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80th Annual Precise Time and Time Interval (PTTI) Meeting 

OPENING ADDRESS 

Captain Dennis G. Larsen 
Superintendent 

U.S. Naval Observatory 
Washington, DC 

Good morning. I have a small book here of opening remarks that was prepared for me. I have been 
assured by my timing experts that it will take precisely ten minutes, which I think is the time allotted, 
assuming that I use the right frequency. I will try to keep on track here. 

It is my pleasure to open the Thirtieth Annual Precise Time and Time Interval Meeting. The series, as 
most of you know, was started about 30 years ago to bring together the Department of Defense users of 
time with the experts to provide precise time and time interval. Since then, these P'ITI meetings have 
expanded to include the international timing community and provide an opportunity for various users to 
bring forward their ideas and timing requirements for improving not only the Defense Department's 
needs, but also the needs of the world. 

Similarly, these conferences have allowed time and time interval providers to make system developers 
aware of the latest improvements in the field. The objective of this series of meetings is mainly to 
disseminate and coordinate P'ITI information at the user level; to review present and future P'ITI 
requirements; to inform engineers, technicians, and managers of.developing precise time and frequency 
technologies; and to provide an opportunity for an active dialog that is more important today than ever 
before. 

In the past 30 years the accuracy with which time and time interval are measured and transferred has 
improved by three orders of magnitude, or an order of magnitude every decade. We have also witnessed 
remarkable growth in the use of time. It is safe to say that the development of precise time has played a 
critical role in the growth of technology that touches all of our lives today. The Global Positioning 
System is a prime example of a system based on timing that has had a remarkable impact on the world. 
There are many others. 

Glancing at the program for this meeting, we will see that this year's schedule includes topics that 
promise even more significant developments for the future. Potential improvements in time and 
frequency standards provide a new challenge to develop timescale algorithms to steer the clocks of the 
next millennium. Our ability to transfer time is tested by the expected precision of these new standards, 
and significant improvements in time transfer will be required. A number of papers devoted to M e r -  
phase time transfer test this interest in the technique for improved time transfer. 

All of these developments, however, bring on new issues that this meeting, and also future P'ITI 
conferences, will have to address. The first concern that I would like to mention is the need to recognize 
operational standards for the timekeeping and time transfer. The Department of Defense and the U.S. 
has clearly recognized that.inter-operability is a major issue. It has become evident that standards for 
time and time interval play an increasingly important role in assuring that modern systems can 
communicate among themselves and function effectively. We must strive to eliminate the costly practice 
of developing systems independently, without regard for the requirement to operate with other existing 
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and future systems. The application of advanced technology to address the world security needs 
demands that these systems adhere to standards in timing and in time transfer. 

In 1998, Chairmen of the Joint Chiefs of Staff Master Position, Navigation, and Timing Plan and the 
Federal Radionavigation Plan assigned responsibility for DoD timekeeping to the U.S. Naval 
Observatory. We stand ready to assist those who are improving current systems and those who are 
developing new systems to eliminate needless and expensive duplication in the area of PTTI. One 
specific step the Naval Observatory is currently taking is hosting a meeting of the Naval Sea Systems 
Command-sponsored Timing and Synchronization Working Group, the Common Time Requirements 
System Engineering Team, or CTRSET, at the U.S. Naval Observatory on 12 January. This group is 
addressing the implementation of the common-time reference in the Navy and will eventually elevate 
this issue to the joint level. We will take that opportunity to hold a DoD PTTI meeting on the afternoon 
of the 12th to discuss future timing requirements for the Department of Defense. 

A second issue being recognized at the CTRSET is that precise time is becoming a utility, much like that 
of electricity and communications. The ability to obtain precise time and time interval is assumed in the 
infrastructure of modern society. We often deal with users of precise time who are unaware of the 
dependence on availability of precise timing information. It is a product that most take for granted. 
Therefore, we must recognize the need to manage this new utility and meet society’s current and future 
requirements. 

Another interesting recognition came from the recent proposal by the GPS Independent Review Team for 
the GPS Joint Program Office to create a national GPtS - and that is a small “t.” The initials stand for 
“Global Positioning and time System,” with the “t” being small to show its fbndamental importance. 
This management responsibility involves not only the productive stewardship of national resources, but 
also the recognition that a society makes increasing demands on time; we also make ourselves vulnerable 
to its disruption. National and international laboratories must work together to make sure that the 
world’s timing needs are not compromised; requirements for redundant systems must also be evaluated 
carefully; and systems designers will have to deal with making provisions for adequate backups. 

We who are in the business of providing time to users often complain how difficult it is to establish 
definitive requirements for time and time interval at these PTTI meetings. While we need to document 
requirements for budgetary purposes, users are often wary of being specific about their needs, feeling 
that they will be asked to fiscally support their timing demands. The need for documented requirements 
still exists, and I hope that this and future meetings will continue to address that need. 

In addition, I would like to challenge users of time to think creatively about new possibilities that take 
advantage of our ability to provide time and time interval with much improved precision. Utility of 
precise time will in the future provide improvements to us all. We need to plan now to take advantage of 
this resource. 

While we spend the next few days here discussing the latest developments in time and time transfer and 
innovative uses of timing. We also need to keep in mind these broader issues: standards for inter- 
operability, managing time as a national and international utility, P’ITI vulnerabilities and backup 
systems, and creative planning for future utilization of precise timing. 

