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FOREWORD

These proceedings contain the papers presented at the Fifteenth Annual Precise Time

and Time Interval Applications and Planning Meeting which was held December 6-8, 1983

at the Naval Research Laboratory. The discussions following the presentations are also

included. There were 261 registered attendees, of which 31 were from 13 foreign

i countries.

The objective of the meeting was to provide an opportunity for program planners to meet

those who are engaged in research and development and to keep abreast of the state-of-

the-art and latest technological developments. At the same time, it provided an

opportunity for the engineers and scientists to meet program planners. This objective is

Il clearly reflected by the title of the meeting.

This year, the program emphasized advances in Time and Frequency Services of the

various national laboratories, the use of the NAVSTAR Global Positioning Service for

time transfer, and the mathematics and statistical techniques used in PTTI. Specialized

t'TTI applications and systems for Time Transfer/Synchronization and PTTI System

*Components were also included in the program. For the second time in the history of the

PTTI meetings, a well-attended classified session was held.

The Executive Committee wishes to express its appreciation of the excellent work of theI

Session Chairman and the Technical Program Committee. The quality of the program

remains excellent as is evidenced by the increasing registration and continuing support of

our sponsors. The key to the success of a meeting such as this depends on the unstinting

support of many volunteers. We are fortunate to have such support from the sponsors. In

particular, the efforts of Mesers. S. Clark Wardrip and James Murray must be

recognized, as well as the hospitality of the Naval Research Laboratory.
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CALL TO SESSION

Dr. William J. Klepczynski
Program Chairman

United States Naval Observatory

DR. KLEPCZYNSKI: My name is Bill Klepczynski, and I am the program chairman
for this meeting. Unfortunately, the general chairman of the meeting,
Dr. Nicholas Yannoni, is ill and could not, therefore, make it for today.
So, on his behalf, I would like to extend to you a hearty welcome for your
attendance here at the Fifteenth Annual P.T.T.I. Meeting.

Authors of papers, Lauren Rueger, who is here, I'll ask him to stand up, he
is to receive your paper sometime, during the three days of the meeting, for
publication in the Proceedings of the Fifteenth Annual Precision Time and
Time Interval Planning Conference.

For our welcoming address I would like to introduce Jim Murray of the
Naval Research Laboratory.
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WELCOMING ADDRESS

Jim Murray

Naval Research Laboratory

MR. MURRAY: I am sorry that our Commanding Officer, Captain McMorris, will not
be able to be here for the welcoming address; but, on his behalf, I would
like to extend to you a wish for a very successful meeting.

The laboratory is not new to this meeting. We have been associated with it for
the past fifteen years, back to when it first started. During that time we have
seen the number of sponsors increase by an order of magnitude; from one to ten,
and we have seen the nanosecond replace the microsecond as the most talked about "
unit of time; and now we can even use picoseconds without a footnote. These are
all signs of progress, and these are things that the timing community has done;
but there's another sign of progress, and that's the growing number of users
that describe their systems in terms of these unitv. For this, our meetings
can take proper credit.

We are responsible for letting the potential users know what has been done,
what is being done, and what is planned in timing. In this way, we have helped
them to take advantage of the kinds of precise timing that can improve their
systems.

P.T.T.I. meetings have been very successful in accomplishing their purposes,
and I am sure this meeting will enjoy the same productivity as those in the
past.

We have many foreign visitors here and we are very happy to have them. We are
sorry for the inconvenience that our entry procedures have caused, but this is
just part of our system tnat we cannot do without.

I welcome you here and I wish you success in your meeting.

L3
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OPENING COMMENTS

Dr. William J. Klepczynski
Technical Program Committee

United States Naval Observatory

DR. KLEPCZYNSKI: I would like to talk about the program very briefly.
As Jim mentioned, today microsecond timing is available throughout most of
the world; and in some instances, we have nanosecond timing. This has really
taken place in the last fifteen or sixteen years. I think the first
Hewlett-Packard cesium box came out about 1967 or '68, and ever since that
time the timing community and users of precise time have made quantum leaps
in their systems; and the programs reflect some of these advances.

The first session we have is devoted to advances in the services provided by
the various national laboratories.

We have another session on G.P.S. time transfer; one of the most up-to-date
systems, which will assure nanosecond timing throughout the world.

One session is devoted to the mathematics of precision time and frequency.
Since we have not dealt with that for a long time, we thought some interesting

* tutorials would be worthwhile for the people who attend the meetings.

There is one classified session which will not be held in this auditorium; it
will be held in a separate building and is restricted to cleared U.S. citizens.
So please take this into consideration.

If you have a question would you identify yourself, because the sessions are
* being recorded for the proceedings of the conference, and we can then get your

name and affiliation as well as your words.

With that, I would like to introduce the chairman of the first session,
Dr. Derek Morris, National Research Council of Canada.

0'
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SESSION I

I

ADVANCES IN TIME AND FREQUENCY SERVICES

Dr. Derek Morris, Chairman
National Research Council

Canada

CALL TO SESSION I

DR. DEREK MORRIS: Good morning. This session is called Advances in Time
and Frequency Services, and I understand at the moment that five of the six
papers will be given. If the authors of the last paper are here, I would

*appreciate it if they would identify themselves to me; if not, we will start
right away, and I would ask the speakers, please, to keep to twenty minutes
for their presentations. If it's slightly less than that, we will have time
for one or two questions; but we have a deadline to reach lunch by 11:50, so
we will have to keep the session moving.

- 7
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TIMING ACCURACY OF LF AND TV SYNCHRONIZATION TECHNIQUES
.1

Miao Yun-rui and Pan Xiao-pei
Shaanxi Astronomical Observatory

P. 0. Box 18
Lintong (near Xian)

Shaanxi
People's Republic of China

ABSTRACT

LF and TV synchronization techniques have been widely used in
China for several years. Shaanxi, Shanghai and Beijing Astronomical
Observatories have cooperated with the U. S. Naval Observatory in
making two portable clock calibration experiments in 1981 and
1982. The results indicate that the LF synchronization method can
reach a timing accuracy of +1 ps and a precision of +0.05j.Js to +0.20

psover a range of 2000km W-ith complex mixed patth. In additin, it
has been found that there is a systematic difference of about 4 js
between USNO and other laboratories via the North-West Pacific
Loran-C chain. The experiment also shows that the timing accuracy
for the passive TV synchronization method is about +1jius and the
precision of daily frequency calibrations is better tha6_2 parts in 10
to the 12th.

I. INTRODUCTION

Precise time and frequency comparison among Shaanxi, Shanghai and Beijing Astronomical
Observatories has been accomplished via different techniques. Since 1974, Loran-C has been
used in China for the determination of the accuracy and the long-term stability of many types
of atomic frequency standards. In ,978, an experimental LF pulse-coded transmitter station
(BPL), which is controlled by Shaanxi Astronomical Observatory, was put into service for
precise time and frequency in China. The equivalent values of conductivity over land in China
for the LF signal were measured, and the signal strength and the time delay of the ground wave
at 100kHz were predicted for most of the timing centers. Now, the LF pulse-coded sync tech-
nique has been widely used for time and frequency in China.

Time and frequency comparisons via television signals have been used on a daily basis for more
Sthan seven years between these observatories. This is a very simple and valuable method. Time

delays between Beijing and other cities, such as Xian, Shanghai, etc., through microwave relay
routing of the Chinese Television Network have been measured. Passive TV Line-6 comparison is
used not only for frequency calibration but also for time distribution.

This cooperative program also includes the following people:

Luo Ding-chang (Beijing Astronomical Observatory)
Zhuang Qi-xiang (Shanghai Astronomical Observatory)
Song f Jin-an (Shaanxi Astronomical Observatory)

S(Bian Yu-jing (Shaanxi Astronomical Observatory)

9
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• . The portable clock is still the best technique available for the remote synchronization of clocks
* because it is independent of propagation errors. Shaanxi, Beijing and Shanghai Observatories

* cooperated with the U. S. Naval Observatory in making two portable clock experiments in 1981
and 1982 in order to evaluate the timing accuracy and precision of the LF and TV techniques.

- II. RESULTS AND ANALYSIS FOR LF SYNCHRONIZATION TECHNIQUE

- The results of the comparison between the portable clock, received Loran-C signals, and local

master clocks in different labs are given in Tables 1 and 2, separately. It is obvious that
precisions for Loran-C reception (sample time = 1 hour) at SO, CSAO and BAO are 0.046, 0.178
and 0.089pJs, respectively.

Table 1. Time difference (in Js) between portable clock and local Loran-C received (PC-LCr) in

"- August 1982

PC-LCr(SO) PC-LCr(CSAO) PC-LCr(BAO)

Period Aug 1 9 dlh-20 d1 5 h Aug 21d1 0h-2 2d1 0h Aug 25d14h-2 6d1 4h

Mean 62286.023 66224.050 65706.870

rms +0.046 +0.178 +0.089

* Abbreviations used here are:

CSAO Shaanxi Observatory PC Portable Clock
SO Shanghai Observatory LCr Loran-C Received
BAO Beijing Observatory

* Table 2. Results (in jus) of comparison between portable clock and local master clock in

August 1982

MC(SO)-PC MC(CSAO)-PC MC(BAO)-PC

Period Aug 19dl5h 2 1d0 1h Aug 2 1d10h 25d0 5h Aug 2 5d14h 26d21 h

Frequency
offset -7.0x10-1 3  -4.7x10 - 13  -3.1x10 - 1 3

stability
(t= 3 hour) +6.0x10- 13  +5.5x10- 1 3  +6.1x10 -1 3

I
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The accuracy of Loran-C timing mainly depends upon a knowledge of the distance, the earth
conductivity and the refractive index of the air between transmitting and receiving sites. It
also depends upon the measurement of the delay of the receiving system. The time difference
between the portable clock and the received Loran-C signal from Table 1 is

(PC-LCr)t (UTC(USNO,MC)-LCe)t

-(UTC(USNO,MC)-PC)to

+APC(t-to)

+ (LCe-LCr),

where (UTC(USNO,MC)-LC) is the time signal correction at some moment, t, that comes
from USNO publication, Series 4,

(UTC(USNO,MC)-PC) is the time difference of the portable clock with respect to the
Master Clock (USNO),

APC(t-to) is the rste correction of the portable clock during the period
(t - to)

LCe-LCr is the total delay between the transmitting and receiving sites,
which includes emission delay, propagation delay, receiving
delay and the cycle correction. The results of the calculations
are summarized in Table 3 (Ref. 1).

The results of calculations and the calibration experiment with portable clocks are compared in
Table 4. Sync errors for each pair of observatories are summarized in Table 5. Although these
observatories have different distances from the transmitter stations, different paths and
receiving conditions, t.a average sync error for two labs, as derived from the data from Table
4, is 0.57 +0.27 jjs.

Table 3. Measured time delays (inlps) of the Y slave station of the Northwest Pacific Loran-C

Chain (GRP=99700 ps) as determined at three observatories.

so CSAO BAO

Distance 828.840 km 2006.232 km 1853.607 km

Emission
delay 59463.18 59463.18 59463.18

Cycle
" correction 30.00 30.00 30.00

Receiving
delay 25.9 28.9 25.3

Propagation
delay 2767.39 6702.67 6189.74

Total Delay 62286.47 66224.75 65708.22

-!
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Table 4. Results of experiment and calculation for the Loran-C sync (unit jus)

Shanghai Shaanxi Beijing
1981 1982 1981 1982 1981 1982

" UTC(MC)-LCe 2.6 3.6 2.6 3.6 2.6 3.6

-(UTC(MC)-PC) -0.95 -0.4 -0.95- 0.4 -0.95 -0.4

LCe-LCr 62286.47 62286.47 66222.20 66224.75 65708.22 65708.22

* (PC-LCr)cal 62288.12 62289.67 66223.85 66227.95 65709.97 65711.42

(PC-LCr)meas 62283.81 62286.02 66219.00 66224.05 65704.85 65706.87

Meas. - Cal.
(PC-LCr) -4.31 -3.65 -4.85 -3.90 -5.12 -4.55

Table 5. Sync error between two observatories via LC/9970

CSAO-SO BAO-CSAO SO-BAO

1981 -0.54 -0.27 -0.81

1982 -0.25 -0.65 -0.90

Note also from Table 5 that the annual change in the sync error between SO and BAn is very

small. less than 0.1 jps. This means that the Loran-C time signal in different years and different
months is rather stable. A conservative estimation is that it is stable to better

than 0.5 .s. Even for the CSAO, which changed receivers and their location, the
variation of the svnc error is only 0.95 ws. It is clear that a timing accuracy at
the level of I ..- within the range of 2000 km over complex mixed paths via LF can

be reached.

It is worthwhile to notice that the average difference between measurement and calculation in
Table 4 is

-4.39 +0.56 ps,

4 which, in fact, ITplies that there is a common systematic error between the USNO and each of
the three observatories. In Japan there is a similar result. For example, Tokyo Astronomical
Observatory (TAO), in October 18, 1982, measured UTC(TAO)-PC = 6.5 jua. From TAO
publications, one can deduce that the time difference of the Loran-C time signal relative to
UTC(TAO) is UTC(TAO)-LCe = 5.4 us. Thus from measurement, we have PC-LCe = -0.9pus. On
the other hand, the time difference between the portable clock and the Loran-C signal at the

4 emission station, calculated from USNO publication Series 4, is

PC-LCe (UTC(USNO,MC)-LCe) - (UTC(USNO,MC)-PC) 3.25 jus.

12



It is evident that the difference between measurement and calculation for the USNO relative to
TAO is -4.15 ,us. This systematic error is consistent not only with the results from Shaanxi,
Shanghai and Beijing Observatories, but also with the historical results from TAO (Ref. 2). The
reason for this error should be investigated further.

In addition, one can see from the results in Table 4 that the average difference between
measurement and calculation in 1981 is -4.39 us, but in 1982 is -3.43 ps. The difference of
about 1 jus reflects the precision of the correction values in Series 4 published by the USNO.

I
IllI. RESULTS AND ANALYSIS FOR TV SYNC TECHNIQUE

Beijing, Shaanxi and Shanghai observatories have developed a TV Line-6 system (line 6 pulse of
the odd field in the 625 line system) as a method of comparing remotely located clocks in
China. The results of TV comparison during the period of portable clock calibration experiment
in October, 1982 are listed in Table 6. According to the measurement of time delay for the
microwave relay network and calculation of the propagation delay between the local TV
transmitter and the receiver (Ref. 3), we can get the time delays between the Beijing
Microwave Master Station (BMMS) and each lab as follows:

Time delay of (BMMS-CSAO) 3611.0,us,
Time delay of (BMMS-SO) = 6835.1 ps,
Time delay of (BMMS-BAO) 75.3#us.

Using the above data during the period of portable clock trip, the measurement error of single
time difference from day to day for TV method is as follows:

+0.027)us for (CSAO-BAO),

+0.061 )s for (SO-BAO),
+0.025 pis for (SO-CSAO).

The relative frequency offsets measured by the portable clock and the TV Line-6 technique are
summarized in Table 7.

Table 6. Time differences between the CCTV signal and the local master clocks during the

October 1982 clock trip inus

MC(BAO)-TV MC(CSAO)-TV MC(SO)-TV

October 19 17216.35 20748.86 3947.94

20 38794.79 2326.94 5558.07

21 12518.86 16051.27 39250.49

22 4023.83 7556.28 30755.62

23 920.34 4452.63 ---

24 28677.47 32209.80 ---

* 25 32663.43 36195.74 ---

13
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Table 7. Relative frequency offset between local master clocks measured by different
techniques

CSAO-BAO SO-BAO SO-CSAO

TV -3.6xi0 - 1 3  7.5x10 - 1 3  10.1x1O-13

PC -1.6x10 - 1 3  -3.9x10 - 13  -2.3x10 - 1 3

APC-TV -2.qxlO- 13  11.4xlO- 1 3  12.4x10-1 3

It is obvious that the precision of frequency comparisons via TV is:

2x10-12/day for CSAO - BAO,
and 2 /day for SO - CSAO and SO - BAn:

The rcsults of time comparisons by use of portable clocks and passive TV techniques are given in
Tables 8 and 9. It shows that the sync error between CSAO and BAO is -0.78 ps; the error for
CSAO and SO is -1.82.Us; and the average timing accuracy is 1.3+0.74 us.

4 Table 8. Comparison between time differences (SO-CSAO) measured by the portable clock and

the TV sync on October 20, 1982 (us)

SO CSAO SO-CSAO

MC-TVr 5558.07 2326.94
TVe-TVr 6835.1 3611.0
MC-TVe -1277.03 -1284.06 7.03
MC-PC 8.694 -0.153 8.85

Note: The time difference value of (MC(CSAO)-PC) on October 20, 1982 is obtained by
extrapolating the values cf October 21 and 22.

Table 9. Comparison between time difference (CSAO-BAO) measured by the portable clock
and the TV sync on October 25, 1982 (ps)

CSAO BAO CSAO-BAO6

MC-TVr 36195.74 32663.43
TVe-TVr 3611.0 75.3
rAMC-TVe 32584.74 32588.13 -3.39

IC-P( -0.392 2.22 -2.61

rlnte: The time difference value of (MC(CSAO)-PC) on October 25, 1982 is obtained by
*. extrapolating the values of October 23 and 24.

IV. r fl't )I1ON

1 F and IV sync techniques provide an excellent medium for the dissemination of precise time
wrd frPrq1,-fry no a continuous basis. The portable clock is an absolute technique with a
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precision of about 0.1 )us The results of the portable clock experiment indicate that LF sync
technique can reach a timing accuracy of +1)js and precision of +0.05 - +0.2)us within a range of
2000 km of the groundweve coverage. In addition, it has been round tihat there is a systematic
error of about 4 )us between the USNO and other labs via the Northwest Pacific Loran-C
Chain. For passive TV sync, the timing, accuracy is about 1 ,us, and precision of the daily
frequency calibration is better than 2x10 - I2.
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QUESTIONS AND ANSWERS

A VOICE:

Why was the four microseconds there? Do you know?

MR PAN:

SWe think the problem is that it is an adopted value, because we checked
the receiving delay and we checked the propagation delay; and we think that
for the propagation delay, we get better than one microsecond because - you
see in Table 5 we listed the time difference between the different
observatories in China, and we can see the difference is less than one
microsecond. But, as you know, since the observatories are far away from
the North-west Pacific Ocean Loran-'chain', because the distance is from
800 kilometers to 2000 kilometers, and today you have a different path,
completely different. So we thought we could predict the propagation delay
to better than one microsecond.

DR. WINKLER:

I would like to make a comment. About the origin of the four microseconds
is clearly an adopted value for the propagation delays in some original
monitor stations; but there is one thing to consider, at that time, loop
antennas were used. Today, many people use whip antennas. If you use a
loop antenna, there are many loops in existence which have the arrow pointing
in the wrong direction. If you use one of these you have an error of five
microseconds. This is a fact of life.

So, therefore, my suspicion is that somewhere in our original calibrations
there must have been a loop confusion. We actually deal with a discrepancy
between the computed delay and the measured delay of slightly larger than
one microsecond.

Of course, we have no choice but to stick to the value which we have
adopted. You cannot jump around between adopted values.

16
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NEW TIME AND FREQUENCY SERVICES AT THE
NATIONAL BUREAU OF STANDARDS

S. R. Stein, G. Kamas, and D. W. Allan
Time and Frequency Division
National Bureau of Standards

Boulder, Coloradoq

INTRODUCTION

The National Bureau of Standards (NBS) established two new time
and frequency services in 1983. They permit the user to obtain time
and frequency traceable to the NBS with greater precision and less
effort than previously possible. The new services are for users
who require time transfer accuracies in the three nanosecond to one
microiecond range or freqyncy calibration capability in the I part
in 10 to one part in 10 range. However, many applications not
requiring this level of precision may benefit from these services

* ebecause of the high degree of automation, simplicity of use, and
support from the NBS.

Iequency calibration requirements at the part in 1011 to part
in 10 level and timing requirements at the 1 microsecond level can
be satisfied using low frequency radio signals broadcast from
stations such as WWVB or Loran-C. The NBS Frequency Measurement
Service helps the user set-up a low frequency receiver and data
logging system most appropriate for his needs and location. A
typical system includes a receiver, microcomputer, floppy disc units
and printer-plotter. The .ser supplies a dial-up phone line and
modem so that his data can be compared with data recorded at NBS
when necessary, thus providing increased assurance that the
measurements are valid. The user also receives a bulletin by mail
containing NBS measurements of many signal sources. To assist the
user in getting the most from his system, NBS provides specific
training using the actual equipment in one of its seminars on
frequency measurements.

The NBS Global Time Service provides higher precision time and
frequency data and a greater degree of automation. A Global Posit-
ioning System (GPS) receiver, located at the user's facility
communicates automatically with an NBS computer that stores raw
data, determines which data elements are suitable for time transfer

* calculations and provides an optimally filtered value for the time
of the user's clock with respect to the NBS atomic time scales. The
user is assigned an "account" on one of the NBS computers through
which he may access the results of the NBS analysis. Tests, based

17
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upon receivers in Colorado, Germany, France, Washington, DC,
Wyoming, and California, demonstrate that the system can perform
time comparisons with a precision of three nanoeconds and frequency
comparisons with a precision of one part in 10 after four days of

operation.]
THE MEASUREMENT ASSURANCE APPROACH

The most common way to relate industrial calibration measure-
ments to the national standards is to have the local reference
standards calibrated in a way that provides traceability to the
national standards. Depending upon the required level of accuracy,
these calibrations may be performed by private or governmental
laboratories at the local, regional or national level. NBS provides
approximately 12,000 calibrations per year for this purpose. NBS
Calibration services are described in Special Publication 250
(available from the Office of Physical Measurement Services, Nation-
al Bureau of Standards, Washington, DC 20234). The cost of each
calibration is published in an Appendix to this publication.

The ordinary calibration process has serious deficiencies.
First, the standard or instrument to be calibrated must travel to
the calibration laboratory, so it is out of service for a period of
time. For example, the complete characterization of a cesium beam
frequency standard requires that it be at NBS for a period of not
less than five weeks. Even more serious is that the confidence in
the calibration deteriorates with the passage of time. The fact
that the instrument must be shipped to and from the calibration
laboratory contributes substantially to this problem. Finally, only
selected individual standards or instruments are calibrated and thus
little information is available concerning whether or not the total
measurement process is under control.

A general goal of the NBS program is to increase the reliabil-
ity and effectiveness of the national measurement system. The two
new time and frequency services are examples of what is frequently

E called "measurement assurance". In a measurement assurance program,
most of the measurements are performed at the user's site rather
than at the NBS and feedback and analysis of measured information is
an important part of the process. In addition, the NBS establishes
a long term interaction with the user and assists in training user
personnel. The complete measurement process undergoes repeated
scrutiny and is therefore likely to remain under control at all
times. Of the six base units of measurement -the kilogram, the
second, the Kelvin, the candella, the ampere, and the mole -the
second is unique by the relative ease with which it may be compared
by radio at remote locations without the transport of physical

r-.
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artifacts " Because of the unique property of the second, the new
K services provide the user the accuracy he requires through a simple

program of coordinated measurements made at his site and at the NBS.
No artifacts need be shipped to NBS,and the user exchanges
calibration data with the NBS via telephone.Thus, the user obtains
NBS traceable frequency measurements and time synchronization in
real time. Traceability is provided at whatever level is required
up to the ultimate stability of the NBS atomic time scales and the
full accuracy of the NBS primary frequency standard. Since the link
to NBS is established on a regular basis, the user's confidence in
the performance of his in-house standards is greatly increased.
Because of the high degree of automation, inherent in both of the
new services, the improvements in precision and accuracy are
obtained with negligible operational burden on the
user.

NBS FREQUENCY MEASUREMENT SERVICE

This new Frequency Measurement Service, using straight forward
measurement techniques 11], utilizes precision navigation and timing
broadcasts from Loran-C and WWVB to provide 0fequency traceability
to the NBS at approximately a one part in 10 level. Prior to the
introduction of this service, there did not exist a total measure-
ment system with the following features: LF receiver and antenna;
time interval counter; dual floppy disc data storage system;
printer/plotter; instrument controller; and telephone modem data
line to the NBS.

Figure 1 shows the Loran-C version of the frequency measurement
*system. Using the NBS software, this system is capable of monitoring

Loran-C transmissions, storing, listing and plotting the frequency
calibration data. Figure 2 is a sample plot of phase vs time. The
slope calculated by the system program is the frequency offset of
the user's clock. The numerical value of the calibration is printed
on each plot. The plots are made automatically once each day. Four

* separate frequency sources can be calibrated simultaneously.

The new NBS Frequency Measurement Service is more than an
automated data acquisition system. It begins with consultation
between NBS staff and the user to determine the best method of
satisfying the user's requirements. If the Frequency Measurement

• Service is selected, consultation continues to determine the most
appropriate radio transmission including an analysis of possible
propagation and reception problems. The second step is training of
the user's technical staff. A general foundation in time and
frequency measurement techniques is provided by the two yearly NBS
Seminars: "Frequency Measurements" and "Frequency Stability and Its

* Measurement". Direct experience with the equipment used in the
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Figure 1. Photograph of frequency measurement system
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Figure 2. Sample plot of calibration data from the frequency
measurement system.

frequency dissemination service will be provided using equipment now

operating at the NBS facility in Boulder, Colorado. Step three is
the acquisition of the necessary measurement equipment. If desired,
NBS can provide the complete integrated measurement system, insuring
that all the parts are compatible and operate with the NBS software.
Finally, the NBS will consult with the user during the installation
of the antenna, the initial set-up of the equipment and verification
of proper operation. Interaction between the NBS and the user will
continue throughout the program and the user will receive NBS data
via the monthly "Time and Frequency Bulletin." Also, through direct
computer-to-computer data exchanges, the NBS will monitor the user's
data without interfering with the operation of the user's
measurement system. Thus the NBS will be able to help diagnose any
anomalies. Finally, the NBS will provide additional training for
newer staff members and will upgrade the calibration service with
future releases of improved software and calibration equipment.

21
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NBS GLOBAL TIME SERVICE

With this new service the user can synchronize his reference
clock with respect to UTC(NBS) with state-of-the-art precision and
accuracy. The service utilizes the clear access signal broadcast
from the Global Positioning System (GPS) satellites. The time
transfer measurements are made using a common-view technique,
thereby eliminating the noise contribution from the clock errors of
the GPS system and greatly reducing the effect of ephemeris errors
[2]. When the NBS calculated corrections are applied to the user's
clock, that clock becomes a high performance reference with the
following characteristics. Between one and four days,

mod ay(T) 1 0-13T-3/2 [3]. For longer times, up to approximately

one-month, G (T) = 114. Figure 3 shows the results of an anaylsis
of data taken between Boulder and Paris confirming this performance

* level. As a result of these very high precision time transfers, the
user not only has access to a very stable frequency reference but
also gains direct access to the U. S. primary frequency standard,
NBS-6. Access to1 BS-6 makes it possible to set an absolute limit
of one part in 10 on the frequency excursions of the user's clock.
Another way to express the quality of this service is to say that,
for time periods longer than approximately four days, the user can
take advantage of the full capability of the NBS atomic time scale.
The performance is almost the same as if the user were located in
the next room and connected by a coaxial cable.

The NBS Global Time Service is more than just a GPS time
transfer receiver. A receiver alone provides only short term
measurements of the time of the user's clock relative to the time of
a space vehicle clock or GPS time. The NBS service provides, in
addition: determination of the user's position (necessary for time
transfer measurements); scheduling of common view measurements
between the user and the NBS; automatic collection by the NBS of the
data from the users receiver; computation by the NBS of the UTC(NBS)-
user clock time differences; and optimum filtering of the data to
provide a daily best estimate of the time of the users clock with
respect to UTC(NBS). The NBS provides each user with a monthly
report giving the computed daily time differences, the computed
daily frequency differences and the Allan variance of the user's
clock. Figure 4 is a plot of time difference data taken from one of
the Global Time Service reports. The user is assigned an "account"
on one of the NBS computers through which he may directly access the
results of the NBS analysis.
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The service utilizes a GPS receiver developed at the NBS and
now in commercial production [4]. Figure 5 is a photo of the NBS
prototype. The receiver has 0.1 ns precision and nonvolatile memory
for data storage. A simple, small omni-directional antenna makes it
possible to lock on to any satellite whose elevation angle is
greater than 5 degrees. The receiver, interfaced to a printer,
allows local display of the raw GPS measurements and a telephone
modem provides communications with NBS. The user is responsible for
providing a dial-up telephone line so that the NBS may directly
access the data from the receiver. This telephone link is an
essential element of the data communications that gives the user
access to UTC(NBS).I

V.,

Figure 5. Photogr-aph of prototype receiver for the NBS
Global Time Service.
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SUMMARY

The two new measurement services offered in 1983 extend the
range and capability of the other frequency and time services
offered by NBS: telephone time of day; high frequency broadcasts
(WWV and WWVH); low frequency broadcast (WWVB), the GOES satellite
time code; and laboratory calibrations. These services previously
provided routine time synchronization capability in the one second
to 25 microsecond range. The new services offer enhanced automation
and a greater confidence in the results of the measurements. In
addition, NBS provides consultation to assist the user in selecting
the best solution to his problems, initial training and follow-up
consultation whenever measurement problems are detected, The new
time and frequency services provide traceability to NBS and a direct
link to one of the world's best time scales. They greatly reduce
the need for the user to become an expert on the intracacies of
navigation systems such as Loran-C and GPS. The systems reliability
will be high because all the components are "off-the-shelf"
commercial equipment and because NBS maintains the systems to
minimize hardware failures.

The seventh base unit, the mole, is now defined in terms of the
second.

t Certain commercial equipment, instruments, or materials are
identified in this paper in order to adequately specify the
experimental procedure. Such identification does not imply
recommendation or endorsement by the National Bureau of Standards,
nor does it imply that the materials or equipment identified are
necessarily the best available for that purpose.

[1] Time and Frequency Users ManuaZ, George Kamas and Sandra L.
Howe Eds., National Bureau of Standards Special Publication 559.
Available from the Superintendent of Documents, U. S. Govt. Printing
Office, Washington, DC 20402. Stock #003-003-02137-1. Price $6.00.KI [2] Dick D. Davis, Marc Weiss, Alvin Clements and David W. Allan,
"Construction and Performance Characteristics of a Prototype NBS/GPS
Receiver", Proc. 35th Annual Frequency Control Symposium, May 1981.

[3] David W. Allan and James A. Barnes, "A Modified Allan Variance
with Increased Oscillator Characterization Ability", Proc. 35th
Annual Frequency Control Symposium, May 1981.

[4] David W. Allan, "National and International Time and Frequency
Comparisons," Proc. 37th Annual Frequency Control Symposium, June
1983.
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QUESTIONS AND ANSWERS

1 MR. WARD:

Samuel Ward, Jet Propulsion Laboratory. It's not a question, it's a
statement. On the data that you presented against the GPS for the GSC-12.

gWe discovered there was an error that was not on the GSC-12 clock. It was
on a cesium standard 1636 that was a part of our master clock ensemble and
it was in a rather poorly controlled temperature environment. So that would
explain some of the noise that you saw.

DR. STEIN:

It certainly would.

MR. CARLSON:

J. R. Carlson, SCS, Canada. I would be interested in the performance of a
system like yours with a distributed ensemble of clock, perhaps tied to a

.•central control, and then feeding data to your lab. It's just a proposal,
but have you done any work with a distributed system or user system? I am
thinking of considering a baseline interferometer type application.

DR. STEIN:

Of course there already is a major distributed ensemble in the international
atomic time; and one of the things that I think that I would like to avoid
is an overlap in that kind of operation; but we have considered the question
of an ensemble time, say, for an individual user who has his own distributed
set of clocks. For example, we have some separated clocks at our radio
stations which we like to use at least for redundancy purposes.

The answer to your question is, the one-day performance of the G.P.S. System
over thousands of kilometer baselines; using this common mode technique,
with a high quality receiver could be as good as approximately eight
nanoseconds RMS.

[ •It's not quite as good as, say, a very high quality cesium standard, but it's
better than a standard performance device in general, or at least comparable.
So that for time periods somewhat longer than a day, one can begin to con-
struct a very high quality time reference this way and, of course, that's
what is done internationally.

I think G.P.S. is already beginning to replace Loran-C to some extent in
international time scales.

2
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MR. WARD:

Again, a comment to the last gentleman. I have with me a comparative
analysis of GPS versus VLB1 for intercoupling an ensemble of standards
that includes cesiums and hydrogen masers. So if you come to see me I
can give you a sample.

I
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RECENT IMPROVEMENTS IN THE ATOMIC TIME SCALES
OF THE NATIONAL BUREAU OF STANDARDS

D. W. Allan, D. J. Glaze, J. E. Gray, R. H. Jones, J. Levine, and S. R. Stein
Time and Frequency Division

Boulder, Colorado 80303

ABSTRACT

Coincident with the installation of a new measurement system, the
National Bureau of Standards has also developed a new philosophy for
the generation of both UTC(NBS) and atomic time, TA(NBS). Several
benefits have resulted from this new direction. First, a more
uniform UTC(NBS) scale was achieved in order to meet the increased
requirements of our users. Second, improved synchronization of
UTC(NBS) with UTC ( Universal Time Coordinated) has been achig#ed.
The frequency stability of UTC(NBS) is typically about 1 x 10 for
averaging times of one day and longer and synchronism is now main-
tained to within about 1 microsecond of UTC indefinitely. Previously
five microseconds was a realistic goal. Third, a new Kalman type
algorithm with more robust performance is used to genearate TA(NBS)

* totally independent of the generation of UTC(NBS). TA(NBS) is still
steered in rate toward the frequency given by the NBS primary fre-
quency standards. Fourth, a significantly improved working time and
frequency reference is readily available. This reference supports
the research and development of new frequency standards, and also
supports our calibration services. This improved time and frequency
reference is constructed by computing UTC(NBS) in final form every
two hours. A real-time output signal is then steered in frequency
to keep its time within a few nanoseconds of the officially computed
value. And fifth, a very stable frequency reference is obtained by

* using all of the clocks available in the NBS clock ensemble. This
time scale -- denoted AT1 -- is used for all of the NBS frequency
stability calibrations, and is also used to generate UTC(NBS). This
new approach has been tested for more than a year and the resulting
improvements have now been documented.

INTRODUCTION

As of MJD 45195.5 (14 Aug. '82) NBS has been generating three time scales:
* •UTC(NBS), TA(NBS), and AT1. Frequency steps introduced in the past to synchronize

UTC(NBS) with UTC were objectionable to some of the NBS's more sophisticated
users. These steps have been reduced by an order of magnitude and the frequency
stability and the time accuracy of the new UTC(NBS) have been improved by about an
order of magnitude. With the introduction of a new measurement system (1) with a
measurement precision of about 1 picosecond, UTC(NBS) is computed every two hours,

* and a real-time clock is kept within a few nanoseconds of this computed time. The
coordination of UTC(NBS) is accomplished with a one year time constant so that the
monthly frequeny steps introduced to maintain synchronization are of the order of
one part in 10 comparable to the order of the noise and hence are imperceptible.
Coordination with UTC has been enhanced by more than an order of magnitude by
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placing into operation, in July of 1983, the measurement of UTC UTC(NBS) via
global positioning system satellites in common-view between Boulder, Colorado and
Paris, France (2,3). The measurement precision of this technique is about 10 ns.

The "second" used in generating the independent and proper time scale, TA(NBS)
continues to be steered toward the NBS "best estimate" of the SI second as deter-
mined by periodic calibrations with the NBS primary frequency standard (4).
Hence, this time scale is syntonized with the definition of the second as realized
at Boulder, Colorado--limited only by the inaccuracies Qo4the NBS primary frequency
standards and the alogrithms involved, currentlyli x 10- . At the last calibra-
tion (July 1983) -- after applying the 1.8 x 10 gravitational potential correc-
tion of Boulder, Colorado with respect_ the geoid -- the second used in UTC and
TAI was found to be too long by 3 x 10 with respect to the NBS "best estimate".
The algorithm employed in generating TA(NBS) is based on Kalman filter and pre-
diction techniques (5). Though it uses measurements from the same set of clocks,4its operating algorithm is independent of that used to generate UTC(NBS) and AT1.
A new clock noise parameter estimation procedure has also been introduced (6,7),
which has provided better clock noise model development and noise parameter esti-
mation for each of the clocks in the NBS ensemble. This improvement in parameter
estimation has enhanced the frequency stability of all three time scales.

The AT1 time scale is a proper time scale designed to run in real time with state-
of-the-art frequency stability. UTC(NBS) differs from AT1 by a preset (steering)
time and frequency offset. AT1 is a totally independent scale generated by a

. choice of optimum weighting factors for each of the clocks in the NBS ensemble so
that, in principle, the scale's stability is better than that of the best clock in
the ensemble. This scale provides a local frequency reference for NBS research
and development efforts, and also for clocks being calibrated by NBS. These
clocks may be either on site or at remote locations. When the clocks are at
remote locations, they are compared with the NBS time scales via the GPS in common-

view techniq lor via Loran-C. The frequency stability of AT1 is estimated to be
about 1 x 10 for sample times of one day to about one month.

* The body of the paper will give the details of the formulation and the performance
of the above three scales. Figure 1 is a block diagram illustrating how the time
scales are generated.

The Time Scale UTC(NBS)

* An International Radio Consultative Committee (CCIR) regulation states that all
UTC(i) scales should be synchronized to within 1 millisecond of the international
scale, UTC, maintained by the BIH (8). Well within that regulation and in accor-
dance with the intent to minimize the disparity between scales, NBS has designed
UTC(NBS) to be synchronous with UTC within practical limits. In the past that
limit has been 5 ps. With the new UTC(NBS), the goal is 1 ps. UTC(NBS) is also

* kept nearly as stable as AT1, a scale designed specifically for optimum frequency
stability. Because UTC(NBS) is synchronous with UTC in long term, the syntoniza-
tion accuracy of UTC(NBS) is approximately the same as that of the international
primary frequency standards utilized in the determination of the SI second for TAI
(currently CS1 at the PTB, CS5 at ttj NRC, and NBS-6 at the NBS all with accura-
cies equal to or less than 1 x 10-). UTC is derived from TAI by subtracting
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"leap seconds" as needed in order to keep UTC within 0.9 seconds of the earth time
scale UTI.

Synchronizing to UTC presents two challenging logistic problems: 1) In the past
the measurement noise using the Loran-C navigation chain as the time transfer
mechanism required averaging times of the order of several months before the
instabilities of state-of-the-art clocks began to appear. With GPS satellites
used in common-view, that measurement noise becomes negligible for sample times of
a few days and longer. However, this technique is currently only available to a
small set of timing laboratories. 2) There have been indications that either the
propagation noise and/or temperature coefficients in the clocks involved in the
generation of TAI may be causing an annual variation to appear. The BIH is paying
strict attention to the temperature environment of the clocks involved in order to
reduce any potential effect from that source. While this problem is being worked
out, NBS has adopted a steering servo technique with a one year time constant in
order to average out any annual term which may be present. This servo technique
has been applied since November 1982, and the improved performance is illustrated
in Figure 2. The GPS satellite data used in common-view between Boulder, CO and
Paris, France has only been available since July 1983. As more of this data
becomes available the smoothness and synchronization accuracy of UTC(NBS) should
continue to improve.1 4Theoretical estimates indicate that frequency stabilities in

* the range of 1 x 10 may be maintained for sample times from one day to a month
and longer for UTC(NBS). Synchronization accuracies should drop well below a
microsecond as annual term problems in the clocks and in the propagation are
solved.

The most stringent users of UTC(NBS) desire it to be as smooth and accurate as
possible. Time steps to synchronize it to UTC would be objectionable. Excellent
frequency stability and time accuracy can be obtained simultaneously by inserting
imperceptible frequency steps (of the same size as the noise) on a monthly basis
in order to steer it toward UTC. Prior to this new procedure for steering UTC(NBS),
only annual frequency steps were inserted. They were sufficiently large so that
they became objectionable to NBS's most stringent users such as the NASA Deep
Space Network. Table 1 lists the steering corrections published in the NBS Time
and Frequency Bulletin, yielling the results shown in Figure 2.

The Time Scale TA(NBS)

The NBS goal is to smoothly syntonize TA(NBS) with the frequency given by the NBS

primary frequency standard -- currently NBS-6. TA(NBS) is a proper time scale in
the sense of general relativity -- its time being determined only by the clocks
and standards in the NBS laboratories. Since frequency steps are objectionable
for this time scale, frequency syntonization is achieved for T (NBS) by inserting
frequency drift of the order of the noise ( < 1 part in 10 per year). The
frequency drift inserted is computed using an algorithm (4) which uses the per-
iodic calibrations of the primary frequency standards. The relationship between A

the frequencies of TA(NBS) and UTC(NBS) are 
listed in the right column of Table 1.

The algorithm used in generating TA(NBS) employs the same clock data used in -
generating the other two time scales. However, the algorithm has been developed
using Kalman filter and prediction techniques (5). The noise model for the clocks
in the ensemble used to generate the NBS time scales is composed of two coefficients: -1
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a coefficient which gives the level of white noise frequency modulation (FM) and a
coefficient which gives the random walk FM. A maximum likelihood parameter esti-
mation procedure is used to estimate these coefficients for each of the clocks.
Their values are listed in Table 2. A test for whiteness of the residuals has
been conducted to assess the goodness of the model. The test was affirmative
indicating the model is statistically adequate to describe the behavior of the
clocks in the NBS ensemble.

Equation 1 gives the relationship of these coefficients to the "Allan Variance"
2 2

2(nto) 2 +  (2n + 1),
n2 6nT 2(1

0 0

where the sample time T = nT , T is the measurement and prediction interval and
o and a are measures of th ma nitude of the rms prediction error in the clock
over an 9nterval T for the white noise FM and the random walk noise FM respec-
tively. 0

The Time Scale AT1

ATi is a basic time and frequency metrology tool for the Time and Frequency Div-
ision of NBS. It is also used as a stable frequency reference for remotely mea-
suring and calibrating clocks as well as for measuring and calibrating clocks sent
to the NBS.

AT1 is automatically computed every two hours. The computation algorithm uses an
"optimum" weighted set of the data from each of the clocks in the NBS ensemble.
The time differences are measured with a precision of the order of a picosecond.
A two-parameter representation of the noise characteristics is also used in this
algorithm. There is a one-to-one correspondence between these two parameters and
the two parameters referenced above. (See Table 2) The values of these para-
meters, their relationships, and how the algorithm works is described elsewhere
(9).

To evaluate a clock such as AT1 which is designed to be better than the best clock
available is a very difficult task. However, there are ways to estimate the
frequency stability of AT1: First, by simulation, using the clock models estimated
from the maximum likelihood approach; second, by measuring against an independent
clock, either remote or local; third, by using the three corner-hat (10) technique
with three nominally comparable and independent clocks or time scales. One further
twist on the last option is to permute three separate algorithms around three
independent clock ensembles, allowing one to independently estimate the perfor-
mance of each of the algorithms and each of the ensembles. The data available
were only sufficient to perform the first two options.

Figure 3 shows the frequency stability model for each of the clocks in the NBS
ensemble. Once the model elements had been estimated using the maximum likelihood
technique, each clock was simulated and then processed through the AT1 algorithm
as if the data were real. The computed time could then be compared against perfect
(true) time since the data were simulated. Two different sets were simulated and
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processed and the resulting frequency stability is indicated by the squares in
this figure. One estimates that for sample times ranging from about one day to
about a monty 4the stability of ATI so computed should be of the order of or below
about 1 x 10

Using the second option and the GPS common-view technique we have measured the
frequency stability of AT1 versus UTC(USNO MC) an operational time scale provided
by the U.S. Naval Observatory. The time difference so deduced is shown in Figure
4 for the period July through October 1983. The U (T) analysis of these data is
shown in Figure 5 with and without an apparent fre4uengy drift being removed. The
frequency drift is tiny -- amounting to only -8 x 10 per day. For sample times
of one, two, and four days, the stability values are probably significantly contam-
inated by measurement noise. A probable proper nclusion from this data set is
that both time scales are better than about 2 x 10 for 4 days < T < 1 month.

Because of the previously determined white phase measurement noise present when
using the GPS in common-view technique (11), it is appropriate to use the modified
o () analysis technique (12). Using this technique, Figure 6 shows ATI versus
bth UTC(USNO MC) and UTC(OP), the time scale provided by the the Paris Observa-
tory. Because of a frequency step introduced in UTC(OP) during the above analysis
period, a stable period prior to this step during July 1983 was analyzed. In
figure 6, the measurement noise is limiting for sample times of one and two days
but for sample times of from 4 to 32 days it appea r 4 that none of the above three
scales has instabilities worse than about 1 x 10 for mod. G (T) and for the
analysis period covered. Assuming flicker noise FM as the stability model and
translating to a (T) increases the instability value by only a factor of about
1.2. y

Recently some repair work was performed on the NBS prototype passive hydrogen
maser (PHM4). Because of this repair work the maser was not included in the NBS
computation of AT1. This provided an opportunity to use the maser as an indepen-
dent local reference to measure the stability of AT1. Because of the maser's
excellent white noise FM characteristics, its absence from the time scale computa-
tion increased the over-all white noise FM level of AT1 as compared to Figure 3.
Even so, as shown in Figure 7, the long term stability of AT1 versus the passive
maser is still very good -- of the order of 1 x 10 for sample times of one to
four days. The stability of AT1 versus UTC(USNO MC) from Figure 5 is plotted for
comparison -- it should be noted that this data is contaminated by measurement
noise. A conservative conclusion fromjthe data shown in Figure 7 is that the
stability of AT1 is better than 2 x 10 for sample times in the range of one day
to a month.

To test if the steering of UTC(NBS) was affecting the long term stability, UTC(NBS)
was measured against UTC(USNO MC) via GPS in common-view and no significant change
in the a (T) diagram resulted compared to that obtained in Figure 5. One can
apparently also say thatlhe time scalr UTC(NBS) and/or UTC(USNO MC) have stabil-
ities better than 2 x 10 for sample Ljiies from a few days tn a month.

Conclusion

The new NBS time scale measurement system (1) coupled with the time scale algor-
ithm research (13) has provided NBS with a solid foundation for developing the
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=.-.time scales UTC(NBS), TA(NBS), and AT1 as exSB4ained above. All three scales have

* frequency stabilities of the order of 1 x 10 for sample times from one day to a I
month. UTC(NBS) is synchronized to UTC, and TA(NBS) is syntonized to the NBS
"best estimate" of the frequency given by the NBS primary frequency standards
(currently NBS-6). AT1 provides state-of-the-art frequency stability for sample
times of the order of one day and longer with the ability to include and to cali-
brate clocks of diverse as well as of state-of-the-art quality. As new and better
clocks are added, AT1, UTC(NBS), and TA(NBS) will continue to improve in theirfrequency stabilities.

* With the advent of GPS used in the common-view measurement mode, the full frequency
stability and accuracy of the above time scales is available at a remote user's
location for sample times of about 4 days and longer (14). This measurement is
about a factor of 20 times better than using Loran-C. With this measurement
technique, not only will the time difference UTC(USNO MC) - UTC(NBS) be known in
near real time to an accuracy of about 10 ns (3), but also it is anticipated that
UTC(NBS) will be able to maintain synchronization with UTC, which is calculated
two months after the fact, with an accuracy of about 100 ns.
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Table I Is a list of Changes in tim scale frequencies of both TACNBS) end UT(NS) as well as a
lit of the time and frequency differences between TA(NBS) and UTC(US) at the dates of leap Seconds.
an./or frequency or frequency drift changes.

TABLE 1

t FREQUEN[CY 0!!&GS

DATE (93D) TA(MS) UTC(NIS) FA(MBS) - UTC(MS) ,UTC(cNS)-yTA(NS)

I Jan 80 44239 21.045 071 350 a -0.36 x _G-13

1 Apr 80 44330 +1.0 x 1o L
3 
/year +S0 na/day 29.045 071 432 a *5.43 x 10-13

I July 80 44421 (Drift continued) -3S ns/day is.045 067 262 s '0.88 x 10
13

I 1 July 81 44786 * 4 na/day 20.045-065 M a '0.59 x 10-
1 3

1 July 82 45151 1.0 x 2,130/year - 3 ns/day 21.045 063 425 a *0.24 x 10-13

1 Sept 82 45213 (Drift stopped) -3.7 ns/day 21.045 063 341 5 -0.36 x 1013

I Oct 82 45243 21.045 D63 464 a -0.45 x 20-13

1 Nov 82 45274 .1.0 x 10*-
3

/year '1.4 ns/day 22.045 063 583 s -0.34 x 10
1 3

1 Dec 82 45304 (Drift continued) '0.77 ns/day .21.045 063 671 a -0.25 x 1013

1 Jan 83 45335 (Drift continued) '1.49 ns/day 21.045 063 715 a -0.08 x 10
"
U

2 Feb 83 45366 (Drift continued) *2.52 na/day 21.045 063 716 a .0.21 a 1
" 3

1 Mar 83 45394 (Drift continued) +1.28 ns/day 21.045 063 656 a *0.30 x 1013

1 Apr 3 45424 (Drift continued) 0.93 n/day 21.045 063 565 a '0.21 I 10-13

1 May 83 45455 (Drift continued) -0.17 ns/day 21.045 063 547 a '0.08 " 103

I Jun 83 4S486 (Drift continued) -0.44 as/day 21.045 063 522 s -0.11 10
1 3

1 July 83 45516 (Drift continued) -0.94 ns/day 22.045 063 605 a -0.37 x 10
" 13

1 Aug 83 45547 (Drift continued) -1.04 ns/day 22.045 063 721 s -0.47 x 10
1 3

1 Sept 83 45578 (Drift continued) -1.20 ns/day 22.045 063 856 a -0.62 x 10
1 3

1 Oct 83 4S608 (Drift continued) 0.00 ns/day 22.045 064 010 a -0.72 x 10a
1 3

TABLE 2 Estimated values of c and a and 95% confidence intervals.

Clock Length a (ns) a (ns)
of data
(days) Lower Upper Lower Upper

Limit Est. Limit Limit Est. Limit
1316 364 3.81 4.14 4.53 0.53 0.80 1.23
167 361 12.58 13.52 14.67 0.57 1.11 ?.07
137 358 10.41 11.31 12.27 1.76 2.49 3.56
61 67 5.48 6.77 8.43 1.53 2.80 4.83
352 354 8.12 8.85 9.74 2.42 3.32 4.41

4 323 255 2.06 2.37 2.74 0.63 0.94 1.34
1375 357 9.93 10.71 11.64 0.96 1.48 2.25
NBS4 66 0 0.88 1.86 0.72 1.34 2.16
113 354 8.73 9.48 10.38 2.49 3.18 4.11
8 360 7.98 8.65 9.49 2.11 2.76 3.66

601 298 1.89 2.13 2.41 0 0.06 0.5?
PHIl4 203 0 0.65 1.19 0.55 0.77 1.09
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0Figure 2. Universal Time Coordinated (UTC) minus UTC(NBS) via Loran-C.
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Figure 3. Frequency stability models of clocks in NBS ensemble. The squares are
* estimates of the stability of NBS.AT1 and UTC(NBS) via the NBS algorithm.
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Figure 5. Frequency stability of UTC(USNO-MC) vs ATI with and without an apparent
frequency drift removed.
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Figure 6. Frequency stability of NBS.AT1 vs. UTC(USNO-MC) and UTC(OP) via GPS in
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Figure 7. The frequency stability of NBS.AT1 vs. a pas, ,e hydrogen maser and vs.
* UTC(USNO-MC) via the GPS in common-view technique.

L "39

, - , . , . . .,0•.. ,. " . -. i - -,



QUESTIONS AND ANSWERS

MR. WARD:

Sam Ward, Jet Propulsion Laboratory. When did you start using this

smoother rate?

MR. ALLAN:

Basically, October of last year, all of this year. Roughly, about
a year ago.

MR. WARD:

Well, as a matter of added infomation, we had been having a problem with
hydrogen masers, and one of them in particular had been left open for an
excessive period and it cooled down, and when it came back up it had a
very high drift rate. Now, normally, this drift rate is around a few

parts in 1015 per day; so we have been trying to use the G.P.S. to measure
that drift rate. So you can see why we didn't like it being diddled.

MR. ALLAN:

That's right. 1
5MR. WARD:

But we, indeed, found the rate, after about three months, had settled
14

down to a rate that was approaching a part in 10 ; and before it was taken

off the line last month, it had settled down to 3.5 X 10- 1 5 per day.6
MR. ALLAN:

In fact, J.P.L. was one of the driving forces why N.B.S. improved their
performance.
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AUTOMATION OF PRECISE TIME REFERENCE STATIONS (PTRS)

Paul J. Wheeler
U. S. Naval Observatory

Washington, D. C.

ABSTRACT

The U. S. Naval Observatory is presently engaged in a program of
automating precise time stations (PTS) and precise time reference
stations (PTRS) by using a versatile mini-computer controlled data
acquisition system (DAS). The data acquisition system is configured
to monitor locally available PTTI signals such as LORAN-C,
OMEGA, and/or the Global Positioning System. In addition, the DAS
performs local standard intercomparison. Computer telephone
communications provide automatic data transfer to the Naval
Observatory. Subsequently, after analysis of the data, results and
information can be sent back to the precise time reference station
to provide automatic control of remote station timing. The DAS
configuration is designed around state of the art standard industrial
high reliability modules. The system integration and software are
standardized but allow considerable flexibility to satisfy special
local requirements such as stability measurements, performance
evaluation and printing of messages and certificates. The DAS
operates completely independently and may be queried or controlled
at any time with a computer or terminal device (control is protected

'4 for use by authorized personnel only). Such DAS equipped PTS are
operational in Hawaii, California, Texas and Florida.

INTRODUCTION

One of the functions of the U. S.Naval Observatory is to provide a data base of precise time
measurements which reference navigation systems timing to UTC (USNO). This is accomplished
with measurements made at the Naval Observatory and at precise time stations (PTS) around
the world. The quality of the measurements made at a PTS is often affected by personnel
changes at the stations. In addition, the quantity of data is limited by the number of available
man-hours. To improve both quality and quantity of this data the Naval Observatory has

6 developed an automated data acquisition system (DAS) that is being installed in different
configurations at the PTS's. There are operational systems presently installed in Hawaii, Texas,

*- Florida and three in California. In the near future systems will be installed in Ohio, West
Virginia and a second system in Hawaii.

The following will describe the different configurations and capabilities of these systems.

System Description (Figure 1)

The DAS is a mini-computer controlled system capable of monitoring locally available precise
time signals such as LORAN-C, OMEGA and/or the Global Positioning System. In addition, the
DAS can perform local standard intercomparisons. Computer telephone communications
provide automatic data transfer to the Naval Observatory. After the date has been analyzed,
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results and information can be sent back to the PTS to provide automatic control of remote
station timing. Data analysis can also be performed by PTS personnel by utilizing the plotting

* and data printout capabilities of the DAS. The DAS also provides automated portable clock
measurements, and printing of messages and certificates.

System Design (Figure 2)

The heart of the DAS is a Hewlett Packard (H/P) 9915 computer. The computer controls two
interfaces, one an RS232 interface that is primarily used for data communications and an IEEE-
488 (HPIB) interface for equipment control. In a basic system the HPIB connects to the
computer one or two H/P 59307 VHF switches, an H/P 5328 or 5335 universal counter, and an
Austron 2100 LORAN-C timing receiver. Once per hour under computer control the VHF
switches connect up to 14 different timing signals (1PPS) into the universal counter. The
universal counter is configured to make time interval measurements and transfer them to the
computer for storage and subsequent transfer to the Naval Observatory. Each hour, under
computer control, the LORAN receiver is locked onto a selected station, a time of arrival
measurement is made, the data is transferred to the computer, and the LORAN receiver is
initialized to acquire a different station. This computer control of the LORAN receiver allows
different stations and/or chains to be monitored with a single receiver. A time tag for the data
is obtained from the LORAN receiver or from an internal clock in the computer if the LORAN
receiver malfunctions. The data is also labeled with the Modified Julian Date that is
maintained by the computer, and the LORAN data is labeled with the chain repetition rate and
station ID. A DAS in this configuration can store two days of data in computer memory and up
to 30 days on the built in tape drive. To reduce the problems caused by magnetic tape and tape
transport wear, the system programs are stored on EPROMs (erasable programmable read only
memory) in the computer. These programs are loaded and run on power-up without human
intervention, eliminating the need for computer back-up power.

The RS232 interface connects the computer to a standard dial up telephone line via a 1200 baud
Umodem. This allows data transfer, system control, and/or system diagnostics to be performed

with a remote computer or communications terminal. To communicate with a remote DAS, dial
the telephone number, respond to the request for your ID, then respond to the request for your
operation codes. The ID "USNO" is provided for PTTI users; this code allows access to the DAS
data without the capability of interfering with the DAS operation. The operation code in most
cases is a one or two digit number that tells the DAS what data you would like transferred
(refer to Table 1 for example). Upon request the DAS stored data is transferred to the USNO or
PTTI user in the form of Modified Julian Date, Universal Time, clock time interval measure- .
ments, LORAN-C chain, and LORAN-C time interval measurements. Remote system control
provides, for example, the ability to update the DAS date, time of day, and the number of leap
seconds, as well as to monitor clock time interval measurements and LORAN-C data in real
time. Time of day, station GR1 (Group Repetition Interval), receiver gain, signal to noise ratio,
receiver status, and cycle number from the LORAN receiver can also be monitored. Remote
system diagnostics can be performed on the VHF switches, LORAN-C receiver, and time
interval counter. In addition to the precoded diagnostics any allowable interface bus commands
can be sent to each piece of equipment allowing complete equipment control from a remote
terminal. Other diagnostics include a table of amplitude and frequency measurements of each
clock signal connected to the VHF switches. Comparing these measurements to the measure-
ments in the table made during system initialization helps to determine the integrity of the

signals and cables in the system. The number of power failures at the PTS are counted and
stored to help analyze equipment failures. The programs are designed so that when a software
or firmware error occurs, the program will recover and continue; however, the error code and
the program line number where the error occurred are stored and may be read during data
communications. This aids in software debugging while the DAS is operating at the PTS.
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Soon after installation of DAS's in the field new requirements evolved and subsequently the
[- DAS's capabilities were expanded (refer to Figure 3).

7C One of the new requirements was to provide a printout of the USNO's GPS timing data in the
computer facility at the GPS master control site located at Vandenberg AFB, California. The
printer was to be located 1000 feet from the DAS and the data printed out had to be free of any
transmission errors. To connect the printer to the DAS, short-haul modems and a Black Box
"Fall Back Switch" (FBS) were used. The modems extend the RS-232 communications from the
DAS to the printer. The FBS allows both the data communications modem and the printer via

1 short-haul modems to be connected to a single RS-232 computer interface. To insure error free
data, two error check numbers are calculated by the USNO coMputel and transmitted with the
data. When the data is received at the DAS, the error check numbers are calculated by the DAS
computer and compared to those sent with the data. An affirmative acknowledgement is
returned by the DAS if the calculations agree; otherwise, retransmission of the data is
requested. Data and messages can also be sent from a data terminal. However, calculation of

d Cthe error check codes by hand is not practical. To solve this problem, a special error check
code is sent with the message. This code tells the DAS to transmit the entire message back to
the sender. The sender can then check the message for errors and transmit an affirmative
acknowledgment or retransmit the message.

Another requirement was to monitor the OMEGA navigation system. The Black Box FBS was
used to connect a Magnavox 1104 OMEGA monitor to the DAS, and an H/P Winchester disc was

[ added to accommodate the storage of the large amount of data provided by the OMEGA
receiver. The OMEGA data is stored in a 100 day circular file on the disc. With the use of the
DAS data communications this data is available to the U.S. Coast Guard for analysis. The
communications modem used in this DAS was a dual speed modem, 300 and 1200 baud. This
modem and the computer identify the speed of the call-in modem and set their own communica-
tions speed accordingly. This feature allows a larger variety of data terminals and even the
most inexpensive computers to communicate with the DAS.

In January 1983, the Vandenberg AFB contracted with the USNO to design and build an
automated timing system for their Precise Measurement Electronics Laboratory (PMEL). This
PMEL is a Precise Time Reference Station (PTRS). This was the beginning of a second
generation DAS with several new capabilities (refer to Figure 4). This new system consisted of

*the computer, two VHF switches, the LORAN receiver, time interval counter, Winchester disc,
a second H/P 9915 computer with keyboard and monitor, a Timing Systems Technology (TST)
precision digital multi-timescale clock, TST microphase stepper, Stanford Telecommunications
Inc. (STI) 502 GPS receiver, an H/P graphics plotter, and an H/P printer.

The keyboard, monitor and second computer are used as a local terminal. This terminal J
*I provides for local control of the system, data analysis, plots and printouts of the collected data,

and the printing of reports and messages. The programs for the local terminal are soft-key
controlled. Programs are loaded and run by pressing a single key and require no programming
knowledge. The terminal computer is connected to the DAS computer and the other equipment
in the system by the HPIB. Both computers, in turn, can act as the system controller. This
allows both computers to access the same disc in order to store and retrieve data or to control
the other equipment in the DAS in order to collect the data. The plotter and printer are
connected to the terminal computer with the H/P interface loop (HPIL). The use of the HPIL
allows the printer and plotter to be located with the keyboard and monitor in an office, while
the computers and other equipment are kept in a laboratory environment. Plotting, printing and
programming can also he performed with the terminal computer without tying up the HPIB
interface which is required by the DAS for data collection.

4
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The DAS computer, as in other DAS's, is for control of the system, timing equipment and
communications. The DAS computer maintains priority control over the HPIB and, therefore,
priority control over the equipment in the system. In order for the terminal computer to access
the disc or control the equipment the terminal computer must obrain HPIB control from the
DAS computer. The DAS computer may pass control, deny o, take control away from the
terminal computer.

The microphase stepper and digital clock were added to provide a computer slewable lpps and
are connected to the system via the HPIB. With the microphase stepper, the ipps from the
digital clock can be stepped in time in one picosecond steps or the ipps can be slewed in parts
as small as ten to the minus seventeenth. This control of station timing can be done with the
local terminal, remote terminal or remote computer. The microphase stepper and digital clock
are completely programmable by remote computer or terminal. This provides for automated 4

insertion of leap seconds into the station timing and allows for remote diagnostics in the event
of equipment failure. *

The GPS receiver provides primary data for control of the station timing. A tracking schedule
is loaded into the DAS computer from the USNO. This schedule is initialized so that the OPS
receiver at the remote station and the OPS receiver at the USNO collect data from the same
CPS satellite at the same time. The data is reduced and stored on disc with the start time, stop
time, space vehicle number, slope and rms of the data, and the number of samples. Each day
the USNO computer calls and collects the CPS, clock and LORAN data from the DAS. The DAS

* -PS data is compared with the USNO OPS data. The difference between the remote station
timing and UTC USNO is then calculated and when needed control information is sent back to
the DAS to automatically correct station timing. To prevent transmission errors in the timing
control message, the entire message is retransmitted to the sender. The sender must then
acknowledge whether the message was received correctly or if retransmission is required.
After an affirmative acknowledgment is received by the DAS, the DAS sends the control
message to the microphase stepper. If no errors are indicated by the microphase stepper the
DAS computer queries the microphase stepper for the last control message received. The
control messages are compared by the computer and the results are sent back to the sender
informing him that the control was accepted or that retransmission is required. If an error
occurs in the microphase stepper, an error code, the date and time are stored on disc. This
information can then be retrieved by USNO for analysis.

The graphics plotter and associated software provide plots of any of the collected time interval
data. This includes the data from the CPS receiver, the LORAN receiver, and all equipment
connected to the VHF switches. The data is collected once each hour and stored on disc in a ten
day circular file and may be used to produce plots one to ten days long. This data can also be
printed on the printer for numerical analysis or to edit bad data points. Plots with reduced
resolution can be produced on the monitor for quick analysis.

A connection through the VHF switches is provided for automated portable clock
measurements. The computer asks the operator pertinent information for printing a portable
clock measurement certificate; i.e., clock serial and model number, owner's name and address,
and the personnel making the measurement. The computer then instructs the operator through
a procedure that calibrates the cables being used to connect the clock to the measurement

• system, measures the time interval between the system time and portable clock, and prints out
a certificate of the measurements made. The data that is printed on the certificate is also
stored on the disc for transfer to the USNO.

One of the functions of the Vandenberg PMEL is to calibrate other PTS's. A computer program
was added to this DAS which significantly reduces the amount of labor previously required to

* calculate and report these measurements. After portable clock measurements are made at the
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. PMEL and the remote PTS, the data is entered into the computer. The computer then locates
- .data on the disc from previous clock measurements made at the PTS, calculates the long term

drift rate of the PTS timing, calculates the present time offset between the PTS and UTC
(USNO), prints out an extensive form with all pertinent data, and stores the data on the disc for
future reference.

SUMMARY

The DAS's described are systems that are already operational at several PTS's. Some of the
DAS's have been operating for two years providing data for the USNO. The equipment used in
these systems was selected for its reliability, accuracy, and availability. The DAS can be easily
configured in many different ways to tailor the system to the needs of the particular PTS. The
software for the computers is written as modules and can be connected together to conform
with the equipment in the system. Other equipment and software can be easily added to the
DAS as requirements evolve.

The USNO will continue to install these DAS's at selected PTS's and PTRS's in order to improve
the monitoring and dissemination of precise time. The USNO is also willing to design, build and
control DAS's for other precise time users.
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USNO AUTOMATED REMOTE DATA ACQUISITION SYSTEM (DAS)
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COMMUNICATION CODES

1 TERMINATE COMMUNICATIONS
2XXZ = DATA TRANSFER (XX = # OF CHANNELS, Z = # OF DAYS,

DEFAULT = 2162)
3X... = TIME INTERVAL COUNTER CONTROL (X... ANY VALID

HPIB COMMAND)
31 = PERFORM A TIME INTERVAL MEASUREMENT
32 = T.I. COUNTER SELF CHECK

* 4X ... = VHF SWITCH CONTROL
P 5X ... = LORAN RECEIVER CONTROL
P 6XX = LEAP SECONDS CONTROL (XX = LEAP SECOND COUNT)

IF XX IS INCREMENTED BY I THEN THE TST DIGITAL
CLOCK IS CORRECTED AT 2400 UT.

7 NUMBER OF STATION POWER FAILURES
A 71 = PRINT OUT VHF SWITCH SIGNAL TABLE
B 71 = PRINT OUT THE LAST 10 PORTABLE CLOCK

MEASUREMENTS
72 = PERFORM ALL T.I. MEASUREMENTS WITHOUT STORING

DATA
P A 73 = RESET POWER FAILURE COUNT

* B 73 = PRINT OUT THE LAST 10 DAYS OF GPS DATA
P 74 = PRINT OUT PROGRAM AND MICROSTEPPER ERROR LIST

AND OPTION TO ERASE DATA FILES ON TAPE
- A 75 = PERFORM VHF SWITCH SIGNAL ANALYSIS

B 75 = GPS RECEIVER INTERNAL TRACKING SCHEDULE
P A 76 = CORRECT VHF SWITCH SIGNAL TABLE

AdP B 76 = RESET POWER FAILURE COUNT
P 77 = RESET AND INITIALIZE LORAN RECEIVER
P 78 = READ COMPUTER INTERNAL CLOCK (TIME OF DAY)
P 79 = SET COMPUTER INTERNAL CLOCK

8 = PRINT OUT LORAN RECEIVER STATUS TABLE
- P A 81 = REMOTE PRINTER INPUT (1,1 = DEFAULT CHECK SUM

AFTER cntl D)
B 81 = PRINT OUT VHF SWITCH CLOCK LABELS
P 82 = HPIB OR HPIL PRINTER INPUT (1,1 = DEFAULT CHECK SUM

AFTER cntl D)
P 83 = MICROSTEPPER CONTROL INPUT
PA 84 = READ DATA ON MAGNETIC TAPE
B 84X... CONTROL TST CLOCK (DEFAULT = T read clock), (1C UTC)

85 = PRINT OUT THE LAST 24 HOURS OF OMEGA DATA
P 86 = GPS RECEIVER DATA REDUCTION SCHEDULE

OMEGA = PRINT OUT 1 TO 100 DAYS OF OMEGA DATAL NOTE: (P) INDICATES THAT THE CODE ACCESS IS PROTECTED AND DEPENDENT
ON ID ENTRY

* (A) INDICATES CODES THAT ARE USED FOR PRECISE TIME STATIONS
(B) INDICATES CODES THAT ARE USED FOR PRECISE TIME REFERENCE

STATIONS

TABLE 1
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QUESTIONS AND ANSWERS

MR. WARD:
Samuel Ward, Jet Propulsion Laboratory. Why weren't multiple-time

interval counters used?

MR. WHEELER:

We haven't had a problem with a single-time interval counter. We didn't
deam it necessary to have more than one time interval counter.

MR. WARD:

But with a single-time interval counter, the epoch of the measurement
is different for each. You can't make two measurements at the same
time, nor can you use the integrating features that are built into the
counter.

q 9MR. WHEELER:

Yes, measurements are made sequentially.

* MR. WARD:

But in cross correlating data from the different measurements, if the
epochs are not the same, then you really have to make adjustments because
it's not truly simultaneous measurement.

MR. WHEELER:

Yes. The simultaneous data from the G.P.S. receiver is not measured to

the time interval counter.

MR. WARD:

Well, G.P.S. has its own counter built in.

6 MR. WHEELER:

Yes.

MR. WARD:

We think that for the measurements made on the Loran and Omega and some
of the other measurements, the time interval counter was used.

MR. WHEELER:

We aren't depending on the true common view measurements of the clocks,
of the locally available clocks in the Loran.
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- DR. WINKLER:

I would like to comment on that, on the question: "Why are these
measurements not being made simultaneously and what is the maximum
error which you get by not doing so?"

Well, if you make your measurements sequentially between high performance
clocks, the maximum time error which you make in a measurement which is
done in ten seconds or fifteen seconds is less than one nanosecond; and
considering all your other errors in the system, that is not important,
of course. That's the main reason why in the interest of being economical,
the multiple counter system has not been selected.
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U.S. NAVAL OBSERVATORY COLLECTION AND UTILIZATION
OF TIME COMPARISON DATA

F. Neville Withington
U. S. Naval Observatory

Washington, D. C.

ABSTRACT

Through the years, the amount of PTTI data collected by, dissemi-
nated through and utilized at the U. S. Naval Observatory has
steadily grown. Approximately 10 years ago, the USNO began
computerizing collection and reduction of these data. At that time
this process was automated as much as possible, given the technical
constraints involved. In the last few years, the advent of more
sophisticated equipment and techniques has improved and further
automated data handling. Not only has data collection been
modernized, but new systems for disseminating data, bulletins, and
other information have been introduced and are being developed.
This paper is an overview of the development of automated PTTI
data handling at the Naval Observatory, generally describes the
current data handling practices, and briefly discusses near future
trends in the management of data.

INTRODUCTION

The mission of the United States Naval Observatory (USNO), requires the determination and
dissemination of uniform clock and astronomical time to "United States Naval vessels and
aircraft as well as to all availing themselves therof" (SecNav Notice 5450). This mission
statement, coupled with DoD Directive 5160.51 of 31 August 1971, which requires the Navalai Observatory to supply traceability to the Master Clock for all DoD time, defines the primary
function of the USNO Time Service Division. The Time Service must not only determine
accurate time, but disseminate the information quickly and efficiently, and provide the Master
clock time to those with timing requirements.

To carry out its mission, Time Service receives, disseminates, and utilizes PTTI and Earth
Rotation data from sources located throughout the world. These sources include national and
international laboratories, DoD field installations, and observatories which maintain time
standards, make measurements of systems capable of being used for time synchronization, --
and/or make observations for Astronomical time and latitude data. The types of date handled
are as varied as the sources. These data include OMEGA and LORAN-C measurements, earth
rotation observations, navigation and communication satellite timing information, portable
clock trip results, and much more. Over the last decade, the amount and frequency of data
collected and disseminated has grown steadily, and, at times, even dramatically. To process the -

constant influx and growth of timing information, the Time Service has automated to a great
extent, and continues to update, the data collection, dissemination, and analysis techniques.
This process is aided by advancements in computer technology, by the addition of new modes of
collecting information and by the use of statistical software to assist in the analysis of data.
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Types of Data

As mentioned above, the types of data collected and analyzed by the Time Service Division in
fulfillment of its mission are quite varied. Not only do the data from local sources, such as
USNO clocks and telescopes have to be retrieved, but data of all kinds from remote sources
must be collected and processed as well. Figure 1 lists the various types of data which are
collected and maintained in databases whose integrity must be ensured.

uThe astronomical databases contain astronomical time and polar motion information from the
optical Photographic Zenith Tubes (PZT) and the Connected Element Radio Interferometer
which are run by the Naval Observatory. However, these data only comprise a part of the Earth
Orientation data utilized by the Naval Observatory. Polar Motion data from the Doppler
Navigation Satellites and from satellite laser ranging programs run by the University of Texas
are collected regularly. Very Long Baseline Interferometry earth orientation data from both
the Polaris project of the National Geodetic Survey and the TEMPO project of the Jet
Propulsion Laboratory contribute to the earth orientation database. All of these are analyzed
and utilized for earth orientation production and research. Both the preliminary (Rapid Service)
and the final (Circular D) international earth orientation parameters, as determined by the
Bureau International de l'Heure (BIH), are included in the data collected into the databases.

Data which are used for determining remote time scales, timing LORAN-C chains, and/or
* satellite time transfer information are all maintained in machine readable form. LORAN-C,

OMEGA, TRANSIT and GPS data are monitored by the USNO, and by international laboratories
and DoD field sites. Figure 2 is a list of some of the LORAN-C chains and where they are
monitored. Time transfers from Defense Satellite Communications System (DSCS) are
available, and used to calibrate other systems as well as maintain DSCS synchronization with
the USNO master clock. It is with these systems that traceability back to the Master Clock can
be realized.

Local timescale data are kept on a separate database. The hourly readings of the clocks are
used to maintain the local timescales, and to steer the master clock. Portable clock data are
also collected and stored with local timescale data. Since the portable clocks are very
important for ensuring that remote time scales are remaining on time, this aspect of the

0database is also very important. An historical file of measurements obtained during portable
* -clock trips is maintained. The local clock measurements are not only used to formulate USNO

time scales, but are also transmitted to the BIH for use in the formation of International
Atomic Time (TAI). Presently USNO is a major contributor to TAI.

[ •Collection of Data

Prior to the 1970s, the data collected by the Observatory were all logged manually. These
included PZT measures, OMEGA and VLF readings, and local clock comparisons. Initially, only
locally monitored time pulses from LORAN-C, and OMEGA, were available to the USNO.
However, it was soon evident that remote LORAN-C chains should also be monitored in order

6 that time at wherever there were chains available could be traced back to the Master Clock.

This was accomplished by establishing Precise Time Reference Stations (PTRS), laboratories and
Observatories which maintain one or more clocks coordinated with the USNO master clock.
Many of these could monitor LORAN chains locally and send the information to Time Service
via TWX, mail or telephone messages. To further assist in the timing of remote LORAN chains,
time transfers received from DSCS terminals also began to be to be utilized for this purpose.

5
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The arrival of an IBM 1800 Data Acquisition and Control System (DACS) (pictured in figure 3) in
the early seventies enabled local clock data to be collected more accurately and more
frequently. The IBM 1800 began collecting clock comparisons hourly and regularly monitored
the local time scales. The frequency of collection had a beneficial effect on the accuracy of
the time scales. The DACS was soon also being utilized to control the PZT and collect the
timing ticks for each observation. The IBM 1800 would trigger the shutter of the PZT at a given
computed time with far more precision than a human observer. It could also "observe" on
cloudy nights, which meant that, if the clouds broke in the early morning, it was possible to
retrieve data from the nights observation. As with the clocks, the increased amounts of data
added weight to USNO time and polar motion determinations.

The amounts of external data being collected by the Observatory grew as remote chains and
PTRSs were added. The data were entered into the computer on punched cards which, at the
start, were punched manually from the TWX messages, telephone messages, and data received
via US mail. It very quickly became impractical to process and manipulate these data by hand.

Approximately ten years ago, the decision was made to automate, as much as possible, the data
handling for the timing of LORAN chains, and any other applicable PTTI function.2 Utilizing

equipment and technology available in Time Service at that time, (a TWX that punched paper
tape, and the IBM 1800 DACS), a system was set up whereby data sent from the field via TWX
would no longer have to be manually entered. A standard format for TWX PTTI input was
devised which allowed the 1800 to sort through the messages on the tape and to locate the
necessary data. These data were then punched onto cards in the correct format for the
database on the mainframe computer. This system was originally used for DSCS data, but was
soon expanded to include other types of data, such as LORAN-C readings, TRANSIT satellite
timing data, and photographic zenith tube (PZT) results from the Time Service substation near
Miami, Florida.

By the late seventies, it was evident that the Data Acquisition needs of the Time Service were
beginning to outrun the currently available DACS. The daily paper tape from the TWX was
getting longer as more oata were sent, and the IBM 1800 was taking longer to read it. Cards
were starting to jam in the 1800 with increasing regularity, and the number of service calls was
growing. The types of data being sent were becoming more diversified. New technology was, of
course, available, and by 1981, the IBM 1800 had been replaced by newer, faster, more
complex, machines.

The functions of the IBM 1800 were taken over by an IBM SERIES/i (figure 4) and an HP1000
"fiqure 5'. The far more sophisticated capabilities of these two machines opened new methods
of data collection and data handling.

The SFRIFS/l is the primary DACS for local clock comparison collection and time scale
* mnritorinq. It is backed up in this function by the HP1000. The SERIES/i also collects the raw

timing data from the Global Positioning System (OPS) navigation satellites which the
Observatory receives directly, and continues the role of the IBM 1800 in the control of the PZT.

1 be I iPr i n is used to hack up the SERIES/I for local clock collection. However, it also has a
diata collection role of its own. It collects the data from the automatic receivers for the locally

* monitored LORAN-C chains. It also receives daily the clock comparison and LORAN-C data
from the new automatic data collection systems that the USNO is installing in remote field
sites. More information on these systems may be found in reference 3.

The basin philosophy of data collection via TWX has not changed with the replacements in data
acquisition systems. The data are still processed through the DACS. However, the mode of
collection has changed dramatically from the paper tape/ punched card method.
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Since the SERIES/i has no paper tape reader and no card punch, the basic automatic data
handling process had to change somewhat. A line was run from the Telex machine so that all
incoming messages could be read directly on to a circular file on the SERIES/i. The PTTI data
output from the TWX input was initially carried to the mainframe computer via magnetic tape,
but it now can be sent directly from the SERIES/1 through a fiber optic line using remote job
entry (RJE) software. The TWX file is also transferred daily to the HP1000.

In themselves, these improvements are significant. However, as stated before, the new
machines have opened up other avenues of data manipulation. The TWX is no longer the sole
source of remote machine readable data input.

As it is important that Time Service receive field measurements as quickly as possible in order
to best utilize them, outside contributors are encouraged to send their data by the swiftest
means at their disposal. For a significant number of these, the TWX is the best method (and,
indeed, it is very efficient). Many contributors have only the mails or the telephone at their
disposal. These are not as efficient as the mails take time, and all the data must be handled
manually. This, in turn, can also lead to errors. The Observatory now uses another method of
obtaining machine readable timing measurements - the General Electric MARK III international
computer network

Use of the G.E. MARK III began for the Observatory with The MERIT (Measuring of Earth
4 Rotation and Intercomparing Techniques) campaign. A subsection or 'catalog' of the General

Electric MARK III international computer network was created to enable laboratories and
observatories all over the world to transmit and utilize earth rotation data during the mini-
campaign in 1980. This catalog was sc successful that it was kept active after the campaign. In
1982, Time Service became administrator of this catalog, and began to expand the catalog to
include different kinds of timing information. This catalog allows dissemination and utilization
of data with laboratories that are willing to pay G.E. to be part of the service. Figure 6 is a list
of the current users of the MARK III RC28 catalog. In terms of data collection, the Naval
Observatory receives LORAN-C data from members of the catalog who previously sent the data
via TWX or mail. GPS timing information from other laboratories is also received in this
manner. By utilizing an automatic dialler and a modem, these data are transmitted directly
into the IBM SERIES/i.

Most of the databases are stored and manipulated on the USNO's mainframe computer. At the
start of automatic data handling of Time data, this computer was an IBM 360/40 (figure 7). It
ran in a batch mode, using punched cards or magnetic tape for input. About the same period
that the IBM 1800 DACS was becoming obsolete, the computing needs of the Observatory as a
whole began to outrun the capabilities of the computer. In 1980, the IBM 360 was replaced by
an IBM 4341, shown in figure 8, which not only offers batch capabilities with OS/MVT, but also
offers an interactive operating system.

Dissemination of Date

Up until very recently, almost the sole method of general data dissemination was via the U.S.
4 mail. A few military users were authorized to get PTTI data via TWX daily, and, because of

requirements for determiiiing earth orientation on a quick turn around basis, the BIH received
USNO data via TWX weekly. With the advent of the HP1000 and the MARK II, the mails are no
longer the sole source of data dissemination. The weekly bulletins are available electronically,
and transmission to the BIH no longer requires a TWX.
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The HP1000 has also been set up as an Automatic Data Service (ADS). This service, described J
more fully in reference 4, is a telephone service which allows the outside user to connect to the
HP1000 and extract data and information. A 'mailbox' service also allows the input of
messages, data, or anything else a user would care to share with the Naval Observatory. The
addition of this service has allowed a new method of disseminating information. Anyone with a
modem and terminal is now able to retrieve SERIES 4, SERIES 7, SERIES 17, GPS data, OMEGA
data, LORAN information, status reports of various systems, and much more. Figure 9 shows
the Table of Codes which guide the user to files which are of interest. The explanations contain
other codes for files which may be accessed.

The G.E. MARK III is also an efficient method of data dissemination. When it was created in
1980, the RC28 catalog's main purpose was to allow data dissemination to the BIH. After the
mini-MERIT campaign, Time Service continued to send earth rotation data to the BIH in this

* manner. The expansion of the catalog, both in terms of users and of data types, has meant that
international laboratories and observatories are now able to receive Bulletins 4,7,and 17 from
Time Service much more quickly. Now, not only do the earth rotation data go via this method
to the BIH, but local clock data, essential for determining TAI are also sent via the MARK III.
GPS data and USNO observing schedules are available as well.

Internal Transmissions

The HP000, IBM SERIES/], IBM 4341 and the G. E. Mark III do not operate in a vacuum. As
may be deduced from above, there must be interaction between the machines in order that the
various types of data collected and disseminated can be most efficiently utilized. There is, of
course, a "traditional method" of moving data between machines: via magnetic tape. However,

* in the case of the four machines utilized for time service purposes, magnetic tape is only a
backup method of transferring date. There are direct communications links between the threeCon site machines and the MARK III is accessed directly through the SERIES/i via automatic
dialer. This configuration is illustrated in figure 10.

The SERIES/I is linked to both the HP1000 and the IBM 4341. This means that data from the
SERIES/i, or the 4341, such as GPS, local clock intercomparisons, or Earth rotation data, may
be sent to the HP1000, or data from the HP000 may be sent to the SERIES/i and/or the 4341.
In this way, calculations made, or bulletins created on any of the machines may be made
available on the HP1000 for the public.

The G. E. MARK III is accessed through a modem and automatic dialer on the SERIES/i. This
configuration allows transmission to and reception from the MARK III of data files, which can
then be sent wherever appropriate in the Time Service network.

Much of the data transmission is completly automated throughout the network. For example,
the SERIES/I telephones the MARK Ill once a day and checks to see whether there are any
LORAN-C data. If there are, these data are appended to the TWX file and are processed with
the other data. The raw GPS data from the receivers is collected by the SERIES/i and sent
twice a day to the HPIOOO, where it is processed and put into final form. Final GPS data is then
automatically sent back up to the SERIES/I where it is stored until it is placed on the MARK

4 Ill. Data from the automatic systems are transmitted to the SERIES/I once a day, after being
automatically collected by the HP1000. These totally automated transmissions mean that fewer
person hours have to he spent in transmitting data from place to place, freeing the staff for the
analysis of the data collected.

Although much of the transmission has been automated, it has not all been done by any means.
There is automatic transmission from the MARK I1, for example, hut none to it. There are no
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automatic transmissions to and from the 4341, nor are all transmissions between the SERIES/]
and the HP000 automated. However, even the 'manual' processes between the machines are
expedited because of the efficiency and speed of various links.

Analysis and Utilization

The local and remote data collected by the Time Service are processed and analyzed for both
production and research purposes. It is not the function of this paper to describe in great detail
the reduction techniques or statistical analyses that form the work of Time Service. However,

* a brief mention of some of the purposes of the data handling techniques is pertinent.

I The earth orientation data are used to determine as accurately as possible, UT1-UTC and polar

. motion, and to predict the position of the Earth in space with as small a standard deviation as
possible. To do this, observations from many different techniques must be used. Analysis of
these data is performed to determine the accuracy and precision of the observations, and how
they may best be used for prediction purposes.

For timing remote LORAN-C chains, data from many different sources are essential. With only

occasional calibrations via portable clock measurements or DSCS transfers available for these
chains, intercomparison between systems is necessary to determine individual clock rates to
keep the chains steered as closely as possible with U.S. Naval Observatory master clock. Data
not only from the chains themselves, but from laboratories, field sites, or ibservatories which
can monitor these chains are analyzed for this purpose.

These, and other projects of the Time Service Division call for large amounts of data.
Statistical analyses done with either software packets such as BMDP, or by programs written at
the Observatory, require as large a sample as can be utilized in order to get an accurate picture
of the data as possible. Much of the production work, as well, such as earth orientation
predictions, or LORAN chain timing and prediction, also require a large baseline of data. The

*. numerous databases are required by Time Service for both the production and analysis.

The Near Future

The network that has been developed between the IBM SERIES/], HPIOOO, IBM 4341, and the G.
E. MARK III has added much to the efficiency of processing and of dissemination of PTTI and

earth rotation data. However, improvements are continuing to be made. The amounts of data
are still increasing as automatic systems are installed, new LORAN chains are established,
additional DSCS modems are fielded, and more GPS satellites are launched. This increasing
data load means that still greater automation is required to ensure that the available manpower

* can fully utilize the vast amounts of data available.

As intimated above, there are plans and ideas to continue to develop the automatic processing
of data which pass through Time Service. Although some of these plans are just extremely

tentative, others are very real concepts. Projects which are being implemented include
imprnements and enhancements in all aspects of data management in Time Service.

Rdedsiqninq the database on the mainframe computer is one of the realistic near future qoals of
the Time f-rvuue. rirrently the database exists on a hatch mode operatinq system. Althouqh
this svsttem is qcod. the 4341 has acquired an operating system which is interactive in nature.
n' chanqinq the database so that it runs on this new system, the door is open to better tJtilize
the capabilities of the 4341.
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New remote automatic collection systems are being added at many PTRS sites. This fact,
coupled with increased usage of the automatic data service, means that the HPI000's
responsibilities will eventually move beyond its capabilities. It has been definitely decided that
the current HP1000 will be replaced by a more powerful machine that will be able to handle
more efficiently the increased data load. The plans for this have already begun, and the present
configuration will be replaced within two years.

Further enhancements are also planned for the SERIES/1. The SERIES/I already consists of two
processors, which doubles its efficiency, but more disk space is needed. Upgrading the
operating system is also on the agenda.

Increased use and further automation of the data flow of the MARK III are both being planned.
The number of laboratories and Observatories on the system is steadily growing, and it is hoped
that this growth will continue. It is also anticipated that the types of date available on the
MARK III shall also grow as the needs and desires of the timing community for easily accessible,
machine readable data grow. Further automating the current data flow is also planned. Manyf of the transmissions are routine, and automating them would free additional personnel for other
projects.

The newer types of data will be more fully utilized in the near future. There is a great deal of
potential still to be tapped in the GPS data, the DSCS data, and the automatic systems.
Currently studies are being made on how best to utilize these data,as fully and as effectively as
possible. The necessary computer programming is being done for these studies.

As more technology and new types of data are made available, ideas of improvments in the
existing data handling structure will naturally occur. Perhaps many of the concepts that exist
today will also be eventually incorporated into the structure of data handling at the Naval
Observatory.

CONCLUSION

In carrying out its mission requirements, the Time Service Division of the U. S. Naval
Observatory quickly and efficiently collects, utilizes and disseminates time data of all sorts.

*Not only the methods of utilizing the collected data, but also the means of data collection and
utilization are essential for the successful Time Service operation. Automating the flow of data
through the Naval Observatory to the greatest extent possible has been one means of improving
the service provided for the Timing user community. By automating, or at least streamlining,
the routine data flow, skilled personnel are released to work on the data analysis which is
necessary to ensure precise, accurate and timely information. Using machines, rather than
people, for data entry also minimizes the risk of error in data exchange. Thus far, the
Observatory has been highly successful in utilizing available technology for rapid dissemination
to the many users of PTTI and Earth rotation data.
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DATA TYPES

( INTERCOMPARISON OF CESIUM CLOCKS

OMEGA MEASUREMENTS
LORAN-C MEASUREMENTS
REMOTE TIME SCALES FOR MONITORING SITES

PORTABLE CLOCK REDUCTIONS

NAVOBSY TIME SCALES
SATELLITE TIMING INFORMATION

IDSCS, TRANSIT)
UTCIBIH - UTC II

* EARTH ORIENTATION PARAMETERS

JUT 1, POLAR CORDINATESI

GPS TIME TRANSFER MEASUREMENTS

ASTRONOMICAL OBSERVATIONS

FIGURE I

REPRESENTATIVE SAMIPLE of I'OrJITORING STATIONSc

7970 7980 79

NORWEGIAN SEA SCUTHEAST USA MEDITERRANEAN SEA

OP FRANCE NAVOSSY OP FRANCE
HP SWITZERLANC NOTSS RICHMOND, FL HP SWITZERLAND

*ON SWITZERLAND AGt4C NEWARK AFS, OH ON SWITZERLAND

NPL ENGLAND WHITE SANDS MISSILE BEN ITALY

RGO ENGLAND RANGE, *1 P60 ENGLAND

NAVSECGRU SCOTLAND NAVSECGfU ITALY

*8970 9960 9990
GREAT LAKES NORTHEAST USA NOPTH PACIFIC

NAVOSSY tAVOBSY PtIEL ELI:ENOORF
NOTSS RICHMOND,, Fl. NASA FAIRBANKS
AGPC NEWARK APS, OH SHEMYA AFI, AK

* ties BOULDER, CO DSS ELK NOORF

*INDIRECT liEASLJRE

* FIGURE 2
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USER # ACTIVITY/USER QUIK-COMM ACRONYM

RC28000 CATALOG ADMINISTRATOR (USNO) USNO
RC28210 ASTRONOMY DEPT. UNIV. OF TEXAS, USA AUTA UTEXA
RC28210 CENTER FOR SPACE RESEARCH, U OF TEXAS AUTA CSR
RC28235 JET PROPULSION LABORATORY, PASADENA JPLP JPL
RC28240 NATIONAL GEODETIC SURVEY, ROCKVILLE NGSV NGS
RC28260 TIME SERVICE, US NAVAL OBSERVATORY TIME USNO
RC28265 INSTITUT FUER ANGEWANDTE GEODAESIE IFAG IFAG
RC28270 SMITHSONIAN ASTROPHYSICAL OBSERVATORY SAOB SAO
RC28280 EARTH PHYSICS BRANCH, OTTAWA EPBR EPBR
RC28300 CERGA, GRASSE, FRANCE CERG CERGA
RC28310 BIH, PARIS, FRANCE BIHF BIH
RC28311 INSTITUTO ELETTROTECNICO NAZIONALE IENT IEN
RC28314 INSTITUTO Y OBSERVATORIO DE MARINA -- OMSF
RC28316 PHYSIKALISCH - TECHNISCHE BUNDESANSTALDT -- PTB
RC28317 NATIONAL PHYSICS LAB., TEDDINGTON, U.K. NPLT NPL
RC28321 TOKYO ASTRONOMICAL OBSERVATORY TAOB TAO
RC28324 VAN SWINDEN LABORATORIUM, NEDERLAND VSLA VSL
RC28339 TECHNISCHE UNIVERSITAT, GRAZ, AUSTRIA TECH TUG
RC28350 SUB ADMINISTRATOR, 310 - 399 (BIH) --

RC28355 OBSERVATOIRE ROYAL DE BELGIQUE ORBB ORB
RC28360 INSTITUT GEOGRAPHIQUE NATIONAL IGNF IGNF
RC28365 GROUPE DE RECHERCHES DE GEODASIE SPATIALE -- GRGS
RC28390 EUROPEAN SPACE AGENCY OPERATING CENTER -- ESA
RC28400 INTERNATIONAL LATITUDE OBSERVATORY ILOM IPMS
RC28405 RADIO RESEARCH LABORATORIES, JAPAN RRL
RC28410 KANOZAN GEODETIC OBSERVATORY, JAPAN -- KGO
RC28420 NAVAL RESEARCH LABORATORIES, WASHINGTON _ NRL
RC28430 DIVISION OF NATIONAL MAPPING, AUSTRALIA NATMAP
RC28440 OHIO STATE UNIVERSITY, DEPT. OF GEODETIC

SCIENCE AND SURVEYING DGSS DGSS

4
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LSNO A7OMATED DAT-A fCE

TABLE OF MOST FRECUENTLY USED C3DES (@TCO)
(FOR MORE CODES SEE EXPLANAT'IONS :N EACH CATEGORY)

SE:IES EXPLANATIONS (SEF4,5,7,8,9) ........... @SERXP
SE:IZS : Notes of the last SER4 Bulletin .... @SER49
SER:ES 5: LAST MESSAGE (AIG 100) .............. @SER5O

Older messages may be obtained by
appending the digit 1-9 for data age
for example: 5 day old message ..... @SER55

SERIES 7: Explanations for Extrapolation ..... @SER70
PREDICTION OF UT, X-Y ............... CSER71
PRELIMINARY MC-UTC(USNO)............ @SER73

EXPLANAT:ONS, GENERAL .. @EXP PTTI CONFERENCE NEWS ... @TTI
SPEAL DAILY MESSAGE .. fDME TIME SERVICE DIRECTORY . @DIR
CE.,EAL P7TI MESSAGE .. . @MS MAILBOX INFORMATION .... @MBXXP

VLF STATUS .............. VLF VLF MA:NTENANCE SCHED .. @VLFD2
,'LF EXPLANATIOrS.......... @VLFXP

:'EGA STATUS ............. EONS OMEGA MCNITOR DATA ...... @ONSD1
OEA EXPLANAT:ONSS ..... @ONSXP OMEGA OFF-TOMES SCHED .. iONSD2

CPS STATUS ............... @GPS CPS TRACKING SCHEDULE .. GPSD2
GPS EXPLANATION FOR DATA @GPSXP GPS EXTRAPOLATION ...... @GPSD"
-OPS LATEST TIME DATA ... @GPSD1 GPS FILE DATA .......... @CGPSSL

TRANSiT STATUS ........... @TRA TRAPSIT SEP17 ............ TRAD7
T.ANSIT EXPLANATIONS ... @TRAXP TRANS:T FILE DATA ........ @TRASL
TRANSIT TIME DATA ...... TRAD1 TRANS: SAT. VISIBILITY @TRAVS
TRANSIT NOVA DATA ...... @TRAD2

LORAN STATUS ............. @LOR LORAN REAL TIME MEAS ... @L
LORAN EXPLANATIONS ..... @LORXP LORAN ,FROPAGATION TIME,

CIPEOTDON & DISTANCE ... @LDX

TOC FOR LORAN OR TV .... @TOC TV EXPLANATIONS .......... TVKXP
(TME OF COINCIDENCE) 'TTG-TV CH-5, MEAS ..... ... TVL

NE-TWORK TV MEASUREMENTS @TVK

PORTABLE CLOCK DATA:
MEASUREMENTS ............. @MPC SCHED. OF NEXT TRIP .... QMPX
SCHED. OF CURRENT TRIP . #MPN TENT. PC TRIP PLANS .... @MPT

NBS DATA: OPERATIONS CONTROL:
NBS EXPLANATIONS ......... @NBSXP FOR DETAILS AND CODES .. @OPSXP
NBS STATUS OF GOES ..... @NBSGO USNO PUBLIC INFORMATION: @STAXP

REAL TIME MEASUREMENTS: PREDICTIONS & COMPUTATIONS:
EXPLANATIONS ............. @RTMXP SIDERIAL TIME ............ STI
LORAN (4 CHAINS) ......... MLO MJD/WEEKDAY .............. eDAT
L7C TO -/- 50MS .......... @TIM SUNRISE, SUNSET,

* TIME SIGNAL EXPL ......... TSF TWILIGHT FOR ANY POINT . @SRI
SUNRISE PROG. EXPLAN ... eSRIXP

TV READINGS (AVERAGES): LORAN PROPAGATION TIME,
WTTG WASHINGTON, DC .... @TVM DIRECTION & DISTANCE ... OLDX
NBC .... @TVN STANDARD TIME ANYWHERE . STTXP

FIGURE 9
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QUESTIONS AND ANSWERS

MR. WARD:

Sam Ward, J.P.L., again. For the users who get poor quality telephone
lines, such as I do, before I get any useful data the thing times out,
this happens to me frequently.

