entered by these swit.cheo. 

TIME/SETUP/DISPLAYt Nine hiqh-intensity 0.6 inch planar 
LED indicators display time of year in days, hours, 
minutes, and seconds. In the Setup mode, these decimal 
indicators display setup parameters. Decimal points are 
used to indicate operating modes and status. 

TIME CODE OUTPUT: 

Format: IRIG B 122  
Marklsyace ratio! 2rl to Gll adjustable 
LevelsIDRIVE~ Adjustable 1 to 5 VPP into a 50 ohm 
level. 

~ P P S I  OUTPUT! 

Fully synchronized to satellite data clock 



Duty cycle; lo%., POSITIVE-GOINO AT ON TIME 
Levels/DRIVE: TTL levels into r 700 ohm load. 

PARALLEL BCD OUTPUTS: 

Format a BCD time of year in hundreds of 
microseconds through hundreds of days 

Levels/Drive; TTL levels into a 700 ohm load. 

BUILT-IN MONITOR: 

A built in monitor program provides data outputs via both 
IEEE-498 and RS-232 ports. The available output data 
are : 

Time in milliseconds through days 
Time of last synzhronization 
Last delay caiculatign 
Current data being received from satellite 

RS-232 INTERFACE: 

IEEE-488 INTERFACE: ( IEEE-480-1978 CONVENTIONS) 

POWER : 

105 TO 125 VAC 48 TO 440 Hz, 30 WATTS 

PHYSICAL: 

Width : 19 inches standard rack mour.3 
Height: 1-3/4 inches 
Depth : :9  inches 



QUESTIONS AND ANSWERS 

BOB HESSLBERTH, SPECTRACOM: What I s  t h e  p r i c e ?  

M R .  FOSSLER: T h e  i n t r o d u c t o r y  p r i c e  i s  $7,500.  I f  e v e r y  t h i n g  
g o e s  w e l l ,  we e x p e c t  t h a t  p r i c e  t o  d r o p .  T h a t  i n c l u d e s  t h e  
a n t e n n a .  

M R .  BUISSGN: When you s w i t c h  f rom t h e  e a s t  s a t e l l i t e s  t o  t h e  w e s t  
s a t e l l i t e s ,  do  you have  t o  a d j u s t  t h e  a n t e n n a ?  

M R .  FOSSLER: T h e r e  a r e  two ways t o  h a n d l e  t h e  a n t e n n a .  I f  you a r e  
i n  t h e  e a s t e r n  p a r t  o f  t h e  U n i t e d  S t a t e s ,  a n d  p o i n t  i t  i n  t h e  
r i g h t  d i r e c t i o n ,  you g e t  b o t h  s a t e l l i t e s .  If you a r e  i n  t h e  
c e n t r a l  o r  w e s t e r n  p a r t ,  we g i v e  you a  s e c o n d  a n t e n n a  and  you 
w o u l d  s w i t c h  w i t h  a  c o a x i a l  r e l a y  a t  t h e  t i m e  when you s w i t c h  
s a t e l l i t e s .  



THE TIME AND FREQUENCY COMPARISONS V I A  LORAN - C 

AND NATIONAL TV NETWORK I N  YUGOSLAVIA 

Zoran M. Markovie and S t i j e p o  Hajdukovie  

F e d e r a l  Bureau of  Measures and P r e c i o u s  Meta l s  
Mike Alasa  14 ,  11000 Be lg rade ,  Yugos lav ia  

ABSTRACT 

Many y e a r s  comparison r e s u l t s  o f  t h e  cesium 
c l o c k s ,  which a r e  done i n  t h e  Labora to ry  of  
F e d e r a l  Bureau o f  Measures and P r e c i o u s  Me ta l s  
a r e  p r e s e n t e d  i n  t h i s  pape r .  Regiona l  s t a n d a r d  
f requency  and t i m e  ~ i g n a l s  d i s s e m i n a t i o n  i s  
o v e r  N a t i o n a l  TV n-!-work by s o - c a l l e d  a c t i v e  
TV system. I n t e r n a t i o n a l  comparisons a r e  pe r -  
formed v i a  Loran-C system and  by c lock  t r a n s -  
p o r t a t i o n .  

The way o f  c a l c u l a t i o n  and approximat ion  of  t h e  
t i m e  s i g n a l  p ropaga t ion  d e l a y s  i n  t h e  aim 01 
t h e  c l o c k s  comparisons is  g i v e n .  S e t t l e d  compa- 
r i s o n  r e s u l t s  o f  t h e  cesium c l o c k s  v i a  TV n e t -  
work,  Loran-C, b o t h  o f  them and by c l o c k  t r a n s -  
p o r t a t i o n  a r e  a l s o  d i s c u s s e d  i n  t h i s  p a p e r .  

The aim o f  comparison and s y n c h r o n i s a t i o n  is  t o  
form and m a i n t a i n  t h e  Yugoslav t i m e  s c a l e .  The 
p r e s e n t e d  v a l u e s  of  t h e  UTC - UTC(YUZM) show t h e  
s t a b i l i t y  of  f rcquency  comparisons of  1 0 - l ~  f o r  
t h e  p r e s e n t e d  p e r i o d .  

INTRODUCTION 

I n  t h e  Labora to ry  o f  Fede ra l  Bureau o f  Measures and P r e c i o u s  
Metals t h e  Yugoslav pr imary s t a n d a r d  o f  t i m e  and  f r equenzy  is  
ma in t a ined  f o r  more than  e i g h t  y e a r s .  I t  c o n s i s t s  of  cesium beam 
t u b e  s t a n d a r d  and a rubidium g a s  c e l l  s t a n d a r d  a s  a backup. Com- 
p a r i s o n s  o f  o u r  pr imary  s t a n d a r d  i s  c a r r i e d  o u t  w i t h  t h e  i n t e r n a -  
t i o n a l  c l o c k s  a s  w e l l  a s  w i t h  t h e  cesium c l o c k s  owned by c e r t a i n  



i n s t i t u t i o n s  i n  Yugos lav ia .  These comparisons a r e  v i a  Loran-C 
sys tem,  N a t i o n a l  TV network and by c l o c k  t r a n s p o r t a t i o n .  

The measurement p r o c e s s  o f  comparisons is  f u l l y  au toma t i sed  b y  
u s i n g  t h e  microcomputer which i s  f o r  o u r  purposes  made i n  Yugo- 
s l a v i a .  I n  t h a t  way t h e  measurements o f  a p p r o p r i a t e  t: ',-, i n t e r -  
v a l s  have been c a r r i e d  o u t  e v e r y  day a y e a r .  

The TV s t u d i o  Be lg rade ,  Yugoslavia  began o v e r  t e n  y e a r s  ago  t h e  
e x p e r i m e n t a l  t r a n s m i s s i o n  of  t i m e  and s t a n d a r d  f requency  s i g n a l s  
by u s i n g  t h e  s o - c a l l e d  a c t i v e  TV sys tem,  which s e c u r e s  t h e  Time 
of  Coinc idence  e v e r y  second.  I n  t h i s  sys tem,  second p u l s e s ,  s t a n -  
d a r d  f requency  and t h e  coded t i m e  of  day a r e  a l l  d e r i v e d  from t h e  
cesium c l o c k  which i t s e l f  i s  l o c a t e d  w i t h i n  t h e  TV s t u d i o  premis-  
s e s . .  The p r i n c i p l e s  o f  t h i s  system was r e p o r t e d  on I X  PTTI, No- 
vember 1977. 11) 

CT'3CK COMPARISONS 

Ia:,r o u r  UTC t i m e  comparison w e  used t h e  s i g n a l s  t r a n s m i t t e d  from 
t h e  m a s t e r  s t a t i o n  o f  Medi te r ranean  Sea c h a i n  o f  Loran-C sys tem 
i n  S e l l i a  Marina,  I t a l y .  I n  o u r  everyday  work w e  compare t h e  c l o c k  
i n  o u r  Labora to ry  and t h e  clo~:!; i n  TV s t u d i o  Belgrade  (TVB) w i t h  
mas t e r  c l o c k  o f  Medi te r ranean  Sea  c h a i n ,  F i g u r e  1 ,  v i a  Loran-C 
system. A l so ,  v i a  TV network o u r  c l o c k  is compared w i t h  c l o c k  i n  
TV s t u d i o  Belgrade .  

F i g u r e  2 .  shows Coord ina t ed  Universal .  Time o f  o u r  Labora to ry  
UTC(YUZM) r e l a t i v e  t o  UTC ( B I H )  f o r  1000 days  a t  t h e  i n t e r v a l s  of  
t e n  days  a s  it would be s e n t  t o  B I H .  

The o r i g i n  o f  Coord ina ted  U n i v e r s a l  T i m e  (UTC) S c a l e  of  t h e  Fede- 
r a l  Bureau o f  Measures and P r e c i o u s  Me ta l s  o f  Yugos lav ia  UTC(YUZM) 
is  de te rmined  w i t h  t h e  d i x e c t  measurement by c l o c k  t r a n s p o r t a t i o n  t . .  

i n  Geneve, S w i t z e r l a n d  on December 21,  1981 ( M J D  44959.59).  

The second d i r e c t  measurement o f  UTC(0P) - UTC(YUZM1 by c l o c k  
t r a n s p o r t a t i o n  was i n  P a r i s ,  France  from June  26,  1934 ( M J D  45877.8) 
till June  2 9 ,  1984 ( M J D  45880.4) .  The t i m e  d i f f e r e n c e  on M J D  45877.8 
was UTC(0P) - UTC(YUZM) = -61.9 p s .  With t h i s  d i r e c t  measurement 
t h e  c a l c u l a t e d  v a l u e  of  t h e  t o t a l  t i m i n g  d e l a y  of Loran-C s i g n a l s  
h a s  been e x p e r i m e n t a l l y  provzd a g a i n .  For  t h e  p e r i o d  o f  o u r  e x p e r i -  
menta l  work, b e f o r e  t h e  c l o c k  t r a n s p o r t a t i o n  to Geneve w e  u sed  t h e  
c a l c u l a t e d  v a l u e  o f  t o t a l  t i m i n g  d e l a y  f o r  Loran-C s i g n a l s  which 
h a s  been c a l c u l a t e d  i n  o u r  Labora to ry  u s i n g  USNO r ~ c o m e n d a t i o n s  and 
M i l l i n g t o n  method f o r  secondary  phase c o r r e c t i o n s .  1 2 )  

To t h e  d a t a  o b t a i n e d  by t h e  t i m e  i n t e r v a l  c o u n t e r  measurements w e  
a p p l i e d  t h e  c o r r e c t i o n s  from USNO d a i l y  phase v a l u e s  and t i m e  d i f -  
f e r e n c e s  S e r i e s  4 of  UTC(tJSN0-MC) - Medi te r ranean  Sea  c h a i n  and 
from B I H  C i r c u l a r  D o f  VTC - UTC(USN0-MC). A l so ,  w e  s u b t r a c t e d  t h e  
v a l u e  o f  t o t a l  t i m i n g  d e l a y  w i t h  t h e  assumption t h a t  t h e  propaga- 
t i o n  d e l a y  between the Loran-C t r a n s m i t t e r  and o u r  r e c e i v e r  a r e  



c o n s t a n t  f o r  t h e  tine o f  o b s e r v a t i o n .  

The d a t a  p l o t t e d  on t h i s  f i g u r e  i n c l u d e  t h e  r e l a t i v e  p h a s e  va r i -  
a t i o n s  o f  r e c e i v e d  Loran-C s i g n a l s  and  t h e  f r e q u e n c y  d r i f t  o f  o u r  
c l o c k .  From t h a t  d a t a  o n e  c a n  o b s e r v e  t h e  s e a s o n a l  v a r i a t i o n s  o f  
t h e  p h a s e  o f  t h e  r e c e i v e d  s i g n a l s ,  which  i s  t h e  mos t  s t a b l e  i n  
summer. The maximum v a l u e  o f  t h e  t i m e  d i f f e r e n c e  between t h e  p l o t -  
t e d  d a t a  and t h e  a p p r o x i m a t e d  mean is  2 . 5  us ,  a n d  f o r  t h e  l a s t  
y e a r  it is  t y p i c a l l y  less t h a n  0.5 u s .  From t h i s  it i s  o b v i o u s  
t h a t  t h e  long- te rm s t a b i l i t y  i s  b e t t e r  t h a n  10-13.  

I n  t h i s  p a p e r  t h e  compar i son  o f  ces ium c l o c k s  u s i n g  t h e  t i m e  t r a n -  
s m i s s i o n  o f  t h e  a c t i v e  TV s y s t e m  is  a l s o  a n a l y s e d .  '.The d i f f e r e n c e s  
o f  t i m e  t r a n s m i t t e d  by  TV B e l g r a d e  r e l a t i v e  t o  t h e  UTC(YUZM)  f o r  
1040 d a y s  a r e  shown i n  F i g u r e  3 .  The v a l u e  o f  f r e q u e n c y  d r i f t  o f  
t h e  c l o c k  i n  o u r  L a b o r a t o r y  is  removed f rom t h e  d a t a ,  a n d  t h e  
d r i f t  shown on t h i s  f i g u r e  i s  of t h e  c l o c k  i n  TV s t u d i o  E e l g r a d e .  

T o g e t h e r  w i t h  t h e  e v e r y  d a y  c o m p a r i s c n s  of o u r  c l o c k  w i t h  t h e  
c l o c k  i n  TV s t u d i o  B e l g r a d e  v i a  TV n e t w o r k ,  c l o c k  t r a n s p o r t a t i o n s  
i n  c e r t a i n  t i m e  i n t e r v a l s  ( o n c e  y e a r )  i s  u s e d .  The o r i g i n  o f  
t i m e  s c a l e  which is t r a n s m i t t e d  v i a  TV ne twork  i s  d e t e r n i n e d  by  
c l o c k  t r a n s p o r t a t i o n .  D u r l n g  t h e  c o m p a r i s c n s  b y  c l o c k  t r a n s p o r t a -  
t i o n  c e r t a i n  s t e p  t i m e  c o r r e c t  i o n s  a r e  i n t r o d u c e d  i n  o r d e r  t o  
m a i n t a i n  t h e  t r a n s m i t t e d  t i m e  w i t h i n  t h e  + 30 p s  r e l a t i v e  t o  t h e  
UTC(YUZM). By c l o c k  t r a n s p o r t a t i o n  t h e  c a i c u l a t e d  v a l u e  of  t o t a i  
t i m i n g  d e l a y  o f  TV s i g n a l s  i s  e x p e r i m e a t a l l y  p r o v e d .  