I am looking forward to the presentations and discussions, and I thank you all for your attendance and for 
your participation. Thank you. 
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PTTI DISTINGUISHED SERVICE AWARD 

Presented to 
Dr, Jacques Vanier 
Director General 

Institute for Na*naI measarements Standards 
NaGmali Research Council 

Canada 
(Retired) 

by 
Dr. Richard L. Sydnor 

Jet Propnlsion Laboratory 
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As you can see, I am not Leonard Cutler. Len had a recurrence of an illness and was hospitalized. He is 
doing well and is now home but could not make this trip. I am going to read what he has given us. The 
Distinguished Service Award Committee has selected Dr. Jacques Vanier from Canada this year. 

Jacques Vanier was born in Canada. He received his B.A. and B.Sc. degrees in physics from the University 
of Montreal and his MSc. and Ph.D. in physics from McGill University, Montreal. 

During his career Dr. Vanier has worked in various institutions, organizations and companies, such as 
University of Montreal, McGill University, Lava1 University, Defence Research Establishment, Varian 
Associates, Hewlett-Packard and the National Research Council of Canada. In this last institution, he was 
Director General of the Institute for National Measurement Standards. He is now Adjunct Professor of 
Physics at the University of Montreal. His teaching and research have been concentrated in solid state 
physics, semiconductors, thermodynamics, electromagnetism and quantum electronics. His most vivid 
souvenir of all his research activities is the day he dropped in the vacuum system of a hydrogen maser a 
cigar that a proud, new father had given him. To retrieve it, he had to take to pieces the whole system. 
This gave him solid experience to act as consultant for several companies such as Varian Associates, CAY 
Communication Components, CA, and EG&G, MA. He is now pursuing this activity for Kernco, MA. He 
also acted as Guest Worker in several organizations such as: the Centre National de la Recherche 
Scientifique (CNRS), France; the National institute of Standards and Technology (NIST), USA; the 
Instituto Elettrotecnico Nazionale (IEN) and the Universita di Pisa, Italy. 

While pursuing these activities he could not resist being pulled into various committees and functions. 
Those he feels he may have made a contribution worth mentioning are: Union Radio Scientifique 
Internationale (URSI), President of Commission A (1990- 1993); Conference of Precision Electromagnetic 
Measurements (CPEM), President of the 1990 Conference in Ottawa, and president of the Executive 
Committee (1990-1994); Frequency Standards and Metrology Symposium (initiator and co-founder); 
Administrative Committee of the I&M Society of the IEEE (1987-1993); ComitC International des Poids et 
Mesures (1990-1996). 

He is: Fellow of the Royal Society of Canada (RSC); Fellow of the American Physical Society (APS); and 
Fellow of the Institute of Electrical and Electronics Engineers (IEEE). In 1984, he received the IEEE 
Centennial Medal. In 1994, he was presented the Symposium on Frequency Control Rabi Award for his 
contributions to the field of atomic fiequency standards. 

He has written and published over ninety papers in scientific journals and donference proceedings. He 
spent six years in the writing of a book (with C. Audoin, Universitd de Paris as co-author): “The Quantum 
Physics of Atomic fiequency Standards.” To the question “Why that long?”, his reply is, “With two 
authors it is twice as long.’’ 

Dr. Vanier is a dedicated painter. He presently pursues this activity and participates in various exhibitions. 
He uses oil as a medium and concentrates on Canadian landscapes. Dr. Vanier is also adept at boating. 
Confident in the usefulness of atomic clocks he has installed a Loran-C receiver in his boat. He says that 
the device can tell him accurately that the boat is in the Saint-Lawrence River and not on Saint-Catherine 
Street in downtown Montreal. He is thinking of switching to GPS. 

Jacques, please come up to the podium, I would like to present you with the award. It is a clock. 
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Jacques Vanier 

Thank you very much, Dick, for the kind words and for the humor contained in them. 

I wish also to thank the committee which selected me for this award. In looking at this room and looking at 
the faces, I can see a lot of persons who deserve recognition in this field. I can only wish that one day they 
will experience the joy that I am enjoying at this moment in receiving this award. 

Some time ago I decided to retire and do something else with my life. After an occasion like this one, I had 
questioned this decision. After a few years and after filling my house with paintings and creating the great 
collections of Vanier, in my house, I really questioned that. Then I received a timely invitation &om 
Professor Leschiutta, fiom the EN, to visit his institute and start doing something useful again. It did not 
take me long, maybe 50 microseconds in time interval, to make a decision. I am glad to say that I am back 
to quantum mechanics of atomic clocks again and trying to contribute. It was quite successful. 

It is very exciting. Actually, I will say that it is a very privileged life. You do what you like most, and you 
get paid for it. Love this stuff, and people recognize you once in awhile. So, I would like to thank you 
again for this recognition. I feel that I belong to this group, and I find an identity in it. Thank you again 
very much. 
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30 YEARS OF PTTI - A RETROSPECTIVE 

William J. Klepczynski 
Innovative Solutions International 

1608 Spring Hill Toad, Vienna, VA 22182 
(202) 651-7670, Bill. Klepczynski@faa. dot.gov 

Five years ago, my predecessor at the US Naval Observatory gave a history of P”I which covered 25 
years [l]. It is an excellent, informative and insightfbl review and I refer everyone to it. I do not think 
that you can find a better and more meaningfiil article. 

This year I was asked to give a retrospective look at 30 years of PTTI. If you look up “retrospective” in 
a thesaurus, you will find a group of words which imply that a retrospective look of a subject is done 
from a personal point of view. These words include: looking back, contemplating the past, recollection, 
considering past events, remembering, perspective from the present, and memory. I will draw upon 
some of these different synonyms in this look based somewhat on personal experience. However, I will 
do it in a way which avoids mentioning the names of individuals, because, alas, I may miss a few and I 
do not wish to slight any of the people whom I might miss and for whom I have fond memories. 