MRS. WITHINGTON:

You are referring to the Automated Data System?

MR. WARD:

That's right. I don't know how we solve that one, either. I worked on the
telephone company but the length of time that is programmed in should be
longer.

DR. WINKLER:

I appreciate hearing such comments. You are the first one who has made
that request. That can easily be done. The waiting time of the computer
has been set for forty-five seconds, in the interest of making the
telephone line available as quickly as possible; but if there are such
problems, it's a matter of one minute to increase that to one-and-a-half
minutes. So we appreciate hearing from the users about such difficulties.
The local telephone lines can be somewhat improved if you request from
your telephone company a data line. It can be espcially equalized. We had
a considerable amount of trouble before our system was working reliably.
Also, there is a difference between a hard connected modem, a wire
connected modem compared to the acoustic couplers. Acoustic couplers
are generally poorer because it depends on the microphone that you have.
There are special microphones available that you can put in. So there
are lots of little tricks you can put in; we will be very happy to assist
a user.

MR. CAMP:

Bob Camp from Synox. I have a question. Who should one get in touch with
for further information about the mechanism of accessing all this data?

MRS. WITHINGTON:

Well, for the Automated Data Service, Myron Moranian of the Naval
Observatory is the one to call. For the G.E. Mark III, I'm the one to
call on that. My name is Neville Withington.
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INTERNATIONAL TIME COMPARISON BY A GPS TIMING RECEIVER

M.-K. Fujimoto, K. Fujiwara, and S. Aoki
Tokyo Astronomical Observatory, Mitaka, Tokyo 181

rABSTRACT

Tokyo Astronomical Observatory (TAO) has started a regular recep-
tion of the Global Positioning System (GPS) timing signals for the
purpose of a precise international time comparison. A test oper-
ation of the GPS receiver was performed from September 1982 to
January 1983 and achieved good accuracy in time comparisons.
During the test run, a clock comparison was made by a USNO portable
clock team and it was compared with the GPS reception. The
difference between the comparisons was less than the error in
the portable clock comparison. Since April 1983, regular recep-
tion of GPS signals has continued and the results in the GPS
time error, UTC (TAO) - GPS, are transmitted every week on the

* General Electric (GE) Mark III system. By this means, the
cesium clocks in the asian region will be related to TAI with
better accuracies.

I NTRODUCT ION

The asian cesium clocks have been excluded from the contribution to the In-
ternational Atomic Timescale (TAI) because of their poor links to the clocks
in the other areas such as Europe, United States, and Canada. Loran C sta-
tions in the Northwest Pacific chain are so distant that the time-keeping
organizations in the asian region cannot receive ground waves of the Loran C
signals with sufficient accuracy. The Global Positioning System (GPS) is
considered to be one of the most promising mithods for time transfers on a
worldwide basis at the ten-nanosecond level. Regular time transfers by the
GPS will make it possible for the asian clocks to contribute information into
the TAI.

0 Tokyo stronomical Observatory (TAO) performed a test operation of a GPS
timing signal receiver and achieved good accuracy in time comparisons
with the U.S. Naval Observatory (USNO). During the test operation, a clock
comparison was made by a IISNO po table clock team and the result was com-
pared with the one by the GPS time comparison. After the test run, some
trouble-shooting and revisions were made on our receiver to increase the

0 reliability of rontinuous operation. From April 1983, regular receptions
of the ;PS signals were started and the results are transmitted every week
on the General Electric (GE) Mark TI1 system.

'This paper will deal mainly with the results of time comparisons with USNO by
UPS.
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CPS TIME TRANSFER SYSTEM

The (PS receiver used at TAO is a Stanford Telecomunications Inc. (STI)

Time Transfer System Model 502 (TTS 502), for which a detailed description
was given at the thirteenth annual PITI meeting.3 The system automatically
acquires and tracks the Ll carrier and C/A code of GPS satellites according
to a schedule which is initially set up by us. The system then processes
the received data to calculate satellite position, satellite clock correc-
tion and propagation time between the satellite and the receiving station
which includes corrections for ionospheric, tropospheric, and relativistic
delays, and gives "time error" of the local clock referred to the GPS time.

Through an RS-232C port, all necessary information for calculation of the
time error, obtained from the received data, are output to external periph-
erals; a printer and a recording system in our case. The real time record-
ing system for GPS data is realized on a general-purpose minicomputer. All
the data output from the receiver are recorded in a file of the minicomputer
and are then transmitted to a large computer, by which they are processed
and analyzed.

I
CPS DATA TRANSMISSION

We regularly transmit the results of GPS time transfers by two modes:
Weekly data exchanges are made through a GE Mark III file in a format agreed
upon, and monthly data are published in a printed form. Examples are shown
in Figure 1 and 2. The former contains almost all of the measurements made
at TAO and the latter does one measurement of good quality for each space
vehicle (SV) each day, generally, a measurement at larger elevation is
chosen.

We receive the GPS data of the other organizations on the GE Mark III. The
data are stored in certain files on the large computer and are used in
mutual time comparisons.

CLOCK COMPARISONS WITH USNO

Figure 3 shows the time differences, UTC(TAO)-GPS and UTC(USNO)-GPS, which
* were obtained by the GPS receptions. It covers the data in the period of

half a year. Zigzag runnings appear in both the curves and are considered
mainly due to the operational changes in the rate of the GPS time.

In order to see the time differences between USNO and TAO, the behavior
of the CPS time against the uTC(USNO) is approximated tentatively by a

• broken line, denoted as REF(t), and both of the values UTC(TAO)-GPS and
IJFC(USNO)-GPS are corrected (subtracted) by the quantity REF(t). The
results are shown in Figure 4. The upper curve, TC(TAO)-GPS-REF(t),
approximates UTC(TAO)-JTC(USNO) and the lower curve, tJTC(USNO)-GPS-RLF(t),
shows the errors of the approximation, as well as transmission/receiving
errors in the (PS clock link.

•
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The former cunre i. comparable with that in Figure 5, which shows
lJTC(TAO)-JTC(USNO) obtained from the CPS receptions in a common view mode,

4

where the data of the same SV were measured by both observatories within
4 minutes. The values of UTC(TAO)-UTC(USNO) in the first half of the data
period are relatively scattered mostly because of small sampling numbers
(less than 10) of the measurements at both or either site. Small but clear
frequency drift was found in the TAO clock before the 1st of October 1983,
when the master clock at TAO was replaced.

*These three figures show that the time comparison between TAO and USNO by

GPS is achieved, roughly speaking, to an accuracy of less than 50 ns.

TEST OPERATION

A test operation of the CPS receiver was performed from September 1982 to
January 1983 as mentioned before.

Figure 6 shows the residuals of a linear-fit through approximately three
months' data, UTC(TAO)-GPS, which were obtained from the reception of SV#5
during the test run. For a comparison, the corresponding data of the USNO,
UTC(USNO)-GPS, are shown in the same manner. USNO data approximately once
a day are taken from the USNO publication, Series 4. TAO data are plotted
twice a day, when the signals from the SV of the subsequent passes are
received. It is clearly seen in the figure that the values of UTC(TAO)-
CPS at the different sidereal times are different from each other.

The conditions in the alternate measurements are quite different. In our
Ccase, for example, the maximum elevation changed alternately by a large

amount. Differences of the elevation and of the local solar time may
cause errors in the estimation of propagation delays, especially of the
ionospheric delay. Figure 7 shous raw (every 6 seconds) data of UTC(TAO)
-GPS (luring continuous tracking (about 6 hours) of the same SV.
Elevation of the SV and the applied ionospheric corrections are also shown

* in the figure, for which a timescale is indicated by UT and Japan Standard
Time (JS)T). From the figure, correlation is not as obvious between the
variation of the time difference data and the above mentioned conditions.

Errors in the estimation of satellite position from the transmitted ephem-
eris may he nother possible cause of the variations as was pointed out by
Klepczynski.

Further study on the cause of such semi-systematic variations in the GPS
data may be useful to improve the CPS timc links to the accuracy of 10 ns.

MOMPARISON WIT1 A PC TIMEU TRANSFER

During the test operation, a USNO Portable lock (PC) team made a clock
comparison between the UISNO and the TAO. Table 1 shows the results of
comparison of the PC trip and the (,PS time transfers. 6 Difference of 113 ns
(average) between the CPS and PC determinations for IrTC(USNO)-trl'C(TAO) is
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not significant, because the PC time determination has an uncertainty of
170 ns as was reported by USNO. From this comparison, we know that theE values of time comparisons by GPS seem to he better than or at least
comparable with the PC results. As a matter of course we must check the
existance of systematic differences between the two time determinations
for every subsequent PC trip.

U SUMMALRY

GPS capability for international time transfers is established with an
accuracy better than fifty nanoseconds. By regular operation of the GPS
receiver at Tokyo Astronomical Observatory, the asian cesim clocks, which
are connected to TAO through a Loran C chain, will contribute information
to the International Atomic Timescale (TAI) very soon. This will be an
epoch-making event in the history of TAI.

Futrther improvement in the accuracy of the time transfer may be expected by
studies of the cause of data variations.
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TABLE 1

COMPARISON OF PC TRIP AND GPS TIME TRANSFER

USNO - TAO USNO - TAO
U.T. via PC via GPS PC - GPS

1982
15 October 1344 -6196 ns -6329 ns 133 ns
18 October 0128 -6139 -6263 124
18 October 0131 -6147 -6263 116
18 October 0542 -6142 -6260 118
18 October 2106 -6154 -6230 76

average 113 ns

0]

7

i 75

S



w (n r4 -. 0wr 4 T-1It H0 rnV 1-. V) Ln'. .'. v. ~-4... 0 -o n rn -4 -- rn V)---

Cl(fL r1 pn 04 -- 4 (% I4 q-4 .-4 0 4 C% 4~ 1 A rnj -4 % ~~4t~L -4 1~ 1

0 U) I I

Vf) W 0 0 4-NLn -nN N -4 L n LA L Nt0 (J01 0 Q Pn00 I C 0-4
a- L A L AN'1) 0 N N 000 I tt \ )L 0N Ln 01) fl 00 N ()-IN-
(9 - 4T - 4r e 4v ,- - 4%- - q 4 4 -4 4 -4 4q 4
I - l ~ l ~ ~ ~ ~ N ~ - \Ir ~r- ' c ( j

a- - 0 L c'o 0%-4 L 4 N N 'A 40 viN 0.0 4 T-4 'O N
o U) -1 1 ~4

U )

Ij o l ) -JI' 1'0V'-4. -4 0 0 r)w n3 -4 4r 0 N '0a, rn ,-4"
N In 4 W0 4S n - lV )-- )

00VOZO' n' - ( O Il 0K 0 0 '44 ~ C~ PO00%1 00

0i ( r~e It 0 N) C' 4 Cs 0N VJ 0 K) 4 00 V) 0 0) N' 0 -4 0'J0 ' -

I--

uj -4 00fn v)pn-no tpnv)v)" t n rnt' L A pnU)1 -4 4p

m (n nN4 IN A.NO A'NN..AW4LnNN4A'NN ON 4L

(f 000000000000000 o0000000000

VJ 0000o)0m0000Q0)m00002000000m000

PU) t- AL A1 0 nL 0N060V t tLNL r 0NNo I,4U tC'

pn V)4 14)V )V )r )V )V )14 e 4 44 4 - 4I t- t-

14 0 0101 1 0 4 S 0 0101 1 0 0101 1 0 0101 1 760101



-- - - -- -

InternationaL. Precise Time Comparison

at Tokyo Astronomical Observatory

(UTC(TAO MC) - Signal) NO. 83- 4.

aGlobaL. Positioning System(GPS) *a

SVU5 SV#6 SVM8
Date

1983 MJD MC-GPS UT* MC-GPS UT* MC-GPS UT*
10 1 45608 2.359(112900) 2.334(173000) 2.354(071700)

2 45609 2.325(112500) 2.313(172600) 2.362(071300)
3 45610 2.339(112100) 2.307(172200) 2.351(070900)
4 45611 2.364(111700) 2.285 171800) 2.327(070500)
5 45612 2.322(111300) 2.288(171400) 2.307(070100)6 51 .7(100) 22111004.2(670
6 45613 2.276(110900) 2.291(171000) 2.321(065700)

8 45615 2.295(110100) 2.241(170600) 2.302(064900)
9 45616 2.323(105700) 2.262(170200) 2.324(064500)

10 45617 2.301(105300) 2.264(16580(, 2.297(064100)

11 45618 2.303(104900) 2.252(165400) 2.298(063700)
12 45619 2.271(104500) 2.297(061400) 2.292(055800)

*13 45620 2.291(104100) 2.293(061000) 2.301(055400)
14 45621 2.263(103700) 2.289(060600) 2.286(055000)
15 45622 2.261(103300) 2.285(060200) 2.278(054600)
16 45623 2.269(102900) 2.277(055800) 2.262(054200)
17 45624 2.274(102500) 2.283(055400) 2.267(053800)
18 45625 2.271(102100) 2.251(055000) 2.247(053400)
19 45626 2.212(101700) 2.242(054600) 2.235(053000)
20 45627 2.246(101300) 2.252(054200) 2.243(052600)

21 45628 2.267(100900) 2.233(053800) 2.226<052200)
22 45629 2.151(100500) 2.226(053400) 2.211,'051800)
23 45630 1.670(201200)-------
24 45631 2.215(095700) 2.209(052600) 2.20%(051000)
25 45632 2.195(095300) 2.203(052200) 2.190(050600)
26 45633 2.129(094900) 2.196(051800) 2.186(050200)
27 45634 2.178(094500) 2.187(051400) 2.179(045800)
28 45635 2.160(094100) 2.197(051000) 2.178(045400)
29 45636 2.182(093700) 2.187(050600) 2.164(045000)
30 45637 3.183(093300) 0.102(050200) 2.153(044600)

10 31 45638 2.146(092900) 2.178(045800) 2.155(044200)

FIGURE 2 A MONTHLY PUBLICATION ON TAO GPS DATA

77



(~tic

4- 4* t

u 4

V)V I

con

-4 -4

c:))

a rn

00 -C

4 14.. rI E mo -o mc(r v n

78



o 44

t
2 Ij --

LzZ

C 4 .~i17--.7
un-

Ln - ---4 C"

* 

H7

InI

C7 ~ ' c c *ccc cI , 1 lcjc jc z c

Ln --
4-3 )c C DC)C -)c)C

11 1 11clj ~j lj C) c
S .,~ co-- - - . -() 

Ir Ln t

C79



4-

r-I

0
-- 4 -'I,

-4, Ttu I'cc-' c- I -C

800



o w 0

- * -

0 0 (j

0

* 0

0 r_+
00

> 0\0

0

0) !

0o C,

00 6-- C
00

G fn
4. 0 0 U0 00

co 0 . ::

V) O Z, * C 0 0
Z. ON 0

'.~ * ONI



Residuals of a linear fit

ns TAO-GPS (SV#9)
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*FIGURE 7 RAW DATA GE: UTIC('1'AO) -GPS (6 HOURS TRACKING)
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Paper #16 was not given.
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SESSION II

GPS TIME TRANSFER

Capt. Demosthenes Galanos, Chairman
United States Air Force

re Airforce Space Division

eCALL TO SESSION II

DR. REINHARDT: As you can see, Captain Galanos is not here, so they have

asked me to take his place. We have a very tight session this afternoon.

There are lots of papers and it looks very interesting. We may have to cut

• short the questioning period because of time constraints.

I
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FIRST RESULTS OF C.PS TIME TRANSFER TO AUSTRALIA

John McK. Luick and John R. Woodger, Division of National Mapping,
Canberra, ACT, Australia, James E. Wells and Peter N. Churchill,
DSS42/43, Tidhinbilla, ACT, Australia and Philip A. Clements, Jet
Propulsion Laboratorv, Pasadena, California.

ABISTRACT

A GPS time transfer Unit built by N135 under contract to
.IPL was installed at Tidbinbilla Deep Space
Commuinications Complex of the NASA Deep Space Network in.
Jutne I'~. It has been used to estimate the
relationship to UTC(USNO \1C) of the Tidbinhilla
troejLuencv and t ime system TID(l'TS) based on a hydrogen
maser, aind thence to estimate the performance of the
Auistralian free-r-unning time scale UTC(AUS). Data from
the first three months has been analysed three ways: by
two-hop 'lcommon View" using JPL as intermediary; by
11lonLg-arc"' interpolation of measurements against space
vehicle clocks, and by "tong--arc" interpolation of
6CBS-Time results. Residuals from a single quadratic fit
through three months of UTC(USNO MC) -- TIPI ETS) resuilts
were wite nise with standard error 15 n s, and a flying
c lock measuriement gave 70 us agreement. A straight line
fit throu ,h re sults UTC( USNO MiC) - 1'TC I .\1S) gave 00 ms
staindard error and 120 ns agyreement, It is proposed to

uethe 6,1S measuremen~ts to steer UTC(A'S ) to UTC(BI3H),
and to reime the ex ist inrg t ime sca le TA ( AUS)

I TRCDIC'(T I 0N

\k klloba ilPsi o n System (6CP1) Time Trans-fer U~nit (TTU) built by US5
Nat i ouI' RIreatu of Standards (NUS ) 'or the NA.SA Deep Space Network ( DSN)
wa)s irnsta lied at \\S\ 's PeeP Spalce Communficlt ionls Complex 42 '4,3 at
T idbiinbi Ia ITI D in lajte Juine 1.). It astiurned on in Julyv and has
opera'ited correct lI from thalt momeiknt. Its principal funct ion of interest
here, i s to mlon it or thle per."orniic of thle Ti db iubi I1 ai Frequenc y and Time
SN stom (TI P1 11.5 I which wasr dori cd f rontita SA0 %lode I VLCI I hydroaoen maser
I'll dum'll nehe period lo Novem,,ber 1Oi.The bas ic resuilts recorded atre
thme t~tI wte i nterx IsKtw,,en TI hI FT.S I pps and the timinE! marks broaidcast
t 1011 .h" 011ol so boa!: d ccl CBS spceoeii cik I SV ). corrected inr real
t inc tor pmop"iL'it ion !"iI kvcai c I a ted from the or]-bo-~rd ephenier is

m'~nimn ttH b c "V 'Inmd 111ila "Imed~ posit ion 1I01 the anltenina:

87



RD-Ri49 163 PROCEEDINGS OF THE ANNUAL PRECISE TIME AND TIME 2/S-
INTERVAL (PTTI) APPLICATI..(U) NAVAL RESEARCH LAB

WASHINGTON DC J A MURRAY 92 APR 94

UNCLASSIFIED F/6 5/9 i

EhhhhhmhhhhhhI
mhhhhhhhhhhhhI
EhhhhhhhhhhhhE
EhhhhhhhhhhhhI



43 1.

11.8

mBL2=~ 14 11111l1.6

MICROCOPY RESOLUTION TEST CHART
NATIONAL BUREAU OF STANDARDS 1963 A



X =148*58'48112018 E

0 35*24' 8"0444 S

h =665.54 m

Also available is the time comparison between TID(FTS) and the OPS master
clock (GPS TIME) in the GPS Control Segment [Kovach, 1981]. Generally two
passes from each of space vehicles 5, 6, 8 and 9 are observed each day, of
which only the higher altitude passes are used in this analysis.

Similar results are obtained on each SV at the US Naval Observatory (USNO)
referred to their Master Clock (UTC(USNO MC)), although at different times
in the day, and made available through the bulletin Series 4: Daily Phase
Values, and otherwise. Time transfer between UTC (USNO MC) and TID(FTS)
is obtained by linear interpolation to the time of a Tidbinbilla
observation between two adjacent reported USNO observations, usually but
not always one sidereal day apart. In this paper, data gaps up to two days
are tolerated, and only linear interpolations are employed, hence it is

* tacitly assumed that on-board clock behaviour is linear over a day or two
and that receiving antennae locations and broadcast orbital parameters are
accurate. Because of the appreciable interpolating factors, this method
is here designated "long arc" and is applied to results obtained both from

* SV observations and GPS TIME results.

The "common view"~ method in which both stations take measurements
simultaneously [Davis et al, 1981; Clements, 1982] is impossible between

* Tidbinbilla and USNO and difficult between Tidbinbilla and Jet Propulsion
Laboratory (JPL). Nevertheless a two-hop quasi-"lcommon-view" experiment
has been attempted, with a GPS TTU at JPL taking nearly simultaneous
observations with Tidbinbilla on the one hand, and nearly simultaneous
observations with USNO on the other. The effectiveness of the time
transfer then depends on the behaviour of the JPL Frequency and Time
System between the two sets of observations which may be several hours
apart.

Since four satellites were available, and more can be expected, the
* opportunity exists for averaging. This has been done by interpolating

linearly to Oh UTC between adjacent time transfer results from each
satellite prior to taking the mean. This process yields a "consolidated"

* result.
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THE TIDBINBILLA GPS SYSTEM

Equipment

The GPS equipment installation at the Canberra Deep Space Communication
Complex (CDSCC), Tidbinbi]la is depicted in Figure 1. All of the
equipment with the exception of the antenna unit is mounted in a short
rack adjacent to the CDSCC frequency and timing system (FTS) monitor panel
in the operations building (Figure 2). The antenna unit, which also
includes a low noise amplifier and mixer, is a sealed enclosure located on
the roof of the operations building (Figure 3).

The antenna position was obtained by carrying out a traverse from the
surveyed ground monument position beneath the DSS 42 34 metre antenna. A
receiver offset of 272 nanoseconds was inserted in the GPS software to
correct for the delay due to cable length between antenna unit and
receiver.

* A 5 MHz signal is provided from the FTS as a reference frequency from
which is derived the receiver 100 MHz to supply the first I.F. mixer in
the antenna unit. D.C. power is also run through the 100 MHz coax cable,
avoiding the requirement to provide a separate power cable. A 1 PPS
signal is also connected from the FTS to provide the CDSCC clock reference
to the system.

A modem phone is connected to an RS 232 port of the microprocessor to
allow data acquired and stored by the system to be transmitted
periodically by telephone to JPL, usually once a week. Data from a remote
receiver may also be printed out locally using this modem link.

Operation of GPS Receiver

The GPS receiving system is capable of running in an automatic mode, once
all relevant parameters have been entered. In this mode, the system will
acquire chosen space vehicles, lock onto the downlink and accumulate
relevant data. The system is normally operated in the automatic mode at
DSS 43.

The software/operator interface consists of a "user friendly", menu-driven
parameter selection matrix, arranged in the form of one main menu and a
number of sub-menus.

* In order to bring the system up to a functioning condition, it is necessary
to perform a "cold start" operation. This consists of instructing the system
to acquire an almanac from a satellite when such a vehicle is within
re:eption range (usually above horizon). It is also necessary to set the
.vytem's internal UTC clock by responding to the system prompts. Under
..rmal operating conditions, a battery back-up supply maintains the system's

• RAM such that a cold start is not necessary even in the event of a power
failure.
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ANTENNA
L.N.A.
MIXER

100 MHz I.F.

FTS 5 MHz

RECEIVER

POWER SUPPLY _

STOP
START
FTS 1 PPS COUNTER

MICRO PROCESSOR

PARALLEL

KEYBOARD INTERFACEI

RS 232 _O MODEM
IPHONE

Figure 1. GPS equipment configuration at Canberra Deep
Space Communications Complex, Tidbinbilla.
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Figure 2. GPS receiver installation at Tidbinbilla.
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Figure 3. GPS antenna housing on roof of GDSGC.
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1.

The system software provides an aid to the selection of suitable satellites
for tracking purposes. If selected, the system will print a graph of
elevation and azimuth versus time for up to five vehicles, dependent, of
course, on the system's knowledge of its present location. This parameter
may be entered by calling up the NEW RECEIVER COORDINATES feature on the
displayed menu.

Having selected suitable satellites to track, appropriate track times may be
entered, derived from the aforementioned graph. The facility exists to cause
the system to decrement the track start times by 4 minutes per day to account
for the fact that the satellites are in sidereal orbits. The satellite may
then be tracked in the same position in the sky each day.

The system may be commanded to perform position location calculations by one
of two methods. The first method requires that four satellites be in view
so that data of sufficient precision may be obtained for the navigation
solution. The second method requires that the system lock sequentially onto
four satellites every two minutes. This second method produces a solution
in a shorter time than the former and has the advantage of eliminating much

6. of the short term noise in the local clock system.

The GPS measurement computation is performed by calculating a pseudo-range
value from system counter measurements and then computing the slant range,
relatiiistic and ionospheric corrections based on data obtained from the
satellite ephemeris. These corrections, along with the local receiver delay,
are subtracted from the pseudo-range estimate to obtain the local clock minus
satellite clock value. The satellite clock correction, transmitted from the
vehicle is then added to this value to produce a figure for local clock
minus GPS clock.

TABLE 1

Quadratic Fits to Observations on Satellite Clocks

Observation Offset(a) Rate(b) Drift/2(c) Av Time(t) Std

Ps Ps/d Ps/d/d MJD Error(a)
* IPs

TID(FTS)-SV(5) 188.236 0.213022 0.00009463 5571.18 0.01

TID(FTS)-SV(9) 15.809 0.075300 0.00022562 5572.31 0.01

* UTC(USNOMC)-SV(5) 180.642 0.144689 -0.00009541 5575.53 0.05

UTC(USNOMC)-SV(9) 7.562 0.007514 0.00004740 5575.20 0.03
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SPACE VEHICLE AND GPS TIMES

The results produced by Tidbinbilla's GPS TTU are, for each SV(i), numbers
in the form TID(FTS) - SV(i) and TID(FTS) - GPS TIME via SV(i). The
corresponding numbers disseminated by USNO are UTC(USNO MC) - SV(i) and
UTC (USNO MC) - GPS TIME via SV(i). It has been found that the "raw"
results TID-SV and USNO-SV are adequately modelled by quadratic curves

. over the interval MJD 5528-5618 for SV(5) and SV(9), while cubic or
higher-order fits would be required for SV(6) and SV(8). The parameters

of the quadratics are given in Table I in the form:

TID(FTS) - SV(i) = a(i) + b(i) * (t - t) + c(i) * (t - J)2  (I)

and similarly for UTC(USNO MC) - SV(i), where a(i) is the offset at the
mean time f, b(i) is the rate at F and c(i) is half the drift rate. The
standard errors of residuals a(i) are also tabled, and the residuals are
displayed in Figures 4 and 5. Both graphs have many features in common,
demonstrating that vagaries in on-board clock behaviour are readily

:" detectable.

Several rate changes were observed to occur in GPS time in the interval
considered, so the results were broken in to four segments and straight
lines fitted through each as shown in Tables 2 and 3. The residuals are
displayed all together in Figures 6 and 7, where it can be seen that

*results are rather better at USNO than at Tidbinbilla which is possibly a
consequence of efforts made at the GPS master station to follow USNO time.

LONG-ARC TIME TRANSFER TO USNO

• "Time transfer from USNO to Tidbinbilla was achieved by linearly
interpolating between successive daily results UTC(USNO MC) - SV(i), and

*- subtracting the observed value of TID(FTS) - SV(i) from it. It was felt
that it was better to use the USNO results to interpolate on sice its
time scale is the reference being accessed and is therefore to be

* considered definitive for these purposes. Linear interpolation was
adequate and in fact desirable since the effects of drift rate over one or
two days are swamped in the random noise. The "consolidated" result is

S shown in Figure 8, on which is also shown the value

UTC(USNO MC) - TID(FTS) = - 11.030 Ps

by USNO/Bendix flying clock on 1 October 1983.
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TABLE 2

Straight Line Fits to TID(FTS)-GPS TIME

SV# Offset(a) Rate (b) Av.Time(i) Std.Error(a) Smoothed Between
Ps ls/d MJD Ps

5 5.861 0.08233 5530.75 .02 5528 5532
6 5.874 0.05275 5530.78 .03 5528 5532
8 5.887 0.07441 5531.21 .03 5528 5532
9 5.812 0.07190 5530.86 .02 5528 5532

5 6.282 0.05981 5537.74 .04 5532 5542
6 6.296 0.06118 5537.77 .02 5532 5542
8 6.293 0.06123 5537.69 .02 5532 5542
9 6.287 0.06314 5538.17 .02 5532 5542

5 7.269 0.08851 5549.99 .01 5542 5556
6 7.280 0.09221 5550.01 .02 5542 5556
8 7.265 0.09207 5549.66 .02 5542 5556
9 7.221 0.08997 5549.80 .03 5542 5556

5 8.979 0.06995 5573.14 .04 5556 5589
6 9.010 0.07002 5573.16 .02 5556 5589
8 9.017 0.09669 5572.96 .02 5556 5589
9 8.962 0.07134 5573.24 .03 5556 5589

5 10.339 0.06487 5592.08 .03 5589 5594
6 10.368 0.07126 5592.11 .01 5589 5594
8 10.377 0.06552 5592.04 .02 5589 5594
9 10.327 0.06830 5592.19 .02 5589 5594

5 11.060 0.14007 5598.07 .03 5594 5601
6 11.094 0.13991 5598.09 .03 5594 5601
8 11.102 0.14669 5598.02 .03 5594 5601
9 11.047 0.14017 5598.17 .03 5594 5601

5 11.763 O.08500 5604.35 .02 5601 5607
6 11.806 0.08724 5604.37 .02 5601 5607
8 11.846 0.08914 5604.44 .02 5601 5607
9 11.754 0.09100 5604.45 .02 5601 5607

5 12.401 0.07943 5612.08 .02 5607 5618
6 12.431 0.07593 5612.25 .02 5607 5618
8 12.455 0.07508 5612.18 .02 5607 5618
9 12.384 0.07606 5612.33 .01 5607 5618
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! TABLE 3

.Z Straight Line Fits to UTC(USNOMC)-GPS TIME

[[-SV# Offset(a) Rate (b) Av.Time(t) Std.Error(a) Smoothed Between
i s s/d MJD I's

-5 0.054 0.02183 5529.91 .02 5528 5532

6 0.075 0.01957 5530.83 .01 5528 5532
8 0.078 0.02276 5531.24 .02 5528 5532
9 0.054 0.02202 5529.99 .01 5528 5532

5 0.115 0.00188 5537.00 .01 5532 5542
6 0.127 0.00565 5537.76 .01 5532 5542
8 0.108 0.00003 5537.70 .03 5532 5542
9 0.114 0.00349 5536.98 .01 5532 5542

5 0.360 0.03048 5549.50 .01 5542 5556
6 0.388 0.02952 5550.24 .01 5542 5556

0 8 0.392 0.03226 5549.92 .02 5542 5556
9 0.394 0.03135 5549.98 .02 5542 5556

5 0.630 0.00270 5582.29 .01 5556 5589
6 0.610 0.00207 5582.30 .02 5556 5589
8 0.619 0.00197 5582.36 .02 5556 5589
9 0.619 0.00197 5582.35 .02 5556 5589

5 0.637 0.00948 5592.45 .03 5589 5594
" 6 o.613 0.00622 5592.39 .03 5589 5594
- 8 0.639 -0.01150 5592.44 .01 5589 5594

o 0.620 0.00693 5592.44 .03 5589 5594

5 0.911 0.05304 5598.45 .02 5594 5601
6 0.886 0.05647 5598.37 .02 5594 5601
8 0.920 0.05879 5598.43 .o6 5594 5601
9 0.897 0.05507 5598.42 .02 5594 5601

• 5 1.101 0.00862 5604.94 .02 5601 5607
6 1.087 0.00853 5604.85 .01 5601 5607
8 1.109 0.00625 5604.86 .01 5601 5607
9 1.090 0.00695 5604.91 .01 5601 5607

o 5 1.084 -0.00690 5613.41 .01 5607 5618
6 1.074 -0.00405 5613.61 .02 5607 5618
8 1.091 -0.00438 5613.64 .01 5607 5618
9 1.081 -0.00383 5613.35 .02 5607 5618
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Figure 4. Residuals from quadratic fits through raw data
TID(FTS)-SV TINE, space vehicles 5 and 9 (see Table 1).j
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Figure 5. Residuals from quadratic fits through raw data UTC(UNSNO,MG)
-SV TIME, space vehicles 5 and 9 (see Table 1).
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Figure 6. Residuals from straight line fits through raw
TID(FTS)-GPS TIME, space vehicles 5, 6, 8, 9

segmented at MJDs 5532, 5542, 5556, 5589, 5594,
5601, 5607 and 5618 (see Table 2).
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Figure 7. Residuals from straight line fits through raw data

UTC(USNO,MC)-GPS TIME via space vehicles 5, 6, 8, 9,
as in Figure 6 (see Table 3).
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Quadratic curves in the same form as equation (2) were fitted to the
outcomes us ing each space vehicle separately. Their parameters are mi tn
in Table 4, and the residua Is therefrom are shown in Fi cure Q. Res i dna I
from the "consolidated" time transfer are shown in ligure 10. and the
Allan variances of these residuals are displayed in F igure 11 in which the
slope is close to -1, indicating that the residuals after removal of the
quadratic are very nearly random uncorrelated "white" phase noise.

Almost identical results are obtained when transfer is effected via GPS
TIME instead of SV TIME. Table 4 contains their quadratic parameters.
Figure 12 shows their consol idated AIlan variances, .'igure 1 the
individual residuals and ligure 14 the consolidated residtals.

From this analysis, the drift rate of the Tidbinbilla hydrogen maser with
respect to UTC(USNO MC is -4 parts in 1015 per day, and is undoubtedly
now well measured: the drift rate itself has not changed during three
months.

COMMON VIEW ME XSl'REM'1NTS

The results given above show quite clearly that the GPS receivers can
detect anomalies in the on-board clocks and in GPS TIME as small as 10 ns
or less, so simultaneuus observations should remove their effects. The
geographical locations of Tidbinbilla and USNO make "coumon view"
observations impossible, so a two-hop scheme is necessary. In this, the
GPS TT at .Ig's Goldstone Radar \'et (ORN) has been taking meausrements at
the same time as USNO Ito within ten minutes) and also at the same time as
Tidbin ilia Ito wi thin one minute) each day. The hydrogen maser based
timin system at GRN has a rate of about 20 ns day but is assumed here to
be error-free in relating the two sets of measurkments. Then:

ITC(I NO Ml) - TIP(F TS) [ITC(VSNO MC) - JPL] - [TIP(FTS) - .IIL, 121

Results from .PS TIME averag ed over all space vehicles are shown in Figure
I . a nd res idua Is from the quadra tic fit whose pa rameters a ra i ven in
Table 4 are in ligcure In. Figur'e 17 shows the results in the vicinitv of
the I October flvinc clock measurement. while Figure I" g ivyes AllIan
Svar iances afteor the quadratic curve has been removed.

[Figure I0 copies IFigures 10. 14 and In to show the residia ls by each of
the three methods on one graph. It can be seen that the ",,mrno view"
result s have some spikes not visible in the other results, but that
otherwise the results are quite similar. It is noteworthv that the
staitistics given in Table 4 for "Ion-arc" using SV TIME ,and using GIS
T IMP are very similar, and differ by about 170 ns in offset and 2 ns day
i ra te from tIle "corlmon view" 'esul ts whose standa rd error ia so
somewhat lar-cer. It is therefore evident that the greater a. :iopph,,ric
effects caused by the "common view"'' method iin this case oiitwe th tihe clock
model lin errors of" the "logu arc" method.
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Figure 8. Interpolated UTC(USNO,MC)-TID(FTS) using GPS TIME

from space vehicles 5, 6, 8, 9 together.
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Figure 9. Residuals from quadratic fits through interpolated

data UTC(USNO,MC)-TID(FTS), using SV TIME from
space vehicles 5, 6, 8, 9 (see Table 4).
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Figure 10. Residuals from quadratic fit through interpolated data
UTC(USNO,MC)-TID(FTS) reduced to Oh UTC and averaged over
SV TIME from space vehicles 5, 6, 8 and 9 (see Table 4).
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Figure 11. Allan variances of Figure 12. Allan variances of

residuals in Figure 10. residuals in Figure 14.
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Figure 13. Residuals from quadratic fits through interpolated

[ data UTC(USNO,MC)-TID(FTS) using GPS TIME from space
vehicles 5, 6, 8 and 9 (see Table 4).
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Figure 14. Residuals from quadratic fit through interpolated data

UTC(USNO,MC)-TID(FTS) reduced to Oh UTC and averaged over

GPS TIME from space vehicles 5, 6, 8 and 9 (see Table 4).
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* Figure 15. Common view results UTC(USNO,MC)-TID(FTS) showing

flying clock result on 1 Cztober 1983.

0.20 1 1 1 1 I

VIA COMMON VIEW

0.10

In
0

U 0.00
0

* -0.10

-0.20 I
5525 5539 5553 5567 5581 5595 5609 5623

0 MODIFIED JULIAN DAY

Figure 16. Residuals from quadratic fit through common view
results UTC(USNO,MC)-TID(FTS), averaged over GPS TIME

0 from space vehicles 5, 6, 8 and 9 (see Table 4).
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Figure 17. Common view UTC(USNO,MC)-TID(FTS) in vicinity of

travelling clock data points on 1 October 1983"consolidated" from GPS TIME results on Oh UTC.
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Figure 19. Composite of residuals from quadratic fits
through UTG(USNO,MG)-TID(FTS) via common view

S (Figure 16), long-arc GPS TIME (Figure 14)
and long-arc SV TIME (Figure 10).
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Figure 20. UTG(AUS)-TID(FTS) via TV as published in
NATMAP Bulletin E.
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TRANSFER TO UTC(AUS)

The free-running time scale UTC(AUS) is calculated from TV comparisons
between caesium standards and hydrogen masers located mainly in Canberra,
Sydney and Melbourne [Luck, 1979; Woodger 1980]. The clocks contributing
to UTC(AUS) in the three month period under consideration are summarised
in Table 5. Until the GPS receiver was put in to use at Tidbinbilla the
only regular means of comparing UTC(AUS) with adequate precision to the
outside world was by flying clock trips every three or four months
organised by USNO and Bendix Corporation. It is now possible, however, to
measure the relationship on a daily basis, using TJD(FTS) as the
intermediary.

The results UTC(AUS) - TID(FTS) as published in NATMAP's Bulletin E during
July-October are shown in Figure 20. Combining these with UTC(USNO MC) -
TID(FTS) as in Figure 8 gives UTC(USNO MC) - UTC(AUS) shown in Figure 21.
Residuals from a straight line fit (see Table 4) are shown in Figure 22
and their Allan variances in Figure 23. It is immediately seen that the

* standard errors are almost an order of magnitude greater, which is
directly attributable to TV noise. The flying clock trip error is 120 ns
of which a substantial proportion can be attributed to the flying clocks
themselves.

There is no doubt that, for as long as the GPS TTU remains at Tidbinbilla,
a regular, reliable and accurate avenue is available for comparing clocks
in Eastern Australia to clocks and time scales overseas. Conversely, it
is now possible for 16 or more Southern Hemisphere clocks to be used in
the computation of International Atomic Time (TAI) if so desired.

USE OF RESULTS TO STEER UTC(AUS)

Time scales such as UTC(AUS), UTC(BIH) and UTC(USNO) are calculated in
batch mode after-the-event; for example, UTC(AUS) is calculated monthly
about a fortnight it, arrear. It is thus feasible to accommodate the
delays in gathering GPS data and reducing them to a common time such as
Oh UTC in order to include it in the time scale algorithm. This can be

* •done in such a way that the time scale generally follows the external
clock or scale to which the GPS measurements are referred, yet continues

*- virtually uninterrupted if the GPS results are unavailable.

Let the time shown by clock i be denoted x i at a given time, and let the
measurement against the local TV (corrected for propagation delay) be ]i:

li xi- TV , 1, 2, ... , n. (0)
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Figure 21. UTC(USNO,MC)-UTS(AUS) derived from long-arc GPS TIME results
to Tidbinbilla (Figure 8) and Bulletin E (Figure 20).
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Figure 22. Residuals from straight line fit through UTC(USNO,MC)-
UTC(AUS) shown in Figure 21 (see Table 4).
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TABLE 5

Contributors to UTC(AUS), July-October 1983

Organisation Location Time Standards

Tidbinbilla DSCC Canberra 1 hydrogen maser
2 HP caesium standards

Division of National
Mapping Canberra 2 HP caesium standards

Orroral Valley STDN Canberra 1 HP caesium standard

CSIRO National 2 hydrogen masers
Measurements Lab Sydney 3 HP caesium standards

Royal Australian Navy Sydney 1 HP caesium standard

TELECOM Aust Research
Lab Melbourne 5 HP caesium standards
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S10.12 - +

+

b 
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- +

10-13
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!•I I I
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Figure 23. Allan variances of the residuals
[ •UTC(USNO,MC)-UTC(AUS) shown in

Figure 22.
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It is desired to calculate a time scale X. e.g. X - UTCIAUS), which
a ppea rs in the form of a set of results z

zi X - x i 1, 2. .. n. (4)

Z0 X - TV

takin- into account weights Pi for each clock according to some
pre-arranged criteria. This is achieved by invoking the fundamental time
scale equation [Percival, 1978]:

n

Spi(:. - zi)  = 0 (5)

where is an unbiased prediction of UTC(AUS)-xi at the time of
observation [Luck, 19)3]. There are n observations and one condition
availdble to solve for the n 4 1 unknowns zo, Z 1 , Z2, ... , z n .

Now suppose that an external observation I T is available on one of the

clocks xT (TE-i) against the reference time scale R, e.g. R = UTC(ITSNO MC):

I T - R - xT (6)

and impose the steering condition:

X - R (7)

i.e. UTC(\US) - UTC(USNO MC) at the time of measurement. The full set of
equations to be solved can then be put into the form of observation

equations with a condition, from equations (6), (3) and (5) respectively:

I i T Z :T T E i1 i~

n I i , 1,2, ... ,n (8)

Z=1 p(z i 0'

which can be treated by standard least squares methods; a weight PT should

be assigned judiciously to the external direct observation IT* This
formulation can be readily extended to cater for the hypothetical
s- ituation in whiclh several GPS units. or indeed any other international
ltime trainter sYstems, were operating in Australia.

When thi suaqtestion has been investigated and implemented, UTC(AUS) will

wtbe trul v ; a coordinated scale of Iniversa! Time. Removal of the direct
externail obset'v-ation ,-) I T would restore it to its current position as a
tne free-rtinin time scale. more appropriately designated perhaps as

[TA I S) \et regid arlv monitored against TAI. It is proposed to run both
soliitions once certain prediction a'id weighting biases in the UTC(AUS)
a I L thitf have been removed.
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CONCLUSION

It has been demonstrated that the GPS TTU at Tidbinbilla DSCC can achieve
time transfer half way around the world with 20 nanosecond precision over
extended periods and with accuracy inside the measurement capability of
flying clocks. Little degradation occurs by employing the "long-arc"
method rather than the "common view" method because "common view" requires
low observing altitudes over these distances, and use of USNO GPS TIME
values is almost as good as USNO SV values, besides being easier to
obtain.

* The first practical application of the method has been the determiation
of the drift rate of Tidbinbilla's hydrogen maser as 4 parts in 1015 per
day.

Because the user data processing has proved to be very straightforward, it
is highly feasible to include the results in the computation of UTC(AUS)
and indeed to steer this time scale to UTC(USNO MC) or to UTC(BIH). It is
also now possible for a wider community to use Australian clocks for
scientific purposes. We hope that other South-East Asian and Pacific
countries will be encouraged by our results to examine the method very
closely.
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I
SEPARATING THE VARIANCES OF NOISE

COMPONENTS IN THE GLOBAL POSITIONING SYSTEM

David W. Allan and Marc Weiss
Time and Frequency Division

National Bureau of Standards, Boulder, Colorado

ABSTRACT

Central to the success of the GPS program is the ability to
model the frequency stability characteristics of the its various
components. A persistent challenge in evaluating the Global
Positioning System is the separation of the errors of the satel-
lite clocks from those due to the satellite ephemeris errors
and/or the signal propagation delay errors. This information is
important when one tries to improve the performance of the
Global Positioning System. It is necessary to know if a parti-
cular component of the system meets specification and which
component(s) limits performance.

Although one cannot separate the errors themselves, a method has
been developed whereby the "Allan variances" of critical compon-
ents to the GPS can be separated. Using a reference clock such
as UTC(NBS) or UTC(USNO), for example, the fractional frequency
stability of each of the following can be separated from each of
the others: the reference clock, the space vehicle clock, the
GPS clock, the clock upload correction, the ephemeris and the
propagation delay. This technique has the potential to signifi-
cantly assist in properly setting the parameters to obtain
optimum performance from the Global Positioning System e.g.
setting the Kalman filter parameters. Results will be given
showing some interesting surprises in the characteristics of the
system.a

INTRODUCTION

During the testing of the GPS it has become evident that an independent
method for the characterization of the observables of the system would be an
important supplement to the Kalman estimates. Such a method would allow one to

* diagnose problems, make improvements, and predict system performance for
* variation in the system's environment. This is not an easy task in some

cases. For example, an independent method for the separation of the time
errors of the clocks from those due to the ephemeris variations and propaga-
tion delays has been desired for some time. Because of the natural correlation
between these error sources, differences of opinion have often arisen as to

* the source of some errors that have been observed.

Under a reasonable set of assumptions, NBS has developed a method whereby the
Allan variances of important GPS observables can be separated. Using a refer-
ence clock such as UTC(NBS) or UTC(USNO), for example, the fractional stabil-
ity of each of the following can be separated from each of the other:
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the reference clock
the space vehicle clock
the GPS clock
the clock upload correction
the ephermeris and the propagation delay

This technique has the potential to significantly assist in properly setting
the GPS Kalman filter parameters. Also, this technique should be useful to
users who want to study the stability of their clocks, since the user's refer-
ence is one of the components separated.

, GENERAL CONSIDERATIONS

This separation of variances is performed using the following general approach.
When considering any time series it is convenient to divide the elements into
two parts, i.e., the deterministic part and the random part which is described
by stochastic measures such as spectral densities or Allan variances. First
the random elements are separated from the deterministic ones. If the driving
forces that cause the random perturbations are independent, then the variances
of these individual components can also be separated. An example is the
separation of the sum of the ephmeris errors and propagation delay variations
from the clock upload correction errors. In short term these appear to be
correlated but in long term they decorrelate and hence the variances of these
can be separated. (1] If different space vehicles are observed within a reason-
able period of time, mainly within a few hours of each other, then the clock
in each of the satellites provides an independent reference having random
uncorrelated errors with the clocks in other satellites and with the ground
clock. Using three independent satellites allows one to calculate variances
for each individual component among the three. Finally, the clock correction
error is independent of the time of the space vehicle clock, thus providing a
tool for the separation of the variance of toe errors in that component of the
system. This approach and these assumptions will be explained further as the
method is developed in detail.

*Suppose that we have three independent time series -- denoted by subscripts
i,j, and k. Since all measurements are made in pairs onl ca2 use th~se pairs
of measurements to estimate the individual variances (a., a., ad akzof the
time series from the variances of the pairs of measurementi (ai ' a and
Yjk). The variance of each time series is estimated as follows iJ'i

0 2 = (Yij 2 + 2k_-ajk2 )/2, (1)[1 • i  ij ik j

and one permutes the i, j, and k to obtain a.2 and o 2 A problem which
sometimes arises with this technique is that te estimated variances are nega-
tive. This may occur when there are too little data or there are apparent

0 @correlations. The longer the data length the better the statistical confidence
on the estimates. For the GPS case one can use 3 independent satellites to
estimate observables for each of the satellites in question.
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DERIVATION FOR GPS

Next we will describe the individual independent error sources arising in a
given GPS time transfer measurement. We will define some terms as follows:
Let x be the time deviation for a particular noise source in the GPS. We will
subscript the x depending upon the particular source being studied.

REF... as the reference clock such as the NBS clock.
GPS'...the received estimate of the time from the GPS receiver.
GPS ... time as generated by the GPS master clock.
PE ... the combination of the propagation time error and the satellite

ephemeris error.
CL' ... the error in the space vehicle clock correction.
SV' ... the time of the space vehicle clock as received by the GPS receiver
SV ... the true SV time as generated within the space vehicle.

Our goal, of course, is to have an estimate of the true variance of each one
of the components in question.

We may make the following measurements for each of 3 satellites i, j, and k;
specifically we will list these for satellite i.

x XREF-GPS! = XREF - xpE i - xCL! - xGPS (2)

XRE"VI = XRE - X svi  (3)
. XREF-SV. X REF x PEi  xS 3

If equation (2) is subtracted from equation (3) one obtains cancellation of
the propagation plus ephemeris error.

XGPS!_SV! = xGPS +xCLI. - XS i  (4)

Assuming that the reference clock time deviation error is small from one
satellite measurement to the next, which is a good assumption for high quality
references with errors of the order of one nanosecond , one can subtract the
measurements of satellite i from those of satellite j resulting in the follow-
ing 2 equations:

XREFGPS , = xPE + xCL. (5)
0 13 ij ij

XREFSVI. = xpE " + . , (6)
13 13 13

where the ij subscripts on the right of equation (5) and (6) denote the differ-
ences (-i) in the measurement of those two components. Equations (5) and (6)
can, of course, be written for satellites i and k and for j and k as well.
Equations 2 through 6 comprise our measurement basis. Since (in long term)
each of the components in these equations are uncorrelated we may take vari-
ances of each of these equations and the cross terms will average to zero
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giving the following 5 equations:

ay2= +c r (7)

1 o REFGPS,= REF PE CL' 0GPS

2 2 2 + 2 + 2
Si REF-SV = REF PE SVi (8)

2 2 92 2 +)2,+ 2

3 0 GPSSV, =GPS CL' SV.1 1 1Li 1

2 2 + 2 (10)
0 REF-GPSi iPECL

13 13 13

2 2 2 (11)
0REF-SV = 0PE ij SVij

And again we can write equations (7), (8), and (9) for satellites j and k as
well, and equation (10), (11), for satellite pairs ik, and jk as well. In

[* addition we can use equation (1) to estimate the variances for i, j, and k
separately from (10), and (11) respectively:

2  2  2
4Y 4 . P PE. +oaL, (12)

1 1 1

a2  a 2 + C2 (13)
5.i PE. SV.

and similarly for j and k. In matrix formulation we have the following repre-
sentative set of equations resulting from the estimates or measures for each
of the three satellites i, j and k:

21 1 0 1 1 2RE

1 1 0 1 0 1 a
2 GPS

= 0 1 1 1 0 2(14)
3 OSV

• 0 0 0 1 1 24 0CL'

(Y0 0 1 0 1 2r
5 i,j,k 0PE i,j,k
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If the matrix is inverted we may then write the final equation for the varian-
ces of the individual components of the GPS system. Global variances are
obtained through each of three space vehicles. Variances pertaining to an
individual space vehicle are obtained through that space vehicle.

0R 0 1 0 0 -1 21

a 2 1 -1 0 -1 1 02
GPS2

0- 0 0 (15)

2V 2

aCL, - 1 -1 04

PE ij,k - - 0 1 05 i,j,k

Alternatively, one can write out the separation of variances in equation form
for each of the i, j, and k satellites -- here written specifically for i:

a 02 = a2i- ° "2 (16)

REF 2 . 5.

y2 I - a2 .- a + o2 (17)°GPS.i . 2 . 5
1P 1 1 1 1

2 2 2 2

i (-2yi+ 2i + Y) (18)
1V 1 1 2 1

22 2 +2 a 2 12L = (-°i +02. + 3*) + 4~ 5i (19)
1. 1 1 1 4 1

a 2 i) + 22 (20)
PE. 1o -2 03) + 05

The subscript i on REF and on GPS, clocks which are totally independent of the
satellites i, j, and k, denotes an estimate of that clock's stability calcu-
lated via that particular satellite. As a final answer one could take a

* simplf averagoe or a moje sophisticated itatistical (e.g.2 weighted) average of
the 0REF. , 

0 REF., and REF , and of the aGPS GPS , and aGPS
I k k

The Allan variance fulfills the criterion that he variance used be a well
behaved stable measure of the time series in question. In fact one can do the
Allan variance analysis for different sample times as well, which allows one

0 to characterize a process. The only criterion on the sample time is that it
be sufficiently long so that the processes under consideration are uncor-
related, indications are that this is of the order of one day and longer.
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AN EXAMPLE

This theoretical approach was applied to data taken at NBS from June 25th,
1983 to October 1, 1983. The result was an analysis of the stability of the
GPS and space vehicle clocks, as well as of the clock corrections and propaga-
tion noise plus ephermeris estimates.

The stability analysis was performed on data on file in the NBS time scale
computer. Each file entry is characterized by the MJD on which the data was
taken, the hour, minute and second on which the satellite pass was started,
the receiver number used to receive the data, the space vehicle involved, the

* class byte employed, the length of the data, the age of the data, the elevation
i* and azimuth of the satellite, the ionospheric delay, the reference minus space
.* vehicle (SV) time to a tenth of a nanosecond resolution and its accompanying

slope from a linear least squares fit to the particular data pass, the refer-
i- ence minus GPS time to a tenth of a nanosecond resolution and its similar

accompanying slope from a linear least squares fit, and the rms fit of the
linear least squares to that data set. In addition, for the NBS data, the
time of the reference minus UTC(NBS) is recorded. Finally there is a column
for any offsets which may be due to discontinuities from a known effect in a
receiver or idiosyncrasy in the system. The NBS reference clock is typically
within a few nanoseconds of UTC(NBS).

I•

The most recent data were analyzed to give a current estimate of the stability
of the clocks in the GPS. The period covered was from MJD 45510 to 45608,
which is the 25th of June 1983 throughout the 1st of October 1983. The data
are taken on a sidereal day basis; i.e., the receivers automatically subtract
4 minutes a day to nominally maintain the same viewing angle to the SV. On
the 30th of September 1983 the starts of each track time were 1802 UT, 1855
UT, 2050 UT, 2228 UT for SV-8, -6, and -9 and -5 respectively. The track
lengths were each 780 seconds. The average age of data over the analysis
period was nominally 2 to 4 hours and the elevation angle in all cases was
above 52 degrees.

All of the time difference plots have nanoseconds as their ordinate units and
the abscissas are in MJDs. Figure 1 is a plot of UTC(USNO-MC) minus the time
of the GPS steered clock sometimes called the GPS software clock. In short
term this clock behaves like the cesium at Vandenburg or Alaska and in long
term it should reflect the stability of UTC(USNO-MC) as the software clock is
steered to UTC(USNO-MC). Only SV-8 data were used because of some problems in

* the other space vehicle data sets in the USNO file stored in the NBS time
scale computer. One sees a fairly significant frequency step around MJD 45591
and the time at the end of September has departed more than one microsecond
from UTC(USNO).

Figure 2 is the average obtained by SV-5, -6, -8 and -9 of the NBS reference
4 (Clock 9) minus GPS steered clock. Clock 9 is kept within a few nanoseconds

of UTC(NBS). One sees very similar performance between figures 1 and 2 indi-
cating that the main effect is that of the GPS clock. The data in Figure 2
are smoother simply because of the average across additional satellites and
because of somewhat quieter receiver data. The agreement between the 4 space
vehicles of the time difference, Clock 9 minus GPS, was typically in the range
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of 6 to 8 nanoseconds.

Figure 3 is the plot of NBS Clock 29 minus Space Vehicle Cesium 5 with a fre-
quency removed of 1.66 parts in 10

Figure 4 is NBS Clock Aminus the SV-6 Rubidium with a mean frequency removed
of 7.009 parts in 10 . The frequency drift of the rubidium has clearly
changed from negative to positive from the first and middle of the data to the
last part.

Figure 5 shows the NBS Clock 9 minus SV-8 with the time reset occurrinq at MJD
45573. The stability analysis below was reported after the reset to take
advantage of the most recent stability information.

Figure 6 is NBS Clock 9 minus SV-9 and shows some measurable frequency drift
in the NAVSTAR 6 Cesium. This could be problematic as frequency drift in
cesium standards is sometimes indicative of end of life.

Figure 7 is NBS Clock 9 or SV-9 after removing a mean frequency drift by using
a linear least squares fjt and a mean time from the _d4a. The mean frequency
removed was .3858 x 10 . The drift was -.197 x 10 /day and the mean time
removed was 9498 nanoseconds. If a stability analysis is performed on the ]
residuals shown in Figure 7, one obtains the sigma tau plot shown in Figure 8
which indicates that the frequency drift is well modelled and the res~ivual
random instabilities are very small--of the order of 3 to 5 parts in 10 for
sample times of 4 to 32 days.

The last set of figures are a (T) plots as estimated from the separation of
variance analysis technique. s shown earlier this technique allows one to
estimate the contribution of the individual noise components to the stability.
Figure 9 is the frequency stabilily of the GPS steered clock which appears to
be of the order of 1 part in 10 . An interesting phenomenon is observed in
the long term, namely that the a (T) values tend to decrease which is indica-
tive of the long term steering d'f the GPS time; the time constant appears to
be of the order of a few weeks.

Figure 10 is a stability plot of the Space Vehicle 5 cesium and of the clock
correction errors and of the ephemeris plus propagation errors. Because the
measurements were made only a few hours after upload, the clock correction
errors should be approximately one-tenth of those of the space vehicle clock
errors. It is evident from this data that the clock correction errors are of
the same order as the space vehicle instabilities. One possible explanation
of this is that the Q value in the Kalman processor at Vandenburg is set so as
to assign too much error to the SV clock and not enough to the ephemeris and
propagation. One also sees from the same figure that the ephemeris and propa-
gation errors are clearly well below those of the space vehicle clock.

Because of the three corner hat analysis technique used in the separation of
variances routine and because of finite data sets, it is possible to have
negative variances. A negative variance indicates that the noise level is
well below the other components in the calculation. Given the data length
-involved in this data set one can at best resolve sigmas that are about one-
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tenth that of the other sigmas being considered in the analysis. In those
cases where small or negative variances occurred they were simply not plotted.
Thus the interpretation for those cases where no data points are plotted is
that the stability of that component is well below that of the other components

* for those sample times. Figure 11 is a plot for NAVSTAR 3 (Space Vehicle 6).

In this case, the propagation and ephemeris errors were significantly below
either the space vehicle stability or the clock correction errors. Here again

. it seems that too much error is being assigned to the SV clock.

Figure 12 is a stability plot of Space Vehicle 8. Here again it appears that
at T = 1 day too much error is being assigned to the clock and not enough to
the ephermeris and propagation. In long term however, that appears not to be
the case and the clock correction error falls below that of the ephemeris plus
propagation errors as well as the clock instabilities as it should.

Figure 13 is a stability plot of Space Vehicle 9. In this case we have the
reverse situation where the clock correction errors were very small and were
not plotted. One explanation for this behavior is that too much error is
being assigned to the ephemeris and propagation and not enough to the space
vehicle clock. In long term, the space vehicle clock instability was suffi-
ciently below the other instabilities in the system that it was unmeasurable
and one gets some indication of its performance by the direct measurement

* against NBS shown earlier (Figure 8).

More recently, the separation of variance analysis technique was used to
evaluate SV#11, the newest addition to the GPS constellation. This space
vehicle is now operating with a rubidium f tandard. A linear least squares fit
to the frequency of SV#11 of -2.65 x 10 /day frequency drift at about a 2%
confidence of the estimate was removed from the data. After subtracting the
frequency drift, the variances were separated. The frequency stability of the
SV#11 rubidium at tau equal one day and longer was found to be excellent. In

" Figure 14, we show a comparison of the frequency stability of SV#11 with the
SV#9 and 5 cesiums. One sees the very exciting result that at tau equal one
and two days the SV#11 rubidium is comparable to the SV#9 cesium.

The software for separation of variance at NBS continues to undergo some
refinements. However, the results to date are very enlightening concerning
the performance of the GPS system and provide some insight into where one
might improve the performance of the system.

* [1] Jack Henrich, IBM Federal Systems Division, private communication.
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QUESTIONS AND ANSWERS

MR. PAN:

I was wondering, in your three corner hat method, when you find in a case
2

like that where a equals a negative number, how often does this occur,
and what do you do about it?

MR. WEISS:

In that case we suspect that the clock that gets the negative variance is
too accurate to be measured by the other two clocks in the hat, in the
three corners, that it's much more stable than the other two, and so
it becomes negative.

DR. REINHARDT:

What do you do when it becomes negative?

MR. WEISS:

Well, you can't plot it. You say, "Well, that's what the clock is doing."
It simply is a negative variance.

DR. REINHARDT:

But you don't exclude it from the negative side?

MR. WEISS:

Well, you don't throw the clock out, if that's what you mean.

DR. REINHARDT:

No. Some people were arbitrarily setting negative errors to zero,
zero variances.

MR. WEISS:
0

No. We don't make it positive, either.

A VOICE:

You just sum it up, the negative number? When you figure out the other

• ones, you just sum it up, with the rest of them?

MR. WEISS:

We assume that that number is invalid and you can't use the three-corner
hat to get an accurate number.

S
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DR. REINHARDT:

Oh, for that clock, but you can use it for the rest of the data?

MR. WEISS:

Yes.

PROFESSOR ALLEY:

This analysis was very interesting -I it reveals what some of us suspected
or emphasized for some time, that they were assigning errors incorrectly.
May I emphasize once more that the G.P.S. planning people give serious
consideration to a short laser pulse calibration technique that would
unambiguously separate the ephemeris errors from the clock errors.
Thank you very much.

1I
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ENHANCEMENTS TO THE TTS-502 TIME TRANSFER SYSTEM

Dr. A. J. Van Dierendonck
Dr. Q. D. Hua

Stanford Telecommunications, Inc.
2421 Mission College Blvd.
Santa Clara, CA 95050

(408) 748-1010

ABSTRACT

Two years ago STI introduced an affordable, relatively compact time
transfer system on the market -- the TTS-502, and described that
system at the 1981 PTTI conference. Over the past few months, that
system has been improved, and new features have been added. In addi-
tion, new options have been made available to further enhance the

* capabilities of the system.

These enhancements include the addition of a positioning algorithm
and new options providing a corrected 5 MHz output that is phase
coherent with the 1 pps output, and providing an internal Rubidium
Oscillator.

The Positioning Algorithm was developed because not all time transfer
users had the luxury of the Defense Mapping Agency's (DMA) services
for determining their position in WGS-72 coordinates. The enhanced
TTS-502 determines the GPS position anywhere in the world, indepen-
dent of how many GPS satellites are concurrently visible. However,
convergence time to a solution is inversely proportional to the
number of satellites concurrently visible and the quality of fre-
quency standard used in conjunction with the TTS-502. Real world
solution results will be presented for a variety of cases and satel-
lite scheduling scenarios. Typically, positioning accuracies were
achieved better than 5 to 10 meters r.s.s. using the C/A code only at

* Sunnyvale, California.

A Time and Frequency Solution allows for the output of a time cor-
rected 1 pps (to GPS time or UTC) and a frequency corrected 5 MHz
(and 1 MHz) signal that is coherent to the I pps. This is offered as
an inexpensive option.

To make the TTS-502 a stand alone system somewhat independent of GPS
satellite visibility, an option is also offered where an internal
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Rubidium Standard is included in the TTS-502, eliminating the need
for expensive Cesium frequency standards.

This paper presents various details and results of the Positioning
Algorithm and details of the new options available. In addition,
details of other enhancements are described.

INTRODUCTION AND SUMMARY

The TTS-502 and its applications are described in detail in Ref-
erences 1, 2 and 3. It has been recently upgraded to the TTS-502B.
A new computer board has made it possible to make various functional
improvements in this Time Transfer System. These improvements are
the addition of a Positioning Algorithm, a new Time and Frequency
Solution and a series of new commands meant to aid the user in
performing his time transfer.

The upgrade to the TTS-502B from the existing TTS-502's can be
accomplished by simply purchasing the new computer board along with
the new PROM's containing the new software.

In addition to the computer board and software upgrades, four new
options are available. These options include two different internal
Rubidium Oscillators, a coherent 5 MHz and corrected 1 pps output,
and a custom length antenna cable.

The Positioning Algorithm, which is a square root information filter,
has been tested at Sunnyvale, California and has consistently demon-
strated accuracies of 5-10 meters. It also has the capability of
positioning at locations where 4 satellites are never in view

| simultaneously.

The new Time and Frequency Solution uses the same type of filter as
does the Positioning Algorithm. It provides a extremely stable time
and frequency transfer capability.

THE POSITIONING ALGORITHM

The TTS-502B Positioning Algorithm was designed with the goal of
solving for a stationary position anywhere on earth without much
concern of how long it would take. Its primary purpose is to solve
for that position for time transfer users who don't have or don't

4wish to have on outside service (such as DMA) to survey their
position.

Ih
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To solve for a position with GPS globally can't always be done in a
short period of time. The system does not currently provide the
required simultaneous visibility everywhere in this world. Not only
is the Geometric Dilution of Precision (GDOP) bad, it doesn't even
exist. However, for a stationary user, instantaneous good geometry
is not required, as long as it exists over a reasonable period of
time and provided that he has a reasonably stable clock. This is
somewhat the concept of the TRANSIT system, except that that system
uses Doppler measurements.

The TTS 502B algorithm relies on this concept. In that way it can
position itself (actually, its antenna) anywhere on earth. It does
so with a square root information filter version of a sequential
Kalman Filter that is a natural algorithm for this sort of problem.
the square root algorithm is known as the U-D (Upper Nrangular
Diagonal) Covariance Factorization method of Bierman. However,
for the purposes of this paper, the Kalman Filter implementation will
be described because square root implementations are somewhat dif-
ficult to illustrate. The reader should refer to Reference 4 for
those details.

The previous version of the TTS-502 software already processed
measurements in a manner consistent with a Kalman Filter implemen-
tation. Corrected pseudorange measurements were computed every six
seconds and compared with the equivalent computed range to derive a
raw clock offset used in a polynomial smoothing algorithm. The
Kalman Filter uses the same computation except that the corrected
measurements are compared with a predicted pseudorange in order to
define the measurement residuals for the Filter. So the structure
was already there. The filtering procedures are as follows:

Filter Initialization

1) The initial position estimate X0 , Y0 , Z at to in ECEF

(Earth-Centered-Earth-Fixed) Coordinates (meters) is taken
to be the position stored in the TTS-502B non-volatile

0 memory, which could have been entered by the operator or
saved from a previous solution.

2) The initial clock time offset and drift (Atu At) are taken
0 0

to be zero, even if they had previously been estimated.
Given the position described in 1), the filter will solve
for these offsets very quickly.
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3) The filter is a five state filter. Its initial state
estimate is

xo
yo

zo
-o

u 0

* 4) The initial covariance matrix P is defined based on posi-
tion uncertainties entered by tRe operator and constants
stored in the TTS-502B for the time and frequency offsets.
Since the TTS-502B initially sets its time from the HOW
word, the initial time uncertainty is based on the uncer-
tainty in that setting. The frequency uncertainty is basedC upon worst case offsets that might prevail with the fre-
quency standard to which the TTS
type of frequency standard is entered by the operator (crys-
tal, Rubidium or Cesium). the initial error covariance
matrix is defined as a diagonal matrix

2

Ia[

0 2  0
X o 2oo a ot

0 a 2
0 

0
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Filter Measurement Application

1) The measurement matrix Hk(_) is computed at time tk as a

5x1 column vector (T = transposed)

H E TL S , , 0] T
Hk(4) kO

where the 1x3 line-of-sight vector is

[ kXk - Xsk Yk" Ysk Zk " sk

TLOSk R k Rk Rkj

where X s, Ysk and Zsk are the ECEF coordinates of the

satellites at time tk less signal transmission time;
A A A
X k" yk and Z k are the position estimate predicted from the

time of the last measurements tk-l, where

X k = k-1
y X

k k-iz, ;
* Zk k-1

and the range estimate Rk is

R' Ax -X k)2 + (Y Yk) 2  + (Zs-Z)2

k s k k s kk

and c is the speed of light in meters per second.

2) Compute the pseudorange measurement residual variance ak as

Hk) H T -

ak Hk( __k ) Pk H(Xk) +
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where P k is the predicted error covariance matrix at

time t and X is the pseudorange measurement noise variance
taken o be a constant at (15 meters)

3) Compute the Kalman Filter gains vector Kk (5xl) where

K =k k Hk (k)/ok

4) Update the error covariance matrix incorporating the
measurements at time tk

Pk = [I- Kk Hk ('_k)] Pk

where I is a 5x5 identity matrix.

5) Compute the measurement residual 6m k at time tk as
FA

6mk = PR - PRk

where PR is the pseudorange measurement at time tk and PRk
is the predicted pseudorange measurement, where

PRk R k + (Atu +k - Atsv )c
k k

where Tk is the sum of pseudorange corrections (ionospheric
and tropospheric delay and earth's rotation correction, all
in seconds) and Atsv k is the satellites time offset at time• tk
t *

6) Update the estimate of the state vector Xk at time tk, where

Xk + Kk
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At this time the TTS-502 computes the change in state since
the first iteration (t ) as

0

AXk - lk - -o

and the filter one sigma position uncertainty , where

S = VP1 1 k + + P3 3 kkp kPk22

where P.. is the iith entry of the error covariance
k

matrix. The TTS-502B then outputs these values on the

screen, to a printer (if option is chosen) and to the
auxiliary output port (if option is chosen).

Filter Time Update

1) At the time of the next measurement (tk+l), the TTS-502
computes

Atk = tk+1 - k

and sets

tk = k+1

* It then updates the estimates (predicts), where

where 0k is the state transition matrix at the time tk given
.. as__

k' 
0

0 1

1 t

L
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2) The error covariance matrix P k is then updated as

P = 40 p t T+
k k k-i k k

where Q is the process noise matrix modeling the character-
istics f the frequency standard to which the TTS-502B is
slaved. That is,

U 0
Qk: 0O q 44 q 45

q45 q55

IL

where, in general,

h22 Atk4

q44 -
° Atk + 2h lAt2 + 2w h-At3 + 02 4

Atk3

2 2 2 tk
q = 2h-lAtk +  2 h 2 Atk + 002

= h +2rhA 2 2q55  hlnAtk + 2 -2 Atk + yD Atk

where ho, h_ and h 2 are Allan variance spectral density

coefficients (5) and a0 is the one sigma frequency standard

drift rate in seconds/second2 . These variables are stored
in the TTS-502B as typical constants for each type of fre-

quency source (good crystal, Rubidium and Cesium).

Filter Operation

Starting with the initial estimates and error covariance defined
above, at the time of the first measurement (t ) the TTS-502B
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processes a measurement in the filter every six seconds sequentially
by first applying the time update from the time of the previous meas-

*urement to the time of the current measurement, and then performing
the measurement update. Whenever a satellite changeover occurs, the
time between the last measurement from the previous satellite to the
first measurement of the current satellite could be as long as 90
seconds.

SOME EXPERIMENTAL RESULTS

The algorithms presented above were verified experimentally prior to
-- modifying the software in the TTS-502. This was relatively easy to

do because of the auxiliary port data category output options avail-
able. The data required for the filtering operations were available
without modifying the unit.

The algorithms were Tsted using data from Category 2 - Auxiliary
Time Transfer Data ( . This data was read via GPIB into an HP-85
desk top computer. Matrix manipulation PROMs augmented the HP-85 to

S enhance its accuracy. Even then, the square root formulation of the
Kalman Filter was required to provide the numerical stability of the
Positioning Algorithm. However, this provided a good test in that if
the HP-85 could solve for the position of the TTS-502, then surely
the MC68000 could with its double precision (64 bits) mathematics

apackage.

The purpose of the algorithm tests using the HP-85 was not only to
check out the algorithms themselves and the numerical technique of
implementing them, but to test concepts for scheduling measurements
from satellites, even in cases when good instantaneous GDOP is not
achievable.

All tests were run using a crystal oscillator as the frequency
source.

Algorithm Stability

0° Whenever four satellites are available with good GDOP for the Posi-
tioning Algorithm, the rate of convergence to a solution is directly
proportional to the rate of switching between satellites. This is
evident from the plots of R.S.S. position error in Figure 1, where

SRSS = .Xk-XT)2 (Y k-YT) 2 + (Zk-ZT)2

141

0



where XT, Yr, ZT is the DMA surveyed position at Sunnyvale, CA. In
this plot, a filter iteration normally took 12 seconds, as the HP-85
could not keep up with the TTS-502 six second measurements when the
square root algorithm was used. Additionally, there was approx-
imately 60-90 seconds between measurements any time a satellite
change was made.

UWhen satellites were changed every 4 minutes, ultimate convergence to
better than 10 meters accuracy was achieved in about 45 minutes. In
contrast, if satellites were changed every 1/2 hour, convergence took
up to 3 hours or so while it obviously takes at least 3 hours for one
hour changes. But then, this slower change rate more closely repre-
sents the case when four satellites with good GDOP are never avail-
able simultaneously.

This is the reason why the square root filter was mechanized. Some-
times when the TTS-502 was scheduled to dwell on a particular satel-
lite for an extended period of time before the filter converged when
the conventional Kalman Filter was used, the filter becam unstable.
This is because the error ellipsiod, which was initialized as a
spheroid, became very flat along the line-of-sight to the satellite,
and very high correlations (near 1 or -1) between errors occurred.
This tended to cause numerical problems. Correlations creeped over 1
or below -1, causing the covariance matrix to become eventually non-
positive definite. The square root algorithm improved the situation
significantly. However, it could also have numerical problems in
extreme cases. Thus, it is important to not schedule a single satel-
lite for too long a period. This restriction is not serious, how-
ever, since in general a time of day can be selected when at least 2
or 3 satellites are visible for filter initialization.

The Case Where Fewer Than Four Satellites are Ever Visible

Unfortunately, in California at least four satellites are visible for
an extended period of time for some time each day. Therefore, one
could always take advantage of fast convergence. In order to simu-
late the case when four satellites (with good GDOP) are never visible
at a given location, a schedule was derived where all but three sat-
ellites was purposely deleted from the schedule. When this is done,
the tracking schedule must be stretched in order to effectively
achieve a good geometry over a period of time, taking advantage of
the movement of the satellites. Figure 2 illustrates such an example
when only three satellites were tracked. The R.S.S. position is
compared to that of a four satellite solution. In each case the
satellites were changed once an hour. The convergence time for this
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" particular case of three satellites is about 4.5 hours and about 80
minutes longer than that for the four satellite case. The R.S.S.
error is 10 meters as opposed to the 5 meter R.S.S. error for the
four satellite case. However, that error comparison is somewhat non-
conclusive, since the solutions occurred on different days.

As it turns out, the four satellite solution presented in Figure 2
I also simulates a solution at a location where four satellites are not

visible simultaneously because the fourth satellite was acquired
three hours after the first satellite. Full accuracy was achieved
with one sequence through the satellites, so the first one or two
satellites need not be visible any longer. In the three satellite
case, it is probably necessary to come back to previously tracked

4d  satellites.

Convergence Criteria

Fortunately, for testing purposes, the location of the TTS-502
antenna was known for the results described above. However, that

*g would never be the case in the field for those using TTS-502B for
determining their position. Therefore, a criteria was established
for determining convergence, which is described below under the
heading "How to Use the Positioning Feature of the TTS-502B." That
procedure states to let the Positioning Algorithm run until the
uncertainty level in the IGMA column drops down to 2-3 meters, where

I SIGMA is the filter sigma a defined in the equations presentedPk

earlier. Figures 3 and 4 illustrate two examples of how that sigma
compares to the RSS position error. In those figures apk never gets

to the 2-3 meter level because the positioning estimates were turned
* off when a a of 5 meters was reached, solving for the time only

k
after that. That does not occur in the actual implementation,
however. The "time only" solution in the actual implementation is
described below.

* A NEW TIME-FREQUENCY SOLUTION

The TTS-502 has always had a Time-Frequency Solution although only
the time solution was displayed. The frequency solution was
available via the auxiliary output port. These solutions were a
function of a sliding polynomial fit (zero, first or second order)

* over a specified period. That fit period had a maximum value of 4
minutes (40 six second samples).
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Actually, that Time-Frequency Solution is relatively noisy, espe-
cially the frequency solution. Because of that, a new Time-Frequency
Solution has been implemented in the TTS-502B. That new solution is
a fall out of the Positioning Algorithm defined above. In fact, a
Time-Frequency Solution is part of the state vector of the position-
ing filter (At , At,) It is not desirable, however, to solve for a
position durinf timg and frequency transfers, primary because, as
stated earlier, positioning is not always possible. Besides, the
time solution is diluted by TDOP (Time Dilution of Precision) when
solving for a position.

Therefore, a "time-only" filter solution has been implemented in the
TTS-502B. This solution uses the same algorithms (5 state filter)
and software used in the Positioning Algorithm with the following

modifications. First of all, a position is assumed, taken to be
those coordinates stored in non-volatile memory, which may have been
entered by the operator or with a replace command following a
positioning solution. Then, the 5-state filter is re-initialized and
a "time-only" solution is selected. From that time on, the measure-
ment matrix is defined as

H(_k)= [0 0 0 10 T

indicating that the measurements from that timeon only measure time
offsets. Since the initial covariance matrix P has no state cross-
correlation entries, there will be no cross couling of the measure-
ments into the positioning states, except for the definition of the
range estimate Rk used to define the measurement residuals.

4 Using the definition of the process noise matrix Q the time
constant of this time-frequency filter adapts to te type of fre-
quency standard being used. In fact, the solution will be near
optimum given that the Qk realistically models the characteristics of
the frequency standard. The fact is, however, that the parameters
were selected to be somewhat pessimistic so that the filter does not
become unstable. In any event, no matter which frequency standard is
used, the filter has a short time constant to start with, and a
relatively long time constant as the filter converges on the time
frequency solution. This time constant adapts to the type of
frequency standard being used and is much longer than the maximum 4
minute fit span of the previous, but still available, polynomial

4 fit. In fact, previously noticeable measurement quantization effects
are no longer noticeable using the new Time-Frequency Solution.
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HOq TO USE THE POSITIONING FEATURE OF THE TTS-502B

There are two modes of operation: semi automatic and full automatic,
activated by the SP and FP command, respectively. These two modes
are identical except that the semi-automatic operation uses the user-
setup satellite tracking schedule, while the full-automatic operation
computes its own schedule.

The full automatic schedule algorithm implemented in the TTS-502B
software is still experimental and does not always provide the best
schedule. It is recommended that the semi-automatic mode of oper-
ation be used for positioning. Steps 2 and 3 of the following pro-
cedure will show how to set up a good tracking schedule.

Procedures

1. Use the DB command to enter the best estimate of antenna
location. The location may be entered in either the Earth-
Centered Earth Fixed (XYZ) coordinates or the geodetic
(latitude, longitude, and height) coordinates. Also set the
elevation angle mask to less than 10 degree to get more
visibility and better geometry.

2. Use the HV command with P (print) option to get a copy of
satellite visibility histogram to help set up a tracking
schedul e.

3. The best schedule would have the maximum number of
satellites over the shortest time interval.

If possible, do positioning over an interval where there are
four or more satellites since the position solution con-
verges faster in this case. Over this interval, a tracking
schedule may be set up that "rotates" among these satel-
lites, with about 4 minutes per satellite. Even when four
or more satellites are simultaneously visible over some time
interval, one may not want to wait until such time to do

*positioning. In such case, a schedule may be set up that
will eventually cover four or more satellites, using 4- to
30-minute time slots. At some locations this could be the
only choice since there may never be more than 3 satellites
simultaneously visible with the current GPS constellation of
only 5 working satellites.

0
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After setting up a schedule, use the IS command to enter the
tracking schedule. The allotted time of some time slots may
have to be stretched if the schedule requires more than 79
time slots.

4. Use the SP command, with P (print) option if desired, to
activate the semi-automatic positioning operation. Specify
three parameters as follows:

a. The kind of frequency standard (crystal, Rubidium, or
Cesium) that is being used in positioning. This input
is used to select the appropriate clock model. The
kind of standard that is being used has to be specified
since the system may have been configured with more
than one standard, e.g., an internal crystal standard
and an external Cesium standard.

b. A uncertainty level in the best estimate of the loca-
tion. It could be as small as 10 meters if it is a
very good estimate, or as big as 20,000 meters if the
estimate is picked from a map. This parameter should
be specified in meters even if the location is entered
in geodetic coordinates.

c. Enter the selection of XYZ or geodetic coordinates for
display. To conserve space on the screen display, only
the difference between the computed position and the
initial position is displayed.

5. Wait until the uncertainty level on the SIGMA column of the
display drops down to 2-3 meters, and then stop the
operation by entering CONTROL X. This level of uncertainty
indicates that the position solution has converged.

6. Use the LP command with the R option to have the initial
position estimate in non-volatile memory replaced by the
last position solution.

NEW OPTIONS

There are four new options available that can be added to the TTS-
502B. These options are:

I

1) Option O01-RL - an Internal Rubidium Oscillator

146

I



2) Option 001-RH - an Internal high Precision Rubidium
Oscillator

3) Option 008 - - Coherent 5 MLz and Corrected 1 pps Output

4) Option 009 - - Antenna Cable with Customized Length up to
I 200 ft.

Internal Rubidium Oscillators

The first two options are identical except for the stability of the
oscillator. These options are in addition to the internal crystal
oscillator option previously available. Their function is the
same. However, they provide a capability with the TTS-502B where it
is truly a stand-alone unit as a precise time-frequency standard.
This is because the Rubidium Oscillators are stable enough to provide
continuous precise time even during periods of time when no GPS
satellites are visible.

Currently, Option 001-RL includes the Efratrom FRK-L Rubidium
Oscillator with the LN, Low Noise) option, whose stability (a ) at
TI10O0 seconds is1 0xO" . Option 001-RH includes the Efratroa FRK-H,
where a = 1x10- at T = 100 seconds. For a nominal five hour
period 3f satellite nonvisibility, those numbers translate into time
drifts of about 65 and 22 nanoseconds (one sigma) for the RL and RH
options, respectively, essentially making the ITS-502B a continuous
stand-alone 100 nanosecond timekeeping devise.

Coherent 5 MHz and Corrected 1 pps Output

This option provides the capability of having a time-frequency source
that is slaved to UTC or GPS Time. With this option the TTS-502B
computed time and frequency offsets are used to correct the phase and
frequency of the 5 MHz source (internal or external) and the time of
the 1 pps output. In addition, the 1 pps output is coherently
derived from the corrected 5 MHz. A block diagram of this option is

0 presented in Figure 5.

When this option is being used, any external 1 pps is ignored. The
TTS-502B generates its own 1 pps and corrects it so that there is no
time offset in its solution. In addition, the frequency of the 5 MHz
output is corrected so that there is no frequency offset in the TTS-

0 502B's solution. Since that corrected 5 MHz is used to derive the
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corrected 1 pps output, they are coherent and the frequency of the 1
pps is also correct. In effect, the TTS-502B provides a very low

* bandwidth second order 1 pps Phase Lock Loop.

In addition to the corrected 5 MHz and I pps outputs, a corrected 1
MHz output is provided. Both the 5 MHz and 1 MHz outputs are passed
through crystal oscillator phase lock loops to reduce the harmonics
and spurious components of the signals.

Antenna Cable

The standard length of the TTS-502B antenna cable is 82 feet (2b
meters). Option 009 provides customized antenna cable lengths of up
to 200 feet for a nominal charge. However, the receiver time cali-
bration is performed with whatever cable, customized or not, is
provided with the unit. If the cable or its length is changed, re-
calibration is required.

USER COMMAND UPGRADE

I Hardware-wise, the only difference between the TTS-502 and the TTS-
502B, except for options, is a new computer board. The new board is
the Omnibyte OB68K1A with 96K of PROM. This board with more memory
made it possible to implement the Positioning Algorithm described
above. In addition, the number of user commands was increased from
17 to 32. These 32 commands are listed in Figure 6. Some of those
new commands are associated with the new Positioning Algorithm and
new Time-Frequency Solution. Others were added to further assist the
user in operating the TTS-502B. Also, some of the original commands
were improved. A summary of these user command upgrades follows.

General Upgrade

In general, three options were added to some of the commands. These
are the "Replace" option [R], the "Print" option [P] and the "Output"
option [0]. The Replace option is used to replace data in non-

volatile memory with the corresponding data shown on the screen
display. The Print option is used to output the image of the
displayed data to the auxiliary RS-232-C bus. A user-provided RS-
232-C printer can be used to obtain a hard copy of the screen
display. The Output option is used to output a formatted data
category associated with the given command to the auxiliary RS-232-C
and/or the GPIB busses.

148

...6.. .-i - , -i .. - .. . . .



In addition, for the user's convenience most commands that require a
time input will now default to system time if the time input is
omitted.

New Commanos

The following is a summary of new commands:

1) DD - Displays all operational data base parameters --

see example in Figure 7.

2) UT - Displays UTC/GPS parameters.

3) UG - Computes UTC-GPS time difference at a particular
time.

4) HV - Displays visibility histogram, i.e., the number of
visible satellites and their ID's. See example in
Figure 8.

5) DV - Displays elevation angle, azimuth angle and
Doppler of a particular satellite as a function of
time on a particular date.

6) CD - Displays a snapshot of elevation angle, azimuth
angle and Doppler of all satellites at a
particular time and date.

7) SS - Displays, for review only, the semi-automatic
"- tracking schedule adjusted to any particular date.

8) CP - Computes a fully automatic tracking schedule for
positioning such that each satellite (except
priority 0) is to be scheduled at least once a
day.

9) SK,FK - Perform time transfer operation using square root
I* filter to produce time and frequency estimates.

SK uses semi-automatic schedule; FK uses fully-
automatic schedule.

10) SP,FP - Perform positioning function using semi-automatic
or fully-automatic schedule, respectively.
Displays difference between updated and initial
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position in XYZ or geodetic coordinates. See
example in Figure 9. A new data category #12 is
output every 6 seconds, if selected.

11) LP - Displays the last position computed by the
previcis SP or FP command. With Replace option,
that position will be stored in non-volatile
memory to be used as reference position.

12) CB - Stops the "beeping" alam.

13) ?? - Displays format of a particular command.
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A NEW PRECISION TIME AND FREQUENCY SOURCE
FOR STATIONARY PTTI APPLICATIONS

Javad M. Ashjaee, Roger J. Helkey and Ron C. Hyatt
Trimble Navigation, Mountain View, California

ABSTRACT

The highly stable, accurate navigation signals provided
by the GPS satellite navigation system are utilized in
a new time and frequency source presently in the final
stages of development. Integration of the latest
technology in component quartz oscillators and digital
electronics with a low cost, C/A receiver provides
frequency and timing signals with exceptional stability
and accuracy at a very cost effective level. A
description of the product and results of key
performance measurements will be presented in this
paper.

INTRODUCTION

The Trimble 5000A GPS Time and Frequency Source is designed to satisfy a
broad set of requirements for system time and frequency applications as
well as calibration lab and scientific research applications. It is a
fully automatic unit with self-test features to ensure proper operation

* on a continuous basis.

Automatic acquisition and tracking of the optimum satellite provides
continuous updates to the frequency and timing outputs without the need
for operator interaction. When no satellites are above the horizon, the
internal oscillator or externally provided reference will determine the
frequency and time based on the last update from the satellite.

The present constellation of satellites provide 14 to 18 hours per day
of single satellite coverage. Figures 1-3 show the hours of coverage

available at locations around the world. As additional satellites are
added, the coverage will approach 24 hours.

In addition to providing a wide variety of frequency and timing signals,
frequency and time interval comparisons of other sources are provided to
automate calibration.

Accurate position determination capability in WGS-72 coordinates is
provided to eliminate any need for precise site survey.
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PRODUCT DESCRIPTION

The Trimble 5000A Time and Frequency Source consists of an omni-
directional antenna/preamp assembly, coaxial cable up to 75 meters in
length, and a 7" high rack mountable main unit.

i The product provides isolated front and rear panel standard frequency
outputs at 10 MHz, 5 MHz, 1 MHz and 100 KHz. Timing signals at 1000 PPS,
100 PPS, 10 PPS, 1 PPS and 1 PPM are available to meet most system
requirements. Table I lists the specifications for these signals.

The main unit can be powered by 110/220 volt AC or external DC from 20-35
E volts. An internal standby battery provides one hour of operation. The

antenna/preamp power is provided from the main unit via the coaxial cable.

The unit contains a built-in display and keyboard with GPIB (IEEE 488)
and RS 422 digital interfaces for system integration.

For those applications that require higher performance during non-
tracking intervals, an optional internal rubidium oscillator is
available. Also, external sources of frequency and time may be utilized
as the reference. Frequency control of the external oscillator is also
provided.

C{ Calibration of other frequency and time sources can be accomplished with
the time interval counter and frequency comparator built into this unit.

SYSTEM DESCRIPTION

* Figure 4 shows the block diagram for the integration of a frequency and
time source with a simple C/A satellite receiver. A single channel is
dedicated to tracking one satellite for time and frequency transfer.
Frequency corrections and time corrections are applied to the component
quartz oscillator and digital clock based on range and range rate
measurements of the satellite. Frequency control resolution is 1.5

.* parts in ten to the twelfth and time coRtrol resolution is 4 nanoseconds.