Data  f o r  AT a r e  p l o t t e d  a t  t h e  i n t e r v a l s  o f  t e n  d a y s  and t n e y  
i n c l u d e  t h e  r e l a t i v e  p h a s e  v a r i a t i o n s  o f  t h e  s i g n a l s  r e c e i v e d  v i a  
TV ne twork .  

Compar isons  o f  t h e  c l o c k  i n  TV s t u d i o  Be1~;rade u s i n g  t h e  M e d i t e r -  
r a n e a n  S e a  chair1 o f  t h e  Loran-C s y s t e m  and  t h e  N a t i o n a l  TV n e t w o r k  
o b t a i n  t h e  d i f f e r e n c e  o f  UTC - UTC(TVB). F i g u r e  4 .  shcws t h e  t i m e  
d i f f e r e n c e  o f  UTC(TVB) r e l a t i v e  t o  UTC(B1H) f o r  1000 d a y s .  To the 
d a t a  p l o t t e d  a t  t h e  i n t e r v a l s  o f  t e n  d a y s  a x e  a p p l i e d  t h e  c o r r e c -  
t i o n s  from USNO S e r i e s  4 and  BIH C i r c u l a r  D i n  t h e  same way as it 
i s  p r e v i o u s l y  d e s c r i b e d .  The i n t r o d u c e d  s t e p s  i n  t r a n s m i t t e d  t i m e  
were removed f rom t h e  d a t a  by  c a l c u l a t i o n  i n  o r d e r  t o  make e a s i e r  
o b s e r v a t i o n  o f  r e l a t i v e  p h a s e  v a r i a t i o n s  o f  t h e  s i g n a l s  r e c e i v e d  
v i a  Loran-C a n d  TV n e t w o r k .  On t h i s  d a t a  t h e r e  i s  n o  i n -  u e n c e  o f  
t h e  p e r f o r m a n c e  o f  t h e  c l o c k  i n  o u r  L a b o r a t o r y ,  a n d  t h e  :'nown 
d r i f t  i s  o f  t h e  c l o c k  i n  TV s t u d i o  B e l g r a d e .  

On t h a t  way, b y  s i m u l t a n e o u s  c o m p a r i s o n s  o f  c l o c k s  o v e r  e a c h  
t r a n s m i t t i n g  p a t h ,  t h e  p a r t i c u l a r  p e r f o r m a n c e  o f  e a c h  c t s i u m  
c l o c k  c a n  b e  d i s t i n g u i s h e d  as w e l l  a s  t h e  i n f l u e n c e  o n  s t a b i l i t y  
o f  t h e  p a r t i c u l a r  t r a n s m i t t i n g  p a t h .  The s t a n d a r d  d e v i a t i o n  ( l o )  
measured by  t h e  c o u n t e r  i s  t y p i c a l l y  1 0  - 1 8  n s  f o r  t h e  compar i -  
s o n s  v i a  Loran-C and TV n e t w o r k ,  7 - 11 n s  f o r  t h e  c o m p a r i s o n s  
v i a  Loran-C s y s t e m  a n d  7 - : O  n s  f o r  t h e  c o m p a r i s o n s  v i a  TV n e t -  
work. Due t o  t h e  change  o f  o u r  TV r e c e i v o x  set w i t h  t h e  newly 



d e s i g n e d  one  t h i s  s t a n d a r d  d e v i a t i o n  f o r  t h e  compar i sons  v i a  TV 
network i s  now 3 - 6 n s .  Hence,  it can  b e  d i s t i n g u i s h e d  which  
t r a n s m i t t i n g  p a t h  h a s  t h e  g r e a t e r  u n c e r t a i n t y .  

CONCLUSION 

I n  F e d e r a l  Bureau o f  Measures and P r e c i o u s  Metals t h e  i n t e r n a t i -  
o n a l  compar i sons  o f  o u r  ces ium c l o c k  are per formed  v i a  Loran-C 
and b y  t h e  c l o c k  t r a n s p o r t a t i o ~ ,  and v i a  N a t i o n a l  TV ne twork  it 
is  c ~ m p a r e d  w i t h  o t h e r  cesium c l o c k s  i n  t h e  c o u n t r y .  The r e s u l t s  
o f  t h e s e  compar i sons  f o r  t h e  t i m e  of  o b s e r v a t i o n  from y e a r  1981 
till now are good enough f o r  t h e  m a i n t a i n i n g  o f  t h e  C o o r d i n a t e d  
U n i v e r s a l  Time S c a l e  UTC(YUZM1. Under such  c o n d i t i o n s  it i s  pos- 
s i b l e  t o  s t a r t  s e n d i n g  o u r  comparison r e s u l t s  t o  and i n t r o d u c e  
o u r  c o u n t r y  i n  Bureau I n t e r n a t i o n a l  d e  1' H e u r e .  
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ABSTRACT 

The Deep Space Network CDSN), managed by the 
.let Propulsion Laboratory for NASA, must main- 
tain time and frequency within specified 
limits in order to accurately track the space- 
craft engaged in deep space exploration. The 
DSN has three tracking complexes, located 
approximately equidistantly around the earth. 
Various methods are used to coordinate the 
clocks anong the three complexes. These 
methods include Loran-C, TV Line 10. Very Long 
Baseline Interferometry (VLBI.) , and the Global 
Positioning System (GPS). The GPS is becomlng 
increasingly important because of the accu- 
:acy, precision, and rapid availability of the 
data; GPS receivers have been installed at 
each of the DSN complexes and are used to 
obtain dally time offsets between the master 
clock qt each site and UTC (USNO/NBS). Calcu- 
lations are made to obtain frequency offsets 
and Allan variances. These data are analyzed 
and used to monitor the performance of the 
hydrogm masers that provide the reference 
frequencies for the DSN Frequency and Timing 
System (DFT). This paper contains: (I) a 
brief history of the GPS timing receivers in 
the DSN, ( 2 )  a description of the data and 
information flow, ( 3 )  data on the performance 
of the DSN master clocks and GPS measurement 
system, and ( 4 )  a description of hydrogen 
maser frequency steering using these data. 



I. INTRODUCTION 

't'he Deep Space Network (DSN), managed by the Jet Propulsion Laboratory for 
NASA, A S  a network of three complexes of antennas used to track spacecrzft. 
These complexes are located ap;rroximately equidistantly around the earth at 
Goldstone, California; Canberra, Australia; and Nadrid, Spain. Each of the 
complexes contains a frequency and timing system which provides the rcquir-.d 
frequencies and timing pulset throughout the complex. These three subsystem:; 
are a part of a network-vide DSN Frequency and Timing System (DFT). 

The process of tracking spacecraft engaged in deep space exploratioi~ requires 
3 highly accurate and stable timing system. Navigation parameters such as 
spacecraft range and relative velocity are obtained by measuring a radio 
:iignalOs round-trip light time and the doppler frequency shift of the received 
signal. Since the lung spacecraft distances involved result in long round- 
trip light times, one complex may need to hand over tracking tc the next 
complex before these mr?surements are completed. In eddition, Very Long Base- 
I ine Interferometry (VLBI ) and the ongoing study of iadio signal perturbations 
due to various causes (planetary occultations, solar wind electron density 
FLuctuatlons, gravitat tonal waves, etc. ) necessitates further requirements for 
a highly svnchronized and syntonized DFT. 

Presently, DFT requirements are to maintain tlme to within +20 micrcseconds 
with a knowledge of +I0 microseconds, and to maintain frequency to wlthin - + I  x 
10-l2 bf/f with a-knowledge of +3 x 10-13 Aflf. In addition, time 
~ynchronization must be maintained between the DSN and Ut~iversal Coordina'ed 
Time (UTC) to {LO microseconds, with a knowledge of +5 m5croseccnds ( see  Fig. 
I). The onticTpated need of the DSN for 1986-1990 is-for tlme synchronization 
of 10 nanoseconds between the station€ (Ref. 1). While this may not be real- 
izable, it seems possible to have knowledge of the time offset to within ~ L J  

nanoseconds. In general, the DFT shourd be able to provide a value of time 
and frequency offset for any given past date. (Date ic defintd here as a 
specific point on a time scale; e.g., 1 January 1972, 0 h, 0 m, 10 s UTC is i l  

date on the UTC time scale.) Therefore, the DFT must contir~ually estimate the 
time and frequency offsets as well as keep past estimates and data archived. 

T.C. FREQUENCY 'ND TIMING C611TROL SYSTEM DESCRIPTION 

Historically, the DF'I' has consisted of three fairly independent systems, ~ a c h  
located at one of the three complexes. Various traditional methods (clock 
trips, VLBI, and Loran-42) were used in an attempt to keep these three systems 
synchronized snd synton'zed with respect to each other. In 1983, using the 
GPS timing receivers, a tighter control system was designed (see Fig. 2). Thc 
system consist$: of GPS measurements, an analysis of the output of daily 
offsets, and, i f  needed, a frequency adjustment and/or clock reset. Using the 
GPS receivers, the DFT is capable of identifying changes in frequency on the 
order of 1 n 10-13 Aflf in a matter of a few days. 

The CPS receivers are queried weekly and a TWX message is i,~sued with the 
calculations of time and frequency offset. The time offeet of the Goldstonc 
complex with respect to UTC realized at the National Bureau of Standards 



[UTC (NBS)] is obtained fram NBS so that a calculation of the other compiexes 
with respect to UTC (NBS) can be made. The information is distributed about a 
week later. These data, as well as VLBI, Loran-C, and ~ther measurements, arc1 
used to determine what action st-ould be taken to keep the master clocks within 
their specified operating parameters. 

TII. GPS INSTALLATION AND COORDINATION 

In 1982, J?L installed two GPS timing receivers in the DSN. The receivers 
\Jere located in Goldstone, California and Madrid, Spain. The results of this 
installation were repo~ted in the Proceedings of the 14th Annual Precise Tim:? 
and Time Intervel Applications and Planning Meeting (Ref. 2).  Mutuai view 
observations were made and the time offsets were compared to those offsets 
c!erived from VLBI measurements. (In the mutual view technique, two or more 
receivers take time offset data from a spacecraft at the same time; ideally, 
:he elevation of the spacecraft above the horizon is the same when viewed from 
all of the receivers involved. ) 

in 1983, a receiver was installed at the Deep Space Station near Canberra, 
Australia. The plan was to use the Madrid receiver in Aastralia and provide 
only a single leg again, but the Madrid receiver proved so useful it was 
decided to lease a receiver from NBS so the two JPL-owned receivers could bc? 
cleplvyed overseas. By early 1933, JPL had an operating worldwide network of 
GPS receivers. The primary 1983 effort was to evzluate the California- 
Australia line. The results of this effort were reported in the 15th Annual 
Precise Time and Time Interval ~pplication and Planning Meeting (Ref. 3). 
Because of the great distances involved, both mutual view and flyover 
techniques were used, and comparisons were made using both VLBI and cloc'c 
i rips. 

The GPS timing receivers at the complexes receive a timing pulse from the 
station's master clock, which is referenced to station time by the receiver. 
Each of th :e receivers has a modem attached which may be queried remotely; at 
JPL a Hewlett Packard desk calculator (HP 9845) interfaces to a modem. (Zrl 
the continental United States the regular phone system is used to query the 
receivers; the intercontinental queries are made using the voice cammunication 
:,vstem operated by NASA.) This calculator is used to store the receiver daca 
on tape and to generate the weekly report of time offsets between the station 
clocks and between Goldstone and UTC (NBS). 

JPL uses the NBS time coordination service (Ref. 4) to relate the station time 
at Goldstone, California to UTC (NBS). These data are obtained in two forms-- 
NBS prqvides a monthly report, and daily offsets are available by telephone 
krom a computer at NBS. The NBS service provides the raw measurement data, a 
daily filtered estimate, a monthly filtered estimate, Allan variance plots, 
and other useful data about the performance of the JPL clock. This service 
eliminates the technical need for regular clock trips between JPL and NBS. 
The regular clock trips are still maintained, but they may be eliminated as 
operational confidence is gained in the pe 'ormance of the GPS timing 
receivers. 

In order to ensure that a time and frequency offset can be estimated for any 
past date, all of the data taken from the receivers are archived. Presentlv, 
t:he data accumulation rate amounts to about 2 megabytes per year. It is 
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estimated that a maximum rate would be 6 to 8 megabytes per year. This small 
amount of data is easily handled by a personal computer, while seteta1 .years 
of data can be stored on a hard disk and backed up using either flexible 
diskettes or magnetic tape. 

411 qf the data presented in this paper were taken ur ing the common view 
technique. For the data taken between Goldstone, California and NBS (located 
at Boulder, Colorado), the elevatior~ angles of the spacecraft were above 60 
degrees. The Goldstone, California to Madrid, Spain angle was usually 40 to 
45 degrees elevation--still quite high above the horizon. On the other hand, 
the mutual view between Goldstone, California and Canberra, Australi? was 
qpproximately 18 degrees above the horizon, which presents a substantial 
problem with respect to variations in group delay due to the earth's atmo- 
sphere. While these problems could be largely overcome by using a flyover or 
long-arc technique (Ref. 3 ) ,  because of computational difficulties, thi; 
method was not used as a normal procedure in 1984. 

As Fig. 3 demonstrates, the application of a Kalman smocther filter substan- 
tially improves the standard deviation for shorter sampling times on the short 
baseline (less than 1000 km) between Boulder, Colorado and Goldstone, Cali- 
fornia. The longer baselines between California and Spain and between 
California and Australia promise to show the same sort of improvement with the 
application of appropriate Kalman smoothers. 

