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1

These proceedings contain the papers presented at the Fifteenth Annual Precise Time 3

and Time Interval Applications and Planning Meeting which was held December 6-8, 1983
at the Navel Research Laboratory. The discussions following the presentations are also
included. There were 261 registered attendees, of which 31 were from 13 foreign

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

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
°TT! 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 the
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 L aboratory.
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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 hecre 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 units. 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 that we cannot do without.

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

Dr. William J. Klepczynski
Technical Program Committee
United States Naval Observatory 1

DR. KLEPCZYNSKI: I would like to talk about the program very briefly. 4
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

Btk edioofenlusbnineds

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
F the various national laboratories. i
|
We have another session on G.P.S. time transfer; one of the most up-to-date :
g systems, which will assure nanosecond timing throughout the world. |
e
J 1
g One session is devoted to the mathematics of precision time and frequency. )
4 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 1is one classified session which will not be held in this auditorium; it i
F' will be held in a separate building and is restricted to cleared U.S. citizens.
So please take this into consideration.
|
t_ If you have a question would you identify yourself, because the sessions are
h being recorded for the proceedings of the conference, and we can then get your
ﬁi name and affiliation as well as your words.
q With that, I would like to introduce the chairman of the first session,
s Dr. Derek Morris, National Research Council of Canada.
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SESSION 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.
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TIMING ACCURACY OF LF AND TV SYNCHRONIZATION TECHNIQUES

Miao Yun-rui and Pan Xiasno-peil
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 us and a precision of +0.05 us to +0.20
s over a range of 2000km with complex mixed paths. In addition, it
has been found that there is a systematic difference of about 4 us
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 +1 us and the
precision of daily frequency calibrations is better than 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 1978, 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
than 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.

1 This cooperative program also includes the following people:

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

Bian Yu-jing (Shaanxi Astronomical Observatory)
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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.

1. RESULTS AND ANALYSIS FOR LF SYNCHRONIZATION TECHNIQUE

The results of the comparison between the portable clock, received l_oran-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 50, CSAO and BAO are 0.046, 0.178
and 0.089 us, respectively.

Table 1. Time difference (in ps) between portable clock and local Loran-C received (PC-LCr) in
August 1982
PC-LCr(sO) PC-LCr(CSAOQ) PC-LCr(BAD)
Period Aug 19915N-20915"  Aug  21910M-22910"  Aug  25914M-26%14D
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
BAQO Beijing Observatory

Table 2. Results (in us) of comparison between portable clock and local master clock in
August 1982
MC(s0)-PC MC(CSAO)-PC MC(BAO)-PC
Period Aug 19915N.219010  Aug  21%0M.25905"  Aug  25918M-26921D

Freguency

offset -7.0x10713 -4.7x10-13 -3.1x10713
stability

(Y= 3hour)  +6.0x10°1° +5.5x10713 +6.1x10713
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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 | oran-C signal from Table 1 is
(PC-LCr), = (UTC(USNO,MC)-LCelt

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

+4PC(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),

4PC(t-to) is the rate 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, tii2 average sync error for two labs, as derived from the data from Table
4, is 0.57 +0.27 ps.

Table 3. Measured time delays (in ps) of the Y slave station of the Northwest Pacific Loran-C
Chain (GRP=99700 ys) 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

11

- e - '
YA SN S SO S L




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

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 S.  Sync error between two observatories via LC/9970

CSAO-S0 BAO-CSAD 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 BAO is very
small. less than 0.1 us. 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 onlv 0.95 us. It is clear that a timing accuracy at
the level of 1 .s 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,

which, in fact, implies that there is a common systematic error between the USNO and each of
the three observatories. In Japan there is a8 similar result. For example, Tokyo Astronomical
Observatory (TAO), in October 18, 1982, measured UTC(TAO)-PC = 6.5 us. From TAO
publications, one can deduce that the time difference of the {_oran-C time signal relative to
UTC(TAO) is UTC(TAO)-L.Ce = 5.4 ps. Thus from measurement, we have PC-L_.Ce = -0.9 us. On
the other hand, the time difference between the portable clock and the L oran-C signal at the
emission station, calculated from USNO publicstion Series 4, is

PC-LCe = (UTC(USNO,MC)-LCe) - (UTC(USNO,MC)-PC) = 3.25 us.
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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 historicel 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 celculation in 1981 is -4.39 us, but in 1982 is -3.43 pys. The difference of
about 1 s reflects the precision of the correction values in Series 4 published by the USNO.

1. RESUL TS AND ANAL YSIS 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-CSAD) = 3611.0 s,
Time delay of (BMMS-SQO) = 6835.1 us,
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 ps for (CSAO-BAO),
+0.061 ws for (SO-BAO),
+0.025 s for (SO-CSAO).

The relative frequency offsets measured by the portable clock and the TV LLine-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(CSAD)-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 30755.6é
23 920.34 4452.63 ---
24 28677.47 32209.80 ---

25 32663.43 36195.74 ---
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Relative frequency offset between local master clocks measured by different
techniques

CSAO-BAO SO-BAO 5O-CSAO
TV -3.6x10°13 7.5x107 13 10.1x10°12
PC ~1.6x10°13 -3.9x10713 -2.3x10" 12
APC-TV -2.0x10713 11.4x10713 12.4x10713

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

and

2x10713/day for CSAO - BAO,
2x10712/day for SO - CSAO and SO - BAD.

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 CSAQO and BAO is -0.78 us; the error for
CSAO and SO is -1.82 ps; and the average timing accuracy is 1.3+0.74 us.

Table 8.

Comparison between time differences (SO-CSAQ) 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-BAQ) measured by the portable clock
and the TV sync on October 25, 1982 (ps)

CSAD BAO CSAQO-BAO
MC-TVr 36195.74 32663.43
TVe-TVr 3611.0 75.3
MC-TVe 32584.74 32588.13 -3.39
MC-PC -0.392 2.22 -2.61

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

V. COMCLU USION

t F and TV sync techniques provide an excellent medium for the dissemination of precise time
and frequency an a continuous basis. The portable clock is an absolute technique with a

14

. P P T T T S

o]

| J VRV SR I RN

oo
A4 el

[

D WY TN COU LYY W U W)

aoah 4 -




.

- 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 us and precision of +0.05 - +0.2 us within a range of

b 2000 km of the groundwave coverage. In addition, it has been found that there is a systematic Ny
. error of about 4 ps between the USNO and other labs via the Northwest Pacific Loran-C J
P( Chain. For passive TV sync, the timin% accuracy is about 1 us, and precision of the daily -
K frequency calibration is better than 2x10~ Z,
REFERENCE
k 1. Chen Hong-ging etc., "Problems on the computation of time delay of I.LF groundwave ’
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QUESTIONS AND ANSWERS

A VOICE:
Why was the four microseconds there? Do you know?
MR PAN:

We 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.

r
[ DR. WINKLER:
P.

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
‘II in the wrong direction. If you use one of these you have an error of five

4 microseconds. This is a fact of life.

. So, therefore, my suspicion is that somewhere in our original calibrations
2 there must have been a loop confusion. We actually deal with a discrepancy
S 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.
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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, Colorado

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
micro§$cond range or frequncy calibration capability in the 1 part
in 107" to one part in 10" range. However, many applications not
requiring this level of precision may benefit from these services
because of the high degree of automation, simplicity of use, and
support from the NBS.

E§equency calibration requirements at the part in 1011 to part
in 107" 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
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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 nang&econds 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 d
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 B
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
L (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.

v

oy e
I

N O\

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
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 1ikely 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
(
|

W
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by radio at remote locations without the transport of physical
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artifacts’ Because of the unique property of the second, the new
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 [1], utilizes precision navigation and timing
broadcasts from Loran-C and WWVB to provide f{equency traceability
to the NBS at approximately a one part in 107" 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 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
P 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
F

future releases of improved software and calibration equipment.
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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 1
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 i
following characteristics. Between one and four days, i

L
q
i

mod cy(r) x 10'131'3/2 [3]. For longer times, up to approximately
one-month, o (1) = 10'14. Figure 3 shows the results of an anaylsis

o of data take® between Boulder and Paris confirming this performance {
P level. As a result of these very high precision time transfers, the ‘
[ user not only has access to a very stable frequency reference but

q also gains direct access to the U. S. primary frequency standard,

NBS-6. Access t01§85-6 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.

P P U S

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 Tine 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).

Figure 5. Photograph of prototype receiver for the NBS
Global Time Service.
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SUMMARY 4

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 4
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 B
consultation whenever measurement problems are detected. The new y
time and frequency services provide traceability to NBS and a direct 1
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

- adaien 2% an
. e

.4

| navigation systems such as Loran-C and GPS. The systems reliability i
¢ will be high because all the components are "off-the-shelf" -
4 commercial equipment and because NBS maintains the systems to 1

minimize hardware failures.