In the early ~ O ’ S ,  I started at USNO in the Nautical Almanac Office. It was there that I became 
associated with the Institute of Navigation. This exposed me to the intrinsic and intimate relation of 
navigation with timing. It was with the ION that I frrst heard of Omega, Loran-Cy TRANSIT, and 
vaguely something about 621B and Timation, the forerunners of GPS. It was an exciting experience 
because one could see the change that was rapidly taking place during that decade. In fact, the impact 
and role of navigation systems on timekeeping has been, is,and will continue to be dramatic. The land- 
based navigation systems that impacted timekeeping, such as Omega and Loran-Cy gave way to GPS and 
now the role of GPS may be supplemented by the SatelliteBased Augmentation Systems currently being 
developed. These latter systems include the WAAS, EGNOS, and MSAS. They will enable global, real- 
time nanosecond synchronization to UTC. 
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On transferring to the Time Service Division in the early ~ O ’ S ,  I immediately became involved with two 
entirely different aspects of practical timekeeping. The first being atomic time through participation in 
portable clock trips and the second being astronomical time through the construction of a 65 cm 
Photographic Zenith Tube (PZT) used in Earth Rotation studies. I believe portable clock trips led to the 
development of advanced time transfer techniques. There had to be an easier way to compare clocks 
than through the costly transport of 150 Ib. behemoths. Also, for the first time I became aware of the 
National Bureau of Standards, now National Institute of Standards and Technology. During these last 30 
years, both NIST and USNO have flourished. NIST developed its Cesium VI1 and USNO became the 
time reference for GPS. 

While many here may not be aware of it, astronomy had played an important role in timekeeping during 
the early part of these last 3 decades. The definition of the second had just undergone great turmoil and 
change in the late 60’s and early 70’s. Relatively quickly, the basis of the SI second changed from the 
ephemeris second (astronomical) to the cesium second (atomic) and leap seconds were introduced into 
UTC. 

Going back to astronomical time for the moment, the optical PZT was an instrument used to measure the 
rate of rotation of the Earth. It did this by comparing the time of transit of stars to time scales based on 
an ensemble of cesium clocks. While this instrument was productive over several decades, it became 
replaced by radio astronomy techniques. Such is the natural course of events. But the overall impact of 
astronomy in timekeeping was and is dwindling. UTC is no loner based on a purely astronomical 
measure. But, to this day, knowledge of Earth rotation for navigation is still extremely important. It is 
what limits the long-term, total, self-sufficiency of GPS. GPS needs to know how the Earth is rotating 
underneath it. 

During the ~ O ’ S ,  we saw the development of the improved cesium-beam tube (HP 5061,004 option). 
This gave way to the HP 5071 cesium-beam frequency standard in the 80’s. This was a very significant 
step in timekeeping. Also this era started to see the production of reliable hydrogen maser clocks. Now, 
masers are capable of running for extended periods of time without the need for a cast of thousands to 
keep them running. The role of the rubidium clock has more recently changed. Improvements in their 
design and construction have led to their choice in the next generation of GPS satellites. 

The improvements in clock technology subsequently led to improvements in time scale calculation. A 
significant number of improvements in time scale algorithms included better weighting of clocks and the 
incorporation of different kinds of clocks into them. We are now seeing the development of time scale 
algorithms using Kalman filtering techniques, another significant milestone. Simultaneously with these 
improvements, there were significant advances in the characterization of the statistical behavior of clocks 
and the description their noise processes. 

While portable clock trips were reaching their peak in the late 70’s and the early SO’S, alternative 
methods for time transfer were being developed and tested. The use of Omega and Loran-C gave way to 
GPS, probably the most significant factor affecting timekeeping during this period. It allowed global 
time transfer at the level of several nanoseconds. Experiments in two-way satellite time transfer using 
the ATS and Symphonie satellites led to the development of the Mitrex modemwhich utilized PRN 
coded signals locked to the 1 PPS of a user’s clock. 
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As my predecessor did at the end of his twenty-five year history of P’ITI, I will also make some 
predictions for the future. However, mine may not be so conservative. In the not too distant future, it is 
entirely possible that UTC may yet undergo another revision and do away with the leap second. And, I 
already have mentioned the possibility of having a global, real-time synchronization capability at the 1 
nanosecond level. Lastly, I see a possible restructuring of the major timing institutions in the United 
States. 

I really feel blessed to have participated in this period of PTTI. There have been many advances and 
developments within a relatively short time span in which many of us at this meeting have taken part. 
We are in a unique field. It is composed of individuals who have developed an extraordinary sense of 
camaraderie. I am glad to have been a part of this exciting time in our history. 

REFERENCES 
[I] G. M. R. Winkler 1994, “Twenty-five Y ~ T S  of PTTI, ” Proceedings of the 25th Annual 

Precise and Time Interval (P’ITI) Applications and Planning Meeting, 29 November-2 
December 1993, Marina del Rey, California, USA, NASA CP-3267, pp. 1-10, 
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Questions and Answers 

DENNIS D. McCARTHY (USNO): Do you have any ideas on the redefinition of UTC? 