Fig. 4 shows a comparison of the Allan variance of :he data between California 
and Australia and California and Spain. At 8 days both of the standard devia- 
tio.1~ are near in value to that of the shorter Boulder-Goldstone baseline. 
Presumably, the greater amount of noise associated with the California to 
Australin me;surement is caused by the low observation angles. An analysis 
shows a substantial amount of white phase noise, which implies that a Kalman 
smoother should help considerably. 

IV. ANALYSIS 

The synchronization and syntonization of the DSN master clock: is accomplished 
by analyzing the time offset data obtained from all available sources. These 
sources include the GPS, VLBI (interstation), Loran-C (Goldstone and Madrid), 
TV line 10 (Canberra!, and the local backup clocks at each station. (Time 
offset rates are a h ,  obtained from the GPS and VLBI measurements, but are not 
discussed in this paper.) These unfiltered time offset data and the datq 
provided by the NBS Time and Frequency Bulletin, the IJSNO Series 4 Bulletin, 
and NATMAP Bulletin E are entered into a computer database at JPL. Any 
events, whether occurring at the station, NBS or USNO, are noted in the da+a 
files. 

Estimates of frequency offsets for the clocks with respect to each other and 
to UTC (NBS/USNO) are made on a regular basis. These offsets are calculated 
by a least-squares linear fit on segments of the raw time offset data. The 
average tfme offset rate over the length of the fit segment is taken to be the 
relative ~requency offset between the clock oscillators. Thr standard devia- 
tion of linear fit residuals is also calculated to determine the confidence of 
the calculation. Second-order effects (frequency drift) are estimated by the 
changes in the average time offset rate over a period of time; this is more 



difficult to determine bcc,!tlse it requires relat ively long periods of unper- 
turbed clock operation. Because there have been both explainahle and 
inexplainable perturbations in the hydrogen maser operating frequency at al! 
of the stations, accurate determination of frequencv drift has not yet been 
possible. 

The results of the measurements and calculations are studied to determine how 
the master clocks are performing with respect to the specification iequire- 
nents. All known events are taken into account for this appraisal. For any 
unexplained time steps or frequency shifts, the station personnel are asked to 
1-rovide ally additional information which may help to uncover the reason for 
the behavior. Based on all of this information, time and/or frequency 
4djustments are proposed. 

The decision to change the output frequency of a hydrogen maser is made by .IPL 
personnel in charge of the standards. The method and the procedures to offset 
the frequency by the desired amount ace determined using the history of that 
particular maser. The station activity schedule is consulted to find a tim- 
~ ~ h e n  there will be minimal impact on operations, then a TWX containing infor- 
mation on the proposed adjustme~t is issued to the station and to interested 
..TPL personnel. This TWX includes a brief summary of the performance which 
prompted the action, the instructions for accomplishing the frequency adjust-- 
(*lent, and the station clock reset instructions (if any). After the work has 
been completed, the station confir~ns the operation by TWX. The clock perfor- 
ilance is watched closely after the procedure to determine hydrogen maser 
adjustment parameters and trerify accuracy. 

The results of the maintenance of time and frequency in the DSN using the GPS 
may be seen in the tine offset data shown in Figs. 5 through 8. The particu- 
lar timespan chosen (December 11, 1983 througn June 28, i984) is representa- 
tive of wh:~t has been accomplished with this system. All events and the 
results of the linear fits on the tinie offset data are presented in Tables 1 
through 3. [UTC (KHS) was chosen as a reference so that the events at each 
itation may be seep more clearly.] As is evident from the data, the hydrogen 
maser frequency standard clock at each complex has been maintained to wi.thi~~ 
1:i:e synchronization and syntonization requirements with respect to both an 
exteriial tine scale and to the other clocks in the DFT. 

3 goal in the implementation of the GPS was to allot1 more stringent 
frequency controls on each hydrogen maser. The results of four p1anne.l 
lrequency adjustments may be seen in Table 4. As is discussed under clock 
correction methods, only a synthesizer adjustment will vary the operating 
frequency by a precisely known amount. Therefore, the results seen in the 
table were considered successful. 

Of psrticular interest to JPL hydrogen maser standards personnel is the 
sensitivity of the standards to environmental changes in the field. Thc 
parameters most likely to vary and cause a disturbance are room temperature 
and the local magnetic field. Although the Deep Space Stations provide ;I 

controlled environment, there are occasional disturbances which are either 
unforeseeable or unavoidable. The events occurring at Goldstone on the 75t11 
day of 1984 (84075) and at Madrid (84080) are examples of this. There was an 
unplanned temperature increase in the maser room at Goldstone, accompanied by 



e x t e n s i v e  equipment movement i n  t h e  a d j o i n i n g  room, whic' may have a f f e c t e d  
t h e  magnet ic  environment. A t  Madrid, a m o d i f i c a t i o n  k i t  was i n s t a i l e d  i n  t h e  
inaser and a cesium c l o c k  was removed from a n ~ i g h b o r i a g  rack .  There  was a l s o  
some a c t i v i t y  i n  t h e  room i n  Canberra which may have a f f e c t e d  maser b e h a v i o r ,  
a l t h o u g h  t h e  e f f e c t s  a r e  no t  as d e f i n i t e .  A s  more d a t a  a r e  c o l l e c t e d  and 
c o r r e l a t e d  t o  t h e  changes i n  t h e  o p e r a t i n g  envi ronment ,  e f f e c t s  can  be 
p r e d i c t e d  and a p p r o p r i a t e  s t e p s  can  be t aken  t o  p reven t  d i s t u r b a n c e s .  Planned 
upgrades  t o  t h e  f requency s t a n d a r d s  rooms and more s t r i c t l y  l i u i  tcd  a c c e s s  to 
tnese a r e a s  w i l l  improve t h e s e  s i t u a t i o n s .  

The maser f a i l u r e  i n  Madrid (84054) is  f o r t u n a t e l y  a  r e l a t i v e l y  r a r e  
occu r l ance .  I n  t h i s  c a s e ,  t h e  problem was found t o  be a margi r la l ly  low 
hydrogen p r e s s u r e  s e t t i n g .  A f t e r  t h e  p r e s s u r e  was i n c r e a s e d ,  t h e  maser 
r e t u r n e d  t o  normal o p e r a t i o n  w i t h  no  f requency change. C u r r e n t l y ,  t h e  DSN has  
o n l y  one hydrogen maser a t  each  s i t e ;  backup is p r o l ~ i d e d  by a cesium 
s t a n d a r d .  An a d d i t i o n a l  hydrogen maser i s  planned f o r  each  l o c a t i o n ,  and t h i s  
w i l l  minimize t h e  impact t o  d a t a  q u a l i t y  i n  t h e  e v e n t  of a  prolonged maser 
f a i l u r e .  

The behavior  of t h e  hydrogen maser i n  Canberra is l e a s t  unders tood.  During 
t h i s  t imespan t h e r e  were no  known e v e n t s  which would have produced f requency 
,:hanges except  f o r  t h e  f requency ad jus tmen t s  a t  NBS. T h i s  p a r t i c u l a r  maser 
had undergone work a t  t h e  Smithsonian I n s t i t u t i o n  A s t r o p h y s i c a l  Observa tory  
(SAO) and was r e t u r n e d  t o  t h e  s t a t i o n  on 83320. From t h e  GPS d a t a ,  i t  appea r s  
t o  have decreased  i n  f requency u n t i l  approximate ly  84120. ( I n  t h e  p a s t ,  t h e  
u s u a l  a g i n g  r a t e  s e e n  i n  a n  SAO maser was +3 t o  +5 x 1 0 - ~ ~ / d a ~ . )  Even w i t h  
a  f requency a g i n g  r a t e  of on ly  +1 x 10-15/day, t h e  f requency o f f s e t  shou ld  
1..ave reached z e r o  i n  about  60 days. But t h e  t i m e  o f f s e t  d a t a  and t h e  
a s s o c i a t e d  l i n e a r  f i t s  show t h a t  i t  took approximate ly  150 days  f o r  t h i s  t o  
happen, which would correspond t o  an  ag ing  r a t e  of o n l y  +0.4 x 10-15/day. 
When t h e  NBS ad jus tmen t s  a r e  taken  i n t o  account  !they were made i n  t h e  
n e g a t i v e  d i r e c t i o n  f o r  t h e  most p a r t ) ,  t hey  show a n  even lower ag ing  r a t e  f o r  
t h e  Canberra maser. Table  5 shows t h e  r e l a t i v e  f requency 3 f f s e t s  when t h e  NBS 
changes a r e  remobed. The r e s u l t s  of  t h i s  c a l c u l a t i o n  show t h a t  t h e  maser i s  
n o t  e x h i b i t i n g  t h e  u s u a l  ag ing  seen  i n  t h i s  t ype  of maser ,  a t  l e a s t  no t  d u r i n g  
t h i s  t ime per iod .  It is  p o s s i b l e  t h a t  ag ing  e f f e c t s  a r e  appea r ing  a f t e r  
34122, but  i t  i s  d i f f i c u l t  t o  de t e rmine  wi thout  compar;son t o  a n o t h e r  e x t e r n a l  
s t anda rd .  

The r e l a t i v e  f requency o f f s e t s  ob ta ined  by t h e  calculz, , ions d e s c r i b e d  above 
a r e  compl ica ted  by s e v e r a l  f a c t o r s .  F i r s t ,  i t  is e s s e n t i a l  t h a t  a l l  t ime 
s t e p s  must be p r o p e r l y  noted  s o  t h a t  a  f i t  i s  no t  made ove r  any d i s c o n t i n u i -  
t i e s .  Second, t h e  f i t  t imespans  must be chosen carcbful ly s o  t h a t  mi s l ead ing  
in fo rma t ion  is no t  ob ta ined  because of f requency s h i f t s .  Both t h e  low and 
h i g h  f requency n o i s e  on t h e  d a t a  w i l l  cause  d i i f e r e n t  f requency o f f s e t  
r e s u l t s ,  depending on t h e  pe r iod  chosen f o r  t h e  f i t  ( s e e  f o o t n o t e  2,  Tab le  
2 ) .  Th i s  i s  e s p e c i a l l y  impor t an t  when de t e rmin ing  t h e  e f f e c t s  of any envi ron-  
menta l  changes on t h e  o p e r a t i n g  f requency.  There a r e  s i t u a t i o n s  where no 
cause  can  be found t o  e x p l a i n  a change i n  t h e  maser f requency (such  as t h e  
c a s e  i n  Madrid a f t e r  t h e  f requency adjus tment  on 84146) but  t h e  d a t a  cannot  be 
inc luded  a s  p a i t  of  t h e  p rev ious  f i t  segment. F u t u r e  GPS time synchron iza t io t l  



data should make it possible to see the more subtle changes in the behavior of 
a hydrogen maser. This information will allow more detailed analysis, leadin2 
lo the development of a more accurate time and frequency system to mcet more 
demanding future requirements. 

\I . FREQUENCY ADJUSTMENT METHODS 

;in important parameter when using the hydroger. maser to drive the complex 
clock is its long-term stability (ovrr several months). Due to cavity aging, 
ai~ost hydrogen masers have a small amount of Long-term drift; drift due ta a 
change in wall shift may add to or cancel part of the cavity drift. 10  
qddition, there are perturbations to the output frequency that are caused by 
changes in the ambient temperature, magnetic field, barometric pressure, 
humidity, etc. Constant monitoring and precise control of the maser's 
environment are essential to meet the vST specifications. 

3nce a maser is installed in its environment, the magnetic field bias and 
receiver offset synthesizer are set to previously deterr~inzd ialibratioil 
~alues. The maser cavity is then carefully tuned by the spin exchange method 
and the frequency offset from UTC (NPS) is measured. The cavity frequency is 
rhen offset by a specified amount in the opposite dire~tion of the drift 
(Fig. 9). This not only maximizes the frequency correction interval but als ) 
maintains the best average cavity frequency. Constant monitoriag will then 
determine if nonscheduled frequency corrections are required. 

The output frequency of a hydrogen maser may be changed by (1) cavity 
frequency adjustment, (2) receiver synthesizer offset adjustment, and 
( 3 )  magnetic field bias adjustment. The range and resolution of the magnetic 
field adjustment are adequate to steer the output frequency. This adjustment 
i-s generally not used for this purpose because of its difficulty. Rather, an 
optimum magnetic field bias is initially determined and maintained for 
calibration. This adjustment offsets the hydrogen line frequency. 

The receiver offset synthesizer adjustment is easily performed and does not 
disturb continuous operation of the maser if done in small increments (no 
phase steps are introduced). Resolution and range varies among maser types. 
The synthesizer is used to initially calibrate che maser's output frequency. 
Depending on the various systematic frequency offsets such as wall shift, each 
ciaser will have a unique synthesizer calibration setting. This adjustment 
offsets the receiver output from the hydrogen line frequency. 

The cavity frequency adjustment is easily performed in the field and 
continuous operation of the hydrogen maser is not affected. Resolution is 2 x 
10--I6 to 2 x 10-14, depending on the maser type. Range is 1 x 1 0 - l ~  to 
5 x 10-lo. Frequency change is instantaneous with varactor types or has a 
5- to 24-hour time constant wit5 thermal types. The cavity adjustment has a 
pulling effect on the llne frequency (pulling factor Q--cavity/Q-line). 



As previously mentioned, the cavity is initially tuned by the spln exchange 
qethod and the hydrogen maser is calibrated. Subsequent changes in hydrogen 
maser output frequency have been found to be due primarily to cavity aging and 
environmentally induced cavity shifts. Thus, it makes sense to correct a 
maser's frequency by readjusting the cavity only. 

During 1984, the method described above was used to steer the hydrogen maser 
with reference to UTC (NBS) using the GPS. Spin exchange tuning was performell 
about once a year in order to determine total cavity shift and long-term 
behavior of the hydrogen line with respect to UTC. 

31. PROBLEMS ASSOCIATED WITH THE PRESENT CONTROL SYSTEM AND PROPOSED 
SOLUTIONS 

h major problem is caused by noise factors and associated inaccuracies in the 
data. The GPS timing measurements have noise associated with them for several 
reasons. First, there is well-known noise that is intrinsic to the GPS (such 
as ephemeris errors, ionospheric errors, etc.). In addition, there is noise 
caused by the operation of the receivers; i.e., poor estimates of time offset 
are caused by an inexact mutual view, differences in elevation angles for the 
spacecraft at different receivers, and missing readings or readings averaged 
incorrectly. If a system of receivers is to he used to exploit the intrinsic 
;accuracy and precision of the GPS, more accurate coordination among the 
receivers is required and more sophisticated analysis of the data is needed. 