Calibration of an external source of time and frequency can be
automated with the time interval counter and frequency comparator built
into this product. Single shot, 1 nanosecond time difference measure-
ments can be made against the internally generated timing signals. The
frequency comparator can resolve two parts in ten to the eleventh in one
second of measurement time.

Sequential measurements of four satellites will allow precision position
determination necessary for accurate time and frequency transfer when
tracking one satellite. Position can be determined within 50 meters
after a few hours of averaging when four satellites are available.
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Position determination need only be done upon initial installation in
order to achieve high accuracy time and frequency transfer.

PERFORMANCE DATA

Stability, accuracy and reliability are the key measures of performance
for a time and frequency source. Stability and accuracy measurements
have been made on the present prototype. Reliability can be assured
with simplified design that minimizes the number of components and inter-
connections. Component derating is essential to high reliability.

FREQUENCY STABILITY AND ACCURACY

The frequency stability of the 5 MHz and 10 MHz outputs is determined by
the component quartz oscillator and output amplifiers for averaging
times less than the time constant of the frequency control loop. The
stability of the satellite signal plus receiver noise exceeds the
oscillator stability for averaging times greater than ten seconds. The
control loop has been designed with a time constant of 10-15 seconds in
order to not degrade the performance for shorter averaging times, yet
still remove any thermal and long term drift of the oscillator. Figure 5
shows the frequency stability for ten second averaging. The "Allan
Variance" for 10 second to 300 second averaging times is shown in Table 2.

Frequency accuracy maintained by the GPS system is better than 1 part in
ten to the twelfth. The quartz oscillator in the Trimble 5000A is
locked to the carrier frequency and corrected to a few parts in ten to
the twelfth. During non-tracking intervals, thermal and long term drift
in the component oscillator may reduce accuracy to one part in ten to the
tenth in reasonably controlled environments. For those applications

* where higher accuracy is required, the optional component rubidium will
maintain better than one part in ten to the eleventh during non-tracking
intervals.

TIMING STABILITY AND ACCURACY

The stability of the timing signals is determined by the amount of
averaging done on the psuedo-random phase modulation. Table 3 shows the
stability of the timing signals for averaging times of 10 to 300 seconds.
Averaging for 100 seconds will improve the stability to near I nano
second (one sigma). Figure 6 shows the timing stability for 10 second
averaging during part of a satellite pass of satellite tracking.

Time accuracy of the GPS system is specified to be within 100 nano-
seconds (one sigma) with respect to USNO (UTC). Receiver delay and
position must be accurately determined to a ':ieve this level of accuracy.
The Trimble 5000A automatically calibrates tne receiver delay and can
determine accurate position with respect to WGS-72 coordinate system.

01
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Table 4 shows the results of time comparisons with Hewlett-Packard HP
(UTC) via time transfer and portable clock trips. The uncertainty in TV
time transfer and portable clock trips amounts to as much as 100nano-
seconds presently. HP (UTC) uncertainty is 200 nanoseconds. A visit to
the GPS Master Clock is planned in the near future to eliminate these
uncertainties. The day to day variation of these time transfers is less
than 50 nanoseconds including the TV time transfer jitter. During non-
tracking intervals, the error may increase to one microsecond for eight
hours of non-tracking. With the optional rubidium oscillator, this can
be held to less than 200 nanoseconds. Utilizing an external cesium beamK standard, less than 100 nanoseconds can be assured on a continuous basis.

E CONCLUSION

The GPS satellite navigation system provides a very high performance
source of time and frequency for 14-18 hours per day and will become
continuous within the next few years. It will likely become the most
widely used system for time and frequency distribution and comparison

* during the next decade.

The Trimble 5000A provides a complete time and frequency source
referenced to UTC. The stability and accuracy provided by this product
without any need for calibration meets most system and calibration lab
requirements. Within the next few months, the Trimble 5000A Time and

C Frequency Source will become available at a price well below the cost of
Cesium beam frequency sources. The elimination of recalibration and
synchronization costs will make this source an attractive instrument for
all precision time and frequency applications.
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TABLE I

TRIMBLE 5000A SPECIFICATIONS

TIMING ACCURACY: 100 nanoseconds (one sigma) with respect to
USNO (UTC) during satellite tracking.

* 1 microsecond with respect to UTC (USNO)
during non-tracking intervals up to eight
hours with controlled environment.

TIMING STABILITY: Better than 20 nanoseconds (one sigma) during
satellite tracking.

FREQUENCY ACCURACY: 1 part in ten to the eleventh during satellite
* tracking.

* 1 part in ten to the tenth during non-
tracking intervals with controlled environment.

FREQUENCY STABILITY: Better than 1 part in ten to the eleventh for
1 second and greater averaging times.

* Optional rubidium oscillator provides better
than 1 part in ten to the eleventh and less
than 200 nanoseconds during non-tracking
intervals up to eight hours.

SIGNAL OUTPUTS: 5 and 10 MHz sine wave outputs.
Two channels at each frequency.
0-3 volts rms into 50 ohms.
Harmonic distortion -30 dB.
Nonharmonic distortion -60 dB.
Phase noise -140 dBc @ 1 KHz.

I MHz and 100 kHz sine wave outputs.
Two channels at each frequency.
1 volt rms into 50 ohms.
Harmonic disortion -25 dB.

1, 10, 100 millisec, 1 PPS, I PPM pulses.

Positive pulse, dc coupled.
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10 microsecond pulse width minimum.
10 nanosecond rise time minimum.
Programmable phase, 4 nanosecond steps.

SIGNAL INPUTS: 10 MHz, 5 MHz, 1 MHz sine waves.
.3-3 volts rms into 50 ohms.

I PPS, I PPM pulses.
3 volts into 50 ohms.
Positive pulse, dc coupled.
10 microseconds pulse width minimum.

* 10 nanosecond rise time minimum.

COMPARISONS: Frequency comparator - Two parts in ten to the
eleventh in one second.

Time interval - 1 nanosecond, single shot.

I/O: RS 422

GPIB (IEEE 488)

I POWER SOURCES: 90/130, 180/280 v ac, 45-440 Hz, 150 va

20-35 v dc, 60 watts

Internal battery, 1 hour standby

DIMENSIONS: Coaxial Cable - 20 to 200 feet

Receiver/Source - 7" x 17" x 17"
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QUESTIONS AND ANSWERS

DR. REINHARDT:

How big is this going to be?

MR. HYATT:

The main unit is packaged in a seven-inch high-rack mount. So it's like
seventeen wide, fifteen deep and seven inches high. And of course, there
is an antenna unit which is a 3x6x4 assembly that goes on the roof.

DR. REINHARDT:

It's still not the cigarette pack unit, that's a part in 10 1 but we are
getting there.

1
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ON-ORBIT FREQUENCY STABILITY ANALYSIS OF THE GPS NAVSTAR'S 3 AND 4 RUBIDIUM
CLOCKS AND NAVSTAR'S 5 AND 6 CESIUM CLOCKS

Thomas B. McCaskill, James A. Buisson, Sarah B. Stebbins,
Naval Research Laboratory, Washington, D. C.

This paper describes the on-orbit frequency stability
performance analysis of the GPS NAVSTARs 3 and 4
rubidium clocks, and the NAVSTARs 5 and 6 cesium clocks.
Time-domain measurements, taken from the four GPS
monitor sites, have been analyzed to estimate the short-
and long-term frequency stability performance of the
NAVSTAR clocks. The data analyzed includes measurements
from 1981, 1982, and the first 100 days of 1983. Short-
and long-term results are presented for data collected
during 1982. The Allan variance was used as the measure
of frequency stability performance in the time domain.

The time-domain noise analysis results indicate a white
noise FM process is present, in both rubidium and cesium
clocks, for sample times of 900- and 1800-seconds. The
projected value of this white noise FM process to a
1-day sample time agrees closely with the 1-day sample

* time stability results, for both rubidium and cesium
clocks, indicating an underlying white noise FM process
for sample times ranging from 900 seconds to 1 day.

A random walk FM process was measured for the NAVSTARs 3
and 4 rubidium clocks for sample times of 1 to iO days.

ia A flicker noise FM process was measured for the NAVSTARs
5 and 6 cesium clocks, for sample times of 1 to 10 days.

The NAVSTARs 3 and 4 rubidium clock long-term frequency
stability values are in good agreement with the expected
performance. The NAVSTAR-3 short-term stability results
indicate an anomally which has peak effect at a 1.25-
hour sample time.

The NAVSTARs 5 and 6 cesium clock long-term frequency
stability values are in good agreement with the expected
performance. For sample times of 2- to 10-days the

* •cesium clocks have better frequency stability results
than the rubidium clocks.

IN'RODUCTION

The NAVSTAR Global Positioning System (GPS) is a Department of Defense (DOD)
* •  space-based satellite system. When operational in the late 1980's, 18 - 24

satellites in six orbital planes will provide accurate navigation and
precise time information to users anywhere in the world. Examples of GPS uFe
are weapons delivery, point-to-point navigation, search/rescue operations
and passive rendezvous. It can provide navigational updates to platforms
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with other navigation systems.

* .One role of the Naval Research Laboratory (NRL) in GPS is to provide
space-qualified atomic clocks for use in the NAVSTAR spacecraft. The
responsibility of NRL includes pre-flight and post-flight frequency
stability analyses (1,2) to insure that on-orbit accuracy and stability
requirements are met.

This presentation describes the on-orbit frequency stability performance
analysis of the GPS NAVSTARs 3 and 4 rubidium clocks, and the NAVSTARs 5 and
6 cesium clocks. Time-domain measurements, taken from the four GPS Monitor
Sites (MS), have been analyzed to estimate the short- and long-term
frequency stability performance of the NAVSTAR clocks. The results include
long-term (1- to 10-day sample times) results for data collected during
1981, 1982, and the first 100 days of 1983. Short- and long-term results are
presented for data collected during 1982.

The first part of the presentation briefly describes the NAVSTAR GPS system,
with emphasis on the clock measurements. Equations are then presented which
permit the separation of the orbital signal, and other smaller effects, from
the clock offset between a NAVSTAR clock and a GPS monitor site clock. A
time-domain analysis of the NAVSTARs 3, 4, 5, and 6 clocks is then
presented. The Allan variance is used as the measure of frequency stability
in the time domain. The results presented include a time-domain noise
analysis, whose purpose is to identify the random periodic noise processes
that are present in the NAVSTAR cesium and rubidium clocks. Readers who are
familar with the mathematical theory of clock analysis may choose to proceed
directly to the section on NAVSTAR-3 On-orbit Results.

GPS System Description

The NAVSTAR GPS system is comprised of three major segments:

(1) Control Segment. The current GPS Control Segment consists
of a master control station (MCS), located at Vandenberg,
CA and four monitor sites. One monitor site is located

*adjacent to the master control station at Vandenberg; the
remaining three remote monitor sites are located at
Hawaii, Alaska, and Guam. These four stations track the
GPS space vehicles (SV). Data from these sites are
transmitted to the MCS and processed to determine SV
orbits and clock offsets. A separate Satellite Control
Facility (SCF) is used to transmit commands and naviga-
tional information to the GPS spacecraft.

(2) Space Segment. During the time period covered in this
report, the GPS Space Segment constellation consisted of
five NAVSTAR SVs; NAVSTAR 8 was launched on July 14, 1983.
The launch dates and clock information are detailed by the

following table.

17
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TABLE 1
GPS SV Launch Date Frequency Standard

Currently in use

NAV 1 2/22/78 Quartz
- NAV 3 10/07/78 Rubidium

NAV 4 12/11/78 Rubidium
NAV 5 2/09/80 Cesium
NAV 6 4/26/80 Cesium
NAV 8 7/14/83 Rubidium

Each GPS space vehicle continuously broadcasts spread
spectrum signals in L-band. The center frequency values
are at 1227.6- and 1575.42-MHz, which are designated as L
and L, respectively. The signal waveform is a compositd
of t o pseudo-random noise (PN) phase-shift-key (PSK)
signals transmitted in phase quadrature. These two signals
are referred to as the P-signal and the C/A signal.

The P-signal provides the capability for precise naviga-
tion, is resistant to ECM and multipath, and could be
denied to unauthorized users by means of transmission
security (TRANSEC) devices.

The C/A signal provides a ranging signal for users whose
navigation requirements are less precise. In addition,
this signal serves as an acquisition aid for authorized
users to gain access to the P-signal. The C/A designation
indicates the "clear" and "acquisition" functions of this
waveform.

Orthogonal binary coded sequences, transmitted from each
GPS satellite, provide a capability for identifying each
individual satellite. This technique is known as Code
Division Multiple Access (CDMA). By means of a corre-
lation detector, the apparent time difference between
transmission of the signal and arrival of the signal as
determined by the user's receiver clock is measured. This
apparent time difference is composed of two parts: the
signal propagation delay from the satellite transmitter to
the user and the unknown offset of the user clock. Each

*GPS spacecraft transmits a navigation message which is
modulated onto the signal, and may be decoded and used in
the calculation of the user's position, velocity, and
clock offset.

(3) User Segment. The GPS User Segment is comprised primarily
• of users from DOD and the NATO community. Selective

civilian use of GPS is being considered, with appropriate
restrictions to limit the accuracy.

A high accuracy GPS navigational solution is obtained from
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four simultaneous measurements of apparent time
difference. These apparent time difference measurements
are called pseudo-range measurements because the s4gnal
must travel from the GPS spacecraft to the user's
receiver, a distance on the order of 20,000 to 25,000 km.
Hence this delay is present in addition to the .tual
clock difference. The time differences are taken between
the user receiver clock and each of the NAVSTAR spacecraft
clocks. Using a computer-controlled receiver, the GPS user
tunes and locks the GPS receiver to signals broadcast from
the NAVSTAR SVs, and then makes four simultaneous pseudo-

*range measurements. The four NAVSTAR SV positions are
calculated from the GPS navigation message, which is
modulated onto each GPS signal. These four pseudo-range
measurements are then used to calculate a navigational
solution (3 ,4 ) for the user's latitude, longitude, height,
and clock offset. GPS provides a near-instantaneous
navigation capability for users on a world wide basis.

A GPS navigational solution for the user's velocity and
clock-rate may be computed through the use of four
additional simultaneous measurements of apparent frequency
difference. These apparent frequency difference

* measurements are called pseudo-range rate measurements,
because the relative motion between the GPS spacecraft is
present in addition to the clock-rate difference. The
basic GPS navigation solution for user position and clock
offset is independent of the user's velocity and clock
rate; however, the user's position is required for the
velocity solution. Alternately, the solution for velocity
and clock-rate may be estimated from two or more
successive GPS position and clock offset solutions.

GPS On-Orbit Clock Analysis

The GPS instantaneous navigation capability is possible because each NAVSTAR
,clock is synchronized to a common GPS time. The clock offset, orbital
elements, and spacecraft health parameters of all spacecraft in the GPS
constellation are periodically determined at the GPS master control station.
These clock offsets, orbital elements, and spacecraft health parameters are
then uploaded to each NAVSTAR SV and inserted into the GPS navigation

* message. Each NAVSTAR clock must then keep time, to within GPS
specifications, until the next clock update. The time stability of a clock
is related to its frequency stability; therefore, a fundamental measure of
GPS clock performance is the frequency stability of the clocks. The Allan
variance is the statistical measure of frequency stability that is used for
reporting clock performance.

0
The procedure that has been devised at NRL (5, 6) for determining GPS clock
performance is presented in Figure 1. The goal of this technique is to
separate the clock offset, from the orbital and other smaller effects that
are present in the GPS signal. This procedure utilizes a highly redundant

1
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set of pseudo-range, and pseudo-range rate measurements, that are collected
from all four GPS monitor sites during two-week intervals. This redundant
set of measurements allows the determination of smoothed orbit states and
bias parameters that are independent of the GPS Master Control Station
realtime Kalman estimation procedure. A description of this technique
follows, with emphasis on the variables related to clock performance
analysis.

Measurements of pseudo-range (PR) and integrated pseudo-range rate are taken
between the NAVSTAR SV clock and the MS clock using a spread 3pectrum
receiver. The MS receivers are capable of making measurements from four GPS
SVs, simultaneously, whenever four or more SVs are above the MS horizon. The
measurements are taken once every six seconds and then aggregated and
smoothed once per 15 minutes. Figure 2 presents a plot of a typical
pseudo-range signature obtained from a single NAVSTAR satellite pass over a
monitor station. Each measurement is corrected for equipment delay,
ionospheric delay, tropospheric delay, earth rotation, and relativistic
effects. The data .are then edited and smoothed after subtracting the
predicted SV ephemeris and clock offset, which removes most of the signal.
Following the smoothing procedure, the predicted values are added to the
smoothed values to produce the smoothed measurements. The apparent clock
offset is evaluated near the midpoint of the 15-minute data span, using a
cubic polynomial model and both the pseudo-range and the pseudo-range-rate
measurements.

The pseudo-range measurements are resolved to 1/64 of a P-code chip, which
corresponds to 1.5 ns of time, or 46 cm in range. Nominal values of
pseudo-range noise levels are a PR 1.3 m for the L measurements, and a
= 2.0 m for the L measurements. The L and L measrements are combined
correct for ionospheric refraction, which reselts in an increase to a =
4.53 m for the corrected pseudo-range measurements. The accumulated delta
pseudo-range measurement noise levels are 0.31 cm for L and 0.56 cm for L
These measurements are also combined to correct for iodospheric refractioX
The smoothing procedure uses the pseudo-range rate measurements to aid in

* the pseudo-range smoothing of each 15-minute segment of data. This process,
*as outlined in reference 7, results in a smoothed pseudo-range measurement

noise level of 18.5 cm.

The equation that relates the pseudo-range measurement to the clock
difference between the NAVSTAR SV clock and the MS clock is:

I
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PR :R + c (t -t + c t + E Eq (1)
MS sv)+cAsEq)

where

PR = the measured pseudo-range

R = the slant range (also known as the geometric range)
from the SV (at the time of transmission) to the MS (at
the time of reception)

c = the speed of light

tMS = the MS clock time

t SV = the SV clock time

tA = ionospheric, tropospheric, and relativistic delay, with
corrections for antenna and equipment delays

= the measurement error

The clock difference, (t - tmS), is obtained by dividing by c, the speed
of light, and rearrangini Eq (O into

(tsv - tMS) = R/c + tA + E/c - PR/c Eq (2)

' In Eq (1), the pseudo-range is a measure of distance, typically expressed in
kilometers (km). In Eq (2) the unit of measure is time, typically expressed
in milliseconds (ms).

. The clock difference (tsv - tMS) may be defined as a new variable x(tk).

x(tk) = (tsv - tMS) Eq (3)

The subscript k is used to denote the time of measurement as determined by
the monitor site clock. This definition of x(tk) is made so that the clock
difference notation will agree with referenced literature; the clock
difference is also denoted by the variable Atk.

Atk = (tsv - tMS) Eq (4)

0 The variables { x(tk), Atk I are equivalent; the choice of variable will be
one of convenience.

All of the smoothed pseudo-range measurements from the four GPS monitor
sites are collected at the GPS Master Control Station. These measurements

0 are processed to produce a realtime estimate of each of the NAVSTAR clock
and ephemeris states. These smoothed measurements are further processed in
post-flight analysis to produce a smoothed estimate of the NAVSTAR
ephemer ides.

0
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The realtime estimates of the NAVSTAR SV clock and ephemeris states are made
C" using a Kalman (8, 9) estimator which has been adapted for GPS use, as

described in reference 10. The success of the estimation technique is
critically dependent on the stability of the NAVSTAR SV and MS clocks. For
example, Figure 2 presents the time delay that occurs as the NAVSTAR signal
travels from the spacecraft to a GPS monitor site. Reference to Figure 2
indicates a change in apparent time differences of 15 milliseconds or
15,000,000 nanoseconds during the first 3 hours of this NAVSTAR pass.
Current GPS specifications call for a maximum clock uncertainty of less than
5 nanoseconds during the pass. If the NAVSTAR SV clock does not meet this
specification, then the Kalman estimator has difficulty in separating the
orbit part of the GPS signal from the clock noise. Reference to Eq (2)
shows that the monitor site clock has the same weight in the measurement as
the NAVSTAR clock; therefore, it is highly desirable to have a MS clock of
equal, or better time stability at each GPS monitor site. Figure (3)
presents theoretical frequency models for the GPS cesium and rubidium
clocks. In figure (3), the on-orbit clocks are preceded by "SV", the monitor
site clocks are all cesium and are designated by "MS cesium".

It will be assumed that the reference GPS MS clocks are significantly more
stable than the on-orbit GPS SV clocks. This assumption will be tested, and
verified, using a clock ensemble composed of the GPS MS clocks.

Smoothed estimates for the NAVSTAR orbits are routinely made by the Naval
Surface Weapons Center (NSWC), using an orbit estimation program (11). The
model includes dynamics of the satellite motion, solar radiation pressure,
pole wander, earth tides and orbit adjust maneuvers. The smoothed orbits
are made once per week, using all available observations for a two-week span
from each of the four GPS monitor sites. The pseudo-range measurements are
differenced to compute delta-pseudo-range values which are used as the
measured quantity in the NSWC program. The model incorporates a segmented
bias parameter solution, with analysis of the resulting residual patterns of
the smoothed orbit estimation.

The major advantage of the smoothed orbit estimate, over the Kalman realtime
4 estimate, is the production of a smoothed orbit which is almost completely

determined by the data, without restrictive assumptions on the uncertainty
in clock and orbit states.

Time-Domain Clock Analysis

GPS operation requires that the on-orbit NAVSTAR SV clocks keep the current
GPS time. Because the clocks are periodically updated, interest is in
evaluating clock performance as a function of the sample time, t, which is
the difference between two successive values of running time.

Given two clock measurements, x(t ) and x(t.), which were made at running
times t and t. (by the GPS monit r site clok), the sample time T is given
by Eq ( ).

T (tk -tj) Eq (5)
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EF The sample time will be varied from 900 seconds to 10 days (in this

presentation) to evaluate clock performance.

One clock model used to describe the NAVSTAR clock as a function of time is
a quadratic equation of the form

X(t) = x0(t o0 + Y0(to0t-to0 + k ( t-t0 )2 + E(t) Eq (6)

In Eq (6) x (t ) is the initial clock offset, y (t ) is the clock rate (also
known as teofractional frequency offset), 9 (?) is the drift in the
fractional frequency (also known as the aging r~te , and e(t) is the error
term.

By choosing T = (t-t ) and omitting the error term, Eq (6) can be written as

x(t) = x (t ) + Y0 (t )T + k o(t T 2 Eq (7)

2

By holding the value of T fixed, and evaluating Eq (7) for many data samples
of t and t , the statistical error in the clock coefficients and the error
term can be estimated.

The measure of clock performance used in the analysis of this paper is the
Allan variance (12), which is defined by

2 = 2y 2 ( Yk+l - Yk) > Eq (8)

2

where yk denotes the average fractional frequency, T denotes the sample
time, and the brackets < > denote the infinite time average. Two other

' parameters are involved in the Allan variance analysis. The first is the
repetition interval T, which is equal to the sample time in Eq (8). The

* other parameter is f , the system noise bandwidth, which does not explicitly
appear in the Allan variance equation. The system noise bandwidth is
receiver dependent, and depends upon user dynamics. Information on the GPS
monitor site receivers may be found in reference 13.

I *The fractional frequency, denoted by the variable y, is given by

Eq (9){. y : () _ %)
y

0

where v denotes the instantaneous frequency, and V is the reference, or
0

nominal frequency. The average fractional frequency, denoted by k' is
given by
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tk+7k t1 f y(t)dt Eq (10)

t

Reference to Eq (10) shows that 7 depends on t, and T, as well as y(t); so

-k could be written as 7(t , T) 1 o show this d'ependence on tk and -r. The
values for-y used in this eport are obtained from values of clock offset,
x(t ), compuced according to Eq (3). The average frequency 7 k may be
evafuated in terms of x(t), as given by

-k = 1  [ x(tk + T) - x(tk) ] Eq (11)

The infinite time average required in Eq (8) for the Allan variance is, of
course, unobtainable in the real world. Therefore, a finite approximation
of the Allan variance, given by Eq (12), is used.

2 M-1I
a F (2,TM) = 1 (9k+1 - 9k)  Eq (12)

(i--I)k=l2

22

The arguments of the finite approximation, 2 (2,T,M), are 2, T, M,
respectively. The number 2 specifies that pairs of fractional frequencies
are used, T denotes the sample time, and (M-1) denotes the number of
frequency pairs.

The difference between y 2(T) and a 2(2,TM) ig that a 2(T) is the desired
quantity defined by an Yinfinite s ries; a (2,T,M) Yis a partial series
obtained from a finite number, of data points. y The use of a finite number of
data points does not introduce any bias in the e ,timate of ay ( ), as shown
by reference 14. The ratio of the variables a (2,T M ) and YO (r)2will be
used in establishing confidence limits for the Finite estimate Yf ay (T).

2
The convergence of this finite-sample average, a (2,TM), towards a
theoretical limit has been investigated by researchersy(13). The confidence
oC this quantity as a measure of a (T) has also been investigated (14, 35).
These theoretical results indicateythat a high-confidence estimate of a (T)
may be obtained through the use of large data bases, which result in a large
number of frequency pairs. In practice it is desirable to have a data base

* length which is at least a factor of ten larger than the sample time.

The square root of the Allan variance is called the Allan deviation. The
Allan deviation is defined by Eq (13).

2(T) = 1O2(r)/2 Eq (13)

y y
Frequency Stability Set Selection Criteria

The GPS measurements may be aggregated into sets for the short- and
long-term frequency stability analysis. Figure 4 presents a flow diagram of
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this procedure. The smoothed pseudo-range measurements are combined with
the reference ephemeris to produce smoothed clock offsets. Each smoothed
measurement is obtained from up to 150 six-second pseudo-range and 149 delta
pseudo-range measurements. This procedure includes corrections for
ionospheric, tropospheric, and equipment delays, and a correction for
relativity effects. The set selection criteria are then applied to
construct subsets of clock offset values, { x(t k ) 1, which are then used to
produce the a (T) Allan variance values.

Y

For the short-term frequency stability analysis, the Allan variance is
computed from the set of smoothed clock offsets, using one or more satellite
passes. Reference to Figure 4 indicates 2that sets of 5, 10, or more days
have been used to compute one value of a (T).y

Figure 5 presents an example of a five day set of NAVSTAR-3 observations as
recorded at the Vandenberg MS. The plot presents the elevation angle of
NAVSTAR-3 as a function of time for five days beginning at day 180. The
elevation angle is computed every 15 minutes, and plotted as a "dot" on
Figure 5. Inspection of this plot indicates that a partial pass may occur
at the beginning, or ending, of the five-day set.

Note the repeating pass signature in Figure 5 which is characteristic of all
GPS orbits. This repeating signature is a result of the 12-sidereal-hr GPS

* orbits which produce repeating ground tracks. Therefore the number of
points-per-pass remains constant. For example, in Figure 5 a total of 28
values of smoothed data are available from this NAVSTAR-3 pass over the
Vandenberg MS. A five-day set would contain approximately 140 data segments
which could be used to obtain smoothed NAVSTAR clock offset values.

The 5-day set has been chosen for use in this paper because of a tradeoff
between the confidence in the Allan variance and the length of the set. The
primary reason for choosing the shortest set possible is to see changes in
the NAVSTAR clocks as a function of time. The reason for choosing longer
sets is to increase the total number of samples in each Allan variance
calculation.

The number of Allan variance values that are calculated may be maximized,
using a procedure based on the one given in reference 15. This procedure
involves defining a base sampling time To, which is defined by Eq (14).

30
T = MIN {(tk - t.): j Z k} Eq (14)

For the short-term frequency stability results, a nominal base sampling time
of 15-minutes (or 900 seconds) will be used. For the long-term frequency
stability results a base sampling time of 1-day will be used. Multiples of
the base sampling time may be calculated according to

T nT
0

where the variable n takes on inLeger values 1, 2. ..... A maximum value of 7
n : 8 will be used for the short-term frequency stability analysis, and n :
10 for the long-term frequency stability analysis.

1-180
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The number of clock offsets in a set will be denoted by the variable N.
Assuming that all of the clock offsets are equi-spaced at sample time T, the
total (with maximal use of data) number of Allan variance values is given by
the expression (N - 2n). This is not the case with the data used in this
report due to the nature of the GPS orbits. For both the short- and the
long-term processing algorithms each sample time is calculated according to
Eq (5), and each fractional frequency according to Eq (11).

A calculation has been performed to produce typical values for the
confidence in the Allan variance. The Allan variance value is then
converted to the Allan deviation according to Eq (13). Most of the
reference literature expresses frequency stabilities in terms of a (T)
rather than y (i).

The confidence limits are calculated according to the method outlined in
reference 15, using a white noise FM process, because this is the dominant
noise type that was encountered in the short-term frequency stability
values. The confidence limits for a 95% confidence level, calculated for a
five-day set (Figure 4), are presented in Table 2. These calculations have
been made assuming 25 points-per-pass; however, the total number of samples
for the five-day set has been modified to account for the pass-to-pass break
in the data. The pass-to-pass break in the data effectively reduces the
number of samples that may be computed.

Table 2
95% Confidence Limits

for a
5-Day Set and a

White noise FM process

Sample Time Confidence Limits Numb r of Degrees of
(hrs) UPPER LOWER a (T) Freedom

Samples

0.25 1.189 .816 115 76
.5 1.211 .798 105 63
.75 1.253 .772 95 47

1.00 1.299 .748 85 36
1.25 1.344 .726 75 29

* 1.5 1.403 .702 65 23
1.75 1.444 .687 55 20
2.00 1.499 .669 45 17

The typical confidence limits may be used to separate random sampling
fluctuations from systematic changes in clock behavior, or oper changes in

* clock performance. For example, if a stability of I x 10- w comnted
for a 0.25 hour sample time, the upper 95% confidence would be (I x 10-  ) x
(1.189) = 1.189 x 10- 12. A sequence of Allan deviations, computed using
successive five-day sets, could then be analyzed using these 95% confidence
I nits as a guide to separate random sampling from systematic and other

0
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effects. Further inspection of Table 2 indicates that for sample times
greater than 2 hours, larger sets would be required to produce acceptable
confidence limits in o () values.

y
The Allan variances obtained from successive 5-day sets can be further
averaged to obtain one value for the entire data span. For a 1-year ata

* span, a total of 72 five-day sets would be available for the a (T )

calculation. Multiplying the degrees of freedom for a typical 5-dal set
(Table 2) by 72 five-day sets per year results in 3240 Allan variance
samples for a 2-hour sample time, and for a 15-minute sample time. The

* number of Allan variance samples versus sample time is presented in Figure
*(7) for a 5-day set, and a 1-year data set from the four GPS monitor sites.

*- For the long-term (- to 10-day sample times) frequency stability analysis,
one pass of a NAVSTAR SV over a monitor site is used as an operational set
selection criteria. Figure 6 depicts one pass of NAVSTAR-6 as observed from
the Vandenberg MS. Using the set of clock offsets from one pass, a single
value of clock offset is computed for the pass. The epoch for the
calculation is chosen to be the Time-of-Closest Approach (TCA) of the
spacecraft to the monitor site. This value of clock offset is denoted as
x(tTrA). A least square objective function is used with data editing to
ideWify and remove statistical outliers, and to limit the set points within
+ 1.5 hours of TCA. In addition to this procedure, a pass-to-pass constraint
on the sample time T must be met before an Allan variance can be computed.

For the long-term frequency stability values, two types of noise processes
were encountered. These two types of noise processes were: random walk FM
for the NAVSTAR rubidium clocks, and flicker noise FM for the NAVSTAR cesium
clocks. Tables 3 and 4 present the 95% confidence limits for a 1-year data
set assuming no pass-to-pass break in the data.

Table 3
95% Confidence LIMITS

for a
1-year set and a

Random walk FM noise process

Sample Time Confidence Limits ,ber Degrees of
(days) UPPER LOWER a (1 ) Freedom

Sxmples

01 1.07 0.93 363 364
2 1.09 .91 361 180
3 1.15 .89 359 119
4 1.17 .87 357 88
5 1.20 .86 355 70
6 1.22 .84 353 58
7 1.25 .83 351 49
7 1.25 .83 351 49
8 1. 27 .82 349 42
9 1.32 .81 347 37
P) 1.33 .80 345 33
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Table 4
95% Confidence LIMITS

for a
1-year set and a

Flicker noise FM process

Sample Time Confidence Limits Num er of 'Degrees of
(days) UPPER LOWER a ( ) Freedom

Sxmples

1 1.07 .92 363 315
2 1.08 .91 361 224
3 1.13 .90 359 148
4 1.15 .89 357 110
5 1.17 .87 355 87
6 1.20 .86 353 72
7 1.22 .85 351 61
8 1.24 .84 349 53
9 1.25 .83 347 47
10 1.27 .83 345 42

* NAVSTAR-3 On-orbit Results

Two types of plots will be used to present the NAVSTAR time domain clock
data. The first type of plot presents the Allan deviation, averaged over
5-day sets, as a function of running time. The second type of plot presents
the Allan deviation as a function of sample time.

Figure (8) presents the NAVSTAR-3 a (T ) versus running time t, for 1982. A

total of 64 five day sets were Yused to produce these results. These
calculations were made using the 1-year average as a reference. The 95%
confidence limits used were those presented in Figure (8). Inspection of
Figure (8) indicates only two outliers that obviously exceed the 95%
confidence limits.

For brevity only one a (r ) versus running time t plot will be presented in
this paper. Those reders interested in a more complete treatment may
reference the forthcoming NRL report #8778.

* Figure (9) presents the NAVSTAR-3 frequency stability results as a function
of sample time. The independent variable in Figure (9) is the sample time,
which varies from 900 seconds to 10 days. The NAVSTAR-3 aging rate, which
averaged -3.5 PP1O(13)/day for 1982, was removed before calculating the
Allan variance. The aging rate was calculated using a least-squares curve
fit to a quadratic equation, given by Equation (6), and a data length

* significantly greater than 10-days, which was the longest sample time
analyzed. 'e theoretical curves for the SV rubidium and MS cesium clocks
are plotted in Figure (9) as solid curves. The on-orbit measured values,
which are referenced to each of the GPS monitor site cesium clocks, are
plotted as discrete points connected by dashed line segments. The short-term
sample times values range from 900-seconds to 2-hours, with increments of

183

S - . .. ... .. . - . . . . . .



900-seconds. The long-term sample times vary from 1 to 10 days, with
increments of 1-day.

Figure (10) presents the NAVSTAR-3 frequency stability results referenced to
an ensemble of clocks, consisting of the four GPS MS clocks. The
presentation of the NAVSTAR-3 plots, referenced to individual GPS monitor
site clocks, allows statistical comparison of the reference clocks, in
addition to the NAVSTAR-3 clock.

The NAVSTAR-3 short-term frequency results indicate a value of 21.3 PPI0(13)
for a 900-second sample time. From 900- to 1800-seconds, the NAVSTAR-3 clock
followed a white noise FM process. Inspection of Figure (9) indicates an
anomally that was first noticed for a 2700-second sample time. This anomally
reaches a peak value of 17.1 PP10(13) for a 1.25-hour sample time. Following
presentation of the NAVSTARs 4, 5, and 6 results, it will be concluded that
this anomally is entirely due to the NAVSTAR-3 clock.

E" The NAVSTAR-3 long-term frequency stability results indicate a stability of
1.11 PPI0(13) for a 1-day sample time. For sample times of 1- to 6-days, the
NAVSTAR-3 rubidium clocks follow a random walk FM process, which was
expected for the rubidium type clocks. For sample times of 6- to 10-days,
there was a small departure from the random walk FM process. Reference to
Figure (9) indicates that this is due to the behavior of data received from

6 the Guam MS.

NAVSTAR-4 On-orbit Results

The NAVSTAR-4 short- and long-term frequency stability results are presented
in Figures (11) and (12). Figure (11) presents the NAVSTAR-4 results
referenced to each individual GPS MS clock. Figure (12) presents the results
referenced to the ensemble of the four GPS MS clocks.

The NAVSTAR-4 short-term frequency stability results indicate a value of
21.3 PP]O(13) for a 900-second sample time. From 900- to 1800-seconds, the

*NAVSTAR 4 rubidium clock follows a white noise FM process. From 1800- to
3600-seconds a small change in slope occurs, which indicates a change in the
noise process. From 3600- to 7200-seconds, a distinct change in the noise
process is evident. The slope of this data indicates that a flicker noise FM
process is present. This solution is obtained ay solving the power law model
of the Allan variance, given by Equation (15), for the coefficients a and
the exponent P. This solution yields a valie of W=-0.17, which is close to

0 the value of P=0 for a flicker noise FM prucess.
Dp

2U) =a(T) Eq (15)
y

The NAVSTAR-4 long-term stability results indicate a stability of 1.314
PP1O(13) for a 1-day sample time. For sample times of I- to 6-days, the

0 NAVSTAR-4 rubidium clock follow:; a random walk FM process. Far between 6-
and 10-days sample time, a small change in slope occurs, which is due to
data received from the Guam GPS MS.

NAVSTAR-5 On-orbit Results
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The NAVSTAR-5 short:- and long-term frequency stability results are presented

in Figures (13) and (14). Figure (13) presents the NAVSTAR-5 results

referenced to each individual GPS MS clock. Figure (14) presents the results

referenced to the ensemble average of the four GPS MS clocks. No aging rate
correction was calculated, or necessary, for the cesium clock.

The NAVSTAR-5 short-term results indicate a value of 23.5 PP10(13) for a
900-second sample time. The NAVSTAR-5 short-term results are slightly higher
than the NAVSTAR-4 results, except for the results referenced to the GPS
Guam MS. In the ensemble results, presented in Figure (14), the Guam MS data
have been deleted from the ensemble average for sample times between 1800-
and 7200-seconds. The ensemble average results indicate a flicker noise FM
process for sample times of 3600- to 7200-seconds.

The NAVSTAR-5 long-term stability results indicate a stability of 1.58
PP10(13) for a 1-day sample time. From 1- to 5-days sample time, a small
slope is noted. From 5- to 10-days, a flicker noise FM process is present,
with a value of 1 PP10(13).

NAVSTAR-6 On-orbit Results

The NAVSTAR-6 short- and long-term frequency stability results are presented
in Figures (15) and (16). Figure (15) presents the NAVSTAR-6 results
referenced to each individual GPS MS clock. Figure (16) presents the results
referenced to the ensemble average. No aging rate correction was required.

The NAVSTAR-6 short-term results indicate a value of 21.6 PP10(13) for a
900-second sample time. From 900- to 1800-seconds, the NAVSTAR-6 clock
followed a white noise FM process. From 1800- to 3600-seconds, a small
change in slope occurs similar to the NAVSTAR 4 and 5 results. Likewise, a
flicker noise FM process was present from 3600- to 7200- seconds sample
time.

The NAVSTAR-6 long-term results indicate a stability of 1.11 PP10(13) for a
1-day sample time. The stability continues to improve to a stability of 7.7
PP10(14) for a 4-day sample time. Between 4- and 5-days sample time, a small
change is noted. For sample times between 5- and 10-days, the NAVSTAR-6
cesium clock follows a flicker noise FM process.

NAVSTARs 3/4/5/6 On-orbit Results

The NAVSTARs 3 and 4 rubidium clock results, referenced to the GPS MS clock
* ensemble, are presented in Figure (17). The short-term frequency stability

results are in close agreement for 900, 1800, and 2700-seconds sample time.
The NAVSTAR-3 anomally, at 1.25 hours sample time, clearly departs from the
NAVSTAR-4 results. The long-term results are in close agreement, with both
rubidium clocks following a random noise FM process.

The NAVSTARs 5 and 6 cesium clock results are presented in Figure (18). The
short-term results are in close agreement at 900-seconds sample time. For
sample times of 1800- to 2700-seconds, the NAVSTAR-5 results indicate more
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noise than the NAVSTAR-6 results.

The long-term results indicate the NAVSTAR-5 cesium clock has more noise for
sample times of 1- to 4-days. The cesium clocks agree closely from 5- to
10-days sample time.

The NAVSTARs 3,4,5, and 6 results are presented in Figure (19). The
short-term results indicate close agreement between NAVSTARs 3, 4, and 6 for
a 900-second sample time. The NAVSTARs 3 and 6 clocks are in close agreement
for sample times of 900- to 2700-seconds. The NAVSTAR-5 cesium indicates
slightly more noise than the NAVSTAR 3 and 6 results. The NAVSTAR-3 anomally
is significiantly different from the other clock results.

* The long-term results indicate a random noise FM process for the rubidium
clocks, and a flicker noise FM process for the cesium clocks. For sample
times of 2- to 4-days, the NAVSTAR-6 cesium clock is the best performer,
with a stability of 7.7 PP10(14) for a 4-day sample time.

The Allan variance power law model, given by Equation (15), was fitted to
the 900- and 1800-second sample time data from all four NAVSTAR clocks. The
projection of the short-term results to a 1-day sample time indicates good
agreement with the measured Allan deviation for a 1-day sample time. Because

* of the close agreement, a fit was made to the 900- and 1-day Allan variance
stability results. This solution is given by Equation (16).

2 (.1i-20) ()-1 ".25
a y(T) = (2.31x10 ) Eq (16)
y

CONCLUSIONS

' The NAVSTARs 3 and 4 rubidium clock (with drift removed) long-term
stability values agreed closely. A random walk FM noise process was
present for sample times of 1- to 10-days. These measurements are in
good agreement with the expected rubidium long-term performance.

The NAVSTAR-3 rubidium frequency had a significant departure, from
expected performance, at a sample time of 1.25 hours. A possible cause
is thermal fluctuations with a 2.5-hour period. Performance is nominal
for 900- and 1800-seconds sample time.

* For sample times of 1- to 5-days, the NAVSTAR-6 cesium clock exhibited
* better performance than the NAVSTAR-5 clock. The NAVSTARs 5 and 6

cesium clock long-term stability values agreed closely for sample times
of 6- to 10-days. A flicker noise FM process was present, in both
cesium clocks, for sample times of 1 to 10 days.

For sample times of 2- to 10-days, the NAVSTARs 5 and 6 cesium clocks
* have better frequency stability results than the NAVSTARs 3 and 4

rubidium clocks.

White noise FM was measured, for both rubidium and cesium clocks, for
short-term sample times of 900- and 1800-seconds. For sample times of
2700 seconds to 2-hours, a gradual transition to an apparent, as yet
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unexplained, flicker noise FM process was observed.

* The 1-day sample time frequency stability measurements, for both cesium
and rubidium clocks, were in close agreement with an average value of
1.3 PP10(13). This average value agreed closely with the projection of
the 900-seconds to 1 day. The Allan variance power law solution for
this white noise FM process is

a 2(T) = (2.31x10-20)(T)- 1 "2

y
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GPS CLOCK ANALYSIS
NUMBER OF ALLAN VARIANCE SAMPLES

VS
SAMPLE TIME

SAMPLE TIME NUMBER OF SAMPLES
ENSEMBLE

T5 DAY SET 1 YEAR 4-MS 1-YR

0.25 hrs 115 8280 33120
0.50 106 760 30240 I

0.75 95 6840 27360
1.00 85 6120 24480
1.25 75 6400 21600
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1.75 55 3960 15840
2.0O hra 45 32d' 12960

1 day ,.a1452
2 361 1440
3 359 1436
4 357 1428
5 355 1420

6353 1412

7 351 1404
8 349 1396
9 347 1388
10 days 345 1380
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QUESTIONS AND ANSWERS

DR. BARNES:C
Jim Barnes, with Austron. A possible suggestion of why you find data
that goes as tau to the minus one-half. It might be just the deadtime
that you mentioned was in the data. Deadtime can mean that kind of
a signature to the allan variance.

MR. McCASKILL:

These data were taken every six seconds continually. So the deadtime
corrections for that should be very small. Now, the long term results,
we could have possible room for correction there; but I really wouldn't
expect much of an effect on short term results.

DR. VESSOT:

Bob Vessot, Smithsonian. On the two hour data, I'm wondering if that
anomaly couldn't be the fact that you are using data from a great range
of elevation angles; and I think it's rather difficult to estimate the

[ propagation qualities when things are down, say, ten, fifteen degrees.
If those enter into the data, then it is likely to cause a wider spread
of uncertainties and, hence a larger allan variance.

MR. McCASKILL:

That's a good point, but we do not expect it. We limited the sample time
to two hours and if you start at TCA, you would go two hours on one side
and two hours on the other, but the typical pass, unless its a short pass,
could go up to maybe six hours or more.

So it's possible, if we would have pushed the sample time closer to, let's
say, three hours, we could have seen some residual type of results and,
of course, it could be there in a two hour sample time, but we just did
not expect it at a two hour sample time.

DR. VESSOT:

* The prediciton of atmospherics is kind of difficult, and these issues,
I think, could increase the probability of having noise. That's the
point I wanted to raise.

2
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MR. McCASKILL:

It could be, but one thing--there was one slide missing, and I don't know
what happened to it, it showed the number of samples. We have collected
data for a year, and when you go across the full station ensemble, the
number of samples goes into the order of 20 to 30 thousand, so whatever it
is, we have high confidence that there's some type of process that flickered
out for the short term results; and at the moment we cannot tell you exactly
what it is, except that we believe that it's there and is a well defined
measurement.

MR. ALLAN:

Dave Allan, N.B.S., two comments. No. 1. There would be no deadtime,
because they're measuring time directly; so, there's no deadtime affect
on that data. As relates to the two-hour rise in the sigma tau diagram,
the recent work we have done, using the separation of various technique
has shown serious problems in the ephemeris prediction and, indeed this
may be the problem, and is not as good as perhaps they thought it was.
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ABSTRACT

Global Positioning System (GPS) Time Transfer receivers
0 were developed by the Naval Research Laboratory (NRL) to

provide synchronization for the NASA Global Laser
Tracking Network (GLTN).

The capabilities of the receiver are being expanded

* mainly through software modification to:

* Demonstrate the position location capabilities of a

single channel receiver using the GPS C/A code.

* Demonstrate the time/navigation capability of the

receiver onboard a moving platform, by sequential
tracking of GPS satellites.

Several advanced navigation algorithms were tested,
tracking either a full or reduced constellation of the
current Phase I GPS satellites.

0The experiment was conducted during October 1983 onboard
the Italian Navy hydrographic ship "MAGNAGHI". The ship
provided a stable platform, able to move with constant
speed, while keeping track of its own position with high
accuracy. The ship was equipped with a wide range of
radionavigation equipment, including Raydist, Motorola
Mini-Ranger, Toran, Loran-C, Omega and Transit
receivers. There were also onboard atomic clocks with
submicrosecond accuracy. To keep an accurate track of
the ship's position at sea during the experiment, the
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Mini-Ranger system was used with transponders located on
the seashore. The Mini-Ranger system provided position
to an accuracy of 5 to 10 meters.

This experiment was a joint effort between the following
U.S. and Italian agencies and organizations: The U.S.
Naval Research Laboratory, the NASA/Goddard Space Flight
Center, with the support of the Bendix Field Engineering
Corporation, the Italian Navy, the Istituto
Elettrotecnico "G. Ferraris" and the Politecnic of
Torino (Italy).

INTRODUCTION

The Naval Research Laboratory developed a GPS time transfer receiver for the
NASA Goddard Spaceflight Center which was first deployed and tested in June
1981 . Since then, six receivers have been completed and delivered to NASA
for deployment in the NASA Global Laser Tracking Network (GLTN). The
receiver was designed to provide precise time measurements between the 2time
standard of the U.S. Naval Observatory and clocks at remote locations. The
primary application is synchronization of remote clocks and clock
evaluation. NASA is using the receivers to synchronize remote mobile laser
stations to the U.S. Naval Observatory time standard. Precise time is

* required at each station in order to time tag the data and to acquire
satellites with the laser ranging systems.

Before time measurements can be made with the receiver, the position of the
antenna must be input in WGS-72 coordinates. Currently, this position is
determined by an independent survey before deployment of the receiver. This
experiment tests the capability of the GPS time transfer receiver to perform
a navigation both on a fixed point and on a slow moving platform. An
accurate fixed point navigation capability would allow the GPS receiver to
perform cold start synchronizations of field deployed clocks in a stand
alone capacity. The moving navigation was performed in order to evaluate the
feasibility of providing accurate time synchronization on a slow moving
platform.

This navigation experiment uses the existing Phase I NAVSTAR GPS satellites
which are a partial set of the final constellation of satellites to be
deployed in the 1980s. The results presented here are an evaluation of a
time transfer receiver operating in a navigation mode. They are not intended

* to be used as an evaluation of NAVSTAR GPS accuracy or capability.

Moving Navigation Solution

To perform a navigation, the GPS receiver makes independent range
measurements to a number of NAVSTAR satellites. The position of each

* satellite at the time of measurement is computed from ephemeris data
transmitted by each satellite. A ground antenna position is assumed, and the
distance to each satellite is calculated. The calculated ranges are
subtracted from the measured ranges giving residuals which are used to
correct the assumed position. The corrected position is then used to
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calculate a new residual, and the iterative process continues until the
position converges to within some delta value of error. The basic equation
in matrix form is

T 1TP_ e = (ATWA)_ A W(O-C) (1)

where P is the improvement in position

A is the measurement matrix

W is a weighting matrix

and (0-C) is the matrix of differences between measured
and computed ranges.

The sequential range navigation is explained in detail in reference 3 and
reference 4 and therefore, is presented here as the method used without
derivation.

In the moving navigation solution, a five dimensional navigation is
performed to determine latitude, longitude, clock offset, course direction,
and velocity. A minimum of five satellite measurements are made for each
position determination. The solution assumes a constant velocity and course
for each fix and a constant height on the surface of the earth at all times.
These assumptions are reasonable for the case of a slow moving ship in open
seas.

In order to determine the goodness of each solution fit to the data, the
geometric dilution of precision (GDOP) was calcualted. The GDOP is defined
here as:

1 | 2 2 2 (
GD :\ J"LA, + "LONG + CLOCK (2)

"2 2 2
where 2 LAT' (T LONG' and (O CLOCK are diagonal terms of the

T -1
covariance matrix (A WA) in the navigation solution. GDOP in the classical
sense may include all five diagonal terms of the covariance matrix, however,
the intention is only to provide a relative measure of goodness of solution
for the data presented.

4

Navigation Exercise

The moving navigation was performed onboard the Italian Navy research vessel
"Ammiraglio Magnaghi". The ship's home port is in LaSpezia, Italy, and the
experiment was performed off the coast of LaSpezia as shown in figure 1. The
ship had a Motorola Mini-Ranger system of navigation which was used as a
comparison for the GPS receiver results. The Mini-Ranger system consisted of
a two channel transceiver onboard the ship and two transponders located at
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known positions on the shore. One transponder was located at P del Mesco
and the other at I.a Palmaria. The navigation wascperformed while the ship
was steering courses of approximately 090 and 270--with a velocity of 8-9

knots. The Mini-Ranger system provided continuous positions of the ship toan accuracy of 5-10 meters. The data was recorded at the epochs of GPS

measurements for later comparison at the conclusion of the experiment.

GPS Measurements

A minimum of five satellite tracks were made for each navigation solution.
Each satellite track requires approximatetly five minutes as shown in figure
2(a). Two minutes are required for signal search and acquisition, and then
one minute for locking and synchronizing to the satellite data. Once locked
and synchronized, satellite ephemeris and clock information is read from the
data. Last, satellite range measurements are made, one measurement every six
seconds for a period of a minute. A minimum of five of these such tracks are
used in each navigation solution. Ideally five different satellites would be
tracked as illustrated in figure 2(b). However, because of the limited
satellite visibility using the Phase I satellites in Italy, most of the time
less than five satellites were tracked, but they were repeated as shown in
the example of figure 2(c).

GPS NAVSTAR Visibility

Figures 3 and 4 are two different ways of describing the satellite
visibility for the time and place where the experiment was performed. Figure
3 shows the elevation versus time for each satellite. The navigations were
performed during the time period from 6 to 9 hours. The plot shows the
maximum of five satellites visible above 10 from 0630 to 0730. During the
remainder of the time between 0600 and 0900, only three or four satellites
were visible.

Figure 4 shows the satellite azimuth and elevation relative to the ship
between 0600 and 0900 hours. The best satellite geometry occurs at
approximately 0630 when all five satellites are in view above 10 elevation
and separated the greatest distance in azimuth. As time approaches 0900 the
satellites move closer together, and NAVSTAR 4 goes out of view giving poor
geometry for navigation. The accuracy of the results can be correlated to
the goodness of satellite geometry and is apparent in the data presented.

Navigation Data

Figures 5 - 14 are plots of the computed navigation solutions. The position
of the ship is plotted in latitude and longitude for different sets of
navigation data. Each set represents a run by the ship from one end of the
area shown in figure 1 to the other. GPS determined positions are
represented by O's and Mini-Ranger positions are X's. A value for accuracy
is given as a range from the minimum to the maximum deviation of the GPS
position from the Mini-Ranger position. The GDOP value as defined in
equation (2), is also given. A NAVSTAR visibility plot shows the positions
of the satellites used during each navigation solution. The X's on the
satellite position arrows represent the times data were taken by the GPS
receiver.
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For example, figure 5 is run number 1 on October 5 and shows agreement
between GPS and Mini-Ranger solutions of from 4 to 52 meters. The NAVSTAR
visibility diagram shows that the solution was obtained from eight satellite
tracks, three on NAVSTAR 5, one on NAVSTAR 4, and two each on NAVSTAR 3 and
NAVSTAR 6. The GDOP of 1.1 is a factor of the number of total measurements
used and satellite geometry. GDOP's of lower values indicate better fits of
the data to the navigation solution. GDOP is reduced as the number of
measurements increase and as the satellites are separated in position. The
plot of Mini-Ranger data shows the deviation of the ship from a straight
course. Some of the error is attributed to the assumption in the GPS
solution that the course is a straight line and constant speed. The straight
line fit is apparent in the GPS data.

The other figures (6 - 14) show absolute accuracy results in the range of 50
meters or better for various geometrys and number of tracks. Figures 15 - 17
summarize the results of the GPS navigation accuracy for this experiment
using a time transfer receiver. Figure 15 is a plot of the differences in
the latitude solutions of GPS from Mini-Ranger for all solutions obtained.
The average difference in latitude was 10.8 meters. Figure 16 is the same
type of plot showing an average difference in longitude of 23.6 meters.
Figure 17 is a plot of ATNAV, which is the RSS position difference between
the two systems, for all the solutions obtained. The average difference of
45.1 meters is an indication of how good the GPS time transfer receiver can
navigate using a partial GPS constellation and, at times, poor geometry.

Stationary Position Determination

The solution of the stationary postion determination is the same as the
moving navigation with the velocity constrained to zero. Equation (1)
becomes three dimensional solving only for latitude, longitude, and clock
offset. A position determination was made using GPS measurements obtained
over a period of six days at the Istituto Elettrotecnico Nazionale in Turin,
Italy. The results are presented in figure 18. A known position was given in
WGS-72 coordinates and the GPS solutions for each day are tabulated. The

r. data used to obtain the solutions were taken over a period of hours from all
NAVSTAR satellites whenever the satellites were in view and at positions
which provided good geometry. Since the receiver was not moving there was no
time constraint to take data from all satellites simultaneously. The results
show the differences in latitude and longitude to be less than 10 meters.

[0 Conclusions

The results of the moving navigation experiment demonstrate accuracy of 10
to 50 meters. This shows promise of the possibility of an accurate time
transfer on a slow moving platform using existing GPS time transfer
receivers.

The 10 meter accuracy in determining the position of a stationary platform
demonstrates the ability of the GPS time transfer receiver to become a stand
alone system for setting field deployed clocks. NASA has plans to implement

215

[-



this capability on existing receivers in the future and make it operational

in the mobile laser systems.
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QUESTIONS AND ANSWERS

MR. WARD:

Errors caused by tidal bulge, I would expect, to be of that magnitude, when
you compared it with the ranging system, the ranging system is not sensitive
to that Z-axis.

MR. OAKS:

I'm sorry. Errors caused by what?

MR. WARD:

Tidal bulge. When you're at sea, the tidal bulges on land, but it's much
larger on the sea; and the space craft ephemeris is referred to the geoid
and the higher the elevation of the space craft, the larger that error
becomes; and you could see that the periodic function in your data there
is basically, I guess, tied to the solar-lunar tide period.

MR. OAKS:

As I said, we constrained the height to be a constant in the navigation
solution, and we hadn't really looked at how--what you're saying is that
what we want to do is look at the elevation of the satellites as compared
to the periods when we had disagreements in the navigation solution.

£ MR. WARD:

That's correct.

DR. REINHARDT:

I have one comment. You should RMS errors, not average them. You should
average the squares of the errors if you want to talk about the total error
of the experiments.

MR. OAKS:

In which data?

DR. REINHARDT:

In the data where you showed the average error for all the individual runs.
I'm saying errors add in the square. You should average the square to get
a proper answer for the average error, and then take the square root of that,
rather than to average the individual errors.
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IMPROVED MASTER CLOCK REFERENCE SYSTEM AT USNO

Gernot M. R. Winkler
U. S. Naval Observatory

Washington, D. C.

ABSTRACT

The first phase 3f the NAVELEX/NRL/USNO Master Clock (MC)
upgrade program has been completed with the delivery of two
VLG11B Hydrogen Masers to the U. S. Naval Observatory (USNO).
After installation in a specially prepared Maser Laboratory with
redundant environmental control, and a ten-day "burn-in" operation,
the masers were independently tuned. Their subsequent perform-
ance caused a review of our plans for their operational use as part of
the USNO MC complex. A revised concept is the basis for system
integration presently in progress.

INTRODUCTION

For short time intervals, the performance of the USNO Master Clock is limited by the
performance of the frequency standard which drives the phase stepper, pulse divider, time code
generator and distribution amplifier complex. The data amplifier complex comprises one of the
several "Reference Clocks" which implement the master clock time reference. For long time
intervals, currently longer than one day, the reference clocks are phaselocked to the computed
reference time scale MEAN(USNO). This phase lock is done by a once a day setting by

*computer of the respective phase microstepper.

In September 1983 USNO received delivery of two VLG11B hydrogen MASERS (produced by Dr.
. Vessot's group at Smithsonian Astrophysical Observatory, production number S-18 and S-19)

which are currently being incorporated into the master clock as superior driving frequency
standards. The performance we have measured will permit us to operate the reference clock
(which is to be driven by one of the MASERS) in an improved way.

INITIAL MASER PERFORMANCE

Figure 1 shows a conventional sigma-tau plot for the differential stability of the MASERS.
0 These data have been obtained by the offset-beat method. For our application, however, the

actual overall performance within our system is of greater relevance. Figure 2 tabulates 5-day
solutions of the MASERS in reference to our MEAN(USNO). Two observations are obvious.
First, we note the drift of both units (which is entirely within specifications and was expected
to be larger by a factor of two to three). Second, we can see that the residuals of the 120
hourly time measurements are Indeed less than one nanosecond, i.e. the stability of both the

* time scale and the MASERS is slightly better than we expected on the basis of older data.
Figure 3 is a plot of MASER #18 which shows a change in the drift rate which we correlate with
work in the room at that time (#19 was tuned).

The following pictures show the differential stability of the two MASERS expressed as residuals
after subtraction of a quadratic fit in phase for progressively longer time intervals. If the drift

* stays very constant, then we can apply the phasestepper corrections with a time constant longer
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than one day and thereby further reduce the phase noise in the reference clock (the noise of the
MASER is considerably less than the noise from the time scale for time intervals up to a few
days). Table 1 summarizes the essential features of Figures 5-8.

LENGTH OF FIT RMS RESIDUALS
days ps

7 150
15 196
26 1150
40 1870

Table 1

Figure 8 is particularly impressive because it shows that for the full duration of 40 days only
three incremental (over and beyond the constant drift) frequency changes occurred. These are
6.7, -4.5 and 3.0 parts in ten to the fifteen. The belief is, therefore, justified that we will be
able to utilize the outstanding stability of these two units for times much longer then one day.

MASTER CLOCK MASER SUBSYSTEM CONCEPT

The MASERS are not only superior clocks and cost commensurately more than industrial high
performance cesium clocks, they also require much more attention. They must be tuned every
month in the interest of continuing high stability. We also expect more interruptions for other
reasons. It is for the provision of more required operational flexibility which will be required
that we arrived at a subsystem concept as depicted in Figure 9. At the heart of the system is
our standard system controller, an HP9915 computer with two interfaces: An IEEE 488 bus for
measurement and control and an RS 232C for communication with our IBM Series 1 mini-
computer. The concept allows for switching the driving standards at any time because the
synthesizer of one unit will be remotely adjusted to keep the output of both units in phase at all
times. This way tuning and repair can be performed on a unit without interruptions in the
operating system, barring catastrophic failures. Forty channels of test voltages for each unit
are under constant surveillance for diagnostic purposes. The system concept follows our general
principle of local control so that this subsystem is entirely independent in between the data
communications with the IBM operations controller. It also uses to the maximum extent high
quality industrial components and subsystems. This subsystem is currently being assembled and
interfaced. We expect to be in operation in spring 1984.

REFERENCE

1) Ralph Allen (1980), The Navy PTTI Program (Update), Proceedings 12h PTTI Conference,
p. 127

0

238

.0



4-rz

/E--
4, /7

0 ELI

0 -~E-/

239



. 5-DAY SOLUTIONS FOR U NO VLGIIB MASERS

(MEAN(USNO - MASER)

Maser A Maser B

S-18 S-19

MJD Rate(ns/d) Sigma Rate(ns/d) Sigma

45607 -17.0 0.8

45612 -12.8 0.9

45617 -6.4 1.0

45622 -4.1 0.6
S

45627 -1.2 0.5

45632 +2.9 0.6

45637 +5.9 0.8

45642 +7.7 0.5 -3.1 1.1

45647 +10.6 1.1 +3.4 1.6

45652 +12.9 0.8 +9.4 1.6

45657 +15.4 0.6 +15.8 1.3

45662 +17.0 0.5 +20.5 1.0

45667 +19.4 0.5 +25.3 0.4

FIGURE 2 LONG-TERM MASER STABILITY MEASURED IN REFERENCE TO MEAN (USNO)
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QUESTIONS AND ANSWERS

MR. WARD:

Sam Ward. I have two questions. First, what is causing that periodicity
that I saw in the sort of data?

DR. WINKLER:

That is an effect that you can see in every record which has a limited
da i length. The affect has been discussed at length by Jim Barnes a few
years ago. It's simply the low frequency spectral content of the variations
which the masers show; and you have the combination of a filter due to the
cutoff of the data, and low frequency content appears for a final data piece
as some kind of indication of a sine wave.

If, however, you take the next spot, the sine wave looks different. If you
continue sampling the sine wave changes period. It is really not the sine
wave. It is the low frequency content of the disturbances, and you find it
in any such record between highly stable standards. Your second question?

MR. WARD:

The second question deals with the convenient means of measuring the
Zeeman so that you can see whether the magnetic environment for both of
them has changed.

DR. WINKLER:

We plan to be able at any time, by pushing a button on the controller,
to shift--System B, for instance, if that one requires a Zeeman measure-
ment to be operated from the first maser, or in fact from an additionally
available Cesium signal that will come from one of our cesium clock
vaults and then the maser is available for anything. You can make your
Zeeman measurements. You can take it apart if you want to, and you can
do anything. You can tune it as often as you please. The idea has been
to have a system which will allow maximum use of these two beautiful clocks
that we now have and are better by a factor of 10 what our specifications
have called for; and I am very happy to acknowledge here the excellent
cooperation between the three Navy agencies involved, namely, NAVELEX which
provided the program management; N.R.L., with Joe White who wrote the
specifications, and our contractor, Smithsonian Astrophysical Observatory,
which delivered the masers, and really took every pain to make sure that
they operate at this performance level.

My purpose was to report the initial performance of the masers, and to do
that I felt some kind of an obligation because in the past there were some
quite critical remarks which I made about the performance of masers, and

I'm happy to correct myself and say that now we have clocks that are better
than anything I have ever seen. Thanks.
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THE STEERING OF GPS TIME

H. F. Fliegel

The Aerospace Corporation

El Segundo, California

ABSTRACT

The Navstar Global Positioning System (GPS) will be one of
the most widely available means by which to distribute exact

* time. By agreement between the GPS Control Segment and the US
Naval Observatory (USNO), GPS time will be maintained an
integral number of seconds, n, from UTC, with an error less than
or equal to one microsecond:

T = GPS-UTC-n S 1 r sec,

where n is the number of leap seconds which will have elapsed
between early 1980 and current time. The GPS Navigation Message
will give the value of T to 100 nanoseconds or better, real
time. After the fact, values of the GPS-UTC offset should be
available to qualified users with accuracy of 20 nanoseconds or

02 better. GPS time will be steered by altering its adopted offset
bias and drift from a Reference Clock. This paper summarizes
the mathematics of the steering algorithm, and the interface
between the USNO and the GPS Controller.

* INTRODUCTION

The Global Positioning System (GPS) of satellites is designed to
disseminate to its users, along with the spacecraft ephemeris

. information necessary to derive user position, the current value of
0 - UTC. The maintenance of GPS time is a responsibility of the Master

Control Station (MCS) of the GPS Control Segment, which serves as the

!
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directing center for all data collection and data generation, and
also as the primary point of contact with such supporting agencies as
the US Naval Observatory (USNO) and the Defense Mapping Agency
(DMA). The MCS controls the uploading of navigational messages to
the GPS satellites, and these messages include the parameters input
to users' receiver sets to convert from GPS time to UTC. Feedback is
provided by the USNO, which monitors the GPS navigational messages,
and continually estimates the GPS-UTC offset in time and frequency.

The Navigation Data Message represents this GPS-UTC offset as

GPS-UTC = o

where a. and a, are values appropriate to the clock of the
satellite broadcasting the message, and n is the number of GPS leap
seconds which have accumulated since the GPS epoch of 6 January
1980. Thus, GPS time is offset from International Atomic Time (TAI)
by approximately 19 seconds. The exact value of the offset between
GPS time and either TAI or UTC depends, of course, on how precisely
GPS time/frequency can be estimated and, once estimated, how
precisely it can be steered. This paper will be addressed only to
the problem of steering.

The tolerance allowed in the steering of GPS time is defined for
the final phase of GPS development, the Operational Control Segment
(OCS), as follows (Reference 1):

GPS Time is defined in the OCS as the time determined

from a particular MS Clock (the Reference Clock), when
offset by a bias and drift. The offset bias and drift of
the Reference Clock are not estimated in the Kalman Filter
but are assumed to be fixed in value. The offset bias
and drift can be modified using a controller directive,
and hence GPS Time can be "steered" into alignment
with UTC. In particular, GPS time will be steered to
attempt to maintain

IUTC (USNO) - t,$ + ALS Is n, above] 1 1 microsecond.

No such requirements are specified for the present Interim

Control Segment (ICS), but it is understood that the ICS
will satisfy the OCS requirement as nearly as circumstances
permit.
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This Interim Control Segment, which has been used throughout the
Phase I Concept Validation Phase, consists of four Monitor Stations
(MS), an Upload Station (ULS), and a Master Control Station (MCS).
The Monitor Stations are located at Hawaii; Elmendorf AFB, Alaska;
Guam; and Vandenberg AFB, California. The remote Monitor Stations
are unmanned data-collection centers under direct control of the
MCS. Each MS contains a four-channel user-type receiver,

environmental data sensors, an atomic frequency standard, and a
computer processor. The receiver measures the pseudorange and delta
pseudorange (integrated doppler) of the satellite spread-spectrum
signal with respect to the atomic standard. It also detects the

navigation data on the spread-spectrum signal. The environmental
sensors collect local meteorological data for later tropospheric
signal delay corrections at the MCS. The computer processor controls
all data collection at the MS, and provides the data interface with
the MCS. All data obtained by the MS is buffered at the MS and then
relayed upon request to the MCS for processing.

The ULS, located at Vandenberg AFB, provides the interface
between the Control Segment and the satellites. Its function is to£ utilize an S-band uplink to upload data into a satellite navigation
processor. This upload data can be user navigation data, requests
for processor diagnostics, or commands to change the satellite time
provided by the user.

The MCS is also located at Vandenberg AFB, and completely
controls the operation of the Control Segment. It performs the
computations necessary to determine satellite ephemeris and atomic
clock errors, generates satellite upload of user navigation data, and
maintains a record of satellite navigation processor contents and
status. The MCS also has interfaces with the Satellite Control
Facility (SCF) and Naval Surface Weapons Center (NSWC). The SCF
provides a backup upload capability in case of ULS failure and also
provides satellite telemetry and command information. NSWC generates
a predicted reference ephemeris from MCS-smooth pseudorange
measurements for use by the MCS in the ephemeris estimation process.

The current configuraton at the Master Control Station has been
0 upgraded by an IBM 3033 computer, which will provide increased

reliability and capacity for the Phase II Development and System Test
Program support. The converted software will provide for operational
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enhancements as well as the navigation message changes required to be
compatible with the Phase II User Equipment. The upgraded
configuration has been installed and is operating at Vandenberg Air
Force Base.

The IBM 3033 computer will eventually be installed in the

Operational Control System (OCS), which is currently under
development and scheduled to initiate satellite operations support in
1985. The OCS will provide worldwide coverage for monitoring and
uploading of the full eighteen to twenty-one satellite
constellation. The OCS will also consolidate into a single facility
the functions currently performed by the AFSCF and NSWC (see Figure
1).

Then the overall MCS operation with regard to maintaining GPS
* time can be resolved into three tasks:

a) The weight of each satellite contributing to GPS time must
be assigned, based on some objective criterion of satellite
performance;

b) GPS time must be calculated in such a way that it does not
change discontinuously when clocks are added or dropped;

c) the daily estimates of GPS time offset, which are received
from the USNO in the form

(1) GPS - UTC f

must be combined into an ongoing, long term sequence of
messages, somewhat as the hour-by-hour measurements of

pseudorange are combined by the Kalman filter to provide an
estimate of the dynamical history of each ephemeris and

* clock parameter.

Figure 2 illustrates the estimates of the GPS-UTC offsets
actually logged at Vandenberg MCS in the beginning of this year.
Figure 3 shows GPS - UTC values for the middle of 1983 as determined
by the USNO, and the results of several efforts of steering, as

* recorded in the MCS log.
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Any method proposed by which to steer GPS time at the present
Interim Control Facility must reckon with the constraints imposed by

rthe present ICS software. To be sure, many of these constraints will
be relaxed when the superior OCS software is delivered.

The present system (Phase I) does automatically maintain
continuity in GPS time when the master clock is switched. However, it
does not maintain continuity in rate. Furthermore, there is no
provision in the Phase I system for automatic steering of time, by any
algorithm. The operator must change the frequency by hand whenever
steering is required (Reference 2). Therefore, the effort of the
analysts at Vandenberg has been, not to implement the principles of
control theory according to textbook, but to satisfy certain practical
requirements:

I
1) The algorithm used must be simple. The more complicated the

algorithm, the more likely becomes an operator error.

2) The algorithm must not introduce errors in Kalman filter

determination of clock and ephemeris parameters. Now, the
only algorithm implemented in the Kalman filter for
estimation of clock states is a second order polynomial:

4T = AD + A,T + AaT

where 4T is any clock offset being solved for,
6 &T is GPS time,

A0 , A,, and Aa may either be solved for or
held fixed by imposing a prior values.

3) The steering must not interfere with the determination of
the GPS - UTC offset -- e.g., by the Naval Observatory.

* Practically, this means that any frequency drift rate
imposed in the steering operation must be small.

In fact, the working rule of thumb is that frequency changes
shall not exceed 1 part in 10*3 per day

- 8.64 nanoseconds/day.

0
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Several methods of steering have been proposed to satisfy these

working conditions.

The simplest and most direct approach was suggested by Gernot

Winkler (Reference 3). The operator is to make only small changes,
not to exceed 1 part in 1013  per day. After each change, he observes

the effect by means of the US Naval Observatory determinations of
GPS - UTC value and rate. The operator makes these changes only when
indicated, according to four simple rules (Figure 4):

I) If JGPS - UTCj is sensibly increasing, first reduce the

rate to zero. Do not attempt to reverse the rate while it

is still nonzero.

II) If IGPS - UTCJ is rapidly decreasing, reduce the rate to
zero.

III) If GPS - UTC is slowly decreasing, DO NOTHING!

IV) If GPS - UTC is about to change sign, reduce the rate to
zero.

An independent proposal for GPS time steering was made by R.

Castro (Reference 4). He observed that the most nearly error-free way
to steer at present is to input a frequency drift term manually and to

allow it to operate for a preselected time. Mathematically, this is
equivalent to letting the quantity GPS - UTC change as a second order

*polynomial of time -- in other words, to move along a parabola.
Castro considered the case when GPS - UTC is slowly decreasing.
He observes the rate of change 0, which is the frequency offset
between GPS time and UTC. Let S be the preassigned span of time over
which a frequency drift is to be imposed. He calculates the
parameters of the parabola which will bring the GPS - UTC offset to
zero in both value and rate:
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where t, - M S,
and where 9, 9, and ' are GPS - UTC

and its first and second derivatives,

t. is the time (date) at which steering is to begin,
and t, is where it is to end,

and S is preassigned in such a way as not to
violate the constraint that X. must not

exceed the aforementioned part in 10' per day.

In practice, the quantities f and j are known from USNO

reports, and one solves for the quantities t, and X (Figure 5).

At the October meeting of the Data Analysis Working Group at

* Vandenberg, the author proposed a method similar to Castro's, but
replacing the parabola by the function which characterizes the
critically damped oscillator (Figure 6).

The function

* y = (K, + K t)e "A

approaches zero asymptotically. As is well known, it displays three
forms, depending on the sign of K,. In Figure 7, the three cases are

displayed, assuming that K, and A are positive. Then, if K,- 0, the
curve of y(t) at first rises, dominated by the first term (K, + K40)

0) and then declines nearly exponentially to zero. If Ka=O, only the
second term remains, and of course the curve declines exactly

exponentially to zero. If Kac 0, the curve first crosses the t = 0
axis, and then returns toward that axis nearly exponentially. The

speed of approach is determined by \; and 1/,h corresponds to the
preassigned time span S in the Castro method. It was proposed that

* one steer by the following steps:

1) Smoothed values of GPS - UTC from the US Naval Observatory

should be employed, using five day means.

2) The value of X in the damped oscillator function just given

* @ be fixed A priori. Simulations have shown that x 1/20
days would be appropriate.
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3) Using this a priri and the USNO value and rate of
GPS - UTC for current epoch, one should determine the other
two parameters K, and K. of the dampea oscillator function.

The equations are

SAT (t) K, 4 K, t) e °

S4 K(,) = e -e-

z (t) "(K e -  - Ke

so that, at current time t = 0,

6 T K,

zL-i-, A K=- ,
.- K

Therefore, since the US Naval Observatory supplies AT and

AT (GPS - UTC offset and rate), we may compute

K, = 7

eX= , + A

and apply

_,'= X'K,- 3,K,,

which is the steering rate, that is, the frequency offset to be
applied each day, as in Castro's method.

Figure 8 shows what the effect would have been if the damped
oscillator algorithm had been applied during the crucial events of
this past year. For the computer simulations illustrated here, the
value of A was chosen to give an exponential decay time of 20 days.
The results seem quite satisfactory. The maximum steering rate AT

256

I



never exceeds one part in 1013 per day ( 8.64 nanoseconds/day 2 ).
The exponential decay is sufficiently gradual that neither the US
Naval Observatory nor system users will be affected. Above all, the
damped oscillator algorithm prevents oversteering, and so minimizes an
important source of user error Thus, it preserves the best Features
of Methods I and II.

CONCLUSIONS:

The mathematics of GPS time steering are straightforward. To

put the mathematics into practice should be equally straightforward,
now that the IBM 3033 is available at the Vandenberg Master Control
Station. We expect that software embodying the principles presented
here will be implemented in the coming year.

0

257



.

References

u 1) Interface Control Document GPS 202, "Navstar GPS Control Segment/
US Naval Observatory Time Transfer Interfaces", Section
3.2.1.2.1.2, preliminary draft 12 April 1982.

2) Fran Varnum, Memo for Record to OAO and IBM/V, 3 November 1982.

3) Gernot Winkler, private communication, 7 October 1983.

4) R. Castro, OAO Corporation Memorandum, 5 October 1983.

I

258

I -'

.-- S +



aC

00

co z

co C)2

=: ir 0

-K C.. <

0C 0 z

0 -LJ
LU L

3 03 00

> I-

L&U LUJ

aJ LU

a, LUj

z LU

-A Ca C Da

LUL -U CL

C-0~~ C3 -E <S
C -ja >- LU *< ~ 0

< W LUJ

-J a, Ca13

two C) a,

C02 F 0

a, 0
- U)

LUA

< . 0

am LU J

Zr > L U

z 0

C3 >

> CL

0 L3

< LU U2

259



UN'
UN'

-4

4= U'%

C,,k

C, C. "

I-4-
C000

CM a
cm D

~88
C")IK

00~

Sc
uiI LLm~

SON003SONVN

260



W 1 0

a-

a, Ln

C~aC>

Ln

Lon LUU

C, I
LAn

10 mr C( N Kr 10 Co 0
+ + + I I I -

* saNO)3SONVN

261



0 0

LAJ
<0

04 LL0
L AD Lii

CD O
-6- >- L-. 0

00

0 62



C:,

ac

CI,

fe J= :,

oi
ca U.

26



LUA

0)
'.0 1-

* - 0m

4 0 m

C

264*



*1--

EE

C.7.

C3

0~A

El~ 'I-

I Cu 265



* --

L .L

0

1CD

0 I- i

U ,1
Ln

E I I

o I * ( 3I

00 0 0 0 0

I 0 I I '
* II

co

t- CL
E /

of Ln.

CCo

+ + +I II I I

SGNOISONVN

266

0 .



QUESTIONS AND ANSWERS

MR. McCALLUM:

How does one decide between frequency steering and making steps, like
leap seconds, or as we do in the navigation system, adding small increments
20 nanoseconds or whatever to the system? How do you decide bwtween these
two strategies?

DR. FLIEGEL:

Well, the steps are verboten according to agreement, the software that
has been delivered to the enhanced I.C.S. which we are using now does not
permit the phase to change discontinually, that would be harmful to many
users, but you can put in a step in frequency, and that is the technique

that has been used up 'til now.

PROF. ALLEY:

Can you remind us please of physically how you are changing the frequency?

Is it a magnetic field adjustment or are you doing it some digital electronic
way?

DR. FLIEGEL:

I was afraid somebody would ask me that, because I really do not know.
It is done on the GPS master clock. Somebody here may know, but I do not

know physically how that adjustment is made?

DR. REINHARDT:

Gernot do you know?

0 DR. WINKLER:

It is simply done by instructing the computer to assume a different frequency
of the dirving reference clock so it is a pure paper affair and it is re-

flected in the different messages which are uploaded into the satellites.
There is really no one pulse per second reference tick available at the
master station and it is a very complicated thing to make a time comparison
directly. But, since I have the microphone, I cannot resist to make
another comment. That is. the problem of steering as such would be quite
simple, but you have to compare the situation with a bus which is driving
over an icy road, and the problem is how do you instruct a committee how
to steer that bus without falling off the road. There are two approaches

to it, and one is to give it some simple rules the other one is replace the
driver with a microprocessor and program it so that you have some reasonable

slopes with which you can keep within the confines of the road. But the

problem is really more with the committee rather than the roads.
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TEST RESULTS FOR PROTOTYPE
GPS RUBIDIUM CLOCKS

T.J. Lynch and W.J. Riley
EG&G, Inc.

Salem, Massachusetts

1ABSTRACT

This paper presents the results of a series of stability and
qualification-level environmental and performance tests on two
prototype rubidium frequency standards for the GPS navigation satellite
program. One unit was subjected to a 140-day stability test at NB5
and demonstr ted a drift-corrected stability of oy (r) = 2.8x 1- 12 T -
+ 3 0 x 10-o f for 1 T 106 seconds, thus meetin the goal of 1 x
10-13 at 105 seconds. The average drift was -2 x 10- 3/day. The other
unit was successfully subjected to a variety of performance and
thermal, mechanical, EMI, and magnetic testing. It exhibited a smooth
temperature coefficient of -1 x .- 13/°C. The test program and
subsequent additional work have resulted in a better inderst nding of
instability mechanisms and promise a stability below I x 10

-13 out to
1C6 seconds.

INTRODUCTION

EG&G, Inc., has been engaged since early 1980 in a program to develop a Rubidium
Frequency Standard (RFS) for the Global Positionino tem (GPS). The design of the
EG&G GPS RFS was described at this conference in 1981 LI, and the basic concepts have
changed very little since then. Subsequent work has resulted in the building and

* testing of two prototypes (see Figure 1).

Figure 1. Photograph of EG&G GPS RFS Prototypes.
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One unit was subjected to long-tprr Lability testing over a 71-month period without
failure at the National Roru of Standards (NBS). The other prototype was subjected
to qualification levels of electromagnetic, mechanical, and thermal tests. That unit
was then put on a stability test which accumulated over 7 months of failure-free
operation. This paper summarizes results of those tests.

140-DAY STABILITY TEST

Tne primary objective of the 140-day stability test was to determine the Allan variance
of the frequency scatter at averaging times between 105 and 106 seconds. Secondary

* objectives were to observe the phase and frequency records, to determine the stability
at shorter averaging times, and to monitor the general behavior of the unit over an
extended period of time.

This test was conducted at NBS between September 1982 and January 1983 in a specially
built test setup that simulated the +35°C baseplate temperature and vacuum conditions
that the unit would experience in operation on a GPS spacecraft. The test facility
included a thermovac chamber, a fail-safe power system, monitoring equipment, and
provisions for measuring RFS performance against the NBS clock ensemble. The frequency
was adjusted to an absolute value of about -4.5 x 10-10 as required to compensate for
the in-orbit gravitational red shift.

The RFS ran normally throughout the test and did not exhibit any performance degradation.

The frequency record is shown in Figure 2 and the residuals after subtraction of the
linear least-squares drift of -2 x 10-1 3 /day are shown in Figure 3. This drift was
twice the soecified valuc of ±1 x 10-13/day but was smooth and highly modelable, and
thus was not a severe problem for the GPS _plication. (The current GPS rubidium
clocks have a drift specification of ±1 x 10 /day.) Furthermore, subsequent testing
on Prototype No. 2 has identified a probable dominant cause of drift that, when
eliminated, should result in a significant i.-provement in this parameter. The most
prominent features of the residuals are occasional jumps of about +5 x 10-13. These
are the primary limitations on the modeled long-term clock performance and were
apparently related to jumps of about -0.25% in the rubidium lamp output.

* This unit had a lamp with a heavy rubidium fill (474 pgram.) as compared with a normal
fill of 70-100 pgrams which is adequate for a life greater than the specified 7.5
years. It is believed that the heavy lamp fill is responsible for the jumps. No such
behavior tas been observed in the other unit, which has a lamp with a normal rubidium
fill. Both units were tested with the la,np tip upward, so there were opposing thermal
and gravitational forces acting on the molten rubidium.

The s catter of the drift-corrected frequency fluctuations is shown on the Allan variance
plot ot Figure 4. The measured results lie well below the specification limits shown
by th da, ned line and meet the goal of I y 10-13 at 105 seconds. The unit displays a 2.8
x J -1 2 J- white frequency noise characteristic in the region below about 104 seconds
(currected fur the reference noise) that is in good agreement oith theoretical predic-

* tions i1. At lornger averaqing times the plot shows a random-walk frequency character-
istic at a level of about 3.0 x 10- 6 T+1. There is no significant region of flicker
frequen oise. During those intervals when no jumps occurred, the drift-corrected
A:lan variance was about 5 x 10-14 at 105 seconds.

270



-444

-449

-454

-459

B. -464

' -469
C

-474

-484

-489

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140

Time, Days

Figure 2. Tau = 2-hour frequency record versus NBS clock ensemble
9/6/82-1/25/83, EG&G GPS RFS Prototype No. 1.
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Figure 3. Tau = 2-hour residuals versus NBS clock ensemble after
drift correction, EG&G GPS RFS Prototype No. 1.
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ICThe subtraction of a least-squares linear frequency drift tends to filter out long-

term fluctuations and thus give an overly optimistic result at long averaging times.

Nevertheless, the results of an ARIMA maximum likelihood estimate of stability made
by NBS are egsentiallyrtXe same as the drift-corrected Allan variance values out to

about 3 x 10o seconds. L J These data are shown in Figure 5.
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ADDITIONAL STABILITY TESTS

In addition to the 140-day stability test, shorter runs were made between January and
April 1983 at maximum and minimum C-field and a restart test was done. The C-field
value did not have any significant influence on the RFS stability. The unit showed a
frequency offset of about +3 x 10-12 when restarted after a 3-day shutdown.

Stability tests were also conducted on Prototype No. 2 at EG&G after qual-level testing.
Typical of the excellent results are Figure 6 which shows a drift well below 1 x
lO-13iday and Figure 7 which shows a scatter below 3 x 10-14 at 105 seconds. The
stability at the shorter averaging times is limited by the cesium reference (HP 5061A

re Opt. 004). No frequency jumps were observed over a 7-month test period.

QUALIFICATION-LEVEL TESTS

Qualification-level testing was performed on EG&G GPS RFS Prototype No. 2 during the
period between October 1982 and March 1983. The primary objectives were to discover
and correct design deficiencies. The test conditions were as specified for formal
qualification, but the terminology "qual level" was used because the test unit was
built as a prototype, rather than with high reliability parts and strict quality control.

Many of the tests were conducted more than once, as retests to verify corrective actions
to the test unit or because of deficiencies in the initial test equipment or procedure.

Certification Tests

Testing of Prototype No. 2 began with a series of expanded certification tests intended
to establish the general performance of the unit. Besides the standard functional
tests conducted after each test sequence (frequency accuracy, dc power, and rf outputa power and harmonics), tests were performed for phase noise, backup tuning, primary
tuning, frequency versus input voltage, frequency stability at fixed temperature, and
frequency versus normal operating temperature. Most of these tests, as well as the
above stability tests, were performed in vacuum to simulate the GPS environment, to
produce effects such as component temperature increase due to loss of convective
cooling, and to provide the vacuum insulation for which the physics package design is
optimized.

No serious difficulties were experienced. The only discrepancies were associated with
the secondgry loop OCVCXO. The unit had nsufficient varactor tuning range (-0.9 to
+1.8 x 10- versus the specified ±2 x 10-') and could not maintain lock above about
+40'C (versus the specified +60*C). These problems are expected to be corrected in
the next unit.

The RFS easily met its phase noise, primary tuning range, and voltage coefficient
requirements. The measured voltage coefficlent was -8 x 10- 1 4/V. The stabilitY test
gave a 105 seconds Allan variance of 1 x 10- 1 , a final drift rate below I x 10- /day,
and a TC of -1 x 10- 1 3/°C. These results show that the RFS prototype is capable of
excellent stability.

The average TC of -1 x 10- 1 3/°C over the normal operating temperature range of +20 to
+45°C was confirmed to be smooth and was xlO lower than the specification limit. The
RFS is free of any region of large incremental temperature sensitivity. This was
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confirmed by observing the frequency record while varying the baseplate temperature
from 200C to 450C to 200C in IOC steps. One hour was allowed for each step with 8 hours
at 450C. The results are shown in Figure 8. The scatter in the data is determined

primarily by the stability of the cesium reference.
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Figure 8. Frequency versus temperature.

EMI Tests

EMI testing proceeded quite well, and, although several deficiencies were found, most
are felt to result from the use of improper cabling and cable terminations. During
testing, several problems were improved greatly by altering cable terminations. These
tests showed the importance of utilizing the exact cables and terminations to be used
in flight and also the need to simulate the space vehicle power supply. Input ripple
measurements are dependent on the characteristics of the supply.

*There was no conducted susceptibility at the critical servo modulation frequencies.
This is usually the most difficult aspect of an RFS under exposure to EMI, and therefore
the result was most encouraging. An audio frequency power line susceptibility was
associated with the +5V portion of the switching power supply and its effect on the
synthesizer phase detector was corrected by the addition of a regulator.

The only other susceptibility of real concern occurred as a result of monitor cable
pickup at the primary loop frequencies and a few frequencies related to the cable
length. It is unclear whether any change is required in the RFS, since a better cable

* may eliminate the problem.

The few excessive radiated emissions were also associated with the monitor cable and
its grounding and termination. An excessive power supply conducted ripple was observed
and corrected.

Additional testing will be required with improved cables to determine if other
improvements are needed.
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Temperature Cycling Tests

Temperature cycling between +500 C and -30°C was performed at 1 atmosphere (dry nitrogen)
and in vacuum. At each temperature extreme, the RFS was turned off, then restarted
after 30 minutes.

The purpose of these tests was to establish proper RFS startup and operation, although
performance requirements did not apply over this temperature range. The results were
satisfactory except that secondary oscillator unlock occurred at the high end. This
resulted from use of a crystal having too low a turnover temperature and has been
corrected.

Because the 30-minute Off time was not sufficient for the RFS (in particular, the
ovenized crystal in the secondary oscillator) to stabilize at low temperature, an
additional test was performed. The RFS, unpowered, soaked overnight at -19'C in vacuum,
was restarted, and warmed up within 1 hour.

Vibration Tests

The qualification random vibration spectrum had a peak level of 0.35 g2/Hz from 120
to 500 Hz and an overall level of 17 g rms from 20 to 2000 Hz . The duration was 3
minutes per axis. The RFS was powered and monitored during vibration. In service,
the RFS would not be operating during (launch) vibration. It was powered and monitored

* during testing to detect failures such as intermittents, not to verify performance.
The shaker magnetic field and its effects on the RFS were evaluated and made acceptable
by modifying the setup.

RFS Prototype No. 2 was subjected to vibration testing on four occasions. Failures,
with the exception of the secondary oscillator, were corrected by minor changes as
described below and the vibration test passed. In the final testing, a laboratory
synthesizer functionally replaced the secondary oscillator, which had no output. During
vibration, loss of primary and secondary loop lock occurred, but lock was recovered
after vibration and thus is not considered a failure.

Most of the failures which occurred during the first tests were associated with mounting
of electronic components, such as fracture of leads and solder joints. The corrective
action was to bond heavier components to the printed circuit boards with epoxy.

A number of threaded fasteners came loose. The corrective action was to lock the
threads by applying Solithane 113/300 urethane coating at assembly (split lock washers
and Loctite are prohibited).

A problem was encountered where the center conductor in a connector on flexible coaxial
cable withdrew into the connector due to flexing of the cable from vibration or handling.
The connector was changed to a design which has mechanical support behind the center
contact.

A diode failure (fracturing of the glass body) occurred on a printed circuit board
which had been subjected to an uncontrolled mechanical shock due to test equipment
malfunction before the start of the qualification-level test program. A new board
with five diodes passed qual vibration.
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The secondary oscillator had two failures during vibration testing. The first was a
- change in frequency which was reset by the supplier. The second failure was a loss
- of output. It was determined by the supplier that the crystal had broken. The crystal

was replaced and reportedly the oscillator was subjected by the vendor to the qual
vibration level and passed.

Magnetic Susceptibility

The RFS contains three magnetic shields that reduce its susceptibility to frequency
changes caused by external magnetic fields. At maximum internal c-field (250mG), the
physics package has a worst-case magnetic sensitivity of 4.2 x 10-/G along the optical
axis. This requires an overall shielding factor of 126,000 to meet the magnetic
susceptibility requirement of 1 x 10-12/3 gauss.

. Shielding factor measurements were made using Model 124A EG&G lock-in amplifier, a
Model DH-200 audio power amplifier, a custom made pick-up coil the size of the absorption
cell, and a Helmholtz coil. A frequency of 23 Hz with an amplitude of 8 V rms (6 gauss
peak to peak) was used to drive the Helmholtz coil. With all three shields hydrogen
annealed and nested and the pick-up coil in the same location as the absorption cell,
a shielding factor over 200,000 was measured.

Shielding factors were also measured during assembly of the physics package in order
to determine if and when any degradation of its two shields occurred due to rework and

* assembly operations. No significant changes were measured. The two nested cylindrical
shields had a shielding factor of 11,400 initially and 10,400 after assembly.

An overall magnetic susceptibility test was conducted on RFS Prototype No. 2. As ex-
pected from the shielding factor measurements, the overall results were excellent.
Under worst case conditions of maximum internal C-field and orientation of the external

Q fie d along the physics package optical axis, the ma netic susceptibility was 1 x
10-12/6 gauss (reversal of a 3-gauss field) or 2 x lO-'/gauss. This is at least 2:1
better than specified and the actual susceptibility is probably even less, since the
measurement resolution is limited by the stability of the reference and the unit under
test.

Acceleration Test

RFS Prototype No. 2, with the secondary oscillator replaced by a dummy load, was
subjected to acceleration of 20 g for 5 minutes in each direction of three mutually
perpendicular axes (total of 6 runs) using a centrifuge with a 4-foot radius. During
exposure, the RFS was powered and the input current was monitored. Between exposures,
complete sets of monitor readings were taken.