WILLIAM KLEPCZYNSKI (ISI): What I see happening, where I work now, with the Satellitebased 
Augmentation System, many of the countries want to use e W g  systems, such as GPS and GLONASS. 
However, GLONASS has in its prime base UTC, which introduces the leap second. Whenever there is a 
leap second, GLONASS becomes unavailable for anywhere from two minutes to 20 hours. This last year 
there was a very significant outage because they also did a very big time step. To use it as the reliance on 
a safelpcritical navigation system, I feel that it will not be accepted, that easily, until some change is 
made in the time basis. This may be one way to achieve that, or there might some momentum gathering 
for something like that. 
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GPS WEEK ROLL-OVER AND Y2K 
COMPLIANCE FOR NBS-TYPE RECEIVERS, 

AND ABSOLUTE CALIBRATION OF THE NIST 
PRIMARY RECEIVER* 

M. Weiss, V. Zhang 
National Institute of Standards and Technology 

325 Broadway, Boulder, CO 80303 

E. Powers 
U .S.Naval Observatory 

R. Loiler 
Allan Osborne Associates 

Abstract 

The N s S - t ~ p e  receiver softwcue was modified to account for both the GPS endsf-week crossover 
and for the Y2K event. Receivers using this sofrware were tested b~ personnel from the Norioncrl 
institute of S&ndar& and Technologv and the U.S. Naval Observatory using a simulator at the 
Naval Research Laboratony. An independent test was per/onned bp a private company. The softw4re 
now appears to be frrllg complicurt with requirements for bdh the GPS week &over and the Y2K 
evenfs. Since the NBS-fype receivers are still the predominant receiver fiw time trcursfer among 
Jaboratork!s which genenrrte intematm * nal Atomic T i  this receiver was given signijbnt cr#ention. 
in  the process, an absolute calibmtion of the delcrp through the p n i n c y  NIST GPS common-view 
meiver was wmpleted. This calibration agrees within its 2.8 11s uncertaivQ both with the vake 
from an estimate in June 1986, which has been used wntinuously since then, and with an absolute 
culibratbn in April of 1987. 

GPS WEEK ROLL-OVER AND Y2K COMPLIANCE 

Receivers of signals from Global Positioning System satellites decode time and date 
information from the satellite’s 50 Hz bit stream [ 11. The date is transmitted as a 10- 
bit‘tveek number plus the second of the week. With 10 bits, the week value can range 
from 0 to 1023. Week 1023 corresponds to the week ending August 21, 1999. The 
week starting August 22, 1999 will be broadcast as week 0 again. This event is 
called the GPS week roll-over. NBS-type receivers are those patterned after the time 
transfer receiver completed by the National Bureau of Standards (NBS, now called 
the National Institute of Standards or NIST) in the early 1980’s. Software for these 
receivers is usually written by personnel of NIST. 

*Contribution of U.S. Government not subject to copyright. 
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The GPS week number is used by the NBS-type receivers to synchronize the receiver 
clock. Unless the software is upgraded, NBS-type GPS receivers will not be able to 
update the clock after the GPS roll-over. The receiver clock will walk off, unless it is 
manually updated, resulting in incorrect time-tagging, shortened tracks, and loss of 
track. 

NBS-type receivers keep track of the year using the two low-order digits, the ones 
and tens digits, since they can be held in one byte. At and after the year 2000, the 
routine in the receiver which converts the calendar date to the modified Julian day 
(MJD) will fail without an upgrade. Since this conversion is used as a test to see if 
the year was entered correctly, the receiver will also fail to back up the current date 
to its internal fail-safe clock. Consequently, the MJD will never be set correctly, and 
the date will be lost if power is cycled. If power is not cycled, the MJD will be 
incremented properly at the end of each day. Thus,users may not notice a problem 
until the receiver is turned off and on again. 

An update which complies with both the GPS week roll-over and the roll over of the 
low-order digits of the calendar year at the year 2000, the so-called Y2K event,has 
been created. The GPS week roll-over software update, version V9802, for NBS- 
type receivers was tested at the Naval Research Laboratory (NRL) in February, 1998 
[2]. V9802 was also tested by Allen Osborne Associates (AOA) in May, 1998. The 
test showed that V9802 handles the GPS week roll-over properly [3]. However, 
V9802 failed to set the receiver clock correctly when the receiver was powered up 
after the year 2000. 

V9802 was modified to create the second version of software update, V9806. This 
version was tested by AOA in June of 1998, and passed the week roll-over and Y2K 
power-cycling tests without problems. Version V9806 was also tested at NIU using 
a GPS simulator [2] on August 25, 1998. The software was installed in a NIST GPS 
receiver (serial number NIST57, model TTR-5). The purpose of the test was to 
verify that the NBS-type GPS receiver with the software update will operate properly 
before and after the following events which were simulated during the test: 

(1) GPS week roll-over 
(2) Year2000 
(3) Leap year after year 2000. 

For the GPS week roll-over and year 2000 tests, the following were tested for the 
dates before and after the event: 
- ifthe receiver can correctly set its clock (MJD, date, time) when powered up, 

if the receiver can track GPS satellites according to the schedule and lock on 
the GPS signal, 
if the receiver can synchronize its clock when locked on the GPS signal 
(when the receiver clock is off by less than 15 minutes). 

- 

12 



For the leap year test, we observed for the date from February 28 to March 1: 
-- if the receiver can correctly set its clock (MJD, date, time) when powered up 

on February 29 of year 2000 and year 2004, 
if the receiver clock (MJD, date, time) is correct during the track and in the 
idle state for the leap years (year 2000 and year 2004) and non-leap years 
(year 1999 and year 2001), 
if the receiver can track GPS satellites according to schedule and lock on the 
GPS signal, 
if the receiver can synchronize its clock when locked on the GPS signal 
(when the receiver clock is off by less than 15 minutes). 