Over the course of the past year, about 20% of the days have had no GPS 
estimate of clock offset between the complexes provided by the GYS. The most 
comon cause of missing data was power outages at the complexes. The 
receivers normally store less than a week's data in the failsafe memory, so if 
ihey are queried only once a week and there is a power failure, some of the 
data will probably be lost. The Goldstone receiver was relocated to a tempo- 
rary location while major reconfigurations were being made at the Complex. 
This situation has now been changed and the receiver is presently in its 
permanent location, powered by an uninterruptible power system, as are the 
master clock and the frequency standards. It has become obvious that control 
must be improved over temperature and magnetic variations in the frequency 
standards environment. Security must be improved to limit personnel access to 
the area, and movement of equipment near the frequency standards. 

VII. CONCLUSlONS 

The CPS timing receivers have proven to be a cost-effective and reliable 
method to coordinate time and frequency to meet the requirements of the DSN. 
The performance of the master clocks was monitored on an almost daily basis. 
Frequency shifts and time jumps that were unexpected and in some cases 
unexplained were observed in the clocks. The hydrogen masers responded to 
frequency adjustments within the expected limits of knowledge of their 
performance behavior. Control of the time and frequency offset of the clocks 
was established to within the limits of the performance requirements of the 
DSN. It appears that with improved techniques the hydrogen maser master 
clocks can be controlled to much closer tolerances. 
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Tab le  1. Golds tone  v e r s u s  UTC (NBS) R e l a t i v e  Frequency O f f s e t s  

Event  Timespan Aflf  ( x  1 0 - l ~ )  Sigma 
(YYDDD) 

S t a r t  

Backup cesium s t a n d a r d  
o n l i n e  d u r i n g  maser  f r e -  
quency ad jus tmen t  ( s p i n  
exchange t u n e ) ;  t i m e  s t e p  
due t o  s w i  t chove  r 

Maser pr ime and c l o c k  
r e s e t  

NBS f r equency  ad jus tmen t  
of +0.88 x 10-14 

NBS f r equency  a d j u s t m e n t  
of -1.41 x 10-14 

Temperature change i n  
maser  room and equipment 
movement i n  a d j o i n i n g  room 

NBS f r equency  a d j u s t m e n t  
of -2.31 x 10-14 

Maser main tenance  i n  
r e sponse  t o  f r equency  
change on DOY 75 
(magnet ic  f i e l d  b i a s  
a d j u s t m e n t ) ;  time s t e p  
due t o  s w i t c h o v e r  

NBS f r equency  ad jus tmen t  
of -2.31 x 10-14 

GPS c l o c k  resynched  t o  
s t a t i o n  c l o c k  ( a t  t h i s  
s i t e  o n l y ,  t h e  GPS u s e s  a 
d i f f e r e n t  f r equency  
c o u n t e r  t h a n  t h e  s t a t i o n )  

NBS f r equency  a d j u s t m e n t  
of -2.31 10-14 

Maser f r equency  a d j u s t m e n t  
( c a v i t y )  and c l o c k  r e s e t  



T a b l t  2. C a n b e r r a  v e r s u s  UTC (NBS) R e l a t i v e  Frequency  O f f s e t s  

Even t  Timespan h f l f  (x lo'13) Sigma 
( YYDDD) 

Comment f; 

83346-84015 -0.61 0 .03  S t a r t  

1 84033-84060 -1.34 0.05 NRS f r e q u e n c y  a d j u s t m e n t  
o f  +0.88 x  

:! 84061-84091 .-1.51 0.09 NBS f r e q u e n c y  a d j u s t m e n t  
o f  -1.41 x 1 0 - l ~  

3 84092-84 12 1 -1.69 0.06 NBS f r e q u e n c y  a d j u s t m e n t  
o f  -2.31 x 10-.14 

f. 84 122-84152~ -1.22 0.05 NRS f r e q u e n c y  a d j u s t m ~ n t  
o f  -2.31 x 13-l4 

'i 84153-84172~ 0 .19 0.07 NBS f r e q u e n c y  a d j u s t m e n t  
o f  -2.31 x l 3 - l 4  

l l ~ a i n t e n a n c e  work was done  on t h e  backup ces ium c l o c k  l o c a t e d  i n  t h e  same 
v i c i n i t y  on d a y s  83-86 and 157. The e f f e c t  on t h e  maser  is unknown. 

??'he f o l l o w i n g  i s  a n  e x ~ n p l e  o f  how t h e  r e s u l t s  depend on t h e  t i m e s p a n  c h o s e n  
f o r  t h e  f i t :  



Tab le  3. Madrid v e r s u s  UTC (NBS) R e l a t i v e  Frequency O f f s e t s  

Event  Timespan ~ f l f ( x 1 0 - 1 3 )  Sigma 
( Y Y L 3 D )  

Comment r; 

S t a r t  

Maser f r equency  ad jus tmen t  
( c a v i t y )  and c l o c k  r e s e t  

NBS f r equency  ad jus tmen t  
of +0.88 x 10-14 

Maser s o u r c e  f a i l u r e ;  
maser  r e s t a r t e d  and c l o c k  
r e s e t  

NBS f r equency  ad jus tmen t  
of - l e 4 1  x 10-l4 

Maser m o d i f i c a t i o n  k i t  
i n s t a l l e d ;  cesium s t a n d a r d  
removed from nearby  r a c k  

NBS f r equency  adjustment. 
of -2.31 x 10-14 

NBS f r equency  ad jus tmen t  
of -2.31 x 10-14 

Maser f r equency  ad jus tmen t  
( c a v i t y )  

NBS f r equency  ad jus tmen t  
of -2.31 x 10'14 



T a b l e  4. R e s u l t s  o f  t h e  Hydrogen Maser Frequency  A d j u s t m e n t s  
(Change i n  R e l a t i v e  Frequency  w i t h  R e s p e c t  t o  NBS) 

D a t e  Complex Goal  R e s u l t  ( x  10-13) Method of  Adjus tment  
(YYDDD) 

83362 Madrid -8.5 -7.3 C a v i t y  f r e q u e n c y  

84009 G o l d s t o n e  -3.0 -2.2 M a g n e t i c  f  i e l d  , r e c e i v e r  
s y n t h e s i z e r ,  and c a v i t y  
f r e q u e n c y  ( s p i n  exchange? 
t u n e  

84144 Madrid -5.0 -4.6 C a v i t y  f r e q u e n c y  

134166 G o l d s t o n e  -8.4 -8.0 C a v i t y  f r e q u e n c y  

T a b l e  5. E f f e c t  o f  t h e  NBS Frequency  A d j u s t m e n t s  on t h e  
X a n b e r r a  Hydrogen Maser R e l a t i v e  Frequency  O f f s e t s  

NBS A d j u s t m e n t s  Tncluded NBS A d j u s t m e n t s  Removed 
Timespan ~ f / f  ( X  1 0 - l ~ )  A f / f  ( x  
(YYDDD) 
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Figure 8. Time Offset ,  DFT Systcn versus UTC (NBS), 
Showing A l l  Three Stations 
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QUESTIONS A N D  ANSWERS 

D A V I D  ALLAN, NATIONAL B U R E A U  OF STANDARDS: W h s t  w a s  t h e  
t e m p e r a t u r e  change :  P h i l ,  when you saw t h a t  f r e q u e n c y  change  on 
t h e  G o l d s t o n e  maser? 

M R .  CLEMENTS: Two d e g r e e s  C e l s i u s .  

A N D Y  JOHNSON, IJ. S. NAVAL OBSERVATORY: C o u l d  you p l e d s e  t e l l  t h e  
a u d i e n c e  what  k i n d  o f  env i ronment  your  m a s e r s  a r e  i n ?  

M R .  CLEMFNTS: T h e  m a s e r s  a r e  i n  a v e r y  w e l l  t e m p e r a t u r e  
c o n t r o l l e d  e n v i r o n n e n t .  T h e r e  is a  s e p a r a t e  a i r  c o n d i t i o n e r  t h a t  
k e e p s  t h e  t e m p e : - a t u r e  t o  22 d z g r e e s  C e l s i u s ,  p l u s  o r  m i n u s  0.1 
C e l s l u a  . 
M R .  BUISSON: Y O J  p r e s e n t e d  m ~ s t l y  f r e q u e n c y .  On t h e  t i m e  a s p e c t  
o f  i t ,  d o  y o u  h a v e  a n y  f e e l ,  when  y o u  w e r e n ' t  a d  j u s t j . n g  
f r e q u e n c y ,  how good your  time c o m p a r i s o n s  would be  be tween ,  s a y ,  
A u s t r a l i a  and G o l d s t o n e ?  

M R .  CLEMENTS: T h a t ' s  h a r d .  We made a  c l o c k  t r i p  l a s t  y e a r ,  and  
r e p o r t e d  i t  h e r e .  We had v e r y  good s s r e e m e n t ,  t o  w i t h i n  25 t o  50 
nanoseconds .  

What we a r e  t r y i n g  t o  do  now -- Sam Ward w i l l  t a l k  a b o u t  i t  
n e x t  -- i s  t o  u s e  t h e  w e e k l y  V L B I  b e t w e e n  t h e  s t a t i o n s  t o  c h e c k  
t h e  a c c u r a c y  o f  o u r  time t r a n s f e r s .  

A L B E R T  K I R K ,  JET PROPULSION LABORATORY: I d i d n ' t  u n d e r s t a n d  t h e  
l a s t  q u e s t i o n .  Could you e x p l a i n ?  

M R .  BUISSON: He s h o w e d  a  l o t  o f  p l o t s  o f  s l o p e s  o f  p h a s e ,  and  I 
was l o o k i n g  f o r  a b s o l u t e  a c c u r a c y  from a  p h a s e / t i m e  compar i son .  

M R .  W A R E :  The  f i l t e r  d a t a  s h o w s  a  r i s e  i n  n o i s e  a t  a  p e r i o d  o f  
f i v e  d a y s .  What c a u s e d  t h a t ?  

M R .  CLEMENTS: I d o n ' t  know. 

M R .  BUISSON: T h a t ' s  an h o n e s t  a n s w e r .  

D A V I D  ALLAN, NATIONAL B U R E A U  OF STANDARDS: T h e  Ka lman  s m o o t h e r  
isn ' t  a Kalmar! f i l t e r ,  i t ' s  r e a l l y  a  s m o o t h e r .  We m e a s u r e  t h e  
c h a r a c t e r i s t i c s  o f  t h e  p r o p a g a t i o n ,  t h e  GPS n o i s e  i f  you w i l l ,  
and t h e n  we a s s u m e  c e r t a i n  m o d e l s  f o r  t h e  c l o c k s .  T h e s e  m o d e l s  
a r e  n o t  p e r f e c t l y  we l l  known. I f  you a r e  t o t  m o d e l i n g  t h e  c l o c k  
p e r f e c t l y ,  you can  g e t  t h a t  k ind o f  a  hump i n  t h e  s i g m a - t a u  p l o t ,  
w h i c h  may o r  may n o t  be t r u e  t o  t h e  c l o c k .  I t t  a m o d e l  d e p e n d e n t  
c h a r a c t e r i s t i c .  I wouldn' t  p u t  t o o  much s t o c k  i n  t h a t  humping. 

I m i g h t  m e n t i o n  t h a t  t h e r e  have  been s e v e r a l  p o r t a b l e  c l o c k  
t r i p s  be tween  t h e  G o l d s t o n e  c l o c k  and t h e  Bou lde r  c l o c k ,  and t h e y  
a g r e e d  - -  a n d  you c a n  c o r r e c t  me i f  1 am w r o n g  --  by f i v e  
nanosecon?: , 



M R .  CLEMENTS: Yes, we m a k e  r e g u l a r  c l o c k  t r i p s  b e t w e e n  t h e  
N a t i o n a l  B u r e a u  o f  S t a n d a r d s  a n d  G o l d s t o n e ,  e v e r y  t w o  m o n t h s  
s u p p o s e d l y ,  a n d  we t a k e  t h e  r e a d i n g s  d i r e c t l y  f r o m  t h e  GPS 
r e c e i v e r .  We h a v e  come t o  w i t h i n  a f e w  n a n o s e c o n d s .  

M R .  BUISSON: T h a t  b o t h e r s  me. M r . K l o b u c h a r  t a l k e d  y e s t e r d a y .  He 
t a l k e d  a b o u t  t h e  d i f f e r e n c e  i n  t h e  i o n o s p h e r e ,  a n d  t h e  h o l e s ,  a n d  
h a v i n g  c o m p a r i s o n  t h a t  f a r  w i t h  d i f f e r e n t  times. Even  t h o u g h  i t 's 
common v i e w ,  y o u  a r e  l o o k i n g  a t  d i f f e r e n t  p a r t s  o f  t h e  s k y ,  a n d  
i t ' s  h a r d  t o  i m a g i n e  t h a t  y o u  a r e  r e a l l y  d o w n  t o  t h e  f i v e  
n a n o s e c o n d  l e v e l  I f  h i s  d r i f t  r a t e s  a r e  t r u e ,  u s i n g  a C A  o n l y  
c o d e .  

MR. CLEMENTS: We d o t i q t  g e t  down t o  t h e  f i v e  n a n o s e c o n d  l e v e l  w i t h  
t h e  o v e r s e a s  s t a t i o n s ,  o n l y  b e t w e e n  NBS a n d  C o l d s t o n e ,  w h i c h  i s  
less t h a n  a  t h o u s a n d  k i l o m e t e r s .  