A slight increase in input current was observed during acceleration. After acceleration
in the +Z direction, there was an increase in the light and signal, apparently due to
movement of (molten) rubidium from the back of the lamp onto the hotter surfaces. This
condition did not result in any malfunction and was partially reversed by subsequent
acceleration in the opposite (-Z) direction and was fully corrected by overnight

* operation.

The RFS showed normal frequency and frequency stability after the test.
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Shock Test

RFS Prototype No. 2, with the secondary oscillator replaced by a dummy load, was
subjected to three pyro shocks in each of three axes (both directions excited by each
shock). The shock spectrum extended from 100 to 10,000 Hz with a peak value of 1250 g
from 1250 to 3200 Hz. An electrodynamic shaker and shock synthesizer were used. During
exposure, the RFS was not powered. Monitor readings were taken between axes, during
which an intermittent short circuit was discovered. The cause was contact between the
lamp oscillator enclosure and the main chassis due to a misalignment in the physics
package mounting. This was corrected by inserting a strip of insulation between the
enclosure and the chassis. After subsequent shock testing, monitor readings were
normal.

Conclusions Obtained from Qualification-Level Tests

The qualification level testing of RFS Prototype No. 2 indicates that this design is
capable of meeting the GPS requirements. Most of the failures were minor and were
easily corrected. They reflected that the test unit was a prototype, not initially
constructed as a qualification unit with strict quality control. The only major failure
was with the secondary oscillator, which also was an engineering model not initially
constructed for qualification testing. Corrective actions to the oscillator have been
implemented and have reportedly been verified by the vendor. The packaging design of
the RFS, which provided easy access for initial assembly, also facilitated

* troubleshooting and rework.

DEVELOPMENT TESTS

Besides the stability and qual level testing of the RFS prototypes, a significant
amount of other testing was performed on various assemblies. The purpose was to obtain
empirical design data, to measure performance, and/or to verify reliability. A brief
list of the more important tests follows:

1. Lamp aging with measurements of rubidium consumption by calorimetry.

2. Measurements of thermal contact resistances in vacuum for heat sinks and bolted
ejoints, including PC board mounting.

3. Temperature cycling of potted thermistors with measurements of dissipation
constants, coaxial cable assemblies with X-rays, and the large area photodetector
assembly (manufactured in house).

4. Measurements of oven temperature stability, thermal gain of oven temperature
controllers, and thermal time constants of ovens, heaters, and thermistors.

5. Measurements of magnetic field uniformity in C-field coils of various
configurations.

6. Magnetic shielding factor measurements of nested shields with various end gaps.

7. Vibration testing of lamps to investigate the displacement of (molten) rubidium.

8. Thermal profile of the RFS: measurement of temperatures in vacuum to verify that
component junction temperatures do not exceed 125 0C.
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CONdCLCS IONS

This paper has presented test results on two prototype rubidium frequency standards
that are among the best such devices yet reported. A summary of their characteristics
is shown in Table 1. They have demonstrated excellent stability and reliability when

C" operated many months under GPS thermovac conditions. They showed low sensitivity to
environmental factors such as temperature, magnetic field, and supply voltage, and
they are capable of meeting the GPS environmental requirements of shock, vibration,
acceleration, and temperature cycling. This has been accomplished by careful attention
to all aspects of classical RFS design. It has been satisfying to see how successfully
the size, weight, power, and signal-to-noise advantages of rubidium clock technology
could be combined with low physics package parametric sensitivites and other design
details to achieve excellent overall performance.

Table 1. Characteristics of EG&G GPS RFS.

Size: 4.46" X 8.36" X 6.89" high

Weight: 10 lb.

Power: 13 watts (at +350 C baseplate in vacuum)

Operating Temperature Range: +20 to +450C
* Drift: ±1 x 10- 1 3 /day (spec)

Stability: 2.8 x 10-12 T- + 3.0 x 10- 16 [+j

(typical ay (T) for 1 _[ 105 sec)

Temperature Coefficient: -1 x 10- 1 3/oC (typical)
Magnetic Susceptibility: 2 x 10- 13 /gauss (typical)

MTBF: 178,000 hours (calculated)
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QUESTIONS AND ANSWERS

MR. WARD:

Sam Ward, J.P.L. How about the projected life between cesium and the
rubidium?

MR. RILEY:

Well, earlier rubidium had lamp problems. That is why we emphasize this
lamp problem, but we believe we have it licked. Cesium seems to have a
finite life, depending on the design. Myself, being very prejudiced, I
would guess that the rubidium could be extended out over a longer period
of time than the cesium, but that is a very prejudiced point of view.

A VOICE:

Some of your competitors are indicating 25 years life for rubidium
standards, can you comment on that?

MR. RILEY:

The unit I'm describing is twenty years. That's almost entirely an
electronic number. Twenty years on the lamp does not frighten us; twenty
years on the other cells would frighten us even less.

A VOICE:

What is going into the present, the new birds rubidium, cesium or a
combination?

MR. RILEY:

It's a fifty-fifty mix, T understand; two each, and not one of this design.
We have gotten to the prototype stage, and that's as far as the new design
has been taken.

0
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K SESSION III

TIME TRANSFER/SYNCHRONIZATION

Mr. Hugh Fosque, Chairman
NASA Headquarters

i

GALL TO SESSION III

MR. FOSQUE: Well, good morning, ladies and gentlemen. We are getting off
to a little bit of a late start this morning, and so we will have to pay a
little stricter accounting to the time as we go through the papers. I would
like to ask the authors for their cooperation in that they please try to stick
to the allotted time; and, if possible, cut that short by a minute or two so
that we can allow for one or two questions after each paper. We have a number
of papers this morning.
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INTERNATIONAL TIME TRANSFER AND PORTABLE CLOCK EVALUATION

USING GPS TIMING RECEIVERS: PRELIMINARY RESULTS

S. C. Wardrip, NASA Goddard Space Flight Center

J. Buisson, 0. J. Oaks, and M. Lister,

Naval Research Laboratory

*E. Detoma, P. Dachel, T. Stalder, and H. Warren,

Bendix Field Engineering Corporation

G. Winkler and G. Luther, U.S. Naval Observatory

S. Leschiutta, Politecnico di Torino

P. G. Galliano, F. Cordara, and V. Pettiti,

Istituto Elettrotecnico Nazionale

R. Azzarone and F. Fedele, Italian Navy

INTRODUCTION

Four portable cesium clocks and two single channel Global Positioning System (GPS)
timing receivers were deployed in Italy during October 1983 at the Naval Base in La
Spezia, onboard the Italian Navy hydrographic ship "Magnaghi", and at the Istituto

aElettrotecnico Nazionale (IEN) in Torino.

The experiment was a joint effort between the following U.S. and Italian agencies
and organizations: the NASA Goddard Space Flight Center (GSFC) with the support of
the Bendix Field Engineering Corporation (BFEC), the Italian Navy, the U.S. Naval
Research Laboratory (NRL), the U.S. Naval Observatory (USNO), the Istituto Elettro-

@1 tecnico Nazionale (IEN) "G. Ferraris", and the Politecnico of Torino, Italy.

The timing data collected in this effort provided mutual synchronization between
the U.S. Naval Observatory and other international time-keeping institutions and
laboratories to within an accuracy of + 50 nanoseconds(ns).

In addition, the experiment provided an excellent opportunity to perform field
tests of portable cesium standards during actual trip conditions. Onboard the hydro-
graphic ship was an ensemble of three cesium clocks, which were intercompared via

an automated measurement system. Two external time references, Loran-C and GPS,
and one additional cesium standard were continuously available on shore, providing

a redundant and reliable reference time base. Similar portable clock and GPS data
was taken at the IEN, while performing a GPS synchronization for a period of one
week.

PURPOSE OF THE EXPERIHENT

The overall experiment was designed to test the positioning and navigation capabil-
ities of the GPS timing receivers developed by the Naval Research Laboratory (NRL)

* for the NASA Goddard Laser Tracking Network (GLTN).
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To perform this experiment, a reliable and redundant time scale was set up onboard

the ship, and a back-up system on shore. This situation provided the opportunity

to perform simultaneously a timing experiment ideally divided into two parts, the

main objectives of the experimentation being:

1.) To test GPS timing receiver synchronization capabilities on a moving plat-

form, and to perform an intercontinental synchronization via GPS between

participating international timing laboratories in Europe and in the United

States.
U

2. To evaluate the performance of cesium portable clocks in the field.

-. SYNCHRONIZATION AND PORTABLE CLOCKS

The portable cesium clock synchronization technique represents one of the most
accurate means to synchronize remote clocks via a transfer standard.

To perform a portable clock synchronization, the frequency offset of the cesium
portable clock with reference to a known time scale should be measured with great
accuracy; this will allow an estimate of the time position of the travelling clock
during the trip, with reference to the same time scale, after an initial time posi-

t tion measurement has been made.

The behaviour of the portable clock during the trip is essential to obtain good
results. When the clock returns, a time closure measurement with the master
reference provides an estimate of how well the clock behaved during the trip. If
an abnormal behaviour occurs, this can be classified into two categories: (1) a change
in the frequency of the travelling standard (fig. la), or (2) a change in its
time (phase jump) where the frequency before and after the trip appears to be the

same (fig. Ib).

Abnormal behaviour of a portable cesium clock can be caused by several factors, but
is mainly due to the random behaviour of the standard itself and by systematic

* effects.

RANDOM BEHAVIOUR OF THE CLOCK

The random behaviour of the clock is primarily due to the standard's own noise pro-
cesses, leading to uncertainties in the determination of the frequency of the
oscillator over a certain time i-terval, or to small fluctuations in the phase of
the oscillator itself in a short time interval.

The error caused by the random behaviour of the clock can be reduced considerably
by carefully monitoring the clock parameters before the trip, and by implementing
various models of clock performance during the trip. It has been suggested to
carry two or more cesium standards on a trip, and monitor one against the other.

However, the statistical analysis of the clock should only be considered at the
level at which the systematic errors do not play a dominant role in contributing to
the total trip error. In other words, it is not useful to have a good sratisrical
model of the clock when the main error contribution is due to systematic effects.
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SYSTEMATIC ERRORS

Inaccuracies in a portable clock during a trip can be traced to such systematic
errors as temperature effects, acceleration and shock, power supply noise and/or
voltage spikes, magnetic field sensitivity, and others.

Until a complete study of systematic errors is made, it is suggested (and in several
cases it has already been done) to send a redundant set of 2 or more clocks, of
different manufacturer and type, on portable clock trips, along with a portable data
acquisition system, to allow a continuous intercomparison of the clocks for the
trip duration.

In addition, clock reliability should be addressed by careful evaluation of clock
performance, looking for the weak points of each design and suggesting ways to im-
prove the confidence in the operation of the clock and clock subsystems (i.e., power
supply modules).

MASURBMENT SYSTEM CONFIGURATION

During the month of October 1983, personnel from the NASA, the NRL, and the BFEC
performed a joint experiment with the Italian Navy and the IEN, with the aim to
test the navigation capabilities of the GPS timing receivers onboard a hydrographic
ship of the Italian Navy (fig. 2). This provided the opportunity to perform field
tests of cesium standards during actual trip conditions.

Three portable cesium standards were available onboard the ship. One was provided
by the IEN (HP5061 - CS1230), one by the USNO (HP5061, opt. 004 - CS1809) and the
other by the NASA (FTS4010 - CS107). These three clocks provided redundant clock
information during the experiment (fig. 3).

• .An automated measurement system was installed and operated onboard the ship for the
duration of the experiment (fig. 6).

* External time references were continuously available on shore, such as a LORAN-C
timing receiver, TV links, an additional GPS timing receiver and one cesium stan-
dard, providing a reliable clock system that was mainly used as a backup to the
main timing system onboard the ship.

INSTRUMENTATION ONBOARD THE SHIP

The measurement system is shown in fig. 4 and 5 and a block diagram is shown in
fig. 6. An HP-85 computer acts as the system controller. The three cesium stan-
dards are intercompared via an HP59307 switch (shown in fig. 5 on top of the HP5370
counter), using an HP5370 counter in the time interval mode (20ps resolution).

The 1 pps signal from the USNO standard (CS1809) provides the master reference start
signal to the counter. In this way, the 1 pps pulses and the 5 MHz signals of the
cesium standards are intercompared.
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A Time Systems Technology (TST model 6459) clock (fig. 4) was used as a precise 1
pps distribution amplifier. The same figure shows a 5 MHz distribution amplifier
and the two GPS timing receivers onboard.

An HP Interface Bus (HPIB) compatible digital multimeter was used to monitor (via a
standard thermistor) the ambient temperature, while an HPIB compatible clock
(HP59309) provided time tags to the data.

The HP5370 and the other instruments were controlled by the HP-85 via the HPIB.
The data was collected approximately every 30 minutes and stored on tape for
further processing.

In addition, manual readings were taken between the 1 pps signals. Phase monitor-
ing of two 5 MHz signals was provided by a Tracor phase comparator and recorder
unit (fig. 3).

The 1 pps and 5 MHz signals generated by each clock were compared agair.st the 1 pps
signal of the reference cesium (CS1809). Each data consisted of the average and
standard deviation of ten time interval readings between the 1 pps reference signal
and the signal being measured (fig. 6). Both the average and the standard devia-
tion of each measurement was stored on tape, along with the time of the measurement
and the ambient temperature.

The system failed to operate several times, mainly because of electrical power
interruptions (the system had no battery backup). Power interruptions occurred
when switching from onboard to shore power and vice versa, and when power was
redistributed to balance the load on various distribution lines. Power interrup-

* tions were the cause of one of the power failures on CS107, the other was an un-
* plugged power cable.

As a consequence of the power failures, the computer stopped. The auto-start provi-
sion was not enabled since the time-tagging digital clock needed to be reset to the
proper time, which required operator intervention.

Inproper setting of the digital clock (perhaps caused by noise or spikes on the
* power line) resulted in uncertain time tagging of the data on October 6 and 7. Even

though this data cannot be referenced to pre or post data, it was used to monitor
the frequency of the clocks during that period (see tables I, II, and III).

* BACK-UP TIMING SYSTEM ON SHORE

The back-up timing system (fig. 7) was installed by the IEN on shore, in a building
* inside the Naval Base complex. A block diagram of this system is shown in fig. 8.

The local time base was obtained from a HP5061A (CS609) cesium standard. External
references included a TV link to UTC (IEN), while LORAN-C and GPS measurements were
provided by an Austron 2005 LORAN-C timing receiver and a second NRL GPS time trans-
fer receiver, installed on shore from October 4 to October 8 and later installed
onboard the ship for redundant operation.
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The measurement system included a HP5345A time interval counter (2ns measurement
resolution in the time interval mode), a HP59307 switch, and a HP9815 desk top cal-
culator, which acted as the system controller and data logger. The measured data
was stored on tape.

CESIM CLOCS PERFO3IMCE

The reference cesium standard (CS1809 - HP5061A opt. 004) performed very well, with

a 120 ns closure error versus UTC(USNO) after the 17 day trip.

One of the two cesium standards onboard (CS1230 - HP5061A) experienced a phase
shift that will be discussed later. The other (CS107 - FTS4010) had two power
failures onboard, the first time due to an unplugged connector, and the second time
during a switch between shore to onboard power while changing the battery pack.

The frequency of each clock (CS1230 and CS107) versus the reference clock (CS1809)

was estimated from the 1 pps comparisons over the measurement intervals listed in
table I. The fractional frequency offset was computed as the slope of the fit
(line) to the phase data. The standard deviation of the fit and the standard devia-
tion of the slope (frequency) were computed and are given in table II (CS107) and
table III (CS1230). The uncertainty in the fractional frequency offset estimate
was weighted for the number of data points used in the fitting process by using the
Student t-distribution to correct the standard deviation of the slope.

The results of the analysis for CS107 are summarized in fig. 9. The vertical axis
is the fractional frequency offset between CS1809 and CS107, the horizontal axis is
time (days, October 1983). Each frequency estimate is plotted as a horizontal bar
extended over the measurement period. The height of the box around the bar repre-
sents the uncertainty of the frequency offset determination over the same period
(see legend, fig. 9). The asterisks mark the time of the power failures. Since
the vertical scale is 10ns/day per division, this is roughly equivalent to IXI0-13
per vertical division.

During the first week the behaviour of CS107 was excellent, then there was the first
power failure on the morning of October 8 and the second one on the morning of the
10th. After a warm-up period of approximately two days, the frequency returned to
about the original value. The lower frequency on day 11 is unexplained. Notice,
however, the large uncertainty.

This change does not appear so dramatic in a phase plot over the same period (fig.
10). Fig. 10 shows the phase behavior of CS107 versus CS1809 on October 10 and 11,
1983, w.ien CS107 was just recovering after the two power failures. The change in

slope on October 11 is evident. In the plot to the right (fig. 10) the line fitted
* over the measurement period is superimposed on the data. The average slope tends

to be slightly higher than the slopes estimated on partial intervals covering the
same period of time. This is caused by non-linear behaviour of the data.

The average fractional frequency offset between the two clocks after the power fail-
ure was then 198 +/- 2.6ns/day (on days 10 and 11); during the first week (on days
5 and 6, fig. 11) the average slope was 208.7 +/- 2.3ns/day. The difference was
only 10.7ns/day (+/- 5.6ns/day in the worst case), roughly 1 X 10-13 in frequency
difference before and after the power failure.

I
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CS1230 was noisier than CS107 and showed a more random phase behaviour (fig. 12).
There is a definite change in the frequency of CS1230 from October 4 to October 5
and 6 (fig. 12). The random walk of CS1230 is evident in fig. 13 (October 10 to
12); however, the long term performance was satisfactory.

On the morning of October 7 there was a phase shift in CS1230 (see fig. 14, top
plot). The magnitude of the phase jump was roughly 1OOns in less than 4 hours.
The bottom plot in fig. 14 shows the simultaneous temperature recording. There was
a large temperature inversion, due to the turn-on of the ship's air conditioning
equipment, at the time when the phase shift started. The absolute temperature was
not very high (about 760 F). The slope on October 6 and 7 was about 121 +/- 2.1
ns/day. After the shift, the average slope was about 129 +/- 3.4ns/day. The shift
in phase does not appear to have affected the frequency of the cesium.

* Table IV presents a summary of the comparison of the two cesiums (CS107 and CS1230)
versus the reference CS1809. The average fractional frequency offset is the arith-
metic mean of the frequency offsets shown in tables II and III, with two data points
removed on days 8 and 10, where an external power failure interrupted the operation
of CS107. One data point was removed on day 7 for the large phase jump in CS1230
which affected the normal behavior of the clock. The standard deviation shown is
the standard deviation on the above computed average.

* THEfERATUBK ANALYSIS

The purpose o1' the temperature measurements was to monitor frequency changes due to
temperature variations in the field. These can be monitored against a remote refer-
ence time scale or against a local standard, but are unaffected by the same tem-
perature changes (absolute frequency dependence on temperature). Alternatively,
given an ensemble of clocks exposed to the same temperature variations, frequency
changes in one standard versus the others can be monitored (relative frequency de-
pendence on temperature).

The main limitation that was found in carrying on such measurements was that, in
both cases, the frequency changes due to short term temperature variations are the
same order of magnitude or less than the uncertainty in the short term evaluation
of the frequency of the cesium standard. In this experiment, it was not possible
to find any substantial correlation between frequency changes and short term tem-
perature variations in the field. Moreover, external references and existing time
transfer links do not provide enough accuracy to monitor short term frequency chan-
ges.

SYNCHRONIZATION LINKS AVAILABLE DURING THE GPS EXPERIMENT.

. Figure 15 shows the various synchronization links that were available during the
experiment.

Two time scales were used as a reference: UTC (USNO) and UTC(IEN). Both are report-
ing to the Bureau International de l'Heure (BIH) and their relative positions can

* be obtained from the BIH report. As a direct link, two systems were available, in

0
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addition to two GPS timing receivers: (1) Transit Time Transfer receivers (FTS T-
-- 200), located at the IEN and at the USNO, provided 10 to 25 microseconds accuracy

in time transfer, and (2) LORAN-C, provided indirect synchronization across the
Atlantic Ocean of 1 to 10 microseconds.

In contrast, the GPS timing receivers provided time comparison of remote clocks

with an accuracy of 50 to 100ns between the USNO, the ship, the La Spezia harbour
and the IEN.

To have an independent synchronization link between La Spezia and the IEN in Torino,
* one LORAN-C timing receiver was installed by the IEN on shore. This provided syn-

chronization to better than 1OOns, and an additional, independent reference to UTC
(USNO), even if with less certainty.

Moreover, to provide a more precise synchronization between the IEN and La Spezia,
the IEN personnel set-up a TV measurement system, taking daily readings at 0900Z at
IEN and La Spezia, with an estimated accuracy between 10 and 50ns.

In this way, it was possible to insure accuracy, reliability and redundancy to the

clocks in the field, while referencing them continuously to existing time scales.

As shown in table V, there is a wide spread of accuracies available from existing

systems, but no one system provides better than 10 to 50ns for comparison of remote
-. clocks. Local (direct) time interval readings between cesium clocks usually have

an uncertainty of 1 to IOns within a 1 day period, equivalent to the typical noise
floor of a good cesium standard.

TEMPERATURE BEHAVIOUR

Fig. 16 shows typical plots of temperature versus time during the experiment. The
temperature onboard was not controlled, except for a manually operated air con-
ditioning system; the thermistor probe was suspended above the ensemble of the three
clocks.

The chart shown in fig. 17 presents the temperature variations onboard the ship.

The horizontal bar extended over the measurement period is the average temperature
over the same period. The height of the box around the bar represents the standard
deviation of the average. Dot and cross symbols indicate the minimum and maximum

temperature recorded within each measurement period.
j

As shown in table VI, (which presents a summary of the temperature measurements),

K. despite large short term temperature variations, the average temperature during the
experiment was fairly constant (around 700 Fahrenheit). The largest standard devia-
tion is 5.80 Fahrenheit, however the average standard deviation is only 2.60 Fahren-
heit.

0
Short term temperature variations do not seem to affect the behaviour of portable
cesium clocks, at least to increase substantially the phase error at a measurable
level.

A redundant set of portable clocks traveling together will certainly improve the
re±iability, but not necessarily the accuracy of the synchronization.
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S TIM TRANSFER USING (PS RECEIVERS ONBOARD A MOVING PLATFORM

The primary objective of the synchronization experiment was to evaluate the time
transfer capability of a single channel C/A Code GPS timing receiver while onboard
a moving platform.

THE NAVSTAR GLOBAL POSITIONING SYSTEM

S NAVSTAR GPS is a tri-service Department of Defense (DOD) program. The first GPS
satellite flown was The Navigation Technology Satellite (NTS-II) which was designed
and built by NRL personnel. GPS will provide the capability of very precise instan-

* taneous navigation and transfer of time from any point on the Earth. GPS comprises
three segments: the Space Segment, the Control Segment and the User Segment. The
phase III Space Segment will consist of a constellation of 18 to 24 satellites, six
to eight in each of three orbital planes. The satellite orbits are nearly circular
at an altitude of about 20,000 km and inclined 550 to the equator. The period is
one half of a sidereal day, resulting in a constant ground track, but with the satel-
lite appearing 4 minutes earlier each day.

Each satellite transmits its own identification and orbital information contin-
uously. The transmissions are spread spectrum signals, formed by adding the data
to a direct sequence code, which is then biphase modulated onto a carrier. At the
present time, the control segment consists of a Master Control Station (MCS) and
four monitor stations.

The monitor stations collect data from each satellite and transmit to the MCS. The
data are processed to determine the orbital characteristics of each satellite, and
the trajectory information is then uploaded to each satellite once every 24 hours
as the spacecraft passes over the MCS. The user segment consists of a variety of
platforms containing GPS receivers, which track the satellite signals and process
the data to determine position and/or time by simultaneous or sequential reception
of at least four satellites.

GPS TIME TRANSFER RECEIVER (TTR)

As an outgrowth of the NTS timing receiver development in 1977 by the NRL and the
GSFC, a joint effort was started in 1979 to develop GPS TTR's using signals radiated
by the GPS satellites. In support of the GSFC Crustal Dynamics Program, the GPS
TTR's were designed for use in the GSFC Transportable Laser Ranging Network, which
requires submicrosecond timing for correlation of highly accurate satellite track-

* ing data with time.

The capabilities of the receiver are being expanded, mainly through software mod-
ifications, for the following reasons:

o Demonstrate the position location capabilities of a single channel receiver
using the GPS C/A code.

o Demonstrate the time/navigation capability of the receiver onboard a moving
platform, by sequential tracking of GPS satellites.

o Develop a timing receiver capable of worldwide synchronization from a moving

* platform.
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The GPS TTR is a microcomputer based system which operates at the single L-band
frequency of 1575 MHz. The receiver uses the C/A code only (1.023 MHz), tracking
this code to within 3% of a chip (30ns). The receiver has the capability to track
satellites throughout their doppler range from horizon to horizon, and can track
any GPS satellite by changing the receiver internal code. Operator interface with
the receiver is provided by a keyboard and CRT display. The time data is stored on
disks and can also be output to an external printer/computer via a serial data
interface (fig. 19).

TIME TRANSFER METHOD

The GPS TTR's (fig. 4) installed onboard the ship were driven directly by the refer-
ence cesium standard CS1809. The time transfer was obtained as part of a five dimen-
sional navigation solution (see ref. 1), solving for latitude, longitude, heading,
speed of the ship, and time. Time here refers to the difference between the GPS
system time and the local clock.

The time solution was usually obtained over a 30 minute integration time; the mea-
surements were gathered from 3 to 5 NAVSTAR satellites. The time transfer results
were compared with the estimated position of CS1809 (used as the local time refer-
ence in the synchronization).

The plot shown in fig. 20 presents the results of the time transfer onboard the
moving ship. The square symbols represent the time difference between UTC(USNO)
and CS1809 via the GPS solution. The crosses represent the same difference, but
estimate the position of the portable clock CS1809 with reference to the USNO. The
error bars represent the uncertainty in the estimated clock position in time.

. Except for two large discrepancies (around 200ns) on October 5 (day 278) and on
October 10 (day 283), the average accuracy was around 1OOns.

RESULTS OF THE SYNCHRONIZATION AT THE ISTITUTO ELETTROTECNICO NAZIONALE (IEN).

From October 13 to October 19, identical GPS receivers were installed at the IEN
facilities (fig. 22) in Torino, to perform a final synchronization via the GPS.

The two GPS receivers (see the block diagram in fig. 21) were driven by the IEN
master clock (An HP5061A, opt. 004, cesium standard), that is part of an ensemble
of commercial cesium clocks kept in an underground vault (fig. 22).

The four clocks participating in the navigation experiment (CS1809, CS107, CS1230
iand CS609, the last being the one installed on shore at La Spezia) were continuous-

ly monitored against each other and against UTC(IEN) for one week.

* In addition, measurements via GPS were carried on by temporarily driving the re-
ceivers with the portable clocks CS107 and CS1809, to check the time position of
the traveling clocks with reference to UTC(USNO).

TIME TRANSFER METHOD VIA GPS FOR A STATIONARY RECEIVER

The major objective of a satellite time transfer receiver is to determine precise
time differences between a given satellite and a local ground clock. Precise time

2

291

I . ° , . - , , " --



can then be obtained between the space vehicle (SV) and a single remote ground sta-
tion clock or between the SV and any number of remote stations. The remote sites
could then be synchronized among themselves (fig. 18).

To perform a satellite time transfer with GPS, pseudo-range measurements are made
that consist of the propagation delay in the signal plus the difference between the
satellite clock and the ground station receiver reference clock. Data from the
navigation message contain the satellite clock information and the satellite
ephemeris, which allows one to compute the satellite position. Since the position
of the satellite and of the ground station are known, the computed propagation de-
lay can be subtracted from the pseudo-range and then corrected for the GPS time
offset, to determine the final result of ground station time relative to GPS time,
which can be referenced to the USNO.

If two ground station clocks are synchronized to GPS time, the results can be sub-
tracted to obtain the time difference between the ground station clocks. This can
be done at any time, but best results are obtained when data is taken simultaneously
by each ground station from the same satellite (common view), since any error con-
tributed by the satellite clock is cancelled when the data is subtracted.

The GPS time offset, that is the difference between GPS time and UTC(USNO), can be
obtained directly in real time as a part of the information broadcast by each

* •satellite.

However, the synchronization results can be improved (as will be shown later), if
the difference between UTC(USNO) and GPS time is measured simultaneously or nearly
simultaneously (within a few hours) by a GPS time transfer receiver operated at the
USNO. This data is made available by the Naval Observatory.

The Phase I GPS time is maintained at the Vandenberg MCS using a cesium oscillator.
The Phase III GPS time is planned to be referenced from the MCS to the USNO Master
Clock. The final results obtained from a single-frequency receiver, will contain a
small error due to the ionospheric delay which may be modeled and corrected.

Fig. 24 shows the time difference between UTC(USNO) and CS107 measured at the IEN.
CS107 was directly driving one of the GPS receivers; the asterisks show the esti-
mated position of CS107 with reference to UTC(USNO). NAVSTAR 5 was the satellite
used in the time transfer.

The difference between GPS time and UTC(USNO) was obtained in real time from the
navigation message transmitted by the satellite.

* When the same difference between GPS time and UTC(USNO) was obtained via direct
. measurements carried on almost simultaneously at the Naval Observatory, the results

show a better agreement between the predicted clock position and the GPS time trans-
*fer, as shown in fig. 25.

• Fig. 26 shows the time difference between UTC(USNO) and CS1809, the latter driving
* * one of the GPS timing receivers at the IEN. Again, the difference between GPS time
* and UTC (USNO) was obtained from the navigation message. An offset is clearly

visible between the estimated clock position (asterisks) and the GPS time transfer0
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indicated by the number 5, indicating NAVSTAR 5. However, if the measurements carried

on at the Naval Observatory are used in place of the prediction broadcasted in real

time by the satellite, again the offset disappears (fig. 27).

Fig. 28 presents a summary of the time transfer between the USNO and the IEN. The

asterisks show the difference between UTC(USNO) and UTC(IEN) via the portable clock

references. The numbers plotted identify the time transfer obtained via a particular

NAVSTAR satellite (number 3, 4, 5, 6 and 8). Again, the difference between UTC(USNO)

*and GPS time was obtained in real time from the navigation message. When the direct

measurements at the Naval Observatory are used to evaluate the difference between

*the USNO and GPS time, the time transfer via GPS shows a better agreement with the

portable clock data (fig. 29). The accuracy of estimated time position of the

portable clocks was within 50 to 100ns for the days shown.

This experiment proved that the time transfer using NRL GPS timing receivers can

achieve a worldwide, reliable accuracy within 50 to l00ns, which is well within

the requirements for the synchronization of the NASA Laser Tracking Network.
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Fig. I - UNCERTAINTIES AFFECTING
* PORTABLE CLOCKS PERFORMANCE
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DATA FILE -TIME COVERAGE

DATA FILE DAY (October) Start time (Z) Stop time (Z)

DATAl 4/5 1804 0325

DATA2 5 0712 1356

DATA3 5/6 1441 0012

DATA4 6/7 1253 0048 (*

DATA5 7 0247 1707 (*

DATA6 8 1145 1803

6DATA7 10 0309 1431

DATA8 10/11 1630 0743

DATA9 11/12 0746 0133

NOTE: ()-Uncertain time tagging

TABLE I
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PORTABLE CLOCKS INTERCOMPARISON
CS 1809 CS 1230

CS1809-CS1230
(us)

+4 " t

-2.388
4 4

4
-2.408 +4

4 +4

-2.428 - 4t+
+

-2.448 1 +4+* 44 + 4

+4+

-2.468 -- j----.- -- i 4

1227 1656 2125 0154 0623 1052
OCT 6 OCT 7

Slope = 121.9 + 2.1 ns/day

Tem. (F)

74.00 + +

+. 4
4.

72.13 
++ +

+ +4+

* •70.26
4

68.39 41-

-4+ +, 4 -+- 44++4 +

66.52 .... _ i'. . - . .- ,

1227 1656 2125 0154 0623 1052
OCT 6 OCT 7

AVERAGE TE4PERATURE - 69.2 degrees (F)

,. FIG. 14 INTERNATIONAL TIME TRANSFER AND PORTABLE CLOCK EVALUATION
USING GPS TIMING RECEIVERS
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CLOCKS STATISTICS TABLE

CS 1809 - CS 107 ($)

* AVERAGE FRACTIONAL FREQUENCY OFFSET = 198.9 ns/day

-13
* STANDARD DEVIATION = 12.50 ns/day = 1.4 10

* MAXIMUM FREQUENCY OFFSET = 207.6 ns/day

* MINIMUM FREQUENCY OFFSET = 168.0 ns/day

* RANGE (MAXIMUM - MINIMUM) = 39.6 ns/day

CS 1809 - CS 1230

* AVERAGE FRACTIONAL FREQUENCY OFFSET = 129.8 ns/day
(1 point filtered)

-13

* STANDARD DEVIATION = 40.67 ns/day = 4.7 10

* MAXIMUM FREQUENCY OFFSET = 194.8 ns/day

* MINIMUM FREQUENCY OFFSET = 78.5 ns/day

* RANGE (MAXIMUM - MINIMUM) = 116.3 ns/day

Note:

$15 - Days Oct. 8 and 9 were not considered (two power failures) j

TABLE IV 1
313
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*SiNCHRONIZATION LINKS CAPABILITIES

Link Expected accuracy Comments

PORTABLE 10-100 ns Degrading with

CLOCKS elapsed time

GPS RECEIVERS 50-100 ns Worldwide

*LORAN-C 100 ns Local (between
IEN and La Spezia)

LORAN-C 1-10 us Intercontinental
(between IEN and USNO)

TV 10-50 ns Local (between
IEN and La Spezia)

TRANSIT 10-30 us Worldwide

CS CLOCKS 1-5 ns Local (within the
I NTERCOMPARI SON same laboratory)

TABLE V
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Fig. 22 -The Time-keeping facilities at IEN (Torino)
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QUESTIONS AND ANSWERS

MR. JOHNSON:

Andy Johnson, Naval Observatory. Could that thirty meters be reduced by

repeated observations over several days from the G.P.S.?

MR. DETOMA:

Yes. As was shown yesterday, the positioning accuracy is much better
than the navigation accuracy. This is for a lot of reasons. Also, not
only for inaccuracy of the measurement itself, but also for the reason
to maintain a straight course of the ship during the period of time between
thirty minutes and one hour.

So you can expect an improvement in the order of magnitude, well,
probably not in the order of--but at least three times when you perform
the synchronization without knowing your p ition in a fixed site. The
results I presented at the I.E.N. were obtained by using the codrdinates
that were given in the WGS-72 System. But, as was shown yesterday, they
were not significantly different from the coordinates obtained from the
positioning solution from the receiver.

They were different, if I remember, around ten to fifteen meters maximum
in longitude, and less than ten meters in latitude. In average, they were
less than ten meters in absolute position. So you can expect almost as
good result as was presented here, in a fixed position; but for the time
synchronization aboard the ship, we were talking about synchronizing clock
while the ship was moving, which is a completely different environment.

I3

I'
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SPREAD SPECTRUM TIME TRANSFER EXPERIMENT VIA INTELSAT

Dr. P. Hartl, Institut fur Navigation der
Universitat Stuttgart, West Germany

L. Veenstra, COMSAT Laboratories,
Clarksburg, Maryland

N. Gieschen, K.-M. Mussener, W. Schafer,
C.-M. Wende, Institut fur Luft und

Raumfahrt der Technischen
Universitat Berlin, West Germany

Dr. W. Klepczynski, USNO, Washington, DC
H.-H. Nau, R. Stoiber, Deutsche Forschungs

und Versuchsanstalt fur Luft
und Raumfahrt, Oberpfaffenhofen,

West Germany

ABSTRACT

A two-way time synchronization experiment was
performed in July 1983, between Washington,
D.C. and Oberpfaffenhofen, Federal Republic of
Germany. The experiment used the 14/II-GHz
transponders on the INTELSAT V Atlantic space-
craft. The MITREX (Microwave Time and Ranging
Experiment) modem designed, developed, and
constructed at the Technical University of
Berlin was employed. The experiment was
jointly conducted by COMSAT Laboratories and

* the Institute for Nachrichtentechnik, DFVLR,
Oberpfaffenhofen, FRG, in cooperation with the
United States Naval Observatory and the
Institut fur Luft- und Raumfahrt, TU Berlin.

The spread spectrum signal occupied a band-
* width of 4 MHz and used the power normally re-

quired by a single-voice carrier. The ground
stations involved had parabolic dishes of
2.4 m (G/T = 20 dB/K) and 4.5 m (G/T =
26 dB/K). In the 4-MHz occupied bandwidth,
the carrier-to-noise ratio was -11 dB. At

* this power level, the time transfer perform-
ance had rms-standard deviations of better
than 1 ns.
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The experimental results confirm that an inter-
national time transfer and clock synchronization
network using communications satellites is eco-
nomically viable when using a spread spectrum
transmission format.

INTRODUCTION

During 1978 and 1979, COMSAT Laboratories participated
in an experiment of time and frequency synchronization via the
CTS satellite [1],[2]. This experiment demonstrated the use of a
conventional PSK data transmission to transfer time between pri-
mary standards. These previous experiments used a technique ap-
plicable to situations where it was desired to send time or fre-
quency via an existing high speed digital satellite link. The
disadvantage of the system was its high link requirements, 75 dB-
Hz or more. This generally precluded use of such a system to
directly interconnect standards labs with simple low cost small
terminals.

In 1983 a new spread spectrum modem, the MITREX, was
made available that did not require as much link power as the old
PSK system. This unit required a nominal 55 dB-Hz, the same
power as that of an SCPC voice channel [3].

The MITREX (Microwave Time and Ranging Experiment)
modems, designed, developed, and constructed at ILR*, were
originally intended for use with the SIRIO-2 satellite

0 to support the LASSO (Laser Synchronization from Sta-
tionary Orbit) project with additional ranging
information

* for comparison of different time transfer techniques
(laser/microwaves) under the same conditions.

The applied concept makes use of the operating transponders in
the same way as do telecommunication systems. First modem tests
in the laboratory showed a very promising performance; therefore,
after the launch failure of the SIRIO-2 satellite, the U.S. Naval
Observatory (USNO) arranged with COMSAT for time transfer tests

*ILR = Institut fur Luft- und Raumfahrt, the Aerospace Institute
of Technical University of Berlin (TUB)

-
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with this modem. For the ILR this experiment is part of an ex-
perimental study for time and ranging concepts which is sponsored
by the German Ministry for Science and Technology (BMFT).

This experiment evaluated the performance of the MITREX
modem under simulated and actual satellite links. As part of the
experiment, a time transfer between UTC (USNO) and UTC (PTB) was

*. made. The experiment was conducted using the 11/14-GHz spot beam
transponders on the INTELSAT primary Atlantic Ocean region satel-
lite (INTELSAT V F3). COMSAT provided a transportable 2.4-m
earth station at USNO that was connected directly to the master
clock. In Germany, a 4.5-m fixed station at DFVLR* (Oberpfaf-
fenhofen) was used. A portable cesium clock was used to close
the time transfer link to the PTB master clock.

MODEM DESCRIPTION

The time transfer techniques require each station to
transmit a "time mark," e.g., a pulse, and to receive the time

* mark transmitted by the opposite station. The transmitted time
mark need not appear periodically; only coordination with the
local time scale is necessary. The basic concept for 2-way
satellite time transfer is described in Figure 1. Two separated
clocks (representing the local time scale) are compared in their
time values via the telecommunication channel of a geostationary
satellite.

A special unit is needed to interface between the 70-
l MHz IF of a satellite ground station and the time-keeping hard-

ware necessary to manage and to compare the time scale. This
unit is called a modem (modulator/demodulator). It is housed in
a 19-in. drawer and operates at the transmit part as a pseudo-
random (pn) signal encoder and at the receive part as a corre-
sponding pn signal decoder (Figure 2). The pn sequence which is
used to spread the time signal over a large frequency band is of
2-MHz chip rate and has a period of 104 chips.

[* The generation of periodic sequences of the pn-type is
accomplished by means of a shift register with prescribed feed-
back connections. An n-stage shift register is capable of gen-
erating a periodic output sequence whose maximum length is
p = 2n - 1. These maximal sequences have certain properties which

0

*DFVLR = Deutsche Forschungs-und Versuchsanstalt fur Luft-und
Raumfahrt
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EARTH
70 MHz STATION 70 MHz

OUT IN

BW- 3.7 MHz ,~BWz= 2.7 MHz

CLEAN MODULATED
* CARRIER 1 SIGNAL

i"O

2-PSK DELAY LO

MODULATOR LOCKED LOOP
70 MHz (DLL) 21.4 MHz

(2 Mchip/s) MHztM z I
PN GENERATOR VCXO 1 Hz

&
1 pulse/s MODULATOR

1 pulse/s

2 MHz 1Hz DETECTOR

FREQUENCY ]

GENERATION )

EX- INTERNAL
TERNALL~.~ ~ 1 pulse/s

1 pulse/s 1 pulse/s

(Tx) (Rx)
10 MHz 1 pulse/s

START STOP

_0 ( ) [TIME INTERVAL COUNTER

Cs FREQUENCY (HP 5340)
STANDARD EXTERNAL

______ FREQUENCY

TIME DISPLAY IN

Figure 2
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make them very useful, especiall' in ranging systems (see Fig-

ure 3). our basic sequence of 10 chips is a truncated part of a

maximal sequence of 16 383 chip length. The choice of this
length is a weighing between acquisition time which grows with
the length and cross correlation which is the smallest for a max-
imal length sequence. To ease the overall system design, espe-
cially the frequency generation, a sequence with a period which
is an even number and some decade is used. To get the unambigu-
ous range of 1 s, this basic sequence will be repeated contin-
uously so that 199 times the same sequence is generated before in
the period 200, the 1 pps (I peak per second) is indicated (Fig-
ure 4). This indication happened by a sort of phase modulation.
At the beginning of the sequence one chip will be deleted and in
the middle one additional chip will be inserted. This modula-
tion, called COBIPAM (Coded Bi-Phase Pulse Amplitude Modulation),
will be detected in the receiver.

MULTIPLEXING

An important feature of pn-sequences is the code,
multiplexing property. By using sufficiently orthogonal codes,
it is possible to use the same frequency band for different users
without disturbing each other. In the current modem, two codes
are implemented but a number of 4 or 8 codes (with a sequence
length of 104 chips) are possible without deterioration of the
current modem quality.

TRANSMITTER (Figure 5)

Baseband input signals to the modem are standard fre-
quency and the time tick 1 pps generated by the time standard to
be compared, i.e., a cesium clock normally. In the current ver-
sion, the standard frequency has to be 10 MHz, but with a simple
modification, 5 MHz could also be used.

The incoming standard frequency is divided down to
4 2 MHz and then fed to the clock input of the pn-generator where

the 1 pps is used to synchronize the generator with the atomic
clock. This synchronizer provides also the pulse for starting
the time interval counter.

Output signal of the pn-generator is the continuously
repeated code pattern with a chip rate of 2 Mchip/s which isapplied on the data input of a double balanced mixer to spread

the spectrum of the 70-MHz carrier to the RF-bandwidth (2 PSK
modulation). The RF spectrum has a (sin x/x) 2 characteristic

I

336



CLOCK PULSES fc '

MAXIMAL LINEAR PN CODE GENERATOR

PSEUDORANDOM
.BINARY LiU L
SEQUENCE I_.1___=ONECHIPpn 2n -I p-

p =ONE BIT

ACF (r)

A~l, 
j

v VYCCF (7)

ACF (T) = pn (T) (D Pn (t -T) AUTOCORRELATION FUNCTION

CCF (7*1 - pn (r) 0D V (t -,r) CROSS-CORRELATION FUNCTION
pn -pn SEQUENCE p 2fl-

p- THE SAME AS pn, BUT INVERTED

Figure 3
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Cwith a bandwidth of about 4-MHz (main lobe) and is suitable for
satellite transmission (Figure 6).

Whereas a truly random chip stream has a continuous
spectrum, this chip stream generates a spectrum with a fine
structure of separate lines whose spreading is determined by the
sequence repetition rate (200 Hz).

RECEIVER (Figure 7)

The received signal, after down-conversion to 70 MHz,
will be applied on the IF input of the modem and will then pass a
predetection filter with a bandwidth of about 2.7 MHz (3 dB).
The choice of this bandwidth gives an additional receiver gain of
about 1.5 dB (the noise contribution is proportional to the band-
width while the correlation loss depends on the (sin x/x) 2 shape)
but the additional signal delay (and therefore the delay varia-
tions by ambient effects) are relatively small. The main part of

* the receiver is the delay-lock loop (DLL) which is a tracking
loop with two separate correlators driven by identical, but
delayed in time by one chip, code reference signals. The code
itself is identical to the transmitter code. The correlator out-
put signals, the auto correlation function (ACF) between local
and transmitter code, are used to control the clock oscillator
(VCXO) of the receivers pn-generator in such a way that the ACF
is at the maximum level. Now, because the transmitter code
reaches the receiver delayed by the transmission time, a refer-
ence mark generated at the local pn-generator can be used to stop
the time interval measurement. The counter output is therefore
proportional to the transmission time with some additional equip-
ment delays which have to calibrate out.

The actual implementation of the tracking loop is shown
in Figure 7. It is an IF correlator (IF frequency = 21 MHz) with
phase detector for generating the VCXO control voltage. The
1 pps signal is detected by an amplitude discriminator of the

* •auto correlation function. The jittered demodulated one pulse
per second signal is used to gate out a single pulse of the VCXO
clock; therefore, the resulting measurement jitter is that of the
VCXO clock that is in turn used to generate the PN receive
sequence.

* In order to achieve the minimum of tracking jitter, the
tracking loop is a modification of the "delay locked loop" [4].
In the MITREX modem, it is not the classical design of the DLL
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which is used, but rather a modified one, the idea of which goes

back to Osborne [41.

EARTH TERMINALS AND SATELLITE LINK

Two earth terminals that employed different antenna
diameters were used in the experiment. The USNO site had an
Advanced Communications Terminal (ACT) with a 2.4-m diameter
antenna. The DFVLR used a roof-mounted 4.5-m antenna. Table 1
gives the details on the stations. Both stations were equipped
with TWT amplifiers of the 200-W class although less than a watt
was used. In fact, the exact transmit power was difficult to
measure at this low level because of the broadband noise gen-
erated by the TWTA.

Table 1. Earth Station Parameters

USNO DFVLR
ACT Oberpfaffenhofen

Antenna
Diameter 2.4 m 4.5 m

Type Prime Focus Prime Focus
Parabolic Parabolic

Polarization Dual-Orthogonal Dual-Orthogonal
Linear Linear

Receive System 20 dB/K 26 dB/K
Figure of Merit
(G/T)

Maximum Possible 69 dBW 75 dBW
e.i.r.p.

The satellite used was one of the new Atlantic region
INTELSAT V spacecraft [6]. These are the first INTELSAT satel-
lites to include I1/14-GHz transponders. The ll/14-GHz service
is provided via spot beam antennas. There spots have limited
steerability and coverage area, Figure 8. This restricts the :1
service area that they can provide to the time transfer commu-
nity. However, within the service area, the high gain resulting
from the narrow spot beam antennas provides an excellent tran-

* sponder for small terminal use. The link budget and the opera-
tional satellite specifications are shown in Tables 2 and 3. The
low powers required in this experiment, 80 mW from the DFVLR
transmitter and 170 mW from the USNO transmitter, are a function
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Table 2. Transponder Characteristics

IS-503

West Spot
Flux to saturate -79.1 dBW/m z

G/T 9.0 dR/K
e.i.r.p. 50.0 dRW

East Spot
Flux to saturate -77.6 dRW/mz

G/T 6.5 dR/K
e.i.r.p. 46.5 dRW

Path Loss
Up-Link -207.9 dB
Down-Link -205.9 dB

Table 3. Link Rudget

From U.S. DFVLR
To DFVLR U.S.

Transmitter Power 0.17 0.08 W
Transmitter Power -7.7 -10.8 dBW
Transmitter Gain 46.9 54.0 dli
e.i.r.p. 39.2 43.2 dBW
PL Up 207.9 207.9 dB
S/C G/T 9.0 6.5 dB/K
C/T Up -159.7 -158.2 dRW/K

.A e.i.r.p. 39.2 43.2 dBW
PL Up 207.9 207.9 dB
Gain lm2  44.5 44.5 dRi
Flux at Satellite -124.2 -120.2 dRW/m2

Flux to Satellite -79.1 -77.6 dRW/m 2

Input Rackoff -45.1 -42.6 dB
* Output Backoff -40.1 -37.6 dB

Maximum e.i.r.p. 46.5 50.0 dBW

S/C e.i.r.p. 6.4 12.4 dBW
PL Down 205.9 205.9 dR
G/T 26.0 20.0 dB/K

* C/T Down -173.5 -173.5 dRW/K
C/T Up -159.7 -158.2 dRW/K
C/T Link -173.6 -173.6 dBW/K
C/N o Link 55.0 55.0 dB-Hz

3

i 345

{0



of the low requirements of the MITREX modem and the gain of the
INTELSAT V transponders. This means that modest solid state amp-
lifiers on 3.5-or 4.5-m antennas could support an operational

*link. The link does, however, have to be between areas served by
the spot beams. This means for the normal antenna pointing, the

1north east United States, down to the D.C. area, and up to the
Canadian maritime provinces, as well as Ontario and Ouebec. In
Europe, most countries, except northern England and Scandinavia,
are served.

Figure 9 shows the signal and noise spectrum at a sta-
tion receiving a 55-dB-Hz MITREX spread spectrum signal. At this
level, the signal is just obvious above the noise by about 1 dB.
This means that if this signal were being used in a system where
all stations had the same G/T (25 dB/K for Class El stations) and
other stations were using narrowband signals at the same fre-
quency, those other narrowband stations would receive a degrading
interference of 1 dB. It is likely that the time transfer system
will share transponders with normal traffic between much higher

I |G/T stations. For example, INTELSAT Class C stations, with a G/T
of 39 dB/K, would see the time transfer signal as 10-11 dB higher
than the noise. This clearly would not be tolerated in a fre-
quency reuse situation. Thus, it is clear that a network of
INTELSAT Class El stations (3.5-4.5-diameter antennas G/T greater
than 25 dB/K) used for time transfer would not be transparent to
other users of the transponder.

In this experiment, the east-to-west and west-to-east
transponders were used. This enabled both stations to use the

same frequency and the same PN code sequence. Service within a
spot beam, say west to west, would require different codes to re-
use the frequency. The frequency reuse is desirable in time
transfer to minimize any differential time of transmission ef-
fects in the link.

MODEM PERFORMANCE

ii In laboratory tests using noise generators at 70 MHz,
the modem performance is close to that expected [31,[5]. Fig-
ure 10 indicates the one sigma jitter in the time transfer per-
formance of a single link for each one second data point. This

* indicates that at the nominal 55-dB-Hz operating point, an uncer-
tainty of 700 ps can be expected. Prior to the link with

4 Germany, the USNO modem was tested in a ranging mode looped back
to itself via a transponder on the domestic SBS satellite
(12/14 GHz). These tests achieved the same one pulse per second

4
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jitter at a given C/N o as was observed in the laboratory 70-MHz

IF loop tests. This would indicate that for the particular fre- I
quency converter chains used and for the satellite transponder,
the oscillator noise was not significant at this C/No . The
modem's performance is self limited by internal noise after about
90 dB-Hz. The limit is about 10 ps in the absence of noise.

The model used for these tests had two code sets avail-
able. This allows two spread spectrum signals to reuse a common
frequency without interference due to the orthogonality of the
selected codes. At the nominal links tested, 50-60 dB-Hz, the
addition of the second signal caused no degradation in the
performance.

The internal time delay of th(. modem between the
1 pulse per second pps input from the local clock and 1 pps (Tx)
output that is used to start the time interval counter is not
fixed. The synchronization process with 10 MHz also from the
standard causes an uncertainty in the internal time delay each
time the system is turned on. This uncertainty is in the form of
some integer number of 50 ns steps (2-MHz internal clock).
Table 4 shows the delays measured on the unit at DFVLR.

Table 4

Internal Delay Internal Delay
Day 1 pps IN/TX(I pps) Modulo 50

(ns) (ns)

11 July 980.6 30.6

12 July 781.5 31.5

14 July 978.9 28.9

18 July 734.9 34.9

19 July 634.6 34.6

20 July 733.0 33.0

26 July 1078.3 28.3F 27 July 973.6 23.6

For time transfer this internal delay as well as the
time delay to the master clock reference must be known.
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KEXPERIMENTAL TESTS
During the month of July 1983, the MITREX modem was

used in a time transfer experiment between USNO, Washington, D.C.
and DFVLR, Oberpfaffenhofen, Germany. The two sites were linked
via the INTELSAT V primary path satellite at 11/14 GHz for eight
days, one hour per day. The satellite transponders used were

Ssimultaneously carrying commercial FDM/FDMA traffic of about 1500

two-way voice circuits between INTELSAT class C stations (18-m
diameter) located in the United States, France, and Germany. The
spread spectrum signal frequency did not overlap with the fre-
quency used by the FDM carriers. There was no detectable cross-

etalk to the FDM service from the 2 MCPS spreading signal.

The data in the form of the time delay between the
local transmit pulse and the received pulse from the opposite
station was recorded along with the time of day at the start
pulse. These data were recorded in files of 100 points, one
point per second. The data were reduced offline with each day's

* data for the satellite link combined into one file and the third
order regression coefficients calculated. To evaluate the qua-
lity of the link the residuals were plotted as a scatter diagram
as well as used to calculate the standard deviation.

To effect a time transfer the regression coefficients
Ia at each site were used to calculate the time interval observed at

some point of time common to both data sets. The difference in
the time intervals observed at each site is the difference in
their clock times after the clock to start pulse time delays are
accounted for. Unfortunately, the necessary modem delay times
were not recorded each day at the USNO site. Without this
correction, the data is unusable due to the random multiple 50-ns
jumps in the interval. However, the nature of the scatter dia-
grams, Figure 11 and 12, show a good agreement with a Gaussian or
normal distribution. There are some wild points associated with
the start of each one hundred point file but they do not affect
the regression coefficients. Figure 13 shows this data set

• before and after removing all points more than three sigma from
the regression curve. The resulting change in the time interval
is only 0.013 ns.

CONCLUSION

• The MITREX spread spectrum modem is an efficient time
transfer system. Its low-link power and lower flux density allow
it to be used via communication satellite transponders with a

3
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minimum of impact on other users. The sub-nanosecond accuracy of
I C the transfer and the modest earth station requirements make it

possible to locate the station directly at the master clock site.
The accuracy of the link exceeds that of conventional means,
loran, clock carry, GPS. Therefore, work is needed to verify the
absolute error caused by earth station path length differences.
In addition, the interface with the local clock needs additional

*work with respect to the use of 5 MHz and the internal time delay
stability. It is clear that the experimental results confirm
that an international time transfer and clock synchronization
network is practical using this spread spectrum implementation.
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QUESTIONS AND ANSWERS

MR. ALLAN:

David Allan, National Bureau of Standards. A question, and a comment or two
before you answer the question. The question is, do you have a feeling for
how well, in fact, you can calibrate the transmit and received delays, and
then I would like to clarify, as compared to G.P.S. common view? In this

3case, all that is important for time transfer is to know the differential
delay between two receivers and then you can transfer time in an absolute
sense per what we have described earlier. In this case we are talking
about time stability, not time accuracy, and there's quite a difference.
So one has to calibrate the delay, and I am curious about the kinds of
numbers you anticipate, or maybe it's premature to say that.

MR. VEENSTRA:

Time accuracy is very difficult because it's very hard to separate time
delays out between seventy megahertz and fourteen gigahertz. That is the
transmit only, twelve gigahertz back to seventy megahertz the receive only
chain. However, we do have a pretty good idea of what the stability of the
earth station is, because at the beginning and end of every day, we did
make loop back measurements via local loop back, that is; satellite
simulators. These showed at U.S.N.O. stabilities, and this was stabilities
on r day-to-day basis, in the order of one to two nanoseconds.

We say stabilities between the end--between the beginning and end of each
day's trial in the order of a half nanosecond.

In other words, if you are willing to calibrate your station each day, you
could get well below a nanosecond. If you want to forget about calibrating
the earth station, and assume it stayed constant, you could assume two or

* three nanosecond accuracy in the small terminals that we were using.

Incidentally, the small terminal we were using at U.S.N.O. had about a two-
hundred foot run of coax going and coming between the modem and earth station;
and that sitting out in the grass, taking the ambient temperature variations
of July.

DR. DETOMA:

It's true what you said, that if you make a loop measurement you can go down
to one to two nanoseconds, but this is not very important in a two-way
time transfer, in the sense that you don't need to sum the delays, but you

4 need the difference and that is much harder; and you are usually not able to
measure that at the one or two nanosecond levels like you mentioned.

3
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* MR. VEENSTRA:

It's very difficult, particularly in the typical international situation,
where you can never get the two earth stations together to try to make
these measurements. It's very difficult to try to separate receive and
transmit time delays; and this really has been traditionally, and I see
no solution, short of spending lots of money. If it's worth it, it could
be done. To attempt to calibrate half of the earth stations as far as
time delay stability, we make the assumption that both earth stations
have comparable delays, split it between them, and then they solve out
of the equation. But that is really an assumption born by a lack of any
better information, not very rigorously justified.

MR. ALLAN:

David Allan, N.B.S. again. Mr. Beehler was mentioning to me a suggestion,
I think it was made by Dr. Costain, N.R.C., that perhaps one could use a
transportable calibrator and go from one site to another and perhaps
accomplish the mission that's needed here to do absolute time transfer.

MR. VEENSTRA:

The question is, you have to build the transportable calibrator, and I feel
it can be done. I have had some thoughts of how it could be done, but you
need money to build things like this and prove it can be done; and this
has not been done at this point. So all we can do is make a guess as to
what the stability is, based on what the round-trip delay of the earth
station is. Based on that guess, we'll say that if you had a calibrator
we might be able to achieve this kind of accuracies.
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UNATTENDED TV TIME TRANSFER RESULTS

John A. Waak and John H. Spencer
E. 0. Hulburt Center for Space Research,

Naval Research Laboratory, Washington, D. C. 20375

ABSTRACT

We report on the results of more than eight thousand relative

television time transfers to Maryland Point Observatory over a 14
month period beginning in December 1981. The data were taken at
intervals of 30-60 minutes using a Hewlett-Packard 1000 computer
operating in an unattended mode. After correction for linear
drifts of our maser with respect to the master clock of the USNO,
the results are internally consistent to within roughly ±65 nsec
over timespans up to three months, under the assumption of in-
variant propagation delay. The major disadvantages to this
method of time transfer are the relatively poor precision and the
dependency upon constant propagation times.

INTRODUCTION

The Naval Research Laboratory operates the Maryland Point Radio Observatory for a
variety of projects that require a very precise station clock including very long
baseline interferometry (VLBI). It is therefore necessary to conduct regular clock
checks and time transfers from the U.S. Naval Observatory (USNO) master clock. The
station clock used in the conduct of these experiments is a Smithsonian Astro-
physical Observatory (SAO) VLG10 hydrogen maser. A Hewlett-Packard 5065A rubidium
clock is also present at the observatory and is used for testing and backup.

The traditional method of transfering time involves the use of a portable clock
which is compared to the master clock before and after being transported to the
remote site. This procedure is time consuming and requires the commitment of sig-
nificant manpower and other resources if it is to be done frequently on a continuing
basis. An alternative to the traditional method is to make use of transmitted

signals which are simultaneously monitored at the USNO and at the remote site. The
Global Positioning Satellite (GPS) system and commercial television broadcasts
provide facilities which can be used as such an alternative. The television method
requires no moving parts, and when controlled by a multi-user computer, promises
more or less continuous operation and a high data return in exchange for the small
amount of resources it requires. Various schemes for and uses of television time
transfers have previously been discussed in these conferences (cf. Inouye and
Takeuchi 1975; Kovacevic 1977; Kaarls and de Jong 1979; Chiu and Shaw 1981), but
large numbers of such measurements have not been presented.

Since December 1981 we have been carrying out automatic unattended television time
transfers to both the hydrogen maser and the rubidium clock at Maryland Point
Observatory. Occasional portable clock time transfers were also conducted, and the
data from these can be used to aid in evaluating the suitability of the TV measure-
ments as a time transfer method between the USNO and Maryland Point. In the course
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of 2ppi ixtri-te I e oinths we have obtained 9744 measurements.

RF"',iE,4 0f THE TV i'ltl TRANSFER METHOD

The viieo tnIasvns from Channel 5 (WTTG) in Washington, D.C. are synchronized
i,, i t the Line 1) )d TV horizontal pulses are transmitted on particular seconds

t oa !1'C jcale re'er'a-ced to the USNO master clock (Lavanceau and Carroll, 1971).
IL. i; termed a "time of coincidence" or "TOC" when the TV line 10 odd pulse occurs

at t.he same instant is a one second pulse of the master clock. The rep-rate of the
TV pulse train is 29.97003 pps, which means that TOC's occur at intervals of 1001
seonds (i.e. every 30000 TV pulses).S
One consequence is that the local atomic clock should be preset to better than
33.366 milliseconds so that the TV pulse identity is correctly established. The
quantity actually measured is the time interval between a 1 pulse per second pulse

from one of the local clocks and the next TV line 10 odd pulse. Our station clock
is compared to the television signal emitted by Channel 5, whose signal is phase

locked to a cesium frequency standard, and is monitored daily by the USNO. This TV
signal is easily received at Maryland Point, which is approximately 70 km from the
trans.-itter. The daily monitoring by the USNO enables us to obtain USNO master
clock-Maryland Point station clock comparisons by permitting the removal of the
effect of cesiim drift at the transmitter.

EmqipLyiig io IEE-43% intierface bus, our Hewlett-Packard 1000 computer is used to
r2 ,-c .3A Vi' 05 i ji ,ril (,ounter, which has a dual 4 -position vhf switch in
front o)f it. A Mneasurement consists of taking a reading from each of the 16
possible st(,p/start c:ombinations. The start pulses were: rubidium 1 pps, the maser
I pps, thie Mark 11 VI,Bl formatter 1 pps (slaved to the maser 5 Mhz), and a delayed

. pulse from the maser having a period of 1.001 sec. The stop pulses were the TV (the

signal out of the Mcee Industries line 10 decoder, the maser 1 pps, the Mark II
formatter I pps, and a switch position where a portable clock or other miscellaneous

clock could be read.

A 2o ,ipt k- neasurement is obtained over a short time span (roughly thirty seconds),
thus the entire matrix can be considered as virtually simultaneous. For the purpose
of this paper', we adopt the convention of referring to a measurement as "identity of
stop , -nini.[; i dentity of start pulse". In addition to real time and near real
t.ie djspjjyj at, 'lar ,:1 ao Point, the data log is dumped to magnetic tape and brought

ba,! < t, NRI fr [-irther processing at intervals of approximately two months.

-, ii . o, our Measurement technique, the internal clock of the HP
'I. , s irnwdve, in the processing of the over-the-air measurements. The

i-)t ,iL r,.cp-rat ,of the TV signal (as described above---29.97003 pps; period =

g. g, h,,' ) m !i v ej), m that an error by the computer clock will produce an offset
o" C I , , ,i, on.d per Lecond of clock error in the (TOC-start pulse) data. As

•~ a; Ic .1, )mpu er ock reads the correct second, the software correctly identi-
fi Vt! -I pt lj , fr oxample, a 0.5 second error by the computer clock will
p1 .-. 1 ,ffset tt:'.,s arise from both software misidentification of the TV
pil! j.i i ,ory d.-' I o(k< error. The HP clock runs on an internal crystal which

' ,I v .in v w ot" te ,)0T() nicrosec/sec effect of computer clock error, all of the
P ,, , ~,( - J -, r ,it.i is 5,ubjected to a modulo 1000 correction before plotting.
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'hile the raw counter readings are a measure of the interval between the 1 pps from

a station clock and the next TV line 10 pulse, a correction is made to the readings
by applying an offset due to the time elapsed since the most recent TOC. If the
time since the last TOC is large or small enough that the clock error caused the

misidentification of the correct TOC, the irrational part of the period is added or

subtracted causing a few of the reduced readings to be offset by ±633.3, ±266.7, and
±900.0 Usec. Due to the large number of good readings we obtain, we did not bother
to correct these data.

DISCUSSION OF RESULTS

A. Maser Comparisons

Figure 1 depicts the relationship between the transmitted WTTG television signal and

the master clock of the USNO obtained from Series 4 of the USNO Time Service

Announcements, interpolated to the time of each of our measurements, and plotted
against modified Julian date (MJD is defined as JD-2440000.5). The maximum ex-

cursion in this data was less than 4.5 microseconds over the time spanned by this
experiment, and the maximum long term rate of drift was less than 40 nsec/day.

A time plot of the relationship between our maser and the WTTG signal received over

the air at Maryland Point is presented in Figure 2a, and exhibits a large amount of
scatter. Note that these points are all the actual observed values corrected only

for the time since last TOC offset and the modulo 1000 corrections already men-
tioned. We attribute the large scatter to a variety of causes including improperly
set trigger levels and the computer aliasing mentioned above. Five days per week,
WTTG goes off the air from about 0230-0530 local time. If a TOC measurement is
attempted in the absence of a TV carrier, the result is random. Accordingly, we

have excluded from the figure all TOC data taken from 0630-1030 UT (the four hour
range accomodates the changes between standard and daylight times). There still
remain 8200 measurements which include admitted TOC measurements. No measurement
has been excluded from the figure for any other reason. A histogram of this data is
given in Figure 2b, which shows that more than 70 percent of the observed values lie
within a 60 psec range near 220 psec.

A number of low-level local maxima are seen in this histogram. Most of them occur
at the discrete offsets from the nominal value which were predicted above. Those

occuring near 600, 950, and 320 are likely due to the recovered reading being off by
1, 2, and 3 periods, respectively. The maximum near 860 psec is probably due to the

reading being off by one period in the opposite sense. The peaks near 430 and 170
psec are extremely localized in time (as can be seen in Figure 2a). We know that
the 170 psec readings were obtained when the rubidium clock served as the station
clock. The data at the predicted offsets could be recovered, but because of the

large number of "good" points that require no recovery, we elected to "clip" all
data outside of the 60 microsecond range. This constitutes an error in our pro-

cedure of reducing readings to TOC's in the presence of known computer clock errors,
and is not intrinsic to the TV time transfer method. Application of recovery
techniques would increase the percentage of points within the 60 Psec window by
about 15 percent.

The 70 percent of the data within the window is replotted in Figure 3a, where it is

clearly seen that the maser drifted slowly relative to the ver-the-air TV signal.
The breaks in the data were the result of various malfunctions which required us to
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(among other things) resync the maser, after which the drift rate was somewhat
changed. We found the three most extended groups of continuous data (those be-
ginning near MJD 5030,5130, and 5220) to have linear drift rates of 157, 52, and 48
nsec/day, respectively. These rates are not significantly larger in magnitude than
that of the TV signal relative to the master clock. Note the extended break in data
coverage from MJD 5060-5130. Most of that break was the result of computer software
failure, and not due to maser problems.

One of our built in observational redundancies is the direct over the air observa-
tion of (TV-Maser) via hardware using a time base generator which transforms the 4
mhz pulse from the maser into a pseudo 1/1.001 pps, which triggers the counter.
This hardware measurement is independent of the computer clock, for there are
exactly thirty line 10 odd pulses in each 1.001 second interval. If all is well,
this data should be identical to the (TOC-Maser) results, but with none of the
clustering seen in that data which resulted from computer clock error. These
"TV-1001" data are shown in Figure 3b. The similarity between this data and the
(TOC-Maser) data of Figure 3a is reassuring.

The relationship between our maser and the USNO's master clock as measured over the
air and shown in Figure 4 results from combining the data from Figure 1 (WTTG-master
clock) with that from Figure 3a (TOC-Maser). The gross characteristics of this data
are rather similar to those of Figure 3a. The rates of drift for the (master
clock-Maser) results are 147, 23, and 53 nsec/day, respectively, for the three
groupings of data mentioned previously. These results do not include any correction
for delay due to the time required for the TV signal to travel to Maryland Point.
When the above mentioned slopes are removed from the three data groupings, the
resulting distributions suggest an uncertainty of ±65 nsec (HWHM). We saw no evi-
dence of systematic diurnal differences. Kaarls and de Jong (1979) previously
reported a TV time transfer experiment where "except for throw-out measurements the
average over these 3 months seems to be well within 500 nsec." Our error may be
smaller because we have a data density almost two orders of magnitude greater than
theirs, a shorter baseline, and a fully automatic recording system.

We attempted to apportion our 65 nsec uncertainty among independent sources of
error. Such sources include our maser, counter, the atmosphere, and the

*: transmitter-receiver combination. Adopting a scale height of 7 miles for
atmospheric water vapor, taking into account the distance from the transmitter, and
noting that the uncertainty due to the maser is ±1 nsec (based upon VLBI data), and
that due to the counter is ±2 nsec, we find that the transmitter-receiver combina-
tion is responsible for almost all of the uncertainty.

* B. Propagation Delay

There have been a number of occasions when a high quality cesium portable clock was
brought to Maryland Point from the USNO in connection with VLBI experiments. Such
trips permit the direct comparison of our clocks to the master clock without the
inclusion of TV propagation delay. The differences between the (master clock-Maser)

* results over-the-air and those via portable clock is the propagation delay. In the
latter half of 1978 the result of ten portable clock trips to Maryland Point showed
a total range of 120 nsec with an rms deviation of 40 nsec. Since only four port-
able clock transfers were performed within the time interval spanned by our data,
there is little that can be said about systematic propagation delay variations. The
four delay values thus obtained yield an average of 224.1±3.3 (rms) microseconds for
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the transmitter-Maryland Point delay. Chiu and Shaw (1981) have reported that the
delays they measured over the 30 km path between WTTG and the Johns Hopkins
University Applied Physics Laboratory during a span of approximately 15 months in
1980-1981 had a total range of <60 nsec and an rms deviation of 11 nsec, based upon
30 portable clock trips. We do not obtain a similar result over our 70 km path.
Instead, there is a range of almost 11 microseconds in our delay measurements (see
Figure 5). The antenna at Maryland Point is beyond the direct line of sight from
the transmitter, and thus the signal is subject to considerably more complex pro-
pagation paths.

We experienced a number of hardware problems during the period of the December 1981
*delay measurement, so its value (the smallest in our new sample) should be regarded

as suspect. If this delay is discarded, the remaining 3 determinations yield an rms
of ±0.3 psec. At the time of the delay measurement on 19 October 1982 we noticed

* the following phenomenon: just before 1400 UT, the over-the-air TV signal exhibited
* an apparent 34 microsecond jump. We saw a similarly abrupt return to the normal

value eight hours later (just before 2200 UT). These points can be seen as a
"clump" near 198 Psec and MJD=5262 in Figures 3. On this day the portable clock was
at Maryland Point 1600-1800 UT, and we used the average of TV data taken before 1400
and after 2200 in computing the propagation delay. We know from the consistency of
the propagation delay that the 34 microsecond jump was a problem with the television
transmitting system rather than with the Maryland Point system.

[ •C. Rubidium Clock Comparisons

Figure 6 shows the over-the-air relationship between the master clock and our
rubidium clock determined in a manner analogous to that used on the maser data. The
sharp jumps in this data result from the resetting of the Rb clock. The drift rates
are of the order of 1 microsecond/day, significantly larger than those observed for
the maser.

Another of the redundancies built into our automatic data acquisition system is the
direct on-site intercomparison of the maser and rubidium clocks. A plot of this
data along with a histogram of its distribution is provided in Figure 7. Much of
the apparent width of this distribution is due to the drift of the Rb clock relative

,* to the maser, and not to inherent measurement scatter. The two clocks can also be
compared indirectly by combining the TV measurements of both. Ideally, both the
direct and indirect determinations of Maser-Rb should yield the same value (since
the effect of TV propagation delay should cancel), and certainly their differences
should cluster about zero. When this is done, 56 percent of the differences cluster
within 5 Usec of zero.

CONCLUSIONS

With the possibility of undocumented errors as large as 34 microseconds in the
transmitted TV signal, and the inability to determine the propagation delay,the
unattended television time transfer method appears to be primarily useful as a tool

* for the detailed monitoring of the station clocks.

For the future, since only slightly more than 55 percent of the direct and indirect
intercomparisons of the station clocks give consistent results, we need to monitor
more often the performance of the data taking system. The addition of a battery
backup system to the Mark II formatter is also desirable. Finally, we must acquire

0
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propagation delay measurements much more frequently, so that we can track any sig-
nificant changes and remove their effect from our (future) data.
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QUESTIONS AND ANSWERS

None for Paper #18.
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THE ROLE OF A LOW EARTH ORBITER IN INTERCONTINENTAL
TIME SYNCHRONIZATION VIA GPS SATELLITES*

Sien-Chong Wu and V. John Ondrasik
Jet Propulsion Laboratory

4800 Oak Grove Drive
Pasadena, California 91109

ABSTRACT

Time synchronization between two sites using differential
GPS has been investigated by a number of researchers.
When the two sites are widely separated, the common view
period of any GPS satellite becomes shorter; low
elevation observations are inevitable. This increases the
corrupting effects of the atmospheric delay and, at the
same time, narrows the window for such time
synchronization. This difficulty can be alleviated by
using a transit site located midway between the two main
sites. The main sites can now look at different GPS
satellites which are also in view at the transit site.
However, a ground transit site may not always be
conveniently available, especially across the Pacific
Ocean; also, the inclusion of a ground transit site
introduces additional errors due to its location error and
local atmospheric delay. An alternative is to use a low
earth orbiter (LEO) as the transit site. A LEO is superior
to a ground transit site in three ways: (1) It covers a
large part of the earth in a short period of time and,
hence, a single LEO provides worldwide transit services;
(2) it is above the troposphere and thus its inclusion
does not introduce additional tropospheric delay error;
and (3) it provides strong dynamics needed to improve GPS
satellite positions which are of importance to ultra-
precise time synchronization.

*The research described in this paper was carried out at the Jet
Propulsion Laboratory, California Institute of Technology, under
contract with the National Aeronautics and Space Administration.
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This paper investigates the use of a LEO, at 1300-km
altitude, as a transit site for intercontinental time
synchronization via GPS. Results of analysis indicate the
capability of time synchronization over intercontinental
baselines (~10,O00km) to 1-2 nanoseconds.

p

INTRODUCTION

By the end of this decade, the operational phase of the Global
Positioning System (GPS) will be completed. A constellation of 18
satellites in six orbit planes (Ref. 1) will be dedicated to time
keeping, positioning and navigation. The concept of differential
GPS for time synchronization between two remote sites was
introduced in the early stage of GPS development and has been
investigated by several groups of researchers (Refs. 2-4). Time
synchronization accurate to about 10 nanoseconds across a 3000-km
baseline has been demonstrated using differential GPS (Ref. 4).

The concept of differential GPS is analogous to that of Very Long
Baseline Interferometry (VLBI) (Refs. 5,6). That is, the same signal
emitted from a distant radio source is simultaneously received at
two widely separated sites and later brought together and compared.
The difference in arrival times of this signal at the two sites
contains information of time offset between the sites as well as the
geometrical group delay, propagation delays and instrument delays.
Precision time synchro:nization can be performed provided the positions
of the two sites and the distant radio source are accurately known
and the propagation and instrument delays properly calibrated. In the

0 case of VLBI the distant radio source is an extragalactic source such
as a quasar. To perceive the faint signal of a quasar, large
antennas and ultra-low-noise receivers are required. Also, to
extract time delay information from the random signal emitted by a
quasar, cross-correlation between the signals received at the two
sites is essential. This calls for high data rate to maintain a
certain usable signal-to-noise ratio. On the other hand, a GPS
satellite transmits a much stronger, coded signal. The strong signal
allows the use of compact antennas and receivers; the coded signal
structure eliminates the need for a cross-correlation process, and a
much lower data rate can be used. Hence, differential GPS provides a
low-cost vehicle for time synchronization between remote sites and is
highly preferred over VLBI approach.

Differential GPS relies on common view of a satellite at the two sites
simultaneously. When the two sites are separated by a large distance
around the earth, a simultaneous common view of a GPS satellite may
not always be available. For instance, with the full constellation of
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18 GPS satellites in orbit, a common view between two of the NASA

Deep Space sites at Goldstone, California and Canberra, Australia is
not available two thirds of the time, as shown in Fig. 1(a). In the
remaining one third there is only one satellite in common view and the
viewing elevation angles are conceivably low. When the two sites are
both at high latitudes (north or south) the situation is not as bad,
as shown in Fig. 1(b) for a baseline between Goldstone and another
NASA Deep Space site at Madrid, Spain.

The problem of lacking a common view can be alleviated if a trasit
site located midway between the two main sites is used. Better
still, a low earth orbiter (LEO) can be used as a transit. This
paper investigates the use of a ground transit and of a LEO transit
in intercontinental time synchronization. The results of a
covariance analysis are presented comparing the estimated time
synchronization accuracies using the two approaches.

TIME SYNCHRONIZATION VIA A GROUND TRANSIT SITE

Fig. 2 describes schematically the use of a ground transit site in
intercontinental time synchronization. This transit site is selected
to be somewhere midway between the two main sites between which time

. synchronization is to be performed. Differential GPS pseudo-range
measurement is made between this transit site and each of the main
sites. A second difference is then taken between these differential

i GPS measurements. This second difference completely removes
whatever clock error at the transit site, thus a precision clock is
not needed there. Now there is no need for the two main sites to
have a common view of any GPS satellite. These main sites can look at
different satellites, as long as these satellites are also in view

• simultaneously at the transit site. Therefore more satellites can be
* in view at higher elevation angles. Fig. 3 shows, in chronological

order, the number of GPS satellites in common view between a transit
site at Johnston Island in central Pacific and either of the two
main sites at Goldstone and Canberra. There are 4 to 5 satellites in
common view for nearly all the time, as opposed to only one
satellite in common view between the two main sites which happens only
about one third of the time (of. Fig. 1(a)). Therefore, a transit
site increases the opportunity for intercontinental time
synchronization with differential GPS.

However, a ground transit site may not always be conveniently
available, especially across the Pacific Ocean. Also, the use of a
ground transit site introduces additional station location and
tropospheric delay errors. These concerns lead to the concept of
using a LEO in place of a ground transit site.
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TIME SYNCHRONIZATION VIA A LOW EARTH ORBITER

Fig. 4 provides a conceptual view of using a LEO in
intercontinental time synchronization with differential GPS. Here, the
differential GPS pseudo-range measurement between a main site and the
LEO is differenced with that between another main site and the same
LEO. Hence the LEO plays the same role as a ground transit site as
before. However, a LEO is superior to a ground transit site in three
ways:

(1) The ground track of a LEO covers a large part of the earth in a
short time. Hence, a LEO is capable of providing transit for time
synchronization for a world-wide community.

(2) A LEO is above the earth's troposphere and, hence, its inclusion
does not introduce additional tropospheric delay error.

0 (3) The rapidly changing geometry of a LEO provides strong dynamics
needed to improve the GPS satellite positions which will in turn
improve time synchronization accuracy.

GEOMETRY AND ERROR MODELS

* To predict the accuracy with which times between
intercontinental sites can be synchronized using differential
GPS, a covariance analysis was performed. For this purpose, the three
NASA Deep Space sites were selected as the main sites between which
time synchornization was to be performed. A 1300-km LEO at an
inclination of 65 degrees was used as a transit. For comparison,
the case using a ground transit site was also studied. The ground
transit site between Goldstone and Canberra was selected to be at
Johnston Island in central Pacific; and that between Goldstone
and Madrid was selected to be at the site of Haystack Observatory in
Massachusetts. The ground track of the LEO over a period of two

0 hours is shown in Fig. 5 together with the geographical
locations of the ground sites. The full constellation of 18 GPS
satellites was assumed. The key orbit parameters of these GPS
satellites can be found in Reference 1.

[S Table I summarizes the error models used in the analysis. A data

0noise of 10 cm was assumed for the GPS pseudo-range measurement.
This implies a 14-cm differential GPS (for time synchronization
without a transit) and a 20-cm double differential GPS (for time
synchronization via a transit). Two sets of errors, optimistic and

conservative, for the transit station location, the LEO position and
the GPS satellite positions are shown in Table I. When the
optimistic errors were used, they were modeled into time
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synchronization error; when the conservative errors were used, these
parameters were adjusted simultaneously with the time synchronization
solution.

RESULTS OF COVARIANCE ANALYSIS

When optimistic GPS satellite position errors are assumed, time
synchronization using only instantaneous measurements is possible.
Fig. 6 compares the estimated errors of such instantaneous time
synchronization using a LEO as transit with those using a ground
transit. The instantaneous measurements were taken at a time when the
LEO was nearly midway between the two main sites. For the baseline
between Goldstone and Canberra, it was at the beginning of the 2-
hour arc; for the baseline between Goldstone and Madrid, it was at
25 minutes later. Both optimistic and conservative errors for the
LEO and the ground transit positions were studied. In all cases,
the errors are lower when a LEO is used in place of a ground transit
site.

In practice, the optimistic sub-meter GPS positions are very hard to
maintain. The conservative errors of 10 meters may be more
realistic. When such conservative GPS satellite position errors are
used, time synchronization to a few nanoseconds can be achieved
only when these GPS satellite positions are adjusted simultaneously
with time synchronization using measurements over a period of time.
The results using differentianl GPS over a 2-hour arc are shown in
Fig. 7. Also included is the case when no transit was used. While a
suitably located ground transit improves time synchronization using
differential GPS by 30-40%, a LEO provides an improvement by a factor

4of 5 to 6. Such vast improvement is a result of the strong dynamics
of the LEO which can better determine the GPS satellite positions.
With such a LEO, time synchronization is accurate to about 1.5 nsec
between intercontinental sites.

A breakdown of the 1.5-nsec time synchronization error into its
component contributions from individual error sources is shown in
Fig. 8. Because the GPS and LEO positions were adjusted, the effects
of their a priori errors were buried in the data noise effects.
To separate them from one another, the covariance analysis was
repeated with perfect GPS and/or LEO a priori positions.

The major error sources are seen to be the 10-cm tropospheric
delay error and the 10-m a priori errors of the GPS satellite
positions. Sub-nanosecond time synchronization is possible if
these errors are reduced by a factor of 2 to 3. It should be pointed
out that an increase in the data noise will also increase the
effects of satellite position errors because these satellite
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( positions, being adjusted using the same data set, will be worse
determined.

The larger effects of the earth's mass and geopotential errors on
time synchronization over one of the two baselines can be explained as
follows: The information for time synchronization is strongest
when the ground track of the LEO falls between the two ends of the
baseline. Referring to Fig. 5, we observe that the information over
the baseline between Goldstone and Canberra concentrates mainly at
two separate segments near the two ends of the 2-hour data arc.
However, it is well known that the effects of unmodeled force
parameters on the orbit determination of a LEO are also largest at
the two ends of a data arc. This larger LEO orbit error in turn
results in larger time synchronization error. For the baseline
between Goldstone and Madrid, the information concentrates mainly in a
single short segment within the 2-hour data arc and the effects
of these unmodeled force parameters are expected to be much smaller.
Therefore, the effects of these unmodeled force paremeters can be

* kept small by selecting the proper data arc. The larger errors on the
baseline between Goldstone and Canberra is simply an artifact.

REMARKS

A LEO at an altitude of 1000-1500 km is capable of improving
intercontinental time synchronization using differential GPS to 1-2
nsec. Time synchronization using an earth orbiter much lower than
these altitudes will suffer from larger geopotential and
atmospheric drag errors. On the other hand, time synchronization
using a much higher earth orbiter will be more sensitive to GPS
satellite position errors. Using a LEO as transit, sub-nanosecond

0 time synchronization between intercontinental sites is possible
provided that 3-cm zenith tropospheric delay calibration and 5-m
GPS satellite positions are available.

Due to a complete cancellation of its effects, the clock on board the
LEO need not be of high precision. Also, because no GPS clock

*information is used in differential GPS, a simple SERIES receiver
(Ref. 7) can be used at all sites including the LEO. Such a
receiver extracts GPS pseudo-range without having to know the GPS
transmitted codes. However, an independent knowledge of time
synchronization better than half a microsecond is required to resolve
the cycle ambiguity corresponding to the I-MHz chip rate of the C/A

0 code modulating the GPS transmitted signal.

The proposed Ocean Topography Experiment (TOPEX), if approved and
funded which is very likely, will begin its mission in the later
part of this decade. A LEO will be put in a circular orbit at an
altitude of 1300 km. An experimental GPS receiver will be placed on
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board this LEO for testing out a newly developed radio metric
tracking technology (Ref. 8). This will provide an opportunity for
experimenting the time synchronization system proposed in this paper.
The differential GPS data needed for time synchronization can be
derived from the tracking data of TOPEX satellite. As a matter of
fact, the 1300-km LEO used in the above analysis has been adopted from
TOPEX with its possible capability of providing precision global
time synchronization in mind.

37
*1

II

377



References:

1. P. W. Parkinson and S. W. Gilbert, "NAVSTAR: Global Positioning
System -- Ten Years Later," Proc, IEEE, vol. 71, no. 10, 1983.

2. D. W. Allan and M. A. Weiss, "Accurate Time and Frequency Transfer
During Common-View of a GPS Satellite," Proc. 34th Annual
Freauency Control Symp,, 1980.

4 3. P. A. Clements, "Intercontinental Time and Frequency Transfer
using a Global Positioning System Timing Receiver," Proc. 14th
Annual PTTI Application and Planning Meeting Greenbelt, Maryland,
1982.

4 . D. D. Davis, et. al., "Remote Synchronization Within a Few
J @Nanoseconds by Simultaneous Viewing of the 1.575 GHz GPS Satellite

Signals," Proc. 37th Annual Freauencv Control Symp., 1983.

5. C. C. Councilman, III, et. al., "VLBI Clock Synchronization,"
Proc, IEEE, vol. 65, no. 11, 1977.

6. T. A. Clark, et. al., "Synchronization of Clocks by Very-Long-
Baseline Interferometry," IEEE Trans, Instr. Meas., vol. IM-28,
September 1979.

7. P. F. MacDoran, et. al,, "SERIES: Satellite Emission Range
Infer-ed Earth Survaying," rd Int. Geod. Symp. on Satellite
Doppler positioning. Las Cruces, NM, 1982.

8. V. J. Ondrasik and S. C. Wu, "A Simple and Economical Tracking
System with Subdecimeter Earth Satellite and Ground Receiver
Position Determination Capabilities," 3rd Int. Symp, on the Use of
Artificial Satellites for Geodesy and Geodynamics, Ermioni,

- Greece, 1982.

378

I



TABLE L Error Models

Data Noise: 10 cm GPS pseudo-range

Main S4te Locations: 10 cm

Ground Transit Location: 50 cm --- optimistic

5 m --- conservative

GPS Satellite Positions*: (0.4m, 0.4m, 0.8m) optimistic

(3m, 1om, 1om) conservative

LEO Position*: (10cm, 15cm, 30cm) optimistic

(5m, 5m, 5m) conservative

Zenith Tropospheric Delay: 10 cm

7
Mass of Earth: 1 part in 10

Geopotential (on LEO only): 10% of GEM 6 - APL 5.0

' The three components of satellite position errors are in
altitude, cross-track and in-track directions, respectively.
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QUESTIONS AND ANSWERS

DR. VESSOT:

Bob Vessot, Smithsonian. At what level do you need tracking data for
the low earth orbiter?

MR. WU:

Would you make it more specific?

DR. VESSOT:

Well, at what level of precision was tracking data needed for the low
earth orbiter.

MR. WU:

Oh, for tracking the low earth orbiter it can be either a short arc which
is about one centimeter, for the pseudo range, or you can do a long arc
solution, which can be twenty centimeters, or you can use integrated

* doppler.

MR. ALLAN:

When is the low earth orbiter planned to be launched?

MR. WU:

The proposed Topex will be launched in February '89.
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TIMING OF SPACECRAFT DATA

Time Accuracy Requirements and Timing Facilities
of the European Space Agency (ESA).

H.P. Dworak, European Space Operations Centre,
Darmstadt, West Germany

ABSTRACT

The time accuracy requirements for various ESA satellite
missions are analysed; the requirements are grouped by the
type of mission. The evolution of satellite timing tech-
niques since 1968 is shown, and the requirements for future
ESA missions (until the late 80's) are assessed.

Timing systems and their configuration at various ESA
ground stations and the operations control centres are de-
scribed.

Based on practical experience operational aspects will be
presented, covering mainly Time Synchronisation, Time and
Frequency corrections and typical problems encountered dur-
ing routine operations such as routine monitoring, report-
ing, time/frequency offset calculations and adjustments.

Common time reference techniques operationally used, such
as VHF transmission, LORAN-C, TRANSIT and travelling Clocks
are compared in terms of availability, reliability and time
accuracy.

The equipment performances of standard commercial timing
systems, based on Caesium, Rubidium and Crystal oscillators
are presented. Based on actual maintenance data acquired
in ESA ground stations, the overall reliability of these
systems and actual performance parameters in terms of MTBF,
MDT, operational availability etc. are shown.

Two studies on future techniques in the field of time dis-
semination and time synchronisation conclude this paper:
The LASSO mission (Laser Synchronisation from Stationary
Orbit) and a low-cost time dissemination technique using
METEOSAT, the european meteorological satellites, are
briefly outlined.
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1. INTRODUCTION TO THE ACTIVITIES OF ESA

1.1 General

The European Space Agency (ESA) was set up in 1975,
grouping in a single body the complete range of Euro-
pean space activities. These had previously been
conducted by ESRO - the European Space Research Or-
gansiation - and ELDO - the European Launcher Devel-
opment Organisation - in their respective fields of
scientific satellite development and launcher con-
struction.

Under the terms of its convention, the Agency's task
is to provide, for exclusively peaceful purposes, co-
operation among European States in space research and
technology, with a view of their use for scientific
purposes and for operational applications systems.

1.2 Funding

The general budget and the scientific programmes are
funded by the 11 European Member States on the basis
of their national income. Other programmes - mainly
applications programmes, are optional with varying
contributions from different States, depending on
their interest and involvement in the respective pro-
gramme. Examples are the ARIANE launcher develop-
ment, Spacelab, Telecommunications or Earth Observa-
tion programmes.

1.3 Establishments

The headquarters of the Agency is in Paris and there
are two main technical establishments - a Technology
Centre in the Netherlands, called ESTEC and an Opera-
tions Centre at Darmstadt, Germany. The technology
centre is responsible for the development of Space-
craft, whereas the operations centre (ESOC) is in
charge of the satellite orbital operations.

I 1.4 Ground Stations

In performing this task, ESOC uses a network of 7
ground stations, i nked to the control centre by
means of suitable data communications links (Fig. 1).

I39
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Carnarvon (Australia), Kourou (French Guiana), Malin-
di (Kenya), Redu (Belgium), and three specialised
statioths for the geostationary satellites, Odenwald
(Germany), Villafranca (Spain), and Ibaraki (Japan).

The technical role of these stations and the ESOC

control centre will be displayed in more detail - in
the context of Timing techniques - in the following
sections.

1.5 Satellite Missions

A total of 13 scientific ESA satellites were launched
from 1968 to date, all of which were highly success-
ful (Table 2). Some exceeded expectations as to both
lifetime and scientific return.

The ESA applications satellites were al the field

of Communications or Earth Observation %fable 3.).

More details about these science and applications
missions will be given in the following section.

2. TIME ACCURACY REQUIREMENTS FOR SPACECRAFT DATA

2.1 Evolution of Time Accuracy of Station Clocks

Table 1 shows the improvement achieved during the
last 15 years in the timing of satellite data.

Whereas VLF or HF time dissemination methods were
used for synchronisation of station clocks during the
early 70's, LORAN-C and TRANSIT are now the standard
reference systems in use. If higher precisions are
required, time comparison by means of portable clocks
are performed.

This will be explained in more detail in the follow-
ing section.
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1 Ps TIME ACCURACY

Evolution of
station clocks10 )US/ time accuracy

I00 Ps

• I ms

10 ms

1970 1975 1980

TABLE 1

2.2 In tables 2 and 3 the ESA satellite missions are
listed with the associated time accuracy require-
ment. They are grouped into scientific and applica-
tions satellites and include current missions and a
selection of future missions. From the tables one
can conclude that Science Missions are the main dri-
ver for High Accuracy Timing Systems. In addition to
the absolute accuracy with respect to UTC a good
short term frequency stability (typ. 10 -13) is
required for all future science missions.

In the field of applications satellites the absolute
time accuracy is of lesser importance. The criteria
of the high frequency stability however also applies
to the meteorological and earth observation missions.