-- 

-- 
-- 

The tests have shown, with V9806: 
-- the receiver clock (MJD, date, t h e )  is set correctly when powered up before 

and after the roll-over, before and after the year 2000 and on February 29 
after year 2000, 
the receiver has no problem tracking GPS satellites and locking on the GPS 
signal, 
the receiver can synchronize its clock when locked on the GPS signal (when 
the receiver clock is off by less than 15 minutes), 
the receiver clock is correct during tracks and in the idle state for the leap 
years and non-leap years. 

- 
I 

- 

The test did reveal a few imperfections in V9806, minor things used for housekeeping 
purposes. Some of the imperfections were corrected to generate the new version 
V9809. 

The test results indicate that the software update, V9809, is hlly compliant with the 
requirements for both the GPS week roll-over and year 2000. 

CALIBRATION OF THE NIST PRIMARY GPS RECEIVER 

The receiver NIST57 was calibrated for its total timing delay in addition to being 
used to test the software for compliance With events as above. This calibration was 
transferred to the NIST reference receiver NBS 10. The NIST57 was calibrated 
against the primary receiver, NBSlO from August 3, 1998 to August 13, 1998, 
before it was shipped to Naval Research Laboratory (NRL). At NRL, the NIST57 
was calibrated using a simulator on August 25, 1998 [2]. The NIST57 was then 
returned to NIST and re-calibrated against NBS 10 from September 6, 1998 to 
September 16, 1998. 

During the calibration at NIST, the antenna for NIST57 was positioned in a location 
close to the antenna of NBS 10. The two receivers were set up for a common-clock 
calibration [4,5,6,7]: they were given the same track schedule; the 5 MHz reference 
frequency and the local 1 pps (with known 1 pps cable delays) were derived from the 
same source, UTC(NIST) in this case. The receiver measures reference clock time 
minus GPS time (REF-GPS) via individual satellites [8]. To determine the relative 
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delay, NBS 10 - NIST57, values of REF-GPS were differenced for matching 
satellites at the mid-point of f i l l  length tracks (track length of 780 s). Because both 
NBS 10 and NIST57 were driven by the same clock, the REF-GPS differences 
yielded the differential receiver delays, once hown cable delays were accounted for. 
The NIST57 was set up in the same condition before and after the trip to NRL, for 
closure. 

During the simulator calibration at NRL, the CIA code at L1 frequency from the 
simulator was injected into the low-noise amplifier (LNA) of the NIST57's 
a n t e d d o w n  converter, as indicated in block form in Figure 1. The signal power 
injected into the LNA was comparable to the GPS signal power received by the 
antenna. The 5 MHz reference frequency for NIST57 was taken from the same 
source as used by the simulator. The local 1 pps signal for NIST57 was generated by 
the simulator. The timing relationship between the local 1 pps signal for NIST57 
and the C/A code transition for REF-GPS was estimated before the calibration.' 

The NIST57 took three standard 780 s tracks during the calibration. The third track 
was made &r powerdodpower-up of the receiver. Because the third track 
showed a warm-up trend with the measurements converging to the value before the 
powerdown, only the mid-point REF-GPS value of the first two 780-second tracks 
were used to determine the absolute receiver delay. Since we know the simulator's 
REF-GPS offset fiom its 1 pps signal, the absolute NIST57 receiver delay can be 
obtained by: 

Simulator - NIST57 = [(REF-GPS)simu~ator - (REF-GPS)NrsTs7] + cable delays. 

With the NIST57 absolute receiver delay calibrated by the simulator and relative 
receiver delay calibrated by NBS 10, the NBS 10 receiver delay of this calibration is 
given as an offset from the current NBS 10 delay by: 

(NBS 10 de1ay)cai = NBS 10 delay + [(Simulator - NIST57) - (NBS 10 - NIST57)]. 

The calibration results are presented in Table I. The comparisons between the 
traveling receiver, NIST57, and the primary receiver, NBS 10, are in rows 2-3 with 
the number, N, of measurements, the mean, p, of these measurements, the formal 
standard deviation a, and the standard deviation of mean d&. The noise type of 
each of the calibrations was determined to be consistent with a white phase noise 
model. Henccthe standard deviation of the mean is a valid statistic. Row 4 gives the 
value used for the transfer, 54.8 ns. 

Below the transfer numbers Table I gives the values for the calibration with the 
simulator in rows 5-6. NIST57 was calibrated to have a delay of 56.2 ns. The 
difference of the NIST57 calibration, 56.2 ns, minus the transfer calibration of 54.8 
11s gives the calibrated offset of NBS 10, 1.4 11s. Adding this to the current receiver 
delay of 53 11s for NBS 10 gives the calibrated delay of 54.4 ns. 
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The uncertainty of this NBS 10 receiver delay calibration is about 2.8 ns, which is 
estimated from the uncertainty of the relative receiver calibration and the uncertainty 
of the absolute receiver calibration. The uncertainty of the relative receiver delay 
calibration is 2.0 ns, which mainly comes from the delay change of the antenna 
electronics as a function of the outdoor temperature change. The uncertainty of the 
absolute receiver delay calibration is 2.0 ns, which is the error in estimating 
REF-GPS of the simulator. 