M R .  KLEPCZYNSKI: I n  r e g a r d  t o  GPS t i m e  t r a n s f e r ,  i f  y o u  l o o k  a t  
t h e  d a t a  f i l e s  t h a t  we h a v e  i n  t h e  c o m p u t e r  -- a n d  I j u s t  d i d  
t h i s  a f e w  d a y s  a g o  t o  c o m p a r e  J a p a n  t o  t h e  U.S.N.0 -- i f  y o u  
t a k e  780 s e c o n d  a v e r a g e  p o i n t s ,  for t h r e e  or f o u r  d a y s  -- t h i s  is  
b e t w e e n  J a p a n  a n d  t h e  O b s e r v a t o r y  w h e r e  y o u  h a v e  a d a y t i m e  
s i t u a t i o n  o n  o n e  e n d  a n d  a  n i g h t t i m e  s i t u a t i o n  o n  t h e  o t h e r  -- 
y o u  see a s c a t t e r  o f  4 0  t o  50 n a r ~ o s e c v n d s  b e t w e e n  t h e  p o i n t s ,  
w h i c h  w a s  r i g h t  o n  t h e  m a r k  w i t h  t h e  n u m b e r s  t h a t  were q u o t e d  by 
K l o b u c h a r  y e s t e r d a y .  

M R .  CAPLAN, NAVAL RESEARCH LABORATORY: Y o u r  g r a p h s  s h o w  t h a t  
t h e r e  were s e v e r a l  a p p a r e n t  d i s c o n t i n u i t i e s  i n  f r e q u e n c y .  Did you 
c o r r e l a t e  t h e  d a t a  b e t w e e n  t h e  t h r e e  s t a t i o n s  i n  t h e  n e t w o r k  t o  
t r y  t o  i s o l a t e  t h e  c a u s e  o f  t h e s e  c h a n g e s  i n  f r e q u e n c y ?  

M R .  CLEMENTS: Yes, we c o n p a r e d  t h e  d a t a  a n d  t h i s  c l o c k  was t h e  
o n l y  o n e  w i t h  t h e  c h a n g e ,  so it was n o t  i n  GPS. 
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ABSTRACT 

To facilitate the navigation of spacecraft to the outer planets, Jupiter 

and beyond, the JI'L-NASA Deep Space Network (DSN) has implemented three 

ensembles of atomic clocks at widely separated locations (Coldstone, 

California/Canberra, Australia/Madrid, Spain). These clocks must be main- 

13 
tained, syntonized, to within a few parts in 10 of each other and, the 

entire group must be maintained, to a lesser degree, in synchronism with 

UTC (NBS/USNO). 

Over the last 1 1/2 years the DSN t.as been using Global Positioning 

Sstellites (GPS) and Very Long Baseline Interferometry (VLBI) technology to 

perfors these critical Frequency and Time (F6T) synchronization tasks. 

both techniques are required because: 1) Though VLBI techniques permit 

direct F6T measurements .n widely dispersed clocks, it is relatively insen- 

sitive to drift. Drift of the group away from UTC and second order drift 

of individual member clocks. 2) The present constellation of GPSs is quite 

sensitive to clock offset from UTC and to second order drift but si~ulta- 

neous direct measurements on widely separated clocks (Australia to Spain) 

cannot be made. 

This report covers a year of FCT synchronization data collected from the 

intercomparison of 3 sets of cesium and hydrogen maser driven clock en- 

semklea through the use of GYS and VLRI techniques. Also covered, are 

some of the problems met and limitations of these two techniques at their 

present level of technology.. 

ir 4 '7 



INTRODUCTION 

I n  o r d e r  t o  meet t h e  i n c r e a s i n g l y  h igher  accuracy demands of s p a c e c r a f t  
nav iga t ion  t o  t h e  o u t e r  p l a n e t s  (Uranus and Neptune), Deep Space Network 
(DSN) Operat ions  is implementing and t e s t i n g  improved and more a c c u r a t e  
frequency and time (F&T) technology. These FLT requirements  a r e  a n  o r d e r  
of magnitude more s t r i n g e n t *  than they were f o r  t h e  J o v i a n  p l a n e t a r y  
encounter.  The t h r e e  hydrogen maser (HM)/cesium (CS) d r i v e n  c lock  en- 
oembles were syntonized t o  each o t h e r  and t o  UTC (NBS) i n  l a t e  1980 [1 ,2] .  
Employing a technique developed by t h e  a u t h o r  t h a t  f i r s t  t r a n o f e r s  t h e  
C.133 hyper f ine  l i n e  t o  t h e  hydrogen l i n e  then,  a l l  subsequent syntoniza-  
t i o n  is accomplished through t h e  use  of t h e  hydrogen hyper f ine  l i n e  ( 3 ) .  
The s y n t o n i z a t i o n ,  s o  e s t a b l i s h e d ,  is being maintained through t h e  combined 
use  of f i v e  techniques  (GPS, LORAN, TV, Trave l ing  Clocks and VLBI). Th i s  
paper r e p o r t s  t h e  r e s u l t s  from one y e a r s  GPS and VLBI F&T d a t a  use  t o  
mainta in  s y n t o n i z a t i o n  v i a  d i r e c t  frequency measurements and,  by t h e  in te -  
g r a t  ion  of t i  m e  domain measurements. 

The Larger Frequency and Time System - 
For t h e  purposes of t h l s  r e p o r t l s t u d y  t h e  Very Long Base I n t e r f e r o m e t e r  
(VLHI) Time Sync System has  been i n t e g r a t e d  i n t o  t h e  Frequency and Time 
System. I r e f e r  t h e  r e a d e r  t o  Figure  1 which is  an i l l u s t r a t i o n  of DSN's 
VLBI Time Sync Data System. A t  t h e  p resen t  t ime,  t h e  Global  P o s i t i o n  
S a t e l i t e  (GYS) r e c e i v e r s  a r e  under an e v a l u a t i o n  s tudy  a s  a high p r e c i s i o n  
F&T d a t a  g a t h e r i n g  system. Figure  2 i l l u s t r a t e s  how t h e  GPS F6T sync 

ardware was conf igured dur ing  t h e  per iod covered by t h i s  r e p o r t .  The 
design was t o  provide f o r  r e g u l a r  and r o u t i n e  F&T d a t a  c o l l e c t i o n ,  provide 
conwnunication pathways t o  d a t a  r educ t ion  c e n t e r s ,  provide f o r  t h e  d i s t r i -  
but ion of t h e  reduced d a t a ,  i n  t h e  form of "quick look r e p c r t s "  v i a  TWXs 
t o  t h e  c o l l e c t i o n  p o i n t s ,  t o  t h e  F6T Network Operat ions  Analyst  (NOA) and 
t o  t h e  F&T system Cognizant Operat ions  Engineer (SCOE). 

The 6 Month Tes t  

Beginning e a r l y  i anuary ,  1984, through mid-August a test was conducted f o r  
t h e  purpose o f :  1 )  Measuring t h e  minimum l e v e l  of e f f o r t  r e q u i r e d  t o  meet 
t h e  1 s i g ! ~ a  l e v e l  of t h e  f o u r  most c r i t i r e l  F&T parameters (mutual syn- 
t o n i z a t i o n  between p a i r e  of o s c i l l a t o r s ;  s y n t o n l z a t i o n  of o s c i l l a t o r s  t o  t h e  
UTC r a t e ;  mutual s y n c h r o ~ i z a t i o n  between p a i r s  of c locks;  synchron iza t ion  
of c locks  t o  t h e  UTC epoch). These a r e  l i s t e d  i n  descending o r d e r  of 
d i f f i c u l t y  t o  meet and maintain.  2) Evaluat ing t h e  comparative e f f e c t i v e n e s s  
of t h e  GPS and VLBI techniques  t o  measure these  four  F&T parameters.  

F i r s t  each of t h e  t h r e e  HMA were tuned (microwave c a v i t y  a d j u s t e d )  i n  s i t u  
t o  t h e  hydrogen l i n e  t o  b r i n g  t h e  group i n t o  mutual syn ton iza t ion .  Next, 
each HMA s r n t h e s i o e r  was ad jua ted  t o  lower t h e  output  frequency t o  n u l l i f y  
t h e  expected p o s i t i v e  frequency p u l l i n g  caused by accumulated c a v i t y  ageing. 
Last t h e  master  c lock  of each ensemble was r e s e t  t o  b r i n g  i t  wi th in  - +! 
microsecond of t h e  UTC (USNO) epoch. 

* The c lock  r a t e s  of t h e  t h r e e  g l o b a l l y  d i s t r i b u t e d  ensembles a r e  t o  be 
maintained eyntonized to  t h e  UTC r a t e  wi th in  +1.7~10-13. A t  J u p i t e r  
t h i s  requirement was implied t o  be w i t h i n  - +lxlO-12. 



Syntonization Tests 

The mutual syntonization between the three pairs of orcillators was measured 
using both time domain and direct frequency domain measurements; employing 
both the CPS and VLBI instrumentation. The CPS time domain derivation of 
clock rate data (TABLE 1) were taken on multiple spacecraft in the pseudo 
simultaneous mutual view mode, and, is the 12 minute observation each 
sidereal day, averaged over the PERIOD indicated, The VLBI time domain 
derivation of clock rate (TABLE 1) is taken on multiple (6 to 20) Extra 
Galactic Radio Source (ECRS) observations taken every 6 to 10 days. The 
smaller values of STD DEV for the GPS data are more a reflection of the 
larger sample size than they are of instrumentation quality. The clock 
rate derived by the two techniques are always within less than 1 sigma 
variance over any common period. 

If is significant to note that, since these are time domain data, they con- 
tain the noise of two clocks in addition to the noise of the two oscillators. 
The clock driven by oscillator 15 is significantly noisier than the others. 
This clock noise has adverse1.y affected the VLBI data. But, since the 
CPS data on osc. 1 5  does not employ this clock (see Flgure 2) there is no 
degradation from this cause. The data indicate we can meet the requirement 
within 2 sigma. 

TABLE 2 contains xcillator vs oscillator syntonization data collected by 
direct frequency measurements of frequency (clock rate) by both the GPS and 
VLBI techniques. The GPS direct frequency data (TAB1% 2) were taken only 
when one or more spacecraft were in true simultaneous mutual view- Note, 
that the measurement noise of the CPS data is more than an order of nagni- 
tude greater than that on the VLBI data. 

T A P U  3 contains oscillator syntonization to UTC (NBS/USNO) data derived 
from time domain measurements. The VLBI time sync technique cannot measure 
this parameter therefore the table contains only CPS measurements. The 
data were derived from the relationship: 
(UTC(NIS) - VTC(GPS) - (OSC/CLK - UTC(GPS)) = UTC(NBS) - OSC/CLK 
The data were collected using the pseudo simultaneous mutual view technique. 
Ard so, the results still contain uncorrelated UTC(GPS) noise, uncalibrated 
p a ~ h  delays (Australia more noisy than Spain or USA) and, of course, the 
OSC/CLK noise. The largcst contribution is that caused by OSC/CLK behavior. 
(lee., unreported clock perturbations or resets and/or changes in the local 
magnetic or ternjerature environment* in which the oscillator is placed). 

The 2ND ORDER DRIFT term data has not been filtered to remove the clock norse 
or, the affects of environmental changes. By use of eyeball integratii, upon 
the data presented f.n Figures 3, 4 and 5, the reader can easily detect non- 
linear oscillator r*, ormance. Howevcr, as thr value of oscillator frequen- 
cy offset decrease '~ecomes (10-1 3)  it becomes progreadively more di f f icult 
to determine the 2no order term (frequency drift) because the CPS measurement 
nolee (approximately 3x10014) dominates the process. 

* On 2 occasions (one in Spain April 1984 and one in USA March, 1984) local 
area environmental changes (magnetic and temperature) caused a step change 
in the oscillator frequency. These are viaible in Figures 3 and 5. 



TABLE 1 

TIHE DOHAIN UEASUWEHENTS OSCILLATOR vm OSCILLATOR 

(1) AV CLK RATE WAN STI) DEV 2N1) ORDZi: 
OSCILLATORS TECHNIQUE PERIOD OFFSET DRI ?T 

VLBI 
CPS 
GFS 
CYS 
VLBI 
CPS 
VLBI 
CPS 
VLBI 
CPS 
VLBI 
VLBI 
GPS 
CPS 
CPS 
VLBI 
CPS 
CPS 
CPS 
CPS 
SPS  

1.3 
3.6 
5.89 

-0.299 
0.0952 
-2.48 

NOT USEABLE 
-6.1 
2.79 
0.9 
-0.824 

1.82  
4.5 
3.74 

-0.324 
0.446 
-1.20 
-0.675 
-3.06 
3.96 
0.944 

TARLE 2 

DIRECT FKEQUENCY WASUREMENT - OSCILLATOR rs OSCILLATOR 

( 1 )  MEAS. F!;EQUENCY HEAN STD DEV 
OSCILLATORS TECHNIQUE PERIOD OFFSET 

VLBI 
CPS 
CPS 
VLBI 
VLII 
CPS 
CPS 
VLBI 

! 
Note :  (I) A l l  o r c i l l a c o r n  are S m i t h s o n i a n  A s t r o p h y s i c a l  O b s e r v a t o r y  h y d r o g e n  

m a r e r r .  S e r i a l  n u m b e r s  5, 6 a n d  7 are m o d e l  VLC-1OB a n d ,  114 i r  
model VLC-11. S e r i a l  Y6 a n d  14 were l o c a t e d  i n  A u s t r a l i a ,  serial 
I5 i n  C a l i f o r n i a  and, rerial 1 7  i n  S p a i n *  



TABLE 3 
TIME DOMAIN MEASUREMENTS REF UTC (NIS/USNO) 

(1) HEAS. AV CLK RATE MEAN STL) DEV ZND ORDER 
OSCILLATOR TECHNIQUE PERIOD OFFSET DRIFT 

VLG-lOB#5 
VLC-1 OB#5 
VLG-10B#5 
VLC- 1 OB15 
VLG-lOB#5 
VLG-11B114 
VLG-11B114 
VLC-1 OB#6 
VLG- LOBY6 
VLG- 1 OB#6 
VLC-lO~t7 
VLG-lOB#7 
VLG-lOB#7 
VLC-1 OBX? 