Common to all missions the determination of the orbi-
tal position is one of the drivers for precise timing
of data. For certain future mission, like the Navi-
gation Satellite, this requirement will be in the or-
der of 3 - 10 ns.
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ESA SCIENTIFIC SATELLITES

SATELLITE LAUNCH MISSION TIME
DATE ACCURACY

ESRO-II/ 170568 COSMIC RAYS AND SOLAR X-RAYS
IRIS

ESRO-IA/ 031068 POLAR IONOSPHERE AND AURORAL 100...
AURORAE PHENOMENA

HEOS-1 051268 SOLAR WIND AND INTERPLANETARY 10 ms
MEDIUM

ESRO-IB/ 011069 POLAR IONOSPHERE AND AURORAL
BOREAS PHENOMENA

HEOS-2 310172 POLAR MAGNETOSPHERE AND INTER- 10...
PLANETARY MEDIUM

TD-1 120372 ULTRAVIOLET ASTRONOMY
1 ms

ESRO-IV 221172 IONOSPHERE AND SOLAR PARTICLES

COS-B 090875 GAMMA RAY ASTRONOMY 50 ps

GEOS-1 200477 MAGNETOSPHERE 10 ps

ISEE-B 221077 MAGNETOSPHERE AND SUN-EARTH
RELATIONS

IUE 260178 ULTRAVIOLET ASTRONOMY 100 ms

GEOS-2 140778 MAGNETOSPHERE 10 ps

EXOSAT 260583 X-RAY ASTRONOMY 50 ps

HIPPARCOS 1988 ASTRONOMY 5 jis

GIOTTO 1985 HALLEY COMET ENCOUNTER 5 ps

ISO 1990 INFRARED ASTRONOMY 100 ps

TABLE 2
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ESA APPLICATIONS SATELLITES

SATELLITES LAUNCH MISSION TIME
DATE ACCURACY

OTS 11/05/78
MARECS-A 20/12/81 TELECOMMUNICATIONS 100..250pjs
ECS-1 16/06/83

METEOSAT-1 23/11/77

IMETEOSAT-2 19/06/81 METEOROLOGY 100. .250jis
METEOSAT-OP 198

**OLYMPUS 1986 COMMUNICATIONS 100 ps

EURECA 1986 MICROGRAVITY MAT.SCIENCE 100 ms

E RS 1988 EARTH OBSERVATION 100 ps

NAVSAT 1990 + NAVIGATION t.b.d.

POPSAT 1990 + TERRESTRIAL POSITIONING/

KINEMATICS t.b.d.

TABLE 3
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3. OPERATIONS ASPECTS

3.1 Equipment Configurations

Three examples shall illustrate typical timing equip-
ment configurations at ESA ground stations.

3.1.1 Odenwald Station

Fig. 2 shows a diagram of the timing and frequency
subsystem in use at our ODENWALD station, the prime
station for the meteorological satellites METEOSAT 1
and 2 and the telemetry receiving station for the
scientific satellite GEOS.

Two caesium standards are used to generate 5 MHz out-
puts with a frequency stability of ± 5 x 10 12.

The 5 MHz outputs are fed into a switching module
consisting of two phase shifters, two divider units,
and two switching units. The phase shifters provide
manual adjustment of the phase of the off-line stand-
ard to enable signal switching without any phase
jumps. The dividers provide the 1 MHz and 100 KHz
outputs for the station. The outputs from the switch-
ing module feed four amplifier modules; each amp-
lifier module has sixteen frequency outputs.

Time Code Generators provide further outputs of ser-
ial encoded data and 1 Hz pulses to the majority de-
cision unit and master/slave selection unit, which
compares the numerous inputs from the different
chains and makes a decision which input to use on a
'best two from three' basis. The majority 1 Hz pulse
is made available at the output for comparison with
the LORAN-C reference.
The time accuracy which is achieved with this config-

uration is within ± 20 ps of UTC.

3.1.2 Redu Station

Slightly simpler variant of the timing subsystems
used in other ESA stations is shown in Fig. 3. It is
the timing section of the REDU ground station. This
station is the prime TT&C station and control centre
for the ECS telecommunications satellites. It fur-
ther provides back-up support in VHF to all other ESA
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missions. Since the time accuracy requirements are
less stringent, the frequency standards used in this
configuration are two Quartz oscillators. They gener-
ate 5 MHz, which is compared to a standard frequency
derived from a LORAN-C receiver. An error signal is
produced, which forms the basis for correction of the
station oscillators. The outputs from the two oscil-
lators are taken via a switching module and ampli-
fiers to two time code generators, which in turn sup-
ply the time code generator selection module with
IRIG-B, PDM, 1, 5 and 10 MHz time signals.

Since the Redu station also includes the control cen-
tre for ECS, the timing system includes stop clocks,
time displays, and other control centre specific
equipment.

With this system configuration the time accuracy
achieved is in the order of 50 ps of UTC.

3.1.3 Transfer Orbit Network

Another variant of timing systems is shown in Fig.
4. This configuration is implemented at the
equatorially located stations of the transfer orbit
network i.e. Kourou, Malindi, Carnarvon. It can be
seen that there is not much redundancy built in,
apart the double frequency generator, consisting of a
Rubidium standand backed up by a Quartz.

Since LORAN-C reception is not possible in the said
stations, time is checked against a TRANSIT Satellite
receiver. The resultant time accuracy which is
achieved with these systems is in the order of 50 -
100 ps.

3.2 Synchronisation of Timing Systems

3.2.1 Synchronisation of the various timing systems des-
cribed above, with respect to UTC, is achieved by
means of VLF reception, LORAN-C, TRANSIT Satellites
or Travelling Clocks. Table 4 shows the normal ways
of synchronising station clocks and the references

* used.

396



-0

Reference V L T T
L 0 R R
F R A A C

A N V L
N S E 0

I L C
Ground T L K
Stations I

N
G

oCC x X)

ODENWALD X X)
(Germany)

REDU X (X)
* (Belgium)

VILLAFRANCA X X)
(Spain)

MALINDI x
(Kenya)

KOUROU X
(Fr. Guyana)

CARNARVON X
(Australia)

Table 4

3.2.2 VLF Reception of timing signals is in use at all sta-
* tions for coarse time synchronisation and as back-up

reference to the respective higher-precision refer-
ence systems.
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3.2.3 LORAN-C is the standard time comparison technique at
sites where LORAN reception is possible. The time
offset of station clocks is determined in the normal
way by measuring the interval between the reception
of the LORAN-C pulse and the station's 1 pps signal
and subtracting the fixed propagation delay. The
latter is obtained from USNO (US Naval Observatory),
calculated on the basis of the station coordinates,
and corrected by means of Travelling Clock measure-
ments.

The time offsets are measured by means of LORAN-C on
a daily basis. They are corrected retroactively af-
ter availability of the "Series-4" LORAN-C offsets.
Typical recordings of these time and frequency offset
measurements are shown in the following section.

3.2.4 TRANSIT satellites are used for time synchronisation
at our equatorial stations MALINDI, KOUROU, and
CARNARVON, where LORAN-C reception is difficult or
impossible. The operation of TRANSIT satellite tim-
ing receivers is not described here; the principle is
assumed to be well known. Two important operational
aspects, however, are the simplicity of operation and
the reliability of the equipment. In particular in
the smaller ESA stations mentioned above, with a typ-
ical manning of not more than 5 or 6 M+O Technicians,
the fully automatic operation of the Satellite Timing
receivers without operator attention is a particular
advantage.

o The time accuracy achieved by means of TRANSIT time
comparison is in the order of 5 Vs of UTC.

3.2.5 A Travelling Clock is used for synchronisation of
station timing systems, whenever higher precision is
required. A home-made portable Rubidium clock is
used for this purpose. The autonomy of this clock -

limited by the battery capacity - is approximately
4.5 hours. During longer trips the battery has to be
recharged - this takes about 1 hour - but for synch-
ronisation of the European ESA sites, the 4.5 hr aut-
onomy is usually sufficient.

The accuracy achieved by time comparison with the
portable Rubidium clock is better than 1 ps which is
largely sufficient for our present applications.
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3.3 Time and Frequency Corrections

The offsets of the station timing systems are deter-
mined from daily measurements, using the reference
systems outlined above. Examples of time offset re-
cordings are shown in Fig. 5.

Three figures show the typical behaviour of a clock
driven by a Rubidium oscillator. You will note the
negative frequency drift, characteristic of Rb oscil-
lators. The offsets are determined against LORAN-C
as reference. Please note that the recordings are
not "Series-4 corrected", i.e. the retroactive cor-
rections of time offsets in the LORAN-C system have
not been performed.

From the time offset curve the frequency offset is
determined and compensated for from time to time.
Time offset corrections are normally not performed by

* clock-resetting, but through over-compensation of the
frequency offset, except if time jumps occur. The
obvious advantage of this method is the fact that no
excessive deviation of the frequency from the nominal
frequency can build up.

In the portable rubidium clock mentioned in the pre-
vious chapter, the "time transport" is normally per-
formed when the time offset parabola reaches its hor-
izontal part, thus minimizing the effects of frequen-
cy offsets (and thus time drifts) during the time

* comparison trip.

3.4 Typical Operational Problems

The following is a short summary from the user's
point of view of the most frequent problems in opera-
ting timing systems at satellite ground stations:

1) TimeJumes

a) Reason: Equipment failure, mostly power supply
of TCG.

b) Detection: Regular checks of time consistency.
c) Corrective action: Time reset, correction of

time-coded data.
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a) Reason: Equipment (oscillator) malfunction
b) Detection: Change of time offset drift
c) Corrective action: Frequency adjustment or

corrective maintenance.

3) Incorrect Fregu enc Settin

a) Reason: Operator error or incorrect calibra-
tion of frequency adjustment.

b) Detection: Excessive time drift or drift in
wrong direction.

c) Corrective action: Frequency correction, Esta-
blishment of frequency "calibration curve".

4) Wron9_Lte.econd Introduction

a) Reason: Operator error (mostly)
b) Detection: Course time check by means of VLF.
c) Corrective action: Time correction with full

synchronisation (VLF, LORAN-C, possibly Tra-
velling clock).

5) LORAN-C Reference Incorrect

a) Reason: Receiver locked on wrong cycle of
LORAN pulse.

b) Detection: Travelling clock time comparison.
c) Corrective action: Resynch of LORAN receiver.

6) LORAN-C Proeaation De la, Error

a) Reason: Error in calculation of propagation
delay, wrong coordinates.

b) Detection: Travelling Clock.
c) Corrective action: Correction of fixed delay

for LORAN chain.
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4. EQUIPMENT PERFORMANCE

The reliability of the timing systems described above
is continuously being monitored at the ESA ground
stations. From equipment failure records over the
past 4 years some performance parameters are summar-
ised below.

Two categories of timing systems were analysed:

- Three systems based on Rubidium clocks, and
- One system based on a Caesium standard.

All systems were in continuous operation.

The results are as follows:

TYPE OF CLOCK MTBF MTTR

Rubidium 2100 h 113 h
Caesium 1700 h 503 h

From these figures it is concluded that systems based
on Caesium clocks have a slightly higher failure rate
than Rubidium clocks. The main difference, however,
is in the MTTR which is 4...5 times longer for Caes-
iums. Mainly due to their higher complexity these
systems required frequent corrective maintenance in-
tervention by the manufacturer, which caused long
times to repair.
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5. TIME DISSEMINATION VIA METEOSAT (STUDY)

5.1 Introduction

A study was carried out on the possibility to use the
existing METEOSAT satellites for time dissemination.
Similar to the GOES time dissemination system, which
uses the DCP (Data Collection Platform) interogation
function, a method was worked out which could provide
a similar service with an accuracy and stability in
the order of 10 ps, with a target of 2...3 ps. The
METEOSAT system could thus bridge the gap between the
performance of a commercial Rubidium standard and a
prime standard, at a cost of less than $10,000.

5.2 System Concept

The time dissemination system proposed consists of
the following elements (Fig. 6):

- A satellite, carrying a transponder of reasonable
propagation delay stability, and having an orbit
determination system allowing position determina-
tion to within about 100 m.

A ground station which can at any moment be sup-
plied with satellite position information. The
station should be equipped with a timing subsys-
tem which allows timekeeping to the microsecond
accuracy. The station will transmit timing and
position information to the spacecraft.

User stations. These receive the timing message,
apply a correction for the propagation delay to
their specific location, and set a local (runn-
ing) clock accordingly.

- A monitoring and calibration facility consisting

essentially of a set of user equipment located at
a primary timing reference.
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In order to avoid operational conflicts the addition-
al occupation of the satellite communication link
should be limited to one percent. Timing transmis-
sion will therefore take the form of updates: At reg-

. ular intervals a message is transmitted containing
essentially an "event" occurring at an instant, iden-
tified in Universal Time. The user equipment will
note the local time at reception of the event and
from the difference (corrected for propagation delay)

* it will calculate and implement a correction to the
locally generated time.

A detailed description of the system is contained in
Ref. (1).

6. LASSO MISSION: LASER SYNCHRONISATION FROM STATIONARY
ORBIT

6.1 Introduction

The concept of the LASSO mission is briefly out-
lined. This mission was designed to be flown on the
SIRIO-2 Spacecraft. Due to a malfunction of the
ARIANE launch vehicle the satellite was destroyed
during the launch in Sept 1982. In the meantime the
LASSO mission has been taken up again and is now
planned to be integrated into the METEOSAT-3 payload,
due to be launched in 1985.

6.2 Principle of Operations

Fig. 7 illustrates the synchronisation of two atomic
clocks, e.g. one in the United States and one in Eur-
ope. Each clock triggers a laser pulse from a nearby
laser station towards the satellite at a predefined
time. The satellite sensor and oscillator assembly
will then time-tag the arrival of the two pulses.
Assuming equal distances between the laser stations
and the spacecraft, any difference in arrival times
of the two pulses will be proportional to the synch-
ronisation offset between the atomic clocks. This

* measured difference can be transmitted along with the
satellite's telemetry to the ground for clock synch-
ronisation.
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In practice the earth - satellite laser propagation
time varies with the distance between the participat-
ing station and the satellite. To allow the stations
to calculate this distance and perform the necessary
corrections for the propagation delay, the satellite
is equipped with so-called "Retro-reflectors", i.e.
mirrors which reflect the incoming laser pulse back
to its originating station.

This principle is shown in Fig. 8, where tA and tB
are the departure times of the laser pulses, TA and
TB are the propagation delays, R is the interval mea-
sured on-board the satellite. From these values the
required clock correction C is calculated, according
to the formula

C = tA + TA + R - TB - tB

The precision of the clock comparison to be obtained
* is obviously dependent on the precision to which each

term of the above equation can be measured; in princ-
iple, it can be as good as 1 ns.

." In the time available it is obviously not possible to
describe in detail all the elements and the opera-
tional set-up of the LASSO system. This information
can be found in Ref (2).

REFERENCES

(1) Transmission of Precision Timing by METEOSAT
ESOC/GEED/Studies Branch
GEED/7030/EEL/SLE

(2) SIRIO-2 Programme
ESA SP-1OZC, August 1981
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QUESTIONS AND ANSWERS

None f or Paper #20.
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UHF IRIG G DISTRIBUTION SYSTEM

M. Tope

Kode, Inc.

Tustin, California

This system is designed to transfer precision time from the

VAFB Master Timing System to a remote location.

Figure one is a block diagram showing the Master Timing System,

the Local IRIG G System, the Transmit/Receive System and the

Remote IRIG G System. Notice that the timing is transmitted to

the remote site via an RF link. This method was chosen because

of the rough terrain at VAFB. In other applications land lines

could be used in lieu of the RF link.

The Master System is dual redundant and its time base is a pair

of Cesium standards also in a dual redundant configuration.

The two timing terminal generators (TTG) in the Kode Local

System synchronize to the time code supplied by the Master

System. Their outputs are monitored by the Fault Sense and

Switching unit. This unit automatically switches to the

secondary TTG if a failure is detected in the primary. The

ouputs of the Fault Sense unit drive the Distribution

Amplifiers that buffer the timing signals from the system to

the local users and the Transmit System.
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The IRIG G transmitter is a fully redundant unit which accepts

the IRIG-G002 input, converts it to Bi-phase modulation, and

amplifies it to a power level of 40 watts at a frequency of

1740 MHz. The transmitter system contains a separate Fault

Sensing and Switch Unit which monitors critical parameters of

both tranmitters and switches to the standby unit upon primary
U

source failure. The Transmitter output feeds an

omnidirectional antenna through a pressurized coaxial cable.

This antenna radiates throughout the entire base as does the

previously existing 100 watt IRIG A Transmitter.

At the receive sites, two 4 foot parabolic antennas aimed at

both the IRIG G and IRIG A sources feed a special receiver

assembly through individual pressurized coaxial cables. The

receivers contain fully independent dual IRIG G receivers and

one IRIG A receiver. The overall Timing Distribution

reliability is assured by use of this redundant system.

The Remote Kode System also contains two TTG's. These TTGs

each phase lock to the codes supplied by the RF receivers. The

outputs of the TTG's are monitored by an identical Fault Sense

Unit which again places the ouputs of the secondary TTG on line

in the event of a failure in the primary TTG. The Distribution

Amplifier furnishes buffered outputs to the remote users.

The Local and Remote Systems are identical except that the

Local System does not contain the receiver chassis.
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The systems are enclosed in an equipment cabinet (see figure 3)

that contains a Power Control Panel, the two TTG's, the Fault

Sense unit, a Signal Bypass chassis and five Distribution

Amplifiers chassis.

The Power Control Panel contains the circuit breakers for the

primary power and also contains two heat sensors; one for over

heating and one for fire.

The TTG's are the heart of this system. They are capable of

operating as stand alone time code generators. In this mode

they may be preset, stopped and started and have advance/retard

controls that allow them to be manually synchronized to within

50 nanoseconds. The time base is derived from an internal oven

controlled quartz oscillator. The outputs of the TTG's include

five IRIG time codes, four sine waves and various decade pulse

rates.

In the Synchronized Generator mode the TTG's phase lock to the

input time code and frequency correct the internal oscillator

to match the frequency of the oscillator that is generating the

input code, in this case the Cesium standards in the Master

System.

The phase error between the TTG and the input code is resolved

to less than 100 nanoseconds, typically 70 nanoseconds. The

415

.............-. .



frequency error is resolved to 1.5 parts in 1010 and can

handle frequency errors of greater than 1 part in 106. In

the event of input code failure the frequency error correction

is continued using the last known correction constant. 7]

The front end of the TTG contains sophisticated error detection

logic allowing it to ignore faulty code data or incorrect code

formats. This logic also compensates for input signal

propagation delay. The delay is user programmable in 100

nanosecond steps to a maximum of one millisecond.

(Figure 2 is a simple block of a TTG).

The Fault Sense unit monitors the outputs of each of the

TTG's. TTGA is designated as the primary. Should certain of

its ouputs fail, TTGB will be automatically placed on line

assuming that there are no pre-existing failures in TTGB. Also

once TTGB has been selected TTGA can not be returned to on line

until it is determined to be error free. The criteria for auto

switching include code amplitude and ratio, sine wave amplitude

and input code failure. Also monitored are bit errors and

phase errors between the two TTG's. These errors do not enable

auto switching in this system because the lack of a third, or

reference input, prevents the Fault Sense unit from determining

* which TTG is in error.

Li (Subsequent designs incorporate this feature with the third

input being logically synthesized).

4
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The Fault Sense unit also incorporates a very flexible self

test program which allows the user to simulate any of the

possible TTG failure modes. The Fault Sense unit will in every

way respond to the simulated faults as if they were caused by

the TTG(s). This feature allows sophisticated diagnostic

Itesting to be run prior to times of anticipated critical timing

needs.

The IRIG G System also includes a Signal Bypass chassis. This

device allows the time code outputs from a user selected TTG to

be applied to the Distribution Amplifier inputs. This feature

allows the Fault Sense unit to be removed for maintenance and

still supply timing to the users.

The remainder of the system is dedicated to the five

Distribution Amplifier chassis. Each chassis will handle up to

30 channels of AC or DC amplifiers. The inputs to each

101 amplifier are user programmable from one of five input

sources. The amplifiers are wide band and will buffer any of

the avialable TTG output signals. These signals range from the

IRIG H time code modulating a IKHz carrier up to a IMHz sine

wave. Each amplifier is thoroughly protected from short

circuits to either ground, another amplifier, or a voltage. In

the unlikely event that an amplifier is damaged, the isolation

between amplifiers is such that any of the other channels will

not be affected.
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-[ In summary these systems provide a method of transferring time

derived from Cesium time standards to remote locations. The

timing accuracy provided approaches the accuracy of the Cesium

standard over a long period of time and also provides a wide

variety of very reliable timing signals to the users.
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QUESTIONS AND ANSWERS

None for Paper #21.
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TIMING SYSTEM DESIGN CONSIDERATIONS FOR A MOBILE ASTROLABE

(Carl F. Lukac, Paul J. Wheeler, Richard E. Keating, and Randolph T. Clarke
U. S. Naval Observatory
Washington, D. C. 20390

ABSTRACT

The Danjon Astrolabe at the Naval Observatory has been tradition-
ally used to determine Universal Time and improve the systematic
accuracy of star positions. During the past year, it has been used to
determine latitude and longitude at remotely scattered sites for
geodetic purposes. Operating this instrument away from the
Observatory necessitated a mobile support and timing system rugged
enough to operate dependably in ever changing, and sometimes
harsh, environmental conditions.

This paper describes the performance of the astrolabe timing
system, gives the basic engineering design considerations, and
describes the equipment and instrumentation.

INTRODUCTION

In cooperation with the Defense Mapping Agency an evaluation study was made of astronomical
observations acquired using a Danjon Astrolabe at reference points in the western United States

.* extensively used in the past for astro-geodesy.

S-"When the idea was conceived of improving the deflection of the vertical at specific locations
with position determination by astronomical measurement and extending this accuracy to large
geodetic nets, a high-precision observatory instrument was considered. The Danjon Astrolabe
was selected for this work because its accuracy and mobility make ii well suited for basic astro-
geodetic work. The optical Danjon Astrolabe determines position to within one meter accuracy
and requires a timing system that records time-of-day for timing events with 100 microsecond
precision. It is an observatory instrument which can be transported and set up overnight.

The astrolabe had been previously used at the Naval Observatory on a regular basis for the
determination of Universal Time (UTO) and for reducing the systematic errors in the positions of
the stars observed. Like the Photographic Zenith Tube (PZT), the visually operated astrolabe is
an efficient instrument for the simultaneous determination of time and latitude. Unlike the
PZT, the astrolabe can observe a much larger subset of the so-called "fundamental stars" (i.e.,
stars for which accurate, precise and consistent positions and proper motions are available),
thus yielding better coordinates in a relatively short time. This is important when moving from
one place to another because a different subset of the fundamental star catalog is selected for
each observing site.

Since the astrolabe would not be operating in an observatory environment, which is essentially a
research laboratory environment, it was necessary to provide the astrolabe with rugged field
peripheral support equipment which could survive under adverse temperature and weather
conditions (e.g., snow, rain, electrical storms, poor and unreliable electrical power, blizzards,
desert heat, etc.). The field equipment described herein includes a portable atomic frequency
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standard and clock, a "Datachron" chronometer interfaced by means of a Fairchild 4880 coupler
unit to a HP9915A modular computer with both a built-in magnetic tape cartridge drive (Option
001) and a video, keyboard, and audio speaker interface (Option 002). An HP-lB Interface (HP
Part No. 82937A) card was inserted into one of the three available 1/O slots in the rear of the
HP9915A. Additionally, an HP85 desktop computer with an HP82939 serial interface
communications card and an Anderson-Jacobson Model AJ1234 (Mfr. code 2852) communications
modem was used for editing and transmitting the recorded astrolabe data back to the Naval
Observatory. A motor vehicle provided housing and transport for the above equipment; and,
when the astrolabe was being transported to a new site, the same vehicle provided 12 VDC
power to the portable atomic clock. At the observation sites, the motor vehicle also served as a
field operations center and as a dressing room for the observers. While on site, external
electrical 110 VAC 60 Hz power was provided by extension cables only to the motor vehicle.
Electric power to all other instrumentation, including the portable atomic clock and the Danjon
Astrolabe, was provided from a common distribution box in the motor vehicle.

OBSERVATIONS AND SYSTEM DESIGN

Basically, time-of-day data to 0.1 millisecond accuracy is acquired by the Danjon Astrolabe
(Figure 1) by timing stellar images as the star, in its diurnal sidereal path, crosses the 300
almucantar (a small spherical circle centered on the zenith and having a radius of 300 of arc).
Normally, three groups of stars are observed every night. Each group consists of about 30 stars

* with magnitudes between 3.0 and 6.5, whose almucantar transits are uniformly, or nearly so,
distributed in azimuth among the four azimuth quadrants. By forming the time difference
between the observed time-of-day of almucantar passage and the calculated time-of-day based
upon the positions of the stars as found in a precision astrometric star catalog such as the FK4,
it is possible to determine the observed zenith distances for each star at the time of its passage
through the almucantar. By combining the observed zenith distances in the same manner that a
marine sextant navigator combines intersecting LOP's (Lines of Position) to determine a
position "fix", the astrolabe determines an astronomical "fix" and the associated astronomical
latitude, longitude, and refraction correction are determined with high precision.

When a stellar almucantar passage is observed, a motor-driven micrometer carriage causes
electrical contacts to open and close twelve times, thus causing 24 electrical signals to be
generated and whose time-of-day occurrence must be recorded by a chronometer. During the
observation interval, i.e., the time interval during which the electrical contact signals are being
generated, the star may move as much as 312 seconds of arc in altitude. A speed reducer varies
the speed with which the star is tracked in a manner proportional to the sine of the azimuth;
and the observer needs only to make slight differential adjustments in the speed with which the
star is tracked to maintain the optical null condition of the star images in the eyepiece. In this

-manner, the observer controls the occurrence of the contact timing signals. The observer has
only two variables to reckon with: (1) the instant at which Zo begin the observing sequence, and
(2) having started the observation, to differentially adjust the speed at which the timing contact
signals occur so as to first achieve and then maintain the optical null condition of the star
images in the telescope eyepiece.

The micrometer of the Danjon Astrolabe is based on standard Repsold transit micrometer tech-
* niques. At each micrometer position at which an electrical contact generates a signal, a linear

micrometer reading in say tens of micrometers is recorded. The average time of all 24 timing
contact signals then equals the time at which the mir-nmeter was located at the average of the
24 linear micrometer readings. By also determ,.,y the linear micrometer reading for the
position of the focal point of the Danjon Astrolabe objective lens, it is then possible, from a
knowledge of the azimuth, to determine a correction to reduce the centroid of the 24 timing

* contact signals to the time corresponding to the null passage of the star's images through the
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focus of the Danjon telescope objective. It is necessary, in order to determine these
corrections, to be able to record the time-of-day of each timing contact signal. It is also
necessary to form the first differences of the times-of-day in order to set the basic driving
motor speed, which is proportional to the latitude of the field site.

Thus, the field timing system for the astrolabe not only had to record timing pulses that arrived
at separation intervals that could be as small as 0.3 seconds and no greater than 10.0 seconds,
but also had to be able to form and display, on a TV monitor, the time of day and its first
difference with the previous time of day. The TV monitor shown in Figures 2 and 3 could be
used inside the vehicle or outdoors next to the Danjon Astrolabe.

The transfer and readout capability, including the necessary programming, for field operations
of the astrolabe was designed by the Time Service Precise Time and Time Interval (PTTI)
Branch of the Naval Observatory. This capability (illustrated in Figures 2, 3 and 4) consists of a
HP9915A computer, which served as a control and recording unit, an electronic "Datachron"
chronometer, and a portable cesium atomic clock. Use of an atomic clock might be thought of
as "overkill", but in field experience, the ability to avoid propagation errors and constant
worries over crystal oscillator behavior, proved to be invaluable.

The micrometer contact electrical signals are sent from the astrolabe to a "Datachron", a
chronometer built at the Naval Observatory. The Datachron operates off the 5 MHz signal from
the portable cesium clock, which also maintains the basic field time of day for the system. The
Datachron is manually synchronized with the cesium clock and there are circuits which check
for synchronization faults between the cesium and the Datachron. The portable cesium clock
operates off an HP K02 portabie power supply continuously. The HP K02 is operated mostly
from an external power source or, during periods when the vehicle carrying the instrumentation
is in motion, off of the vehicle battery. A special heavy duty alternator was installed to insure
that the vehicle had enough power to operate both day and night without discharging the vehicle
battery. The vehicle cesium clock was always kept within 10 microseconds of the U.S. Naval
Observatory Master Clock, UTC(USNO MC) by means of portable clock visits and by visits from
nearby laboratory clocks with known traceability to the USNO MC.

The contact signals from the astrolabe are conditioned by a low pass filter, an optical isolator,
*and a one-shot trigger in order to avoid jagged contact noise and transient oscillations. The

conditioned signal causes the Datachron to momentarily lock into a register, the current time of
day. The 12 digit (hours, minutes, seconds, and six fraction of a second digits) time of day
locked into the Datachron is then transferred to the Fairchild 4880 coupler. The Fairchild
coupler next initiates a data transfer of the time of day over a standard IEEE-488 (HPIB)
interface to the HP9915A computer. The Fairchild 4880 instrument coupler converts the
Datachron high speed parallel data output into the standard IEEE-488 (HPIB) interface format.
This conversion of the Datachron electrical wiring and timing interface to the IEEE-488 (HPIB)
standard interface simplified the connection between the Datachron and the HP9915A
computer. The transfers from the Datachron to the HP9915A are high speed; and any need for

*: stacked data buffering of closely spaced timing signals is eliminated.

The HP9915A has a 16K byte memory. It can be expanded to 32K bytes maximum. Of the 16K
bytes, approximately 2.5K bytes are used by manufacturer software, including the interface
routines. The language in which the programming was written is BASIC. The application
program uses 2.5K bytes and was burned into EPROM memory to avoid problems that may arise
when programs have to be field loaded from magnetic cartridges under severe temperature
conditions and the harsher electrical power environment encountered in the field. The EPROM
program is listed, along with a running commentary in Appendix A. The running commentary
includes a description of the IEEE-488 control and data messages used across the HPIB bus. The
control message sequences implemented over the HPIB bus were carefully designed to allow
high speed transfer of the Datachron TOD data to the HP 9915A.
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Whenever the timing signals (or "ticks") from the astrolabe stop for more then 10 seconds, the
HP9915A writes the timing data (in the form of an array containing up to 30 times-of-events)
onto a magnetic tape cartridge. The 10 second pause in the signals from the astrolabe is
interpreted by the HP9915A BASIC program as indicating that observations for a particular star
are complete and that the time-of-event data may now be written to the magnetic tape
cartridge. While the HP9915A was writing the time-of-event data for a star on the magnetic
tape cartridge, a pair of audio beeps, the first at a high tone, the second at a lower tone, were
issued to the observer at the Danjon Astrolabe. After the time-of-event data had been recorded
and the HP9915A system enabled to again accept astrolabe timing signals, another pair of audio
beeps, the first beep at a low tone, the second at a higher tone, was issued to the observer to let
him know that the system was now ready to accept timing signals for the next star.

Normally, only 24 time ticks are recorded per star. Because temperature and humidity changes,
contact bounce, and contact wear can cause more or less than 24 ticks, a maximum of 30 ticks
may be recorded for each star observed. As many as 90 stars were observed each night and
recorded on the magnetic cartridge. At the end of the night, the time-of-event data file on the
maqnetic tape cartridge was "closed" by pressing a programmer defined "END" button and the
cartridge removed.

At the hotel or other convenient location the timing date on the cartridge was then combined
with hand recorded environmental and instrumental data, observer comments, and other
messages. This was accomplished using an HP85 computer. The HP85 computer was furnished
with an Anderson-Jacobson 1200 baud telephone modem. By dialing the Naval Observatory
HP]000 computer over the switched public telephone net from motel rooms and government
phones, the data on the tape cartridge was transfered daily to the Naval Observatory. The data
was then transfered from the Observatory HP1000 system to the IBM Series 1 system where
preliminary editing of the data was done. Then the data was transfered to the Observatory
mainframe IBM 4341 computer either by a RJE link or by magnetic tape. The final reductions
and analysis of the data were done on the IBM 4341; and, for each group of stars, the resulting
latitudes and longitudes were obtained daily. This near real time transfer and analysis of the
data prevented serious problems from going undiscovered; and it may be stated that this
procedure is to be greatly recommended because otherwise there is a high probability (higher
than otherwise might be expected) that long intervals of measurements might be made which
are subsequently found to be useless because of the invalidity or absence of a critical datum or

* measured quantity.

Occasionally modem data transfers were interrupted (usually by the HP1000 because it was busy
and had to attend to other matters) and the date had to be retransmitted. Sometimes the data
arrived garbled (this was rare, but it did happen). Problems with data transmission as such were
rare. The doubling of the measurement and transmission of both the measurement and its
doubled value served as a check on the accuracy of the transmitted data. Most problems
encountered with the system were associated with the HP1000 being busy or transmitting
strange messages. As there were known reliability problems with the HP1000 during this time,
such behavior is not unanticipated. Fortunately the problems with the HP1000 were not so
severe that data transfer was disrupted in ways which would have endangered field operations.

SOFTWARE DESIGN

The software for this system, shown in Figure 5, consists of three programs, one for automatic
data collection of astrolabe timing signals, the second for manual entry of observer recorded
data onto the magnetic tape cartridge, and the third for transfer of the data over the public
switched telephone system to the Naval Observatory. The program in the HP9915A for
automatic capture of the astrolabe timing signals operates in three modes.
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- The first mode is the star observation mode. In this mode the HP9915A collects the times-of-
event for the astrolabe timing signals, insures that the time-of-event is for a stellar observation
(it is possible for the observer to cause isolated timing signals from the astrolabe accidently;
these isolated timing signals from the astrolabe are identified by the HP9915A and ignored; the
magnetic tape cartridge is thus not cluttered up with accidental sets of timing signals of no
interest), and stores the data on the magnetic tape cartridge when the observation for each star
is complete. If the data being collected by the HP9915A does not meet the criterion (12 or
more time-of-events must have been received) used to determine if the time-of-event data is
from a star observation, then, as already stated, in this mode of operation the time-of-event
data is merely discarded.

-* The second mode is used to calibrate the astrolabe after it is installed at a new observation
site. The time-of-event data is collected by the HP9915A, a calculation to form the first
difference between the time-of-event for the current event and the previous event performed,
and then both the time-of-event and its first difference are displayed on a TV monitor. This
information is used by the observer at the Danjon Astrolabe to set the astrolabe motor speed.
The main BASIC program is structured so that the observer can put the HP9915A into this
"calibration" mode at any time. Mode selection is performed by the observer by pressing a
button on the front face of the HP9915A computer.

The third mode, the fast TICK mode, is used to determine certain telescopic instrumental
corrections related to the Danjon Astrolabe micrometer carriage (i.e., Vm corrections). In this
mode, which is entered by pressing the TICK button on the HP9915A, the astrolabe timing
signals are merely beeped back to the observer a. he reads the micrometer carriage linear
readings at which each timing signal is generated. No times-of-event are recorded on the
magnetic cartridge. These micrometer readings allow the centroid of the timing signals to be
corrected to the time at which the astrolabe stellar images coincided in the focal plane of the
objective of the astrolabe.

The second program, the manual date entry program for the HP85 computer, allows the
* observer to manually enter all necessary information such as number of stars observed, ambient
*temperatures, barometric pressures, wire corrections, 2 or 4 ticks per revolution, observing

conditions, and comments concerning each observation. The same magnetic tape cartridge used
by the HP9915A to record the time of event data for each star is used by the HP85 and this
program. A second file, created by the HP9915A when the observer set up for the evening's
observing program but left empty, is opened for the manual entry of the observer's information,
the necessary data entries made, and then again closed. A later version of this program allowed
a certain amount of manual data entry in a "question and answer format."

The third program, the data transfer program, is then executed. This program requests the
operator/observer to dial the telephone number of the HP1000 computer at the Observatory,
provides the telephone numbers needed by displaying them on a small video screen, and then,
when the HP1000 answering tone is heard, to place the telephone into the cradle of the 1200
baud Anderson-Jacobson modem. A special high quality transmission microphone (a Novation
"Super Mike") was used in place of the standard carbon telephone microphone. This improved
the quality of the data communications bit error rate by increasing the signal to noise ratio.
The communication link over the public switched telephone is carried out in 7-bit ASCII, 1 start
bit, 1 stop bit, and in even parity. Once the telephone connection has been established, a
conversational protocol is executed by the talking computers (i.e. the HP85 and the HP1000).
The HP85 first identifies itself to the HP1000 and requests access to the pre-established
astrolabe data file on the HP1000 system. The HP1000 opens the astrolabe data files and then
informs the HP85 that it may proceed to send data to the HPIOOO, which will direct all
subsequent received data into the HP1000's pre-established astrolabe data file.
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The HP85 first opens the manual information file on the magnetic tape cartridge and transfers
the entire file to the HP1000; then, without breaking the telephone link, it opens the time-of-
event file on the cartridge and transfers this file, in its entirety, to the HP1000. Finally, the
HP85 requests the HP1000 to send to the HP85 a file containing messages and other information
which the astronomers at the Observatory wish to send to the observer. Typical of such
messages are queries concerning problems with pathological time-of-event data, missing data,
and administrative messages. All messages sent from the HP1000 to the HP85 are displayed on
the CRT of the HP85. The observer may thus evaluate the quality of the telephone
connection. The observer may also print out these messages.

To prevent errors and to check the validity of the data transmission, both the time of event and
twice the value of the time of event are transmitted to the Observatory by the HP85. This
allowed another check to be performed upon the data as received at the Observatory from the
field observer. In some cases, retransmission was deemed necessary because the error rate was
too high.

When all data transfer operations were complete, the data files on both computers were closed
and the computers send each other "GOODBY" and hang up.

SUMMARY

This project lasted about 11 months (August 1982 --- June 1983) and used three observers on a
rotating basis. The building, testing, and installation of the data acquisition and timing system
required no more than 6 weeks preparation. The timing system used provided considerably more
numerical precision than actually needed because of other limitations (errors in star catalog
positions); but the reliability was outstanding for field operations and was proven under severe
weather conditions (blizzard, desert heat, electrical storms, driving rain and flash flood

*- conditions). Uncertainties in star positions mean that star transits need be timed only with an
error not to exceed a millisecond in the time of day. But time errors must not be systematic
and they must not be allowed to creep in as ambiguous delays or confused corrections.
Systematic errors were to be kept below 0'01 arcseconds. The electronic instrumentation
operated successfully over temperature ranges of from 120 to 950 Farenheit although an
average temperature in the vehicle was about 65 0F. On at least one occasion, an electrical
storm caused a power failure and damage to the cesium clock. The clock was immediately
replaced and a study initiated to determine why the K02 power supply did not protect the

*I cesium clock. It was quickly determined that the K02 had also been damaged by the electrical
activity. This pointed to the need for more levels of power filtering and backup battery
supply. The damaged clock was quickly replaced and the program continued.

Most survey work, particularly geodetic point-positioning depends upon recording time of day to
at least millisecond accuracy. Nanosecond and microsecond timing is not necessary; but older

4 atomic clocks which no loiiger are capable of functioning adequately for high precision PTTI
applications can and should be put to good use in field applications such as this. The only
requirement is that the older atomic clocks must be capable of operating to at least 50
microseconds absolute accuracy under severe weather and field conditions. Most older atomic
:locks which are still operable have had most problems eliminated and good advantage may be
taken of the inherent reliability of the electronics of such clocks even though, for high precision

* PTTI applications, such older clocks are now unsatisfactory.

In conclusion a complete PTTI timing system, which had been brought from design to
implementation in 6 weeks, successfully permitted taking on a new task---the determination of
precise astronomical positions in the field. This system, which required high quality, reliable
timing, has demonstrated a proven capability for collecting PTTI data at primitive field sites,
including examination and, if necessary, editing the data in the field; and finally for easily and
rapidly sending that data back to the home office.
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APPENDIX A
HP9915A EPROM BASIC PROGRAM

No. Statement Comments
10 ON ERROR GOSUB 390 For any error, go to subroutine 390
20 ERASETAPE Initialize magnetic tape cartridge and create

a directory on it.
30 CREATE "TEXT",15 @ CREATE "DATA",125,512

Create two files on the magnetic tape
cartridge. The first file is named "TEXT"
and consists of 15 physical records, each 256
bytes in length. The second file is named
"DATA" and consists of 125 logical records,
each 512 bytes in length.

40 OPTION BASE I Specifies that the lowest value of the index
for an array is 1 rather than 0.

50 DIM D(60) Define an array of 60 real numbers

60 OFF TIMEOUT 7 @ RESET 7 Disables any timeout interrupt on the IEEE-
488 bus and then resets the IEEE-488 bus,
returning it to its power on state. The
RP9915A then sends Interface Clear (IFC) and

6 then Remote Enable (REN) to the Fairchild
Coupler.

70 ASSIGN#2 TO "TEXT" Opens the "TEXT" file.
80 PRINT# 2 ; "NO TEXT DATA ENTERED *

Writes the above data into the TEXT file to
cause the file to be properly initialized
(null files cannot be processed).

90 ASSIGN# 2 TO * Close the TEXT file.
100 ASSIGN# 1 TO "DATA" Open tick file "DATA"
110 ON KEY# 1 GOTO 360 END processing. If button No. I is pushed,

go to program segment starting at statement
360.

120 ON KEY# 2 GOTO 440 I'st Difference processing. If button No. 2
is pushed, go to program segment starting at
statement 440

130 ON KEY# 3 GOTO 630 TICK processing. If button No. 3 is pushed,
go to program segment starting at statement
630.

Star Observation Mode---Default Mode.
140 ON TIMEOUT 7 GOTO 270 If a timeout occurs on the IEEE-488 bus, go

to program segment starting at statement
270. This timeout will normally occur after
the astrolabe has transferred 24 ticks and

* ten seconds have elapsed since the 24'th
tick.

150 SET TIMEOUT 7;00000 Set the timeout interval on the IEEE-488 bus
to ten seconds.

430



" 160 ON INTR 7 GOTO 200 BEGIN MAIN ACQUISITION LOOP. If a service
request is received from the Fairchild
Coupler, then the Datatron has recorded a
tick and wishes to transfer the tick to the
HP9915A. The Fairchild Coupler raises the
SRQ (Service Request) line to the HP9915A
and, if statement 170 below has enabled this
SRQ interrupt, then the HP9915A will branch
to the program segment beginning at statement
200. Note that after the branch to statement
200 another SRQ interrupt will not be
serviced until a subsequent ENABLE INTR 7;8
statement has been executed.

165 RESET 7 Reset IEEE-488 bus, issue IFC and REN.
170 ENABLE INTR 7;8 Enable SKQ (Service Request) interrupts from

the IEEE-488 bus (bit 3 in control register
CRI is set on)

180 V=SLITE(0,1) @ V=SLITE(0,-1)
Turn the top (0) HP9915A light on (1), then
turn it off (-I).

190 GOTO 180 Loop. This is an idle loop which is used to
keep the HP9915A busy while waiting for a
service request from the Datachron/ Fairchild
coupler.

200 OFF INTR 7 A service request SRQ has been received from
the Datatron/Fairchild coupler. First
disable the ON INTR 7, GOTO 200 instruction
at statement 160

210 V=-SLITE(2,I) Turn the third (2) from top hP9915A light on.
220 FOR R= I TO 60 STEP 2 Inner Read Loop. Read in up to 30 ticks.

The step increment is 2 because both the tick
and twice the tick will be stored in the
array.

230 ENTER 700 USING "K" p D(R)
This command unlistens all devices; then
designates the HP9915A as listener; next
designates the Fairchild Coupler as talker at
address "00" on the IEEE-488 bus ("7"); and
then allows the Fairchild Coupler to begin
talking by setting the attention ATN line to

false. Note that this command allows sub-
sequent bus transfer activity to occur at
intervals controlled by the Datatron/
Fairchild Coupler. There is no need to re-
interrupt the HP9915A since the HP9915A is

now waiting, or "Listening" to the Datatron/
Fairchild Coupler. Each time SRQ is now
raised, SRQ is ignored because it has been
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disabled. Each tick data transfer is
indicated complete by the Line Feed that
occurs when a tick has been transferred to
the HP9915A, and not by using the SRQ
interrupt. The USING specification of "K"
means that the string or numeric field is
,entered in the so-called "free field"
format. For numeric data, the number is left
justified (with leading space or sign) and
filled on the right with blanks.

240 D(R+I)=D(R)*2 Double the tick value to form the check
number.

250 BEEP 10,100 Beep at 2500 Hz for 0.04 sec.
260 NEXT R End Inner Read Loop for Datachron/ Fairchild

coupler. The inner read loop is normally
ended by the ten second timeout set up by
statements 140 and 150.

270 IF R(24 THEN RESET 7 @ BEEP 100,100 @ BEEP 100,100
@ V=SLITE(2,-1) @ GOTO 160

If less than 12 ticks were sent to the
HP9915A while it listened for ticks, then
beep twice (at 492 Hz for 0.2 sec each),

4 ignore values, and go start over at
statement 160.

280 RESET 7 @ BEEP 100,200 @ BEEP 200,200
Good data & more than 12 ticks. Beep at 492
Hz for 0.4 sec, then change tone to 261 Hz
for 0.8 sec.

290 PRINT# 1 ; Do Write the array D to the magnetic tape
cartridge.

300 FOR R1 TO 60 Loop to clear D to zero.
310 D(R)=0
320 NEXT R
330 BEEP 200,100 @ BEEP 100,200 Beep at 261 Hz for 0.4 sec, then change to

492 Hz for 0.4 sec. to tell observer that he
can now observe another star.

340 V=SLITE(2,-1) Turn third from top HP9915A light off.
350 GOTO 160 END MAIN ACQUISITION LOOP
End Star Observation Mode (Default Mode)
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END Button Routine
r. 360 ASSIGN# I TO * Close file "DATA"

370 V=SLITE(4,1) Turn fifth from top HP9915A light on.
380 END Stop HP9915A processor

General ERROR Routine
This routine handles all errors.
390 IF ERRN=67 THEN CREATE "TEXT",15 @ CREATE "DATA",125,512

@ RETURN If no file error, then create the "TEXT" and
"DATA" files and return.

400 DISP "ERROR"; ERRN;"ON LINE";ERRL
This line displays on the TV monitor a
message which reads "ERROR error-number ON
LINE line-statement-number". The error
numbers are those in appendix E of the HP85
Owners Manual and Programming Guide (00085-
90002 Rev. D 1/81).

410 V=SLITE(6,1) @ V=SLITE(7,1) Turn on the bottom two HP9915A lights.
420 BEEP 100,10000 Beep at 492 Hz for 20 sec. to warn observer

that catastrophic error has occurred.
430 RETURN Go return from error routine and attempt to

* @continue anyway in hope that error was a
fluke.

Second Mode. (First Difference Program Segment).

440 ASSIGN# I TO * Close the "DATA" file
450 OFF INTR 7 Disable the SRQ interrupt processing

specified in statement 160 or 520

460 OFF TIMEOUT 7 Disable timeout processing specified in

statements 140 and 150.
470 RESET 7 IFC and REN the IEEE-488 Bus.
480 OFF KEY# 3 @ OFF KEY# 1 Disable TICK and END buttons. Only the first

difference button (KEY# 2) is to remain
active. This key will be used to indicate
that first differencing is to be ended.

490 ON KEY# 2 GOTO 60 When I'ST DIFFERENCE button is pressed (a
second time--- the first time is to enter
this mode) this program segment is ended and
the normal default program segment is
restored.

500 SET TIMEOJT 7;5000 Datachron must transfer ticks within 5

seconds if a timeout is not to occur.
HP9915A does not remain in a "Listen" mode
for more than 5 seconds.

510 ON TIMEOUT 7 GOTO 450 If a timeout occurs, then the IEEE-488 bus is

reset, IFC and REN Issued and then
instructions executed which terminate in the
idling loop at statements 530 and 540.
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* 520 ON INTR 7 GOTO 550 If Datachron/Fairchild Coupler issues a SRQ,
then go put HP9915A in listen mode and
Coupler in talk mode.

530 ENABLE INTR 7;8 Allow SRQ interrupts to occur.
540 V=SLITE(l,1) @ V=SLITE(1,-1) @ GOTO 530

Turn second HP9915A light from top on, then
off, then loop back. This is an idling loop
while waiting for SRQ from

5Datachron/Fairchild Coupler.
550 ENTER 700 USING "K" ; Dl

Put HP9915A in listen mode; put
Datachron/Fairchild Coupler in talk mode;
drop ATN line and let Datachron/Fairchild

coupler transfer time tick to HP9915A. Data
transfered goes into variable D1.

560 BEEP 10,100 Beep at 2500 Hz for 0.04 sec.
570 DISP D1 Display the tick on the video monitor.
580 ENTER 700 USING "K" ; D2 Put HP9915A in listen mode again; talk mode

for Datachron/Fairchild Coupler; and transfer

another tick. But this time put tick into
another variable D2

590 BEEP 10,100 Beep at 2500 Hz for 0.04 sec.
600 DISP D2;D2-Dl Display tick and first difference.
610 D1=D2 Make current tick previous tick
620 GOTO 580 Go get another tick and loop indefinitely.

Loop is ended by pressing 1'st Difference

button or by 5 sec. timeout set up by
statements 500 & 510.

End Second Mode (First Difference Segment)

I4
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Third Mode. (Fast TICK processing, Button No. 3).

630 ASSIGN# 1 to * Close file "DATA"
640 OFF INTR 7 Disable interrupt processing set up in

statement 150 or 710.
650 OFF TIMEOWT 7 Disable timeout processing set up in

statements 140 and 150.
660 RESET 7 Reset IEEE-488 bus, issue IFC and REN.
670 OFF KEY# 2 @ OFF KEY# 1

Disable END and 1'ST DIFFERENCE buttons.
680 ON KEY# 3 GOTO 60 When TICK key is pressed again, go restore

normal processing and recording of ticks.

690 SET TIMEOUT 7;5000 Allow HP9915A to wait in listen mode for no
more than 5 seconds when waiting to receive
ticks from the Datachron/Fairchild Coupler.

700 ON TIMEOUT 7 GOTO 640 If HP9915A waits too long (more than 5 sec),f then go to statement 640, reset IEEE-488 bus,
and execute code which ends in idle loop at
statements 720 and 730. This prevents the
HP9915A from sitting endlessly in a listen
mode waiting for the Datachron/Fairchild

coupler to do something.
i 710 ON INTR 7 GOTO 740

When SRQ comes in from Datachron/Fairchild
coupler, go place the HP9915A in listen mode
and the coupler in talk mode.

720 ENABLE INTR 7;8 Allow Datachron/Fairchild coupler to cause
interrupt.( 730 V=SLITE(3,1) @ V=SLITE(3,-1) @ GOTO 720
HP9915A turns fourth light from top on, then
off, then loops back to previous statement in

an indefinite idling loop. Loop is ended
when a SRQ from Datachron/Fairchild Coupler

comes in.
740 ENTER 700 USING "K" D1 Place HP9915A in listen mode, coupler in talk

mode, make ATN false to allow coupler to
talk. Put tick into variable DI

750 BEEP 10,100 Beep at 2500 Hz for 0.04 sec.
760 GOTO 740 Loop indefinitely. Loop is ended by either

timeout of 5 seconds or by pushing the TICK
button again.
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QUESTIONS AND ANSWERS

None for Paper #22.
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ABSTRACT

It is well known that Very Long Baseline Interferometry (VLBI) is

capable of precise time synchronization at subnanosecond levels.
This paper deals with a demonstration of clock synchronization
using the MKIII VLBI system. The results are compared with clock
synchronization by traveling cesium clocks and GPS. The com-
parison agrees within the errors of the portable clocks (± 5 ns)
and GPS (± 30 ns) systems. The MKIII technology appears to be
capable of clock synchronization at subnanosecond levels and
appears to be a very good benchmark system against which future
time synchronization systems can be evaluated.

INTRODUCTION

The VLBI technique is quickly maturing. The positions of many antennas are now
known to a few centimeters, celestial sources to ^- 2 milliarcseconds, and cor-
rections for the ionosphere and atmosphere are approaching the 1 cm level. This
technique has essentially an all weather capability. Therefore if the instrumental
delays are understood, as in the case of the MKIII system, there is no reason why
one can not synchronize clocks at subnanosecond levels with only a few minutes of

data.

The synchronization of clocks via VLBI has been the subject of many papers at PTTI
meetings in the past. This measurement is simply the difference in time of arrival
of a "noise" signature from a celestial radio source which is located at cosmolog-
ical distances. These sources may be looked upon as fixed radio beacons in the sky.
Counselman et al. (1977) pointed out that from a few minutes of data using a priori
knowledge of the baselines, source positions, etc., the delay differences scattered
by an rms of 2 ns for continental U. S. baselines. After estimating two earth
rotation parameters, and an average clock rate difference, the "formal" scatter was
reduced to subnanosecond levels (Counselman et al. 1977). In order to verify the
accuracy of VLBI, two experiments were performed on March 28 and September 23, 1977
by Clark et al. (1979) in which observations were made in eight 360 kHz bands dis-
tributed between 8.4 and 8.5 GHz which resulted in "formal" synchronization below a
ns. In this experiment careful corrections were made of the contribution to delay
by the antenna feeds, receiver systems, and recorders, yielding absolute determina-
tions of the clock epoch differences. Portable clocks from the U. S Naval
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Observatory were taken to each site and the travelng clock data agreed to within 18

" and 14 ns.

NEW TECHNOLOGY DEVELOPMENTS

The development of the Mark III VLBI system (Rogers et al. 1983) offers an improved
design for clock synchronization in that the delays in the electronics and cables
can be measured quite easily and changes in the delays are monitored.

The delay in the cables connecting the receiver at the focus of the antenna to the
recording system are monitored. These cable lengths are sometimes of one hundred

." meters in length and are far from identical among antennas involved in VLBI experi-
-. ments. The change in delay for cable length at Maryland Point Observatory for an

* experiment performed on October 18, 1982 amounted to approximately two nanoseconds.
In an earlier experiment using MKII VLBI technology, there was a 59 ns difference

between time synchronization when compared with portable clocks. This was well
outside the errors attributed to either technique and was ascribed to an epoch
difference between the MKII VLBI formatter and the station clocks (Spencer et al.
1981). This problerm would not be encountered with the MKIII system.

THE VLBI EXPERIMENTS

. A series of experiments were performed between NRL's Maryland Point Observatory,
NEROC's Haystack/Westford Observatory and the Onsala Space Observatory in Onsala,

-. Sweden. Experiments were performed on June 19, October 18, and November 23, 1982
and August 29, 1983. These experiments were always performed following a POLARIS
measurement which are twenty-four hour measurements made to measure earth rotation
parameters. The initial experiments in June and October 1982 established a reliable
baseline between the 85' antenna of Maryland Point Observatory and the antennas of
Westford/Haystack and Onsala. Figure 1 shows the locations of these antennas. The
data were recorded in the standard POLARIS scheme (Robertson and Carter 1982) which
has 14 frequency channels of 2 MHz width, 8 at X band between 8210.99 and 8570.99

* MHz and 6 at S band between 2215.99 and 2300.99 MHz.

The delays associated with the antenna geometry and feeds were estimated. The
delays due to cable lengths, receiver front end and back end, and tape recording
system were measured during the experiments. The data was correlated at Haystack
Observatory. The data was further analyzed at the Goddard Space Flight Center where
the ionospheric delay was removed by differing the S and X band data. The X band
data were used to estimate the delay. After adopting source positions, baselines,
and correcting for the tropospheric delay using a model atmosphere, the delay epoch

*i and an average clock rate were solved for along with an offset for Universal Time
and polar motion. It was found that the formal error in the solutions accumulated
around the time of the epoch of the solution. This 95% confidence level of the
"formal" delay for the Westford-Maryland Point baseline was below the nanosecond
level. The errors accumulate as a function of time around the solved for epoch.
This is due to the frequency rate offsets between the oscillators used to generate
the local oscillators at each site. An accurate assessment of the errors for an
individual observation are given in Table 1. These do not include errors due to
oscillator drift. Figure 2 shows the delay residuals for the 29 August 1983
experiment for the Maryland Point-Westford baseline. These residuals allow us to

* evaluate the "formal" error which is at the 0.4 nanosecond level. However for these
measurements we have carefully accounted for the system delays at all the sites.
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These are believed to be at the nanosecond level. Therefore these measurements are
of the absolute delays between the sites at the nanosecond level. Improvements need

to be made to reliably measure waveforms at the subnanosecond level.

Table 1

VLBI Error Sources

Position Location (2 cm) 0.07 ns
Atmosphere/Ionosphere Delays (2 cm) 0.07 ns
Receiver Delay 0.1 ns
Receiver Noise 0.01 ns
Source Position Error (QSO) 0.1 ns

(0U001 over 7000 km)

COMPARISON

In order to determine the absolute accuracy of the VLBI technique, portable clocks
were dispatched successfully to the Maryland Point and Westford antennas for the
last two experiments. For the August 1983 experiments, measurements were made using
GPS receivers. Figure 3 shows a schematic representation of the experiment for

August 1983.

GPS Receiver

The NRL GPS receiver provides precise time measurements of less than 50 ns between

remote station clocks and the U. S. Naval Observatory time standard. The receiver
measures directly the difference between a NAVSTAR satellite clock and the remote
ground station clock. Data transmitted from the satellite allow computation of the
difference between the satellite clocks and the U. S. Naval Observatory time
standard.

The basic measurement of the receiver is a phase difference between the satellite

clock and a user clock as measured on the ground through the satellite signal. This
phase difference, referred to as pseudo-range, contains the phase difference of the
two clocks and the phase difference due to propagation delay of the signal. The
satellites transmit orbital data which allow software in the receiver to compute the
precise position of the satellite. The ground position is precisely known and a
theoretical distance to the satellite is computed. The propagation delay of the
signal is computed directly from the theoretical distance, with ionospheric and

* tropospheric effects calculated from a model. These delays are subtracted from the
pseudo-range phase measurements and the results are the phase difference between the
satellite and the ground clocks.

Common measurements were made on August 29, 1983 when NRL GPS receivers were co-

located at Maryland Point and Haystack/Westford observatories. Due to problems with
* initially implementing an experiment at remote field sites, reliable data were

obtained on only one day. This difficulty made it impossible to fit the clock rate
to the data. Only nearly simultaneous satellite passes were used. These are listed

in Table 2. The average delay between Maryland Point and Haystack/Westford had an
rms of 15 ns which is not very significant since there are only four data points.
However this gives us some confidence that the data is reliable.

4
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Table 2

Summary of GPS Time Transfer

Day NAVSTAR TIME MPT -GPS TIME HAY -GPS HAY -MPT
no. no. (hrs:min:sec) (usec) (hrs:min:sec) (isec) (Isec)

241 4 20:08:57 -5.554 20:07:57 -1.653 3.901
241 3 21:17:09 -5.550 21:06:57 -1.676 3.874
241 6 23:02:15 -5.509 23:07:57 -1.648 3.861
242 5 00:57:39 -5.514 00:32:57 -1.645 3.869

In order to evaluate the accuracy of this data, Table 3 presents the sources of
error in these measurements. By and far the largest source of error is due to the
fact that we have made a very small number of measurements and cannot solve for the

i clock drift between the two stations.

Table 3

GPS Time Transfer Error Sources

Source Expected Error

Ionosphere/Troposphere 5-15 ns
Ground Position 10-15 ns

Small Number of Measurements and Frequency
Offsets between Station Clocks 15-30 ns

Satellite Ephemeris 5-10 ns

Portable Clock Measurements

Portable clocks were transported from USNO to the Haystack/Westford and Maryland
Point observatories for the last three experiments and to Onsala Observatory for the
final experiment. There was a clock jump of 190 ns for the portable clock trans-
ported to the Haystack/Westford Observatory in October 1982. There was also a clock
jump during the Onsala measurement. Thus data were deleted. The last two clock
trips to Maryland Point and Haystack/Westford were successful. Figure 4 displays
the residual "time" versus the USNO master clock after a linear drift rate has been
removed for the portable clock used for the August 1983 Maryland Point measurement.
The VLBI experiment was performed on modified Julian Date of 45575.6 which is marked
by an arrow in figure 4. Thus one can see that if a polynomial is fit to the data

and the clock is not away from the master clock for periods longer than a day, one
should probably approach an accuracy of better than 5 ns in clock synchronization.
This accuracy was shown to be achievable by Spencer et al. (1991) who compared four
clocks which continuously traveled between VLBI sites for a period of a week.

Comparison

Table 4 shows the comparison between the VLBI portable clock and GPS results. The
VLBI measurement has been extrapolated to the time of the portable clock and GPS
measurements. This clock synchronization is the difference in the clocks at the
VLBI sites. This agrees to within 2 ns of the portable clock measurements and

4 within 28 ns of the GPS measurement. The earlier measurement in November 1982
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showed agreement between the VLBI and portable clocks of 2 ns. Thus these measure-
ments are within the errors expected. These measurements are very promising but are
only two data points in the case of portable clocks and only one measurement in the
case of the GPS comparison.

Table 4
Time Transfer Between VLBI Stations

(Haystack-Maryland Point)

Day UT VLBI GPS Portable Clock _

241 18h0 0m 3.891 us 3.889 us 2 ns

241 22 h21m  3.814 us 3.787 us 28 ns

FUTURE IMPROVEMENTS

These measurements have shown that improved "station" clocks could help all three

techniques of time synchronization. The difficulty in extrapolating time syn-
chronization from one epoch where it was measured by VLBI, GPS, or portable clocks
to another later or earlier epoch depends entirely on the reliability and model-

* ability of the station clocks. The clocks are usually located at field sites as at
VLBI stations where maintenance may not be ideal or as in the case of portable

clocks, they are exposed to non-ideal conditions as they are moved from one site to
another.

The GPS data can be vastly improved by taking a more extended data set, i.e., data
obtained over several days in order to remove clock drifts, etc. Improvements can
also be made in the electronics, In addition, simultaneous satellite passes should
be used for the synchronization as was done here. Improved corrections can be made

for the ionospheric and tropospheric delays. In this way the only major cause of
error would be the satellite positions.

Finally improvements must be implemented to measure waveforms at subnanosecond
*levels. This applies to all techniques of time synchronization. With improvements

in the GPS method, a series of experiments should be performed to obtain a larger
data set to evaluate the accuracies of these techniques for time synchronization.

FUTURE USE OF VLBI

* The VLBI system is capable of subnanosecond time synchronization with MKIII
technology. It is difficult at this time to see an operational use for this

accuracy. The need to use large antennas (in this case about 100-200 tons each) to
obtain the signal-to-noise necessary when using natural celestial sources makes this
system less than portable. In cases where time synchronization between sites with
large antennas is wanted this may be practical. However at this time, the major use

* of VLBI should be as a benchmark system against which to evaluate other systems.

A CHALLENGE

The successful time synchronization experiments between the Maryland Point,
Haystack/Westford and Onsala Space Observatory shows that these stations can perform
these experiments with a minimum of instrumental development. These stations
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therefore provide an excellent testbed for future precise time synchronization
systems. Therefore we challenge any precise system (< 10 ns) to an evaluation
against the VLBI technique using these baselines.
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QUESTIONS AND ANSWERS

DR. WINKLER:

You are complaining about your oscillators, but I must say that none of
the sites which I have seen takes proper care of them. It's the
conditions of operation which ought first to be improved; and when I

*say that, I mean to include power supplies, public power. As you
* probably don't realize, if the input voltage changes by one volt, it

will produce a frequency change in your maser later on, and if your
temperature changes, it will produce phase shifts. You are talking
about fractions of a nanosecond, and these things have to be considered as
error. Second comment: A portable clock properly operated, and I think
ours are, does not jump around. It develops rate changes, and it develops
these changes particularly under the impact of temperature, exposure, and
so on, but, of course, the portable clock will never be able to compete,
certainly, with the ones now, with the precisions that you have mentioned
of a few nanoseconds.

The benefit of the portable clock is that it is very convenient, can be
sent almost anywhere and you do not have to calibrate delays, and this
is something which has been completely ignored or is not mentioned. This
brings me to the 3rd point; today where we had Mr. Veenstra's paper, he
gave a very conservative estimate of the difficulty of making these delayed
calibrations. When you talk about accuracy, you mean accuracy, that
means what is the time difference between two stations and not what is the
precision with which you determine these time differences.

I believe most of these numbers, which you have just seen, actually are

estimates of precision.

MR. JOHNSTON:

For the VLBI number, I tried to estimate accuracy because we measured
delay throughout the whole VLBI system very carefully; that is the one
thing that the Mark III can do, because there are calibration signals
sent throughout the system and you actually can measure these things
now.

DR. WINKLER:

But when you compare the G.P.S. time and a two-way method such as the
communication satellite spread spectrum intercomparison, one has to

"0 realize that they both deal with the difficulty of calibrating a spread
spectrum signal and calibrating the delays starting with the antenna, the
preamplifier, the correlator and so on, its exactly the same problem. The
only difference is in the G.P.S. In addition, you have the problem of
estimating the one-way delay change-through the troposhere and ionosphere,
and estimating the errors of the satellite position, which you do not
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have ii 1:ie two -,lay communication satellite experiments; and this did
not cOme IOut roperly this morning. So if you compare all of these
methods, ut- appears to me that each one of them has unique advantages,
but each oue, of course, suffers from also unique problems which have
noti yet been completely solved. I would agree that the VLBI is an
exttemelx useful thing to serve as a benchmark, because it's likely
thaL in view of the Mark III capability to have internal calibrations
and the fact that you deal with very large antennas, probably the delay
through those large systems can be kept constant to a better degree
i-han so many others; and you at least don't have the ephemeris problem,
nJ aio on. But I would not say that one system is better than another,

without qualification. They each have individual unique features and
problems.

MR. ALLAN:

T completely agree with Dr. Winkler's comments and would add a couple of
ol.hers. First of all, G.P.S. uses common view. One must take care to
make simultaneous measurements because of multipath and other concerns.
te have found doing that, for example, for similar baseline, between
1oiulder and Goldstone that we are seeing three or four nanosecond

* precision. We have not verified the accuracy; but again the common
'few technique, all that Is important to do, for accurate time transfer,
is that you calibrate the differential delay between two receivers
because it's a receiver only kind of signal, and you take one receiver
i-rom on point to another point and in fact transfer time, the same as
,,ou would with a portable clock, with the uncertainties, of course,
of the propagation at that new site.

Another thing I would say, we compared GPS common view by Boulder
between Paris and the U.S.N.O. and compared it with a portable clock
trip that they made, and they agreed to one nanosecond. I don't believe
that, either.

MR. JiOHNSTON:

On the GP.S. part of the experiment, I tried to use the common passes
ioi: G.P.£., but we didn't have a lot of data, and those were the best
ones f could choose. I agree with what Gernot is saying, but I think

* f you v ant to find what the accuracy of these systems are--then, that's
uh, I issued this challenge. It will make me clean up my numbers. We
really need more data. We don't even have side-by-side comparisons.
1, need another system satellite. The problem is, I can't move my
- o

- hundred foot antenna; it's too prohibitive in cost.

4
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MR. WARD:

About this request for more data, I will make the commitment today that
for the Sixteenth P.T.T.I., we will have five G.P.S. data points and at
least a hundred VLBI points; just comparing the two systems with the
Australian-U.S. baseline and the U.S.-Europe baseline and for the G.P.S.
" direct measurement of Europe-Australia; and by that time we will have
a system that will have the full calibrations in for the VLBI.

MR. JOHNSTON:

Presently, that is only partially implemented. Well, I have some data now,
but it's only partial; but I guess I have about ten times more data than
you have and I have some of it in the report with me. And a point for the
useability of the VLBI, it's excellent and it produces UT-I data. C.P.S.
can't produce UT-I data, but it's superior to the VLBI for deriving the
kind of rate which I am interested in. I have some data that is showing

16
accuracy to parts in 10

We are doing an experiment over about a year-and-a-half--four experiments,
three to get the calibration right. I really have to emphasize that
calibration is not straightforward and easy. You have to really sit down
and measure delays through the systems and constantly monitor them. If
you don't do that part right, you come up with the unexpected, a hundred
nanoseconds here and a hundred nanoseconds there. You can get the number
right by always subtracting constants in the experiment. Calibration is
really important.

455



I SESSION IV
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CLOCK CHARACTERIZATION TUTORIAL

David W. Allan
Time and Frequency Division
National Bureau of Standards

Boulder, Colorado 80303

ABSTRACT

Managers are often required to make key program decisions based on
the performance of some elements of a larqe system. This paper is
intended to assist the manager in this important task in so far as
it relates to the proper use of precise and accurate clocks. An
intuitive approach will be used to show how a clock's stability is
measured, why it is measured the way it is, and why it is described
the way it is. An intuitive explanation of the meaning of time
domain and frequency domain measures as well as why they are used
will also be given.

Explanations of when an "Allan variance" plot should be used and
when it should not be used will also be given. A more efficient way
to measure clock frequency drift will be explained. The relationship
of the rms time error of a clock to a 0 (T) diagram will also be
given. The environmental sensitivities Yof a clock are often the
most important effects determining its performance. Typical environ-
mental parameters of concern and nominal sensitivity values for
commonly used clocks will be reviewed.

Systematic and Random Deviations in Clocks

This paper is tutorial in nature with a minimum of mathematics -- the goal being
to characterize clock behavior. First, time deviations or frequency deviations in
clocks may be categorized into two types: systematic deviations and random devia-
tions. The systematic deviations come in a variety of forms. Typical examples
are frequency sidebands, diurnal or annual variations in a clock's behavior, time
offset, frequency offset and frequency drift. Figure 1 illustrates some of these.

If a clock has a frequency offset, the time deviations will appear as a ramp func--
tion. On the other hand, if a clock has a frequency drift, then the resulting
time deviations will appear as a quadratic time function -- the time deviations
will be proportional to the square of the running time. There are many other
systematic effects that are very important to consider in understanding a clock's
characteristics and Figure 1 is a very simplistic pictu- or nominal model of most
precision oscillators. The random fluctuations or deviations in precision oscil-
lators can often be characterized by power law spectra. In other words, if the
time residuals are examined, after removing the systematic effect-, one or more of
the power law spectra shown in Figure 2 are typically observed. The meaning of
power law spectra is that if a Fourier analysis or spectral dpn:,ity analysi" i-
performed on the residuals, the intensity at various Fourier frequencies, f is
proportional to fo; 0 designates the particular power law process (J' 0,-1,-2,-3,-4
and w = 2nf). The first process shown in Figure 2 is wled white noise phaRse
modulation (PM). This noise is typically observed in the short torn, fluctuatiorIs.
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for example, of an active hydrogen maser for sample times of from one second to
about 100 seconds. This noise is also observed in quartz crystal oscillators for

isample times in the vicinity of a millisecond and shorter. The flicker noise PM,
f , is the second line in Figure 2. This kind of noise is often found for s~mple
times of one millisecond to one second in quartz crystal oscillators. The f or
random walk PM indicated by the third line is what is observed for the time devia-
tions of rubidium, cesium, or hydrogen frequency standards. If the first differ-
ence is taken of a series of discrete time readings from the third ling, then the
result is proportional to the frequency deviations, which will be an f process or
a white noise freq, ency modulation (FM) process. In other words the time and the
frequency are related through a derivative or an integral depending upon which way
one goes. The derivative of the time deviations yields the frequency deviations,
and the integral of the frequency deviations yields the time deviations. So,

* random walk time deviations result from white noise FM. In general, the spectral
density of the frequency fluctuations is w times te spectral density of the time
fluctuations. The fourth line in Figure 2 is an f process. If th*s were repre-
sentative of the time fluctuations then the frequency would be an f or a flicker
noise FM process. This process is typical of the output of a quartz crystal
oscillator for sample times longer than one second or the output of rubidium or
cesium standards in the long term (on the order of a few hours, few days, or few
weeks depending uon which standard). We find that in very long term, most atomic
clocks have an f 2type behavior for the time fluctuations -- making the frequency
fluctuations an f- process or random walk FM. These five power law processes are
very typical and one or more of them are appropriate models for essentially every
precision oscillator. Characterizing the kind of power-law process thus becomes
an important part of characterizing the performance of a clock (1). Once a clock
has been characterized in terms of its systematic and its random characteristics
then a time deviation model can be developed. A very simple and useful model that
is commonly used is given by the following equation (2):

x(t) = x + yo*t + D-t2 + E(t) (1)

where x(t) is the time deviation of the clock at time t, x is the synchronization
error at t = o, and y is the syntonization error at t : o, which produces a
linear ramp in the titie deviations. D is the frequency drift term, whic is
almost always an applicable model element in commercial standards. This Dt term
in the time deviation due to the frequency drift yields a quadratic time deviation.
Lastly, the &(t) term contains all of the random fluctuations. It is this term
which is typically characterized by one or more of the various power law processes.
Once a clock has been fully characterized, then it is possible to do optimum time
prediction. Shown in Figure 3 are some examples. The even power law spectra have
simple algorithms for prediction. In the case of white noise PM, the optimum
predictor is the simple mean. In the case 94 random walk PM, it is the last
value. In the case of random walk FM, an f process on the time, the optimum
predictor is the last slope. In the case of flicker noise, the prediction algor-
ithms are significantly more complicated but not intractable, and ARIMA techniques
can be employed in order to develop optimum prediction algorithms (3).

4604-



The Concept of an Allan Variance

Figure 4 illustrates a simulated random walk PM process. Suppose this process is
the time difference between two clocks or the time of a clock with respect to a
perfect clock. Again this process is typical of the time deviations for rubidium,
cesium, and passive hydrogen clocks. Choose a sample time T, as indicated, and
note the three time deviation readings (x1 , x , and x ) indicated by the circles
and spaced by the interval T. The frequeAncy geviatioR y1 is proportional to the
slope between x1 and x2 (y1 _ (x - x )/i). Similarly y is proportional to the
slope between x2 and x3 (yp - ('3 - )/T). The differ-nce in slope, A', is a
measure of the frequency ange from 2 he first T sample interval to the next
adjacent T sample interval. With a fixed value of T, imagine averaging through
the entire data set for all possible readings of x , x ,and x3 displaced by T

each yielding a Ay. The average squared value of $yd ided by 2 is called the
"Allan variance". In theory, it is the average over all time. In practice,
finite data sets yield rapidly converging estimates. The square root of the Allan
variance is denoted a (T); .(T) is an efficient estimator of the power law spectra
model for the data. 4ow O (f) changes with T indicates the exponent for the power
law process. In fact, inYthe case of random walk FM, a (T) is statistically the
most efficient estimator of this power law process. IJ power law processes are
good models for a clocks random fluctuations, which they typically are, then the
Allan variance analysis is faster and more accurate in estimating the process than
the Fast Fourier Transform. Some virtues of the Allan variance are: It is theor-
etically and straightforwardly relatable to the power law spectral type (P = -p-3,
-2<p < 2, where p is the exponent on T). Once a data set is stored in a computer
it is simple to compute U (T) as a function of T. The difference in frequency,
ay, is often closely relayed to the actual physical process of interest, e.g.
frequency change after a radar return delayed by T, effects of oscillator insta-
bilities in a servo with loop time constant T, the change in frequency after a
calibration over an interval T, etc. Some drawbacks of the Allan variance are:
it is transparent to periodic deviations where tye period is equal to the sample
time T. It is ambiguous at p=-2, i.e. o (T) - T may be either white noise PM or
Flicker noise PM. Remembering from abo~e the relationship between the spectral
density of tbe frequency deviations and the spectral density of the time deviations,
if S (f) - f and S (f) -. f a, then u = P + 2 and u =-p-1 (-2<p<2), where S (f) is
the spectral densiti of the time deviations and S (f) is the spectral density of
the fractional frequency deviations. Figure 5 shos the noise type and the rela-
tionship between p and u. There are some ways around the ambiguity problem at
p=-2. For noise processes where a>1 there is a bandwidth dependence (4). A
software trick can be employed to effectively vary the bandwidth rather than doing

* it with the hardware. Rather than calculating a (T) from individual phase points
the phase can be averaged over an interval T. Hence the xI, x , and x from Figure
4 become phase or time difference averages. As i increass t e effective measure-
ment system bandwidth decreases. This technique removes the ambiguity problem.
We have called this the modified Allan variance or modified a (T) analysis tech-
nique. Figure 6 shows the p, a mapping for the modified Alan variance. For
white noise PM, p is equal to -3, and for flicker noise PM, p is equal to -2.

Time Prediction Error of a Clock

Another concept which has become useful is the computation of the time error of
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prediction. In the case of white noise FM and random walk noise FM, T a (T) is
the optimum time error of prediction. For white noise PM the optimum valu'achiev-
able is r y (T)/13, and for flicker noise FM it is T y(T)/ln 2.

Applying some of the above concepts to state of the art frequency standards yields
the frequency stability plot shown in Figure 7 (5), and the corresponding RMS time
prediction error plot shown in Figure 8. The RMS time prediction error plot is
based on reference (2) and is a function of the levels of noise in the clock and
also the uncertainties associated with determining the systematic deviations due
to a finite data length.

Environmental Efforts on Clocks

From a management point of view, the characteristics of the various clocks should
be related to the needs of a particular program. It is important to keep in mind
that, in practice, systematic and environmental effects often are the predominant
influence on the time and frequency deviations of a clock. The reliability of a
clock is often a basic issue, and the manager should assure himself that adequate
reliability has been documented. The manager also needs to ask the following
questions in each application that he may have. What are the environmental condi-
tions; e.g., the temperature, the temperature gradients, the temperature fluctua-

* tions, the rapidity of the temperature changes, the magnetic field conditions, the
shock and vibration conditions, and the humidity conditions? How do these condi-
tions affect the clock's performance? All clocks are affected at some level by
changes in the above environmental parameters plus some others as well. Some
clocks are affected by barometric pressure. Vibration can be extremely important.
In some clocks the servos will unlock, for example, if a 1 kHz vibration is pre-
sent. (6). Some clocks are accoustically sensitive. What. is the gravitational or
g sensitivity? What are the cost, size, weight and power requirements? Line
voltage power fluctuations can affect clocks. Changes in the dc power can affect

- some clocks. We have found that a good clock environment can improve clock perfor-
mance considerably, and we have provided a highly controlled environment for the
NBS clock ensemble to improve the performance over that obtained in typical labor-
atory environments. Another very important question to ask is what is a clock's
lifetime? Redundancy and/or multiple clocks are sometimes necessary to overcome
lifetime and reliability problems. It is important to take a system's approach in
establishing the best clock(s) and clock(s) configuration. In some cases the
program needs are for synchronization to UTC, in other cases the needs are for
syntonization, i.e. the frequencies within a system need to agree. Often the need
is for time or frequency self consistency within a program, e.g. GPS requires time
consistency. It seems many people are buying cesium standards as a panacea, when
in fact they may not be solving the problem at hand. Buying a cesium standard
does not guarantee synchronization. However, it does guarantee syntonization
within some accuracy. All clocks will diverge and eventually depart from synchron-
ization tolerance. It's just a matter of time! Knowing a clock's characteristics,

0 the system requirements, and the environmental conditions will allow the manager
to know the best clock or clocks to buy and the best way to implement them. For
example, a rubidium clock coupled to a GPS receiver (used in the common-view mode
with UTC(USNO MC) or with UTC(NBS)) would have better short term and better long
term stability than any commercial cesium clock available. The stability would be
sonewbat worse in the vicinity of T equal to one day. In practice, there are some
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problems with this idea, but it illustrates the point.

Lastly, Figures 9 through 13 show nominal values for some important clock coef-
ficients that managers and design engineers need to properly assess when evaluating
which clock or clocks will best serve their needs. These are only nominal values
and there will be exceptions. A band of values is listed for these coefficients
ranging from nominal best performance available from laboratory-type standards
through the range of typical values observed and specified for commercially avail-
able standards.
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Figure 1. Frequency, y(t), and time, x(Tr), deviations due to frequency offset and
to frequency drift in a clock.
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-1 STATE-OF-THE-ART BEST PERFORMANCE
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Si-Liure 7. Frequency stability of some of the best performing frequency standards
from each of four main types: CS = cesium be m, RB = rubidium gjj cell, H
hydrogen (active and passive). Note: log 10' =  I; e.g. log 10" - -14.
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Figure 8. RMS time prediction eryor plot for the saTj frequency standards as
shown in Figure 7. Note: log 10' = I; e.g. log 10- =  -14.
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OSCILLATOR

QU RB H (pos) CS

10

TEMPERATURE SENSITIVITY / dog K

* Figure 9. Nominal values for the temperature coefficient for the frequency stan-
dards: QU = quartz crystal, RB = rubidium gas cell, H = active hydrogen maser,
H(pas) = passive hydrogen maser, and CS cesium beam.

OSCILLATOR

__QU RB H H (p08) CS_

14

MAGNETIC FIELD SENSITIVITY / G

Figure 10. Nominal values for the magnetic field sensitivity for the frequency
standards: QU = quartz crystal, RB = rubidium gas cell, H = active hydrogen maser,
H(pas) = passive hydrogen maser, and CS = cesium beam.
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L OSCILLATOR

__QU RB H H(p as) CS

r

10

REPROOUCIBILITY

Figure 11. Nominal capability of a frequency standard to reproduce the same
frequency after a period of time for the standards: QU = quartz crystal,

* RB = rubidium gas cell, H = active hydrogen maser, H(pas) = passive hydrogen
maser, and CS = cesium beam.

OSCILLATOR
QU RB H H (fpC) CS

10II_ __ _ _ __ _ _ _ __ _ _ _

01

1E -

ABSOLUTE ACCURACY

Figure 12. Nominal capability for a frequency standard to produce a frequency
determined by the fundamental constants of nature for the standards • QU = quartz
crystal, RB = rubidium gas cell, H = active hydrogen maser, H(pas) passive
hydrogen maser, and CS cesium beam.
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QUESTIONS AND ANSWERS

DR. WINKLER:

I would like to qualify your statement that one should operate a
rubidium standard with a GPS receiver and have a better performance
for very short and very long times. That statement is true, but
incomplete, because if you would buy a set of cesium clocks, a clock
ensemble, you gain one more point and for strategic systems that is ofp strategic importance, that is independence. That's a very important point

- and I want to emphasize that.

r MR. ALLAN:

I said there are practical reasons that you don't choose to do that.

That's a very good example.

MR. WARD:

Sam Ward, Jet Propulsion Lab. Is that modified Allan variance useful on
an active hydrogen below TAU values of a hundred seconds?

MR. ALLAN:

It would be useful because active hydrogen does have a white pm and so
for the short term analysis you get tau to the 3/2 pow'er, yes, it would

be useful.

DR. VESSOT:

In relation to that last point of TAU -3/2 behavior, in fact, arose from
such measurements of Phase Noise 1956. That's not the comment I want to

amake. There are two things I implore you to do. The first one is, please
lower the floor on the colored graph of the hydrogen maser; the ten to
the minus fourteen; I think we are safely below one in the fifteenth.
So I respectfully suggest that you back it down by a factor of ten and

still be as honest as you could possibly want to be. You are safe by a
factor of about three, if you do that.

The second comment is the fact that as we have long discussed, ever since
1956, that besides making the variances a function of time, I respectfully

suggest also that we include the bandwidth. It's increasingly important,

I think, to recognize that short term stability is limited by additive
noise and that additive noise is necessarily bandwidth dependent. And
those people who are to specify oscillators' btability, particularly if
they're involved in rather shorter terms, must, in the giving of the
Allan variance, specify the averaging in time and the stability.
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The definition of the Allan variance implies that the sample number is
two. So by saying that, we have cornered that issue as two. The dead
time is another question, and I don't think one should complicate it
further at this point, but I would urge you to at least admit that
we should have the averaging time and the bandwidth; and we have been
around the barn with that, Jim, on that committee. I would just like
to take one more lap.

uMR. ALLAN:

Thank you, Bob, and I would fully concur on any sigma-tau graph that
you're looking at a tau to the minus one behavior. You need to have
bandwidth specified as well.

4DR. BARNES:

I will take just a moment to mention that some years ago. Dr. Vessot
did a bandwidth variable measure of frequency stability and the tau of
the three halves came out of his work. So the tau of the three halves
is not a stranger.
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METHODS FOR OPTIMAL RECURSIVE ESTIMATION OF NON-STATIONARY TIME;

SERIES, APPLICATIONS TO ATOMIC TIME AND FREQUENCY MET!BOLOGY

Z.Y. Weng and J. Rutman
Laboratoire Primaire du Temps et des Fr4quences

61, avenue de l'Clservatoire, 71,014 Paris, France
and

J. ITebersfela
D~partement d'Electronique

Universit4 Pierre et Marie Curie
Place Jussieu, '7C(0 iaris, France

4ABSTRACT

In time and frequency metrology, the protlems of characterization, pre-
diction, approximation and modelization are of fundamental importance
for theoretical and experimental studies. In this paper, an improved
unified approach is proposed and developed, which is based on the opti-
mal estimation theory and the digital recursive processing metnods. For
two different models of non-stationary tirre series, the digital recur-
sive methods of optimal estimation are presented. By these unified me-
thods one can synthesize some digital predictors, digital filters and
digital differentiators. These digital estimators are used to charac-
terize the frequency instabilities of atomic clocks, to predict the

4 random variations of atomic time scales, and to smooth the time series
data. For the modelization of the statistics of frequency and ihase
fluctuations some analytical irocedures are proposed. Then the Varkov
models of atomic clock instalilities can be deduced. In order to empha-
size the utility of the theory, application examples are given for some
time comparison dota between commercial c-sium atomic clocks.

I. INTRODUCTION

In time and frequency metrology, there are some problems of fundamertal im-
portance for the theoretical and experimental stidies of oscillators and atomic
clocks: (i) modelization of the statistics of frequency and phase fluctuations;
(2) characterization of frequency ond jiiose instahilities; (4) vrediction of
random variations of atnmic time scales; (4) approximation or smoothing of the
frequency and time measurement data.

The commonly used methods of model izatior: anc ch;tracterization are lased
on stationary models as the basic assumptior. In general, one must assume the
non-stationary models of variations of' frequency and time. In this case, the
method of structure functinns is used for th onaracterization prollem, the
least-squares method in usr-d for the Aj rosi: 1r: r; 1 .u, avI the fixed fil-
ter method or the A I YA rsthod ar e -,Fod 1 ;r Ire r T cic i on 'roIerr. ut the so-
lutions of problems prnvidi ly tne oAlovo rrnti-nd methrds - sire n, ilwa's con-
pletely satisfactory.

In this paper, inrproved unified methods are proposed and devpr!ned, which
are based on the ntimal ostimation theory and 1he digitl r ,cursive processing
methods. For the study of n-n-sialior:ary flictuati-rns of freq'cluicy and phase

477



in atomic clocks, two different approaches are used. The first approach re-
lies on deterministic polynomial models with exponential weighting of data.
The second approach utilizos non-stationary stochastic models with station-

ary increments. The optimal digital recursive methods for the estimation of
non-stationary time series are developed for each of these two approaches.
By the unified methods one can synthesize digital predictors, digital fil-
ters and digital differentiatcrs. qnese digital recursive estimators are used
for solving the protlems of characterization, prediction and approximation.

From time comparison data tetween atomic clocks, one can use the digital
differentiators for the characterization of frequency instability. The trans-
fer functions of the differentiators are composed by two operations: pure
differentiation and low-pass filtering. This method allows us to estimate
the variance function and the power spectral density function. Therefore one
can characterize frequency instatilities both in the time and in the Fourier
frequency domains only from clock time comparison data.

From time comparison data between atomic clocks, one can use the digital
recursive predictors for the prediction of random variations of atomic time
scales. In the design of optimal predictors the additive measurement noise

is taken into account, which is not negligille for the time comparisons bet-
ween distant atomic clocks.

Time comparisons between atomic clocks via a satellite provide time se-
ries data. The conventional method for the smoothing of time series data is
the classical least-squares method. mit this method is not suited for the
real-time data processing. Pne can use the digital recursive filters for the
smoothing of time series ly real-time data processing.

For the modelization of the statistics of frequency and phase fluctua-
tions, some analysis of internal ncises in atomic clocks will be giver, and
some theoreticai Farkov models of atomic clocks will te deduc-d. Then some
analytical procedures of spectral ar'roximatior and model identification
will le propcsed. Cfne cn Itair tie corresponding ARIMA models by the me-
thod of Z-transformation.

II. FETHOD Il i ClPT.PIAL 1Rb ',.1, ETIVATI('N OF M N-STATI('NARY TIME S ,RIES
FKRE P>NT) YY DEY:R1MI NITST IC F(:LYM ,t1AL FNDXLS

2.1 Problem Statement

In time and frequency mrrtr-i O, V ore ofOTen encounters problems where op-
timal estimators must te determined, which reproduce or transform random
signals carrying useful inforrationr crstitutirn non-stationary random pro-
* esses. In this paragraph one will discuss the rothods for determining op-
timal estimators it -ce case w h're losides a st*iii-nary randcm process the
input data contain a matherat ical e>peclition w'.ich can be represented in

0 the form of a poIlyn-mial of' :i te r ttr r t. cesTct to time.
Then an oltimal est.imator is aeterined where the non-stationary part

of the signal is rresent, a mcr coml lic;-ited pr-Ilem must be solved for the

conditional minimum 01 the estirration error. Additional co nditions arise
from the fact. t hat the mat,.em ti' :,- exectat.i on of' the signal must be esti-
mated with a giver, accuracy. At t ne sanje time, it is necessary to satisfy

6 the conditi 2n of "exponntially fadi;.g memory" of the estimator, which re-
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duces to the condition that the signal at the output of the estimator must
'e formed from the observed values of the input signal with an exponential
weighting.

In the solution of the above irentioned prollem, the classical Nier.>r
filtering theory is not aplicable for two reasons: (i) it assumes that the
input signals are stationary random processes with zero mathematical expec-
tations, (2) it assumes that the output signal is formed from an input sig-
nal observed over the semi-infinite time interval without weighting. Son.e
authors have solved the filtering prollem for ron-stationary polynoliial in-
puts with finite olservation time. 1Put the optimal filters resu] ting from
their methods are difficult to realize in applications. [15]

In this paragraph the main attontion is focussed on the solutirn of the
problem of synthesis of optimal digital estimators for polynnmial models
with exponential weifhting of data. This approach has not leen crnsi 4, rei
until very recently. tut it can yield some important results for Iractical
apTlications.