Calibrations at NIST N P tr 
NBS 10 - NIST57 (ns) (ns) 

After trip: (9/6/98 - 9/16/98) 5 05 54.7 2.57 
Before trip (8/3/98 - 8/13/98) 526 54.9 2.89 

Mean value 54.8 

The historical values of the NBS 10 delay are illustrated in Table II. The current 
value of the NBS10 receiver delay, 53 ns, was estimated in June, 1986. In April, 
1987, the NBS 10 receiver delay was calibrated via the absolute calibration of a 
traveling receiver at the United States Naval Observatory (USNO) with a calibrator 
of NRL. The NBS 10 receiver delay of that calibration was 57 ns with an uncertainty 
of 5 11s. It was decided not to change the delay in NBS 10 because the +4 ns delay 
change was within the uncertainty of the calibration. The NBS 10 receiver delay of 
this calibration differs from the previous two calibrations by +1.4 ns and -2.6 ns, . 
respectively. Because these values are within the uncertainty of this calibration, we 
conclude there is no significant change in the NBS10 receiver delay since June, 1986. 
Since the NIST receiver is part of the network of common-view GPS receivers used 
for generating TAI, this result implies that the delay used among the receivers in this 
network is consistent with the capabilities of current calibration equipment. NIST 
has verified the constancy of this delay at the level of a few ns over 12 years by 
constant inter-comparisons among three receivers. Some of the variations in these 
receivers are shown to be of order a few ns over the past 6 years in [9]. 

G/& 

(ns) 
0.13 
0.11 

TABLE I: AUGUST- SEPTEMBER 1998 CALIBRATION 

Simulator Calibration: N P 
Simulator - NIST57 

Simulator - NBS 10 Calibration 
NBS 10 receiver delay ( 9/98) 

NRL: (8/25/98) 2 56.2 
1.4 ns 

54.4 ns 

Uncertainty 
(ns) 
2.0 
2.8 
2.8 
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TABLE 11: HISTORICAL CALIBRATIONS 

June 1986, Theoretical Estimate - 
Used Continuously SinceThen 

April 1987, at USNO with NRL 
Calibrator 

I Calibration I Value I uncertainty I 

53 UnknOWn 

57 5 
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Questions and Answers 

ROBERT M. GRAHAM (Sandia National Laboratories): During the simulated end-of-week rollover tests, 
why was the GPS operational status (or rollover period) monitored for two minutes before the rollover and 
only 12 minutes after the rollover? 

MARC WEISS (NIST): The GPS receiver is limited to accepting a programmed time change -via the 
simulator - of less than 15 minutes. We chose to begin monitoring GPS-operational status two minutes 
prior to the end-of-week rollover. Therefore, we were limited to the 12 minutes after the rollover. 
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Abstract 

A set Of free-mcnning tisnescales i s  generated using 9 yews of data from the USNO cluck ensemble. 
Cesium and maser clock phases and frequencies are chcucrcterized by g b b d  firs to farst- or sewnd- 
order pdpnorniczls, and the timescaies are generated from the clocks’ detrended frequencies using a 
v e  of weightingfundions. These timeseczles are compred to those g d e d  bp USNO’S A.1, 
BIPM’s ALGOS and TlY8, a d  MST’s AT1 algorithms from the perspective of algorithm choice 
andfrecluencs stability. 

1 THE ALGORITHM 
Since its derivation and implementation by Don Percival, the U.S. Naval Observatory (USN0)’s 
mean algorithm@] has proven robust and adaptable for over 20 years. It is the basis of the 
USNO free-running mean timescale A.1, which is used to form the USNO mean timescale 
that is frequency-steered to International Atomic Time (TAI) or, equivalently, UTWIPM). 
In turn, the USNO Master Clock (Ma) is steered to the USNO mean timescale to generate 
UTC(USNO), providing the most precise on-line realization of UTC in the world today. 
The A1 timescale is actually an integrated frequency scale. In its current formulation, clock 
frequencies (rates) are generated by averaging the hourly first differences of clock timing data 
referenced to the USNO Master Clock (MC2). Individual clock frequencies are detrended, 
using the past AS as a reference, through a first-order fit (effectively, to clock rate and drift) 
over time ranges of uniform clock behavior, as determined by experienced USNO data analysts. 
Clocks showing poor performance, or not yet well-determined rates and drifts, are ignored, 
while all others are ipcluded with a weight depending upon clock type and, for masers, the time 
since the presentpl. For example, this dynamic weighting system initially weights day-old data 
from cavity-tuned masers up to 12 times more than data from cesium clocks, and 3-day-old 
maser data 5 times more than contemporaneous cesium data. It completely deweights maser 
data older than 75 days. 
The A.l timescale was always intended to be a compromise between stability and robustness. 
Its algorithm was motivated by the need to optimize on-line precision for a clock ensemble with 
a limited number of masers; different algorithms are now under consideration for the 12-maser 
ensemble currently maintained at the USNO. One innovation introduced in January, 1999 is to 
detrend cesiums and masers against a reference timescale composed of only cesium standards, 
as opposed to A.l. Another innovation under test is to realize UTC through a timescale 
composed of only masers that have been detrended against the unsteered cesium average. 