CPS 
CYS 
CPS 
GPS 
CPS 
CPS 
GPS 
GPS 
CPS 
CPS 
GPS 
CYS 
CPS 
GPS 

-2.95 
-2 .4 
-1.14 
-3.97 
-1.94 
5 . 37 

NOT USEABLE 
0.35 
0.50 
0.49 
-5.22 
0.084 
-0.568 
0.054 

Note: (1) All osrillator3 are Smithssnian Astrophysical Observatory hydrogen 
masere. Serial numberr 5, 6 and 7 are model VLC-1OB and, 114 is 
model VLC-11. Serial 16 and 14 were located in Al~stralia, serial 
15 in California and, serial 17 in Spain. 



Time Synchron l  z a t i o n  t o  UTC -- 
N e i t h e r  t h e  N a t i o n a l  Bureau of  S t a n d a r d s  n o r  t h e  U.S. Naval  O b ~ e r v a t o r y  is  
p r e s e n t l y  e q u i p p e d  t o  p r o v i d e  t r a c e a b i l i t y  t o  t h e  UTC (NBSIUSNOj epoch  v i a  
t h e  VLBI t e c h n i q u e .  T h e r e f o r  a l l  UTC r e f e r e n c e d  time s y n c  d a t a  was a c q u i r e d  
t h r o u g h  t h e  u s e  o f  t h e  GPS t e c h n i q u e .  The a l g o r i t h m  u s e d  f o r  t h e  A u s t r a l i a n  
Clock  s y n c  measurement was: 

T h i e  a l g o r i  t n m  d i f f e r s  f rom t h a t  u s e d  f o r  S p a i n ' s  c l o c k  s y n c  measurement ,  i n  
t h a t  t h e  (USA CLK-GPS) measurements ,  i n  t h e  f i r s t  h a l f  o f  t h e  e q u a t i o n  i s  
n o t  made a t  t h e  same t i m ,  a s  t h e  (USA-CYS) measurement i n  t h e  s e c o n d  h a l f .  
However, t h e  same CPS s p a c e c r a f t  is u s e d  f o r  b o t h  measurements .  T h i s  
scheme had t o  be a d o p t e d  b e c a u s e  t h e  l a r g e  a n g u l a r  s e p a r a t i o n  between t h e  
N.I.S., @ B o u l d e r ,  Colo.  and t h e  A u s t r a l i a n  c l o c k  @ T i d b i n b i l l a ,  A u s t r a l i a n  
C a p i t o l  T e r r i t o r y  (A.C.T.) makes mutua l  view v e r y  u n l i k e l y .  

F i g u r e  3 is  a 150 d a y  h i s t o r y  of t h e  time o f f ~ e t  o f  t h e  d e s i g n a t e d  DSN Mas- 
ter  Clock  l o c a t e d  @ G o l d s t o n e ,  C a i f o r n i a ,  USA. The permanent  change  i n  
c l o c k  r a t e  was i n d u c e d  by a  permanent  change  i n  t h e  l o c a l  f r e q u e n c y  s t a n -  
d a r d s  room environtnent .  The change  i n  t h e  m a g n e t i c  e n v i r o n m e n t  a p p e a r s  t o  
have  a l s o  c a u s e d  a  change  i n  t h e  s e c o n d a r y  d r i f t  term. The t h r e e  s t e p s  i n  
c l o c k  o f f s e t  were  a l l  o p e r a t o r  induced  and ,  were  n o t  c a u s e d  by mecha:iical 
f a i l u r e s .  

F i g u r e  4 is a p l o t  of t h e  per formance  of  t h e  DSN's T i d b i n b i l l a  C l o c k ,  lo- 
c a t e d  i n  t h e  A u s t r a l i a n  C a p i t o l  T e r r i t o r y  (A.C.T). T h e r e  a r e  no  microsecond  
l e v e l  c l o c k  s t e p s .  T h e r e  a p p e a r s  t o  b e  no  s e c o n d a r y  d r i f t  a n d ,  t h e  random 
w a n d e r i n g  o f  t h e  c l o c k  r a t e  i s  d u e  t o  l a c k  o f  t i g h t  e n v i r o n m e n t a l *  c o n t r n l .  

F i g u r e  5 is a p l o t  o f  t h e  per formance  of  t h e  DSN's R ~ b l e d o  C l o c k ,  l o c a t e d  
n e a r  Madrid ,  S p a i n .  Ttrer e  w e r e  two " u n r e c o v e r e d "  submicrosecr~nd**  l e v e l  
s t e p s .  Both w e r e  c a u s e d  by FTS hardware  f a i l u r e s .  T h e r e  w e r e  t h e  o c c a s i o n s  
when t h e  c l o c k r a t e  changed.  The f i r s t  change  was c a u s e d  by a  f a i l u r e  o f  
t h e  HMA. The second  and t h i r d  were i n d u c e d  by changes*** i n  t h e  m a g n e t i c  
env i ronment .  It a p p e a r s  t h a t  t h e  s e c o n d a r y  d r i f t  term is t h e  same, i n  
magni tude  and s i g n ,  a s  t h a t  v i s i b l e  i n  F i g u r e  3. 

The d a t a  p r e s e n t e d  ( F i g u r e s  3,  4 and 5 )  c l e a r l y  shows t h a t  t h e  t h r e e  c l o c k s  
(DSK M a s t e r  C l o c k ,  T i d b i n b i l l a  Clock  and Robledo C l o c k )  m a i n t a i n e d  synchro-  
n i z a t i o n  t o  t h e  UTC (NBSIUSNO) epoch w i t h i n  less t h a n  h m i c r o s e c o n d s  o v e r  
t h e  test  p e r i o d .  

Clock  t o  Clock S y n c h r o n i z a t i o n  --- 
Both  GPS and VLBI t e c h n i q u e s  were used  L O  measure  and m a i n t a i n  t h e  syn- 
c h r o n i s m  between DSN c l o c k s .  S i n c e  t h e r e  was b u t  a s i n g l e  VLBI measurement 

A r p t c i a l  f r e q u e n c y  s t a n d a r d s  room, w i t h  v e r y  p r e c i s e  e n v i r o n m e n t  con- 
t r o l s ,  h a s  b e e n  c o n s t r u c t e d .  Hut;, t h e  f r e q u e n c y  s t a n d a r d s  c - n n o t  b e  
moved u n t i l  mid 1985. ** The d e s i g n  o f  t h e  DSN's c l o c k s  is s u c h  thaf: t h e y  c a n  o n l y  b e  s e e  t o  t h e  
n e a r e s t  c y c l e  o f  p h a s e  @ 1 MHz. 

*** Hardware was removed f rom t h e  f r e q u e n c y  s t a n d a r d s  room t h e : ,  l a t e r  o n ,  
h a r d w a r e  was added.  
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on t h e  Rob ledo /T idb inb i l l a  p a i r ,  a l l  t h e  d a t a  p re sen ted  i n  F igu re  8 woe de- 
r i v e d  from t h e  GPS technique .  The VLBI and CPS time sync  d a t a  p o i n t s  are 
f  tom i n s t  rumentat  i o n  connected  d l  r e c t  l y  t o  t h e  DSN s c a t  i o n  Reference  
Clock, excep t  @ Colds tone ,  C a l i f o r n i a .  Here t h e  CPS time o f f s e t  is t aken  
from a phantom DSN Master  Clock l o c a t e d  i n  a b u i l d i n g  approx ima te ly  200 
meters away ( F i g u r e  2).  t h a t  is d r i v e n  a t  t h e  same r a t e  as t h e  DSN Master  
Clock, and ,  is syfichronized t o  i t  through u s e  of c o a x i a l  c a b l e s  and a 
p o r t a b l e  cesium c lock .  

F igu re  6 i s  a p l o t  of  a  200 day h i s t o r y  of  t h e  synchronism between t h e  Tid- 
b i n b i l l s  Clock and t h e  DSN Master Clock e s  lneasured by ho th  t echn iques  
(GPS and VLBI). The c o n T ~ e n t i o n  used i a :  T i d b i n b i l l a  minus t h e  DSN Master. 
The l a r g e  o f f s e t *  between t h e  two sets of d a t a  p r i o r  t o  J u l i a n  Day 5820 
r e s u l t e d  from t h e  l a c k  of  a convenient** means t o  synchron ize  t h e  phantom 
c l o c k  i n  rea l - t ime.  

F i g u r e  7 is a p l o t  of  a  200 day h i s t o r y  of t h e  synchronism between t h e  Ro- 
b l edo  Clock and t h e  DSN Haster Clock as measured by both  t echn iques  (VLBI 
and GPS). The causes  o f  t h e  time of f e e t  p r i o r  t o  J u l i a n  Day 5820 a r e  t h e  
same a s  f o r  t h e  T i d b i n b i l l a  v s  DSN Haster sync  o f f s e t .  The convent ion  
used is: Robledo Clock minus t h e  DSN H a s t e r  Clock. 

F i g u r e  8 i s  - p l o t  of  a  200 day h i s t o r y  of t h e  synchrontsm betven  t h e  t h r e e  
p a i r s  ( T i d b ' n b i l l a  v s  DSN Master ,  Cobledo v s  DSN Master  and Robledo vs Tid- 
b i n b i l l a )  of DSN c locks .  A l l  t h r e e  d a t a  sets were c o l l e c t e d  u s i n g  t h e  
GYS time sync  technique .  The conven t ions  used were: Wobledo minus Tidbin-  
b i l l a ,  Robledo minus DSN Master  and T i d b i n b i l l a  minus DSN Haster .  

The d a t a  i n d i c a t e  t h a t  mutual time s y n c h r o n i z a t i o n  betwen a l l  p o s s i b l e  
p a i r s  o f  c l o c k s  h a s  beev mainta ined  w i t h i n  less t h a n  6 microseconds ove r  
t h e  200 day t e s t  per iod .  

* The GPS t ime sync  daca  r e p o r t s  are d i s t r i b u t e d  w i t h i n  14 days  of t h e  
o l d e s t  measurement p o i n t  d a t e .  The VLBI T i m  Sync System wa? i n  t h e  
p r o c e s s  of a major  block upgrade and t h e  r e p o r t i n g  l a g  sometimes ap- 
proached 90 days.  T h e r e f o r e  t h e  o f f s e t  was d i s c o v e r e d  l o n g  a f t e r  t h e  
test began. The phantom c l o c k  war a d j u s t e d  b u t ,  t h e  problem o f  main- 
t a i n i n g  eync i n  r ea l - t ime  remained. 

** The DSN H a s t e r  Clock is " o p e r a t i o n a l l y "  main ta ined  24 hours /day ,  e v e r y  
day. The phantom c l o c k  was mainta ined  8 hours /day ,  5 days/week. 



Using GPS t e c h n o l o g y  t h e  f r e q u e n c y  o f f s e t  o f  f o u r  SAO VLG v e r i e e  ! ~ y d r o g e n  
m a s e r s  w e r e  measured t o  be w i t h i n  a p a r t  i n  10 to  t h e  1 2 t h  of t h e  UTC(NBS) 
r a t e ,  a n d ,  remained e o  f o r  t h e  e n t i r e  test p e r i o d  of  200 days .  

Using b o t h  (;YS and VLBI t e c h n o l o g y  t h e  m11tur1 o y n t o n i t a t i o n  between t h e  3 
p a i r e  o f  hydrogen maeerr was measured t o  b e  w i t h i n  2 p u r t r  i n  10 t o  .he 
1 2 t h ,  and remained s o  o v e r  t h e  e n t i r e  test p e r i o d .  

Using GPS t e c h n o l o g y  t h e  time o f f s e t  o f  t h r e e  g l o b a l l y  s e p a r a t e d  c l o c k s  
were  m a i n t a i n e d  w i t h i n  less t h a n  10 m i c r o s e c o n d s  o f  t h e  UTC(NBS/USNO) epoch  
o v e r  t h e  200 d a y  test p e r i o d .  

Us ing  b o t h  CYS and VLBI t e c h n o l o g y  t h e  t h r e e  p a i r s  o f  g l o b a l l y  s e p a r a t e d  
c l o c k s  were  m a i n t a i n e d  i n  mutua l  s y n c h r o n i z a t i o n  w i t h i n  6 m i c r o s e c o n d s  
o v e r  t h e  e n t i r e  tes t  p e r i o d .  

The tests r e v e a l e d  3  problems:  I )  T+e need t o  c o n t i n u a l l y  s y n c h r o n i t e  t h e  
phantom c l o c k  2 )  The need f o r  prompt r e p o r t i n g  3 )  The need f o r  more s t r i n -  
g e n t  c o n t r o l  of t h e  f r e q u e n c y  s t a n d a r d s  room envi ronment .  P rob lem Y 1  
v j l l  go away when t h e  GPS s y s t e m  is t r a n s f e r r e d  f rom " e x p e r i m e n t a l "  t o  
" o p e r a t i o n a l "  s t a p u s .  Problem 12 h a s  a t  p r e s e n t  l e s s e n e d  c o n s i d e r a b l y  
(VLBI d a t a  t u r n  a r o u n d  time is  now 48 h o u r s ) .  

My t h a n k s  t o  Mark Manning, Al l i ed-Bendix  F i e l d  E n g i n e e r i n g ,  who programmed 
a n  Ii-P 85 computer  t o  p e r f o r m  t h e  d a t a  r e d u c t i o n  and produced t h e  p l o t s .  
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QUESTIONS A N D  ANSWERS 

D A V I D  SHAFFER, INTERFEROMETRICS: w h a t  VLBI s y s t e m  a r e  you u s i n g ,  
and wha t  f r e q u e n c y ?  Was it S  band  o r  X band a t  G o l d s t o n e  and d i d  
you t r y  t o  remove t h e  i o n o s p ~ ~ e r e  by u s i n g  b o t h  f r e q u e r c i e s ?  

M R .  W A R D :  We h a v e n ' t  r e m o v e d  t h e  i o n o s p h e r e  n o r  t h e  c a b l e  d r i f t  
p r o b l e m s  s i n c e  we d o n ' t  h a v e  o u r  c a l i b r a t o r  y e t .  

