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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. 