Another possible problem with the current kl algorithm is that clocks are detrended individually, 
instead of all at once. The differences between the global and local minima for the values of 
the clock characterization polynomials are not very important in an on-line timescale whose 
main purpose is to provide a template for monthly steers to TAI; however, they are more 
important for work relating to comparisons with other free-running time scales or pulsar data. 
We report here timescales generated using a postprocessed algorithm, informally titled Super% 
whose detrending polynomial models are determined through a global fit to inter-clock phase 
difference data which has been differenced from the temporally preceding clock dif€erence 
N times. For example, phase data differenced once (’’fist differences”) are equivalent to 
frequency data. Note that because the clock data are recorded only in the form of differences 
between clocks, the choice of reference is irrelevant. Also, the SuperP and A.l timescales are 
underdetermined, by a polynomial of order M, if the timescale is generated from N integrations 
of a scale based upon Nth-order differences, which are detrended using a polynomial of order 
M-N. For solutions involving drift-corrections (M=2), any parabola may be added to the final 
timescale without affecting the consistency of the solution for optimal polynomial detrending 
coefficients. The free-running timescales TA(NIST), generated by NIST using their AT1 
algorithm, and FAL, generated by the BIPM using their algorithm ALGOSPI, are also sensitive 
to the initial timescale reference (Table 1); if the initial values of one of these timescales had 
differed by an constant and slope, that same difference would have persisted to the present. 
If a perfectly calibrated set of drift differences between external timescales were available, it 
would be possible to determine the parabolic term from a limited set. One consequence of 
using all the data to resolve the indeterminancy, as opposed to a subset that is assumed to be 
better calibrated, is that long-term variations, such as would be expected due to white frequency 
noise, are masked and the effective errors in the comparisons are increased141. 

2 THE DATA 
The USNO maintains an on-line archive of (currently) 9 years of clock data from its maser and 
cesium ensemble, beginning on MJD 47752 (11 August, 1989) and ending on MJD 51086 (30 
September, 1998). Although lower-noise measurement systems are also being used, this work is 
based only on data taken with a time-interval counter and switch system, whose measurement 
accuracy is better than 100 ps. For brevity, only measurements at 0 hours UT were used 
in this analysis. In Figure 1, the numbers of each type of clock producing acceptable data 
are presented. Unfortunately, the decisions made by data analysts for maser data previous to 
MJD 50079 were not permanently recorded; thus, maser data previous to that time are here 
ignored, although re-analysis may be made at a later date. It is also possible that the editing 

.information available for the oldest data is not accurate, and that a re-analysis will improve 
the results slightly. As is evident in the later figures, timescales are of lesser stability previous 
to about UID 49400 (17 February, 1994); the subsequent improvement is due to the dramatic 
increase m the number and quality of clocks maintained at the USNO and contriiuting to 
TM (cavity-tuned Sigma-TauDatum masers and HP5071 cesiums). The natural division of the 
data into three time ranges is the reason why different analyses presented below will begin at 
different MJD’s. Comparisons with TT98 are limited by its cutoff in December, 1997. 
This work is based on only data recorded as acceptable by USNO data analysts, with some 
additional automatic editing of outliers identified through a simple median-based scheme. The 
time ranges of the on-line polynomial clock characterizations determined by the data analysts 
were used to define the break points in the global least-squares solution to the polynomials. 
The important question of whether these time ranges are optimal in the determination of rate 
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and drifts is not addressed here. The A.l used here differs somewhat from what has been 
reported to the BIPM due to the effect of dynamic weighting and occasional refinements in 
editing or clock characterization made after submission to the BIPM. 
For comparisons with non-USNO timescales, time-transfer noise has always been a serious 
problem. Although much better than previous modes of time transfer, even common-view GPS 
time transfer has been shown to have systematic errors on the order of tens of nanoseconds. In 
1995 and 1996 a BIPM-organized calibration effort revealed a total 29-ns &%ration error in the 
common-view chain between USNO, NIST, and the Observatory of Paris (OP), and somewhat 
lower errors in the links between many other institutions and OF? Although most of the 
institutions involved immediately had their data adjusted with a single time-step, USNO’s data 
were gradually corrected, in 3-ns steps, over the year 1997 (MJD 50482-50783), in consideration 
of USNO’s users, most of whom require greater frequency stability. It is possible to verify the 
results of this procedure in a rough manner, by comparing the values for GPS time reported 
in Circular T with those measured at the USNO (Figure 2). Although this comparison does 
not benefit from the common-view removal of Selective Availability (SA), the 29-11s change is 
apparent, along with what appears to be a small (4 ns) residual error. This small error may be 
due to remaining &%ration errors anywhere in the measurement chain. In the comparisons 
with UTC, EAL, and TT98, it was found that correcting the differences as if this problem had 
never occurred did not improve the comparisons, nor was there any improvement after crude 
allowance was made for the high weight USNO clocks have in the generation of EAL,. It is 
possible that improvement would be evident if adjustments could be made for the fact that 
many other institutions had time-transfer corrections made at the same time. 