P s o

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

S

A Certain commercial equipment, instruments, or materials are
jdentified 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.
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(1] ?ime and Frequency Users Manual, 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. g
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[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.
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QUESTIONS AND ANSWERS

MR. WARD: )
Samuel Ward, Jet Propulsion Laboratory. It's not a question, it's a i
statement. On the data that you presented against the GPS for the GSC-12. ]
We 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 1
explain some of the noise that you saw. N
p .
3 h
s DR. STEIN:
b 4
;. It certainly would. 4
MR. CARLSON: .
5 J. R. Carlson, SCS, Canada. I would be interested in the performance of a ;
2 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.

™

—

Yy T T "
: . . - N N
o l.ﬂ B . i.

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.

e g a2t~ 2 4

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

o4

P
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MR. WARD:

Again, a comment to the last gentleman. I have with me a comparative
analysis of GPS versus VLBl 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.

27

P S N R LI ENEL S P = PR, S’ =, DR, S L N n - EXEIAL

I O I AN

L o te -

| R

4

' SSSPIST RS |

P N
TS P

e

P




R "B YO A A R %e A Ae b en St 2 T S /e T A A W/t N et il o

b RECENT IMPROVEMENTS IN THE ATOMIC TIME SCALES
o OF THE NATIONAL BUREAU OF STANDARDS

q D. W. Allan, D. J. Glaze, J. E. Gray, R. H. Jones, J. Levine, and 5. R. Stein
: Time and Frequency Division
Boulder, Colorado 80303

} ABSTRACT

!ii’ 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
i benefits have resulted from this new direction. First, a more
3 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 achjfxed.
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 gen2rate TA(NBS)
® totally independent of the generation cf UTC(NBS). TA(NBS) is stiill
{ 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 ATl -- is used for all of the NBS frequency
P‘] stability calibrations, and is also used to generate UTC(NBS). This

F 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 AT1l. Frequency steps introduced in the past to synchronize
- UTC(NBS) with UTC were objectionable to some of the NBS's more sophisticated
T» 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 magnitud>. 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 frequeTay 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

AR e cnte aan e ey 20
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placing into operation, in July of 1983, the measurement of UTC - UTC(NBS) via
giobal positioning system satellites in common-view between Boulder, Colorado and
*l Paris, France (2,3). The measurement precision of this technique is about 10 ns.

,

i ot

o d

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

r at Boulder, Colorado--limited only by the inaccuracies g?mthe NBS primary frequency A
L standards and the alogrithms involved, current1y1§ x 10 . At the last calibra- 4

;_ tion (July 1983) -- after applying the 1.8 x 10 gravitational potential correc- :

. tion of Boulder, Colorado with respect_}g 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-

A

- diction techniques (5). Though it uses measurements from the same set of clocks, j
! its 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.

3

L. The AT1 time scale is a proper time scale designed to run in real time with state- j
4 of-the-art frequency stability. UTC(NBS) differs from ATl by a preset (steering) 1
t time and frequency offset. ATl 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 4
clocks may be either on site or at remote locations. When the clocks are at g
remote locations, they are compared with the NBS time scales via the GPS in common-

view techniqﬁ%.or via Loran-C. The frequency stability of ATl is estimated to be
about 1 x 10 for sample times of one day to about one month.

L

. 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.

LS Y

The Time Scale UTC({NBS)

P
L. 13

e 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
Timit has been 5 ps. With the new UTC(NBS), the goal is 1 pus. UTC(NBS) is also
e kept nearly as stable as ATl, 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
f (currently CS1 at the PTB, CS5 at gq% 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 UT1.

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;14Theoretica] 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, yielding 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 ﬁf(NBS) by inserting
frequency drift of the order of the noise ( < 1 part in 107" 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
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:
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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 °§ o} (2n°+ 1)
o (n-[ ) = = & L—_’ (1)
y' o 2 2
nto 6nr0

where the sample time v = nt _, tv_ is the measurement and prediction interval and
o, and o_ are measures of th& maanitude of the rms prediction error in the clock
ofer an Fnterval 1 for the white noise FM and the random walk noise FM respec-
tively.

The Time Scale AT1

ATl 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.

ATl 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 ensembie.
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 ATl which is designed to be better than the best cliock
available is a very difficult task. However, there are ways to estimate the
frequency stability of ATl: First, by simulation, using the clock modelis 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 ATl 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 mongqﬁphe stability of ATl 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 ATl 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 o (1) analysis of these data is
shown in Figure 5 with and without an apparent fre eney 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_ianc1usion 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 (1) analysis technique (12). Using this technique, Figure 6 shows ATl versus
b¥th 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 appeqyfathat none of the above three
scales has instabilities worse than about 1 x 10 for mod. o (t) and for the
analysis period covered. Assuming flicker noise FM as the staﬂ%lity model and
translating to Gy(I) increases the instability value by only a factor of about
1.2.

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 AT1l. 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 ATl as compared to Figure 3.
Even so, as shown in Figure 7, the long term stabijf&y 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 ATl 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 fromlshe data shown in Figure 7 is that the
stability of ATl 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 o (1) diagram resulted compared to that obtained in Figure 5. One can

apparent?& also say thaglxhe time scalr: UTC(NBS) and/or UTC(USNO MC) have stabil-
ities better than 2 x 10 for sample v.mes from a few days to 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 ATl as e&qhained above. A1l three scales have
frequency stabilities of the order of 1 x 10 for sample times from one day to a
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). ATl 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, AT1l, UTC(NBS), and TA(NBS) will continue to improve in their
frequency 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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Tadble

6-8,

1 §s & Vist of changes in tise scale frequencies of both TA(NBS) and UTC(NBS) as well o3 a

195t of the time and frequancy differences between TA(NBS) and UTC(WBS) st the dates of leap seconds,

ana/or frequency or freguency drift changes.

TABLE 1

FREQUENCY CHANGES

DATE (MJD) TA(NBS) UTC(MBS) TA(MBS) = UTC(NSS) ’mc(‘s)"‘r‘(ns)
1Jan 80 44229 19.045 071 150 » -0.36 x 3673
1Apr 80 44330 +1.0 x 10 P/year  +50 ns/day 19.045 O71 432 & +5.43 x 10782
1duly 80 41 (Drife continued) =35 ns/day 19.045 067 262 & «0.88 x 3071°
10uly B1 44786 . - & ns/day 20.045.065 283 o «0.59 x 1073
1July 82 45151 1.0 x 107 /year - 3 nescay 21.045 0B 425 & «0.24 x 1079
1 Sepr 82 45213 (Drift stopped) =3.7 ns/day 21.045 063 341 3 -0.3 x 10713
10ct 82 45243 21.045 D6 454 3 -0.45 2 2075
1 Nov 82 45274 +1.0 x 107 /year <1.4 ns/day 21.045 063 583 ¢ -0.34 x 10732
1 Dec 82 45304 (Orift continued) +0.77 ns/day (21.04% 063 671 s ~0.25 x 10‘13
1Jan 83 45335 (Drift continued) +1.49 ns/dey 21.045 063 715 s -0.08 x 1072
1 Fes 83 45366 (Orift continued) +1.51 ns/day 21.085 063 726 5 «0.13 » 30792
1 Mar 83 45394 (Orift continued) +1.28 ns/day 21.045 063 656 s +0.30 x 10'13
1Apr 83 45424 (Drift continued) +0.83 ne/day 21.045 063 565 3 «0.23 x 201
1 May B3 45458 (Drift continued) +0.17 ns/day 21.045 063 547 ¢ «0.08 x 1071}
1Jun B3 45486 (Orift continued) ~0.84 ns/day 21.045 063 522 s 0.1 x 2078
1July 83 45516 (Drift continued) -~0.94 ns/day 22.045 063 605 & -0.37 x 10713
1hug 83 45547 (Drift continued) =~1.04 ns/day 22.045 063 721 & -0.47 x 1071
1 Sept 83 45578 (Drift continued) +1.20 ns/day 22.045 063 856 s «0.62 x 10'13
10ct 83 45608 (Drift continued) 0.00 ns/day 22.045 064 070 s «0.72 x 10'11

TABLE 2 Estimated values of c. and o, and 95% confidence intervals.
Clock Length o_ (ns) (ns)
of data £ n
(days) Lower Upper Lower Upper
Limit Est. Limit Limit Est. Limit
1376 368 3.8T7 4.74 4.53 0.53 0.80 T1.23
167 361 12.58 13.52 14.67 0.57 1.1 ?2.07
137 358 10.4) 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 4.4
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 1.8€ 0.72 1.34 2.16
113 354 8.73 9.48 10.38 2.49 3,18 4.1
8 360 7.98 8.65 9.49 2.1 2.76  3.66
601 298 1.89 2.13 2.4 0 0.06 0.52
PH!N4 203 0 0.65 1.19 0.55 .77 1.09
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Figure 3. Frequency stability models of clocks in NBS ensemble. The squares are

r’ estimates of the stability of NBS.AT1 and UTC(NBS) via the NBS algorithm.
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Figure 4. USNO master clock, UTC(USNO MC), minus UTC(NBS) via GPS in common-view
(July through October 1983).
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Figure 5. Frequency stability of UTC(USNO-MC) vs ATl with and without an apparent
frequency drift removed.
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Figure 7. The frequency stability of NBS.AT1l vs. a pas. ‘e hydrogen maser and vs.
UTC(USNO-MC) via the GPS in common-view technique.
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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.