2.2 Optimization with z xponertial Aeighting

One assumes fat he rr series data of measurements is re~r 'senr'de
ly y(il)=g(iT)+r (il) and g (i V) ~ (ry(

where g(iT) is tie n,droristjc plynomial component, n(in) is tu,- sta-
tionary random com[onwr with atutncnrrelation function h(17) and rower
spectral density ",(z). The output of the estimator is desifnatod ty x(iT),
and the desired utput ty x (iV). TI# impulse response of the real estima-
tor is k(i9), and f.e imn.ulse r.s.,>-ss of the ilcal estimrat r is (iT).
Therefore one cr. ob~air x4 (!T'=T '- h(iT)g(1T-i ) (.?)

where~~~ ~~~ 1, =T):. c-_ h:]<- i~~')! !-i)(T) ( .i

The variance of ra e rof the eimation is

'ne can determine the o timal impulse response function k(ij v the varia-
tional calculus w t,' Lagrang mul tipliers. The minimum of the fc owing ex-
pression will 1e iet,erminA.
J{k}=Tr krT) (-i a ) (,

j'=O i=o j'=O0 '

The decomposi tin T': ) th (ahlnr s i i
T)~ ~!2 ,() +. +(_i) r. , ,

Thus one can -,tni n !P{ k}=x k(i 1 7' -;- (i I-ia')k(i - 2p0 ,+< Ii (i I)

+~p(igrn2  ~ U)V e (- )+p:T: g(l'-i, 7,),(i: ,)rp(-ai, 'I)

where 2p,- I (r7) f-' ,,' ",r
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Fy the rules of the calculus of variations, the optimal impulse response
-£ k(iT), transforming the expression J{kj into a minimum, is determined fromb J tk+ Lkilo o=O C 29

where , is an arbitrary number. This formula is a necessary and sufficient
condition for obtaining the minimum of J{kj. In this way, substituting
*k(iT)+Ak(iT) for k(iT) in (2.8), one obtains J{k+4k}=J{k +2AE,+A4E (2.10)
where ;T-k(i T)T'5 k(iT)R(i, T-iT) (2. 10a)

" , =o(2. 1Ob)'

Thus one finds that the condition for the minimum of J{k} is determined by
El= C, or equivalently, by the following equation

tazO

2.3 Solution of the Equation for the Optimal Impulse Response of the
Digital Estimator

One will now solve the equation (2.11), which determines the impulse
response of an optimal estimator. If the noise n(iT) is a statistically in-
dependent time series, then the correlation function of n(iT) can be expres-
s'e by R.(iT)=R~o8(iT) (2.12)
where E(iT) is the Kronecker function defined by the following conditions:
S(iT)= 1 for i=O , and &(iT)= 0 for i* 0 (2.12a)

In this case one can obtaink(ilT)=[A+A, i'T+A,(iT)' +---+ A,(iq')']exp(-ail') (2.13)

where A.=R- p. , A, = R p, , A2=h-1 p, , ... , A,=R-o, (2.1'a)
bhy performing the Z-transformation one can find the transfer function

W~z=Tk~i~s=T~~oAirl+A(iTY +...+A,(iq)' exp(-aiT)z-' (2.14)

In this formula A.,A, ,A 2 , -',Ar are the constants to be determined.
If the noise n(iT) is a statistically correlated time series, the so-

Iition of equat ir;n (Z.11) is more complicated. One supposes that the spec-
tral densi'y furotion of the noise n(iT) can be represented byj -  

- +l -1<
"-(z)=az 'z+a,, z'+.+az+ao+a,z +..-+a-z +a, z

iS, (z) ,+ a K-

z ) Z +bmz + .. ' zmI+ • . +b, 7+1o+t, z-' +.+1 Z"'*+1 .+ Z-
e+e, z+ez+- +e, z7

where.+C, Z+Cz+cz*+Cmz

(.,c ouppose s that the function N(z) has n-i+her zero n-r pole ouitside the
:nit cycle in the 7 Tlane. In ti is cse, it car be demonstrated that the
olution r)f o'Tati' n (; .11) is the following

k(i )=[A.+A, i'+A i T) + +A (iT)] ex (-ai )+h, d +,da+.- +12K d (2.16)
In 4 is fermu a Ao,A1 ,- ,ArT, ,Pt,- -,2.K are the constants t -c b'eter-
mined, and d(A , i , A2K are the r,,ots of the equation

A(z)=a, z' +a,7 +.. Z+ o+a,'a z' +.,+a z* +a, z =C (2.17)
i-y perfr, r gin the l-trarsformation one can find the tr.nsf,r fui ction
'*(Z)=T k i 57 -t +A, i+,,(i) +A&(If)l exp(-aj'," r

The nptimal "otimator must satisfy the foliowing additional
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condition: Eg(lT)=T g(lT-iT)h(iT)-Ti -g(lT-iT)k(iT)= 0 (2.19)
Substituting the f4ormula (2.7) into this condition one can obtain

Cj(iT)=~Q- 1 )1 g (iT): c 11 0t (2.*20)

where oA=T msT saisfy m, =TF60 iT i (2.20a)

Therefore on utstsythe following (r+1) conditions:

or T (iT)2 k(iT)=T *(iT h(iT) for l=0),1,2,- - ,r (.1

In the case of prediction for a time interval t,=10T,one can obtain
h(iT)=F(iT+lT). Thus d=~i?&i~.)(1T 1 fr1012**,

ffi1T~(T~kiT) - T forT~ 1f0,1 1=0,1,2,r (-,r
* ~ ~~~~~~~~~ IniT thEaeo itrigoecnotin h1T)(iTd=~~r(T

Therefore the (r+1) conditions are the following:

MR= I5 m(T)=0 L -1 for 1 =0,* r 2.5

In the case of estimation of the first derivative one can obtain the fol-
lowing (r+1) conditions: mo=0, M1=-l, and mj=0 for 1=2,3,---,r (2.24)

*In the case of estimation of the second derivative one can obtain the fol-
lowing (r+1) conditions: m,=0, m1=09 m,=2, and mx=O for 1=3,4,---,r (2.25)

2.4 Synthesis of Some Digital Recursive Estimators

Using the general method, presented in the sections 2.2 and 2.5, one can
synthesize some digital recursive estimators (predictors,filters and diffe-3
rentiators). The results of synthesis are presented in the following table
where the simplified notation__S=exp(-aT) is used throughout.

Estimator Signal Noise Transfer function
type g(iT) Ruh(iT) W(z)

filter go ;(i)Z(1-0)
____ ___ __ ____ ___ ___z -E)

filter g*+giT R(iT) ZzE

tiatorn.) g0+g~iT Rn.S(iT) _____T_______________

filter g~~T+(1-0 ez 30(l-ez)z+302(1-0
gz(iT)- Rj(iT) z tz- 0ey

differen- g0+g,iT + R~T

pritor g.+giTT 2~(T ( e)(+.zz-Q1e [.(

differen- g*+g~iT + Rj i) z(1-@,), ( z-1 )[1 5( 1+8)z-0-5( 5e1
tiator(l) g,(iT)a T____ _____________________

predictor_ __________ Tn~T (-)z-ele
for t. =1T Z _ (z-e)
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III. METHODS Fk^R CPTIMAL RECURSIVE ESTIMATION OF NON-STATIONARY TIVE SERIES
REFRESE1NTED BY STOCHASTIC MODELS WITH STATIONARY INCR ENTS

[. 3.1 Problem Statement

The random variations of frequency and phase of oscillators and atomic
* clocks are non-stationary processes. In this paragraph one will develop the

methods for optimal recursive estimation of non-stationary time series with
stationary increments, represented by the ARIMA models or the Markov models.
If the freqi;ency fluctuations of atomic clocks are stationary and the fre-
quency drift is negligible, one must consider the plase (time) fluctuations
of atomic clocks as non-stationary processes with the stationary increments

* of first order. If the frequency fluctuations of atomic clocks are stationa-
ry, and the frequency drift has a constant value and is not negligible, one
must consider the phase (time) fluctuations of atomic clocks as ncn-stationa-
ry processes with the stationary increments of second order. This stochastic
approach is more complicated than the deterministic approach presented in
the previous paragraph, because the statistics of random processes must be
taken into account. In order to synthesize the optimal estimators one must
have the knowledge of the signal and noise statistics. But from the view-
point of the physical phenomena in the oscillators and atomic clocks, the
stochastic approach is more reasonable.

In the solution of the above mentioned problem, the classical Wiener
" filtering theory is not directly applicable, because it assumes that the

signal and the noise are stationary random processes. One will resolve the
problem of synthesis of digital estimators by the method of variational cal-
culus. This is a modification and extension of the Wiener's method to the
optimization problem for the non-stationary sampled random signals with sta-
tionary increments. By this method one can determine the transfer functions
of optimal recursive digital estimators. One can also deduce the algorithms
for the realization of these digital estimators. In section 3.2 will be pre-
sented the direct method of optimal synthesis of digital estimators. In some
cases, one can alternatively use the indirect method of synthesis. That is
to say that one will synthesize the optimal continuous estimators at first.
And then one can obtain the corresponding digital estimators by the trans-
formation methods. The indirect method for synthesis of digital estimators
will be presented in section 3.3- In section 3.4 will be presented the me-
thod for optimal synthesis of digital estimators for Markov models. For the

P4 non-stationary time series with stationary increments and for the case of
steady-state optimization, using the general theory of Kalman filtering,
one can obtain the time-invariant digital filters. And the transfer func-
tions of these digital recursive filters can be deduced.

* 3.2 Direct Method for Optimal Synthesis of Digital Estimators .4

3.2.1 General Method for Optimal Synthesis of Digital Estimators

One assumes that the time series is represented by y(iT)=u(iq)+n(iT)
where T ie' the sampling period, u(il) is a non-stationary signal with sta-
tionary ircrement of m-th order, n(iT) is a stationary noise. One can re-
present .,,e problem of optimal estimation by the following diagram.

482

. . .-..



"4

Fig. 3.1

* where W(iq) is the impulse response of a real estimator, which is a linear
i constant system, I(iT) is the impulse response of the ideal estimator. One

wishes to minimize the mean-square errori': j =[e4 (il)] = F Iy (T-2y, (iT)y(iT)+y-%(iT)] (3.2.1) i

By performing the Z-transformation one can obtain

Yx(z)=U(z)I(z) Y(z)=[U(z)+N(z)]W(z).E (z)_- U (z -[IJ(z) N(z)]W(z)-_U(z)[I(z)-w(z)]-w(z)N(z) (3.2.2)
Because u(iT) is a non-stationary signal with stationary increment of m-th

order, one obtains U(z= D(z) (2U --( _ -, )M (3.2.3)

where D(z? is a stationary time series. Thus one can obtain

E(z): r' (z -W(z)N(z) (3.2.4)

If one assumes no correlation between signal and noise, then
S,,(z)= 0, S,4(z)= 0. The expected value of E(z)E(z-' ) becomes

S[E(z)E(Z-' ) S.e (Z)= _ ( [) -W(.)_w (z)] )]+w(Z)w( )s. ()•( ' - z ') ' ( 3 .2 .5 )
This expression gives the spetral density of the error in terms of the spec-

tral density of the derivative of the signal and the spectral density of the
noise. One uses the formula of inversion to obtain the mean-square error as

Ce--~~ S.. (z)- z (3.2.6)

One will derive the equation for the best W(z), which minimizes the mean-

square error 6e' . By using the following short notations
W(z)=W. , W(z-, )=w. , I(z)=,+ , I(z ' )=_ (3.2.7)
one obtains
62irj S (z)(1-z' )(1-z)(I. W+ )(I--W_ )+s.(z)W+ W)z dz (3.2.8)

Fy the rules of variational calculus, to determine the minimum of 60 one must
give a variation At(z) to the transfer function W(z) and find the quantity
6,1{W+&kj. In this case the optimal transfer function is determined from

*6' {W+4stI.=. 0. In this way one can obtain 6.{W+A1}=
f T(-z-) ( I + _w_ 0(_w_-,,)+sz,, Z)(W+ +A1')(W_ +A1 Z' dz

-S (3.2.9)

_2-i - _ , - ( I l . - ) ( -,) I_ + ) ( I -w )] +
+ z-' dz = 0 (3.2.10)

This may be written as the sum of two integrals

nit jfs,, (7)(1-z-,1- (1-z)-" (W_-1.)+s,. (z)W_} z-' dz ( .. :

27rj '{S,44 (Z)(1-7,)~(-Z" (W--I)+S,, (z)W4j z'z o (3.2.11)

A If, in the second integral, one makes the change of variable z--3,

483

I,



and uses the evenness property of Sd4(z) and S,, (z), one can show that the

two integrals are identical. Thus one obtains

2 - (z-' ){S' 4 (z)(1-z-") (1-z)m[W(z)-I(z)] +S, (z)W(z)1 z" dz= 0 (3.2.12)

Now one defines the spectral factorization as following
SAj (z)(1-z - )" (1-z) +S,. (z)= A(z) A(z -I ) (3.2.13)
and requires that A(z) has poles and zeros inside the unit circle only, and
that A(z- ) has poles and zeros outside the unit circle only.

Using the notation r(z)-St (z)(1-z-' )' (1-z)' 1(z) (3.2.14)

one obtain. .2.-.-' V lL(z' )&(z' )[W(z) (z)- )]z' dz= 0 (3.2.15)

Expanding the term r(z)/A(z "' ) in partial fractions, one obtains

r~-z) [--~zj. + [jf-~-z- (3.2.16)) L&(z" )J+ L4. " )J-

where [ r4z) has the poles inside the unit circle, and has1 6 z-' )+ LA I)J-
the poles outside the unit circle.

he.. (-' )A(z' ) )( z' d70 (3.2.17)

* Note that I(z'l )A(z')[r(z)/A(z - I )I has the poles outside the unit circle
only, then one obtains I (z4 )A(zi )F z " dz= 0 (3.2.18)

Thus the requirement of realizability of the optimal estimator becomes

z' )&(71 ){W(z) (z)-fr(z)Ia(z- )]z1 dz = 0 (3.2.19)

from which one obtains (z) (z)I

3.2.2. Synthesis of some digital recursive estimators

Using the general method, presented in the section 5.2.1 , one can syn-
thesize some digital recursive estimators for the non-stationary time se-

-' ries with stationary increments of m-th order. The results of synthesis of
the digital recursive estimators can be represented in the following table.

Sd (z) Transfer function Parameters RI.A
(1-z- T(l-z S,(z) I(z) W(z) values (pnq)

* @ (1-z-')(1-Z) ca 1 r-r =1+ (i+7I.)- (010)

d- (2-r, -r, ) z+r, r - y,=2+jd/c, (020)
(1- z '(1-z)a C( 1)(Z- ) y,=2-Jd/c,

d" ___1-z__
z (z-1)(1-r,)(1-r.) r, =0.5y, - 0. 25y'-l

(l-z'l (l-z), T (,-r,)(z-r,) r,=0.5y2 - 0.25y-1y( 02 0 )

d ' (,-zj)' z(z-1 (l-r, )(1-r.Q(l-rs) r, ,rj and r3 are (030)
(1-z lz)y c& Ta- T' (z-r, )(z-r)(z-rs) the rnots of equa-

Z c 1-z" (z-1)(z+Y)(1-r.)(1-r-(1-r tion n= (030)
"i l-z-)X z), C " T T(1+9 )(z-r,)(z-r )(z-ir3) inside t u

inside te ui
- d' c z'+z+ .)(1-r )(1-r)(1-r) cycle. e' ,E.and e, (030)

S(_1++)(z-r )(z-r 1 () are constants
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3.3 Indirect Method for Optimal Synthesis of Digital Estimators

In some cases, the synthesis of optimal digital estimators is more diffi-

cult than the synthesis of corresponding optimal continuous estimators, be-
cause the algebraic procedure of spectral factorization is more cumbersome.
One can alternatively use the indirect method of optimal synthesis. At first
one will synthesize optimal continuous estimators. Then one can obtain the
corresponding digital estimators by transformation methods.

*3.3.1 General Method for Optimal Synthesis of Continuous Estimators

* One defines u(t) as the signal and n(t) as the additive noise. One can
represent the problem of optimal estimation by the following diagram.
W(t) is the impulse response of a u(t) n(t) yt e(t)
real estimator, I(t) is the impulse ) t)
response of an ideal estimator. The t)
criterion of optimization is the Y(

mean-square error Ce=E[e' (t)] - I(t) Fig. 3.2
By performing the Laplace transformation one can obtain
E(s)=U(s) (I (s)-W(s)]-W(s)N(s) (3.3.1)

* Because u(t) is a non-stationary signal with a stationary increment of m-th
order, one obtains U(s)=D(s)/sl , where D(s) is a stationary signal. One
assumes that the spectral densities SS,(s)=Sn,(s)=O, then the expectedvalue of E(s)E(-) is S ,sE[E fE(-s)e(s) iss)=W(s)][I(s)_W(s)] +W(s)W(-s)S,, (s) (3.3.2)

The mean-square error is 6e =y-S See (s)ds (3.-)

By the rules of variational calculus one can obtain

-. _.L (-s){SJ (s)s-"-s'[W(s)-I(s)] +S,,.(s)w(s)}ds=O (3.3.4)

Now one defines spectral factorization as the following

-- " + s'. (s)= A (a) a(-a) (3.3.5), ] s"(-s)-
and requires that A (s) has poles and zeros inside the left half-plane(LHP)
only, and A(-s) has poles and zeros inside the ri ht half-plane (RHP) only.
Then one obtains 2wj_ . ( s) [W(s) A s) .yjs=(

S A s ds= 0(3 3.6)

where r(s)=st&(s)s=*(-sri(s). Expanding the term r(s)/A(-s) in partial
* fractions, one obtains rs rrsA L] r s)1 (3.3.7)

where [r(s)/A(-s)]+ has the poles inside the LHP only, and [r(s)/ (-s)]_
has the poles inside the RHP only. Noting that

-a* (-s)A(-s)[r(s)/ (-s)] ds = 0 (3.3.8)

one can obtain the transfer function of optimal continuous estimator

w(s)= 1 lr(s) (3..9)

3.3.2 Synthesis of Some Optimal Continuous Estimators

Using the general method, presented in the section 3.3.1, one can syn-
thesize some optimal continuous estimators ( predictors, filters and diffe-

* rentiators). The results of synthesis are presented in the following table.
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(pnq) sm(_s)Z __(___ Parameter values

(110) d2  2 _.-9'# d1

S2_+ ( ._(,t++ 
a ----(i (,

(10) -s) S'+ C set s (al-)-s+(a+ 0(at) s+1 P 2 (2
(C20) (-) ' ¢z e= ' T< %; 2 T, =j --~~ T'<"s2 +j .t's+i ~J/

(oLo) d1 d2 S2 + T, =J7J'F ?(sy s' c' s IT s" +r- Tr s+!1

(030) "-eS (e T 2T,+)s ( T+r)s+l
*. (050) T.~(-s) se T, s3 + _-_,2 T. __+1 j

( (30) d2  c' se S s ( T +T)S+1]"d3

(030) c8s2 ___-(-s)' s T s' +2 Vs 2 +2Tc s+ 1

____ s , ca + a,= dl/ , (+5)

(1111) s qs a-=s ,de/c +6'e. a
s (-s 1 +C)c eC S a, a" 4 t' s+1 aa = c

( 21) -s s aC se 1 S+ a,=2d c + d zjctd(-s'+ 2 R +a if-
(oI) (-s) s ,_71

1alEx L-rt xt-e'" (I) 0 V--&-L -- T'+a) ( +u'],(' I'[- -C - " a+b-. ab ) 'e" *1

- (*5) q,=- + . G2 +u, -- %,

1.3.1 Calculation nf digitil i'y rnods of transformation

Cne has ol re ll' f --omlinuous estimators. By the
method of - +,r , a]es method one can determine
the transfer frior,s 7 -''r-' : w> estimators, which are ne-ies-
sary for the reaiizati, rs r " i i'r s utions. One will explain the '

~'
state varialles rethod y -(s)=

Given the transfer function r," -,. nv-us estimator oi(s)= Y s

bS+ ' S +s" + 1;l S +o 4wlere q 3-I10)

- ap sP+ap, s- s *+ '"+aS 4a.
* one can find a 'iff.-rential equation 2f order p . Then one can represent the

continuous estimat r y + f irr rider liff-rer.tial equations, called
state variafles , . ) !'(')+ v()

where F, ,C ;-,rid o a e i s, (t) ind Y(t) are vectors. Then
for the cr'rrespr,,!n ii sr.-,,t - , cr, re canr leterr, ine the state tran-

* sition matrix 0 -:n, !'r i r f n] ,ong formulas:
S=exp(F'r) , r-=:(p) ,o (3.3.12)

Thus for the ,!." tr r" r-! - r' w~ j r state variables
equations K .1 . (4.F.13)

V

These ,,qialnr .'iv- ,. ; ,, tur. 'I ey are natural
and convenient f-r -i '- . f rrler to analyse the

S
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digital estimator, one can perform the Z-transformation of these equations.
one obtains X(z)=(zI-0)"'rzU(z)

Y(z)=C X(z)+ D U(z)=EC(zI-4PY'r z+D]U(z)
Therefore the transfer function of the digital estimator is

W(z)=Y(z)[U(z)] =C(zi- ) z+ D (5.5.14)

One will illustrate this method by two simple examples.
(1) The continuous estimator is W(s)= -~s) T + (5..15)

Thus i(t)=-T-x(t)+--u(t) ,y(t)=x(t).

One obtains F=-I/T , G=1/Tc, q5=exp(FT)=exp(-T/Tc),
r=1-exp(-T/T.), C=1, D=O. The transfer function of the digital estimator

is W(z)= C(zI-T )"r z + D = z 1-exp(-T/Tc ( '/.16)(2) 17 1
The continuous estimator is W(s)= Y- (s 'fT%+ 1(

U(s)-T 1's' +-f T, s+1
One obtains the state equations X(t)= F X~t)+ G U(t)

Y(t)= c x(t)+ D "1(t)
* wxe , 2(t)' -4 'TJ, G= T C(i 4T ), D=C

* The state equations for digital estimator are
XK, =' XM+ F UK(+1
YK =C XK+D UK

where rXK e- _e(cos ck+sino() 'f2 1 e' sino( '
-\(2T,' e -sin4 e-1(cos4-sinc\1l-e-" (sinok +coso( )I

sine , C=(1 42T¢), D=O, UK =uK, Y:=YK, o:T/(/-q1)
F2=( -je-s in.2 so'i

The transfer function of the digital estimator is
:" [1+e - o (sina-coso' ) z+e-2o-e - ' (sin&, +cos k )" W(z)=C(zI- z'-r D 2ze " cos + e - z

Using this method, one can resolve more complicated problems.

3.4 Optimal Synthesis of Digital Estimators for Flarkov Yodels

For the optimal estimation of non-stationary time series, represented
by Markov models, one can use the Kalman filtering theory. In general, one
obtains digital estimators with time-varying parameters, which are diffi-

[* cult to realize in applications. For the cases of non-stationary time series
with stationary increments, and for the cases of steady-state oitimization,
one can obtain digital estimators with time-invariant parameters, which are
easy to realize in applications. One will at first summarize the 1-asic re-
sults of Kalman filtering theory, and then develop some aspects of applica-
tion to the estimation problems of non-stationary time series with station-

0 @ary increments.

5.4.1 Basic Formulas of Optimal Filtering for the Case of White Noise [17)

One supposes that the state equations of the model are the followinr
I r~~(2.4.1)

YK= HK XK + VK
* where Wx and VK are zero mean white noises, so that L"K=Q, EVK=0,

CoV(W%,W) K , Cov(VK, V RK9j , Cov(WK ,V9) 0.
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Then the linear optimal estimation XK for the time series XK can be deter-

mined by the following recursive formula J
AAXK= ox" X j+ KK(Yx-H@,,,.4XK. ) (3.4.2)

The gain matrix is KK=PK-,iH (HKPKMH'+ R,)" (3.4.3)
The a priori variance is P (3.4.4)
The posterior variance is PK=(I-KKH,)P./KK(I-KKHK)7 +4RKKr (3.4.5)

The estimation error is ,= Yg-HKg,.-I XK-, (3.4.6)
In general, the matrices gK-o, flK , HK, Qx, RK, KK, PK/,-I and PK depend on k,
so that one obtains time-varying estimators. But for non-stationary time
series with stationary increments, one can have the matrices , r, H, Q and
R, which are independent of k. For ease of implementation, one will focusthe main attention on the optimization for the steady state, but not for

the transient state. In this case, one can obtain the matrices K, P* and P,
which are independent of k. Therefore, one can obtain suboptimal estimators
with time-invariant parameters, expressed by the following equations :
X=0x-, +rw , YK= HXK+VK (3.4.1a)

EWK=0, EVK=O, COV(WKW)=F Cov(V.,Vj)=R0i, Cov(WK,.V)=O

0 The estimator equation is Xk=# X-, +K(YK-H'PXI ) (3.4.2a)

The gain matrix is K=P*H (He H+RY'  (3.4.3a)

The a priori variance is P"= P%+#Qr (3.4.4a)

The posterior variance is P=(I-KH)P (I-KH) +KRK (3.4.5a)

The estimation error is ,,- =YK- H#Og- (3.4.6a)
By performing the Z-transformation, one can determine transfer functions of
the time-invariant estimators. One obtains

.<.)(z- )" r zW(z), Y(z)=H(zI--P)"r zW(z)+V(z) ^(3.4.7)

Thus the transfer function of the digital estimator is
A ( z)=Y'%( z) [Y ( z)]" [I +H 4) ( zI- )" K]_1 H jb ( z1- 0 )_'K (3.4.9)

The open loop transfer function of the digital filter is

B(z)= H 0(zI- 0 'K=- 7(z)/T(z) (3.4.10)

3 3.4.2 Method for Solution of Optimal Filtering Problems for the Case
* • of Coloured Perturbation

According to the definition, the ARIMA(p,n,q) time series corresponds
" to a continuous process, expressed by the following state variables equa-

tions : t )= F X(t) + G L(t)
(t)= H X(t) + V(t) (3411)

where

0r01 0 I2(
F=x(t)= (t)= H=(I 0 O.-O)

0 0 0"" 0 ,,x (t)J, [ (t))
* L(t) is a coloured perturbation, V(t) is a white noise. One supposes that
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L(s)=M(s)W(s), where M(s)=N(s)/D(s), W(t) is a white perturbation. If all
roots of the equation D(s)=O are real and different, the state equations for
the coloured perturbation L(t) become P(t )A P(t)+B W(t)(.L~t)=C P(t, (3.4.12)

where G1

A= B= C=(c, .. c, )

One can associate the state equations for L(t) to the state equations of the
model. One obtains (i(t)j fF GC) (t+ O W(t) (3.4.-13)

One supposes that p, (t)=x,, t) ,PP(t)=x".P(t), X*(t)= [~

F )(t)=(F GC) (0 Jl Att

Then the extended state equations are the following
*(t)= F*X(t) + G*W(t where F 0= G (*=O414)

Y*(t)= H X*(t)+ V(t
By the methods of matrix calculus one can determine #-exp(F*T) and

r*--L (+)G*d . Therefore the extended discrete state equations are the
following :X ,, = (rX: +FW+, (3.4.15)

Y' = H X: + V.
Then one can use the basic formulas of section 5.4.1 for resolve the optimal
filtering problems for the process model, expressed by the extended discrete
state equations.
5.4.3 Calculation of Some Digital Recursive Filters

Using the general methods presented in sections 3.4.1 and 3.4.2, One can
design some digital recursive filters. The results are presented in the fol-

lowing table.

ARI A X(t)=FX(t)+GW(t) XK=osrwx K Transfer function Coeff.
(pnq) Y(t)=HX(t)+ VCt) Yg-H Xg+ Vi A(z) of e"

F=0, G-1, 161 oH=1 a a c. =0
(o10) 1,=I,=T, H= a z-1+ a c,-T/a

(020) - 11G=II) w='1 T) a - ,=
o 0 o, 1 0 1 ,/T (a+b)za c =0

HZ( 0). b1/ z +(a+b-2) z+l-a c,=2T /b
r= T where a=-b/2+j2

(10 -0 ),G-(0] 1 1 (eT-l) a (a+ r b) z-a ra c.=O
( + (a+rb-1-r,) +(I ra

H=(i 0). " e* [e( e-l )-h b/T (er T(1-r,
r 0 where r, =(eT Y' (e-T -1),4 2 ,- "

W @ (eo-1) r,=exp(eT).

H=(1 0)
(030) f0 1 0 G.10 1 T T 2 2 a qz +qz+q.. c.=0

F= 0 0 1 G10 =0 1 T b/T z +p,z+p , z+p. c,=0
0 0 0, 11 0 0 0 1 2c/T' where q 2 =a+b+c, c,= 0

H=(1 0 0). (T'/6' q.=a, p,=a+b+c-3, c3=3T'/cr = VT/2 ,p, --- 2a-b+c+3,

T q, =-2a-b+c, p. =-1+a.
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Hv. Ai ILI'.'IO UP f-C IlTAL RECtHSIVE EST~VIMATORS TO A41OIC TIME AND

li his ;raraih, One Will demonstrate the applications of digital re-
",rsivp Ptimators to characterize the frequency instabilities of atomic ~
.>.ocks, to Vrelict the random variations of atomic time scales, and to smooth
nmc sr2.iesdaa. otied Qy the comparisons of atomic clocks.

'c t'- 7~u;of Frequency Instabilities of Atomic Clocks by Recur-
:i,' i il'ren-tiators

I2

Estmatio'n of' Variance 6 byUsing Recursive Digital Differentiators

,:r t~ n~riverizaticin of frequency instabilities, phase comparison4-f Workcs will be used. For the determination of the first de-
r~v cf ynae fluctuations, one can use the digital differentiator

T ( r, ) ( -r. T -1 z) where z -q. (4.1.1)