3 THE SuperP FAMILY OF TIMESCALES 
Perhaps the most important of the controversial issues related to timescale algorithms is the 
determination of clock weights, which need not be the same in the clock characterization and 
the timescale generation, and at times could be zero. 
Although clocks whose frequency data display Gaussian statistics should theoretically be weighted 
by the inverse variance of their frequency data, in practice the USNO has found it more robust 
to weight all clocks of the same type This approach is justified because the accuracy 
and precision of measurement systems and clocks are difliicult to assess, partly due to nonzero 
covariances in clock performance data@T, and because clock time series are not statistically 
stationary; in particular, past performance is not always a good indicator of future performance. 
To study the effect of weighting, a very incomplete set of 9 functions was explored for weighting 
individual differences between clocks in the clock characterization solution. In all cases, 
measured difference data for each pair of clocks were weighted as the inverse root-sum-square 
(RSS) of the set of clock weights given in Table 2. 
In applying the weights to the clock characterization, all possible clock pairs at each MJD were 
used without allowance for the strong correlation between pairs that include the same clock 
Although solutions could be generated restricting all pairs to those involving any single reference 
clock (which may change between measurement times), this would complicate any solutions 
involving a variancebased weighting scheme. A more robust approach would involve using the 
full covariance function in determining a non-diagonal weight matrix for clock characterization. 
Of these weighting schemes, the best one (based on the 3cornered-hat analysis descriied m the 
next section), effectively removes masers from the characterization process by down-weighting 
them by a factor of 1O00. 
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Once the clocks were detrended using the clock characterization determined by the fitting, 
timescales were generated as averages of all clocks, one point per day, using the same weighting 
schemes as for clock characterization. For clarity in the analysis, the problem of combining data 
from masers with cesiums to form a timescale was bypassed through the generation of separate 
pure-maser and purecesium timescales. We note that modem steering theory would provide 
an optimal way to steer a supposedly less-accurate, but more stable, maser-based timescale to 
a cesium-based 

4 THE INTERNAL ERRORS 
The different weighting options were examined through the consistency of timescales generated 
using independent subsets of 1/3 of the data, and performing a 3-cornered-hat analysis which 
allowed for possible data correlations using a technique that minimizes covariances 171. The 
subsets were chosen by assigning clocks in the order they were encountered by the computer, 
and excluded data before MJD 49400. The resulting stability assessments for cesium-only and 
maser-only averages (Figures 3) indicate a weak preference for a weighting scheme in which 
maser and cesium clocks are characterized by comparison with a unity-weighted purecesium 
mean, but the improvement of ignoring masers for clock characterization should be larger in 
an on-line timescale generated using our current dynamic weighting scheme. 

Using the SuperP formalism, it is simple to generate timescales from other than the data’s 
first differences, and to compare their results. Through determination of the internal errors, 
using the same technique as above, it was found that fitting first-order polynomials to the 
first differences (frequencies, as is done for AS, ATl, and EAL) was preferable to fitting 
second-order polynomials to phase data, constants to second difference data, or nothing to 
third difference data ,(Figures 4). This was also found using the A.l formalismp], and is 
expected in a situation dominated by white FM. Once the clock characterization has been 
determined, differencing to order N also has the effect of smoothing over phase discontinuities 
of order N-1 that may be associated with gaps in the data. Since all the free-running timescales 
considered here are generated from first differences, this result validates what has long been 
done in practice. 

Figures 5 show how the 3arnered-hat analysis estimates the stability of HP5071-only and 
Sigma-Taumaturn-only timescales derived by integrating average detrended frequencies, for 
which the clock characterization was determined through a weighting scheme sensitive only to 
cesiums and down-weighting non-”5071 cesiums by a factor of 0.65. Also shown are a curve 
for the mean timescale of one-half of the clocks relative to the mean timescale of the other 
half, where the deviations were reduced in size by a factor of ,/5 to convert them from relative 
error to absolute error (neglecting covariances), and a curve for the mean of the entire Hp5071 
ensemble (assuming the three subsets could be weighted according to their inverse variances, 
hence also neglecting covariances). 

5 THE EXTERNAL ERRORS 
To estimate the external errors in the USNO data, comparisons were made between the USNO 
timescales and the BIPM timescales EAL and TT98 (the latter is in essence a postprocessed 
UTC, determined from EAL using information available at the end of 1997[101), and their 
frequency stabilities relative to TT98 are shown in Figure 6. The most stable timescales are 
those generated by SuperP using only the most recent data; however, the disparity between 
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the size of the clock ensembles utilized anc 
obscures these comparisons. 

the existence of unmodelled time transfer noise 

Figures 7-11 compare the A.l, SuperP pure-maser average, SuperP purecesium average, and 
TA(N1ST) with EAL and TT98. Here, A1 is essentially a purecesium timescale because all 
the maser data have been phased out except for the last 75 days by the dynamic weighting. 
Again, for recent data the smallest RMS errors relative to TT98 were found for the SuperP 
timescales. For comparisons going further back into the past, A.1 provides the best fit to EAL. 
It is difficult to draw firm conclusions from these comparisons because it is evident that the 
statistics are not stationary. It would be better to simply note that the comparisons reflect the 
considerable improvement in recent years. This improvement is also evident in the USNO's 
ability to better steer our Master Clock to UTC-as reported in BIPM's last Circular T, all 
the timing differences between the USNO Master Clock and UTC were less than 2 ns. While 
we don't expect this close alignment to continue in the near future, it is entirely possible that 
pending improvements in time transfer and frequency standards may result in such differences 
between UTC and UTC(USN0) becoming routine in several more years. 

6 CONCLUSIONS 
A set of free-running timescales were generated using 9 years of USNO clock data and an 
algorithm dubbed SuperP, which made global fits of phases and frequencies to first-order and 
second-order polynomials. USNO clock frequencies and drifts are currently determined with 
respect to a pure cesium-based timescale. The procedure proved to be €he best of those treated 
herein. 
Timescales were generated from the clocks' detrended frequencies and a variety of weight- 
ing functions. Frequency stability assessments indicated a preference for fitting first-order 
polynomials to first differences, rather than other polynomials or other types of data. 
Comparisons of A.1, SuperP, and TANST) timescales to 'IT98 showed the greatest frequency 
stability for those of SuperP, while the A.1 provided the best fit to EAL. Partial allowance for 
past USNOBIPM calibration errors does not improve the comparison between USNO data 
and the BIPM-generated timescales. 
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