MR. WARD:

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

down to a rate that was approaching a part in 1014; and before it was taken
-15

;l off the line last month, it had settled down to 3.5 X 10 per day.
O
b MR. ALLAN:
In fact, J.P.L. was one of the driving forces why N.B.S. improved their
performance.
p
q
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AUTOMATION OF PRECISE TIME REFERENCE STATIONS (PTRS)

bl

Paul J. Wheeler .o
U. S. Naval Observatory )
Washington, D. C. :

ABSTRACT

1,

bk A

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 PTT! signals such as LORAN-C,
OMEGA, and/or the Glcbal 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 1
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
for use by authorized personnel only). Such DAS equipped PTS are - 4
operational in Hawaii, California, Texas and Florida. ’

R
et

.
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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
1 man-hours. To improve both quality and quantity of this data the Naval Observatory has
' 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,
- Floride and three in California. In the near future systems will be installed in Ohio, West
. Virginia and a second system in Hawaii.

M\ A

g

—

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

4

System Description (Figure 1)

The DAS is a mini-computer controlled system capable of monitoring locally available precise
time signels 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 data has been analyzed,

a4 A a4 a_a .2 4
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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.

w—v—vr - v

vy vy
d o L -
&

System Design (Figure 2)

The heart of the DAS is a Hewlett Packard (H/P) 9915 computer. The computer controls two

interfaces, one an R5232 interface that is primarily used for data communications and an IEEE-

K 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 L

[ 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 N
3 computer for storage and subsequent transfer to the Naval Observatory. FEach hour, under -~
X 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 LLORAN 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
q station ID. A DAS in this configuration can store two days of data in computer memory and up S
} 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
‘ modem. This allows data transfer, system contral, 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 ]
ﬂ (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 GRI (Group Repetition Interval), receiver gain, signal to noise ratio, __4
¢ receiver status, and cycle number from the LORAN receiver can also be monitored. Remote
r 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 N
can be sent to each piece of equipment allowing complete equipment control from a remote g
b 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-
e 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).

One of the new requirements was to provide a printout of the USNQO'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
"F all 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
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 computer 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
the 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 Vandenberq 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
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 be performed with the terminal computer without tying up the HPIB
interface which is required by the DAS for data collection.
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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
T the disc or control the equipment the terminal computer must obrain HPIB control from the
i DAS computer. The DAS computer may pass control, deny ur take control away from the
terminal computer.
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- The microphase stepper and digital clock were added to provide a computer slewable 1pps and
3 are connected to the system via the HPIB. With the microphase stepper, the 1pps from the
r digital clock can be stepped in time in one picosecond steps or the 1pps can be slewed in parts

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

I
i
X
1
1
|

b .

’6 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 GPS
receiver at the remote station and the GPS receiver at the USNO collect data from the same
GPS 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 GPS, clock and LORAN data from the DAS. The DAS g

) GPS data is compared with the USNO GPS data. The difference between the remote station

t_ 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 _

i 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

'a message to the microphase stepper. If no errors are indicated by the microphase stepper the

f 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.

PPV S P
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The graphics plotter and associated software provide plots of any of the collected time interval
data. This includes the data from the GPS 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 )
g resolution can be produced on the monitar for quick analysis.

S

A connection through the VHF switches is provided for automated portable clock ]
measurements. The computer asks the operator pertinent information for printing a portable 1
clock measurement certificate; i.e., clock serial and model number, owner's name and address , 4
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

o system, measures the time interval between the system tim~= 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

a4




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 b
drift rate of the PTS timing, calculates the present time offset between the PTS and UTC .
(USNQ), 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.
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The USNQ 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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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.

MR. 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.

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.

51

_ . .
T N S

o

oty

Do e e e s
P PRI )

mt.

A S
. R ) l
-t -

|

[ TR S SRS §

R
LIy




v YWY
', ¢ .
. . .

(e avn e 2
e

M
¢S )s
t L]

DR. WINKLER:

T
.

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?"

—~r
5

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 Naval
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 data 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 essist 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. Fiqure 1 lists the various types of data which are
collected and maintained in databases whose integrity must be ensured.

The 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 I'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.

Locel 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
database 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 aveilable to the USNO.
However, it was soon evident that remote LORAN-C chains should also be monitored in order
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 UUSNO 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 cha'ins,
time transfers received from DSCS terminals also began to be to be utilized for this purpose.
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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 reqularly 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 LS 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.? 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, F lorida.

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 aata were sent, and the IBM 1800 was taking longer to read it. Cards
were starting to jam in the 1800 with increasing requlerity, 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/] (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 SCRIFS/Y is the primary DACS for local clock comparison collection and time scale
monitoring. It is backed up in this function by the HP1000. The SERIES/] also collects the raw
timing data from the Global Positioning System (GPS) navigation satellites which the
Observatory receives directly, and continues the role of the IBM 1800 in the control of the PZT.

The HIP1000 is used to back up the SERIES/1 for local clock collection. However, it also has a
data 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 basic 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
rollection has chanqged dramatically from the paper tape/ punched card method.
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Since the SERIES/1 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/1. 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 cnly 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 alsoc 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 1II began for the Observatory with The MERIT (Measuring of Earth
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 IIl 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 8 modem, these data are transmitted directly
into the IBM SERIES/1.

Most of the databases are stored and manipulated on the USNQO'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 & 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 figqure 8, which not only offers batch capabilities with OS/MVT, but also
offers an interactive operating system.

Dissemination of Data

Up until very recently, almost the sole method of general data dissemination was via the U.S.
mail. A few military users were authorized to get PTTI data via TWX daily, and, because of
requirements for determiiiing earth orientation on & quick turn sround basis, the BIH received
USNO data via TWX weekly. With the advent of the HP1000 and the MARK III, 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
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 1Il 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 HP1000, IBM SERIES/1, IBM 4341 and the G. E. Mark Il 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 data. There are direct communications links between the three
on site machines and the MARK III is accessed directly through the SERIES/1 via automatic
dialer. This configuration is illustrated in figure 10.

The SERIES/] is linked to both the HP1000 and the IBM 4341. This means that data from the
SERIES/1, or the 4341, such as GPS, local clock intercomparisons, or Earth rotation data, may
be sent to the HP1000, or data from the HP1000 may be sent to the SERIES/1 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 II is accessed through a modem and automatic dialer on the SERIES/1. This
configuration allows transmission to and reception from the MARK IIl 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 IIl 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/]1 and sent
twice a day to the HP1000, where it is processed and put into final form. Final GPS data is then
automatically sent back up to the SERIES/]1 where it is stored until it is placed on the MARK
IlI. Data from the automatic systems are transmitted to the SERIES/]1 once a day. after being
automatically collected by the HP1000. These totally automated transmissions mean that fewer
person hours have to be 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 sutomated, it has not all been done by any means.
There is automatic transmission from the MARK III, for example, but 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 HP1000 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.

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 sbservatories 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/1, HP1000, IBM 4341, and the G.
E. MARK IIl 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 LLORAN 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
improvements and enhancements in all aspects of data management in Time Service.

Redesinning the database on the mainframe computer is one of the realistic near future qoals of
the Time Service. Currently the database exists on a batch mode operating system. Although
this system is qood, the 4341 has acquired an operating system which is interactive in nature.
By chanqing the database so that it runs on this new system, the door is open to better utilize
the capabilitiers of the 434].
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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 HP1000'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/1 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 data available on the
MARK III shall also grow as the needs and desires of the timing community for easily accessible, - 1
machine readable data grow. Further automating the current data flow is also planned. Many .
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 dats, 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 1

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 3
the service provided for the Timing user community. By automating, or at least streamlining,
the routine dats 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 1
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!