.... .... -.tr.lrg con~tinuous differentiator is

(is- - differentiatoere -,s= 2

~~~~'~~ ~ s+JT%, S+1-L() whr () T.'s' +12T, s+1(4.)
Tor~ toe determination of the second derivative of phase fluctuations, one

.~T '1', 1 - i -r (4 .1 .5)
z-rz-rz r3

-"e iv(> -r i-rQ 1-r 3 Q is the transfer function of a digital low-

.

lass Filtr. Th corresponding continuous differentiator is

c (s) whre ''T 3 2T 1
(4

2
1-4

"s' •, 'ZT S+1"- ELIATR Ts ATj'+lCTIME 1N

71"Yeurp 'e transfe~r furcticns of optimal differentiators are composed by
t rc-Pnc '-re differentation ard low-pass filtering. The correspon-
.F >tw"a s -aters are the utterworth filters, which are the approxima-

us, to r re .ctK low-pass filter within the pass-band tTn
r-it- seie tir- sr ,es na otaind at the output of the digital differentiator

;.~'." ,t nfri n the mean value and the variance by the following

:'.' r. 'oJ J the 1ranet rTonre can detarine the curse opariance

the prarC t r,, ore can determin ath u of the variance
nctiv " .e uctuai arater T increases, the variance 6 decreases.

Frcr thye - & one can obtain the curve 6.2(Q) by a simple computa-
tion. 7W er)ti Q UO rhe ne frequ-ny rsta ility characterization in

? q !4,n ''7- * 1, Atninrd at the utput of th digital differen-
1a' r A& -n ">r lp errire the mean value and the variance by the fol-

,,,(,' -- z - W~ z)(4.1 .t)

7he values of m'a and I give the frequency drift characterization of oscil-
lators.
4.1.?2 Fil tering -ethod for the lower Spectral Density bterination
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One supposps that tur sa ciurve of 4he power spectral density Sy(w>).
The spectral function F,((w) lr e 4 elnr mred 1 c')5Ys(i d

And the variance is 6 ~--) W( Y>~ W~( )L (4.1.7)
One can o'ttamn also S Lo -F)~ (4.1.8)

Therefore Fy(W ) is the rr mr)I ive fuincti on of S() and S ( U.) is the
first deriv-tive of Fyi' ) qtf Value Of Y,(W ) for w=oo is the total vari-
ance 6y2. The valut- iz 1 .' S- ic artial variance.

Ft(i=S d I 6 W). From the curve 6y1t(q) one can determine the
curve ~ ~.Then one can ccp put - the spectral function Fy (u,)=r6( WO)
for differen+ values o f -) . The pocwer spectral density SL ) can be obtai-
ned ty the differentiation of the curve '(t000
SY ~j&F(cWx) -F()jc (4.1.9)

4.1 .3 Relations to the Conventional Caracterization Y~ethods

It is of interest to compare the proposed characterization .ethod with
the conventional methods, especially wit h the Allan-variance meth-d 'd the
three samples variance method. In thii, soction, some comparisons 1. .een

* these methods are given.
()Comparison with the Allan-vari-ice method
According to the definition oif theP Allan variance one ottains(see (8])

& ( 2,tr.) T-y, ---y, Thus /

where 7. =fy(6)d6 , fy( ;)d , and t,=t, +-E41.0

Hence one obtains the following transfer function
etS),

H~)=r2,s( ?I~d~l=K (irfrM where s=,juw=j2Tr f (4.1.11)
According to the Pad6 a~rroxirntion one can obtain (se[6
-is 1-stL _r -S -r_ sse

e = 1+st ; so that 1- P s4 (4.1 .12)

I Thus the approximaep trans-fer fueino! the Allan variance method is
['°-Lr ,s~i(s), .i-re 'rL(s1

r-1- e 1C. )=s+ 1,( .r S
The equivalent pass-tand of he -w''sf~ter HL(S) is fe*=1/(4-c)
For the optimal continiiuuq ~ ~ ao

0 is=T.ZS2 +47Ts + Fc S, 471, S+ 1 (4.1.14)

the equivalent pass-land ofi i tue w--,-ss filter 'hL(s) is fe=(4F2 T,)'

Therefonre the crrditin f e.: iv a is tJhe or spetral (4.1.15)

(2) Comparison with the three ;racemethod
According f- the dpfirniti-rfn '~toe ~ije variance method 181 one

ott;iins 21 1 41.6

The transfer function (of 'his ret e

H(s)= )3 7 (4. 17)

Using the ad ancer imat io r--- -,s s

One can nbtain the a.prox imato Irarf'-r furctior ' thi ;pettr~d

I1 ()

:.' hereore y~u0 is he rimiriv. f-otio of y( o, an S. .) i th

'" irs deivaiveof y( ). r, vaue t F( o fo =o i th toa vari-



4

H(s)=- - etS~r H,(s), where HL(s)-
3rs 3 - S/2+ 1)' 41.9

The equivalent pass-band of the low-pass filter HL(s) is f,*=5/(16r)
For the optimal continuous differentiator

W (s)=T3+2T.=2T _ S2WL(s), where WL(s)= T ~s+2Ts+2Tcs+1 (4.1.20)

the equivalent pass-band of the low-pass filter WL(s) is fe=(6TcY'
Therefore the condition of equivalence is 9 8(4121)

4.2 Prediction of Random Variations of Atomic Time Scales by Digital

Recursive predictors

4.2.1 Statement of the Atomic Time Scale Prediction Problem

The time scale prediction problem is one of practical importance in such
areas as utilization of portable clock data, control of time and frequency
at remote autonomous stations, and atomic time scale formation with extrapo-
lation. Several prediction methods have been proposed. They fall into two
general classes: fixed polynomial filter methods and autoregressive integra-
ted moving average (ARIMA) methods. By these methods, some results of predic-
tion of atomic time scales have been obtained. [9) [11j.

* But there are three main problems in prediction, which have not been re-
solved. (1) The fixed polynomial filter method by the least-squares is not
a recursive method. Thus it is not applicable for real-time data processing.
(2) According to the ARIMA prediction method of Box and Jenkins, the addi-
tive measurement noise is not taken into account. (3) By these two methods
one cannot make the prediction of derivatives of time series data. There-
fore they are not applicable to the frequency prediction problem.

To resolve the above mentioned problems, one will use digital recursive
predictors for atomic time and frequency prediction. Hence the additive mea-
surement noise can be taken into account, and one can predict time and fre-
quency variations simultaneously.

4.2.2 Realization of Digital Recursive Polynomial Predictors with
Exponential Weighting of Data

The transfer function of polynomial predictor of second degree is
* =~(Z (1-e ) [1+l 1-e)(l+e)'] -2e1-e) [1+1. (1-e)2e"])z" (.21W(z): zo- X ) z) -) -) (4.2.1)

f(z) - 1- 23z-' + e'z-2
Thus the algorithm of this predictor is the following

X ,= Ex1-_e 1-E)

y-2( (1-) (1 +1 -- ) y._,  (4.2.2)

where the prediction time is t.=l.T , T is the sampling period.
The transfer function of polynomial predictor of third degree is

W(z)=z"X(z) A.T+e(-2AT+AT 2 +A,T3 )z-' +E9(A.T-A, Ta+A,1T
3)Z" 4

Y(z) 1- 35 z"+ 3 elZ-2-e 3 z- (4.2.3)
where A3T(I-')1+.1 e2) _1-eA( 2 1 22Aj(- [(1 '=,, -+(++*1 AIT -2"1- (1 +@) 11+

(1 e+1 2 1E 3E+11-E) (1-) 2

6e2  0° 691(l+e).J, - 2 [ 2e2 + 28 J
The algorithm of this predictor is the following :

+ , =3ex,+o., -30 x,+.-, +83 x"+RG_3 + (Ao T)y, + (-2A. T+A1 T
2 +A± T' )y,, +e' (A. T-A, T' +
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+A2 T
3)y,.2  (4.2.4)

4.2.3 Realization of Digital Recursive Predictors Based on Stochastic
Models with Stationary Increments

In the paragraph III the synthesis of optimal predictors for several mod-
els has been done by the indirect method. At first, the transfer functions
for continuous predictors have been obtained. Then one must use the Z-trans-
formation method or the state variables method in order to obtain the cor-
responding digital recursive predictors.

, For the model ARIMA(0,2,O), the optimal continuous predictor is(/e+r)s+ 1 where
W(s)= Ts - 2 "7Ts+ 1 whereT=cd (4.25)

- For the model ARIMA(0,3,O), the optimal continuous predictor is
(2T,2+2T°t +Z2/2)s +(2T )s+ 1 T 7 (4.2.6)

Ts 3 +2 Ts+ 2Ts + 1 where

For the model ARIMA(0,3,O), the optimal continuous predictor of first deriv-
ative is s[R2T + )s a+ 1] 3 -
W(s) - T43s

3 +2 T,_sz+ 2Ts + 1 where T =7c/d (4.2.7)

In order to demonstrate the digital realization method of continuous predic-
tors, one will transform a continuous predictor of second degree by using
the state variables method. For a given transfer function (4.2.5) one can
determine the following state equations: i(t)=FX(t)+GU(t)Yt)=CX(t)+DU(t) (4.2.8)

wXh (t)) F==[xi1i) -[ (() J F= -T , =-( + ,))where X(t)= x,(t), _, 2,

DO. One designates VK=XKT, V, 4=Xk,+IT and at=T/(4rTo).
The state variables equations for the digital predictor are the following

XK+, =4XK +ruxo (4.2.9)
YK =C XK +D UK
where xe= ' J x= e ' ( c Os K+sino') -'e-"sin awher = [ I (v,=-2 i e-(i sinc ) e-k(cos -sino)J,F_|-e' (sinA +cooSt C o4 CT) DO

2 o(easine ) C-(I (oC+t/T)], D0.

4.3 Approximation of Non-stationary Time Series Data by Digital Recursive
Filters

• 4.3.1 Statement of the Approximation Problem of Non-stationary Time
Series Data

In atomic time and frequency metrology, especially for the time compari-
son between distant atomic clocks by satellite, one often has necessity to
solve the approximation or smoothing problem of time series data. Conven-

* tionally, one can use the least-squares method of approximation by algebraic
polynomials. In order to simplify the algorithm of computation, one can use
the least-squares method of approximation by orthogonal polynomials (Legen-
dre polynomials). In this case, one can save the operation of matrix inver-
sion in the determination of coefficients of polynomials. But these least-
squares methods are essentially batch-wise processing methods. They are not
well suited for real-time digital processing of time series data.

For the processing of non-stationary time series of long duration and
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for real-time processing, one must use digitil recursive filtering methods.
When one compares two distant atomic clocks hy a satellite, there are no
knowledges of the statistics of the process. In this case, one can use digi-

tal recursive polynomial filtering with ,xponential weighting for the data
approximation or smoothing.

4.3.2 Time Series Approximation by Digital Recursive Polynomial Filtering
with Exponential Weighting of Data

Using the results, ottained in paragraph II, one can solve the problem
of non-stationary time series approximation 1-y digital recursive polynomial
filtering. One will demonstrate this application ly two simple examples.
(1) For the smoothing of stationary time series data, one can use the digital
recursive polynomial filter of first degree. The transfer function of this
filter is W(z)= = z 1-9 -0 (4.3.1)

I zgz Z-G 1-( z-

Thus the algorithm of realization of this filter is the following
x.= exN.+(1-e)y., or x,=x,_,+(1-e) e, , where e,=y,-x._- (4.3.2)
(2) If the time series data contain linear deterministic component, one must
use the digital recursive polynomial filter of second degree. The transfer
function of this filter is

,, XZz ( 1-E)z+2e e- 1 (1-e')+26(E-1)z- (4.33)
=zz (z-e) = 1-2ez-1 +eaz( .

The algorithm of realization of this digital filter is
x,=2ex.. -e x,, 2 +( 1-e2 )y, +2o(e-1 )yn4 (4.3.4)
One can also use another algorithm for realization of this digital filter,
expressed by the following matrix equation

x"+1 where e,,4 ,=y,,,-x,-v, (4.3.5)

Using this method, one can solve more complicated problems by the same pro-
cedure.

V. NON-STATIONARY TIME SERIES YODELIZATION BY DIGITAL RECURSIVE METHODS

5.1 Problem Statement

The problem of atomic time and frequency modelization has a fundamental
importance for theoretical and experimental studies. The conventional method
for modelization of the statistics of frequency fluctuations is based on

* @stationary models. The commonly used model of frequency instabilities is the
power-law spectral density model, expressed by the following formulas:

S7(f htf for O fCf& and Sy(f)=O for f>f? (5.1.1)

Based on this model, the phase fluctuations can be expressed by the follow-
ing model: S,(f)= (4wzf') -' Sy(f) (5.1.2)
The second widely used model is the deterministic polynomial model. When
there is a linear frequency drift, expressed by a first-order polynomial
model, the phase drift can be modeled by a seccnd order polynomial.
The third proposed method for modelization of frequency and phase fluctua-
tions is the ARIMA stochastic models. These models can be used for the mod-
elization of non-stationary time series with stationary increments.

But there are some problems in modelization of atomic clocks, which have
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not been resolved completely.() The power-law spectral density models are
not completely suited for modelization of non-stationary frequency and phase
fluctuations. And the procedures of modelization are not natural and conve-
nient for computer simulations. (2) The deterministic polynomial models can
not reflect the statistics of frequency and phase random fluctuations. (5)
The ARIMA models have been constructed by empirical methods. The physical
origins of different ARIMA models have not been explained and derived. The
ARIMA representations of models can be further modified in order to get the

Markov representations, which are more natural and convenient for computer
solutions and simulations.

In the section 5.2 one will analyze the internal noises of atomic clocks
in order to interpret the physical origins of different ARIMA models. Then
some theoretical Markov models can be deduced. In the section 5.3, analyti-
cal procedures of spectral approximation and model identification will be -

proposed.

5.2 Analysis of Internal Noises and Deduction of Theoretical Models
for Atomic Clocks

5.2.1 Analysis of Internal Noises of Atomic Clocks

Consider the system block diagram of a cesium atomic clock, shown in the

following figure. ,, . 1 s (

quency multiplier fro(t), and the noise of the atomic reference f (t)are un-
correlated. Then the random variations of the frequency of the atomic clock
is determined by the following formula :ii
F r(s) k,k +f (s) kk (5.2.1)Ss+kFk.k (s) sk

The random variations of the phase of the atomic clock is determined by the "[
following formula : (f(s)= f,(s)±+ s(s) (5.2.2)

Using these general formulas, one can analyze frequency and phase fluctua-
tions for different cases of noises fr(s), ft(s)and fe(S). And then one can
obtain different theoretical models for atomic clocks. The results of some
theoretical analysis can be represented in the following table. form

Noise fr(s) f((s) s) I .() 0(s) ARIMA
type _______ ___________________(p,n,q)

Ahite bsrr b _+f bk(s+rb'kk -) (15121)
noises r ___b 0___ s+k,kk 3  s(s+k kaka)

Random r/s b/s 0 bshe +rb k kt bk( is+rbt'kk)  (1,2,1)

walks

Usig ks s+k, kfrkul) son s+k, k ky a p

Freq. d d ( I , one cdrin 0 d/s 0 sds1 s. ekulsosm

W.ec N.yi ca bs +rk ks+d bs +rk kosli d (2,2)

'whit r b (s+rk, kt) bk ,, s+rtkk,).

F.. r b 0
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5.2.2 Deduction of Markov Models for Atomic Clocks

All formulas, which express the theoretical models of atomic clocks, can
be represented by Markov models. Using state variables method, one can trans-
form the formulas of f.(s) and qe(s) to matrix equations, which have the
Gauss-Markov properties. This method of representation is more convenient
for computer simulation and computer solution of problems.

From the formulas f.(s), expressed by the Laplace transformation, one
can obtain the continuous state equations x(t)= F X(t )+G B(t (523)

C'( )=cX(t)+D V(t5 525
where B(t) is a unity white noise, which generates the stochastic model,
V(t) is the noise of observation or additive measurement noise.
Performing the transformation, one can obtain the discrete state equations

X941 =40XK ,rBKi whrT 524
x, =0 XK +D +K where 0=exp(FT) , r= (p)Gdp (5.24)

Performing the Z-transformation, one obtains

x(z)=(zi-,Y'r zB(z), f(z)=CX(z)+DV(z)=C(zI-q)'rzB(z)+DV(z) (5.2.5)
Therefore the transfer function of the discrete model is
H(z)= .(z)/B(z)= C(zI-jY'r z (5.2.6)
As an example, one will transform a simple atomic clock model to the corres-
ponding Markov model. One supposes that f,(,5bk)s+rki k(5 7

s(s+klk5k3)
One can obtain the continuous state equations

.(t)=CX(t)+DV(t) where F= _ , G=-tJ C=(rk, kak , bk#), D-0 (5.2.8)

The discrete state equations are xK.,=ox,+ r BKi

where 0xi C XK+ DVc (5.2.9)

0r eJ = T C=(rkk,4k bk4), D=O

In the formulas (5.2.8) and (5.2.9) the coefficients are the following :
at=klkk 3  , e=exp(-otT) , 4= &'[1-exp(-tT)] (5.2.10)

5.3 Analytical Methods of Spectral Approximation and Model Identification

There are two methods for the identification of models of time series
data. The time domain method is based on the curves of autocorrelation func-
tions. The frequency domain method is based on the curves of power spectral
densities. The commonly used time domain method of identification of general
ARIMA models is quite complicated, except for simple autoregressive models.
Therefore, it is of interest to study the frequency domain method for
identification of models. For a non-stationary time series with stationary
increments of n-th order, one must at first take the n-th order differences
in order to obtain stationary time series. Then one determines the curves
of autocorrelation function and the curves of power spectral density. One
will identify the models from the power spectral density curves S (W).

5.3.1 Interpolation Method of Spectral Approximation

For a given curve S(W ) one will make the approximation by the following
rational function S*( )= B.+B.o+B+AA +."." ." +," (5"5"1)

1+Al"+A1w4+. *
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In order to determine the (n+m) coefficients, one supposes that W= Wj and
requires that S*(Wi)= S(WN for i=1,2,3,.--,(n+m). (5.3.2)

Then one obtains
(1+A. u+A + +A, i )S(- " 1 -(B.+B.(,'+B1. + +B.m(A)= 0
for i=1,2,, -,(n+m), where B,=S(Wo)I,== S(

From these (n+m) linear equations one can determine the coefficients
A, ,A2 ,A3,...,A" and B, Ba,B 3 ,. ' ,BM.
For example, one supposes that S* ()= +, +AW where B.=S. (5.5.4)

One can determine the coefficients A, ,Az and B, from the following equations

(I+A, La +Azc.0) SL-(S +BL)= 0 for i=1,2,3. (5.3.5)

5.3.2 Least-squares Method of Spectral Approximation

For a given curve S(a.), one will make the approximation by two steps.
The first step is the least-squares approximation by a polynomial as

S()=: ° a~u32? =a.+a,w +a.*+--'+a~.w1" (5.3.6)
The second step is the utilization of the Pad4 approximation method, which
yields a. +a, +au)*+ -  +a0 p"  +P +"1 + q,W~ +qw*'+ - - .+q,,v zm

6I At the first step one obtains the error of approximation

d(W )=S() )-.-o ai t t . For the minimization of the integral
S0bDD1_2 dWO, one obtains the necessary condition 0

for j=0,1,2,--.,n. Thus one obtains (n+1)equations in order to determine
the coefficients a,,a, ,al,.--,a,. These equations are the following t

L a for J=0,1,2,---,n (5.3.8)
For example, one can obtain the following approximation

S(W) a,+a, +aL 4+a3,) A B+, L+Z

I (5.3.9)a aa-aa 3  A =a. a3 -a, az A -=a, a.-a.where B.=a0 , B,a+ a a-~, AI a .a1 A z
a. a,,-a, , ao aa-a a a, a-a Tj

5.3.3 Determination of Parameters of the Model by Spectral Factorization

In order to determine the parameters of the model, one must perform the
spectral factorization according to the following formulaII ~ ~~ +B ) Loa , +B=w*+...- +Bm(42 ' ..

0 ' l+As3+AW*+:+A U=ojlA) H(-Jw) where jo=s (5..10)

For example, if S(W). B.+B, ? one can obtain1+A,w.3+Aa ,
H7s). 'JBZB: 8 + 1 (5.}.11)

H 4Ku1+(A,+2X%)'s + 1 (--1
Then, by the Z-transformation method or by the state variables method, one
can determine the corresponding discrete model ARMA (2,1), expressed by the
following formula : H(z)= bz+ bo (5.3.12)

a. zz +a, z + a.
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VI. CONCLUSIONS

In time and frequency metrology, the conventional used methods are essen-
tially non-recursive methods. They have been developed separately according
to the envisaged problems, either for the characterization, or for the pre-
diction, or for the approximation, or for the modelization. The interrela-
tions between these problems and corresponding methods have not been clari-
fied. One finds very little common points of these problems and these used
methods.

In this paper, an attempt to unify these problems and the corresponding
methods is made. The principal ideas are based on the optimal estimation
theory and the digital recursive processing methods. Also the mathematical
methods of statistics and linear systems theory have been extensively used.
Several methods for optimal recursive estimation of non-stationary time se-
ries have been used and developed. Two different models of non-stationari-
ties have been supposed: the deterministic polynomial models and the stochas-
tic models with stationary increments. For these two types of models, one
has synthesized optimal digital recursive estimators ( predictors, filters
and differentiators). One has applied these estimators to the atomic time
and frequency metrology. It is clarified that the problems of characteriza-

*I tion, prediction, approximation and modelization are particular cases of
the general problem of optimal estimation of the states and the parameters.
Thus, one can resolve these problems by the unified theory and methods.This
new approach allows us to establish the fundamental problems of time and
frequency metrology on a sound and rigorous mathematical basis regardless
of the user's applications. It can also provide much insight into more com-
plicated problems. Then the interrelations between the proposed methods and
the conventional methods can be easily derived.

From the viewpoint of the study of mathematical and statistical methods,
the main contributions of this work are the following
(1) Utilization of the exponential weighting method to resolve the problem
of optimal estimation for the deterministic polynomial models. This method
allows us to avoid the difficulties and drawbacks in the realization of the
finite memory polynomial filters.
(2) Optimal synthesis of digital recursive estimators for the stochastic
models of non-stationary time series with stationary increments. This is an
extension of the classical Wiener filtering theory to the non-stationary
and discrete cases.

! (3) Proposition of the design method of suboptimal digital filters according
to the general theory of Kalman filtering. For the non-stationary time se-
ries with stationary increments and for the case of steady-state optimiza-
tion, one has obtained some time-invariant digital filters. The transfer
functions of these digital filters have been deduced.
(4) Synthesis of different optimal digital recursive estimators( predictors,
filters and differentiators) by the unified methods. Though digital filters
are widely used in many other domains, the digital predictors and digital
differentiators are more particular and are especially important for time
and frequency metrology.

From the viewpoint of the applications of statistical methods to atomic
* time and frequency metrology, the main contributions of this work are the
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following :
(1) Application of digital recursive differentiators to characterize the

frequency and phase instabilities of atomic clocks. This method allows us
to estimate the variance and power spectral density function of frequency
instability. Therefore one can characterize frequency instabilities both in

the time and in the Fourier frequency domains.
(2) Application of digital recursive predictors to predict the random varia-

tions of atomic time scales. Two types of digital predictors can be used :
the optimal predictors for deterministic polynomial models with exponential
weighting of data, and the optimal predictors for stochastic non-stationary
models with stationary increments.
(3) Application of digital recursive filters to smooth the time series data,
obtained from time comparisons of distant atomic clocks via a satellite.
This method is better than the least-squares method for real-time data pro-

cessing.
(4) For the modelization of the statistics of frequency and phase fluctua-

tions, one has deduced some theoretical models from the structure of atomic

clocks. Then,two analytical procedures of spectral approximation and the

spectral factorization method are proposed, which allows us to identify the
parameters of stochastic models of atomic clocks.

We have developed several methods for optimal estimation of non-station-

ary time series. We have also applied these methods to atomic time and fre-
quency metrology. Several new concepts and definitions have been proposed.
For the latter, we have pointed out their specific advantages in applica-
tions. At present, the existing models and methods for time and frequency
metrology are well documented. They provide a good background for actual
applications. However, future researches will certainly include the develop-

ment of more sophisticated approaches, that may possibly improve the methods
of time and frequency metrology. In this regard, it seems that the optimal
estimation theory can play a key role. This is a very promising approach,
because this theory has a rigorous mathematical basis, and its concepts are
quite general to cover the domain of time and frequency metrology. Many
practical problems can be deduced from this theory as the particular cases.
Using the optimal estimation theory, we have tried to solve some fundamen-
tal problems of time and frequency metrology. However, the problems of time
and frequency metrology are quite diversified and very profound. This rich
domain is still widely open for further researches.
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APPLIED KALMAN FILTERING: AN OVERVIEW

R. Grover Brown

Electrical Engineering Department
Iowa State University

ABSTRACT

A brief resume of the evolution of Kalman filtering from

classical filter theory is presented. The required format of
the discrete filter model is discussed. The recursive equations
for the discrete Kalman filter filter are then presented, but

not derived. Two scalar examples are given to illustrate the use
of the recursive equations. The first deals with estimation
of a random constant; the second illustrates the Wiener process.

1. INTRODUCTION

* It has been about 20 years since R. E. Kalman published his classic paper on
recursive least-squares filtering [I]. In addition to its theoretical elegance,
Kalman filtering has proved to be eminently practical. This, no doubt, accounts

for its continued durability. The first applications in the early 1960's were in
position and velocity determination [2,3,4], both in space and terrestial

settings. Since then, applications outside the navigation field have become more
common. For example, a recent issue of the Bell System Technical Journal was
devoted entirely to applications of Kalman filtering to load forecasting [5].
Also, a recent issue of the IEEE Transactions on Automatic Control was dedicated
to new applications of Kalman filtering, many of which were outside the tradi-
tional application area of navigation [6]. Thus, Kalman filtering is alive and

well, and the list of applications continues to grow!

Of necessity, this paper must be brief. Thus, it will be largely an overview or,
if you like, a guided tour of the bare essentials of Kalman filtering. With this
thought in mind, it is appropriate that we begin with a brief historical
perspective.

" 2. HISTORICAL PERSPECTIVE

Figure I shows a conventional telephone bandpass filter side-by-side with a Kalman
i filter. At first glance, it looks ridiculous even to try to compare the two. On

one hand, we have a circuit consisting of resistors, capacitors, etc.; on the
* other, we have just a set of mathematical equations. One might logically ask,

* . "How in the world did that set of equations ever become known as a 'filter'?" The

answer lies in the historical evolution of modern statistical filter theory from

classical theory.

503



T T 1
Kk z PkH T [HkPkH T + Rk]

Xk z Xk + Kk (zk - Hkxk)

k [I - KkHk]Pk

Xk+1 ='kxk

T
Pk+l = 4kkk + Qk

BAND-PASS KALMAN FILTER

TELEPHONE FILTER RECURSIVE EQUATIONS

0

Fig. I (a) Conventional analog filter and (b) Kalman filter

Figure 2 shows a simplified chronology of the three major branches of filter
theory as we know it today. Classical filter theory began in the early days ofI
telegraphy, and it continues today as an active discipline within electrical

CLASSICAL FILTER THEORY

WIENER THEORY

KALMAN THEORY

*1940 1960 1980

Fig. 2 Chronology of filter theory
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engineering. The basic problem of classical theory is shown in Figure 3. It is
basically one of synthesizing a given frequency response with R, L, C and
(nowadays) active elements. The word given is underscored to emphasize the fact
that the designer is assumed to know a priori what response is desirable in the
application at hand. The only problem remaining then is that of practical imple-
mentation of the desired response (to some degree of approximation). Obviously,
this problem is just as fresh and important today as it was in the 18 00 's.

DESIRED RESPONSE

(ACTUAL RESPONSE

0 f FREQUENCY

Fig. 3 The classical filter problem (low-pass example)

In the early 1940's, Norbert Wiener considered a different type of filtering
problem 7]. Suppose, as shown in Fig. 4, that one has an additive combination of
signal and noise with overlapping frequency spectra. We wish to remove the noise
from the signal. However, it should be apparent that no filter in the usual sense
will do a perfect job of removing noise without destroying the signal. Further-
more, it is not at all obvious what sort of compromise filter response will get
rid of most of the noise with minimal damage to the signal. This is the problem

4that Wiener addressed during the World War II period.

X SINL NISE

s(t) + n(t) x(t) s(t)
G(s) ?

0 FREQUENCY

(a) SIGNAL AND NOISE SPECTRA (b) WIENER PROBLEM

Fig. 4 Wiener filter problem
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Wiener began by assuming both the signal and noise to be noiselike in character
with known spectral characteristics. He then chose minimum-mean-square-error as
the performance criterion, and he proceeded to develop a solution for the
weighting function (inverse transform of the frequency response) of the filter.
The "solution" which is in the form of an integral equation can be solved (with
some difficulty) in the stationary (time invariant) case, and Wiener theory is
still used in some applications. However, its extension to discrete, multiple-
input multiple-output situations is awkward, to say the least. Thus, in a large
class of problems the older Wiener methods have been replaced by those of Kalman.
Note that the final solution of the Wiener problem is just a transfer function.
The classical problem of synthesizing the transfer function still remains after
the Wiener problem is solved.

In 1960, R, E. Kalman published a new solution of the least-squares filtering
problem (1]. Even though Kalman's methods were much different than those of
Wiener, the underlying assumptions were the same. In Kalman's formulation of the
problem, the noisy measurements were assumed to be discrete rather than continuous
in time, and the signal and noise were modeled in vector rather than scalar form.
Kalman then proceeded to develop a solution for the conditional mean of the vector
process (i.e., the "signal"), conditioned on all available measurements. In the
Gaussian case, this conditional mean also minimizes the mean square error, so the
end result is the same as that obtained with the Wiener theory. Kalman's solution
is recursive in form, though, which makes it readily ammeanable to programming on
a digital computer, either in real time or off line.

In summary, we might characterize the Wiener approach as a scalar weighting
function method, whereby the desired estimate of the signal is computed as a
weighted sum of past measurements. This procedure has been modified somewhat in
recent years to ease the computational burden, but it still is basically a
weighting function approach. On the other hand, Kalman's solution was discrete
from the outset, and it is characterized by vector modeling of the noise and
signal processes and recursive processing of the measurement data. Over the past
20 years, this approach has proved to be remarkably versatile in its ability to
accommodate a wide variety of practical filtering problems. There is every reason
to expect this activity will continue in the future.

The evolution of linear filter theory from frequency-selective RLC circuits to a
set of mathematical equations should now be clear. Once one makes the transition
from continuous to discrete measurement, the filter becomes just a prescribed set
of arithmetic operations on the sequence of samples. The prescribed operation in

* the Kalman filter case is developed using the methods of probability and
statistics because of the minimum-mean-square-error performance criterion. Thus,
at times, the theory looks more like statistics than electrical engineering. Yet,
its roots go back to the early days of telegraphy.

3. A SIMPLE AVERAGING EXAMPLE

The recursive philosophy which is essential in Kalman filter theory can be
illustrated with a simple example. Suppose we have a sequence of noisy
measurements of some unknown constant. We wish to simply average the available
measurements and use this as a measure of the unknown constant. Assume that the
measurements come to us sequentially in time, and denote them as zo,zl,...,zk,.

506



The last measurement, zk, is the measurement at current time tk. We can now

compute the average at each point in time in either of two ways:

Batch Processing Recursive Processing

Time Averaging Formula Time Averaging Formula

to (Ave)o = z0  to (Ave)o z 0

Z +Z

ti (Ave)l t (Ave) 1  (Ave)0 + 7 z'2(Ave)A2 + 2 1

° t 3  (Ave)2  (Ave) +t2v2 =3 t3 3 1 3-

etc. etc.

Clearly, both methods lead to the same sequence of sample averages. However, as
the process progresses, the recursive computation has two distinct advantages over
the batch method: (1) The measurements zo,zl,...,zk do not have to be stored
individually, and (2) the number of arithmetic operations remains the same with
each step. Thus, the recursive approach avoids an escalation of the computational
problem as the amount of measurement data increases. This is certainly important
in problems involving a large number of measurements. In effect, with recursive
processing the new measurement is simply used to update or refine the old

,4 estimate. The updated estimate is then projected ahead to the next step, and the
process is repeated. This is the basic computational philosophy of the Kalman
filter; it is to be contrasted with the batch philosophy, whereby all available

measurements are stored and then summed with appropriate weight factors to yield

the desired estimate.

4. THE DISCRETE KALMAN FILTER

The theory and details of Kalman filtering can be found in a number of textbooks
[8,9,101, so we will only touch on the high points here. In discrete Kalman

filter theory, the process to be estimated must be modeled in the following vector
form:

Xk+l =kxk +wk ()

where
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xk State vector at time tk

= State transition matrix

wk = Input white noise sequence characterized by a covariance
matrix Qk

which is defined as

E(wwT Qk' i (2)ki1 0, i*k

Equation (1) may result from sampling a continuous system driven by white noise.
This does not have to be the case, though. Some physical problems are inherently
discrete at the outset and there need be no continuous counterpart. The discrete
process equation, Eq. (1), stands in its own right.

The measurement relationship connecting the noisy measurement zk to the state

vector xk must be of the form

zk = HkXk +vk (3)

where

zk Measurement at time tk

H k Linear connection matrix

vk = White measurement noise sequence characterized by a
covariance matrix Rk

which is defined by

R ik =k
EtV kV] = 0, i*k (4)

and

E[wkv i] = 0, for all i and k. (5)

Equations (3), (4) and (5) simply state that there must be a linear connection

between the measurement and the process to be estimated, and that the process
(which is driven by wk) and measurement noise must be uncorrelated.
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Equations (1) and (3) are sometimes loosely referred to as the Kalman filter
* "model", and they may seem unduly restrictive at first glance. However,
* experience of the past 20 years has shown that the model is remarkably versatile

in its ability to accommodate a wide variety of physical applications.
Formulating the model is, without a doubt, the most difficult part of any applied
Kalman filter problem, and there is no one simple rule for doing this. In the

case of continuous processes, one must ask the question, "What set of linear
differential equations relates the various random processes under consideration to
white noise inputs?" Or, saying the same thing another way, "What linear
dynamical operations will shape a set of white noise inputs into the processes
being considered?" If the appropriate linear dynamical connection can be found,
then the problem can be put into state space form, and the discrete form specified
by Eq. (1) can be found. Of course, the linear connection between the measurement
sequence and the process must also be formulated. This, though, is usually the
easier half of the modeling problem.

5. THE RECURSIVE EQUATIONS

We begin by assuming that the estimation problem at hand fits the form given by
Eqs. (1) and (3). We then pose the question: What sequence of estimates of the

state vector will minimize the mean square error? The recursive solution of this
problem is summarized in Fig. 5. Its derivation is given in the tutorial
references previously cited, so it will not be included here. However, each major
step in the recursive loop deserves further comment.

ENTER PRIOR ESTIMATE Xk AND

ITS ERROR COVARIANCE Pk

COMPUTE KALMAN GAIN:

Kk = PkH (HkPkHT + Rk)

PROJECT AHEAD:

^- ^~ UPDATE ESTIMATE:

+ = k Xk Xk + Kk(zk - HkXk)Sk + 1 =  kPk0k + Qk

t COMPUTE ERROR COVARIANCE:

l Fig. 5 Kalman filter recursive loop (super minus denotes a priori)
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We enter the loop with an initial estimate and its error covariance. The starting
point in time occurs with the first measurement, and we usually let this be t0O
(k=O). The initial estimate x- is based on our prior knowledge of the process,
and this is zero for processes where we have no prior measurements and we know
this process mean to be zero. In this case, the initial error covariance P 0is

just the covariance of the process itself, which is assumed to be known a priori.I
The first step in the loop is to compute a matrix known as the Kalman gain. Note
from the first block of the loop in Fig. 5 that the Kalman gain depends on the

known model parameters HO, R0 and the initial P, but it does not depend on the
actual measurement z0.

The next step in the recursive process is to use the measurement zo to update the
prior estimate x.The equation for doing this is shown in the second block of
the loop, and note that it is similar in form with that of the simple averaging
example considered in Section 3. That is, the updated estimate x0 is formed as
the sum of the prior estimate x0 plus a correction term which is the measurement
residual weighted by the Kalman gain.

The third step is to update the prior error covariance P_ and obtain the error
covariance associated with updated estimate. One can think of P0 as a measure of

* the "fuzziness" associated with the updated estimate x0. The terms along the
major diagonal of P are the variances of the estimation errors for the respective

* components of the state vector. The off-diagonal terms are the corresponding
covariances.

The final step in the recursive loop is to project x0 and P0 ahead to time tl.
This is done via the equations given in the fourth block of the loop shown in
Fig. 5. In effect, the state estimate is projected ahead through the natural

* dynamics of the system as determined by the state transition matrix. Additional
uncertainty is added to the projected estimate because of the process noise wk,
and this is accounted for with the Qk matrix in the error covariance projection.

After the projection step, the estimator is ready to repeat the recursive loop and
assimilate the next measurement zl at time tl. If the time between measurements
is sufficient to permit all the required computations, the recursive estimation
can be done on line. If not, it must be done off line. Two simple scalar
examples will now illustrate the use of the recursive equations.

6. KALMAN FILTER EXAMPLES

(a) Estimating an Unknown Random Constant

Suppose we wish to estimate an unknown constant based on a sequence of noisy
samples of the constant. For example, this might be the bias on a particular
instrument that had just come off the assembly line and is now ready for
calibration. Let us say that our past experience with similar instruments tells

*us that the bias is as likely to be positive as negative, and most of the previous
instruments tested were found to have biases in the range of +2 units. Based on
this crude prior Liiformation, it would be reasonable to model the unknown constant
(i.e., the bias of the untested instrument) to be a zero-mean Gaussian random
variable with a variance of 22 units.
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A typical sequence of measurements for this examples is shown in Fig. 6.

TRUE VALUE OF BIAS

2 Z• eZ *z32 z

V) 4

0 1 2 3 4 5
TIME

Fig. 6 Constant bias example

Suppose the master instrument used for measurement has a random error of 0.5 units
rms, and that this error uncorrelated from step to step in the measurement
process. The model parameters can now be specified as follows:

i (1) The process satisfies the discrete state equation xk+1 - lexk+O, because x is
assumed to be constant. Thus

Qk 
0

(2) We assumed a direct one-to-one noisy measurement of x. Thus

Hk - 1

(3) We assumed the measurement error to be 0.5 units rms, or a variance of

0.25. Therefore, Rk is

Rk = .25

Note that Ok, Qk, Hk, and Rk do not depend on time, so the subscript k could be
omitted in this simple example.

* As stated previously, prior knowledge of the process led us to assume x to be a
zero-mean Gaussian random variable with a variance of 4 units. Thus, the initial
conditions are

_0
!|Po 4

We now enter the loop at t=0 and compute the Kalman gain (see Fig. 5).

-1 16
K = 4.1(1.4.1 + .25) =- .
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We update the estimate next.

Sx 0 = o+ _ (z -1.0)
0 1 0

1 .0 + 16

The P matrix associated with xo is then computed as

,= 16 4-
P (1 .1)4 .o17 17

Finally, we project xo and Po ahead to the next measurement.

S 4 41 17 -- 1 + 0 77--

We are now ready to repeat the process at tl and assimilate z1 in a similar
manner, and so forth.

Before leaving this example, it should be noted that the Kalman filter result is
not the same as that obtained by simply averaging the measurements (Section 3).
The difference arises because the Kalman filter gives the initial a priori
estimate nonzero weight when blending it with the first measurement zo . This
will, of course, cause the a priori estimate to propagate indirectly into the
subsequent estimates as the recursive process proceeds. This distinguishes the J
Kalman filter from maximum likelihood estimation, where we usually assume that no
a priori information is available. To make a Kalman filter artificially look like
maximum likelihood estimation, all one has to do is make the initial P matrix very
large. Then the initial estimate is given zero weight on the first step, and all
subsequent estimates will depend only on the measurement sequence.

(b) Brownian Motion (Wiener) Process

* Figure 7 shows a noise process which is being generated as the output of an
integrator driven by Gaussian white noise. This experiment can be readily
demonstrated in the laboratory just by connecting the output of a wideband noise
source to an analog integrator with the initial condition being set at zero. Such
a process is known as a Brownian-motion or Wiener process. Clearly, x(t)
satisfies the first order differential equation

= f(t) (6)
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f(t) f i x(t)
(WHITE GAUSSION NOISE)

WIENER PROCESS

Fig. 7 Generation of a Wiener process

Thus, discrete samples of x(t) are related by the recursive equation

Xk+l ' xk + wk (7)

where

w e =fi ftk+If(t)dt (8)
tk

Clearly, if f(t) is white noise, the wk sequence will be white and the process
model fits the required format.

Suppose we have a sequence of noisy measurements of this process as shown by the
dots in Fig. 8. Further, suppose that the rms measurement error is 0.5, and that

z

X(t) Z 3

zi 0 *2. 
,

0 1 2 3 4 5
t

MEASUREMENT SITUATION

I Fig. 8 Typical measurement situation for random walk example

wk for a sampling interval of 1 sec is normal with zero mean and unit variance.
The model parameters are then

513

'I



-. . . % -. '. . .. . . ._ m m * - : . _ . t oL .L-. . o - -I - : ,- - 7 - ' - --.-. -' - - -

- -. -- -.. W-7 - . i

k =

H

V 2T

L-

Rk - (.5) 2 .25

The initial conditions in this case are

P =0 :

Note that the P condition is unusual. It says that we know the initial process
0

state at t-0 perfectly! This is due to initial zero condition on the integrator;

we know its output cannot change instantaneously. To see how this unusual P
affects the estimator, we cycle through the recursive loop at t=0 (see Fig. 9):

Calculate gain: K = 0.1(1.0.1 + .25)-  = 00

Update estimate: x o - 0 + 0.(z o - 1.0) - 0 A
Update P: P = (1 - 0.1).0 = 0

Project ahead: = 1.0 = 0

P 1 1,0o1 + I I 1

Note that the Kalman filter gives the noisy measurement zo zero weight. This is
just as it should be; it is worthless relative to our perfect knowledge of the
state at t0.

It is instructive now to cycle through one more step of the recursive process. At
t-1:

- 4Calculate gain: K1  1-.1(1..1 + .25) = 5

S. 4 4
Update estimate: x 0 + (z 1 - 1.0) = z
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Update P: P (1 * 5

a -- *

Project ahead: x2 hi 7x 1

P 1 .1 + 1 --5-

Notice now that the a priori estimate at til is only given a weight of 1/5, and
the measurement receives a weight of 4/5. This is due to the process "random
walk" that takes place in the interval from t=O to t-1. The a priori estimate is
thus quite uncertain at t-l, and the measurement, even though noisy, contains
valuable new information about the process.

The recursive data processing can now be continued on ad infinitum. It might be
mentioned that this least-squares estimation problem works out to be elementary
when viewed from the Kalman viewpoint. It is somewhat elusive, though, when
viewed from the Wiener viewpoint because of the nonstationary character of the
Wiener process.

7. CLOSINP COMMENT x

We will close with these two simple examples, knowing that there are a number of

application papers to follow in this session of the PTTI meeting. Hopefully, this
tutorial overview will be of help in understanding the subsequent papers.
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QUESTIONS AND ANSWERS

MR. BROWN:

What you always wanted to know about Kalman Filtering but were afraid

to ask, or something like that.

MR. McCONAHY:

Mac McConahy, JHU/Applied Physics Lab. Grover would you like to say a
few words about one of the things that I think rather puzzles many

people about Kalman Filters, and that is, 'choosing' the process noise

co-variance matrix in a practical application?

MR. BROWN:

Okay. The process noise co-variance matrix, that is the Q-matrix you're
talking about. Well, I got to go clear back here, I'm afraid. Can I get
the projector turned on again, please?

Going back to this particular model here, you have to have the character-
ization of WK and, of course, the Q-matrix is WK times WK transposed and

then the expectation of that; so it is a covariance matrix, and what you
have to do is describe this in terms of the dynamics of the system.
Usually, you end up getting this equation by starting out with some kind
of continuous dynamics that relate the state vector to white noise inputs.
Now, if you have that, if that's the starting point, then you can write
a set of dynamical--you know, you can write it out explicitly what this
W is; usually write it out as a convolution integral. Now, you take WK
KK
transpose times WK, take the expectation of that, and you end up having

to evaluate a whole bunch of double integrals, is what it amounts to; and
I guess I can't say more than that, except that is one of the most
difficult parts of the problem. It's a very doggy job.

One of the sneaky approaches is the risk of adding something to that.
There is a sneaky approach sometimes. If the step size is relatively

[ large, sometimes the effective way of getting the Q-matrix is to sub-
divide the large integral into infinitesimal integrals, approximate the

Q. for the infinitesimal integral as being a diagonal matrix. No, not a

diagonal matrix, but a matrix consisting of only first order terms of
delta t.

0 Then you cycle through a whole bunch of steps to find the Q for the
whole integral, just using the projection on the P-matrix form.

Use Q0Q+, that extra term, and you keep cycling through that.
That is sort of a vague description, but the Q-matrix is kind of hard
to find.

[e
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MR. WEISS:

Mark Weiss, N.B.S. To what extent does using a Kalman Filter assume
a certain form of a noise, such as excluding flicker noise?

MR. BROWN:

I'll simply say this, if this is a bit of a cop-out that will apply to
any situation if you can make it fit the model that is up there now.
Now, there are certain cases where you can always fit it into this
particular form. If you start out with the processes of--if you
start out with stationary processes that are describable in terms
of--well, where the spectral characteristics are rational. Then you
can always choose the state vector to describe that which is such that
it's the result of putting input white noise into some kind of linear
dynamics to give that spectral characteristic. So any time the
spectral characteristics are describable by rational spectral functions,
then your in business as far as the Kalman Filter is concerned--.
But that is not the only case. You can also handle non-stationary cases.

* You can model any case where the process that you are talking about can
be thought of as the result of--let's see what I want to say--putting
white noise inputs into a system of linear dynamics.

MR. WEISS:

Would you handle flicker noise?

MR. BROWN:

No, I don't think so. You see, that's something you people know a lot
more about than I do, but it appears to be that that's a case where you
have a spectral function, which is not rational. It's fractional powered,
and I don't know how to do that.

DR. BARNES:

You can approximate it with an empirical approach.

* MR. BROWN:

If it's truly a spectral function where it involves fractional powers
of Omega, then I don't know any way to model it exactly, using the
Kalman Filtering methods.
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KAIMAN FILTERING WITH A TWO-STATE CLOCK MODEL

Fran B. Varnum, Defense Mapping Agency

ABSTRACF

In this paper, a formulation of the operative equations that
might be employed to filter measurements taken of an atomic
clock are developed in an intuitive way. Emphasis is upon
making clear, in a practical example, concepts and matrix
components that might otherwise appear somewhat abstract to the
uninitiated in a formal derivation.

Particular attention is given to the concept and calculation of
the process noise required to process timing data in a Kalman
filter. The author has tried to present the material in such a
manner that a person with little or no experience could begin
experimenting with the use of a Kalman filter to process real or
simulated timing data.

INTRODUCTION

This paper assumes a rudimentary understanding of the Kalman filter concept
and algorithm. It's purpose is to extend that understanding through the
intuitive development of a practical example. The example chosen is a 2-state
(phase and frequency) filter to process time difference data between a subject
clock and a reference clock. The reference is assumed perfect and the subject
clock is assumed to be perturbed by white noise on it's frequency. How to
include a white noise source on the frequency drift (random walk FM) is an
extension that will be developed but not included in the full example.

The behavior of a cesium clock system is, for the most part, deterministic.
However, random fluctuations in the on-going physical processes give rise to

4some measure of unpredictable behavior. It will be the function of the Kalman
filter to make optimum estimates of the deterministic parameters (phase and
frequency states) given measurements that are a function not only of these
parameters but also of the perturbing noise source(s). This task is ideally
suited for a Kalman filter.

One practical reason for estimating deterministic parameters is to use those
parameters to predict a clock's behavior. For example, this is the purpose of
estimating satellite clock states at the Master Control Station of the Global

* Positioning System (GPS).

Prediction of a clock's behavior will generally always be in error for two
reasons. First, even though given the best possible values for the
deterministic parameters describing past behavior, one could not predict
subsequent random motion. Second, the original estimates of the deterministic
parameters must necessarily have been made in the presence of
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random behavior and are, themselves, subject to error. The function of the
Kalman filter is to make an "optimum" estimate of the deterministic parameters
based on whatever data is available in the belief that these will provide the
best possible prediction under the circumstances.

Included, additionally, as part of these circumstances is the user-specified
"model" which describes the dynamical relationships between the selected
filter states together with a specification of the noise sources that are
assumed to exist within the clock. It is very important that the model
adequately represent the system under consideration in order to obtain the

*best possible result. The model is usually expressed very compactly in the
*form of a vector matrix differential equation. In the following section, the

standard clock model in state-space, vector-matrix notation will be examined.

CLOCK MODEL

X = A X + N)

Equation 1 is the matrix differential equation form of the clock model. X is
the matrix vector of the states chosen to describe the deterministic behavior
of the clock. In our case, as previously stated, we have chosen phase and
frequency. Call these states Xl and X2 respectively. N is a matrix vector of

* the noise sources we are identifying as the cause of random behavior. Call
these Nl and N2.

Equation (1) can expanded as:a
X1 10 11 Xl + 1 01 IN (2)

X2 0 0 X2 0 0 N2

N is a matrix vector consisting of zero mean, white, normally distributed
noise sources. In our example, white FM is being modeled, so the elenm_,nts in
the B matrix are set appropriately to reflect this model.

If random walk frequency were to be modeled, then N2 should be incorporated
into the model (random walk frequency is generated from white noise on
frequency drift) by setting the zero in the lower right-hand corner of the B
matrix to a one.

Performing the indicated matrix multiplication in equation (2), a pair of
differential equations are obtained:

SXl = X 2 + N 1 (3)

X 2 = 0 (4)
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These equations are an identical but a more explicit statement of the clock
model of equation (1). Equation (3) states that the time derivative of state
1 equals state 2 plus a white noise term. Remembering that states 1 and 2 are
phase and frequency respectively and that only white noise FM is being
considered, the reader should have no difficulty accepting this equation.
Equation (4) states that the time derivative of the second state is zero, or,
in other words, the frequency is being modeled as a constant. The fact that a
real cesium exhibits a random walk in frequency is being ignored. If it were
to be considered, then equation (4) would be:

X2 = N2

Because phase, frequency, and frequency drift are integrally related and
perfectly analogous to position, velocity, and acceleration, the basic
clock model is identical in form to that used to model many dynamic
systems in state space.

The next step, in preparation for implementing our Kalman filter, is to
note the solution to the clock model. What is required is the solution
to a stochastic differential equation and in our case one with constant
coefficients (the A matrix).

SOLUTION To THE CLOCK MODEL

The solution to the deterministic part of matrix equation (1) is:

eAt = t) = 1 tn An n = 0,1,...1

n=O

Since A L
10 1 1
00

j(t) =0 Ii (n = 0, 1 are the only nonzero terms)

)(t) is the "transition matrix" which plays an important role in the Kalman
filter algorithm. As the solution to equation (1), it describes the evolution

of the modeled states with time and is a very aptly named quantity. The value
of the states at any time, t , is:

X(t) = 4Kot) X(t-6t) (5)

where 6t is some interval of time prior to t. For the sake of notational
simplicity let this earlier time be (TO). In expanded form (5) is:

W0t) 
11 6ti X0)5x2(t) 0 1 X2(0)
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*i Notice that X(TO) has been simplified to X(O).

1 Performing the indicated multiplication gives:

Xl(t) = Xl(O) + X2 6t

X2(t) = X2(0)

* Expressing our state variables Xl and X2 (phase and frequency) as T and T

T(t) = T(O) + T(O)St (6)

T(t) = T(O) (7)

E Intuitively we see that these equations are correct. Equation (6) states that
the phase at any time (t) is equal to the phase at an earlier time plus an
accumulation due to the constant frequency offset. Equation (7) states that
the frequency is constant.

The next concern, in finding the solution to equation (1), is to consider it's
* nondeterministic term. The solution to this part is a difficult integral.

However the covariance of that integral is the quantity of interest (1). It
is, itself, another integral, but one easily evaluated. Before examining it, a
short discussion of it's physical significance is in order.

The covariance matrix of the solution to the random part of the clock '-1del
I specifies the uncertainty in the clock's output due to the white noise sources

incorporated in the model. In other words, it is a statistical measure of the
inability of the deterministic states to completely model the clock's
behavior. This is precisely the quantity needed to "Q" the Kalman filter; or
more properly stated, it specifies the amount of "process noise" to be
incorporated for each filter state.

- The solution to the r ndom part of the clock model is:

5 (u) BN du

with covariance:

* 5 l ) () coy (BN) (u) du (9)

Evaluation of this integral (Eq. 9) will specify the "Q's" required for each
state in the filter. Because of its importance, the evaluation will be
outlined for a more general model incorporating three states (frequency drift

* is added) and a random forcing function (white noise) associated with each
state. The appropriate choice of zeros in the A and B matrices will tailor
these results for a particular application.
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*. EVALUATION OF CLC STATE NOISE OVARIANCE MATRIX

Write B N (Eq 0) 0 S2 0 N2
0 0 S3 N3

where Sl, etc. are the standard deviations of the respective white noises in
*the model. In the previous development, the B matrix contained l's which

implied unit standard deviations.

By definition: COV B = E (BN (BN)') = B E(NN') B'

where E is the expectation and the prime indicates the matrix transpose.

Assuming the noise sources to be uncorrelated:

E(NN') = 6 0 10
0 1

where 6 indicates the Dirac delta function.

So:

COVBN 0 V2

0 0 V3

where VI, etc., are the variances of the noise sources.

Now 4 COV (EN) I' is determined by performing the indicated multiplication.
For the three state model, the transition matrix 4(6t) is:

1 t 6t2

O 1 6t

0 0 1

The result is:

4(6t) COV BN (6t)' = M1 + M26t + M36t 2 +M46t3 + M56t 4  (10)

The matrices Ml through M5 are:

Vi 0 0
M1 0 V2 0

0 0 V3
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o vi 0 0 0 vi
2 6

M2= VI 0 V2 M3= 0 Vi 0
2 2 3

0 V2 0 Vi 0 V2
2 6 3

o o 0 0 0 0

M4= 0 0 Vl M5= 0 0 0
8 "

0 vi 0 0 0 vi
8 TO

Finally, equation (10) is integrated over the interval 6t, from (t-6t to t) to
obtain the Q(6t) matrix required to optimally tune the Kalman filter. The
result is:

Q(6t) = Mist + M2(6t)2 +M3(6t)3+ M4(6t)4 +M5(6t)5

This same process, applied to the simpler model chosen for our example, gives:

V6 t 0
Q(6t) =0

By inspection one sees that non-zero process noise (Q) is applied to the phase
state only and that its magnitude is proportional to time: specifically, the
time between measurement updates to the filter. In other words, while the
last measurement will have presumably decreased the uncertainty in the phase
state over what it had been previously, the uncertainty should start growing
again until the next measurement. Some sense of the dynamics of a Kalman
filter can be had at this point by imagining that due to a loss in some
measurements, a longer than normal time elapses between the latest and the
previous measurement. Because of the relatively larger value for "Q"(ft
increased) and hence growth in uncertainty in the state, the Kalman gain will

* be correspondingly larger than otherwise for the state. This, in turn, causes
the delayed measurement to have a larger impact on the estimate of this state
than under the postulated "normal conditions".

It is this process that gives rise to the idea of a kalman filter "memory",
and the fact that it is effected by the filter process noise. Generally larger
values of process noise tend to weight the latest measurements more heavily.

I
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The converse is that without the incorporation of adequate process noise, too
little weight is given to the latest measurements. Suffice it to say, the
choice of "Q's" is critical and can mean the difference between optimum and
worthless results in a given situation. It is for this reason that some
attention has been given to the concept of filter "Q'ing" in this discussion.

THE KALMN FILTER AIGRITHM

The state variables (X) to be estimated have already been established as the
phase and frequency (Xl and X2). Let it further be specified at this point
that these are "epoch states". That is to say, a phase and frequency will be
estimated for a specified time in the past such that when propagated to
current time by the transition matrix, one obtains the corresponding
"current-time" states. It can be shown that epoch and current-time state
formulations result in identical estimates of the current-time states (3). If

- there is an advantage to estimating epoch states it is the relative ease with
which predictions can be made relative to a fixed vis a variable epoch.

Use of epoch states introduces a conceptual subtlety that initially caused
this author some difficulty in formulating the filter algorithm under
discussion. It has to do with the state-transition matrix which has already
been introduced and described validly as the model for the time-evolution of
states. But note that epoch states, themselves, are generally constant by

* definition. Continuous reestimation is required due to the stochastic
behavior of the clock, but in the absence of data the transition matrix for
the epoch states is unity. There are, in other words, two transition
matrices: the first describes the time evolution of states and was used to
calculate the process noise. The second propagates epoch states between
measurements. More importantly, it propagates the epoch state covariance
matrix between measurements-a process called the "time update" and the first
step in the Kalman cycle.

TIME UPDATE

This process propagates the epoch state covariance from its computed value
immediately following the last measurement update to the time of the next
measurement. Call these covariances P(k+) and P(k+l-) respectively. In this
notation k+ means immediately after the last measurement update, k+l- means at
the time of but before processing the next measurement. The time update
consists of computing P(k+l-) given P(k+) from the last Kalman cycle.

P(k+l-) = P(k+) + o (1)

The inverse of the transition matrix means that the process noise added to
account for the growth in uncertainty during the interval between measurements
is propagated back to epoch. In our example pre and post multiplication by
the inverse and the inverse of the transpose of the transition matrix leaves
the Q matrix unchanged. If there had been a noise term associated with the
frequency rate term (random walk frequency) this would not be the case. Note
that the transition matrix normally encountered with the propagation of the P
matrix itself is missing. This is, of course, because it is unity as
discussed above.
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The three remaining steps in the Kalman cycle are to:Ct compute the gain
make the new estimate (measurement update)
compute the new state covariance

Once this is complete, the cycle starts again with the time update as
described in the previous paragraph.

Before writing the three equations that describe these steps only two new
matrices need to be introduced. They are the measurement noise covariance
matrix (R) and the measurement matrix (H).

The measurement noise matrix for our example is simply a 1 x 1 with its single
* element equal to the variance of the measurement error.

The measurement matrix (H) is the matrix that defines the relationship between
the measurement and the states being estimated. In our example, the ph-ase
difference between a subject clock and a reference clock is being measured.
The measurement is the state Xl propagated to currcnt time (the time of the
measurement). The transition matrix provides the relationship, namely,
equation (6) which in matrix form is written:

[-(')

T(t) 11 ti(Q

IT(O)l

* Where At is the elapsed time since epoch.

letting T(t) = Z - v, where Z is the measurement incorporating a measurement
* error (v) and defining 1l At = H

Z=H X-v (12)

which is the standard form for the measurement equation in the Kalman
10 algorithm.

Notice that in order for equation (12) to be correct X must be the true clock
states and not the estimated states. We expect some error in the estimate or
else there would be no need to update it. The quantity Z-Hk (where the hat
indicates the estimate) plays a major role in the measurement update process.
This residual carries the information relating to the difference between the
actual measurement and measurement predicted from existing estimates.

STo complete the Kalman cycle the operative equations are:

K = P(k+l-) H'[H P(kil-) H' + R]-1  (compute gain)

.(k+l) m(k) + K Z - H(k) (update estimate)

P(k+l+) =[I K H P(k+l-) (update covariance)
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These equations are easily implemented on a small computer. The largest
matrix is a 2 X 2 and the entire algorithm is reducible to a few algebraic
manipulations. Performance of the filter under a variety of conditions can be
empirically evaluated. Simulated data can be created by integrating the
output of a Gaussian random number generator where the numbers are interpreted
as white noise on frequency. The standard deviation of the number generator
should be chosen to appropriately represent the noise characteristics of the
clock being simulated. This follows from the sample time chosen and the Allen
variance that characterizes the clock. While the model chosen for this
tutorial is over-simplified for a real situation, it should serve quite well
as a first step in developing insight and experience with the use of Kalman
filters to process timing data.

The two-state Kalman filter described in this paper was implemented and a
simulated set of 500 data points processed with three different values of
process noise. The magnitudes of the process noise were chosen to represent
under, over, and optimum "Q'ing" respectively. In all other respects,
including the input data, the runs were identical. The input data samples,

* (representing simulated phase difference measurements) were generated by
integrating (summing) over a set of normally distributed random numbers. The
resulting filter source data is shown plotted in Figure 3. The "true" states,
in this instance, are zero for both phase and frequency since the only source

*• of variation in the data is the random component. The filter states were
initialized with values of 20ns and + 1 part in 10 E 13 respectively. The
covariance matrix was initialized with the square of these values.

The resulting phase estimates for the three cases cited are shown plotted in
Figure 1. Clearly, increasing the "Q" increases the variation in the phase
estimate. In accordance with the development of the "Q" matrix for our
simplified noise model, process noise is added to the phase state only, and it
follows that this should happen. Perhaps it is not quite as obvious that just
the reverse should happen to the frequency estimate even though it is not

* being "Q'ed". It is because the filter insures that the time history of the
estimated "state pair" is such that it will always closely predict the
measurement data (via the measurement matrix). Increasing the range over
which the phase estimate is allowed (or forced) to vary, will result in a
decrease in the variation required of the companion state. The plots of the
frequency state estimates in Figure 2 confirm this. In fact, too much process

:. noise for the phase state prevented the frequency estimate from changing at
all. The important general observation is that the choice of "Q" for even a

* •single state can effect the estimates of other states.

5
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-i QUESTIONS AND ANSWERS

DR. WEISS:

UnderQ'ing is assuming a sigma too large or too small?
.1

MR. VARNUM:

UnderQ'ing means that Q'ing is too small. I have under Q'd the J

phase state.,J

DR. WEISS:

So you are assuming that the sigma is smaller than it actually is for
the variance of the process.

MR. VARNUM:

That's right. With the result that if you look in the filter, the
uncertainty in that estimate is collapsing, and the gain is going down .

* and less and less can be done to vary that state and it will tend to
converge on a constant value, which you really don't want to happen
for the phase if you have modeled the frequency as a constant. But
underQ'd generally means you have put too little process noise in and
overQ'd too much.
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KALMAN FILTER ESTIMATES OF THE NAVSTAR
SATELLITE CLOCK PARAMETERS

Paul S. Jorgensen

The Aerospace Corporation
El Segundo, California

ABSTRACT

As is now well known, the Navstar/Global Positioning
System is being used for precise time transfer between

widely separated locations on earth. A part of this
service is to provide users with information regarding the
clocks in the GPS satellites. This data comes from the
Kalman filter estimates in the Master Control Station

at Vandenberg. This paper presents the results of an
analysis of the Kalman filter data and illustrates the
day-to-day characteristics of the satellite clock
parameters that are provided to the time transfer user

community. The monitor station tracking data also has
been investigated and this paper illustrates the

characteristics of the data acquired at the four monitor
stations located at Vandenberg, Guam, Hawaii and Alaska.

The paper shows that there are systematic and random
variations in the Kalman filter estimates of the clock
parameters, as well as in the tracking data. The
relationship between the tracking data and the Kalman
filter estimated parameters is discussed in this paper.

INTRODUCTION

Before going into the body of this paper, a brief overview of how GPS
works is appropriate. There are now five fully operating satellites:

Navstar 3, 4, 5, 6, and 8 - plus Navstar 1, which is operating with a
quartz oscillator. Navstar 3, 4, and 8 are operating with rubidiumclocks and Navstar 5 and 6 employ cesium beam frequency standards.

These satellites are tracked by the four monitor stations located at
Vandenberg in California, and at Guam, Hawaii, and Alaska. These
stations track the satellites whenever they are visible and transmit

the tracking data to the Master Control Station at Vandenberg. Here
the data are processed and the ephemeris and clock parameters for each
satellite are continuously updated. Actually, the update occurs every
15 minutes, 96 times per day. The upload station is also located at
Vandenberg. At least once per day a revised estimate of the satellite's
ephemeris and clock parameters is uploaded to the satellite which, in
turn, transmits this data down on its navigating signal. In this way,
GPS navigation users know the satellite's precise location in space, as
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well as the offset of the satellite clock from "GPS time." In general,
GPS time is defined as the time of a selected monitor station clock,
and usually the Vandenberg monitor station is selected for this purpose.

The ephemeris and clock parameters are updated in a complex Kalman
filter. As of last August, Navstar 3, 4, 5, and 6 have their
parameters estimated in a common partition, with a total of 57
parameters being solved for simultaneously. For each satellite there
are 11 parameters (six ephemeris, two solar radiation pressure, and
three clock states). There are two clock states for the three
non-master monitor stations, a troposphere parameter for all four
monitor stations, and three pole wander states.

A detailed study has been made of the day-to-day variations in the
Kalman filter estimates of the satellite clock states, as well as in
the satellite-to-monitor-station measurements. This results in a large
mass of data. To limit the data to a manageable amount, this paper
will discuss only one satellite, Navstar 3. The data covers the last
two weeks of August 1983. Navstar 3 data was selected because it best

* illustrates the systematic behavior of the Kalman filter.

SATELLITE CLOCK PARAMETERS

The Kalman filter estimates three satellite clock parameters: phase,
frequency, and frequency rate. All are estimated with reference to GPS
time and, for the data presented here, the reference was the Vandenberg
monitor station clock. Frequency rate is also called the "aging"
parameter and is a parameter more peculiar to rubidium clocks than to
cesium clocks.

A word about units may be of value. At the Master Control Station, the
clock parameters are estimated in units of nanoseconds, nanoseconds per
second, and nanoseconds per second squared for phase, frequency, and
frequency rate, respectively. For the purpose of this paper, it was
more meaningful to use units that relate closely to the navigation
problem; instead of nanoseconds, meters are used and instead of
seconds, days are used. Thus, the units are meters, meters per day,

4 and meters per day squared.

A difficulty presented by the data is that the phase and frequency
estimates can be very large values. In order to be able to "see" the
data, the phase estimates are least-squares fitted to a straight line
and only the residuals to this straight line fit are analyzed and

* plotted. Thus, the average phase and frequency are removed from the
phase estimates. Likewise, the average frequency is removed from the
Kalman filter frequency estimates. No adjustment is made to the Kalman
filter estimates of frequency rate.
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USER RANGE ERROR

A yardstick often used by the Navstar/GPS Program Office is "user range
error" (URE). This consists of two components, ephemeris and clock.
Let us concern ourselves only with the clock component. After the
satellite is uploaded with the latest Kalman filter estimates of the
three clock parameters, the filter continues to update its estimate of

*the satellite clock parameters. However, users must rely on the three
parameters that were uploaded earlier in time. The new, revised
estimate of the satellite clock phase is not available to the users
until a new upload is sent up to the satellite. The difference between
the current estimate of clock phase and the clock phase that users
obtain from the satellite's navigation data message is the clock
component of the user range error. It should be noted that the users
depend heavily on the Kalman filter estimate of satellite clock
frequency at the time of upload to determine the phase offset of the
clock for the time they are navigating. On the other hand, the Kalman
filter estimate of satellite clock phase does not have this
dependability. This difference between the real-time Master Control
Station determination of satellite clock phase and how the user obtains
clock phase suggests the following as a reasonable measure of the
difference in the data available at the two situations.

The basic question is the consistency between the Kalman filter
estimates of phase and frequency. These parameters are the integral

Q and differential of each other. A way to evaluate the performance of
the Kalman filter at the Vandenberg Master Control Station is to
numerically integrate the estimate of frequency, thereby creating a
phase estimate based on the frequency estimate (this is akin to what
the user must contend with). By subtracting this frequency-derived
phase estimate from the actual real-time Kalman filter estimate of
phase, a measure of the internal consistency of the Kalman filter is
obtained. Several plots of this measure are given in this paper and
will be related to the Navstar/GPS measurements obtained at the monitor

stations.

MEASUREMENT RESIDUALS

The inputs to the Kalman filter are the smoothed measurements of
pseudo-range and delta pseudo-range, which are obtained once every 15
minutes from every monitor station that can observe the satellite.
These times are referred to as K-points. It should be noted that, with
the current configuration of satellites and monitor stations, as many

* •as 24 sets of measurements can, in principle, be made at each K-point.
In practice, geometrical limitation limits the maximum to some lesser
number; but, in any event, a great deal of data are fed into the
filter. The delta pseudo-range data are the measured changes in the
pseudo-range measurement within a 15-minute interval. It has been
shown that the delta measurements play a very small role in the Kalman
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filtering process. For all intents and purposes, the filter operates

almost entirely on the pseudo-range measurements.

The Kalman filter actually uses, as inputs, the so-called measurement
residuals. The Master Control Station computes the expected value of
pseudo-range, based on its latest estimate of the values of all the
states being estimated. The residual is the difference between the
actual pseudo-range measurement and the predicted value. Note that, if
the system states were known perfectly, these two pseudo-ranges would
be the same. Thus, the pseudo-range measurement residual is a measure

of one or more of the states not being correctly estimated. At the
present time, the tuning of the Kalman filter is such as to place most

of the "blame" on the satellite clock parameters. The filter tends to
adjust the satellite clock parameters more often than it does other
system parameters, such as ephemeris and monitor station clocks.

In attempting to observe a correlation between the measurements and the
satellite clock parameters, a simple device has been adopted to
condense the measurement residual data. At each K-point all the

* measurement residuals from a particular satellite to whichever monitor
stations can observe the satellite are added to form a composite total

measurement residual. (The same convenience might be obtained by
plotting all the measurement data on the same page.)

RESULTSI
Analysis data have been collected for the period from 15 August 1983
through 28 August 1983. The Kalman filter estimates of the phase,
frequency, and frequency rate of the rubidium clock on Navstar 3,

relative to the Vandenberg monitor station clock, are shown on Figures
1, 2, and 3, respectively. In the case of phase, the plot is the

residual from a least-squares fit to a straight line. The average has
been removed from the frequency plot.

An examination of these figures reveals two distinct characteristics.

For all three parameters there is a clearly repetitive day-to-day
structure in their estimates. The second characteristic is the obvious

* correlation in the estimates of phase, frequency, and frequency rate.
This flies in the face of mathematical reality in that one would not
expect direct correlation between a quantity and its time differential
(or time integral). The inexorable conclusion is that this repetitive

structure and correlation between parameters is a reflection of the
operation of the Kalman filter and is not a true day-to-day picture of

* satellite clock performance.

The data in Figure 4 show the integral of the Kalman filter frequency

estimate and are, therefore, a phase measurement based on frequency.
The initial value was set to the initial actual phase estimate shown in
Figure 1. This integral is obviously smoother than the direct Kalman
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filter estimates shown in Figures I through 3. Yet, note the
distinctive saw-tooth pattern over most of the two weeks. The
difference between the actual real-time estimate of phase (Figure 1)
and the phase obtained by integrating the frequency estimate (Figure 4)
is shown in Figure 5. This quantity has been discussed previously and
is akin to "user range error." It will be shown that this measure of
satellite clock performance is related to the pseudo-range measurement
residuals. Let us refer to the plot on Figure 5 as phase difference.
The value of this representation is that it shows the day-to-day
activity of the Kalman filter, whereas the long term (two weeks)
variation in clock behavior is removed.

A part of the data on Figure 5 has been expanded to better observe the
day-to-day response of the Kalman filter estimate of clock phase to the

pseudo-range residuals. The data for five days, 22 August through 26
August 1983, are shown in Figures 6 through 10. A comparison of these
five plots clearly shows the repetitive nature of the Kalman filter
from one day to the next. J
The pseudo-range measurement residuals at the four monitor stations are
shown in Figures 11 through 14 for Vandenberg, Guam, Hawaii, and Alaska,
respectively, for 22 August 1983. This corresponds in time to the
phase difference Kalman filter estimates in Figure 6. A comparison of
Figure 6 with Figures 11 through 14 reveals how the Kalman filter

react-: to the inputs to the filter.

To better illustrate the relationship between the Kalman filter
estimates of satellite clock phase and the measurement residuals, the
residual data in Figures 11 through 14 have been combined. This is
done simply by adding up the measurement residuals at the four monitor

4stations for each 15-minute K-point. The resulting total measurement
residuals are shown in Figure 15. An examination of Figures 6 and 15
clearly shows how the Kalman filter estimate of satellite clock phase
responded to the measurements on 22 August 1983. The total measurement
residuals have also been obtained for the next four days, August 23
through 26. These total residuals are shown in Figures 16 through 19.

Comparing Figures 7 and 16, 8 and 17, 9 and 18, and 10 and 19, gives a
clear illustration of the response of the Kalman filter to the
measurements for these four days. In addition, an examination of
Figures 15 through 19 reveals the highly repetitive characteristics of
the pseudo-range measurements from one day to the next. This, of
course, accounts for the day-to-day repetition of the Kalman filter
estimate of the satellite clock parameters.

DISCUSSION

With satellites 10,900 nmi above the earth and monitor stations located
at intervals of several thousand miles across the Pacific, it should
come as no surprise that some unknown bias lurks in the system. Some
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systematic effect is causing a day-to-day repeated pattern in the

pseudo-range measurements taken at the monitor stations, an effect on
the order of a few meters. Overall, the effect on the GPS user's
navigation accuracy is quite acceptable. Nevertheless, being
repetitive, it should be possible to root out this effect and eliminate
it. Hopefully, this will be accomplished for the operational
configuration of 18 satellites, five monitor stations distributed
worldwide, and three or four ground antennas that allow for the
uploading of each satellite three times per day.

The Kalman filter overreacts to the pseudo-range measurements taken at
- the monitor stations. It simply does not filter enough. The KalmanK filter is "tuned" to a mythical world where all errors in the system

emanate from a Gaussian, random noise process. That is not the real
world, in which systematic, unknown effects are present. The strong
correlation between the Kalman filter estimates of phase, frequency,
and frequency rate (parameters that are differentials and integrals of
each other) is a clear-cut indication of mis-tuning of the filter. The
day-to-day repetition in these estimates, together with their
overreaction to the measurement residuals, further supports this
contention.
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QUESTIONS AND ANSWERS

MR. CARMAN:

I would like to ask one quick question. Are those epoch or current
state plots?

MR. JORGENSEN:

These are current time.

* MR. CARMAN:

I would like to point out for some that don't maybe know too much about
G.P.S., that we are processing data for short periods each day, so that
you would expect that you would get periodic phenomena with one-day
periods. So the fact that you saw structure in the long term plots
that had one-day periods, you could expect that.

In fact, between the time you process data during one day and the next
day, you are propagating whatever states that have estimated for fifteen,

* maybe twenty, hours.

MR. JORGENSEN:

Right.

MR. CARMAN:

So that any miss-estimation you had in the ephemeris, even if you had
perfect clock estimates, the random behavior in the clock is going to
do something different than you are systematically trying to predict.
So you would expect at the time of processing data the following day,

0you are going to have residuals with which to contend. I don't think
those residuals that were shown were that bad.

MR. JORGENSEN:

That's right. The satellites are limited to fourteen-thousand miles
away; and in the case of Alaska we should keep in mind that during one
pass, the satellite is over there and in a second pass of satellite over
there, so we are talking about enormous geometry; geometry that in
totality is of the order of forty-thousand kilometers. We're talking
about the worst case residual being eight meters. That point should be
put into perspective.
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MR. CARMAN:

The other point--because the ephemeris or satellite model behavior can
be expected to be rather constant from one day to the next, when a
residual appears in the order of five or six or eight meters, the first
place the filter is going to try to put it is into the clock, specifically
into the phase bacause it's the most observable state, directly correla-
ting to range; one to one. So the immediate response of the filter is to
adjust the phase to satisfy the measurement. So you might get a little
over-reaction in the phase, but I think you have to let the filter
settle a bit and that first residually doesn't mean very much. The
fact that integrated frequency measurements, or frequency estimates,
should be the same as your phase measurements, I don't understand that,
because if that were really to be true, you wouldn't be estimating phase
and frequency. You would only have to estimate the frequency state,
integrate it and you would have the phase state.

So the filter is free, I think, within the mathematics to readjust its
allocation between phase and frequency from one measurement to the next
and there's no constraint that says that the integrated frequency estimate
has to be the same as the phase estimate. I don't think it's an absurdity
that it happens and I don't think it's a mathematical impossibility.

MR. ALLAN:

The analysis that we have done on separation of ephemeris that Dr. Weiss

reporLed yesterday would very much support your conclusion that there
are other systematics besides the clocks and those, in fact, are probably
in the ephermeris. I think that strongly supports your conclusion.

DR. WINKLER:

One fact I think one has to accept is the measurement, and it's the time
of arrival measurement, and you put the error into the clock because you
don't want to do anything else. But my question is: does the Kalman
filter--use, as a model, the oscillating eliptical elements?

MR. JORGENSEN:

Yes.

DR. WINKLER:

And it's quite clear that 12-hour orbit will have systematic perturbations
with a period of only one day, half-day and multiples of that, and if
his perturbations are not included in the filter, you would exactly
expect the kind of performance that you get because we see the same
thing. If we observe time measurements in distant places, we have again
this up, down, up, down with a period of one day, and the amplitude is
precisely the same as you have shown here.
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MR. JORGENSEN:

All right. As Fran Varnum pointed out earlier, we use epoch states;
that is to say, we use essentially the initial conditions, at say, the
beginning of the two week period; however, in the operation of the
whole Drocess, we also use a two-week reference orbit developed by the
Naval Surface Weapons Laboratory, which covers ahead from that two-week
period which has the whole nine yards. It has all the physical things
you can think about; all the gravity terms, solar radiation pressure,
and what have you.

So it's really not quite oscillating elements. It's really the elements
at zero time at the beginning of the two-week period.

DR. WEISS:

It's hard to believe that the time and frequency of the clocks themselves
are correlated.

MR. JORGENSEN:

That's right. So the conclusion must be that what you saw regarding what
the Kalman Filter is estimating has to do with the total estimation pro-
cess, the combination of the ephemeris and clock estimation, and I think
you must agree what must be is some really small systematic affect that,
on a day-to-day basis, exists in the system.

DR. WEISS:

Well, my question is, how are the frequency and time of the clocks
themselves measured, because it seems to me that what that implies is
that there is a correlation in the measurement of those two quantities.

DR. JORGENSEN:

Well, the Kalman Filter estimates of the satellite clock parameters is
it. That is what the world of users take the satellite clock to be
doing; and, indeed, on a short term basis, there does appear to be some
uncertainty in those estimates. But, on the other hand, as I pointed
out, over the entire two-week period, the thing works.

You do have the proper relationship between frequency and phase, and if
you notice also, the frequency rate plot appears to be consistent with
the other two parameters over the two-week period. For all intents and
purposes, the only thing we measure is the one-way ranging measurements
from the satellite to the monitor stations.
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DR. WEISS:

So you don't measure the frequency of the transmitted frequency at all?
You just measure the time of arrival?

MR. JORGENSEN:

That's correct.

DR. WEISS:

Well, then you are not actually directly measureing the frequency of
the clock.

( DR. JORGENSEN:

That's correct. Well, I would like to clarify that. In the particular
Kalman Filter we now use there is also a so-called Delta range measure-
ment, which is within the fifteen minute period, the change in range.
It turns out that if you look into the details of the thing, the way the
filter works depends much more heavily on psuedo range measurements as
opposed to the Delta psuedo range measurements.

MR. VANMELA:

Mr. Vanmela from Rockwell. To bring a little reality to the problem, we
have a space craft up there right now, spacecraft II that was launched
in July, and it just so happens that we have some Kalman Filter plots,
nanoseconds per second and they have a very periodic change. Every day,
it goes up and down, up and down, every day. So therefore, if everybody
believed that, then the clock is really in trouble; but there seem to be
other parameters involved, like the ephemeris data may be wrong or the
Kalman Filter may be wrong, or slightly Q'd different. So that in the
real world Rockwell has to look and Air Force has to look. We talked
to each other, and the Air Force says the clock is jumping around too
much, but it may be due to the application of the Kalman Filter. So
that's what's actually happening. This was in the latter part of
November.

DR. KLEPCZYNSKI:

Everybody seems to be accusing the ephemeris of the orbit. One thought
that came to my mind here is that you are combining observations made
at four different sites, which in my thoughts give you very poor geometry
for orbit determination, in the first place. It seems that the inverse
problem of--if there are any errors in the station coordinates at your
four stations and they're systematically different, not of the same
system, errors in this will find their way into the orbits or the
satellites because you are making your obser,ttions, or combining your
observations in the four different stations a- different times and if
each one is off In position and you find an error in your satellite
ephemeris.
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MR. JORGENSEN:

You are expressing the ovbious suspicion about something wrong with the
coordinates of the Alaskan monitor station. On the other hand, I have
been told that the station has been surveyed very accurately. So that's
all I can say, as to the location of the monitor stations, don't
forget the four locations were selected many years ago for the purpose
of the Phase I program primarily to test out the system at Yuma, Arizona.

gIn the operational system we will have stations at totally different
locations on earth, spread out around the entire globe, which of course
will be better.
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THE MEASUREMENT OF LINEAR FREQUENCY DRIFT IN OSCILLATORS

James A. Barnes

Austron, Inc., Austin, Texas

ABSTRACT

A linear drift in frequency is an important element in most
stochastic models of oscillator performance. Quartz crystal
oscillators often have drifts in excess of a part in ten to
the tenth power per day. Even commercial cesium beam devices
often show drifts of a few parts in ten to the thirteenth per
year. There are many ways to estimate the drift rates from
data samples (e.g., regress the phase on a quadratic; regress

the frequency on a linear; compute the simple mean of the
first difference of frequency; use Kalman filters with a

drift term as one element in the state vector; and others).
Although most of these estimators are unbiased, they vary in
efficiency (i.e., confidence intervals). Further, the esti-
mation of confidence intervals using the standard analysis
of variance (typically associated with the specific estima-
tion technique) can give amazingly optimistic results. The
source of these problems is not an error in, say, the re-
gressions techniques, but rather the problems arise from

correlations within the residuals. That is, the oscillator
model is often not consistent with constraints on the analy-
sis technique or, in other words, some specific analysis
techniques are often inappropriate for the task at hand.

The appropriateness of a specific analysis technique is crit-
ically dependent on the oscillator model and can often be
checked with a simple "whiteness" test on the residuals.

Following a brief review of linear regression techniques,
the paper provides guidelines for appropriate drift estima-
tion for various oscillator models, including estimation of
realistic confidence intervals for the drift.

I. INTRODUCTION

Almost all oscillators display a superposition of random and deterministic
variations in frequency and phase. The most typical model used is[l]:

X(t) = a + b-t + Dr-t 2 /2 + $(t) (1)

where X(t) is the time (phase) error of the oscillator (or clock) relative to

some standard; a, b, and Dr are constants for the particular clock; and $(t) is

the random part. X(t) is a random variable by virtue of its dependence on 4(t).
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Even though one cannot predict future values of X(t) exactly, there are often

. significant autocorrelations within the random parts of the model. These cor-
relations allow forecasts which can significantly reduce clock errors. Errors

r. in each element of the model (Eq. 1) contribute their own uncertainties to the
prediction. These time uncertainties depend on the duration of the forecast
interval, T, as shown below in Table 1:

TABLE 1. GROWTH OF TIME ERRORS

MODEL ELEMENT CLOCK RMS TIME
NAME PARAMETER ERROR

Initial Time Error a Constant

Initial Freq Error b - T

Frequency Drift Dr - T2

Random Variations 0(t) - T3/2,

*The growth of time uncertainties due to the random component, 0(t),

* can have various time dependencies. The three-halves power-law
shown here is a "worst case" model.[2]

One of the most significant points provided by Table I is that eventually, the
linear drift term in the model over-powers all other uncertainties for suffi-

Iciently long forecast intervals! While one can certainly measure (i.e., esti-
mate) the drift coefficient, Dr, and make corrections, there must always remain
some uncertainty in the value used. That is, the effect of a drift correction

* based on a measurement of Dr, is to reduce (hopefully!) the magnitude of the
drift error, but not remove it. Thus, even with drift corrections, the drift
term eventually dominates all time uncertainties in the model.

0q
As with any random process, one wants not only the point estimate of a para-
meter, but one also wants the confidence interval. For example, one might be
happy to know that a particular value (e.g., clock time error) can be estimated
without bias, he may still want to know how large an error range he should
expect. Clearly, an error in the drift estimate (see Eq. 1) leads directly to

* a time error and hence the drift confidence interval leads directly to a confi-
dence interval for the forecast time.

II. LEAST SQUARES REGRESSION OF PHASE ON A QUADRATIC

* A conventional least squares regression of oscillator phase data on a quadratic
function reveals a great deal about the general problems. A slight modifica-
tion of Eq. I provides a conventional model used in regression analysis[ 3 ]:

X(t) = a + b-t + c't 2  + g(t) (2)
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where c = Dr/2. In regression analysis, it is customary to use the symbol "Y"
as the dependent variable and "X" as the independent variable. This is in con-
flict with usage in time and frequency where "X" and "Y" (time error and fre-
quency error, respectively) are dependent on a coarse measure of time, t, the
independent variable. This paper will follow the time and frequency custom even
though this may cause some confusion in the use of regression analysis text books.

The model given by Eq. 2 is complete if the random component, 4(t), is a white
noise (i.e., random, uncorrelated, normally distributed, zero mean, and finite
variance).

II. EXAMPLE

One must emphasize here that ALL results regarding parameter error magnitudes
and their distributions are totally dependent on the adequacy of the model. A
primary source of errors is often autocorrelation of the residuals (contrary to
the explicit model assumptions). While simple visual inspection of the resi-
duals is often sufficient to recognize the autocorrelation problem, "whiteness
tests" can be more objective and precise.

This section analyzes a set of 94 hourly values of the time difference between
two oscillators. Figure 1 is a plot of the time difference (measured in micro-
seconds) between the two oscillators. The general curve of the data along with
the general expectation of frequency drift in crystal oscillators leads one to
try the quadratic behavior (Model #1; models #2 and #3 discussed below). While
it is not common to find white phase noise on oscillators at levels indicated on
the plot, that assumption will be made temporarily. The results of the regres-
sion are summarized in a conventional Analysis of Variance, Table 2.

TABLE 2. ANALYSIS OF VARIANCE QUADRATIC FIT TO PHASE
(Units: seconds squared)

SOURCE SUM OF SQUARES d.f. MEAN SQUARE

Regression 2.32E-9 3

Residuals 4.26E-12 91 4.68E-14

Total 2.329E-9 94 2.48E-11

Coefficient of simple determination 0.99713

Parameters:

a = 1.10795E-5 (seconds) t-ratio = 161.98

b = 1.4034E-10 (sec/sec) t-ratio = 152.02

c = -3.7534E-16 (sec/sec2) t-ratio = -143.51
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Dr = 2c -7.507E-16 (about -6.5E-11 per day)
Std. Error = 0.05231E-16

(Note: a is the value estimated for the a-parameter, etc.)

The Analysis of Variance, Table 2, above suggests an impressive fit of the data
to a quadratic function, with 99.71% of the variations in the data "explained"
by the regression. The estimated drift coefficient, Dr, is -7.507E-16 (sec/sec2)

I* or about -6.5E-11 per day --- 143 times the indicated standard error of the
estimate. However, Figure 2, a plot of the residuals, reveals significant auto-

I correlations even visually and without sensitive tests. (The autocorrelations
can be recognized by the essentially smooth variations in the plot. See Fig. 5
as an example of a more nearly white data set.) It is true that the regression
reduced the peak-to-peak deviations from about 18 microseconds to less than one
microsecond. It is also true that the drift rate is an unbiased estimate of the
actual drift rate, but the model assumptions are NOT consistent with the auto-

* correlation visible in Fig. 2. This means that the confidence intervals for the

parameters are not reliable. In fact, the analysis to follow will show just how
extremely optimistic these intervals really are.

At this point we can consider at least two other simple analysis schemes which
might provide more realistic estimates of the drift rate and its variance. Each
of the two analysis schemes has its own implicit model; they are:

(2) Regress the beat frequency on a straight line.
(Model: Linear frequency drift and white FM.)

(3) Remove a simple average from the second difference of the phase.
(Model: Linear frequency drift and random walk FM.)

*Continuing with scheme 2, above, the (average) frequency, Y(t), is the first
difference of the phase data divided by the time interval between successive
data points. The regression model is:

Y(t) = b + Dr-t + e(t) (3)

where e(t) = [4(t + TO ) - *(t)]/r o . Following standard regression procedures as
before, the results are summarized in another Analysis of Variance Table, Table
3.

TABLE 3. ANALYSIS OF VARIANCE LINEAR FIT TO FREQUENCY
(Units: sec 2/sec 2)

SOURCE SUM OF SQUARES d.f, MEAN SQUARE

Regression 1.879E-18 2

Residuals 2.084E-20 91 2.29E-22

Total 1.899E-18 93 2.042E-20

(Note: Taking the first differences of the original data set reduces the
number of data points from 94 to 93.)
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Coefficient of simple determination 0.9605

Parameters:

b = 1.049E-10 (sec/sec) t-ratio = 3.32

Dr = -7.635E-16 (sec/sec2 ) t-ratio = -4.70
Std. Error = 0.1624E-16 (sec/sec2 )

While the drift rate estimates for the two regressions are comparable in value
(-7.507E-16 and -7.635E-16), the standard errors of the drift estimates have
gone from 0.052E-16 to 0.162E-16 (a factor of 3). The linear regression's coef-
ficient of simple determination is 96.05% compared to 99.17% for the quadratic
fit. Figure 3 shows the residuals from the linear fit and they appear more
nearly white. A cumulative periodogram[4 ] is a more objective test of white-

* ness, however. The periodogram, Fig. 4, does not find the residuals acceptable

at all.

IV. DRIFT AND RANDOM WALK FM

In the absence of noise, the second difference of the phase would be a constant,
Dr.To 2 . If one assumes that the second difference of the noise part is white,

* then one has the classic problem of estimating a constant (the drift term), in
- the presence of white noise (the second difference of the phase noise). Of

course, the optimum estimate of the drift term is just the simple mean of the
second difference divided by T0

2 . The results are summarized below, Table 4:

* TABLE 4. SIMPLE MEAN OF SECOND DIFFERENCE PHASE

Simple mean Dr = -6.709E-16 t-ratio = -2.45

Degrees of Freedom f 91

Standard Deviation s 26.2405E-16

Standard Deviation of the Mean = 2.7358E-16

Figure 5 shows the second difference of the phase after the mean was subtracted.
* Visually, the data appear reasonably white, and the periodogram, Fig. 6, cannot

reject the null hypothesis of whiteness. Now the standard error of the drift
term is 2.735E-16, 52 times larger than that computed for the quadratic fit!
Indeed, the estimated drift term is only 2.45 times its standard error.

• V. SUMMARY OF TESTS

The analyses reported above were all performed on a single data set. In order
to verify any conclusions, all three analyses used above were performed a total
of four times on four different data sets from the same pair of oscillators.
Table 5 summarizes the results:
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TABLE 5. SUMMARY OF DRIFT ESTIMATES
(Units of 1.E-16 sec/sec

2 )

ESTIMATION COMPUTED PASS

PROCEDURE DRIFT STANDARD WHITENESS
& MODEL ESTIMATE ERROR TESTS?

Quad Fit -7.507 .0523 No

(White PM
and Drift) -8.746 .0493 No

-6.479 .0645 No

-6.468 .0880 No

1st Difference -7.635 .162 No

Linear Fit
(White FM -8.558 .206 No

and Drift)
-6.443 .192 No

-6.253 .295 No

-6.710 2.736 Yes
Second Difference

C Less Mean -7.462 9.335 No
(Random Walk
FM and Drift) -6.870 3.424 Yes

-6.412 3.543 Yes

One can calculate the sample means and variances of the drift estimates for each
of the three procedures listed in Table 5, and compare these "external" estimates
with those values listed in the table under "Computed Standard Error," the
"internal" estimates. Of course the sample size is small and we do not expect

* •high precision in the results, but some conclusions can be drawn. The compari-

sons are shown in Table 6.

It is clear that the quadratic fit to the data displays a very optimistic inter-

nal estimate for the standard deviation of the drift rate. Other conclusions
are not so clear cut, but still some things can be said. Considering Table 5,

the "2nd Diff - Mean" residuals passed the whiteness test three times out of

four. The external estimate of the drift standard deviation lies between the
internal estimates based on the first and second differences. Since the oscil-

lators under test were crystal oscillators, one expects flicker FM to be present

at some level. One also expects the flicker FM behavior to lie betweer white FM
and random walk FM. This may be the explanation of the observed standard devia-

* •tions, noted in Table 6.
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TABLE 6. STANDARD DEVIATIONS

EXTERNAL ESTIMATE INTERNAL ESTIMATE
(Std. Dev. of Drift (RMS Computed Std.

PROCEDURE Estimates from Col. Dev. Col. #3,
(Model) #2, Table 5) Table 5)

Quad Fit (White PM) 1.08 0.065

Ist Dift - Lin 1.08 0.203

(White FM)

2nd Diff - Mean 0.44 5.45

(Rand Wlk FM)

VI. DISCUSSION

In all three of the analysis procedures used above, more parameters than just

the frequency drift rate were estimated. Indeed, this is generally the case.
The estimated parameters included the drift rate, the variance of the random

(white) noise component, and other parameters appropriate to the specific model

(e.g., the initial frequency offset for the first two models). If these other
parameters could be known precisely by some other means, then methods exist to

exploit this knowledge and get even better estimates of the drift rate. The
real problems, however, seem to require the estimate of several parameters in
addition to the drift rate, and it is not appropriate to just ignore unknown

model parameters.

To this point, we have considered only three, rather ideal oscillator models,
and seldom does one encounter such simplicity. Typical models for commercial

cesium beam frequency standards include white FM, random walks FM, and frequency
drift. Unfortunately, none of the three estimation routines discussed above are
appropriate to such a model. This problem has been solved in some of the recent

work of Jones and Tryon[5 ],[6 ]. Their estimation routines are based on Kalman
Filters and maximum likelihood estimators and these methods are appropriate for
the more complex models. For details, the reader is referred to the works of

Jones and Tryon.

Still left untreated are the models which, in addition to drift and other noises,

incorporate flicker noises, either in PM or FM or both. In principle, the

methods of Jones and Tryon could be applied to Kalman Filters which incorporate
ompirlcal flicker models[ 7 ]. To the author's knowledg ., however, no such analy-
ses have been reported.

VII. CONCLUSIONS

There are two primary conclusions to be drawn:

(1) The estimation of the linear frequency drift rates of oscillators

and the inclusion of realistic confidence intervals for these
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estimates are critically dependent on the adequacy of the model
used and, hence the adequacy of the analysis procedures.

(2) The estimation of the drift rate must be carried along with the
estimation of any and all other model parameters which are not
known precisely from other considerations (e.g., initial fre-
quency and time offsets, phase noise types, etc.)

More and more, scientists and engineers require clocks which can be relied on to
maintain accuracy relative to some master clock. Not only is it important to
know that on the average the clock runs well, but it is essential to have some
measure of time imprecision as the clock ages. For example, the uncertainties
might be expressed as, say,, 90% certain that the clock will be within 5 micro-
seconds of the master two weeks after synchronization. Such measures are what
statisticians call "interval estimates" (in contrast to point estimates) and
their estimations require interval estimates of the clock's model parameters.
Clearly, the parameter estimation routines must be reliable and based on sound
measurement practices. Some inappropriate estimation routines can be applied
to clocks and oscillators and give dangerously optimistic forecasts of
performance.
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APPENDIX A

REGRESSION ANALYSIS
(Equally Spaced Data)

We begin with the continuous model equation:

X(t) = a + b-t + ct 2  + g~t) (Al)

We assume that the data is in the form of discrete readings of the dependentI
variable X(t) at the regular intervals given by:

t =n-r 0  (A2)

Equation (Al) can then be written in the obvious form:

Xn = a T b-r n + To 
2 cn 2 + j(nr0) (A3)

for n = 1, 2, 3 ... , N.

Next, we define the matrices:

1 1 1Xl

1 2 4 X

1 3 9 X

N X

1_ N N2  LXN -

4T= 1 0 01

0 T

N N
YXn YXn

N N
(!!i)'x To Xnf n T Xnn T .P nx

N N
To 2 ~ Xn n2  YXn n2  5 nnx
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where four quantities must be calculated from the data:

N N
Sx = Xn Snnx Xn n2

n=l n=l

N N
Snx= Xn n Sx x  Xn 2

n=l n=l

*Define

a.

B = b J
c

With these definitions, Eq. A3 can be rewritten in the matrix form:

X = N T B + £ (A4)

* and the coefficients, B, which minimize the squared errors are given by: 1A
a

B T N'N )1 . ( N'X ) (A5)

The advantage of evenly spaced data for these regressions is that, with a bit of
" algebra, the matrix, ( N'N )-I can be written down in closed form:

SA B C

(N'N B D E I G (A6)

C E F

where

A = 3 [3 (N + 1) + 2]K B = -18 (2N + 1)

C =30

D = 12 (2N + 1) (8N + 11) / [(N + 1) (N + 2)]

E - -180 / (N + 2)

F =180/ [(N + 1) (N + 2)]
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and

G =N (N -1) (N -2)

Also, the inverse of T is just:

=- L 1/iTo 110j
The complete solution for the regression parameters can be summarized as follows:

There are four quantities which must calculate from the data:

N N
= ) Xn Snnx = n YXn 2

n=l n1l

*N N
Snx = Y Xn n xxX

n=l n=1

for n - 1, 2, 3, ... , N. Based on these four quantities, the regression param-

eters are calculated from the seven following equations:

2
a =(A Sx + To B Snx + To C Snnx) G

= (B Sx + To D Snx +To2ESn) ( TO

2 2c = (C SX + To E Sx + To F Snnx) /(G To

(s (S -x S To b Snx To c Snnx) I(N 3)

Ga2  = 2 A /G

b2  = 2 D /(G T0
2 )

c2 = 2 F /(G T 4 )
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whetee the coefficients A, B, C, etc., are given by:LiA = 3 [3N (N + 1) + 2]

B = -18 (2N +1)

C = 30

D = 12 (2N + 1) (8N + 11) [ (N +1) (N + 2)]

IE = -180 /(N +2)

F = 180 /[(N + 1) (N + 2)]

and

(G =N (N-i1) (N - 2).

In matrix form, the error variance for forecast values is:

Var 0Xk =^ [ +2 [ &,! (N N)' -1

.4 where Nk' =[I no no] and To no is the date for the forecast point, Xk. That

is, no =N + K and K is the number of lags past the last data point at lag N.
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APPENDIX B

REGRESSIONS ON LINEAR AND CUBIC FUNCTIONS

The matrixes (N'N)-l for the linear fit and cubic fit, which correspond to Eq.
A6 in Appendix A are as follows:

For the linear fit:

(N'N)- l = LL/D
B C

where

A = 2 (2N + 1)

B = -6

C = 12 I (N + 1)

and

D = N (N- 1)

For the cubic fit:

A B C D

B E F G I/K-'

(N'N)-l = 1-.1/NN) C F H I

D G I J

where

A = 8 (2N + 1) (N + N + 3)

B = -20 (6N2 + 6N + 5)

C = 120 (2N + 1)

D = -140

E = 200 (6N4 + 27 N3 + 42 N2 + 30 N + 11) / L

F = -300 (N + 1) (3N + 5) (3N + 2) L

G = 280 (6N2 + 15N + 11) / L
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H = 360 (2N + 1) (9N + 13) / L

I = -4200 (N + 1) / L

J = 2800/ L

and

K = N (N - 1) (N - 2) (N - 3)

r L = (N + 1) (N + 2) (N + 3).

The restrictions on these equations are that the data is evenly spaced begin-
ning with n = I to n = N, and no missing values. For error estimates (and their
distributions) to be valid, the residuals must be random, uncorrelated, (i.e.,

* white).
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QUESTIONS AND ANSWERS

MR. ALLAN:

We have found the second difference drift estimator to be useful for
the random walk FM process. One has to be careful when you apply it,
because if you use overlapping second differences, for example, if
you have a cesium beam, and you have white noise FM out to several
days and then random walk FM beyond that point, and you are making
hourly or 2 hour measurements, if you use the mean of the second
differences, you can show that all the middle terms cancel, and in
fact you are looking at the frequency at the beginning of the run and
the frequency at the end of the run to compute the frequency drift and
that's very poor.

DR. BARNES:

My comment would be: There again the problem is in the model, and not
in the arithmatic. The models applied here were 3 very simple models,
very simple, simpler than you will run into in life. It was pure random
walk plus a drift or pure frequency noise plus a drift, or pure random
walk of frequency noise plus a drift and it did not approach at all any
of the noise complex models where you would have both white frequency and
random walk frequency and a drift. That's got to be handled separately,
I'm not even totally sure how to perform it in all cases at this point.

MR. McCASKILL:

I would like to know if you would comment on the value of the sample time .1
and the reason why, of course, is that the mean second difference does
depend on the sample time? For instance, if you wanted to estimate the
aging rate or change in linear change of frequency, what value of sample
time would you use in order to make that correction. So, really, the
question is, how does the sample time enter into your calculations? I

DR. BARNES:

At least I will try to answer in part. I don't know in all cases, I'm
sure, but if you have a complex noise process where you have at short
term different noise behavior than in long term, it may benefit you to
take a longer sampling time and effectively not look at the short term,
and then one of the simple models might apply. I honestly haven't
looked in great detail at how to choose the sample time. It is an
interesting question.

4
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*" MR. McCASKILL:

Well, let me go further, because we had the benefit of being out at
NBS and talking with Dr. Allan earlier and he suggested that we use
the mean second difference, and the only problem is if we want to
calculate or correct for our aging rate at a tau of five days or ten
days, and you calculate the mean second difference, you come up with
exactly the Allan Variance. What appears is that in order to come up
with the number for the aging rate, you have to calculate the mean
second difference using a sample time whenever you take your differences
of longer than, let's say, ten days sample time. So we use, of course,
the regression model, but we use on the order of two or three weeks in
order to calculate an aging rate correction for, say, something like the
rubidium in the NAVSTAR 3 clock. It looks like in order to come up
with a valid value for the Allan Variance of five or ten day sample
time you have to calculate the aging rate at a longer, maybe two or
three times longer sample time.

DR. BARNES:

Dave Allan, do you think you can answer that?

MR. ALLAN:

Not to go into details, but if you assume that in the longer term you
have random walk frequency modulation as the predominant noise process
in a clock, which seems to be true for rubidium, cesium and hydrogen,
you can do a very simple thing. You can take the full data length
and take the time at the beginning, the time in the middle and the
time in the end and construct a second difference, and that's your
drift.

There is still the issue of the confidence interval on that. If you
really want to verify your confidence interval, you have to have enough
data to do a regression. You need enough data to test to be sure the
model is good.

DR. WINKLER:

That argument is fourteen years old, because we have been critized
here. I still believe that for a practical case where you depend on
measurements which are contaminated and maybe even contaminated by
arbitrarily large errors if they are digital. These, theoretical
advantages that you have outlined may not be as important as the
benefits which you get when you make a least square regression. In
this case you can immediately identify the wrong data. Otherwise, if
you put the data into an algorithm you may not know how much your data
is contaminated. So for practical applications, the first model even
though theoretically it is poor, it still gives reasonable estimates
of the drift and you have residuals which let you identify wrong phase
values immediately.
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DR. BARNES:

I think that's true and you may have different reasons to do regression
analysis, if your purpose is to measure a drift and understand the
confidence intervals, then I think what has been presented is reasonable,

if you have as your purpose to look--to see if there are indications of
funny behavior in a curve that has such strong curvature or drift that ~
you can't get it on graph paper without doing that, I think it is a very
reasonable thing to do. I think looking at the data is one of the
healthiest things any analyst can do.
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A PLAN FOR THE DEVELOPMENT OF
INERTIAL RECONSTRUCTION OF INITIAL STATE CLOCK (IRIS)

Ernest G. Kimme, Ph.D.
Cobit, Inc.

ABSTRACT

Increasing utilization of wideband low energy/Hertz
signalling techniques in the electronic communications
and allied arts is creating an urgent need for signifi-
cant improvements in the stability characteristics of
small, rugged, low-cost time standards. One approach
to obtaining such improvements is to apply currently
available sophisticated signal processing techniques
to the homely crystal oscillator. The uncompensated
crystal oscillator exhibits performance limitations

* due explicitly and directly to the physical and
electrical characteristics of the cyrstal resonant
element. Compensation improves the performance of
the oscillator by in effect isolation of the resonator
from the external environment. An alternative approach
would be to attempt to create a system "image" of the
resonator at a fixed point in time and synthesize the
oscillator output from this fixed image. This concept
suggests application of plant estimation theory to the
design of a crystal-based high-performance time standard.
The basic crystal can be used to provide state evolution
information to a processing subsystem which simply
utilizes this information to provide a statistically
stable estimate of the state of the resonator at some
fixed point in its history, say at "turn-on time."
This paper develops the theoretical basis for such a
system. Kalman filtering techniques are utilized to
provide initial-state estimation, and a suitable signal

[ •synthesis technique produces the time standard output
signal. The crystal oscillator runs uncompensated and

*is merely utilized to obtain data to present to the
filter on the current state of the crystal resonator.
The paper includes complete generic flow charts of the
proposed state estimation process and supporting signal

* •processing. The program of development of a prototype
IRIS system is described.
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1. Introduction and Motivations

Provision of stable low-noise timing signals is an essen-
tial requirement in modern instrumentation, communications,
and navigation systems, which utilize highly complex signal
structures. High-performance distributed and spatially
flexible communications systems require some sort of func-
tional subsystem which provides the effect of universal
synchronization. System approaches to date have generally
involved (locally or globally) star configurations insofar
as communication of timing information is concerned, rely-
ing upon remote acquisition of timing from central high-
precision sources. Environmental and cost considerations
have dictated this type of approach; stable sources have
been both expensive and vulnerable to extremes of external
system stresses.

A common system implementation of a timing source is the
electronic oscillator. The design technology for this ge-
neric device is well understood, and for the purposes of
this exposition can be represented by a high-gain amplifier
with a resonant feedback path, as in Figure 1-1.

The quality of this device, in the limit as gain of the am-
plifier is increased, is determined by the qualities of the
resonator: spectral purity of the output timing signal is
directly related to the resonator bandwidth, for example,
and the stability of the frequency of the output is a
direct function of the stability of the resonator.

The crystal oscillator, in which the resonant element is a
piezoelectric crystal, is the common intermediate-technolo-
gy implementation of the generic device. The rationale
for this choice is a matter of history and needs no exposi-
tory emphasis here. It suffices to observe that achieve-

* ment of high performance qualities in such designs depends
upon the characteristics of available crystal resonant ele-
ments, and that inherent pnysical limitations on the quali-
ty of crystal resonators translate directly to inherent

. performance limitations of crystal oscillators.

These physical limitations are understood in piezoelectric
crystal technology in terms of the dependence of the reso-
nance characteristics of crystals upon a set of definable
physical parameters. These parameters fall into two cate-
gories, which will be oversimplified by describing them as
external and internal. Internal parameters will be here
considered to be those associated with the physical and
chemical structure of the crystal, while external parame-

5
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ters will be identified with properties of the current -

operating environment of the crystal. Thus, e.g., crystal
geometry and chemical composition are deemed internal
parameters, and temperature, acceleration, and aging are
deemed external.

Internal parameters of crystals are traditionally consid-
ered to be determined by the fabrication process. Exter-
nal parameters are managed by a variety of oscillator
design techniques which are intended to attenuate the
effect of these parameters upon oscillator performance. In
extremis, certain external parameters are subjected to pro-
cesses designed to create an artificial microenvironment
for the crystal resonator in which the variation of these
parameters are constrained to regions in which their
effects are constant on the crystal. Temperature compensa-
tion and factory aging are examples of such techniques.

These methods increase costs of finished goods while im-
pairing reliability and longevity; in this regard, a sig-
nificant attribute of these procedures is that they are
basically ad hoc processes. Conventional crystal fabrica-
tion technologies have not supported systematic application
of sophisticated technologies to this problem.

Current improvements in crystal fabrication technologies
have broken through this particular barrier and crystals

are now being manufactured with well controlled internal
parameters, resultinq in increased yields and oreat-r pre-
dictability of effects of variations in external parameters.
It is, therefore, now feasible to consider borrowing
methods from the established technology of system theory to
provide more effective ways of dealing with these external
effects. In fact, contemplation of this possibility leads
to the more general idea of treating the whole crystal
oscillator, not just the resonator, as a part of a total

0 estimation and control system.

2. Applicable System-Theoretic Technologies

The ultimate system performance objective for an oscillator
0 as a time standard is the production of an output signal

which is a pure sinewave of specified frequency without any
variations in that frequency. Physical difficulties in
measurement of frequency immediately force compromises with
this ideal and actual performance criteria seek to achieve
small maximum frequency fluctuations measured over speci-

* fied time intervals (long-term and short-term).
r
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7C In the case of the crystal oscillator, variations of output
frequency are largely produced by the resonator or crystal
itself and are due to aforementioned evolution of physical
characteristics of the crystal and environmentally induced
variations of the external parameters. Pursuant to holis-
tic system design philosophies, the designer may contem-

*plate methods of controlling the effects of parameter vari-
ations rather than controlling the variations directly. A
synthesized oscillator design concept emerges from this
kind of reasoning, in which the designer effectively takes
a snapshot of the crystal at some point in time and uses
this fixed image to control a signal generation process for
all subsequent time. The obvious difficulty with this
idea, apart from the problems associated with measuring all
relevant parameters of a crystal at a fixed point in time,
is that any signal generation process ultimately requires a
time base; physical intuition then strongly suggests that
the quality of the synthesized timing signal will not be

[ Ibetter than that of the processing time base.

Digital signal processing technology, however, has devel-
oped synthesizing algorithms which are largely independent

of their time base signals. "Time-tagged" processing algo-

rithms do, in fact, require only sequential clocking and
C can, in principle, even run independently of real time.

Time base dependence reappears, however, when the results
of such processing are to be converted to real output sig-
nals. If, however, the output timing signal is synthesized
as a band-limited signal from a sequence of impulse ampli-
tudes, random sequential timing variations which remain

*bounded by the reciprocal of the repeat bandwidth will not
appear, but non-random (i.e., slow) or very large timing
deviations will produce distortions of the output which
will be seen as frequency deviations. These phenomena are
well-known and discussed at length in published sampled-
data literature of considerable vintage.

Ii
Review of prior art in this field suggests that the problem
addressed here is analogous to the problem of stabilizing
and correcting inertial navigation system outputs. Gyro-
scopes at best vaguely resemble crystals, but the problems
of correcting for their internal and external parameter

* avariations are strongly similar, in kind if not quantita-
tively. The inertial system technologies suggest, in fact,
that slow frequency variations of a synthesized oscillator
could also be controlled by appropriate design of the syn-
thesis algorithm if their behavior is susceptible to some
form of prediction and if it is possible to introduce some

* Iform of correction utilizinq inputs from a sensor of the
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oscillator's behavior. The oscillator itself, in this
case, can provide a reference for relative or differential
sensing, and careful review of the established technologies
is therefore indicated.

The body of applicable mathematics which supports the
design of stabilized inertial systems is known as recursive
system theory and has seen much development in recent
times. The general conceptual approach of this discipline
involves three basic ideas:

i) Identification of internal versus observable vari-
ables.

ii) Definition of a recursive functional relation govern-
ing evolution of the internal variablep

iii) Definition of the functional depend e of the
observable variables upon the internal v-riables.

The internal variables of this paradigm are reterred to as
the "states" of the system, and the recursion describing
their evolution is the state transition functional of the
system.

In application of these concepts to crystal oscillator
design, it is to be noted that the output (observable) is a
band-limited siqnal; the Nyquist samplinq theorem is then
invoked to create a sequential representation of the ob-
servable variables. A standard technical device of system
theory translates this sequential representation to the in-
ternal state representation as well, and accordingly, the
above three steps are followed by a fourth step:

iv) Selection of a sampling period T less than the
reciprocal of the half-bandwidth of the observable
function and restructuring the previously defined
functional dependencies in sequential form, time-
tagged at integral multiples of T.

Two final steps permit introduction of powerful mathemati-
cal methods into subsequent analyses: linearization and
modeling of uncertainties. The steps are:

v) Representation of functional relations as linear
functionals plus higher-order terms.

587
i.



vi) Incorporation of additive stochastic terms in all
functional relations modeling approximation and mea-
surement errors.

The impact of these last two steps is, first, to make the
vast machinery of matrix algebra available to the analyst,
and, secondly, to bring the statistical estimation tech-
niques to the tasks of finding design parameters and pre-
dicting system performance. Appendix A elaborates these
concepts.

3. Mathematical Formulation of the Plan

The state strccture of an oscillator system is modeled,
following the steps of Section 2 above, in vector/matrix
form as

x(n+l)=O(n).x(n) + u(n), n>o (3.1)

where

o (nnl x(n;N S )

u ln):
'- (n;Ns))

and

O(n;N s pl) ... 0(n;Ns,Ns)

The components of x(n) are values of the N$ internal states
of the oscillator at time nT (identified with the parame-
ters of the resonator), the components of u(n) are random
vr ilables evaluated at times nT of zero mean and known co-
variance Q(n;i,j)=Eiu(n;i)u(n;j)) , and the components of
S(n) are elements of the state transition matrix at time
T.
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The measurement or observation process produces the output
of the oscillator in sampled-data form; let,

y(n;k)=s((nNo+k)T) (3.2)

for k = 0,1,.. No -1, and n>o. N is arbitrary, within
limits discussed later.

Then

y(n) =K (n) ex (n) +e(n) ,n>0

where

y(n)= "(3.3)
Y(n;N

o0

are the No measured values of the system output produced by
each state vector x(n),

e;l)

e(n)= (3.4)
(n;N o ) ."

are errors in measurement of this output, and
4K(n;l) . . . K(n;l,N s)

K(N (3.5)
K(n;N ,l) . . . K(n;No,N

)
0 0 )

is the measurement matrix effecting the x(n) y(n) trans-
formation.

This model assumes that the system states transition every
No sample times of the output.

Measurement errors are assumed to be independent random
variables with known covariance R( ):

T
E{e(n)e(r) 1=6(n,r)R(n) (3.6)

Denote this covariance matrix by R.
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Specification .f K and o are essential elements in con-
struction of this system model. K is definable nearly ad
hoc upon the assignment of the x(n), but 0 requires prior
application of the methods of mathematical physics to pre-
diction of the way in which the parameters of the crystal
resonator behave in time. The combination of availability
of powerful high-speed digital processing devices and aevel-
opment of predictable crystal fabrication processes makes
such a definition ot o feasible, and provides renewed moti-
vation for development of the methods here proposed.

4. General Description of the Oscillator Stabilization
Plan

The approach first proposed to produce a highly stable
timing signal was to observe the system states at a fixed
point in time and forever after synthesize a sinusoidal

*signal of frequency defined by that one state. A point
brushed aside at that time was the form this state observa-
tion would take. In point of fact, the best measurement
data available to make this determination is the crystal
oscillator output itself; that is to say, the state of the
system at any point in time is best estimated from the
oscillator output defined for that state. Unfortunately,
the presence of measurement and approximation errors pre-
vents exact determination of the states corresponding to a
given output sequence even if the K transformations are in-
vertable, which they are not in general (since, at the very
least, it may be impossible to select Ns=No)

The fact that to a degree the successive values of the
states of the system are related (via 0), suggests that the
fixed-state description can be achieved via statistical
techniques. The applicable theory in this case is that of
linear recursive estimation (LRE), also known as Kalman

* filtering. From Appendix A, the following is a realization
of LRE techniques applied to the model of Section 3.

Let R(n) be an estimate of the state at time (n-l)T, and
let P(n)an be NsXN s correction matrix, assumed symmetric.

* Form the auxiliary matrix

S(n)=(K(n)P(n)K(n) T+R(n)) (4.1)
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Then update 2(n) by

(4.2)

R(n+l)=O(n)"P(n)K(n) TS(n)(y(n)-K(n)R(n))+O(n)2^(n)

Then update P(n) by

(4.3)

TP(n+l) =O(n) (P(n)-P (n) K(n) S (n) K (n) P(n)) O(n)+Q (n)

2(n+l) is the minimum-variance estimate of x(n+l) based
upon 2(n) and the observation of y(n); the y-K^ term is the
prediction error.

The random process u(n) is represented by the correction
term of (4.2):

3=0(n)*P(n) K(n)T.S(n) ° (y(n)-K(n) 2 (n)) (4.4)

If the system is known to be time-varying, the covariance
of u(n) can be estimated from these residuals; if 0(n) is
the estimate of Q(n) used in obtaining 2(n+l), then

0(n+l)= nQ(n)+u(n)u(n)T
--nl) (4.5)

n+1

provides an estimate of 0 for the next recursion.

Similarly, if R(n) is a current estimate of R(n), e(n) is
estimated by

5(n)=y(n)-K(n) .2(n) (4.6)

and an estimate of R(n) for the next recursion is

n(n+l) nR(n) +e(n) e(n) T:~~l (4.7)_

n+l

These two error covariance estimation techniques are the
mechanism through which the proposed system will have the
caoability of compensating the synthesis process for large
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changes of the environmental forces affecting the system.
Thus, the system will be able, to an extent depending upon
the artfulness of implementation, to responding to (at
least) and correct for (as a performance objective of the
design) such factors as short-term high-G forces, and G-
tipover, to name just two of the more troublesome aspects
of the crystal oscillator environment. Equations (4.5) and
(4.7) assume uniform weighting of variance components in
time; performance of the proposed system is expected to be
modified by selection of more exotic weightings, as expo-
nential.

The entire process begins with an initial estimate of x;
there is no reason not to select t=o or n=o as the initial
time of this process, so an initial minimum-variance esti-
mate of x(o), based on observation of y(o) only, is com-
puted according to

R(o l o) = (KT (o)K(o)) 1. KT (o)"y(o) (4.8)

(See again Appendix A.)

It is a consequence of the theory of the LRE process that
j

R(oln), the minimum variance estimate of x(o) based upon
the first n system transition and subsequent LRE of corres-
ponding states, is given by

-1^ (o~n) =(O (n-l)*"O(n-2) ... 0 (o)) -  x(n) (4.9)

This is the "fixed state" which was to be used to control
the synthesis process.

Finally, the design constructs a synthesis process, de-
scribed here as K (i.e., independent of n), which orates
on x(oln) to produce the stabilized output at the n

0 epoch:

(ol n) =K.R (o! n) (4.10)

K is a constant-frequency version of the family of measure-
ment transformations {K(n). K may be constructed to pro-
vide a signal whose frequency is offset from that of the
internal oscillator.

Equation (4.10) -describes the production of the vector of
observables, which were modeled as samples of the oscil-
lator output signal. The actual output signal of this sig-

* nal generation process is constructible as a band-limited
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sigial using the Nyquist sampling theorem. In idealized

imp1 ement3tion,

S(tln)= Z y(oln;k)6(t-kT) (4.11)

This signal is applied to a band limiting filter; the im-
pulse response of which is

Wrt
:' sin T

h(t) = cos2nf t" (4.12)
0 t

__ T

where fo is the center frequency of the filter.

In practice, this ideal construction is unachievable since
* •the function h(t) is not realizable, and one of the vast

collection of available approximate realizations of an
ideal bandpass device will be used.

This point in the output signal synthesis process is, as
was noted earlier, a critical point in this development
plan. In (4.11), the signal is constructed from modulated
impulses occurring at the times t=nT exactly.

The LRE process adjusts the system states once an epoch,
and observable timing deviations from the {nTJ sequence
that persist over an epoch will contribute to the predic-
tion error and, thus, be susceptible to correction. Short-
term deviations that average out over an epoch will not be
incorporated in the LRE process. A development of the
Nyquist sampling theorem, however, states that when s(t)

*has bandwidth < l/T,

sin -(t-(n+rn )T)
S(t)= S((n+r )T) (4.13)• n[..n (t- (n+ Tn)T)

nn

* in the sense of convergence in mean-square (L2), when
(T :n) is a sequence of independent random variables such
that Ti 1<1/2 with probability one. The designer's problem
is to efsure that the sampling clock satisfies these con-
ditions; equation (4.13) then guarantees that short-term
timing deviations are removed by band limiting of the syn-

* thesized signal.
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5. Implementation of the System

5.1 First Design Considerations

The foregoing discussion describes the mathematical basis
for a time-signal generation system utilizing an uncompen-

sated crystal oscillator as a control element for a digital
sampled-data synthesis process. The technology is based
upon that developed for and applied to the stabilization of
inertial navigation systems; the proposed system has for
this reason been called an "Inertial Reconstruction of Ini-
tial State" (IRIS) clock. Better names may be found, but
this one must do for present documentation.

The general structure of the IRIS system has been de-
scribed, and details of implementation need to be examined.
The general problem of implementation of high-speed large-
scale digital processed is being swept away by currently
developed VHSIC technology; in fact, large-scale array pro-

* cessing microcircuits are a target of several of these
development programs. There are, however, two problems yet
to consider.

Realizations of large-scale sequential signal-processing
techniques encounter significant difficulties due to the
presence of systematic, or nearly so, effects of discreti-
zation:

1) A/D conversions on a large scale are generally required
to be sequential and timing errors interact with the
various truncation and rounding operations that must be
performed.

2) Internal arithmetic operations of multiplication and
division also require truncations and rounding and even
with an ideal time base, systematic errors can be in-
troduced. Intermodulation effects are common.

4
Signal processing technology has dealt with this problem by
introducing various species of randomization. A technique
exists that has several attractive features, including the
potential for the ultimate utilization of fast single-bit
(e.g., band limiting) digitization of signal amplitudes.

This technique is referred to here as the CNM-transform and
amounts to representation of signals as linear combinations
of basis elements of an orthonormal family of arithmetic
binary sequences. These basis sequences are all translates
of each other so that the representation can be implemented

594

6



by convolutions. This technique is discussed in further
detail in Cobit 00002; in that reference the application of
the CNM-representation to the direct A/D conversion is de-
scribed. Very high speed correlators are in current deve-
lopment (Ref. 3) and can ultimately be expected to find
application here.

This transform process has the effect of modifying, by a
fixed unitary transformation, the measurement matrices
{K(n)1.

The internal clock (hereinafter referred to as the "strobe"
clock) can, from the previous discussions, be implemented
in a technology consistent with that used for the digital
processing; a simple delay-Line digital multivibrator is
suggested. The strobe frequency must be significantly
higher than the reciprocal of the update epoch NOT, and
possibly also higher than the reciprocal of the sample time
T.

The previous discussion also indicates that management of
inter-stage delay will also be a significant implementation
problem; this is, however, dealt with adequately in current
digital design technologies.

As said-earlier, an important factor in devloping the algo-
rithms implementing an IRIS system is the physical descrip-
tion of the oscillator, and particularly, of the oscil-
lator's frequency-determining element. It is obvious that
this step requires understanding and control of the signif-
icant performance-related parameters of this element.
The introductory remarks cited current improvements in fab-
rication technologies for crystals, and application of
these technologies and of the physical understanding behind
them to the development of specifications of state-transi-
tion descriptions for the IRIS application will be a

* significant area of activity in the proposed plan.

The term "precision" will be used here to emphasize these
attributes of the oscillator and its crystal resonator:
"PXTL" will designate the "precision crystal" and "PXCO"
will designate the "precision crystal oscillator".

5.2 The IRIS System

Figure 5-1 depicts the general plan of the IRIS clock.
Figure 5-2 depicts a proposed first implementation of the
strooe clock. In Figure 5-1, this clock drives the spec-
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trum-spreading A/D conversion subsystem, and is counted

down to derive sample and update epoch timing. Initial
State Estimation and Signal Synthesis operations are imple-
mented as Ns-dimensional array processors. The CNM-trans-
form step converts the synthesized band spread representa-
tives of the signal to signal amplitudes, which are (in
pulse-amplitude modulated form) applied to the smoothing
filter.

5.3 CNM Transforms (A/D)

Figure 5-3 exhibits a proposed implementation of the CNM-
transform operation. The signal is ideally processed in
analog form; discretization is accomplished prior to hand-
ing off the signal to the estimation process. [Ref. 1]
provides theoretical background for this transform process.
Due to its spectrum-spreading attributes, the subsequent
estimation process needs no frequency tracking or similar
bandwidth adjustments. The process is referred to as

* "direct sequence modulation" in the world of spread spec-
trum communications.

The analog multipliers of Figure 5-3 need not be true mul-
tipliers, as seen in Figure 5-4. They are there imple-
mented as switched attenuators, with consequent linearity
of response.

The strobe frequency is counted down by a fixed integer
Nf , an "update" frequency; that is to say, the system
mo~el assumes that internal system dynamics effect a change
in the values assigned to the internal states of the system
once every N sample times of the oscillator output.

Appendix A describes the mathematical details of the devel-
opment of initial state estimation algorithms based upon--
the system mo l assuming deterministic state transitions
u(n)=o, O(n)=0). It is shown in Appendix A that this model

* amounts to a mathematical assignment of state transition
i.- uncertainties to the role of unknown components of the ob-

servational error {e(n):n}. This deterministic case repre-
L sents a first approximation to the truth, and performance

of the resulting IRIS-type system will be predictably sub-
optimal, particularly in the presence of large transient

* external effects rendering the state transition inaccurate
for a few data frames. Proof of concept can be achieved,
however, with these simplifying assumptions, and the esti-
mation process described in Figure 5-6 will be used for the
first exploratory efforts. Figure A3-2 of Appendix A is a
detailed flowchart of this estimation process derived from

* the detailed estimation equation 3.7 of Appendix A.
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5.4 Signal Synthesis

Referring to the system definition (5.1) above, signal syn-
thesis is simply the matrix multiplication operation
(K'( )) modeling the measurement or observation process,
that is, if -(o R) is the estimate of the initial state ob-
tained at the n observation of the PXO output, then

y(oln) = K'R(oln) (5.2)

represents the (CNM transform of the) output if the states