We a r e  u s i n g  b o t h  X b a n d  a n d  S  b a n d .  T h e  VLBI s y s t e m  t h a t  we 
a r e  u s i n g  i s  a b o u t  a  M a r k  2 ,  o r  1 .5 .  D u r i n g  m o s t  o f  t h e s e  
o b s e r v a t i o n s  we a r e  u s i n g  o u r  B l o c k  Z e r o ,  w h i c h  c o l l e c t s  t h e  d a t a  
on wideband  v i d e o  t a p e .  The rest  o f  i t  u s e d  o u r  B l o c k  One, wh ich  
s e n d s  t h e  d a t a  i n  d i g i t a l  f o r m  o n  w i d e b a n d  d a t a  l i n e s  b a c k  t o  t h e  
c o r r e l a t o r  i n  P a s a d e n a .  

GERNOT WINKLER, U.S.N.O.: Why t h e s e  l o n g  d e l a y s  i n  g e t t i n g  t h e  
VLBI d a t a  when you  h a v e  t r a n s m i t t e d  t h e  d a t a  b a c k  o n  w i d e  b a n d  
1 i n k s ?  

M R .  W A R D :  T h e r e  i s  a  b i g  g a p  b e t w e e n  d o i n g  t h i n g s  i r ,  t h e  
l a b o r a t o r y  , a n d  r o u t i n e l y  d o i n g  i t  i n  t h e  f i e l d .  T h e r e  i s  t h i s  
b u s i n e s s  o f  g e t t i n g  p r o c e d u r e s  a p p r o v e d ,  a n d  s i g n e d  o f f ,  a n d  
g e t t i n g  s o f t w a r e  r e l e a s e d .  

M R .  W I N K L E R :  I t  i s  n o t  a t e c h n i c a l  p r o b l e m  t h e n ,  b u t  a n  
a d m i n i s t r a t i v e  o n e ?  

M R .  W A R D :  C o r r e c t .  

M R .  WINKLER: The n e x t  q u e s t i o n  i s :  You show c o n s i s t e n t l y  t h a t  t h e  
GPS o b t a i n e d  v a l u e s  a r e  v e r y  s m a l l  i n  p r e c i s i o n  a n d ,  c o n v e r s e l y ,  
t h e  VLBI1s  s c a t t e r  a b o u t  t e n  t imes m o r e .  Ye t ,  when  y o u  show t h e  
r a t e s ,  t h a t  i s  r e v e r s e d .  T h a t  i s ,  t h e  VLBI r a t e s  a r e  much 
s m o o t h e r  f r o m  d a y  t o  d a y  t h a n  t h e  GPS r a t e s .  I t h i n k  t h a t  t h i s  i s  
i n c o n s i s t e n t .  

M R .  W A R D :  T h a t  a g a i n  i s  p a r t  o f  t h e  o p e r a t i o n s  p r o b l e m .  T h e r e  
h a v e  b e e n  t w o  o c c a s i o n s  when t h e  t w o  s y s t e m s  w e r e  r u n n i n g  o n  
d i f f e r e n t  c l o c k s .  

M R .  ALLAN: I t h i n k  t h a t  t h e  r e a s o n  f o r  t h e  d i f f e r e n c e  i s  t h a t  i f  
you a v e r a g e  GPS o v e r  12  m i n u t e s ,  a s  K l o b u c h s r  h a s  s h o w n  i n  s o m e  
work t h a t  h e  h a s  d o n e ,  you c a n  be  a f f e c t e d  by m u l t i - p a t h .  1 t"s  an  
e x c e l l e n t  t ime p o i n t ,  b u t  i t ' s  n o t  a  v e r y  good f r e q u e n c y  m e a s u r e  
o v e r  a  few m i n u t e s .  The s c a t t e r  c a n  be  q u i t e  h i g h .  The f r e q u e n c y  
s h o u l d  b e  d e t e r m i n e d  f r o m  d a y  t o  d a y  n o t  o v e r  t h a t  s h o r t  s a m p l e .  

M R .  WINKLER: I c a n ' t  u n d e r s t a n d  t h a t ,  b e c a u s e  GPS t i m e  v a l u e s ,  
d a y  a f t e r  d a y ,  a r e  s m o o t h .  I f  you  d e r i v e ,  f r o i n  t h e  t i m e  v a l u e s ,  
t h e  r a t e s  -- o r  d o  you d e r i v e  t h e  r a t e s  d i r e c t l y  f rom GPS? 

M R .  ALLAN: T h a t ' s  r i g h t .  

M R .  WINKLER: T h a t ' s  c r a z y !  



M R .  W A P D :  T h i s  i s  an e v a l u a t i o n  p e r i o d  f 9 r  u s  w i t h  GPS, and I  
j u s t  t r i e d  t h i s  t o  s e e  wh ich  d a t a  t y p e  p r o d u c e d  t h e  g r e a t e s t  
p r e c i s i o n  and  a c c u r a c y .  F o r  i n s t a n c e  V L B I  h a s  t h e  g r e a t e r  
p r e c i s i o n ,  bu t  i t  doesn ' t  have t h e  accu racy .  A l so ,  b e f o r e  you can 
u s e  t h e  VLBI, you h a v e  t o  u s e  some o t h e r  method  t o  make s u r e  t h a t  
t h e  two s t a t i o n s  a r e  w i t h i n  t e n  microseconds  of  each  o t i L e r  t o  c u t  
down t h e  p r o c e s s i n g  t i m e  a t  t h e  c o r r e l a t o r .  I t  r e q u i r e s  a  p r i o r i  
s y n c h r o n i z a t i o n  and s y n t o n i z a t i o n .  

M R .  R E I N H A R D T :  There  i s  a  very good r e a s o n  f o r  t h e  b i g  d i f f e r e n c e  
i n  V L B I  b e t w e e n  t h e  r a t e  d a t a  and t h e  t i m e  d a t a .  T h e r e  a r e  t w o  
s e p a r a t e  o u t p u t s  i n  t h e  V L B I  p r o c e s s i n g .  One i s  t h e  f r i n g e  r a t e  
o u t p u t ,  and o n e  i s  t h e  f r i n g e  o u t p u t .  They g o  t h i  ough v e r y  
d i f f e r e n t  p r o c e s s i n g .  I s u s p e c t  t h e  t i m e  d a t a  i s  h i g h l y  
con tamina ted  by t h e  f a c t  t h a t  t h e y  don ' t  have a  c a b l e  c a l i b r a t o r .  

My q u e s t i o n  i s :  Can you comment on t h e  s o u r c e  o f  t h e  l a r g e  
s c a t t e r  i n  t h e  t i m e  d a t a ?  What do you t h i n k  i s  c a u s i n g  i t  i n  t h e  
sys tem,  and do you e x p e c t  t h a t  t o  be c l e a n e d  up? 

M R .  W A R D :  That i s  mos t l y  an o p e r a t i o n a l  problem.  Tha t ' s  s t r i c t l y  
a  m a t t e r  o f  m a i n t a i n i n g  t h e  c l o c k s .  

M R .  R E I N H A R D T :  The s c a t t e r  t h a t  I saw was a  good f r a c t i o n  o f  a  
microsecond ,  and t h a t  is many o r d e r s  o f  magni tude  l a r g e r  than  you 
would expec t  from V L B I .  Yov say  t h a t ' s  no t  from t h e  V L B I  sys tem? 

i 4 R .  W A R D :  What you saw f rom t h e  V1,BI s y s t e m  i s  wha t  t h e  c l o c k s  
were r e a l l y  do ing .  and t h e  l o c a t i o n  of  t h e  equ ipment  a t  Golds tone  
a t  S t a t i o n  12 was an i n t e r i m  l o c a t i o n  w h i l e  t h e y  were do ing  t h e  
antenna r e p a i r  and upgrading t h e  equipment a t  t h e  64 meter  s i t e .  

M R .  KLEPCZYNSKI: To c a l i b r a t e  t h e  V L B I  p r o c e s s ,  t h e r e  a r e  two 
a r e a s  you have  t o  c a l i b r a t e .  One i s  c a b l e  d e l a y s  i n  t h e  s y s t e m  
snd  t h e  o t h e r  i s  e q u i p m e n t  d e l a y s .  I n  a d d i t i o n ,  t h e r e  i s  a  v e r y  
i m p o r t a n t ,  d e l a y  w i t h  r e g a r d  t o  t h e  f o r m a t e r .  T h a t ' s  t h e  d e v i c e  
f a h a t  t a k e s  t h e  t ome  f r o m  j J u r  l o c a l  c l o c k  and  p u t s  i t  on t h e  
t a p e ,  s o  t h a t  you can t e l l  when each  b i t  of  d a t a  was t a k e n .  

I f  t h e  B lock  One o r  B lock  Ze ro  s y s t e m  i s  s i m i l a r  t o t h 2 M a r k  
I 1  s y s t e m  t h a t  i s  u sed  e l s e w h e r e ,  i t  i s  an u n d e t e r m i n e d  d e l a y ,  
which i s  very  d i f f i c u l t  t o  c a l i b r a t e  a c c o r d i n g  t o  t h e  c lock  t i m e  
on t h e  m a g n e t i c  t a p e .  E v e r y  t i m e  you s t a r t  a n d  s t o p  y o u r  
equipment ,  o r  t u r n  i.t on from s c r a t c h ,  t h i s  d e l a y  changes.  LJnless 
you c a n  c a l i b r a t e  e v e r y  s i n g l e  t i m e  when  you s t a r t  you 
expe r imen t ,  you can e a s i l y  g e t  d e l a y s  o f  s e v e r a l  microseconds .  
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ABSTSACT 

A redesign of the antenna electronics package for the NBS/GPS CIA 
receiver has resulted in significantly reduced cost and improved 
performance. Major improvements include a simplified and more 
reliable multiplier/mixer, elimination of all twelve piston trimmer 
tuning capacitors in the original design, elimination of expensive 
bandp?ss filters, less exnensive antenna and a simp1,fied packaging 
scheme. 

Very early in the design of the NBS/GPS receiver (in 1979), we decided to 
include the first mixer and some IF amplification at the antenna. A local 
oscillator (LO) signal at 100 MHz, along with +15 Vdc, wzs sent to the 
antenna package on one cable. The LO was multiplied to 1500 MHz, and 
mixed with the GPS signal at 1575.42 MHz, generating an IF of 75.42 MHz. 
After amplification and filtering the IF signal is sent down to the 
receiver on a second coax cable. 

Down conversion to the IF at the antenna package allows us to have almost 
unlimited cable lengths between the receive and antenna. Cable suitable 
for 75 to 100 MHz is inexpensive and easy tc work with. Sever.31 NBS/". 
receivers are operating with RG-58 cables over 60 meters long. In 
contrast, a 60 mett? cable suitable for operation at 1575 MHz wou:d 1 

llsemirigidll air dielectric type and :~ould not be easy to pull throug, 
raceways and ducts. 

Unfortunately, down conversion at the antenna creates other problems, in 
that in addition to an RF amplifier, we have added a LO multiplier chain, 
mixer, and IF amplifier that must operate reliably from -25OC to +60°C. 
We have had some problems with the origiral multiplier chain design which 
convinced cs that a complete redesign of the antenna package was 
necessary. 

PHYSICAL PACKAGING 

A comparison of the new and old antenna packages is shown in Figure 1. 
Bcth are drawn to the same relative scale. The new package is 
rectangular, 23 cm x 23 cm x 10 cm (9" x 9" ~4"). The package consists of 
the 10 cm high aluminum cover with antenna and dome attached, with a 2.5 
cm high inside fitting aluminum ltd inserted in the bottom. A single 
fiberglass-epoxy G-10 printed circuit board 13 mcunted to the lid with 
standoffs. 

--- 
'Work of the U.S. Government; not subject to U.S. copyright. 



Fig:.lre 2 shows the major e1ement.s of the physical construct ion.  One 
primary goal was t o  minimize cos t  of the antenna package while maintaining 
a rugged, r e1  iab le ,  reproducible uni t  . 
The s ingle  (2-10 pr inted c i r c u i t  board with r f  sh l t13s  mounted on i t  where 
needed is much l e s s  expensive than the milled aluminum cases used in  the 
o r ig ina l  package. In f a c t ,  any - one of the 3 milled aluminum cascs in the 
o r ig ina l  design was more expensive than the complete new physical packag?. 
The sec t ions  of aluminum heat sink extrusions used fo r  r f  sh i e lds  requi re  
a minimum of machine work. The t o t a l  cos t  of 4 sh i e lds  and 3 covers 
is l e s s  than $20 ?er  package, based on fabr tca t ion  of 15 antenna 
packages. 

No attempt was made t o  hermetically s ea l  the antenna package, s ince  our 
past experience ind ica tes  t ha t  water can always get  i n ,  and once ins ide ,  
i t  s tays .  Rather, edges of the ins ide  f i t t i n g  l i d  were sanded 
with a be l t  sander so the l i d  was a loose f i t  in the cover. This allows 
the case t o  breathe and maintain the ins ide  a t  ambient humidlty. The l i d  
is inse t  s l i g h t l y  so t h a t  water runnlng down the s ides  of the cover w i l l  
not "wick up" around the l i d .  A l l  aluminum surlfaces were given a 
protect ive chromate conversion surface treatment and sprayed with an 
aluminum metal sea le r .  After a l l  components were mounted, t he  PC board 
was a l so  sprayed w i t h  two coats  of s e a l e r ,  which a l s o  provides moisture 
proofing and fungus protect ion.  A l l  outs ide surfaces of the alur.,:num 
cover were sprayed w i t h  two coats  of u t ~ i t e  epoxy paint .  

ELECTRONICS 

The e lec t ronics  package shown in Zigure 3 provides about 65 d b  of gain 
from antenna t o  IF output.  A l l  r f  c i r c u i t r y  a t  750 YHz and above is 
fabricated a s  micrldtrip1ir.e on the main c i r c u i t  board except f c r  the 
s ing le  Ga A s  FET low noise amplif ier .  Since t h i s  s tage determines the 
noise f igure  of the system, we decided not t c  attempt t o  build i t  on the 
r e l a t i ve ly  loasy G-10 c i r c u i t  board. Our  o r ig ina l  in ten t ion  was t o  
fabr ica te  the  FET s tage  on a separate  glass- tef lon c i r c u i t  board, but our 
second "paint-to-pointn wired prototype LNA board worked so well t h a t  we 
decided t o  use t h a t  approach. Because of the r e l a t i v e l y  simple construc- 
t ion 2 technician can e a s i l y  f ab r i ca t e  ten LNA boards in  one day. 