UTCIBIHI-UTCII

EARTH ORIENTATION PARAMETERS
([UT 1, POLAR CORDINATESI

GPS TIME TRANSFER MEASUREMENTS

ASTRONOMICAL OBSERVATIONS
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FIGURE 1
REPRESENTATIVE SAMPLE of MONITORING STATIONS
7970 7980 7990
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0P  FRANCE NAVOBSY 0P  FRANCE
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HP  SWITZERLAND
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RGO ENGLAND RANGE, NM RGO ENGLAND
NAVSECGRU SCOTLANC NAVSECGRU ITALY
8970 9360 9990
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NAVOBSY NAVOBSY PMEL ELLENDORF
NOTSS RiICHMOND, FL NASA  FAIRBANKS
AGMC NEWARK AFS, OH SHEMYA AFB, AK
MBS 8OULDER, CO *DSCS  ELMENDORF
¥ INDIRECT MEASURE
FIGURE 2
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: USER # ACTIVITY/USER QUIK-COMM  ACRONYM 4
3 B
o RC28000 CATALOG ADMINISTRATOR (USNO) USNO - :
- RC28210  ASTRONOMY DEPT. UNIV. OF TEXAS, USA AUTA UTEXA -
E 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
L RC28265  INSTITUT FUER ANGEWANDTE GEODAESIE IFAG IFAG
y RC28270  SMITHSONIAN ASTROPHYSICAL OBSERVATORY SAOB SAO
1 RC28280 EARTH PHYSICS BRANCH, OTTAWA EPBR EPBR
3 RC283%00 CERGA, GRASSE, FRANCE CERG CERGA
! RC283%10  BIH, PARIS, FRANCE BIHF BIH ]
RC28311  INSTITUTO ELETTROTECNICO NAZIONALE IENT IEN .
RC28%14  INSTITUTO Y OBSERVATORIO DE MARINA -- OMSF :
L RC28316  PHYSIKALISCH - TECHNISCHE BUNDESANSTALDT  -- PTB :
‘ RC28317  NATIONAL PHYSICS LAB., TEDDINGTON, U.K.  NPLT NPL y
] RC28321  TOKYO ASTRONOMICAL OBSERVATORY TAOB TAO 4
: RC28%24 VAN SWINDEN LABORATORIUM, NEDERLAND VSLA VSL ]
: RC28339  TECHNISCHE UNIVERSITAT, GRAZ, AUSTRIA TECH TUG ]
; RC28350  SUB ADMINISTRATOR, 310 ~ 399 (BIH) -- -
- RC283%55  OBSERVATOIRE ROYAL DE BELGIQUE ORBB ORB ,
H RC28360  INSTITUT GEOGRAPHIQUE NATIONAL IGNF IGNF 4
3 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 L 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 i
'y
"
-
g
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LSND AUTOMATID DATA SEZ3WICE
TABLE OF MOST FREQUENTLY USEZ CZD2ES (@TCO)
(FOR MORE CODES SEEL EXPLANATIONS TN EACH CATEGORY)
XPLANATIONS (SER4,5,7,8,9) ........... ESERXP
: Notes of the last SER4 Bulletin .... €SER4LQ
LAST MESSAGE (AIGC 1300) ......vovenen.. €SERSO

Clder messages may be obtained by
appending the digit 1-9 for data age

for example: 5 day o0id message ..... €SERSS
SERIZS 7: Explanations for Extrapolation ..... €SERTO
PREDICTION OF UT, X-Y ...... ST €SERT
PRELIMINARY MC-UTC(USNO) ....unn.... €SERT73
EXPLANATIONS, GENERAL .. EEXP PTTI CONFERENCE NEWS ... @TTI1
SPIIIAL DAILY MEISSAGE ..  EDME TIME SERVICE DIRECTORY . @€DIR
CINIRAL PTTI MESSAGE ... €MES MAIL3BCX INFORMATION .... @MBXXP
ViF STATUS ... i éVLF VLF MAINTENANCE SCHED .. @VLFD2
VLF EXPLANATIONS ... .. evLFXP
CYMEGA STATUS ..o iiivens 6ONS OMEG. “CNITOR DATA ..... €ONSD1
OMZGA EXPLAKATIONS ..... EONSXP OMEGA ZFF-TIMES SCHED .. €0ONSD2
GPS STAETUS ..vvviivevnnn eGPs GPS TRACKING SCHEDULE .. €GPSD2
GPS IXPLANATION FOR DATA @GPSXP GPS B @GPSDu
GPS LATEST TIMEI DiTA ... €GPSD1 GPS FILE DATA ....... ... @GPSSL
TRANSIT STATUS ......... ETRA TRANSIT SE217 ....... ... @TRADT
TRANSIT EXPLANATIONS ... ETR2XP TRAKSIT FILE DATA ...... 6TRASL
TRANSIT TIME DATA ...... ETRADI TRANSIT SAT. VISIBILITY ETRAVS
TRANSIT NCVA DATA ...... €7RAD2
LORAN STATUS ....... e... ELOR LORAN REZAL TIME MEAS ... eMw
LORAN EXPLANATIONS ..... E@LORXP LCRAN FROPAGATION TIME,
DIPZCTION & DISTANCE ... €LDX
700 FO® LORAN OR TV .... €T0OC TV EXPLANATIONS ........ eTVKXP
(TI“E OF COINCIDENCE) WITG=TV CH-5, MEAS ..... €TVL

NETwWORK TV MEASUREMENTS €TVK

PORTABLE CLOCK DATA:

MEZASUREMENTS ........... eMPC SCHED. OF NEXT TRIP .... @MPX
SCHED. OF CURRENT TRIP . E€MPN TENT. PC TRIP PLANS .... €MPT
NBS DATA: CPERATIONS CONTROL:
NBS EXPLANATIONS ....... ENBSXP FOR SZTAILS AND CODES .. €@OPSXP
NBS STATUS OF GOES ..... €NBSGO USNO PUBLIC INFORMATION: €STAXP
REAL TIME MEASUREMENTS: PREDICTIONS & COMPUTATIONS:
EXPLANATIONS .......... . E@RTMXP SIDERIAL TIME .......... @€STI
LORAN (4 CHAINS) ....... €MLO MJD/WEEKDAY ............ @€@DAT
UTC TO «/- SOMS ..... oo @TIM SUNRISE, SUNSET,
TIME SIGNAL EXPL ....... €TSF TWILIGHT FOR ANY POINT ., €SRI
SUNRISE PROG. EXPLAN ... @SRIXP
TV READINGS (AVERAGES): LORAN PROPAGATION TIME,
WiTG WASHINGTON, DC .... @€TVM DIRECTION & DISTANCE ... €LDX
N3C " «ees  ETVN STANDARD TIME ANYWHERE . @STTXP
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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

ABSTRACT

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
1 January 1983 and achieved good accuracy in time comparisons.
e 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
€ Ceneral Electric (GE) Mark III system. By this means, the
cesium clocks in the asian region will be related to TAI with
better accuracies.

INTRODUCTION

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 Lurope, 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
rl signals with sufficient accuracy. The Global Positioning System (GPS) is

considered to be one of the most promising msthods for time transfers on a
worldwide basis at the ten-nanosecond level.# Regular time transfers by the
(PS will make it possible for the asian clocks to contribute information into

the TAT.
° Tokyo Astronomical Observatory (TAO) performed a test operation of a GPS

with the U.S. Naval Observatory (USNO). During the test operation, a clock
comparison was made by a USNO portable 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
] reliability of rontinuous operation. From April 1983, regular receptions
! of the GPS signals were started and the results are transmitted every week
4
|
l

[ timing signal receiver and achieved good accuracy in time comparisons
b
»

on the General I'lectric (GE) Mark TII system.

j This paper will deal mainly with the results of time comparisons with USNO by
r (DS,
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GPS TIME TRANSFER SYSTEM

The GPS receiver used at TAO is a Stanford Telecommunications Inc. (STI)
Time Transfer System Model 502 (TTS 502), for which a detailed description
was given at the thirteenth annual PTTI meeting.3 The system automatically
acquires and tracks the L1 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.

g Through an RS-232C port, all necessary information for calculation of the

e time error, obtained from the received data, are output to external periph-
i 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.

f GPS 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. FExamples are shown
c in Figure 1 and 2. The former contains almost all of the measurements made
1 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
e 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 GPS time against the UTC(USNO) is approximated tentatively by a

P broken line, denoted as REF(t), and both of the values UTC(TAO)-GPS and
UTC(USNO)-GPS are corrected (subtracted) by the quantity REF(t). The :
results are shown in Figure 4. The upper curve, UTC(TAO)-GPS-REF(t),
approximates UTC(TAO)-UTC{USNO) and the lower curve, UTC(USNO)-GPS-REF(t), :
shows the errors of the approximation, as well as transmission/receiving j
errors in the GPS clock link. X

L A ST
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The former curve ic comparable with that in Figure 5, which shows

UTC (TAO) -UTC(USNO) obtained from the GPS receptions in a common view modc,
where the data of the same SV were measured by both observatories within

4 minutes. The values of UTC(TAQ)-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 GPS 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)-
(PS at the different sidereal times are different from each other.

The conditions in the alternate measurements are quite different. In our
case, 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. Tigure 7 shows raw (every 6 seconds) data of UTC(TAO)
-GPS during continuous tracking (about 6 hours) of the same SV.

Illevation 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 (JST). From the figure, correlation is not as obvious between the
variation of the time difference data and the above mentioned conditions.

Irrors in the estimation of satellite position from the transmitted ephem-
ceris may be énother possible cause of the variations as was pointed out by
lePCuVHSkl

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

COMPARISON WITH A PC TIME TRANSEFER

huring the test operation, a USNO Portable (lock (PC) team made a clock
comparison between the USNO and the TAO. Table 1 shows the results of

comparison of the PC trip and the GPS time transfers.® Difference of 113 ns

(average) between the GPS and PC determinations for UTC(USNO)-UTC(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 the
values of time comparisons by GPS seem to be 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.

SUMMARY

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 cesium 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.