had remained constant with this estimated value and the
measurements were produced by the operation K'().

5.5 CNM Transform (D/A)

In principle, the two CNM transforms are identical: they
iQ have identical sampled-data representations. However, the

synthesized signal is in digital form, and applicable
transform processes must be implemented digitally. Figure
5-7 exhibits a version of the form this process could
assume. The subsystem design plan of Figure 5-8 is pre--
sently structured around a hypothetical microcomputer im-
plementation. The actual hardware configuration of this
subsystem may have to be considerably more complex due to
speed limitations of currently available low-cost microcom-
puter chips. Certain economies suggest themselves as well,
notably, the possibilities of time-sharing the z-multiply
(D) functions and of implementing the accumulator recur-
sively. The straightforward plan of Figure 5-7 will, how-
ever, be followed initially.

The z-multiply (D) function is exhibited in Figure 5-8.
Note that this is a true digital multiplication.

I Incorporation of this second transform operation into the
synthesis algorithm is a considered option.

5.6 Smoothing

S4 The smoothing process is required to achieve removal of the
strobe clock transitions and minimize the effects of quan-
tizing noise. At freqencies of interest, it seems likely
that RC realizations will be entirely adequate; this filter
should therefore have little impact upon size and cost
parameters for IRIS-type timing sources.

5
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6. Summary and Development Plan

The proposed IRIS development will eventually produce a
working hardware prototype system. Steps toward achieve-
ment of this objective are as follows:

Phase I: Oscillator Subsystem Modeling:

Technical Objective: Develop modeling techniques for
representation of oscillators (resonant elements) as
linear dynamic systems of display (5.1) above.

Approach: Computer implementation of relations (5.1)
and verification of accuracy thereof by comparisons of
laboratory measurements and computer outputs using
standard statistical criteria.

S

Phase II: IRIS Simulation

Technical Objective: Develop verified source codes im-
plementiw, the predictor-corrector process of Figure 5-
7.

Approach: Write computer code implementations of the
overall predictor-corrector process following the flow-
chart of Figure 5-7, and combine this with the oscil-
lator subsystem model from Phase I to produce an IRIS
simulator; prepare a test and evaluation plan for con-
cept verification and execute this plan using the IRIS
simulation system.

Phase III: IRIS Prototype

Technical Objective: Construct an IRIS frequency
source and obtain laboratory data on its operation;
this is to be proof-of-concept IRIS realization using a
precision crystal as the oscillator resonant element.

0 Approach: Design and fabricate interface and control
equipments to permit replacement of the oscillator sub-
system simulator of Phase I in the overall IRIS simula-
tion with a real oscillator, and develop a (test and)
demonstration plan for the resulting prototype system.
Incorporate available high-speed digital correlators in
the implementation (ICOR).

598

0 •~



* W W

Phase IV: IRIS Improvement

Technical Objective: Extend IRIS capabilities to
accommodate non-random transient external parameter
variations and verify the projected performance

enhancement.

(Implement the relation (4.1) and (4.2) in full
generality.)

Approach: Modify the oscillator model of Phase I above
to include state transition uncertainty, modify the
predictor-corrector software accordingly (theoretical
development and attendant modifications of the pre-
dictor-corrector algorithms), modify the test and eval-
uation plan as needed, and repeat the process of Phase

Phase V: Full-Scale IRIS Implementation

Technical Objective: Develop an advanced development
model of a manufacturable IRIS device.

Approach: Replace general purpose digital computer
host by microcomputer(s), using available microcomputer
development aids to translate the predictor-corrector

code into machine code for the microcomputer(s)
selected. Develop test and evaluation plan and observe
and evaluate IRIS operation.

This program, as outlined, is estimated to require between
18 months and three years depending upon applied levels of
effort. The result, be it noted, is not merely an enhanced
type of crystal oscillator, but an altogether novel device
best described as a crystal-controlled synthesized timing
standard. Furthermore, the basic techniques employed here
utilize crystals as stable elements, but are clearly appli-
cable to other types of devices, e.g., rubidium standards.

In such applications, the strobing elements might be crys-
tal oscillators and the internal signal processing band-
widths would be correspondingly higher, requiring higher-
speed digital devices.
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Appendix A
Initial State Estimation for Sampled Data Linear Systems:

Deterministic Case

Section 1. General Model:
Let {x(t;i) :1 < i < NS I denote the states of an (ideal)

linear system. For fixed i, x(t;i) is a real function of
time t. Let T be a fixed sampling interval, and let fori- each i and n

g x(n;i) = x(nT:i) (Al.1)

The linearity property is an attribute of the system
states; for each n there are numbers {0(n:i,j)} for which

NS

x(n+l;i) = O(n;i,j) x(n;j) (Al.2)

j=1

It will be convenient to adopt matrix notation: let

i... ( x(n;l)

* x(n) = (Al.3)
~x (n;N s

and
(Al.4)

o(n;l,l 0(n;1,2) . (n;1,N)

0(n) = 0(n;2,l)

x(n;Nsl) . . . o(n;NsN S )

Then the state evolution relation (Al.2) can be stated as

x (n+l) = 0'(n) x(n) (Al.5)

The observable or output variables are {y(t:i):l<i<N o, and
they are sampled as above to produce

y(n;i) = y(nT;i) (Al.6)
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The {y (n; i) are der ived f rom the states ix (n; i) Iby a
linear measurement process: there are numbers
[K(n;i,j):l~j N S; l~i<N 0  for which

y(n;i) = ~ K(n;i,j) X(n;j) (A1.7)

j=l

Again, in matrix notation, let

U 1;1
y(n) =- (A1.8)

and let

K(n;l,1) . . .K(n;l,N )

K(n;N,,l) .. K(n;Nc?,NS))

Then the measurement relations are

*y(n) = K(n) * x(n) (A1.10)

It will be assumed dim y(n) = No X NS dim x(n).

if x(o) is an initial vector of state, the linear system

under consideration has the specification

x(o) =initial statesF.x(n+l) = ( n) 0x(n) evolution (Al.ll)
y(n) K(n) .x(n) (measurement)

Figure Al-l depicts this situation.
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C Section 2. Time-Stationary Case

Of particular interest are those systems which are time-
stationary, that is, those systems whose descriptions
(A1.1l) can be formulated so that P(n) and K(n) are con-
stant functions of n:

x(o) = initial states

x(n+l) = P.x(n) (evolution) (A2.1)

4 y(n) = K.x(n) (measurement)

The essential feature of (A2.1) is, as seen in Figure A2-1,
the absence of the explicit "clock" variable n in the evo-
lution and measurement algorithms.

I

Time-stationary systems have a unique position in this
regard: internal timing of the system can be decoupled
from external clocks, since absolute or external time is
not required for the evaluation of the internal parameters
0 and K.

In the time-stationary case, 0 is referred to as the state-
transition matrix, and K is referred to as the measurement
matrix.

Section 3. Estimation Under Uncertainty

The previous sections deal with deterministic linear system
models. The linear case is regarded as an important object
of study because it serves as an approximation to the gene-

- ral case. In the general case, the system of (Al.ll) hasthe form

x(o) = initial state

x(n+l) = O[x:n] (state transition) n>o (A3.1)

y(u) = K(x;n) (measurement)

where O[x:n] denotes a vector-valued functional depending
upon x(o),...,x(n), and K(x;n) is a general vector function
of the vector x(n).

4
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The linear approximation is made by noting that under
(A3.1), x(n) is defined by recursion upon its history
x(o),...,x(n-l), and hence without loss of generality
O[x:n] can be asumed to depend on xz(n) only. Hence, it
makes sense to ask for that linear functional of x(n),
which will be temporarily denoted o [x:nl, that makes

L

O[x:n] - 0 [x:n]
L

small for all x(n) of interest. Depending on the sense
taken for the phrase "small for all x(n) of interest,"

[x:n] is one or another of the species of differentials
d~fined for functionals of a vector space into itself. If
the Euclidean norm is used to define "small" and of I is
given suitable continuity properties, 0 [x:n] is represent-
able as a matrix operation on x(n), as in (Al.2).

By suitable renormalizations of the x(n), the state transi-
tion relation of (A3.1) can be written

x(n+l)=O[x:n]=o(n)'x(n)+(O[x:n]-O(n).x(n)) (A3.2)

The residual term can be made small for x(n) of interest.

A similar process yields

y(n)=K(x;n)=K(n)'x(n)+(K(x;n)-K(n)'x(n)) (A3.3)

with the same residual argument.

The residuals are next treated as statistical rather than
descriptive errors. Conceptual justifications for this
step abound, but a simplistic view is that (A3.1) reflects
at best the extent to which the dynamic behavior of the
general system is quantitatively described, and that
description is almost certainly incomplete. (A3.1), there-
fore, can be regarded as statements made under uncertainty
and the Bayesian philosophy invoked to introduce stochastic
terms.

In the sense of these remarks, the system of (A3.1) is
describable as a linear system with additive random compo-
nents, thus:

x(o) = initial state

x(n+l) = O(n) * x(n) + u(n) n>o (A3.4)

y(n) = K(n) e x(n) + e(n)

603



where {u(n)} and {e(n) } are taken to be random variables of
specifiable distribution. The deterministic cases of the
previous sections correspond to u(n) :e(n) =o, n>o.

Figure A3-1 depicts the general recursive linear system
model under uncertainty.

Under very general conditions on the random variables u(n)
and e(n), the system of Figure A3-1 is equivalent, in the
sense of convergence in the mean, to a time-stationary sys-
tem, under uncertainty. As noted in the previous section,
this implies that the limiting behavior of the general
linear system can be studied in terms of an equivalent sys-
tem for which 0(n)=0 and K(n)EK for all n. (In the deter-
ministic case,

11N+1
' : N-- [[ O(k)

K=o

as would be expected. The corresponding relation for K is
more complicated.)

The problem of estimating the state of the system is gener-

ally solved: Given an initial state x(o), the minimum-

variance estimate of x(n), denoted by R(n), based upon the
measurements y(o),...,y(n), is updated to a minimum-vari-
ance estimate of x(n+l) by the generalized Kalman-Bucy re-
lations, otherwise known ae the minimum-variance linear
recursive estimator (LRE). If {u(n)) are independent with
covariance Q(u) and [e(n)) are independent with covariance
R(n), then:

Given R(n), y(n), 0(n), K(n), and P(n):

S(n) = (K(n)P(n)K(n)T +R(n)) (A3.5)

6 P(n+l) = O(n)(P(n)-P(nTK(n)TS(n)K(n)P(n))O(n)T+Q(n)

.(u+l) = *(n) ( (n) +P (n) K (n) TS (n) (y(n)-K(n) (n)))

The matrix P(n) is symmetric; its initial value is

TT
* P(o) = E{x(o) "x(o)T}, which can be replaced by x(o)._

x(o)T for computational purposes. Note that (A3.5)
supposes that i(n) is used to find a predicted y(n), and
that the error of this prediction (the term y-KR in the
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equation for R(n+l)) is used to correct the estimate of the
new state R(n+l), which otherwise would be simply *(n)R(n).
It is for this reason that the LRE is sometimes referred to
as a predictor-corrector filter,

The equations (A3.5) are susceptible of considerable alge-
braic manipulation and can be found in many different
forms. The form used here is that given in reference [2].

Section 4. Time-Stationary Systems with Deterministic
State Transition

Time-stationarity, as noted previously, implies
0(n)-$ and K(n)-K. It is also possible to incorporate the
state uncertainty u(n) into the measurement error e(n) in
(A3.4) and set u(n)-o. The LRE then corrects the estimated
states suboptimally, so that, although the system model is
conceptually equivalent, the state estimation process will
not have the minimum-variance property.

The equations (A3.5) simplify, however, and this fact makes
study of this special case attractive as an intermediate
step to achieving the full benefit of (A3.5). Let
O(n)=_, K(n)-K; if u(n)-o, then Q(n)-o. If the measurement
process is modified to effect randomization of the measure-
ment error, and these errors are already time-stationary,
then

T 2R(n) = Eie(n)e(n) T }  = a I (A3.6)

where 2 I is the identity matrix of appropriate dimension,
and a is independent of n. With these relations, (A3.5)
becomes:

Given R(n), y(n), 0, K, and P(n):

T -S(n) = (KP(n)KT) (A3.7)

T T 2P(u+l) = o(P(n)-P(n)Ks (KP(n))OT+o I

Tx(n+l) = o(R(n)+P(n)K S(n)(t(n)-KR(n)))

2Let P(n) = P(n)/a ; then,

S(n) = (K P(n)KT) - 1 (ga2P(n)K T) (K P(n)K
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S(n) (A3.8)
D 2

The recursion on P becomes

P(u+1)=o2 P(n+l)=O(P(n) 2-o2 P(n)*K T.S(n)*K*a 2p(n)) T +a 2I

(10(P(n)-P(n)OKT S(n)*KP(n))o +I

or T Tr
P(n+l)=O(P(n)-P(n)K Ts (n)oK'P(n)) +TI (A3.9)

The corrected R becomes

• (n+l)=O(R(n)+a 2 p(n)2 T n (y(n)-K(n)))

(A3.10)

S ( (n) +P (n) "KT*S(n) (y(n)-K • 0 (n)))

2
The error variance a enters the recursive estimation pro-
cess only at the initial step, where now

°T

x(O)X(o)T
P(O) = 2 (A3.11)

a

The relations (A3.7) will next be trivially restated in a
form preparatory to computer program implementation:

Initialization: Assign a2, , and K.

* Enter x

Compute P = (xxT)/a2 (A3.12)

Se S x = x

Algorithm: Given , y, and P.

S = (KPKT)
-

0
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New R = O(x+pKTs(y-KR))

New P = O(P-PKTSKP) OT+I

Figure A3-2 is a flowchart of the relations (A3.12).

The initial state is always estimated (minimum variance)
from the transition matrix: if x(loln) denotes the initial
state estimate based on the observations y(o),...,y(n),
then

e (oln) = (§(o)*0(l) ... (n-l) - (n) (A3.13)

In the present case,

R(oln) R ((,)n) -1 (n) (A3.14)

The initial state estimation process can be concluded in
the algorithm:

Initialize: =

Given: (A3.15)
-1

New 0 = •

which provides a current-time estimate R(oln) of the
initial system state.
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QUESTIONS AND ANSWERS

DR. WINKLER:

I'm sorry, but I still do not understand why you deliberately almost,
seem to avoid having your sequence timer coherent with your precision
frequency source. Is there any advantage with not having it coherent?
Unless for cheapness.

MR. KIMME:

I wish it to be cheap.

I

4q

a

,2. 616 -



I

SESSION V

PTTI COMPONENTS

Dr. Authur 0. McCoubrey, Chairman

National Bureau of Standards
U

CALL TO SESSION V

DR. McCOUBREY: I welcome you all this morning to the final session of the

Fifteenth P.T.T.I. Meeting. The program this morning is somewhat different

than listed in your booklet; it's been revised a little bit. In the first

place, Paper No. 31, listed in your program, will not be given. The authors

* of that paper did not arrive. Paper No. 36, as listed in your agenda, is also

withdrawn, and in its place there will be a paper for which the abstract is

*on Page 45 of your program.

The title of this paper will be, The Superconducting Cavity Stabilized Ruby

Maser Oscillator, by G. J. Dick, Low Temperature Physics of California

T,!chnology and D. M. Strayer, J.P.L.

Finally, Paper No. 38, will also not be given, since the authors were not able

to attend.

0

0

617

0i



-- -,--- -'v--~--- r ~ -. - -. ~--.--~-..-

I

Paper #31 was neither given nor submitted for publication.
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HIGH PERFORMANCES FROM A NEW DESIGN

OF CRYSTAL OSCILLATOR

C. BEAUVY , Ge MAROTEL , P. RENOULT

* Compagnie d'Electronique et de Pidzo-Electrlcit.

ARGENT EUIL FRANCE

i

ABSTRACT

This paper describes new designs developed and

* •applied in order to increase the performance of

crystal oscillators for military and space appli-

cations, requiring high performances.

The following performances have been reached

. at frequencies of 10 MHz or 10,230 MHz : long

term stability 10 per month ; drift in temper-

ature range (from -40 to +700C) some parts of

-13
10-10 ; short term 5.10" ; spectral density

< 160 dBc/Hz, g-sensitivity < 2.5.10 "10 per g,

which allows high immunity against induced side

bands under vibrations.

These results have been obtained from

* . the developments of a new tLchnology applied to

crystal resonators

. the use of a low noise design of the electronics

associated with the resonator

* . highly miniaturized oven with PID control

. assembly of these elements have met these speci-

fications during mechanical environment tests.

6
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INTRODUCTION

Since several decades, oven controlled crystal oscillators in a large

range of frequencies from 1 MHz to 200 MHz, offering high performances

gin stability and spectral density, have been improved by CEPE. From

this large experience for research, development and manufacturing OCXO

and other kinds as XO, TCXO, VCXO ; with the contribution of new techni-

ques on resonators and with the support of precise systems of measurements,

a new generation of ultra stable oscillator, (USO), is now under

development to satisfy the requirements during the next decade.

These USO are designed for a nominal frequency of 10 MHz ; frequencies

about 10 MHz, for example 10.230 MHz can be also achieved. The domain

of stability involved is 10-10 per month and under environmental condi-

tions. According to the environment, it has been defined three types

corresponding to the fields of application ( fig 1).

It. USO for fixed euipments : continuous operation; easy environmental

conditions, volume and power consumption are not critical.

2. USO for transportable or airborne eSuipments intermittent opera-

tion, severe operating conditions, volume and possibly power consump-

tion to be minimized.

3. USO for satellite applications : performances to be maintained after

launch, volume and power consumption to be minimized.

Considering these different domains which could lead to contradictions,

it has been nevertheless possible to define a basic design, with exten-

sions suitable for specific requirements.

S

The study and development have been done on the following elements which

are described in the first part

- High Q resonators

622
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- Circuits of the oscillator and the oven

- Mechanical assembly.

In the second part, tests results of following parameters are presented

- Long term stability

-Mean term stability

- Short term stability

- Spectral density

- Influence of environmental conditions

- Turn on time and retrace.

DESCRIPTION OF INCORPORATED ELEMENTS

An ultra stable oscillator had to be considered as a sub-assembly in

an equipment ; each function is depending of the others* Nevertheless,

three main subjects can be considered as shown in block diagram (fig 2 )o

C r!stalresonators

In this field, CEPE has now the capability of manufacturing high Q

resonators at 10 MHz or 10,230 MHz standard frequencies ; it is

also possible to provide other frequencies in the range of 5 MHz
12_ to 20 MHz, having a product Q x F of 12 x 10 with the support of

the following facilities

• choice of the overtone 3rd or 5th

o choice of the doubled rotated cut : SC ,oo

.4 e choice of the assembly technologies : classic means with

plated electrodes and mounted on springs: QAS plated elec-

trodes, isolated from the active part of the plate by quartz

bridges ; BVA electrodes separate from the quartz active

623
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plate, using quartz bridges as QAS and assembled by clips.

improved experience on technics of machining and polishing

the plates, of metallisation, outgasing and closing procedu-

rese

In other respects,the facilities of measuniient of the achieved reso-

nators have been completed by precision test sets allowing short

term 0,1 to 1000 s and g-sensitivity measurments at the operational

temperature of the oven adjustable between 50 and 900C.

These facilities and capabilities allow the choice of the resonator

adapted for each domain of utilization and improved before mounting

in the oscillator in the oven.

Electronic circuitry

Two main parts can be distinguished "9

& the oscillator ( fig 3) -

0 and the oven ( fig No 4 )

The oscillator includes the following elements

- the transistorized oscillator which is a Clapp giving a low

drive level of about 30 pW on the resonator. The components

must have a low noise level especially the transistor.

- the varactor, in series with the resonator, permits the adjust-

ment of the frequency by a control voltage.

- the voltage regulator has to be designed for a low noise and

effective protection against the ripple of the power supply.

- the additional buffer amplifiers give an insulation between

* the oscillator and the external mismatch of the frequency

output.

The circuits of the oven are constituted by thermistors, DC propor-

tional amplifier and heating elements. The thermistors located

624
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near the crystal case, are glass welded small size type because they

have a good long term stability. The proportional amplifier associa-

ted with integrator and derivator circuits ensures with a high sensi-

bility, a good stability without ondulation. The heating elements I
are made with power transistors on which it is possible to adjust

the required power.

Mechanical assembly

The ourpose was to reduce as much as possible the volume to be main-
tained within several hundredths of degree centigrade. For this

reason the elements to be in the oven: crystal and the oscillator

and some other parts of the electronics have been designed in mini

electronic or hybrid assembly ( fig NO 5 ).

Also specific hybrid circuits including the thermistor and a chip

of power transistor were developed on BeO substrate to ensure a

tight thermal coupling between these elements and the crystal housing.

Mechanical design of the assembly takes in account the thermal losses

corresponding to the optimization between a fine regulation and a

power consumption as low as possible fig No 6 )o

Thermal insulation can be eccofoam, or still air between non radia-

tive walls, or vaccum. If necessary , in particular requirements,

a second oven can be added.

* oRESULTS OF THE PERFORMANCES

In this section, the key parameters of the performances are presented.

Long term stability

This parameter is measured in stable conditions continuous opera-

ting, supply voltage, load and external temperature are constant at

the moment of the measurement. For this type of USO, in the perfor-
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mance of + 10 per day is obtained after 10 days of continuous

operation. The level of some i010 per month is obtained after
-92 months of continuous operation and we expect + 1.10 per year.

These measurements are done on a fully automatic testing equipment
-,

referenced by a Cesium standard ( figure 7 ) on which the

result of stability per day is given on the last ten days.

Mean term stability

This domain concerns the stability between 100 s and one day, in

continuous operation, taking into account the drifts due to slight

changes in power supply, load and temperature. This requirement is

specifically expressed by the drift of the external temperature at
about 5 or 100C / per hour related to the kind of the mission.

The measurments are made with a programmable test chamber and the

the frequencies are recorded each 10 s during 15 minutes, the slope p

and the dispersion 6-are calculated with goal of p = 1.10 12/ mn. and
-12 _

- = 3. 0

Short term stability

This parameter, also designed by stability in time domain, can be

achieved by comparaison of two or three USO of the same type running

in continuous operation. The measurments are made on a specific test
system including a low noise mixer, a low noise amplifier, a low band

pass filter giving a resolution better than 10 over 10 ms and

5o014 over 100 s. The results are expressed by 6 -y ()as function

of '? by the formula of Allan or Pincibono variance. The results

are given on fig N0 8.

Spectral density

The spectral density W (f) is defined as a ratio between the power

F of the phase noise in a bandwith of 1 Hz at the -equency f from the

6
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carrier and the total power of the signal. Because of the high Q

factor of this oscillator, the spectral density will be at -130 dBc/Hz

at 10 Hz and -160 d~c / Hz at 1 KHz ( fig NO 9 ).The measurnent set

has the basic configuration of the previous one, coupled with a low

frequency analyzer and a graphic plotter; the resolution reaches

-170 dBc /Hz.

Influence of the environment

The characteristics of stability and spectral density have to be

maintained in the propar environmental conditions specified for

each application. The following parameters have been taken into

consideration

a) - external temperature

by using SC crystals and a precision electronic compact design
-11

for the oven, the stability of 2. 10 peak-peak from + 10 to

+ 4000 or 2.10 peak-peak from -40 to + 700C in the total

temperature range f fig 11 10 )

b) -g-sensitivity

'ce to the new developments cn crystal, a st--hility as low as

3e110 per g in all directions is achieved. This value
-11

drops to 5e 10 per g in all directions, if required.

c) -vibrations and shocksJ

by a ruggedized conception of PCB and assembly, the USO is able

4 to support high levels of mechanical stresses

- under sine vibration 20 g up to 2,000 Hz

- under random vibrations 25 g rms up to 2000 Hz

-under shocks 100 g -11 ms

4

c) pressure

the performances under vacuum are also guarantead by a specificH

' h design due to thermal lossese
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Turn-on time and retrace

The performances in this domain are mostly important in intermittent

operational conditions. In order to make comparative measurements, the

following procedure is applied : after the measure of the slope

p1  F / F per day before turn off, the oscillator is stored at

ambient temperature during 24 hours and the frequency is recorded

after turn-on at t . The retrace is defined as the gap of frequency0

between the frequency before turn-on and the frequency obtained

when the slope P2 is equal to p1 ( fig NO i1).

This gap depends on the power available, on the capability of resona-

tors and the miniaturization of the oven. The influence of the

number of retraces and of the temperature of storage will be also

measured.

The results obtained with a power consumption of 5 W during less

than 1 min., with a QAS resonator is shown in fig NO 12 which gives

retrace of + 2. 10 10 after 100 min. and even the stability of + 1.10
- 9

have been reached after 10 min. operation.

CONCLUSIONS

Since the USO are cuneable by external adjustment of voltage applied on

the varactor, the long term drift can be permanently or periodically

compensated by the external circuitry shown on fig N0 13.

By combination of QAS and BVA resonators and new design of the electrical

and mechanical parts of the ovenized oscillator, it is now possible to

define a new generation of USO ( fig N0 ibis) giving at great improvement

* to the different fields of application.

Thus, these USO offer with an expected duration of life of ten years,

performances comparable and even better, than those offered by other

secondary references of frequency.
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USO-Metrology USO-Transportabie USO-Satellite

alternative
Operation continuous storage continuous soae+cniuu

Environmental
conditions

I -operating temperature 0 to 50 0 C -40 to +70 0C 10 to 400 C
vibrations - shocks yes In storage

aclrtosno yes no In operation

Power consumption no no yes

Small size no yes yes

1 -Classification of Ultra Stable Oscillators

ocxo uso
PMT.P

F iday ±5.10- to ±5.1011 ±5.1011 to ±110~~
Long term stability 14 month +110 t 1i0 ~ 1i.i to±.1@1L year ±5.10-8 to .110 - ±1.108 o*-~

Mean term stability + +10 to 40C 3.10-9 pp 5. 1011'0 pp
L-40to 70C 1.10 8 pp 2.10-1 ppr ims4.010 4.10-11

Short term stability Is5*0-1 .10-1 3

los 5.10-1 .03

10 Hz 120 130
Spectral density dB/Hz 100 Hz 135 147

1 KHz 150 158

Retrace after turn on 10m .0-8110
L 100 mn 2.10-9 210-'o

g-sensitivity per g 5 to 2.10-9 5.10F10 to 5.10-11

lb. - Comparaison between OCXO and USO
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External Oscillator Buffer amplifier Output amplifier Output
frequency

case

Ovenized

enclosure Oe

__ __ DC supply

2 -Block diagram

-3 - Clapp oscillator

Heating devices and thafmiltot . oe

Hybri osecilator

Output

5
-Metallic shielding
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AF AGIGU0 375
FNj.,iber 4 165

Fl-o Slope per day -6.92E-12 Fo 10 MHz

(1E 0

-2

USO~0 10~

USO-(10 1

F

-6I1 
0

,612 
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-613 
-1
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T

Frequency
11 -RETRACE

Fp

I T~me (Days)

5 5days 1 1iday__, tr 5 ~'days

10 108

60-0

00

*0 5 3 45 6'0 7"5 4 0 1 0 1 0 13 5 1 0 towC
2

5 1 3- EXTERNAL ADJUSTMENT

2rnlog--- --- Fo : requency before

turn-off

USO 10IMHZ

N* 60-01
N* 60-06

12 - MEASUREMENT OF RETRACEI
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QUESTIONS AND ANSWERS

MR. CAMP:

The warmup time that you showed for SC seems to be relatively long. You
mentioned one of the limits was the amount of power available. How long
did it take for the oven to cut back on the power?

MR. BEAUVY:

This time was some three minutes, or something like that if you start at 20°C.

MR. GOLDBERG:

EGG. What is the size oscillator you showed?

MR. BEAUVY:

External, about ten centimeter cubic. Ten centimeters on each side.

MR. McCOUBREY:

To what extent is the spectral density of the noise performance and the
short term stability achieved considering the theoretical limits?

MR. BEAUVY:

Do you mean the theoretical limits which are located about -130 db for
spectral density?

MR. McCOUBREY:

Yes.

MR. BEAUVY:

There is some progress to be done, but there are also limitations due to
the electronic circuits and also the loaded Q value of the resonator, and
some things like that. So I think this improvement is one of the best
that can be done today.

MR. McCOUBREY:

What is the most important source of noise now, is it the crystal or
the electronics?
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"" MR. BEAUVY:

I would say both of them, it depends if you are at a place near the carrier
or far from the carrier. So for some radar applications, we build oscillators
for 100 or 200 megahertz, and what is important, is not noise near the carrier,
but noise far from the carrier.

We can achieve much better results, starting with a hundred megacycle direct,
Iinstead of starting with ten megacycles with multiplication, but of course

you are not so good right near the carrier in this case.

h63
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DESIGN OF SC CUT 10 MHZ H.Q. CRYSTALS
10

WITH G. SENSITIVITY BETTER THAN 2.10 /G.

A. Debaisieux, J.P. Aubry, Compagnie d'Elec-
tronique et de Pi6zo Electricit6 - Argenteuil
J. Groslambert, Laboratoire de Physique et
M6trologie des Oscillateurs du C N R S
Besangon - France

ABSTRACT

Several theoretical and experimental studies on the force-frequency

effect have shown that the g sensitivity of a crystal resonator is
directly related to the location and structure of the mounting support.

Our work has lead to the definition of a new design of crystal reso-

nator havinq low sensitivity. The effects of both surface and body

forces applied to the vibrating part of the crystal must be consi-

dered.

In this paper, the details of this new design are presented.

-11
Statistical results show that g sensitivity between 3.10 /g and

2.10- /g on the worst axis are currently obtained on an industrial

basis.

These values are measured by a 2 g tip over test in all directions

either with Phase Modulated Reflectometer ( which are also described at

5 and 10 MHz ) or in classical oscillators.

INTRODUCTION

In numerous fields of the aerospace industry for communications, loca-

lization ... the needs of highly stable crystal oscillators has conti-

nually increased in quality as well as in performances.

In an hostile and vibration environment, the full potential of many
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systems is sevwrely limited by the acceleration sensitivity of the

resonator.

The search of g sensitivity lower than 3.10 -10/g and a high spectral

purity of oscillator required by some modern applications leads to

the development of new manufactjring processes which involve high

technologies such as SC cut, ultrasonic machining, ultra high vaccuum...

The first theoretical approach of the qcc-leration sensitivity was

presented by Lee and Kuang Ming Wu in 1976./ 2 /

At the same time, this problem was investigated by Valdois, Janiaud,

Gagnepain. / 1, 5, 7 /

The force frequency effect is also of interest when dealing with g sen-

sitivity of crystals resonators.

The first theoretical explanation of the force frequency effect was

presented by PCY Lee Wang and Markenscof . They use an isotropic

assumption for the determination of the plane stress distribution in-

duced by the mounting support of a plate submitted to in-plane accele-

ration. Their results, given for AT cut, were in good agreement with

the experimental values.

A more precise solution making allowance for the anisotropy of crystal

was given by Ballato EerNisse and Lukasek. This study was applied to

doubly rotated quartz resonator./ 4 /

Nevertheless, even if some of the phenomenon implicated in g sensiti-

vity have been extensively described, there are not yet many crystal

resonators which have been demonstrated with a low g sensitivity in

all directions of space./ 3, 11 /

However, some interesting results have been obtained with the B V A

design quartz crystal resonators. It is assumed that the quartz bridges

support of the resonator in the B V A design allow reduction of most of

the stresses, applied on the vibrating area involved in g sensitivity.

The goal of this study was to achieve a g sensitivity better than
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3.10 /g with a HQ SC cut resonator encapsulated in HC 40 can ( to be

easily used in classical oscillators ) in order to reach a good compro-

mise between performances ( ageing, g sensitivity, retrace ), volume,

warm up time and price.

This paper describes the design of such a resonator and the reproduci-

bility of g sensitivity results from batch to batch.

The g sensitivity measurements are performed with a phase modulated

reflectometer locked on the crystal mounted in a separated oven allowing

a " 2 g tip over " test. Two differents phase modulation systems are

described at 5 MHz and 10 MHz. (Fig. 7 - Fig. 8)

The 2 g test results arp confirmed by 2 g test on oscillators and

also by induced FM side bands under vibrations.I~i

I ) THE PASSIVE REFERENCE SYSTEM

The principle of this system was presented by S.R. Stein in 1978 (ref.9)

( Fig. 1 ). It consists in locking an oscillator of medium stability on

a Xtal resonator driven in reflection. The output signal of the oscil-

lator is phaqe modulated at an fm frequency. The output of this phase

modulator is applied on the Ytal resonator with the help of a structural

coupler. The reflected signal is amplified then detected. The oscillator

is locked by using a synchronous detector working at the fm frequency.

In this system the most important part is the phase modulator which

l4 must be realized with care : this phase modulator must not exhibit
amplitude modulation at its output. As a matter of fact the phase modu-

lated sional after reflection on the Xtal resonator gives an amplitude

modulated signal which presents a modulation index proportional to the

4 frequency shift between the frequency of the oscillator and the resonance

frequency of the Xtal. In this case all amplitude modulations at the

phase modulator output have the same effects as frequency shift of the

Xtal.
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PHASE MODULATORS -

Two types of phase modulators have been used in the present work.

The first one is a digital modulator which exhibits a phase modulation

index proportional to the frequency to be modulated : consequently

this system is limited when the modulation index becomes too large, but

since this modulator is a digital one, an exactly signal'r/2 out of

phase with respect to the modulating signal can be obtained. This signal

is used as reference signal in the synchroneous detector.

The second one is an hybrid modulator ( analog and digital ), its upoer

working frequency depends only on the elements which are used to cons-

truct it. It needs a traditional phase shifter to obtain a quadrature

signal for the reference channel of the synchronous detector.

0 - 1) Digital phase modulator

The phase modulation is obtained by using the time delay existing bet-

ween the input/ouput signals of logic gates. A time delay _\ T produces A
a phase shift 60 corresponding to

=2'j- ! T where T is the HF signal period

T

By associating N gates in series, a phase shift can be obtained in the

range 0 to N with !/steps.

A four bits multiplexer ( Fig. 2 ) gives the possibility by using eight

gates and one 4193 divider to obtain a triangular phase modulation by

* connecting together the 1-15, 2-14, 3-13, 4-12 multiplexer input pins.

The resulting phase modulation is given on Fig.3. This modulator works

correctly bnlow 7 MHz with an amplitude modulation rejection of about

80 d[. j
- 2) Analog and digital phase modulator

This system ( Fig. 4 ) provides the addition of the modulating signal

and the high frequency signal and the application of the resulting signal

0 to a Schmitt trigger. The output pulse of the Smhmitt trigger is phase
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modulated with pulse width modulation. A monostable circuit sets this pulse

to a constant value determinated by the time constant of the monostable.

A sinusoidal modulated phase signal is obtained with this system.

*II )MOUNTING CONFIGURATIONS

Numerous studies have been devoted to force frequency effect and accel-

eration sensitivity of quartz resonators

To prevent frequency variations due to initial static stresses applied

on a resonator by the mounting supports, it has been shown that it does

e' -Jst angles for which the force-frequency coefficient / 6 /

k f y f 2hD 1

fo F N

becomes equal to zero.

These points are given as = 600 and 1200 for an AT cut and = 86

and 1790 for an SC cut. Anisotropy was shown to have little effect on the

force frequency effect.

In-plane acceleration sensitivity has also been studied.
I I

These phenomenon allow to expect, for a four points mounting ( XX , ZZ )

*configuration, a small variation of frequency for the AT cut. It must be

pointed out that the locations of' the mounting supports of an AT cut reso-

nator, which minimizes the acceleration effects on the frequency, are not

the same as those giving a null diametrl force frequency effect.

Up to now, a study of acceleration sensitivity for the SC cut has not yet

been published.

To solve the g sensitivity problem of a crystal resonator, we must consi-

der all the forces ( static and dynamic ) applied on the vibrating area

for all possible directions of acceleration in the full space.

Then we have considered all forces ( surface and body forces, dynamic

forces, initial stresses ... which can be due to the mounting support

or induced by an acceleration vector applied in a given direction.
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Force frequency effect and in plane acceleration sensitivity must be

both taken into account for the location of mounting supports, even

if they do not give a full explanation of g sensitivity.

A more adequate model has been proposed to explain g sensitivity / 10 /

Fig. 5 ), involving the blank resonator and the mounting support

taken in ,1i directions. In this model, various forces are taken into

account

. surface and body forces

. torques comming from geometrical variation of the mounting

ribbon

* induced compressive forces

With the geometry described in this reference ( which assumes no initial

* diametral stresses ), one can see that the distribution of volume forces

is not equal to zero in the center of the plate, which is the area of

interest.

On the other hand, all the static stresses Tj are equal to zero in the

center of the crystal.

From the classical equilibrium relation

"-__ _ = div Tj + Fi

where u. are the displacement vector

Tj : strains

Fi : body forces,

•,e can see that any change in the distribution of body forces in the

vibrating part of the crystal may induce a variation of resonant fre-

quency.

0 A quartz resonator submitted to in plane acceleration ( .v ) reaches

the equilibrium from the balance between body forces ( ) and reac-

tion forces dup to mounting support, inducing a given stress distribu-

tion in the plate.

0
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Submitted to out-of-plane acceleration ) the resonator can be

affected by diametral compression and torques. Furthermore, in this

case, there is a lack of symetry in the plane of the resonator,

which chanqs the diametral compression in static thickness shear

stress in the vibrating part of the crystal, inducing a variation of

frequency.

The mechanical equilibrium of quartz resonator submitted to any acce-

leration is modified in terms of the direction of this acceleration,

inducing a change of the stress distribution in the plane which leads

to a variation of frequency.

In summary, it comes from these studies that the in-plane sensitivity

is now more or less completely explained and expected to be solved by

an accurate positioning of mounting supports.

Geometrical symmetry of the whole device ( including mounting ribbons

around x, x2 plane of the resonator, seems to play an important role in I
the out-of-plane g sensitivity.

Roughly speaking, we have to solve nearly independently in and out of

plane g sensitivities.

Among the studies dedicated to this problem, BVA de3iqn has offered an

interesting solution to minimize g sensitivity.

The two main concepts of BVA design are non plated electrodes and quartz

bridges as mounting supports. These bridges are supported by a quartz

4@ ring.

Ultrasonic machining is used to obtain these quartz bridges by removing

quartz material.

The quartz bridge technique must reduce greatly the initial

6stresses due to supports. The mounting configuration can show a good

symmetry in the main directions of the quartz plate. Shape, location

and orientation of these quartz bridges can be easily chosen to mini-

mize most of the effects involved in g sensitivity. Mounting supports

6
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can be located on the quartz ring, at any place regarding the location

of quartz bridges or other parameters, such as Young modulus ....

Furthermore this ring is a good mechanical filter, dissipating a part of

the mechanical energy by its own deformation.

The whole structure ( vibrating area, bridges,quartz ring, ribbons sup-

port ) is expected to solve or to minimize the g sensitivity by reaucing

some initial and dynamic stresses.

E III ) EXPERIMlENTAL RESULTS

Following the conclusion described above, we have manufactured and tested

various designs of QAS crystal resonators.

0 The parameters involved in this study were

number

location of quartz bridges

configuration

To obtain the WAS design we have used the ultrasonic manufacturing. With

this process, the positions of the quartz bridges can be accurately adjus-

ted reqarding to the orientation axis of the crystal. The positioning is

given by a qoniometric table.

In order to achieve a low q sensitivity, it has been shown that the ef-

fects of T and ) N must be solved independently.

To prevent q sensitivity cominq from diametral compression (initialstres-
• "tsea, r), the lotion of bridges were choosen around the zero of the

K curve applying to SC cut. (Fig. 6)

" In-plane " q sensitivity ( ,r) is mostly due to stresses at the bon-

* dary between vibrating area and quartz bridges.

The flexibility of the mounting and of the bridges has an effect on r .

Location, various ratios of widths, lengths and thicknesses number of

bridges between the vibratinq area and the surroundinq allow solutions to
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both sensitivities.

Among the various designs we have triedthe most siqnificant are

. 2 bridges ( along ZZ' or XX'

. 4 bridges ( XX' and ZZ' with dimensions eventually
different on each axis )

• 4 bridges located at minimum of young modulus

. 4 bridges located at ' angles given by k ( ) = 0 (Fig. 6)

. 4 bridges symmetrical versus given direction

In this later configuration, it is expected that the superposition

observed by Lukaszek and Ballato will apply, meaning that two diame-

tral forces giving opposite effects will balance each other.

In each configuration of quartz bridges, we have tried various moun-

ting support ( 2 or 3 points ).

Two bridges and three points have allowed very low g sensitivity re-

sults but with a wide dispersion inside earh batch of resonators,

from 3.10- 11/g to 8.10- 10/g

Insofar as our goal was to achieve 3.10-10/g, we have selected a

configuration for which we obtain a good percentaoe of resonators

below this limit.

* In the first batch manufactured by using this design, the results in

g sensitivity can be summarized by the following table

K-10 10 -0 1- 10
2.10-/g $ /g 0-/g . 4.1 /g \ 5.10-1/g . 7.10- /g

4 16 % 36 %0 50 % 60 % 80 %

To test the reproducibility of the design and of the working proce-
dure, we have manufactured three batches ( 50 pieces each ) using

the same structure.

The statistical results are given by figure 9 on which we can

643

"-6 - __ [ ~- "



_7

see, more or less, the same q sensitivity distribution.

We verify that 35' of resonators, in each batch, have a g sensitivity
10

smaller than 3.10 /g. These resonators being devoted to highly sta-

ble oscillators, g sensitivity with good electrical parameters, short

term stability, retraceability ... are of great interest.

The Table l gives standard parameters and short term stability mea-

sured with the phase modulated reflectometer (FigAO) or oscillator.

Additional results reached by oscillators using such resonators can

4 be founded in the paper given by C. BEAUVY

6
F (MIliz) L (H) R ( >) Q (106 ) '3y ( ) ( PMR ) Retrace

10 s 100 s 250 C 24 H
-t

10 MHz 1.10 -1 2  1.10 - 12

or 1,2 63 1,2 2.10 - 10

10.130 MHz 6.10 5.10

TABLE II

From table II, we see that these resonators could be successfully

used in high quality oscillators.a
These results show that the QAS design has allowed great improvement to

some interesting features such as short term stability or retraceabi-

-Jlity.

* These improvements are assumed to be mostly due to homogeneity of

the mounting of the quartz on its base through the quartz bridges.

CONCLUSION

Our work leads to the definition of a new design of HQ 10 MHz SC cut

resonators ( QAS ).

With this design, we obtain for all directions of space a low g sensiti-

vity with a good reproducibility from batch to batch.
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35 % resonators manufactured have q sensitivity better then 3.10  /q.

The best resonator was measured down to 3.10- 11/g on the worst axis.

We are still working on the design of quartz bridge in order to

increase the ratio of low g sensitivity resonators by batch.

*These resonators are shown to have very interesting factors to be

used in high quality oscillators for military or space applications

low ageing rate, good retraceability, fast warm up ) in addition to

all advantages of classical SC cut ( static and dynamic thermal beha-

C, viour, anisochronism ...

It must be pointed out that the equipment we have described ( PMR

allow sorting of the crystals during final production tests before the

implantation in oscillators ( g sensitivity, short term stability ).

CEPE is using B.V.A. techniques due to R. J. Besson and his group

(P. Maitre, J. P. Valentin and others...). Manufacturing is being

developed with proper cooperation of the group.

C(Patents No. 7601035 and No. 8315652-8315653-8315654)
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QUESTIONS AND ANSWERS

MR. VIG:

Mr. Vig, U.S. Army. The blank size of your resonators is significantly
larger than the conventional resonator. Have you ever made any resonators
without the bridges to see what a large diameter resonator without the
bridges would do, compared to the one with the bridges? What I'm really
asking, is the improved performance definitely due to the bridges or could
it be due to the fact that you are using a much larger diameter blank?

MR. DEBAISIEUX:

4The ten mehagertz resonators, the dimension of the blanks is 15mm and the
dimension of the ring is variable. For example, we have two designs
where the dimension of the ring is different. The dimension of the ring
is very important for the sensitivity to accelleration. And the dimensions
of the quartz bridge is also very important.

4 MR. CLARK:

I have one question. Do you think it's the dimensions of the quartz bridge
that accounts for the range of a factor of ten in g sensitivity, of three *i
parts in ten to the eleventh? It's mainly the dimension of the quarts
bridge that accounts for that?

MR. DEBAISIEUX:

Yes. At the present time we have resonators with g sensitivity as low

as 5 parts in 10 per g. Mr. Vig, I see an oscillator in your laboratory

where the g sensitivity of resonator is five times 10 1/g.

MR. WALLS:

Fred Walls, N.B.S. Have you had a chance to look at the differences with
different quartz for the blank; swept quartz, natural quartz, etc. on the
sensitivity? Does the g sensitivity or your resonators depend upon the

[ G quartz from which it is made? Have you looked at the differences in

performance for natural quartz, synthetic quartz, swept quartz?

MR. DEBAISIEUX:

No. At the present time we use two quartz: Sawyer and (Essisan's) quartz 2
[ and we cannot see the difference of the g sensitivity of quartz, caused by

quartz.

4
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MR. WALLS:

Do you have some speculation as to why the wide variance of the three-

ten-eleven range, and yet many of them are still above 2x10-0 ? Why the
wide dispersion in g sensitivity?

DR. McCOUBREY:

He is asking, I think, why differences in g sensitivity from the one
batch of crystals to the other? I think you already mentioned that the
dimensions of the quartz bridge connecting the oscillator plate to the
framework makes a difference, but perhaps you can comment on reasons
for the difference.

MR. WALLS:

The dimensions of the quartz bridge are very carefully controlled in
thickness and so forth, so I don't understand why that would explain the
wide dispersion. Do you have some idea as to why there is such a
difference in one batch between one resonator and another on g sensivity?

MR. DEBAISIEUX:

The dimension and location of the bridges are important. The dimensions
are more important than the location but it's not necessary to look at

a the quartz bridge with high precision.

0
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RECENT RESULTS ON THE PERFORMANCE OF EFOS, NP, AND NX HYDROGEN MASERS

V. Reinhardt, J. Ingold, T. Stalder, M. Saifi, P. Dachel
Bendix Field Engineering Corporation, Columbia, Maryland 21045

and
S. C. Wardrip

NASA/Goddard Space Flight Center, Greenbelt, Maryland 20771

INTRODUCTION

In response to a NASA Goddard Space Flight Center (GSFC) Work
Assignment, Bendix Field Engineering Corporation (BFEC) evaluated
the performance of the Oscilloquartz EFOS-2 hydrogen maser along
with that of NASA NX-3 and NP-2 hydrogen masers in early 1983.
This paper presents the results of that evaluation.

The hydrogen maser was brought to BFEC's Hydrogen Maser Facility
at Columbia, Maryland by Oscilloquartz personnel at the request
of the National Radio Astronomy Observatory (NRAO) who purchased
the maser from Oscilloquartz. Figure 1 shows the EFOS-2 maser
soon after arriving at the BFEC Hydrogen Maser Facility. During
the evaluation period, the maser was maintained by Oscilloquartz
personnel. BFEC would like to thank the NRAO and Oscilloquartz
personnel who made this evaluation possible and who helped BFEC
perform the various tests involved.

During most of the tests, the EFOS-2 maser was intercompared with
the NASA NX-3 and NASA NP-2 hydrogen masers which were both
operating in hydrogen maser thermal chambers built by BFEC. For
the long-term stability and temperature coefficient tests, EFOS-2
was al so placed in a BFEC thermal chamber. The measurement area
with the thermal chambers is shown in Figure 2. At NASA's
request, the evaluation was performed on a best effort basis
within the confines of existing funding. Some tests, therefore,
such as a pressure sensitivity test, were not performed because
of funding and time limitations even though they would have been
highly desirable.

The remainder of the report describes the specific tests that
were performed and the results obtained. For the reported
results, all reported errors are standard errors. These are
indicated in parentheses and are to be interpreted as error
values on the last places of the number stated.

6
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MAGNETIC TESTS

For the magnetic tests, the EFOS-2 hydrogen maser was placed in a
lar e solenoid as shown in Figure 3. The solenoid was switched
back and forth between +0.2 gauss and -0.2 gauss while a 100
second average frequency measurement was performed for each --

solenoid polarity after waiting about 20 seconds for the maser
frequency to settle down. The measurements were made after
Oscilloquartz personnel degaussed the EFOS-2 maser and set the
maser to its recommended Zeeman and cavity settings. The results
of the average of 10 measurements at each solenoid polarity are
shown in Table 1.

Table 1. Magnetic Sensitivity:

-14''-4Af/f/AH = 5.2(36)xO /gauss
II

for AH =0.4 gauss

TEMPERATURE COEFFICIENT

For the temperature coefficient test, the EFOS-2 maser was placed -

in a BFEC thermal chamber. After the EFOS-2 maser was in the
thermal chamber more than 41 hours and after the maser was
operating 22 hours without any environmental disturbances, the
thermal chamber was stepped from 28C to 23C. Figure 4 shows the
frequency response of the EFOS-2 maser to this temperature step.
The results obtained from this data are shown in Table 2.

Table 2. Temperature Sensitivity in Thermal Chamber:

Af/f//AT = -7.00(47)x10-4/C
for AT = -5.4C and after 22 hours

Time Constant in Thermal Chamber : 4.02(33) hours

Caution must be used, however, in using this data because the
time constant of the hydrogen maser was severely shortened in the
thermal chamber because of the high-speed air flow around the
maser. (In a room with relatively still air, the maser was
observed to have a time constant of more than 12 hours.) The
measurement results given represent a good measurement of a
static temperature sensitivity (theoretically one with infinite
settling time), but do not give a true picture of the maser
behavior after 22 hours in a normal laboratory environment. In a
normal laboratory environment, from the difference in the time
constants, one would expect the temperature sensitivity after 22
hours to be 16 percent lower or about -6x10-14 C.

I
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Figure 4. EFOS-2 Frequency Response to Temperature Step
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The errors in Table 2 are based totally on the short-
term noise of the data. The data in Figure 4 though, seems to
indicate that the data is not completely described by a single
time constant. With hindsight, it would have been better to have
taken data for another day but time constraints forced us to move
on to other tests.

SHORT TERM STABILITY

Short-term stability tests were run comparing EFOS-? to NP-2 and
NX-3, but an anomalous noise level of about O.6ps, probably
caused by ground loops between the masers in the thermal
chambers, clouded the data. We therefore reran the tests with
both ports of our measurement system measuring EFOS-2 versus NX-3
in order to subtract out the noise of the measurement system.
The theory behind this technique is as follows.

The time average of the fractional frequency offsets out of the
two beat frequency ports is given by:

A= y+ Ya(1a)

y= -y+ Yb (1b)

where YA and YB represent the total offsets, where ya and yb
represent the contributions of the 2 measurement systems, and

£where y represents the contribution of EFOS versus NX-3.
Differencing (1a) and (1b), we obtain approximately:

Yd a - b (2)

Taking the Allan variance of this quantity yields an estimate of
the total system noise:

'2 2~ +2 (3)

assuming the noise processes are independent. Summing (1a) and
(1b) yields:

YS 2y + +Y (4)
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The Allan variance of this becomes:

2  2 40 2 +as 4ay+ a b"(5

again assuming that all noise processes are independent. I
Combining (3) and (5) yields our desired estimate of the Allan
variance of the masers alone:

0 2= (a 2 2 )/4 (6)
a s d

If all the noise sources are not independent, there would befdeviations from (6) due to correlations between y, a, and b.
These correlations could only occur through some environmental
parameter affecting the measurement system and the masers or 60
Hz interference. Temperature and other similar environmental
parameters usually affect the performance of masers and
measurement systems only for averaging times of 1000 seconds or
longer. Since we are only considering stabilities up to 100
seconds, these effects would not cause any problems.

The 60 Hz interference, however, is another matter. It would
cause short term correlations which could generate positive or
negative correlation terms. (Positive terms would cause our

C estimate of the masers' stability to be high and negative terms
would cause our estimate of the masers' stability to be low.) The
sign of 60 Hz correlations is a periodic function of the
averaging time with a period equal to the 60 Hz period, so 60 Hz
interference usually causes Allan deviate data, as a function of
averaging time, to have scatter from a smooth power law behavior
larger than the statistical error bars associated with the data
(unless the averaging times under consideration just happen to be
exact multiples of the 60 Hz period). Therefore, smoothness of
the data is a good test for the presence of 60 Hz effects. In
the data presented later in the paper using this analysis, there
is no such evidence of 60 Hz correlation problems.

Equation (2) is only approximately true because, if the zero
crossings of the beats of the 2 ports are not exactly
synchronized, there will be an extra term equal to:

Ye = y(t,f) - y(t+,7 (7)

where:
1 t+ (t ,d

y(t,T) ft y(t')dt'

660



If the synchronization error between the beats, , is much less
than, t , the correlation time of the low-pass filters in the
phase comparators used to generate the beats, (7) makes a
negligible contribution to Allan deviate. Numerically for c <<
tc, (7) yields an Allan deviate of:

= (C/T)2 a(tc, T)

or, because the dominant noise for short averaging times is white
noise:

= (C/t )22a , ([,T+ Is) (8)

For the data taken, E < 0.4 ms and tc = 12 ms, Ge is only 0.047
times y, Thus, for our case, oe makes a negligible contribution
in estimating o(y.

The results obtained after the system noise is subtracted out are
shown in Table 3.

Table 3. Short-Term Stability of EFOS-2 Versus NX-3:

NOTE: All Allan deviates are divided by an extra square
root of 2 to normalize to one maser deviate. The
noise bandwidth is approximately 12 Hz. The statis-
tic used is a (2,T, T+ Is).

y

C TAU SIGMA NUMBER OF POINTS USED

Is 2.05(46)xI0-13  410
lOs 3.29(47)x0-14 380

lOOs 4.66(47)x10 -  480

LONG-TERM STABILITY

Long-term stability data was taken for 3.75 days comparing NX-3
with EFOS-2 and NP-2. The data was taken as nearly contiguous
1054 second averages of the two intercomparison beat periods of
the 5 MHz signals from the masers. For measurement puposes, NX-3
was offset approximately 0.95Hz lower than the other masers. The
period counters used to take the data were reset between readings
so the dead time between the data and the lack of synchronization
between the data channels is on the order of 1 second. In order

* to obtain a direct comparison of EFOS-2 and NP-2, the EFOS-2
versus NX-3 and NP-2 versus NX-3 data was differenced to produce
a derived EFOS-2 versus NP-2 channel of data. The data is
plotted in Figure 5 with frequency drifts removed and with
arbitrary frequency offsets so the data can be compared on the
same plot.

6
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l

To analyze the data, a sliding Allan variance technique was used
(D. Allan and J. Barnes, "A Modified 'Allan Variance' with
Increased Oscillator Characterization Ability," 35th Annual
Frequency Control Symposium, Philadelphia, 27-29 May, 1981). In
our version of this technique, 2 consecutive ,requency averages
over N samples were generated by arithmetically averaging the
first N consecutive samples and the next N consecutive samples.
In general, arithmatic averages are not equivalent to the time
averages normally used to generate the Allan variance. However,
when the Allan fractional frequency deviate behaves as TE -  where
> = 0, a time average is equivalent to an arithmetic average of

smaller time averages for computing variances. This is true for
the hydrogen masers under consideration for averaging times of
100 seconds or greater (which can be verified a posteriori).

The first estimate for the sliding Allan variance is then created
by squaring the difference between these two consecutive
arithmetic averages and dividing by 2. Succesive Allan variance
estimates are generated by sliding each of the 2 consecutive
averages by one 1054-second data point and by similarly
differencing, squaring, and dividing the data by 2. This process
is carried out until there are no longer 1054-second data points
to create successive averages. Then, all the estimates are
averaged to produce a single estimate. In summary, the formula
used is:

2 N' M+j-1 2M+j-1
43 -(M Z Yi - Z Y 2 (9)Sy j=1 i=j i =M+j

where N' = N-2M+1 and M is the averaging time in multiples of the
averaging time of the original data yi"

The advantage of using the sliding Allan variance technique is
that it produces a better estimate of the theoretical Allan
variance, especially for small data samples. When the Allan
fractional frequency deviate behaves as TF where c <= -1 the
sliding technique produces a statistically better estimate for
the same number of samples. When the Allan fractional frequency
deviate behaves as 'r where c >- 1 , the formal statistical
advantage of the sliding variance tends to disappear, but the
sliding variance still produces an estimate which is much more
representative of an ensemble average for relatively small
samples. For example, for quasi-periodic noise processes, the

* sliding variance averages over all phases of the process with a
data sample only 3 times the quasi-period. Of course, one of the
reasons this is true is that the sliding estimate technique is
closer to the infinite time averaging used in theoretical
definition of the Allan variance.
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The conventional method for estimating the Allan variance yields
a fractional error for the Allan deviate estimate given by:

c(50) I ay = I / (24 x F2 ) (10)
y

when the differences of the average frequencies used to compute
the Allan variance are normally distributed. F is the number of
degrees of freedom and is given by:

F = N- I(

where N, is the number of average frequency samples used to
compute the Allan variance. For the sliding average technique,
(10) is used to define the number of degrees of freedom. For this
technique, F is usually greater than it is for the conventional

C method. As a worst case it is:

F T/i - 1 (12)

where is the averaging time and T is the total elapsed time
* for the set of data. This worst-case value of F is used to

estimate the errors of the sliding Allan variances computed in
this report.

The results of a sliding Allan variance computation on the EFOS-2
versus NX-2 data, the NP-2 versus NX-3 data, and the derived
EFOS-2 versus NP-2 data are shown in Table 4. Notice the
anomalously high value in the derived EFOS-2 versus NP-2 data for
1054 seconds. This is an artifact of using a derived channel as
opposed to a directly measured channel. Because the frequency
averages of the differenced channels are not completely
synchronized, the contribution of NX-3 to the data does not
completely cancel. A residual term is left of the difference of
the average fractional frequency offset of NX-3 of the same form
as Equation 7. When the data points are averaged over N values,
this NX-3 term acts like a white noise term because only
fluctuations over 1054 seconds will contribute to the NX-3
difference. This means that the NX-3 contribution to Allan
variance of the derived channel is reduced by 1/N for the longer
averaging times. Because the EFOS and NP-2 contributions to the
Allan variance stay the same or get worse as the averaging time
is increased, the NX-3 contribution to the Allan variance very
quickly becomes negligible.

A three-corner hat estimate of the Allan variance of each of the
masers was run on the data. For averaging times greater than
52x1054 seconds, the estimated variance of NP-2 became negative.
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In this regime, the EFOS-2 versus NP-2 data is about half that of
the other data channels. It is obvious that both EFOS-2 and NP-2
are more stable than NX-3 unless EFOS-2 and NP-2 are moving up
and down in frequency together. Under these conditions, it is
apparent that the three-corner hat method amplifies the small
differences between the EFOS-2 versus NX-3 data and the NP-2
versus NX-3 data beyond that which is statistically significant.
We have therefore decided that using the three-corner hat data
would be misleading. Instead we recommend that, as a best
estimate of EFOS-2°s stability:

1. the EFOS-2 versus NX-3 data be used from 1x1054 to 3x1054
seconds.

2. the EFOS-2 versus NP-2 data be used beyond 3x1054 seconds.

BEST ESTIMATE OF EFOS-2 STABILTY

Figure 6 shows our best estimate of EFOS-2's fractional frequency
stability from 1.054 seconds to 153x1054 seconds. For 1 to 100
seconds the short-term stability estimates of EFOS-2 versus NX-3

* are used. For 1054 to 3x1054  seconds the long-term data of
EFOS-2 versus NX-3 are used . Beyond 3x1054 seconds, the
long-term data of EFOS-2 versus NP-2 are used.

FREQUENCY DRIFT OF THE MASERS

The relative drifts of the masers derived from the long-term data
are shown in Table 5.

071 Table 5. Relative Frequency Drift of the Masers over 3.75 Days:

EFOS-2 vs NX-3 = -4.4(20)x10 14 /day

NP-2 vs NX-3 = 0.1(20)xlO-14 /day

EFOS-2 vs NP-2 = -4.5(28)x10-14/day

During the period from January 14, 1983 to March 18, 1983 NP-2
was monitored relative to UTC(USNO) via LORAN-C, portable clock,

* television line 10, and GPS receiver. A quadratic fit of the
data yields a frequency drift rate relative to UTC(USNO) of
-6.55(8)x10-15/day. Using this value and the previous data, the
frequency drifts of the 3 masers relative to UTC(USNO) over the
3.75 day measurement period were calculated. The results of this
calculation are shown in Table 6.
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Table 6. Frequency Drifts of the Masers Relative to UTC(USNO):

EFOS-2 vs UTC(USNO) = -5.1(29}x10-14/day

NP-2 vs UTC(USNO) = -6.55(8)xlO-15/day

NX-3 vs UTC(USNO) = -O.7(22)xlO- 14/day

PREDICTED LONG-TERM GROUP DELAY RESIDUALS

Clock reading difference (4/wo) data between EFOS-2 and NP-2 can
be generated by numerically integration the derived EFOS-2 versus
NP-2 fractional frequency offset data. The results of this
integration are shown plotted in Figure 7 with a quadratic
function of time removed (average clock reading, frequency
offset, and frequency drift removed). This figure also
represents a prediction of the expected group delay residuals
from a 3.75-day VLBI run using EFOS-2 and NP-2 when both are in
thermal chambers.

One day residuals were determined from the clock reading data by
fitting out a quadratic function of time from one day sections of
data randomly chosen out of the 3.75 days of data. The results
of 11 such random samples are:

Table 7. Predicted One Day Group Delay Residuals with
Quadratic Polynomials Removed

RMS RESIDUAL 83(50) ps

I

•I

I.:
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QUESTIONS AND ANSWERS

MR. WALLS:

Fred Walls, N.B.S. Victor, I don't understand how you get eleven data
points from three-and-a-half days worth of data. They are certainly not

independent and to do RMS on that gives a very misleading answer if you
are trying to say you have 83 picoseconds. I don't believe it.

MR. REINHARDT:

No, they are not independent and the purpose of picking 11 points is to
e make them not independent.

MR. WALLS:

What do ,ou mean, you only have three and one-half days worth of data,
how can you get 11 - you can take different sets.

MR. REINHARDT:

What we attempted to do there in picking more than three samples, from
three-and-a-half days of data is to randomize the starting point of the
data relative to the data, its equivalent to doing the modified Allan
variance. When you have data with very strong correlations, if you pick
a certain starting point, your data is very susceptible to the phase of any
fluctuation relative to your starting point; and to get a better measurement
of the average data over that period, what we did, we took random samples of
uncorrected data, perform the one day fit.

MR. WALLS:

Yes, but I think that's only reasonable if you say its stationary and its
white, and you can't prove that either is true on such a short data set.
I don't think it is a reasonable analysis.

MR. REINHARDT:

No. The error bars are just recorded there. We didn't take the fluctuations
for 11 points and divide them by the square root of n.

MR. WARD:

* Have you any idea about what the coupling moje was?

MR. REINHARDT:

Coupling mode for what?
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ri MR. WARD:

Why was it correlated?

MR. REINHARDT:

rWhat we are talking about is, if you take one day samples out of three-
and-a-half days' data, and take more than three-and-a-half samples, it will
overlap in the samples. The data is correlated, but the method I am using
here, is equivalent to using the modified Allan variance, you are getting
better use of your data by basically sliding your one day sample across your
measurement interval rather than taking successive samples. And what I
found in these long term data with very low frequency terms you have to be
extremely careful because, by chance, you may just pick a phase of the data
such that your errors cancel. I haven't been able to quantify this yet;
but think Dave Allan has done some work on this. I have better confidence
in the sliding Allan variance for data that is non-stationary than I do with
the conventional way of taking the Allan variance because of the sliding
method. It averages over all phases of these random patterns much better.

• I haven't found a way to quantify that, but it produces a better result and
it's more typical of an average result.

MR. ALI N:

Dr. Barnes has gone through and looked at that quite carefully, and in fact,
you do gain quite a bit by the overlapping estimate as it is sometimes called.
I think I understand what you are doing, Victor. And the only problem I
have with it is that what we are addressing is a non-white process for the
VLBI people. It's their need, they want coherance over the tracking time.
I think you just have to do what you have to do to satisfy their need.
It's a very reasonable approach.

MR. REINHARDT:

Basically they are using a statistic that is meant for stationary processes
to describe a non-stationary process. They want the result of the RMS
residual of a one-day run. That's what they want to know. So what we are

* doing by picking random samples we just didn't have an algorithm at that
point to slide things over. It's equivalent to the sliding Allan variance.
It's equivalent to taking a least squares fit at the start of the data,
getting an estimate for the residual after doing only a one-day fit on the
data, and then sliding the data, and just averaging this fit. It certainly
gives you no worse result than taking sequer:es, and I have confidence that
this gives a better result. Mathematically for flicker of frequency noise
or worse it gives you no better result. But I have better confidence that
it is more typical of an average error than if I had just taken three
samples out of the data.

673

L



AD-R149 163 PROCEEDINGS OF THE ANNUAL PRECISE TIME AND TIME 8
RD-i49163 INTERYAL (PTTI) APPLICATI .U) NAVAL RESEARCH LAB

WASHINGTON DC J A MURRAY e2 APR 84

UNCLASSIFIED F/G 5/9 NEIhhhhhhhhhhh

mosoonhhhhhIEhhhhhhhhhhhhI
mhhhhhhhhhEOhE
"El'..II~l



11111o 1.01111 2.0

l1.8
11111I25 lii.4.. 11111 1.6

MICROCOPY RESOLUTION TEST CHART
NATIONAL BUREAU OF STANDARDS 1963-A



MR. KUHNLE:

JPL. Victor, what do you think the temperature coefficient might have
been on the maser if the air flow had been considerably lower, like in
a room?

MR. REINHARDT:

All I can do is quote what I've been told. Oscilloquartz people told me
14they got on the order of 5 in 10 in Switzerland. They remeasured that

at NRAO and got on the order of 6 in 10 per °C. Maybe the Oscilloquartz
people want to speak for themselves at this point.

MR. BUSCA:

Oscilloquartz. The temperature coefficient is something which should be
defined in a more accurate way, in the sense that the data you get depends
on how you measure the temperature coefficient itself. We make the test

simply by raising the room temperature by 1 0 C, in a similar way is doing

Bob VEssot, and we measured before shipping the maser a value of 10 /°C.
That was the last measured value. When we talk about a maser with an
aluminum cavity as we are, people immediately said "This is not for a
maser, because there is a problem of frequency sensitivity with temperature."
We feel that if you put the maser in a big room and change the total room

temperature by 10, the time constant is on the order of 12 hours of the
maser, and the final temperature coefficient under this condition is on

the order of 2xi0-/ C.

DR. WINKLER:

I think this is very true, and in other words. Temperature coefficients
of such systems are senseless and should not be specified in this way.
What you should give is the step response of the system. The step
response is a transient which may end without any displacement of the
frequency after 24 hours or 36 hours. The question of the step response,
one should measure it differently. By making a single step, you depend

on air temperature, air flow, heat conduction and all of these things.
What we should do. Expose the maser to a psuedo-random sequence of
temperature changes + and - one degree and after 3 to 5 weeks you cross-
correlate. Then the random variations will be suppressed and systematic.
The effect of the temperature will be available and you get a very clean
step response to temperature. The simple temperature coefficiene as it

is.usually given is too simplistic a concept and leads into trouble.
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MR. REINHARDT:

What muddies the water even further, is that we are dealing with non-
stationary noise processes and these wall coefficients assume these
things are reproducible. The problem in the lab is that when you make
the measurements, they are not reproducible. When the device does not
return to the same frequency, what do you do? There are other cases
like the barometric pressure coefficient. You get two coefficients
an adiabatic and an isothermal, because depending on how fast the
pressure is changed, you get different results. We have definitely seen

°.  these effects in masers. JPL saw this as a secondary temperature effect.
This problem of coefficients is much more suited to devices which are
stationary. It's a problem we have to live with.

DR. VESSOT:

I want to clear the record. We put our equipment in a box which we made
out of rather poor insulating material and we have a rather substantial
fan blowing the air within the box for the tests to make sure we do not

have temperature gradients from above and below. This is a blower of
considerable size, not a casual motion to the air.

The question of coefficient: it is clear that there are many things that
will move. We have found that if we make a sudden step temperature
change which we use in an attempt to diagnose what is going on, that in
the early phases of the change, we see a change in frequency which moves
rather rapidly and has a plus sign. We associate that with a phase change
within the receiver system itself. And then there is a very long change
carried on for 6 to 8 hours, which we think is effecting the maser itself.
The comments by Dr. Winkler as a manner of getting through the noise, a
matter of coherency detection, is clearly the only way to get through it.
But, I must recommend that these step sizes be long enough to represent
the long-term stationary end point behavior of the maser. This is one
manner of describing it. If, on the other hand, we are in a room where
the temperature fluctuates rather rapidly, then this other term will
depend on it. So I think you have to set up sort of a Green's function
approach, to say what is the response, and then you go and ask what is
the stimulus of the room and then follow through that. It is not easy
to dc. The best thing to do is make them as immune as possible and stop
worrying.

MR. PETERS:

A comment, that has not been properly brought out yet. The thermal
cuntrol system, the thermal gain is highly dependent upon the insulation
quality-conductivity. This is highly dependent on air flow when you are
talking about atmospheric conduction and convection. Your time constant
is actually a measure of the change in thermal conductivity which you have
created and which changes your nominal thermal gain. So that it points
out that one probably wants to use a minimal of air flow or at least some-
thing typical of the situation where you are going to use the maser.

I6
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If you put a rapid flow in, you are throwing in rapid and untypical
changes. You are also changing the actual value because the thermal
gain depends on this very strongly. In this case it could be a factor
of 2 or something like that.

MR. REINHARDT:

A comment on what Bob Vessot said. You can see in this data, unfortunately
we had to truncate it because we were under a time limit. I would love to
let the maser sit here for 3 days. There were clearly 2 time constants
here and that further complicates the issues, especially in hydrogen masers.
You get short time constants, long time constants, the coefficients in
some masers cancel, they add in others and you clearly, if you do this
right, you have to do what Dr. Winkler does, but even more so than a
step change, probably a square wave function and sweep the changes.
You have to fully characterize the response.

DR. WINKLER:

Excuse me. I did not make myself clear. You expose the maser to a
psuedo-random sequence of steps and they contain, or should contain all
frequencies, even very low ones, so you are picking up the transient
response of the system, which includes the response to all frequencies.
That is the only way to describe a system response, properly.

MR. REINHARDT:

I see, you make random steps in time.

6
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PHYSICS ELEMENT DESIGN ASPECTS FOR A TACTICAL
RUBIDIUM FREQUENCY STANDARD

Bruce Grover and Tae M. Kwon

Litton Industries
Guidance and Control Systems

5500 Canoga Avenue, Woodland Hills, California 91365

ABSTRACT

The rubidium frequency standard to be used in
tactical applications must be capable of satisfying
frequency stability specifications under severe A
environmental conditions which include a high
ambient temperature. This has resulted in a
physics element design of lamp, separated filter
and resonance cell which operates above the highest

ambient temperature, with a simple oven structure.
This design differs from previous rubidium
standards primarily in its smaller size and higher
operating temperatures. The Litton tactical
rubidium frequency standard physics element
parameters and their effects on frequency stability
are presented in this paper.

"" INTRODUCTION

Guidance and Control Systems Division of Litton Industries has
. developed a modular rubidium frequency standard for tactical

military applications. Frequency standards for tactical applica-
tions demand small size, rapid warmup, low power consumption, and

* extreme ruggedness along with medium frequency stability. The
frequency standard to be used in tactical applications must be

O capable of operating under severe environmental conditions which
include extreme temperatures. Specifications call for a broad
operating temperature range and for baseplate temperature as high
as 80°C. Temperature stability of the physics package
elements: lamp, filter cell and resonance cell can be maintained
over the environmental range by operating these elements at

* temperatures above 80°C. This approach leads to a simpler oven
design and compliance with the power budget. To date, rubidium
standards have operated with resonance cells at temperatures
below 70*C and an optical path length between 0.5 and 1.0
inches. As this temperature increases, the ideal balance between
absorbed and transmitted light necessary for adequate signal to

* noise, and hence short term frequency stability, can best be

F-"maintained by decreasing the optical path length dimension of the
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cell. Since rubidium density increases by two for each 9*C
increase in temperature, operation above 80*C might require a
resonance cell with path length dimension below 0.25 inches.
This is a region where signal loss mechanisms due to rubidium
interaction with the cell walls becomes increasingly important.
Regardless of the operating temperature, a practical rubidium
standard must operate with low frequency sensitivity to
temperature (temperature turning point) and rubidium light
intensity (light turning point). For these reasons, a portion of
our program has been devoted to a study of these physical
processes, including a parameterization of the light and
temperature turning points as a function of system variables.
Much of this work may be found in a final technical report.1  We
wish here to examine the Litton tactical rubidium standard
physics element parameters and their effect on frequency
stability. Where possible a physical explanation for these
dependencies will be given.

* EXPERIMENTAL SET-UP

The experimental set-up is shown in Figure 1. The physics
package is placed inside a large cylindrical mu-metal shield. A
pair of helmholtz coils located inside of the shield provides the
static dc magnetic field. 10 MHz signal from a Cs frequency
standard provides the reference to the frequency synthesizer and
the input to the frequency multiplier. Outputs of the
multiplier, 120 MHz, and of the synthesizer, f, approximately 5.3
MHz, are mixed at a mixer to generate f2 = 120 MHz +fl.

* In order to interrogate the atomic resonance at 6.8 GHz, the
frequency f2 is further multiplied by a step recovery diode in
the microwave cavity. The cavity is tuned to select the lower
sideband, f3 ' of the 57th harmonics of f2 , i.e., f3 

= 57 x 120
MHz - fl. For f, being 5,312,500 Hz, f becomes 6,834,678,500
Hz. In this set-up, the interrogation frequency can be varied by
varying the synthesized frequency fl. Phase modulation of the

* interrogation frequence is accomplished by modulating fl at the
frequency synthesizer. Both frequency fm and depth of modulation

*are readily adjustable at the lock-in amplifier. The resonance
signal detected in the photodiode contains both in-phase and
quadrature-phase components with respect to the modulation. We
quadrature signal is detected at the lock-in amplifier. The b

* resonance dispersion curve is obtained in an x-y recorder by
Kplotting the signal amplitude as a function of the interrogation

frequency f3 "

The physics package consists of three physics elements: lamp,
filter cell and resonance cell, and is shown in Figure 2. Later

* studies were made using a modification of this unit with both
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filter and resonance cell inside the microwave cavity. The
entire physics package is assembled within two layers of magnetic
shield, the outer dimension of which measures 1 1/4 x 1 1/4 x 3
inches.

The lamp consists of a 1720 glass blank, 1/2 mm wall, of
* cylindrical shape 9 mm diameter and 10 mm overall length with a

slight convex exit window and pinchoff at the opposite end.
About 100 micrograms of isotopically pure 87Rb is filled with 2.5
torr of buffer gas. The lamp is excited in a helical resonator

- driven by a modified Colpitts oscillator at -90 MHz. Lamp
luminance for D1 and D2 rubidium radiation increases with lamp
temperature over the range of interest, here 1001C to 120°C.
Lamp temperature is monitored and controlled closely to maintain
a constant spectral output. Filter cells used in this study are
made from 12 mm diameter 1 mm wall glass tubing cut to length
with 1 mm glass disks attached as end windows. The fill stem is
attached on the side wall of the filter. Filter cells used in
this work range from 7 mm to 9 mm overall length and are filled
with isotopically pure 8 5Rb and either Ar, N2 , or both gases.
The filter cell temperature is controlled and monitored in the
range 850 C to 920 C. The filter cell serves two primary
functions. One is to establish enough preferential optical
pumping of the F=l hyperfine level over the F=2 level for
sufficient signal to noise ratio. The second function is to
establish a spectral condition for minimum dependence of rubidium
resonance frequency on light intensity. Resonance cells used in
this work are made of glass in a fashion identical to our filter
cells. These cells range from 8mm to 10.5 mm in length and are
filled with isotopically pure 8 7Rb and varying amounts of N2 and

- Ar, approximately 10 torr N2 and 14 torr Ar.

The resonance cell is placed in a srall rectangular microwave
cavity operating in the TEl0 1 mode. The cavity is partially
loaded with a low loss dielectric slab. A 0.3" diameter in each
end of the cavity allows light to pass through the resonance cell
and be collected at a photo cell mounted on the outside of the

[I cavity. Two 10 mm diameter plano-convex lenses are placed in the
*• cavity to optimize the optical process. Table 1 lists some of
. the physics package parameters used in this work.

LIGHT SHIFT

To minimize dependence of clock frequency on rubidium light
* intensity, the physics package parameters are adjusted to allow

unit operation at the so called light turning point where lght
shift, i.e., the change in clock frequency with light intensity,
is zero. All physics package parameters that we have studied
appear to influence the light turning point (LTP) to some extent,
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however the filter cell parameters: length, temperature and
buffer pressure have the greatest effect. Figure 3 shows light

*i shift as a function of filter length for several cavity
. temperatures and constant pressure. Light shift here is defined

as the change in resonant frequency with a 15% change in light
intensity. Figure 4 gives cavity temperature at the LTP as a
function of filter cell length. Figure 5 shows light shift versus
buffer pressure based on N2 buffered filter cells and shows the

-_trend in light shift over a wide pressure range. In general, we
observe that light shift changes sign on passing thru a LTP
indicating that the integrated light shift spectrum also changes

*sign. This is to be contrasted with light shift which asymptot-
* •ically approaches zero from one side only. This behavior as a

function of the filter pressure parameter is shown in Figure 6.

Since data for Figures 3 and 4 was taken from an integrated
cavity configuration, the temperature dependence indicated could
in general arise from both filter and resonance cells. However,
separated measurements as in Figure 7 indicate that light shift

* is a weak function of resonance cell temperature in this range.

*Light shift is also influenced by lamp temperature. Figures 8 and
9 show clock frequency and light shift versus lamp temperature,
respectively, and indicate that both frequency and light shift
increase positively with lamp temperature in the region of a
light turning point. Figure 10 relates light shift to the RB87
lamp sprectrum filtered by a RB85 filter cell and provides a
qualitative understanding of the light shift vs. filter pressure,
length and temperature behavior shown here.

TEMPERATURE COEFFICIENT

We find that the temperature coefficient of the resonance cell,
i.e., the change in clock frequency with resonance cell
temperature is determined by several processes. The dominant
process is the well known pressure shift arising from an increase
or decrease in hyperfine level spacing due to Rb-N and Rb-Ar
atom collisions respectively. In practice, the Ar/N 2 ratio isFadjusted to minimize the temperature coefficient at the LTP.
Figure 11 shows frequency vs. cavity temperature for several
resonance cells of differing buffer ratio (N2 /Ar) as measured in

-the integrated cavity. It should be mentioned that the filter
* cell contributes a negative temperature coefficient to this
* data. The negative filter cell coefficient appears to be an

unavoidable consequence in this range of increased filtering of
C: the positive light shift, F=2, component with increasing filter
-* temperature. This contribution to the temperature coefficient of

the integrated cavity scales with the total light intensity. The
* cavity temperature coefficient should then be a strong function

of light level as Figure 12 indicates.
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MAGNETIC FIELD GRADIENT

When a magnetic field gradient is present across the resonance
, cell, inhomogeneous effects cause light shift, resonance cell

temperature coefficient and microwave sensitivity values to be
altered. Figures 13 and 14 illustrate microwave sensitivity and
light shift as a function of c-field when the c-field produces
approximately a 30% gradient across the resonance cell.

SUMMARY

Due to the influence of the many parameters involved it is not
suggested that data presented here should be exactly reproducible

in rubidium frequency standards of others. However, the more
general qualitative behavior of the physics package elements

discussed here should apply to the tactical rubidium standards of
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TABLE I. PHYSICS PACKAGE PARAMETERS USED IN THIS STUDY

LAMP SIZE 9mm DIAMETER X 10mm LONG

LAMP FILL Rb87 + 3 TORR Xe

LAMP TEMPERATURE 115 - 120 0C

FILTER CELL SIZE* 12mm DIA X 7-9mm LONG ?

FILrER CELL FILL Rb85 + N2 OR Ar

FILTER CELL TEMPERATURE 85C - 92C

RESONANCE CELL SIZE* 12mm DIA X 8-11mm LONG

RESONANCE CELL FILL Rb87 + 10 TORR N2 + 14 TORR Ar

RESONANCE CELL TEMPERATURE 80C - 85C

DC PHOTODETECTOR CURRENT . 75 gA

LINEWIDTH BETWEEN INFLECTION POINTS 800 - 1200 Hz

DISCRIMINATOR SLOPE AT PHOTODETECTOR 210 - 36 PA RMS PER 1 X 10-10

FREQUENCY STABILITY IN SHOT NOISE LIMIT 5X 10-12 r- 112 - 3 X 10- 11 r-1/2

*INCLUDES lmm END WINDOWS
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7.. QUESTIONS AND ANSWERS

None for Paper #35.
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Paper #36 was neither given nor submitted for publication.
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CRYSTAL RESONATOR/OSC ILLATOR " "
TEST FACILITY and TEST RESULTS

V.J. Rosati and R. L. Filler

US Army Electronics Technology & Devices Laboratory (ERADCOM)
Fort Monmouth, New Jersey 07703

Introduction

The primary mission of the Frequency Control and Timing Branch of the
U.S. Army Electronics Technology and Devices Laboratory (ETOL) is to
advance the state of the art in quartz crystal resonators and oscillators

* in order to meet the requirements of military users. Secondary missions
include consultative support to project managers and systems designers and
the maintenance of the military specifications for .V artz crystal
resonat;5s and crystal oscillators (i.e., MIL-C-3098%1L and MIL-0-
55310. J

These activities require an intimate and practical knowledge of the
state-of-the-art.

In the course of fulfilling the above missions and activities,
comprehensive test facilities have been established at ETDL for quartz
crystal resonators and oscillators. The purpose of this paper is to
outline the capabilities of the laboratory, present the results of some
investigations, and offer to DOD-sponsored users our assistance with the
testing, selection, specification and development, when necessary, of
crystal oscillators. -

Crystal Resonator Test Facility

Computer controlled instruments such as impedance instruments and Pi
network/vector voltmeter combinations are used to measure resonators'
frequency and equivalent circuit parameters, i.e.,the motional relssapce,-
motional capacitance, motional inductance, and shunt capacitance.'

For room temperature measurement of equivalent circuit parameters,
the impedance instruments have been found to be convenient and accurate.
All parameters can be measured as a function of drive current and various
environmental stimuli such as radiation, shock, etc.

Frequency versus temperature (f-T) and resistance versus temperature
(R-T) measurements are done with a multiposition pi network system. The
pi networks are inexpensive thick film resistors deposited on ceramic 2
substrates. The input and output are isolated by more than 100 dB by
incorporating appropriate shielding between the network halves, then
enclosing the whole assembly in an aluminum "minibox". Short circuit
amplitude and phase data for each network are stored in the computer. A
block diagram of the "temperature run" system is shown in Figure 1. -i
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Each resonator to be measured is inserted into a pi network and the
chamber is set to the lowest test temperature for a low temperature
"soak". Temperature is then increased, stepwise, until the highest test
temperature is reached. Frequency and pi-network input and output
voltages are measured, after an appropriate stabilization time, prior to
the next temperature step. This is called a "quasi static" temperature
profile.

Figure 2 is a representation of the time-temperature profile used for
these tests. For a single temperature run, only the first half of the
cycle is used. For thermal repeatability and hysteresis measurements,
reverse cycles are also used. The cycles are repeated when thorough
hysteresis data is desired.

The data are stored and at the conclusion of a run the f-T and R-T
data are plotted. Third- and fourth-order polynomials are fitted to the
f-T data using a least squares technique. The third order polynomial is
used to calculate upper and lower turning points, inflection temperature,
and the frequency temperature slope at inflection. The fourth order curve

* is included for more accurate representation of the data, if needed. A
typical temperature run plot is shown in Fig. 3.

If thermal hysteresis or thermal repeatability measurements are
desired, the above process is modified. To measure thermal hysteresis, a
technique has been evolved which allows self measurement of the rp~onator
temperature via the excitation of two modes in the resonator.t°; This
avoids the apparent hysteresis caused by thermal lag or thermal gradients
between the temperature sensing probe and the resonator.

Thermal hysteresis as good as 5 X 10-  has been measured. Figure 4
shows the results obtainable using the hysteresis test set. In the

* figure, the abscissa represents temperature and the ordinate represents
the values of the residuals after a 6th order polynomial (fitted to the
first f-T run) is subtracted from the data of the first run and from three

- subsequent runs. The hysteresis manifests itself as the spread of the
residuals to a fitted polynomial curve. Deviation from the horizontal

axis is indicative of the quality of the polynomial fit.

A parameter of increasing interest is the sensitivity of resonators
to acceleration or vibration. The sensitivity is represented by r and
is determined by measuring the "2g tipover" or vibration-induced
sidebands. '

* The "2g tipover" test is accomplished by incorporating the resonator
in a stable OCXO and placing the oscillator into a fixture which has a
horizontal axis of rotation. The operator rotates the oscillator,
stepwise, through 360 degrees. At each step the frequency is measured and
recorded. The frequency versus angle data is fitted to a sine curve.
Next, the oscillator is rotated 90 degrees such that the axis which was

• initially horizontal is made vertical. Frequency is recorded and the
oscillator is tipped 180 degrees. The frequency is again recorded. The
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three components of the acceleration sensitivity vector can then be
determined and the sensitivity vector, Tr" , calculated.

A representative curve and calculated acceleration sensitivity are
shown in Figure 5.

To determine whether there are vibration resonances in the resonator

structure, the vibration-induced sidebands are measured as a function of

vibration frequency, as follows. A test oscillator, containing the
resonator under test, is completely filled with wax (potted), rigidly
fastened to the shake table surface, and subjected to sine wave excitation
over a range of 50 Hz to 2000 Hz. Oscillator output is mixed down to
audio frequency and displayed on a spectrum analyzer. Vibration sideband
amplitudes are measured and the components of r are calculated from the
relation:

Yi w heFvi F0t2e

where F is vibration frequency in the i direction, a is acceleration, fo
is the oscillator frequency, and L is the sideband amplitude in dBc. A
representative L versus Fv curve is shown in Figure 6.

Aging, Allan Variance, and phase noise rsts are generally performed
with a specially designed test oscillator.(') The test oscillator oven
temperature is externally adjustable to facilitate setting to the turnover
temperature. Resonator drive current is also externally adjustable. Some
models of the test oscillator have ovens settable to below -60°C for low
temperature aging and stability studies. The aging measurements are
straightforward, data being automatically taken every workday.
Periodically, the aging data are plotted and fitted to logarithmic,

* exponential, or combined log-exponential functions.

Allan Variance and phase noi measurements generally follow the
procedures of NBS Monograph 140.'' The oscillator under test is
quadrature phase locked to a reference oscillator to suppress the
carrier. Mixer output is displayed on a baseband spectrum analyzer which
can be under computer control.

Oscillator Test Facility

Frequency versus temperature tests for complete oscillators are
performed in a manner similar to the corresponding resonator test,
according to the block diagram in Figure 7.

The apparatus can accomodate 150 oscillators. The power supply leads
are isolated and filtered at each oscillator position to avoid crosstalk
via the power supply leads. Each oscillator is terminated according to
its specification, then matched to 50 ohms for a coaxial cable feed to the
RF selector switch.
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A temperature run starts with a two hour stabilization at 300 C. At
this point, any required frequency adjustments are made. For example,
TCXO may be adjusted to their marked calibration offset frequency, or
offset by a predetermined amount to observe the trim effect. (The trim
effect is the rotation of the resonator f-T characteristic caused by
varying the load capacitor). After this initial interval, a temperature
profile similar to Fig. 2 is followed, except that longer stabilization
times are used to accomodate the thermal time constants of oscillators.
Frequency is recorded every degree during the up- and down-cycles.

Upon completion of the temperature run, the chamber is again set to

-300C and a final frequency measurement is made after two hours. Figure 8
* is a representative plot a TCXO f-T curve.

The two plotted curves depict the frequency versus temperature
behavior in the temperature-increasing and temperature-decreasing
directions. The left hand column of figures gives the maximum frequency
and the minimum frequency measured during the temperature increasing half
of the run. Also in the first column is the frequency at 300 C, taken "on
the fly", and the slope of the f-T curve at 300 C. The center column gives
similar figures for the temperature-decreasing half of the cycle.The right

*hand column gives the maximum and minimum frequencies recorded for the
full cycle. These Ar- used to compute stability according to the formula:

Fmax - Fmin
2

The "del F offset" figure is the frequency offset to which the
oscillator must be adjusted (at 300C) to center the maximum and minimum
frequencies about the horizontal (nominal frequency) axis.

Thermal hysteresis can also be determined from the plotted data.
This determination is made by measuring the separation of the two curves
at each temperature. The maximum deviation is assigned as the hysteresis
for the oscillator.

_O The trim effect is observed by offsetting the oscillator by means ofthe frequency adjust control as would be required to compensate for aging

or other environmental effects. After each frequency adjustment the f-T
run is repeated. Figure 9 is a plot of the trim effect for a TCXO.

Frequency aging measurements for oven controlled crystal oscillators
* (OCXO) are accomplished at laboratory room temperature, (oscillator oven

energized, set to resonator upper turning point) and present no particular
*" problem.

For TCXO's, the definition of aging is somewhat clouded: The effect
of temperature on aging has not yet been determined; A "standard" TCXO
aging temperature has not been defined, there is also the question of
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whether aging data taken at a constant temperature can be used to predict
how an oscillator will age when it is subjected to variations in
temperature.

Ntwithstanding these issues, aging measurements are now made at 600C
for at least 30 days. The temperature chamber used for this test has been
observed to be stable to _O.050 C over a 30 day period.

Several additional tests which are soon to be implemented are:
observation of hysteresis during repeating temperature cycling (twenty 0C
and one hundred *C swings); trim effect after repeated thermal cycling,
hot soak, and cold soak; and aging at various temperatures and after
repeated thermal cycling.

Allan Variance and phase noise testing are done as explained above
for resonators.

Vibration testing, likewise, is similarly performed except that no
potting is used. Peaks in the acceleration sensitivity curve, caused by

[ resonating loose components, wires, or flexing circuit boards can,
therefore, be seen. An example of an oscillator suffering this type of
defect is seen in Figure 10.

Test Program Results

The results of a continni. oscillator testing program have been
reported in detail elsewhere.

Table I is a summary of the results to date of that TCXO testing
- program. From the table, it can be seen that the likelihood of finding

TCXO that meet specifications diminishes as the specified stability
improves.

Not included in the table are the latest measurements of the trim
effect. The data are disappointing, showing that there are no TCXO in the
0.5 ppm stability class that can safely be designed into systems that have
as little as five years expected life.

I
Conclusion

The Frequency Control and Timing Branch of the U.S. Army Electronics
Technology and Devices Laboratory (Fort Monmouth, NJ) has established a
comprehensive facility for the testing and characterization of quartz

* crystal resonators and oscillators.

The Branch is happy to offer to military users its assistance with
the testing, selection, specification and development of crystal
oscillators.
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RESONATOR F-T SETUP

r~ ~1j EJ fl*

RF SW ITCH

DATA STO COMPUTER PLOTTER

Fig. 1. Block diagram of resonator f-T apparatus.
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Fig. 2. Stepwise time/temperature profile.
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OSCILLATOR F-T SETUP

RF SWITCH

TEMP CHAMBER

Fig. 7. Block diagram of oscillator f-T apparatus.
TEMPERATURE RUN

Center Freq 5000000.00 Hz
DATE:12/12/93
initiel soak 120 min.
run time 28.2 Hre

E

IL

* w

>0

*max F - 5000002.17 max F - 5000002.82 max F - 5000002.62
min F - 4999997.92 min F - 4999999.62 min F - 4999997.92
F(30) - 4999999.90 F(30) -5000002.43 stability - 0.47opm

-1 sloPe - 0.00 ppm/deg slope - 0.02 ppm/deg del F offset - 0.90
NEW SET POINT NEW SET POINT

del F - -0.14 del F - i.31

Fig. 8. Representative TCXO f-T curve. The thermal
hysteresis of this oscillator is about 0.6 ppm.
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TRIM EFFE:CT
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SUMMARY OF ALL OSCILLATORS

STABILITY CLAIMED F-T STABILITY AGiNG/1o
(PPM) #TESTED #FAILED (PPM)

5 30 1 0.2
3 5 0 .25 (E)
2 5 0 .57
1 5 1 .18
0.6 5 5.3
0.6 5 1 .5 (E)
0.5 5 3 .30
0.5 25 16 .36
0.5 5 2 -

* E =ERRATIC

Table 1. Summary of the results of testing a
group of 90 TCXO. Details of the
study can be found in references
8 and 9.
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QUESTIONS AND ANSWERS

A VOICE:

That blue slide on the summary, I can't understand that slide as saying
that if you need stability or ageing of a half a part per million what you
should do is order the cheapest and don't specify.

MR. ROSATI:

If you don't specify anything, I don't know what you would get.

DR. WINKLER:

Well, the conclusion is to spend the least amount of money on procurement
and most of it on testing.

MR. ROSATI:

Absolutely. That is what we are trying to get across, that money spent
up front in testing and guaranteeing that the oscillator will be good,
delivers a good payoff in the logistic costs later on.
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TIME SYNCHRONIZATION EXPERIMENTS WITH APPLE

C. L. Jain, K. Kumar, M. R. Sivaraman
Space Applications Centre, Ahmedabad, India

.4

and

B. S. Mathur, P. Banerjee, A. Sengupta, Mithlesh
Saxana, A. K. Hanjura and A. K. Suri
National Physical Laboratory, New Delhi, India

ABSTRACT

Several Time Transfer/Synchronization techniques
viz transmissions of 1PPS, TV Passive, TV Active,
transmission of INSAT Time Code etc. were tried out
on the Indian Experimental Satellite APPLE. The
availability of the APPLE Satellite for a long time
gave us the opportunity to try out various new tech-
niques which could not be tried out earlier on
Symphonie and to firm up the specifications of
the hardware required to be developed for various
catagory of users when INSAT becomes available on
an operational basis for the dissemination of
Standard Time and Frequency.

The drift of APPLE Satellite in its orbit was
found to be about 150 meters/sec. Because of
such large change in the range of the satellite
it was not possible to achieve expected accuracies
in the time transfer. Due to the availability of
only one transponder on board, most of the experi-
ments were conducted in quasi-simultaneous mode.
The use of 2nd order range extrapolation tech-
nique to correct for the satellite range helped
us to get better time transfer accuracies than was
possible with linear extrapolation. Using the
techniques of 1PPS, ranging to the APPLE was
carried out and orbit computation was attempted
and used in a TV passive technique. In this paper
results of various experiments conducted on APPLE
are presented.

I
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INTRODUCTION

The technique of Standard Time and Frequency (STF) dissemina-

tion via satellite is well established. Dissemination of STF

via satellite provides many unique advantages over [IF propaga-
tion technique viz larger coverage, better accuracy, better
S/N ratio. A satellite in its orbit is used in two modes,
first in which the satellite is the source of Standard Time
and Frequency and the second in which satellite is used to
transfer time from a Master Station to the User Station. In
the first technique the user should know the precise orbital
elements of the satellite along with various bias parameters
like Onboard Clock accuracy and its drift, propagation path
delay, Receiver ground co-ordinates, tropospheric and ionos-
pheric delay, Receiver delay etc. (Satellites like NNSS, GOES,
GPS etc. fall in this category). In the second case the
various biases that should be known accurately are the propa-
gation path delay from Master Station to the User Station,
earth station delay, ionospheric and tropospheric path delay,
clock offset of the Master Station with respect to UTC,
satellite transponder delay, etc. The advantage of Geosta-
tionary satellite for the dissemination of STF is that most

* of the bias parameters can be determined fairly accurately
and they remain unchanged for a long period. In this paper
results of various experiments conducted on APPLE Geosta-
tionary satellite are presented.

APPLE UTILIZATION PROGRAM

Under APPLE Utilization Program, Space Applications Centre,
Ahmedabad and National Physical Laboratory, New Delhi conducted
mainly two types of experiments viz:

(a) Time Dissemination experiments relevant to INSAT
(b) Ranging of the Satellite

(a) In India several time dissemination techniques have
been tried out on experimental basis using Symphonie
(1, 2, 3, 4, 5) and APPLE Geostationary satellites.

In Table -1 we have given a list of various techniques
tried out on Symphonie and APPLE and accuracies
achieved. Out of the various techniques used, three
techniques viz TV Passive technique, TV Active tech-
nique and Transmission of INSAT Code on RN Channel
are found to be more useful on INSAT for the
dissemination of STF. These three techniques could

6 be used without affecting the basic usage and with
no additional requirement on the Space-craft and
with only incremental investments on the ground

t segment.
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The necessary hardware required for the generation
of and decoding of the INSAT Format was developed at
National Physical Laboratory, New Delhi and tested
on APPLE. A narrow band RN Channel in S band has
been allotted for this purpose on INSAT-IB. Initially
it is planned to use this channel on an experimental
basis but it is likely to be made operational as the d
number of users increase with time.

The Format of Standard Time planned for INSAT-lB is
shown in Figure 1. It is a slow code and carries
information about the number of days of the year,
time of the day in Indian Standard Time, satellite
position co-ordinates and DUT1. Distribution of
bit information is elaborated in Figure 2, one
complete Format of information consists of 59 bits
between two consecutive minute marks, the first 29
bits carry information about days, hours and minutes,
the remaining 30 bits carry information about
satellite co-ordinates.

(b) In the satellite ranging experiment a station
transmits 1PPS (one pulse per second) and receives
back the same via satellite and measures the time
interval between the transmitted and received pulse.
If T is the time interval between the transmitted
and received pulse, the range to the satellite is
given by where c is the velocity of electro-

magnetic waves in free space. The overall accuracy
of the range measurements depends on several bias
parameters. We have comapred in Table-2 the

* ranging data obtained from Clock synchronization
technique with the C -Band tone ranging technique
carried out simultaneously. The C -Band tone
ranging technique is a conventional technique used
for satellite tracking by transmitting a burst of
low frequency tone and comparing its phase differences
with the received tone burst, transmitted back by the
satellite. Range values from clock synchronization
data were found to be consistently lower by about
6.5 to 7.0 km from tone ranging values. The difference
could be attributed to the unknown bias parameters of
either earth stations. This comparison indicated the
potentiality of using time synchronization technique
for tracking geostationary satellite. A Computer
Program for orbit determination using these ranging
data was developed. In this program by a least square
method the square of the difference between the
observed range and theoretically calculated range is

7
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minimized by iteration and updating of the orbital

parameters. This was done mainly for the deter-
mination of orbital elements required for the INSAT
Format. The main aim of ranging and orbit deter-

V. mination was to study the feasibility of generating
orbital elements of the satellite to be transmitted
with INSAT format keeping in view the accuracy
requirements of various users. With such Orbit
improvement it was possible to cater the requirement
of Users who needs time to an accuracy of better
than 50 microsecond.

CONCLUSION

Though the ac'uracy achieved via APPLE is not as good as was
obtained using Symphonie, it gave us an opportunity to try out
some of the new techniques which could not be tried out on
Symphonie and also to develop and test necessary hardware to
be used on INSAT for the dissemination of STF. The main reason
for the poor time transfer accuracy was due to the large drift

* of the APPLE owing to the instability of its Orbit.
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Papers # 39 - 43 were assigned to the classified section

and were not planned for publication.
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DR. McCOUBREY: As I mentioned earlier, in place of Paper No. 36, we will
Chave Paper No. 44 for which the abstract is on Page 45 of your programs, and

the topic is, The Superconducting Cavity Stabilized Ruby Maser Oscillator, and
the authors are G. J. Dick, California Institute of Technology, and D. M. Strayer
of J.P.L.
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r The Superconducting Cavity Stabilized Ruby

Maser Oscillator

G J. Dick

Low Temperature Physics
NO California Institute of Technology

Pasadena, California
D. M. Strayer

Jet Propulsion Laboratory
California Institute of Technology

Pasadena, California

ABSTRACT

We present an analysis of the stability, performance, and
: design of a new all-cryogenic frequency source, the superconduct-

ing cavity stabilized maser oscillator (SCSMO). 1 We also present
the results of an experimental study of the various components of
such an oscillator which demonstrate the feasibility of achieving a
stability better than Afjf = 10- 17 with this technique.

Previous superconducting cavity stabilized oscillator designs have
combined solid niobium cavities at cryogenic temperatures with
room temperature microwave electronic components to achieve
the highest stability reported to date, 2 Af/f = 3x10 - 1. The long
term performance of these designs suffers due to instabilities in
the connecting link between electronics and cavity. A successful
all-cryogenic design would eliminate this problem due to the
"freezing-out" of thermal expansion coefficients and a complete
avoidance of temperature gradients.

• The ruby maser currently allows the lowest noise temperature
(1.5K) of any microwave amplifier and seems an ideal component
for an all-cryogenic oscillator. The power available (~10-W/ cm s

at 4.2K) is adequate for measuring times longer than one second,
and the gain (Qm = -100) is large enough to allow oscillation with

* very weak coupling to the stabilizing cavity. Furthermore, power
dissipation is very low, allowing operation in the same cryogenic
environment as the cavity even at temperatures below 1K. The
magnetic field required for maser operation and tuning gives rise
to important technical problems, namely, the need to shield the

* superconducting cavity from the field, and frequency-pulling
effects as the field varies. We present an analysis of a multiple-
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cavity design which allows the active ruby element to be physically
removed from the superconducting cavity. We shall also show
maser oscillator stability using a relatively low-Q normal stabilizing
cavity where pulling effects are greatly enhanced.

Finally, we will present the results of our work to obtain a super-
conducting cavity with the highest possible mechanical integrity.
Sapphire has a thermal coefficient of expansion 100 times less than
niobium and sags 10 times less in the earth's gravity. We have
obtained the lowest microwave loss values to date in sapphire
(x10 - l at 1.5K) and have demonstrated a superconductor-on-
sapphire resonator with Q 108, the value required by our design.

01. Design of the SCSMO

1.1. General Features of an All-Cryogenic Oscillator

The two techniques for highest frequency stability are combined in the SCSMO to
allow an all-cryogenic oscillator. Superconducting cavity stabilized oscillators

* (SCSO's) to date show great cavity stability due to very low cavity losses and the
freezing out of thermal expansion coefficients at cryogenic temperature, but
phase shifts in the cryogenic transition and room temperature electronics limit
attainable performance. Hydrogen masers have great stability in the atomic
transition itself, but frequency pulling effects due to the high-Q cavity required
to induce oscillation introduces drift, and the low power available limits short
time performance. Long time instability, in both cases, is due to frequency pul-
ling effects within the bandwidth of the high-Q (10e to 1010) stable element, and
appear to be principally due to thermal expansion effects in supporting elec-
tronic elements. Since overall stability of 10-15 to 10-1? is desired, the perfor-

OK mance required of support components is very high, since these values are 10 - 5

to 10- 9 of the natural bandwidth of the stabilizing element.

In both cases, the situation is worse than it might seem. In order to obtain oscil-
lation with the low hydrogen densities allowed by the technique, a high-Q (nor-
mal) cavity is necessary for the operation of the hydrogen maser. Sensitivity to
the cavity frequency is increased proportional to its Q, which is typically i04.
Very stable materials and techniques of "auto-tuning" are used to reduce this
sensitivity, but it continues to be a principle roadblock to improved perfor-
mance.

* Thermal effects in the SCSO are similarly exacerbated by two effects. The
wavelength at the typical operating frequency (10 GHz) is much shorter than the

path length required between room temperature electronics and the cryogenic
cavity. This increases the sensitivity of the frequency to the fractional length
change by 2rr times the one-way length divided by the wavelength, a value typi-

*cally about 102. Secondly, the waveguide must span a temperature differential

724

0

- . . . , .



of 300K, and thus small fractional changes in the temperature profile imply

large temperature changes. To achieve a stability of 10-7 times the supercon-
ducting bandwidth, an average stability of 3x10- in the temperature profile is

-* required. Electronic feedback techniques have been used to sense the instan-

Ctaneous length in order to provide substantial compensation of this effect, with
reported results of 3x10 -1 overall stability, the best to date for any technique. 2

However, the overall system is cumbersome and expensive, and dramatic
improvements seem unlikely.

The reduction in expansion coefficient of a superconducting cavity at low tem-
perature together with its high Q make possible its use as a frequency stabilizing

element. Niobium and copper have an expansion coefficient of -5x10- 1 / K at
1.0K, a value reduced 10 from their room temperature values. Together with

* the short thermal relaxation times (10-3 seconds) and accurate temperature
control (10-OK) possible only at low temperatures, unparalleled structural sta-
bility can be achieved. The advantage of an all-cryogenic oscillator is that
coefficients of expansion for the entire system are reduced, not just that of the
cavity itself. This reduction eliminates frequency pulling effects which are due
to thermal instability, the major 'urce of drift in both H-maser and SCSO sys-

tems.

1.2. Application of the Ruby Maser

Ruby maser amplifiers are the quietest amplifiers presently available in the
microwave frequency range, with device noise temperatures as low as 1.5K

reported. 3 They operate naturally at temperatures below 4K, and can provide
* output power of a fraction of a rnicrowatt, a value sufficient for excellent short

term measurements and far above the 10-I1 watts available from the H-maser.
Furthermore, the pump power required is related only to the signal power,
allowing very low power dissipation and consequently lower temperature opera-
tion, if desired. This is in contrast to the available transistor amplifiers which
must dissipate several milliwatts of power in order to maintain their operating

point. 4 Operation well below 1K seems feasible, with important consequent
reductions in thermally generated frequency shifts in the superconducting cav-

ity itself.

In contrast to the H-maser with its fractional linewidth of 10 -9 , ruby has a frac-

tional bandwidth of about 10-2, making it unsuitable for determining the fre-
quency itself. However, this wide bandwidth (low Q) is a distinct advantage when
used in conjunction with a superconducting cavity, since it results in a reduction
of frequency pulling effects. Frequency pulling of the actual operating fre-

* quency Af 0 due to frequency change Af, in a lower-Q circuit element is propor-

tional to the ratio of its Q to that of the frequency stabilizing element.

F. A comparison between frequency pulling effects in the two devices is instructive.
While the H-maser's output closely follows the frequency of the masing transi-
tion, the sensitivity to its cavity frequency is given by
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for a cavity Q = 10' and masing linewidth characterized by Qm = 109. In a simi-
lar manner, the frequency of the output of the SCSMO closely follows that of the
high-Q superconducting cavity, while its sensitivity to the ruby resonant fre-
quency fm is

10-7 (2)

Af n Q. 109

for masing linewidth characterized by Qm = 102 and a cavity Q = 10 . It is
apparent that the roles of the masing and cavity Q's are reversed.

We expect that the role of this source of frequency pulling will be much less
significant in the design of the SCSMO than in the H-maser because of the reduc-
tion implied by equations (1) and (2), but more importantly because supercon-
ducting magnets allow great stability to be achieved in the applied magnetic
field which determines the ruby resonant frequency. Long term stability of
better than 10-12 has been reported at the relatively low magnetic fields
required for masing action, which would imply, from equation (2), frequency

[ drifts less than 10-19 from this source.

The magnetic field applied to the ruby must be effectively shielded from the
superconductor of the stabilizing cavity, as Q degradation would otherwise
result. The ruby material is very strongly amplifying, in comparison to what is
needed to induce oscillation at a Q of 10g, being able to excite a fully filled cavity
with a Q of only 100. Thus it is possible to physically separate regions of high Q
and high magnetic field - - conceptually, the ruby need only probe the fringe
fields of the stabilizing cavity.

1.3. Superconducting Cavity Design

With the promise of much greater electronic stability allowed by an all-cryogenic
design, the relationship of cavity Q to the overall design changes somewhat com-
pared to the SCSO. In particular, a lower Q might be advantageous if it allowed
substantially higher frequency stability to be attained in the cavity itself. This
appears to be possible by the use of a superconductor-on-sapphire resonator
when operated at temperatures somewhat lower than has been previously
employed. While the thermal coefficient of expansion of solids follows a Ts
dependence, the penetration depth of the superconductor, which also deter-F. mines the effective size of the resonator, shows a much more rapid exponential
temperature dependence. Thus, for a solid niobium cavity, the frequency varia-
tion with temperature decreases rapidly as the temperature is reduced down to

a temperature of approximately 1.25K, below which the relatively slowly varying
re dependence is dominant.2 If the physical size were determined by the

characteristics of sapphire, the value of the Ts contribution could be reduced by
I more than 102. If the superconducting character of niobium were unchanged, a
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reduction in operating temperature to 0.9K would still show the rapid exponen-
tial reduction in sensitivity to thermal variations, resulting in an overall
improvement of thermal sensitivity from -10- 1 1 /K to 10- 13/K.

We have measured the highest Q reported to date in a sapphire-filled supercon-
ducting cavity (Q>101) and present details in a following section. Such a resona-
tor would additionally be lighter and stronger than a solid niobium cavity, giving
a reduction in the shift due to gravity by 10 times. An additional advantage of
the sapphire based resonator is that its large dielectric constant (r-10) allows
operation at a lower, more convenient frequency (-3GHz) with modest overall
size (overall diameter < 7.5 cm).

1.4. Multiple Cavity Oscillator Design

We have chosen to study oscillator designs which, rather than separating the
amplifier and resonator functions in separate elements, combine them by the
use of multiple electromagnetic resonators. If the ruby could be included in the
superconducting cavity itself, a single resonator would suffice, with the negative
resistance due to the pumped ruby overcoming the positive resistance in the
cavity, and inducing oscillation. However, the magnetic field required for ruby
maser operation at microwave frequencies greatly reduces the cavity Q if
allowed to penetrate the superconducting surface. The thin films we propose to
use are even more sensitive than the bulk superconductor to such fields, and we
propose a three-cavity design to isolate the superconducting cavity from the
ruby cavity by a third coupling cavity. Most of the features of such a design are
common to a two-cavity design, which was used in the present experiments, and
we shall confine our present discussion to that case.

The essential electromagnetic features of a coupled two-cavity resonant system
designed for this purpose are a high-Q stabilizing cavity, a low-Q cavity contain-
ing pumped ruby, and a coupling between the cavities. Such a two-cavity system
will always have at least two modes, with the frequency difference between the
modes depending on the isolated cavity frequencies f I and f2, and on the cou-
pling strength k in a particularly simple manner if the frequencies are defined

and measured in the presence of the coupling holes, and not their absence. 5

Eigenfrequencies of the coupled cavities f and fp can then be shown to be

related by:

fpS f= rf f1 + f+ f ) (3)

and

SIp+ f f I + f2 (4)

in the limit that k<<l and f2 -fI <<f2 +f1. That is to say, if the coupling
strength and the difference between the frequencies of the two isolated modes
are both small enough, the splitting of the coupled modes is given by adding
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these two effects in quadrature.

The energy division between the two parts of the coupled system also has a par-
ticularly simple form in this case. If E, and E2 are the energies in physical reso-
nators one and two, energy ratios for modes a and 16 are given by:

E . - f2 jE2  pL-L-. (5)
E f2 a f i -f, i f p 1-f2

The energy involved in the coupling is given by

E= kv'Aj7A (6)

and is assumed to be small.

In this simplified framework, the Q's of modes a and can be written:

E1.Q- 1 + E2 .Q2' (7)

and

Q E pQT + EpQi (8)

where El. is the energy in resonator 1 for mode a, etc.

Oscillator design is relatively easy within this framework. The negative resis-
tance associated with the pumped ruby is strongly frequency dependent, and is
effective over a range of only a percent or so. Frequencies fa and fp must be
chosen to be farther apart than this width to allow selecion of the desired
mode. If cavity 1 contains the ruby with mode a the coupled mode nearest in
frequency to that of the isolated cavity 1, stabilized operation would result by
tuning the frequency of the ruby resonance instead to that of mode P where
nearly all of the energy is in cavity 2. Thus, the magnetic field is adjusted to
give a strongly negative Q, at frequency j-p while showing a net positive Q1 at f ,
as well as at f I the natural frequency of cavity 1. The oscillation condition can
then be imposed by setting Qji = 0 in equation (8), from which can be calcu-
lated the maximum energy ratio which allows oscillation to occur in mode f.
Frequencies and couplings can then be calculated from equations (3), (4), and
(5).

This approach can be generalized to cover the case of three coupled resonators.
The advantage over other methods is that actual mode and coupling

configurations do not enter the calculations, rather, frequencies, energies and
[- Q's, all easily accessable by experimental measurement, are used.
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2 A Low-Q Experiment

Contributions to the frequency error in a high-Q oscillator fall into two
categories; those due to variations in the natural frequency of the stabilizing
cavity, and those due to deviations in frequency within the bandwidth of the cav-
ity caused by factors other than the cavity itself. These latter frequency pulling
effects scale inversely as the Q of the resonator, and thus can be studied
effectively by deliberately building an oscillator with a poor Q. Effects that can
be studied in this way include those due to output VSWR and a whole host of
effects due to the ruby itself. These include thermal (white) noise, possible 1/f

*noise, possible amplitude and frequency pulling effects related to the pump sig-
nal, and the previously discussed pulling with magnetic field. All of these
aspects can be fully characterized by reference to a source with very modest
stability, if the Q can be reduced by, for example, a value as large as i0. That
is, measurement of a stability of 10-10 with a Q of 100 would allow direct extrapo-
lation of all these effects to a stability of 10-1 7 at a Q of 10 9.

Of particular interest and concern in this regard was the possibility of 1/f type
modulation noise in the ruby, since no experiments have been previously con-
ducted that place significant limits on such noise. The existence of such noise
would place a Q-dependent limit to the stability allowed by the oscillator, and

0 might indicate that a very high Q (1010 or above) was necessary, ruling out the
use of a sapphire resonator.

To this end we modified an experimental setup designed primarily to measure
the more conventional aspects of the ruby response to allow the first measure-
ments of frequency stability in a ruby maser oscillator, and further, added a
coupled (low Q) superconducting cavity to study the performance of the coupled
cavity system, as well as the Q dependence of frequency pulling effects.

The various aspects of the oscillator were treated with differing degrees of care.
The superconducting magnet was carefully constructed as a first attempt at
what might be used in the final system. The ruby itself has been previously used
in amplifier service, and can be expected to be a good example of what is avail-
able. The signal coupling line, however, was not constructed with an eye for
stable VSWR, being instead designed to allow a wide range of coupling strengths.
Similarly, the pump source had poor amplitude and frequency stability. Due to
these reasons we do not feel that these preliminary results represent the best
that can be obtained with this technique.

3. Measurements

The SCSMQ components have been studied separately to establish the feasibility
*• of the design. To achieve the part in 1017 stability level, our performance

analysis has shown that the resonator cavity must have a quality factor Q of at
least 109. Electromagnetic losses in the cavity can come from the dielectric
material, from the superconducting material or from the interface region

7
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between the two. Results of measurements on all three effects will be presented
and their implications for the Q of the cavity will be discussed.

The other principal component of the oscillator is the active element, the ruby
maser. To determine the maser's suitability for the oscillator, a ruby maser
oscillator stabilized with a copper cavity of modest Q was fabricated. The rela-
tively low Q of the stabilizing cavity allows easy measurement of effects such as
frequency pulling by the magnetic field and frequency pulling by the amplitude
and frequency of the RF pump signal. Results of some of these measurements
and some preliminary stability data for this system will be presented below.

3a 1. Description of the Two-Cavity Maser Oscillator

Figure 1 shows the configuration that is being used to study the ruby maser
oscillator. A size scale can be obtained by noting that the cylindrical ruby cry-
stal (3) is 1.00 cm in diameter and is 1. 15 cm tall. Both the cavity (5) containing
the ruby and t.he cavity (8) stabilizing the oscillator are of the coaxial type; the
center posts (4) and (7) and the coupling apertures (6) have been adjusted in
size to give the operating frequencies and the disposition of energy between the
two cavities deemed best for oscillator performance.
The outer wall (2) of the oscillator probe serves both as a waveguide for the

-13GHz pump signal applied to the ruby, and as the outer conductor of a coax § I
for the -2.7GHz oscillator signal. The inner conductor (1) of this coax is adju-
stable at the top of the probe to allow the coupling to the oscillation signal to be
varied. .1
The magnet (9) is a superconducting solenoid with a persistent current switch.
Compensating coils at the ends of the solenoid make it an "outside notch" mag-

net 6 , producing a field constant to sixth order that is uniform to one part in 103
over a sphere of 2.54 cm diameter at the solenoid's center.

The pump signal is supplied by a Hewlett-Packard 1690A sweep oscillator. After
amplication the oscillator signal is mixed in an HP 934A harmonic mixer with a
signal from an Ailtech 360D1 1 frequency synthesizer. The low frequency output
is further amplified and then is continuously sampled both by a HP 5245M
counter and by a PDP 11 /34 computer. A chart recording of the counter output
provides a quick check of the oscillator's stability and drift, while statistical sta-
bility analysis is carried out on the computer system.

By measuring the lowest resonant frequencies of each cavity alone and of the
two coupled modes, the energy splitting between the cavities in each coupled
mode and the coupling strength can be determined. For the data reported
below, the coupling strength was 2.5%. The stabilized mode had 85% of the
energy in the stabilizing cavity and 15% in the ruby-filled cavity, while the other

mode had the opposite ratio.

For magnetic fields applied at right angles to the ruby crystal's optic axis (the
crystalline c-axis), there are two values of the magnetic field magnitude that will
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give -2.7GHz splitting between chromium ion energy levels: -. 05T and -. 27T.

For both of these cases the lowest frequency pump signal is -13GHz. The data
reported below were all measured with the ruby in the low-field mode near .05T.

3.2. Results of Frequency Stability Measurements

The cavity stabilized ruby maser oscillator described above has operated once
successfully, and then only in a somewhat modified form, so the data reported

here must be considered of a rather preliminary nature. Even with these reser-
vations, some valuable conclusions and insights can be obtained from the data,
so the results are being reported here.

When the oscillator was first cooled to 4.2K in the configuration described in the

preceding section, the mode with most of the energy in the stabilizing cavity

could not be driven into oscillation. To enable this mode to be studied, the por-
tions drawn with heavy lines in Fig. 1 were plated with superconductor. With this
lower loss condition, the stabilized mode was observed to oscillate at -2.71GHz
when cooled to 4.2K and lower temperatures. The upper (ruby- filled) cavity had
its outer wall not plated with superconductor, so the. mode at -2.87GHz with
most of the energy in the upper cavity displayed lower Q than the stabilized
mode. By measuring frequency pulling effects and frequency stabilities for both
modes at various temperatures, data for modes having a range of Q values could

be obtained.

Fig. 2 shows examples of Allan variances of Af/f calculated from data obtained
from several rather quiet periods of the oscillator's operation. The upper por-

tion shows some of the best data obtained for the high-Q (Q = 70,000) stabilized

mode at low temperature, and shows what our drift- removing algorithm does to
the data curves. The lower portion of Fig. 2 shows curves for data obtained
under various conditions. Note that cooling the ruby to 2.2K and improving the

cavity Q from 25,000 to 70,000 do not yield improvement in the lowest observed
*a values. We conclude that the limiting stabilities observed are not characteris-

tic of the ruby maser, but rather are caused by some other device in the
measuring system; a good candidate is the quartz crystal stabilized Ailtech fre-
quency synthesizer being used as a local oscillator to beat down the oscillation

frequency to audio frequencies.

• The HP 8690A sweep oscillator used as a pump source was found to have great
effect on the measured values of frequency and on frequency stability. The best
data were obtained by carefully tuning this pump source to minimize the fre-

quency pulling effects. A quieter klystron pump signal source has been obtained
for comparison purposes for future measurements.

• The output power of the oscillator is shown in Fig. 3 for a range of applied pump

power, with the magnetic field tuned to optimum. Zero attenuation of the pump
signai corresponds to -100 milliwatts of pump power. The maximum output
power in the region of saturation is 0.5x10 -

7 watt, a level well within our
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expectation and readily usable in our final design. Hence, the ruby volume will
not need to be changed substantially in the final configuration of the oscillator.

The change of oscillator frequency with change in magnetic field was measured
rather carefully, with results in agreement with our analysis. For the unstabil-
ized mode with Q = 5,000, the fractional frequency pulling was found to be
Af/f = 2.5x10-3 AH/H. and this value varied as Q-1 for the other oscillation
conditions measured. This value implies that, in order to achieve 10-17 stability
with a cavity Q of 109, the magnetic field must not have a fractional variation
larger than I0-9 over the measuring time -. This field stability is tractable for a
superconducting magnet operating in persistent mode, and having supercon-
ducting shields to attenuate ambient field variations.

Two frequency pulling effects are observed relating to signal amplitudes in the
cavity: response to pump power changes, and response to oscillation amplitude
changes. In the unstabilized mode with Q = 5,000, the two effects are nearly
equal in magnitude at Af/f = -3x10 - for a 3 dB power change. The response
to changes in pump power is independent of the tuning of the magnetic field and
varies as Q- 1 . The response to changes in oscillation amplitude varies with mag-
netic field tuning, being positive if the field is tuned high and negative if the field
is tuned low; the magnitude of this pulling does not decrease as fast as Q-1 when J
the Q increases. This output amplitude effect may result from magnetic field
inhomogeneity at the ruby caused by the superconductors near the crystal. A
test is planned with no superconductor on the oscillator probe to examine this

possibility.

3.3. Measurements of the Cavity Losses

To obtain the cavity Q of I08 required by the design, various sapphire materials

have been examined for their electromagnetic losses at frequencies near 2.7GHz
and at temperatures below 4.2K. Samples with losses below 10- have previously
been described 7 ' 8. Recently a new sample has been obtained 9 with significantly

lower losses, the loss tangent reaching 6 = 7.0x10 -1 0 at the temperature of 1.5K.
A description of the manufacturing process for this sample and of the loss meas-

10urements will be published elsewhere

In measuring the sapphire losses, the samples are placed inside a lead- coated
copper cavity and the decay time of the cavity-sapphire system is measured.
Since initially lead will also be used to coat the sapphire substrate in forming
the stabilizing cavity, the very low loss values reported above are sufficient evi-
dence that losses in the superconducting film will not prevent the cavity from
achieving a Q of 100. However, because the electromagnetic field is to be con-

* tained inside the cavity, the interface region between the lead film and the sap-
phire will also be exposed to the signal and could degrade the cavity Q. A meas-
urement was made on a spherical sapphire substrate coated with a lead fim to
test this loss mechanism. The uncoated sapphire sphere displayed a loss value
of 6 = 1.17x10-,while the lead-coated sphere's loss was 6 = 1.15xl0 - , both
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values measured at 1.5K. These results show that the losses in the interface
region do not contribute appreciably to the total loss measured at this region
near Q = 108.

Actually, these measurements have indicated the possibi:,ky of achieving even
higher Q-values in the stabilizing cavity. Both the sapphire loss tangent meas-
urements and the measurements in the spherical cavity have demonstrated that
a Q of 109 is feasible for this cavity. A ruby maser oscillator stabilized with a
cavity having a Q of 10O would be expected to have stability approaching

Af/f = 10-17 for some range of sampling times.

4. Conclusions

Analysis of an application of the ruby maser to a Superconducting Cavity Stabil-
ized Oscillator (SCSO) shows many attractive features. These derive from the

mechanical stability inherent in an all-cryogenic design and from the properties
of the ruby maser itself. A multiple-cavity design has been developed to allow
physical separation of the high-Q superconducting cavity and the ruby element
with its required applied magnetic field. Mode selection is accomplished in this

design by tuning the ruby by means of the applied field. We conclude that such
an oscillator would perform well, even with cavity Q's as low as 108, allowing the
use of a superconductor-on-sapphire resonator with its greater rigidity and

lower thermal expansion.

A first test of the Superconducting Cavity Stabilized Maser Oscillator (SCSMO)
confirms the efficacy of the multiple-cavity design and the applicability of the
ruby maser. Frequency variation less than 4x10 -1 ' was measured in the stabil-
ized mode and is attributed to the reference oscillator and to instabilities in the

pump source. Variation of 10- 10 was observed in the low-Q unstabilized mode,
again attributable to pump fluctuations. Even so, direct scaling to a Q of 109

predicts a stability better than 10 1. Together with results showing the lowest
losses to date in sapphire at microwave frequencies, and preliminary experi-
ments on superconductor-on-sapphire resonators, frequency stability levels as

low as 10-17 are indicated.
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QUESTIONS AND ANSWERS

MR. VESSOT:

The saphire losses have become an interesting theoretical problem, as in
* the paper by Brojinski and Panoff on the loss in ionic crystals. I was

talking to Bob Clause and he told me to bring this up. His mode of
oscillation is that of a whispering gallery, that only internal reflections
are used and does not depend on superconducting surfaces at all.

DR. STRAYER:

That's intriguing.

MR. VESSOT:

It really is and I just wanted to bring this up. Perhaps you should
tell about it.

DR. STRAYER:

He's wanted to set up a racetrack type resonator of uncoated saphire that
will have very high Q, because the electromagnetic waves do not radiate
out. The impedance missmatch at the boundary being enough to keep them
in, and use that as a stabilizing element. That should work at room
temperature. There is improvement in the Q as you cool it, but one
possibility is using at room temperature as a stabilizing element. That
should work at room temperature. There is improvement in the Q as you

*" cool it, but one possibility is using at room temperature as a stabilizing
element.

PROF. ALLEY:

Is it possible to use other than a Ruby maser amplifier, at some sacrifice,
its the low noise of the ruby I gather that prompted you to do this.
Could you couple in some more conventional high frequency frequency
amplifiers?

DR. STRAYER:

We started to think about a galluim-arsenide FET amplifier operated at low
temperatures, they have a high noise. One 1/f noise does not improve on
cooling from the information I can gather. There are other solid state
devices to be considered. The one on the horizon is HEMT which supposedly 4
has low 1/f noise.
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MR. REINHARDT:

On that doughnut type, what do you expect on something like that at

room temperature?

DR. STRAYER:

I can't remember the exact values. I'm sorry.

6
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CLOSING REMARKS

DR. McCOUBREY: I would like to thank all of the speakers for a most interesting
session this morning, and it has been a most interesting Fifteenth P.T.T.I.
Meeting. I thank all for attending, and I declare the meeting adjourned.
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