The overa l l  noise f igure  of the f ront  end is adjusted by bending a small 
inductor i n  s e r i e s  w i t h  the gate  of the LNA. The noise f igure  fo r  the 
f i r s t  t e?  u n i t s  is between l . 0  and 1.25 dB, measured from L N A  input t o  IF 
output.  The noise f igure  is degraded 0 .2  dB by losses  i n  the cable  
connecting antenna and L N A .  

One of our primary goals was e1im:nation of a l l  tuning capacitor;  in  the 
nek antenna package. Ellmination of RF piston trimmers which cos t  a t o t a i  
of $160 in the old package a l s o  helps improve r e l i a b i l i t y .  We avoid 
tunf ,~g  oC the 750 MHz and 1575 MHz micrdstr ip  bandpass f i l t e r s  by 
designing f o r  10% f i l t e r  bandwidth. Our primari concern w i t h  the 1575 MHz 
f i l t e r  is t o  insure t ha t  response 3 down a t  l e a s t  16 dB a t  the 1425 MHz 
I F  image, so overa l l  nolpe f igure  w i l l  not be degraded. Ultimate 
re jec t ion  of tire s t r i p l i n e  f i l t e r  is a modest 30 dB which is trot 



nearly as high the $200 commercial lumped element. filter used in 
the original antenna package. However it has proved adaquate in this 
spplicat ion. 

All tuned circuits in the multiplier chain (50 MHz and 150 MHz) as well as 
the 75 MHz (+12 MHz) IF bard pass filter are adjusted by bending the air 
wound coils. No mechanically adjusted tuning slugs are used in any 
circuit. All coils are wound using AWG-22 heat strippable wire, and are 
self-supporting on the circuit board. Besides cost reduction and 
improved reliability, we feel elimination af variable capacitors helps 
improve stabi 1 i ty over the operating temperature range. 

Group delay of antenna package, an important parameter in a time 
transfer receiver, is primarily determined by the '15 MHz IF bandpass group 
del~v of approximately 30 ns (total group delay for the RF section is 
under 5 ns). We have testec' the IF section for changes in group delay 
over a temperature range of -.25OC to +50°C and found the vqriation to 
be less than 1 ns. We hope to verify the overall group delay variation 
with temperature in the next few months, but expect that it will differ 
little from the I.F. group delay vari~ticn. 

The multiplier chain and twin diode second harmonic mixer have beer 
trouble free in this design. Use of this mixer cuts performance 
requirements of the multiplier chain substantially. First, the injection 
frequency is half that normally required by a mixer, Y50 MHz in this case 
rather than 1500 MHz. Second, the p9wer level requi-ed for the 750 MHz 
can be as low as -3 dBm, rather than the typical +6 dBm required by most 
double bal3nced mixers. Other than limited maximum signal level (-30 dBm) 
and limited bandwidth (20$) resfrictions, the twin diode mixer is an 
excellent, low cost choice for a mixer. A more complete description can 
be found in the references [ 1 1. 

The multiplier chain provides a11 necessary power gain at relatively low 
frequencies where gain is easy to obtain. The +15 dBm drive level at i:3 
MHz to the X 5 multiplier variec l?ss than 1 dB as the 50 MHz input level 
is changed from +6 dBm to -15 dBm. The 150 MHz drive level is also 
constant (within 1 dB) over the full temperature range. 

The X 5 diode multiplier was derived from the design of a simiiar 
multiplier in a Pay-TV down converter. The Pay-TV converter used a IN914 
switching diode to multiply to 1100 MHz. We chose to use a more recent 
vintage switching diode, the lN4153, which worked very well in this 
circuit. Conversion efficiency is about, lo%, including almost 3 dB loss 
in the 750 MHz b:lndpass filter. 

The IF amplifiet- uses three widcband (dc to 400 MHz) integrated circuit 
gain blocks. Each circuit has a gain of 14 dB, providing a total of 42 dB 
gain. Low pass (150 MHz) filters before the first and after the second 
gain block, along with the bandpass filter between the first and second IF 
stages result i n  complete circuit stability with no tendency for spurious 
oscillation. 



The antenna used with the new front end is a commercial implemectation [21 
of the volute or quadra-spiral helix, popularized by Kilgus C31. It is 
relatively small (3.5 cm diameter by 5 cm high) and inexpensive to 
construct, consisting of three pieces of AWC-16 wire and one piece of 
miniature semi-rigid coax, the same diameter as AWG-16 wire. The radi3tion 
pattern response is right circular with near hemisphere coverage. Over a 
narrow frequency range near resonance (f 20 MHz) the VSWR is less than 
1.4:l: however it becomes highly reactive outside of this narrow range. 

Since the LNA, when adjusted for l~west noise figure, is not uncondi- 
tionally stable at all frequencies up to the 60 GHz cutoff frequency of 
the FET, oscillations can occur due to the xidely varying impedance of the 
antenna away from its resonant frequcncy. However, by carefully 
controlling the length of the cable connecting the antenna to the LNA, it 
is possible to present a stable set of source impedances. The same cable 
length has worked with all units, but a change in csble length of 2 cm 
will guarantee oscillation. A more elegant solution would be to provide 
a ferrite isolator in the LNA input, but this would both increase cost and 
degrade noise figure. 
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QUESTIONS A N D  ANSWERS 

VICTOR REINHARDT, HUGHES AIRCRAFT: T h a t  m i x e r  t h a t  you u s e d ,  i s  
t h e r e  any p l a c e  where  d a t a  is  a v a i l a b l e  on i t ?  

M R .  ALLAN: I am g l a d  t h a t  you a s k e d  t h a t  q u e s t i o n .  I n  f a c t ,  t h e  
r e a s o n  t h a t  we p r e s e n t e d  t h i s  p a p e r ,  s i n c e  N.B.S. i s  a  s t a n d a r d s  
l a b o r a t o r y  s e r v i c e  o r g a n i z a t i o n ,  we h a v e  had s e v e r a l  r e q u e s t s  f o r  
t h e  c i r c u i t .  R a t h e r  t h a n  g i v e  it  o u t  on a  o n e  a t  a  time b a s i s ,  we 
d e c i d e d  t o  g o  a h e a d  a n d  make it a v a i l a b l e  t o  t h e  p u b l i c .  Anyone 
who d e s i r e s  t o  h a v e  c o p i e s  o f  i t ,  we a r e  now m a k i n g  i t  a v a i l a b l e ,  
and we a r e  c h a n g i n g  o u t  o u r  o l d  r e c e i v e r s  w i t h  it a s  we have t h e  
o p p o r t u n i t y .  C e r t a i n l y  you a r e  w e l c o m e  t o  i t .  T h e r e  i s  a f e e  i n  
t e r m s  o f  l a b o r  and c o s t  o f  p a r t s  and c o s t s .  I t 's v e r y  r e a s o n a b l e .  

GEORGE RESCH, JET PROPULSION LABORATORY: What k i n d  of scheme d i d  
you u s e  i n  t h e  l a s t  s l i d e  t o  c o r r e c t  f o r  t h e  i o n o s p h e r e ?  

M R .  ALLAN: I t b t h e  Klobuchar  model t h a t ' s  i n  t h e  d a t a  word. 
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ABSTRACT 

F i n a l  p r o t o t y p e  and  p i l o t  p r o d u c t i o n  p e r f o r m a n c e  t e s t  r e s u l t s  
w i l l  be p r e s e n t e d  on a  s i n g l e  c h a n n e l  C / A  code  CPS r e c e i v e r  t h a t  
h a s  been o p t i m i z e d  f o r  time and f r e q u e n c y  7 ) p i i c a t i o n s .  

Timing a c c u r a c y  and s t a b i l i t y  t e s t  r e s u l t s  w i l l  be  p r e s e n t e d ,  a s  
well a s  p o s i t i o n  d e t e r m i n a t i c n  r e s u l t s .  

Summary o f  t h e s e  r e s u l t s  a r e  a s  f o l l o w s :  

Timing a c c u r a c y :  b e t t e r  t h a n  100 n s e c  

T i m i n g  s t a b i l i t y :  b e t t e r  t h a n  10  n s e c  rms 
f o r  l 0 s e c  a v e r a g i n g  

F r e q u e n c y  s t a b i l i t y :  b e t t e r  t h a n  1 p a r t  i n  
t o  t h e  e l e v e n t h  f o r  
10 s e c  a v e r a g i n g  

P o s i t i o n  a c c u r a c y :  b e t t e r  t h a n  5 0  meters 
when C D O P  l e s s  t h a n  8 and  
up load  l e s s  t h a n  5 h o u r s  o l d  

P o s i t i o n  s t a b i l i t y :  B e t t e r  t h a n  10 m e t e r s  rms 
when CDOP l e s s  t h a n  8 f o r  
two minu te  a v e r a g i n b  

T h i s  p a p e r  n o t  r e c e i v e d  f o r  p u b l i c a t i o n .  



QUESTIONS A N D  ANSWERS 

D A V I D  A L L A N ,  N A T I O N A L  B U R E A U  OF STANDARDS: do you know, A l ,  i f  
t h e  h i g h e s t  s a t e l l i t e  l o c k  c o n d i t i o n  can  be o v e r r i d d e a ,  i f  you 
wished ,  t o  l o c k  i t  t o  a  l o w e r  s a t e l l i t e ?  

M R .  RISLEY: I am n o t  f a m i l i a r  w i t h  t h e  u n i t ,  b u t  Mr. M i t c h e l l  
w i l l  answer t h e  q u e s t i o n .  

M R .  M I T C H E L L :  The answer  t o  t h e  q u e s t i o n  i s  yes.  Any o f  t h e  
a u t o m a t i c  f e a t u r e s  can be o v e r  r i d d e n  i n  t h e  manual  mode. I t ' s  
s i m p l y  a  m a t t e r  o f  s e l e c t i n g  one c o n t r o l  key on t h e  f r o n t  p a n e l  
un i t .  That o u t p u t s  you i n t o  a  sub-menu. 

You u s e  t h e  s a t e l l i t e - s e l e c t  f o r  t h e  p a r t i c u l a r  s a t e l l i t e  
t h a t  you want t o  view. You can a l s o  o v e r r i d e  t h e  a u t o m a t i c  
f e a t u r e  f o r  t h e  i n i t i a l  s e a r c h .  You c o u l d  go t o  a  s k y  s e a r c h  f o r  
a  s a t e l l i t e  t h a t  you know i s  i n  view t o  you, r a t h e r  than l e t t i n g  
i t  go through i t s  e n t i r e  c a t a l o g  of s a t e l l i t e s  t o  s e t  t ime. 

You can a l s o  s e l e c t  t h e  s a t e l l i t e s  t h a t  you want t o  do t h e  
p o s i t i o n i n g  on. It w i l l  a u t o m a t i c a l l y  go t o  t h e  b e s t  s a t e l l i t e  i n  
view i f  you a r e  i n  t h e  a u t o m a t i c  mode. You can  o v e r r i d e  t h e  
automat ic  mode, and s e l e c t  t h e  four  s a t e l l i t e s  t h a t  you want t o  
do the  p o s i t i o n i n g  on. 

M R .  KLEPCZYNSKI: Will.  he p r i c i n g  s t r u c t u r e  which was announced 
f o r  t h e  Trimble r e c e i v e r  a l s o  be maintained b y  Datum and FTS? 

M R .  MITCHELL: The p r i c e  i s  somewhat h igher .  Datum has  purchased 
t h e  e x c l u s i v e  r i g h t s  t o  t h e  u n i t .  We don't f e e l  t h a t  t h e  p r i c e  is  
t h a t  much d i f f e r e n t  f rom t h e  T r i m b l e  o f f e r i n g  b e c a u s e  we have 
made c o n s i d e r a b l e  improvements  o v e r  t h e  t i m e  s i n c e  Tr i m b l e  
i n i t i a l l y  o f f e r e d  them a t  t h e i r  i n t r o d u c t o r y  p r i c e .  Trimble never 
sold any o f  them a t  t h e  in t roduc to ry  p r i c e ,  by t h e  way. 

We do not  cons ide r  the  so f tware  updates  t o  be an op t ion ,  so  
i t  i s  i n c l u d e d  i n  t h e  p r i c e .  That  way you have  s o f t w a r e  u p d a t e s  
f o r  t h e  n e x t  f o u r  y e a r s  t o  p r o t e c t  you f rom any c h a n g e s  t h a t  
might be made i n  t h e  program, a s  well  a s  t o  g e t  any improvements 
t h a t  we f i n d  a r e  n e c e s s a r y  i n  t h e  u p d a t i n g  o f  t h e  s o f t w h r e  t o  
improve t h e  o p e r a t i o n .  

The new p r i c e  a l s o  i n c l u d e s  t h e  RS 232  and some o t h e r  
improvements. The u n i t  is  being introduced a t  around 25K. 

M R .  BUISSON: How many r e c e i v e r s  a r e  i n  t h e  f i e l d ?  

M R .  MITCHELL: Of t h e  f i r s t  p r o d u c t i o n  r u n  o f  t e n ,  I t o o k  t h e  
f i r s t  u n i t  t o  ITC. The second u n i t  i s  h e r e  a t  t h i s  silow. Two o f  
t h e  u n i t s  a r e  a t  t h e  P l a n s  m e e t i n g  i n  San Diego t h i s  week, and 
f o u r  u n i t s  a r e  b e i n g  d e l i v e r e d  t o  P a t r i c k  i n  t h e  n e x t  two o r  
t h r e e  weeks,  and one  u n i t  i s  b e i n g  d e l i v e r e d  t o  Ampex, and t h e  
l a s t  u n i t  g o e s  t o  t h e  C o a s t  Guard. The second  p r o d u c t i o n  r u n  o f  
t e n  i s  g o i n g  i n t o  t e s t  t h i s  week. I b e l i e v e  t h a t  f i v e  o f  t h o s e  
u n i t s  a r e  a l r eady  spoken fo r .  
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