Further 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

t _ COMPARISON OF PC TRIP AND GPS TIME TRANSFER

[ ]

s 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

a 18 October 0131 -6147 -6263 116

{ 18 October 0542 -6142 -6260 118

& 18 October 2106 -6154 -6230 76

E; average 113 ns
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International Precise Time Comparison

at Tokyo Astronomical Observatory

(UTC(TAQ MC) - Signal)

NO. 83- 4

25 Global Positioning System(GPS) =x

SV#S

MC-GPS UT=x

2.359(112900)
2.325(112500)
2.339¢112100)
2.364(111700)
2.322(111300)
2.276(110900)
2.311(11050Q)
2.295(110100)
2.323¢105700)
2.301(105300)

2.303(104900)
2.271(104500)
2.291(¢1046100)
2.263(103700)
2.261(103300)
2.269(102900)
2.274(€102500)
2.271(102100)
2.212¢101700
2.266(101300)

2.267(100900)
2.151¢100500)
1.670¢201200)
2.215¢095700)
2.195¢(095300)
2.129(094900)
2.178¢094500)
2.160¢(094100)
2.182¢(093700)
3.183(093300)

2.146(092900)

Date
1983 MJD
10 1 45608
2 45609
3 45610
4 45611
5 45612
6 45613
7 45614
8 45615
9 45616
10 45617
11 45618
12 45619
13 45620
14 45621
15 45622
16 45623
17 45624
18 45625
19 45626
20 45627
21 45628
22 45629
23 45630
24 45631
25 45632
26 65633
27 45634
28 45635
29 65636
30 45637
10 31 45638
FIGURE 2
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SV#é

MC-GPS UT=x

2.334(173000)
2.313(172600)
2.307(172200)
2.2854171800)
2.288(171400)
2.291(171400)
2.284(171000)
2.241(170600)
2.262(€170200)
2.264(€165800

2.252(165400)
2.297(061400)
2.293(061000)
2.289(060600)
2.285(060200
2.277(055800)
2.283(055400)
2.251(055000)
2.242¢054600)
2.252(¢054200)

2.233(053800)
2.226(05340Q0)
2.209C052600)
2.203(052200)
2.196¢051800)
2.187¢051400)
2.197(051000)
2.187¢050600)
0.102(050200)

2.178(045800)

Svag

MC-GPS UTs=

2.356¢071700)
2.362(071300)
2.351¢070900)
2.327¢070500)
2.307(¢070100)
2.321(065700)
2.322¢065300)
2.302(064900)
2.324(064500)
2.297¢064100)

2.298¢063700)
2.292¢055800)
2.301¢055400)
2.286¢055000)
2.278(054600)
2.262¢054200)
2.267¢053800)
2.247(053400)
2.235¢053000)
2.243(0526000

2.226¢052200)
2.211:051800)
2.201(¢(051000?
2.190¢050600)
2.186(050200)
2.179€045800)
2.178(045400)
2.164¢045000)
2.153(044600)

2.155(044200)

—

A MONTHLY PUBLICATION ON TAO GPS DATA
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Residuals of a linear fit
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RAW DATA OF UTC(TAO)-GPS (6 HOURS TRACKING)
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Paper #6 was not given.
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SESSION II

GPS TIME TRANSFER

Capt. Demosthenes Galanos, Chairman
United States Air Force
Airforce Space Division

CALL 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.
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FIRST RESULTS OF GPS TIME TRANSFER TO AUSTRALIA

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

ABSTRACT

A GPS time transfer unit built by NBS under contract to
JPL was installed at Tidbinbilla Deep Space
Communications Complex of the NASA Deep Space Network in
June 1983, It has been used to estimate the
relationship to UTC(USNO MC) of the Tidbinbilla
frequency and time system TID(FTS) based on a hydrogen
maser, and thence to estimate the performance of the
Australian free-running time scale UTC(AUS). Data from
the first three months has been analysed three ways: by
two-hop "common view" using JPL as intermediary; by
"long-arc" interpolation of measurements against space
vehicle clocks: and by "long-arc" interpolation of
GPS-Time results. Residuals from a single quadratic fit
through three months of UTC(USNQ MC) - TID(FTS) results
were white noise with standard error 15 ns, and a flying
clock measurement gave 70 ns agreement. A straight line
t'it through results UTC(USNO MC)Y - UTC (AUS) gave 90 ns
standard error and 120 ns agreement. 1t is proposed to
use the GPS measurements to steer UTC(AUS) to UTC(BIH),
and to rename the existing time scale TACAUS).

INTRODUCTTON

A Global Positioning System (GPS) Time Transfer Unit (TTU) built by US
National Burcau of Standards (NBS) “or the NASA Deep Space Network (DSN)
wias installed at NASA'S Deep Space Communications Complex 4243 at
Tidbinbilla ATID)Y in late June 1993, It was turned on in July and has
operated correctly from that moment.  Its principal function of interest
here is to monitor the performance of the Tidbinbilla Frequency and Time
Svstem (TTDOETS Y which was derived trom a SAO Model VLGID hvdrogen maser
Pig Jurine the period to Noveaber 1953, The basic results recorded are
the time intervals between TIDCFTS) | pps and the timineg marks broadceast
tfrom the clocks on board cach GPS space vehicle (SV), corrected in real
time for propacation Jelav calcenlated from the on-bourd ephemeris
rransmiteed by cach SV oand an assumed position tor the antenna:
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AD-A149 163  PROCEEDINGS OF THE ANNUAL PRECISE TIME AND TINE
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A = 148958'48"2018 E
¢ = 35%°24' 8"0444 S
h = 665.54 m

Also available is the time comparison between TID(FTS) and the GPS 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.

Lo S 2
' . .

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.

i

g o
-

T

:I The "common view" method in which both stations take measurements

A 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-"common-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 SYSTIM
Equipment

The GPS equipment installation at the Canberra Deep Space Communication
Complex (CDSCC), Tidbinbilla 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 selcction 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
rezeption range (usually above horizon). It is also necessary to set the
~wwstem'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 ]
| L
100 MHz I.F. ]
FTS 5 MHz b
RECEIVER j
1
]
POWER SUPPLY b
"
4
: starr  |STOP
L FTS 1 PPS ____EO_Ul\_J_T.ER_____J ]
3
-E. 1
L MICRO PROCESSOR i
‘~.

! ,1
g PARALLEL T } ]
F CEYBOARD | NTERFACE RS 232 oRINTER 1
tf :
q RS 232 MODEM f

- *™ PHONE "
K 4
[ Figure 1. GPS equipment configuration at Canberra Deep ."'
3 Space Communications Complex, Tidbinbilla. Y
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Figure 2. GPS receiver installation at Tidbinbilla.
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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 calculatiorns 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
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,
relativistic 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

. . . - d
Observation Offset(a) Rate(b) Drift/2(c) Av Time(t) St
us us/d us/d/d MJD Er::r(d)
TID(FTS)-SV(5) 188.236 0.213022 0.00009463 5571.18 0.01
TID(FTS)-SV(9) 15.8090 0.075300 0.00022562 5572.31 0.01
" UTC(USNOMC)-SV(5)  180.642 0.144689 -0.00009541  5575.53 0.05
’
E UTC(USNOMC)-SV(9) 7.562 0.007514 0.00004740 5575.20 0.03
f
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SFACE 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 1 in the form:

TID(FTS) - SV(i) = a(i) + b(i) * (t - t) + c(i) * (¢t - t‘)2 (1)

and similarly for UTC(USNO MC) - SV(i), where a(i) is the offset at the
mean time €, b(i) is the rate at t and c(i) is half the drift rate. The
standard errors of residuals o(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 siuace 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
shown in Figure 8, on which is also shown the value

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

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

Straight Line Fits to TID(FTS)-GPS TIME

|
1
|

SV# Offset(a) Rate (b) Av.Time(t) Std.Error(o) Smoothed Between
us us/d MJD us
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 J
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 5580 ]
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 5580 5504
8 10.377 0.06552  5592.04 .02 5589 5594
9  10.327 0.06830  5592.19 .02 5580 5594
5  11.060 0.14007  5598.07 .03 5504 5601
6 11.094 0.13991  5598.09 .03 5504 5601
8 11.102 0.14669  55908.02 .03 5594 5601
9 11.047 0.14017  5598.17 .03 5504 5601
5 11.763 0.08500  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

Straight Line Fits to UTC(USNOMC)-GPS TIME

; SV# Offset(a) Rate (b) Av.Time(%) Std.Error(o) Smoothed Between
s us/d MJD us

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
] 0.392 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 0.00048  5592.45 .03 5589 5594
6 0.613 0.00622 5592.39 .03 5589 5594
8 0.639 -0.01150 5592.44 .01 5589 5594
9 0.620 0.00603  5592.44 .03 5589 5594
5 0.911 0.05304 5598.45 .02 5594 5601
6 0.886 0.05647  5598.37 .02 55904 5601
8 0.920 0.05879  5598.43 .06 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 0.00605  5604.91 .01 5601 5607
5 1.084 -0.00600 5613.41 .01 5607 5618

L 6 1.074 -0.00405 5613.61 .02 5607 5618

t— 8 1.091 -0.00438 5613.64 .01 5607 5618

l 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 TIME, space vehicles 5 and 9 (see Table 1).
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' Figure 5. Residuals from quadratic fits through raw data UTC(UNSNO,MC)
. -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,
q 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 using each space vehicle separately. Their parameteors are viven
in Table 4. and the residuals therefrom are shown in Fisure 9. Residuals
trom the "consolidated” time transter are shown in Figure 10, and the
Allan variances of these residuals are displaved in Figure 1t 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 1 contains their guadratic parameters,
Figure 12 shows their consolidated Allan variances, Fisure 137 the
individual residuals and Ficure 14 the consolidated residuals.

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

COMMON VIEW MEASUREMENTS

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 simultanevus observations should remove their effects. The
geoeraphical locations of Tidbinbilla and USNQO make '"common view"
observations impossible, so a two-hop scheme is necessary. In this. the
oPs TTU at JPL's Joldstone Radar Net {(GRN) has been taking meausrements at
the same time as USNO (to within ten minutes) and also at the same time as
Tidbintilla (to within one minute) each dayv. The hydrogen maser based
timing system at ORN has a rate of about 20 ns ‘day but is assumed here to
be error-tree in relating the two sets of measurcments. Then:

UTCOUSNO M) = TIDCFTS)  [UTCOUSNO MC) - JPL] - [TID(FTS) - JPL]  (2)

Results from GPS TIME averaged over all space vehicles are shown in Ficure
15, and restduals from the quadratic fit whose parameters are given in
Table 1 are in Figure 1o, Ficure 17 shows the results in the vicinity of
the 1 October tlving clock measurement. while Figure 1N gives Allan
variances atter the quadratic curve has been removed.

Freure 10 copies Figures 10, 14 and 1o to show the residuals by each of
the three methods on one eraph. It can be seen that the "common view"
results have some spikes not visible in the other results, but that
otherwise the results are quite similar. It is noteworthy that the
statistics given in Table 4 for "lone—are™ usine SV TIME and using GPS
TIME are very similar, and differ by abour 170 ns in offset and 2 ns - day
In rate from the "common view" results whose standard error i< also
somewhat larger. It is therefore evident that the greater a® aonpheric
etffects caused by the "common view" method in this case outweigh the clock
modelling errors of the "long arce" method.
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Figure 8. Interpolated UTC(USNO,MC)-TID(FTS) using GPS TIME
from space vehicles 5, 6, 8, 9 together. 1
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b Figure 9. Residuals from quadratic fits through interpolated 1
i 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 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 l4. 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 Cctober 1983.
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Figure 16. Residuals from quadratic fit through common view

results UTC(USNO,MC)-TID(FTS), averaged over GPS TIME
from space vehicles 5, 6, 8 and 9 (see Table 4).
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and long-arc SV TIME (Figure 10).

6.00 T T T T T T
d\\ﬁ\\ VIA TV
.75 v\“ =
3.50 - =
2.25 i
1.00 1 1 ] L ] L
5525 5539 5553 5567 5581 5595 5609 5623

MODIFIED JULIAN DAY

Figure 20. UTC(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 TID(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 in arrear. It is thus feasible to accommodate the
delays in gathering GPS data and reducing them to a common time such as
Oh yTC 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; at a given time, and let the

measurement against the local TV (corrected for propagation delay) be 1;:

1 = x4~ TV , i = 1, 2,..., n. ()
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TABLE 5

Contributors to UTC(AUS), July-October 1983

b
LL..L_k —l e w A A v a0 et LU L A IR S U U, SR S A

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
IO'” T 1 1 T T I 1 |
+
10°12 + .
~ +
> .
~13
10 + -
+
1 1 1 L 1 i 1 1
| 2 4 8 16 32 64 128
DAYS
Figure 23. Allan varilances 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 - UTC(AUS), which
appears in the torm of a set of results zy

X—Xi L1 1.2, s, N (4)
X - TV

i

ton

O

taking into account weights pj for each clock according to some
pre-arranged criteria. This is achieved by invoking the fundamental time
scale equation [Percival, 197%]:

n R

z Az, -z, -

icp Pit=i 1) 0 (5)
where fi is an unbiased prediction of UTC(AUS)-x; at the time of
observation [Luck, 1983]. There are n observations and one condition
available to solve for the n + 1 unknowns zs, 21, Z2, ++., Zp.

Now suppose that an external observation lg is available on one of the
clocks X1 (Tei) against the reference time scale R, e.g. R = UTC(USNO MC):

1T - R - X7 (6)

and impose the steering condition:
X - R (7)

i.e. UTC(AUS) - 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:

]T - T ., Tei
n 1y - zo- %4 , 1 - 1,2, ..., n (%)
T -~ - =z =0
1=1 pi("i “1) ¢

which can be treated by standard least squares methods; a weight pT should
be assigned judiciously to the external direct observation lg. This
tormulation can be readily extended to cater for the hypothetical
situation in which several GPS units, or indeed any other international
time transter systems, wore operating in Australia.

When this sugeestion has been investicated and implemented, UTC(AUS) will
be trulv a coordinated scale of Universal Time. Removal of the direct
external observationts) Iy would restore it to its current position as a
true tree-runnineg time scale., more appropriately designated perhaps as
TACAUS) vet recularly monitored against TAI. [t is proposed to run both
solutions onve certain prediction and weightine biases in the UTC(AUS)
aleorithm have been removed.
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CONCLUSTON

It has been Jdemonstrated 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.

T T T
-

The first practical application of the method has been the determiqation
of the drift rate of Tidbinbilla's hydrogen maser as 4 parts in 10 3 per
day. 1

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(USNQO MC) or to UTC(BIH). It is

CWITV———.

, also now possible for a wider community to use Australian clocks for d
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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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-
1ite 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) 1imits 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.

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
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.
between these error sources, differences of opinion have often arisen as to

cases.

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.
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.[1l] 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
uncorreiated 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 t.ie 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 ong cap use thgse pairs

of measurements to estimate the individual variances (o., o, a@d43 & of the
. . X . 1 g k

téme series from the variances of the pairs of measurement (Gi" [P and

ojk). The variance of each time series is estimated as follows J

2 2
o = (055 * oy

2

%5k )/2, (1)
and one permutes the i, j, and k to obtain 0.2 and o 2. A problem which
sometimes arises with this technique is that the estima%ed variances are nega-
tive. This may occur when there are too little data or there are apparent
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 1ist these for satellite i.

X

*REF-GPS! “REF © *pe, ~ cL! GPS (2)

“REF-svi T *REF T ¥pE. T Xsv. (3)

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

= %eps T ¥cLy T sy, (4)

X 1_gQyt

GPSi SVi
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:

Xorp_ppet = X + Xag (5)
REF GPsij PEij CLij

XREF-SV! . = *pE.. * Xsv. .’ (6)
ij ij ij

where the ij subscripts on the right of equation (5) and (6) denote the differ-
ences (j-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:

_ 2 2 2 2 2
1. 7 ReF-GPs:™ OREF * pE, * UCL%+ OGPs
2 2 2 2 2
%2 = O per-svt - OReF * %pe. T Osv.
b | 1 1 1
o2 < g2 SR S
3.5 9psi-svt = 9ps * %cLr * Ty,
b ] 1 1 1 1
2 2 2
g - i =aqg + g ]
REF-GPS! . PE; Ly
2 2 2
Opcc_cyr = O + o
REF-SV! | PE; SV

(7

(8)

(%)

(10)

(11)

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.
addition we can use equation (1) to estimate the variances for i, j, and k

separately from (10), and (11) respectively:

2 2 2
O4. = %%, T o0t
k] 1 1

2 2 2

(¢} = g + 0o
5 PE. SV,

(12)

(13)

In

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:

o] 1 1 o0 1 1
o 1 0 1 o 1
o [=]o 1 1 1 o |-
o2 o o o 1 1
o T T S
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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.
- o 1 o0 o -1 o
2 _ _ 2
OGps 1 1 0 1 1 o,
- X, =% % % o o o (15)
0(2:1_. -k % % 1 -1 03
;'I o2 5 % % 0 1 o2
PE [i.,j,k 5 Ji,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:
L}
- 2 2 2
ORep. = 9.~ O¢ (16)
i i i
2 _ 2 _ 2 _ 2
%ps, - %1, %2.7 % * %, (17)
i i i i i
; ogv =% (05 +o0 +o§) (18)
! i i i i
X 2 _ _2 2 2 2 _ 2
Ocpy =% (foy +0y +03) o, - Og (19)
hi i i i i i i
2 _ 2 _ 2 _ 2 2
) Opg, = % (0) "0y - 03) *+ 05 (20)
{ i i j i i
The subscript i on REF and on GPS, clocks which are totally independent of the
1 satellites 1, 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 average or a moye sophisticated étatisggca] (e.g.zweighted) average of
r the OREFi’ Opgr » and OREFk’ and of the ogp ogps » and OGPSk'
! 1
[ The Allan variance fulfills the criterion that %he variance used be a well
1 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
° to characterize a process. The only criterion on the sample time is that it
i 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.
o
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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 MID 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
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-
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).

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 1lst 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.

A1l 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
(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 C]ocﬁj? minus Space Vehicle Cesium 5 with a fre-
quency removed of 1.66 parts in 107 .

Figure 4 is NBS Clock f&minus 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 middie of the data to the
last part.

Figure 5 shows the NBS Clock 9 minus SV-8 with the time reset occurring 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_{it and a mean time from the gf*a. The mean frequency
removed was .3858 x 10 ~7. 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 resiEua]
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 o _(t) plots as estimated from the separation of

variance analysis technique. As shown earlier this technique allows one to

estimate the contribution of the individual noise components to the stability.
Figure 9 is the frequency stabi]i}y of the GPS steered clock which appears to
be of the order of 1 part in 1077. An interesting phenomenon is observed in

the long term, namely that the o (1) values tend to decrease which is indica-
tive of the long term steering Jf 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 vehicie 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#11l, the newest addition to the GPS consteilation. This space
vehicle is now operating with a rubidiumiﬁfandard. 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#11l 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

like that where 02 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:
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.
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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 - ! 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.
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ENHANCEMENTS TO THE TTS-502 TIME TRANSFER SYSTEM

Dr. A. J. Van Dierendonck
y Dr. Q. D. Hua
L 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
L and new options providing a corrected 5 MHz output that is phase
. - coherent with the 1 pps output, and prcviding an internal Rubidium
FII Oscillator.
- i The Positioning Algorithm was developed because not all time transfer
= users had the luxury of the Defense Mapping Agency's (DMA) services
1 for determining their position in WGS-72 coordinates. The enhanced
L TTS-502 determines the GPS position anywhere in the world, indepen-

- dent of how many GPS satellites are concurrently visible. However,
‘gli convergence time to a solution is inversely proportional to the
| number of satellites concurrently visibie and the quality of fre-
1 quency standard used in conjunction with the TTS-502. Real world
3 solution results will be presented for a variety of cases and satel-
¢ 1ite 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.
{V A Time and Frequency Solution allows for the output of a time cor-

A rected 1 pps (to GPS time or UTC) and a frequency corrected 5 MHz
- (and 1 MHz) signal that is coherent to the 1 pps. This is offered as
} an inexpensive option.

f To make the TT5-502 a stand alone system somewhat independent of GPS
= satellite visibility, an option is also offered where an internal
L

% 133




=TT

.'TY.;

————

......

- . .
.....

Rubidium Standard is included in the TT7S-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 additicn 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
wish to have on outside service (such as DMA) to survey their
position.
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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 Irjangu1ar
Diagonal) Covariance Factorization method of Bierman. 4 However,
for the purposes of this paper, the Kalman Filter implementation will
4 be described because square root implementations are somewhat dif-

q ficult to illustrate. The reader should refer to Reference 4 for
those details.

PRy ey B
T e e T

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
Jl 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 X_, Y_, Z_ at to in ECEF
(Earth-Centered-Earth-Fixed) Coordinates (meters) is taken
to be the position stored in the TTS-502B non-volatile

™

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

[ - . .
3 2) The initial clock time offset and drift (st , af ) are taken
2 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.

-
|

®

S
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The filter is a five state filter, Its initial state
estimate is

xo
Yo
- Z
50 = 0
At
Yo
at”
)

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 based
upon worst case offsets that might prevail with the fre-
quency standard to which the TTS-502B is being slaved. The
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

[, |
g
XO 02 O
° °A§
uO
(:) UA%
u0
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Filter Measurement Application

1) The measurement matrix HK(X;) is computed at time tk as a
5x1 column vector (T = transposed)

) - T T

where the 1x3 line-of-sight vector is

. K
hos, " |7 ' % %
k

where X_ , Y_ and Z are the ECEF coordinates of the
Sk 5k Sk
¢ . . .. .
satellites at time ty less signal transmission time;

vy v

”

X Yk and Z; are the position estimate predicted from the

k’
time of the last measurements ty-1» where

> bahin e a4
. ,~“ ‘e

3 Xe = Xeeq

S P

3 e = %

= -

o L = Ly

= and the range estimate R; is

g

b i _ / '2 J2 '2

@ Re = (xs 'xk) * (Ys DU (Zs 'Zk)
- Kk K k

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

] 2) Compute the pseudorange measurement residual variance @, as
@

L-. I ” T_n

h =

: o = H(EK) P B + ]

p
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where Pk is the predicted error covariance matrix at

time t_and § is the pseudorange measyrement noise variance
taken Eo be a constant at (15 meters)”.

Compute the Kalman Filter gains vector Kk (5x1) where

Update the error covariance matrix incorporating the
measurements at time tk

Pk = [I - Ky Hk (Ek)] Pk

where | is a 5x5 identity matrix,

Compute the measurement residual sn at time tk as

Gmk = PR, - PR

K K

where PR, is the pseudorange measurement at time tk and ﬁkk
is the pFedicted pseudorange measurement, where

PRk = Rk + (Atu t T - At )oc

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

k

Update the estimate of the state vector X, at time t,» where

»

e = XKer K amy
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At this time the TTS-502 computes the change in state since
the first iteration (to) as

s, = X - X

and the filter one sigma position uncertainty o » where
k

g = P + P + P
p llk 22k 33k

Kk
where Pii is the iith entry of the error covariance

Kk
matrix, The TTS-5028 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+1)’ the TTS-502
computes

Bty = Yar m %
and sets

b * Y

It then updates the estimates (predicts), where

X 5 %X,

where ¢
as

K is the state transition matrix at the time tk yiven

2,0
L O 1 &«
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The error covariance matrix Pk is then updated as

- T
Pe ® % Py &t O

where Q, is the process noise matrix modeling the character-
istics Bf the frequency standard to which the TTS-5028 is
slaved. That is,

r -

0

! @)
0
Q -

K <::) 44 95
a5 Y55
L .

where, in general,

4
h 2 at
_ N 2, 2n 3, 2 8%
Ggq = 7 Bty * Zh Bty + Ty NpAt +oop 7
3
at
) 2. 2, 2%
Qg = 2n_ 8t + wPh_atp + o —
_ 2 2., 2
A = h_llnAtk + 2w h_zAtk * oo Atk

where ho, h_1 and h_2 are Allan variance spectral density
coefficients (5) and % is the one sigma frequency standard
drift rate in seconds/secondz. These variabies 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 (to), the TTS-5028
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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 g?sted 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 auymented the HP-85 to
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
package.

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.

A1l tests were run using a crystal oscillator as the frequency
source.

Algorithm Stability

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 fram the plots of R.S.S. position error in Figure 1, where

i 7 7 3
PrRss = '[(xk'xT) (Y Y)T + (Z-2g)
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where Xy, Yy, Zy is the DMA surveyed position at Sunnyvale, CA. In
this plot, a fi{ter 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
chanyge was made,

When satellites were changed every 4 minutes, ultimate converyence 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
siynificantly. However, it could alsoc 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,
b the tracking schedule must be stretched in order to effectively
achieve a good geometry over a period of time, takiny 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 changyed once an hour. The converygence time for this
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particular case of three satellites is about 4.5 hours and about 80
minutes lTonger 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
also simulates a solution at a location where four satellites are not
5 visible simultaneously because the fourth satellite was acquired

b 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

e satellites,

Converyence (Criteria

Fortunately, for testing purposes, the location of the TTS-502

{ antenna was known for the results described above. However, that
¢ would never be the case in the field for those using TTS-502B for

4 determining their position. Therefore, a criteria was established
‘ for determining convergence, which is described below under the

X heading "How to Use the Positioning Feature of the TTS-502B8." That

procedure states to let the Positioning Algorithm run until the
L uncertainty level in the 35IGMA column drops down to 2-3 meters, where
‘ SIGMA is the filter sigma 9 defined in the equations presented

k

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

to the 2-3 meter level because the positioning estimates were turned

’;‘ off when 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
f described below.
;j A NEW TIME-FREQUENCY SOLUTION
g 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)
T over a specified period. That fit period had a maximum value of 4
[ minutes (40 six second samples).
3
@
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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 Positioniny Algorithm defined above. In fact, a
T1me-Frequency Solut1on is part of the state vector of the position-
ing filter (at , at It is not desirable, however, to solve for a 1
position durlnﬂ t1mg and frequency transfers, primary because, as ]
stated earlier, positioning is not always poss1ble. Besides, the
time solution 1s diluted by TDOP (Time Dilution of Precision) when
solving for a position,

L 3

Therefore, a "time-only" filter solution has been implenented in the ‘
TTS-502B, This solution uses the same algorithms (5 state filter) ;

}

- . e ; ; ) 1

‘ and software used in the Positioninyg Algorithm with the followiny

g modifications. First of all, a position is assumed, taken to De 4
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 ‘
t a "time-only" solution is selected. From that time on, the measure- j
q ment matrix is defined as

HE) = [0 001 0]

" indicating that the measurements from that time_ on only measure time
; offsets. Since the initial covariance matrix P_ has no state cross- 1
- correlation entries, there will be no cross cou811ng of the measure- '
ments into the positioning states, except for the definition of the ]
range estimate Rk used to define the measurement residuals.

ii Using the definition of the process noise matrix Q,, the time
constant of this time-frequency filter adapts to the type of fre-
quency standard being used, In fact, the solution will be near
optimum given that the Q, 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 lonyg time constant as the filter converges on the time
frequency solution, This time constant adapts to the type of
frequency standard beinyg used and is much longer than the maximum 4
minute fit span of the previous, but still available, polynomial
‘ fit. In fact, previously noticeable measurement quantization effects
are no longer noticeable using the new Time-Frequency Solution, ~
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HOW TO USE THE POSITIUNING FEATURE OF THE TTS-5028

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-5028
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 deyree to get more
visibility and better geometry.

2. Use the HV command with P (print) option to yet a copy of
satellite visibility histogram to help set up a tracking
schedule,

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.
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L] After setting up a schedute, use the IS command to enter the
i 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

Lo s o

There are four new options available that can be added to the TTS-
5028. These options are:

v

1) Option 001-RL - an Internal Rubidium Qscillator
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2) Option 001-RH - an Internal hiyh Precision Rubidium
Oscillator

3) Option 008 - - Coherent 5 M4z and Corrected 1 pps Output

- 4) Option 009 - - Antenna Cable with Customized Length up to
(] 200 ft,

Internal Rubidium QOscillators

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 TT75-502B 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 (o ) at
=100 seconds is,3x10" . Option 001-RH includes the Efratrof FRK-H,
where ¢ = 1x10° at t = 100 seconds, For a nominal five hour
. period §f satellite nonvisibility, those numbers translate into time
(4 drifts of about 65 and 22 nanoseconds (one sigma) for the RL and RH
options, respectively, essentially making the TTS-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-5028B
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
presented in Figure 5,

°

. When this option is beinyg used, any external 1 pps is ignored. The

aE T1S-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-

" 5028's solution., Since that corrected 5 MHz is used to derive the

o
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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 1 pps outputs, a corrected 1
MHz output is provided. Both the 5 MHz and 1 MHz outputs are passed
through crystal oscillator pnase lock loops to reduce the harmonics
and spurious components of the siynals,

Antenna Cable

The standard length of the TTS-502B antenna cable is 82 feet (2%
meters). Option 009 provides customized antenna cable lenyths of up
to 200 feet for a nominal charye, 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

Hardware-wise, the only difference between the TTS-502 and the TTS-
5028, 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 Alyorithm 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 LR], 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 Qutput option is used to output a formatted data
cateyory associated with the given command to the auxiliary RS-232-C
and/or the GPIB busses.
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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 Commands

The following is a summary of new commands:

1)

2)
3)

4)

5)

6)

7)

8)

9)

10)

bp -

ur -
ue -

HV -

bV -

b -

S -

P -

SK,FK -

SP,FP -

Displays all operational data base parameters --
see example in Figure 7,

Displays UTC/GPS parameters.

Computes UTC-GPS time difference at a particular
time,

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

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

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

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

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

Perform time transfer operation using square root
filter to produce time and frequency estimates.
SK uses semi-automatic schedule; FK uses fully-
automatic schedule,

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
previcvus SP or FP command. With Replace option,
that position will be stored in non-volatile
memory to be used as reference position.

g 12) CB - Stops the "beeping" alarm.

.

7 13) 7?7 - Displays format of a particular command.
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TTS-502B's 32 COMMANDS
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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 presentiy in the final
stages of development. Integration of the latest
technology in comporient 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 Freguency 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 WG5-72 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.

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 1 lists the specifications for these signals.

The main unit can be powered by 110/220 volt AC or external DC from 20-35

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.

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 control 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 sateliite. 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 1 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 WG5-72 coordinate system.
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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 100 nano-
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 beam

standard, less than 100 nanoseconds can be assured on a continuous basis.

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

TIMING STABILITY:

FREQUENCY ACCURACY:

FREQUENCY STABILITY:

SIGNAL OUTPUTS:

Ty o PSR (RIS S 4 v 4 A BNl T A B g e A Aah Sutey

TABLE 1

TRIMBLE 5000A SPECIFIiCATIONS

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.

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

1 part in ten to the eleventh during satellite
tracking.

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

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.

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 dB8.
Phase noise -140 dBc @ 1 KHz.

1 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, 1 PPM pulses.
3 volts into 50 ohms.
Positive pulse, dc coupled.
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SIGNAL [INPUTS:

COMPARISONS:

1/0:

POWER SOURCES:

DIMENSIONS:
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10 microsecond pulse width minimum.
10 nanosecond rise time minimum.
Programmable phase, 4 nanosecond steps.

10 MHz, 5 MHz, 1 MHz sine waves.
.3-3 volts rms into 50 ohms,

1 PPS, 1 PPM pulses,

3 volts into 50 ohms,

Positive pulse, dc coupled.

10 microseconds pulse width minimum.
10 nanosecond rise time minimum,

Frequency comparator - Two parts in ten to the
eleventh in one second.

Time interval - 1 nanosecond, single shot.

RS 422
GPIB (IEEE 488)

90/130, 180/280 v ac, 45-440 Hz, 150 va
20-35 v dc, 60 watts

Internal battery, 1 hour standby

Coaxial Cable - 20 to 200 feet

Receiver/Source = 7" x 17" x 17"

166




G o
Y
£ 378Vl 2z 38Vl .“
" 31N 0061-008T
. €861 ‘61 AON 3
3 S UVLISAVN
|
2 : . = |
g g 0 X 11 00€ e 00 X UL 00€E
3 g 00 X ¥°1 0ot opo 00 X 97 oot ,
g 00 X 12 o€ op_ 00 X 9°€ i3 |
: g 00 X 62 ot 5p- 00 X L9 ot
” (L)Y (soas)L () Ao _ (soas)L
ALTIIEVLS ALTITEVLS |
- R
: INIWI L AJINGNO 44 4 N
— - - - : — 4,
L 4...).A o ® Y “
| R L bt POy S et " p—




T-.‘!J--JH —

T ——

v

S ars o v o

. ¥ 3718v1
i SSH SONOJISONVYN S22 40 AINIVIYM3IONN - £
SONCJ3SONVN 002 40 ALINIVIM3ONN - 2
i SONOJ3SONVN 00T 40 AINIVIM3INN - T
J9su oesn oasn sesr
08 Sy I 2L '6¥ 60 IS g |[G6:91 gEg-10-2!1
0s Sy I cL ‘6% ¢l IS £ 11S8:9] gE8-0E-T1
0L =3 201 2L ‘6% gl °1s € 118:91 €8-62-11
08 Syl cL '6¥ 60 "IS £ |[1S:9I £€8-82-11
oL Syl 2L '6¥ 0l IS S |IS:9t £8-g2-11
ONSN-3T18WI N1 ONSN-dH AV130 AL 3410 # NI L 3iva
€ e I INIL AL | 1vS
dH H1IM

168

St

N WA, VA ST !




PP . v
. -’- .

"y

e ans

e — o L i T ¥ o T~ b A T T T -
- . T e o e T e L e . A -

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 10ll but we are
getting there.
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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 f{requency stability
performance analysis of the GPS NAVSTARs 3 and 4
rubidium clocks, and the NAVSTARs 5 and 6 cesium clocks.
X Time-domain measurements, taken from the four GPS
monitor sites, have been analyzed to estimate the short-
F 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
-G! 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
s 1-day sample time agrees closely with the 1-day sample
L © time stability results, for both rubidium and cesium
o 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 i0 days.
" 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
ﬂ!a indicate an anomally which has peak effect at a 1.25-

' hour sample time.

The NAVSTARs 5 and 6 cesium clock long-term fregquency
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.

INTRODUCTION

The NAVSTAR Global Positioning System (GPS) is a Department of Defense (DOD)
L 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 ucz
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.

X One role of the Naval Research Laboratory (NRL) in GPS is to provide
- space-qualified atomic clocks for use in the NAVSTAR spacecraft. The

B responsibility of NRL includes pre-flight and post-flight frequency
rt stability analyses (1,2) to insure that on-orbit accuracy and stability
1 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
t 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
f. familar with the mathematical theory of clock analysis may choose to proceed
- directly to the section on NAVSTAR-3 On-orbit Results.

k‘ GPS System Description
r
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 (3V). 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-
I. tional information to the GPS spacecraft.

T

(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.
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] TABLE 1
- GPS SV Launch Date Frequency Standard
- Currently in use
- NAV 1 2/22/78 Quartz
C NAV 3 10/07/78 Rubidium
S NAV L 12/11/78 Rubidium
s 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 composit;
of t&% 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, 1is 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
wavef orm.

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 wuser's position, velocity, and
clock offset.

TP p——

(3) User Segment. The GPS User Segment is comprised primarily
o of wusers 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
S are called pseudo-range measurements because the signal
. 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 .ctual
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
off set is independent of the user's velocity and clock
rate; however, the user's position 1is 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 off set solutions.

GPS On-0Orbit 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 wuploaded to each NAVSTAR SV and inserted into the GPS navigation
message. Each NAVSTAR clock must then Kkeep 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.

¢ The procedure that has been devised at NRL (5, 6) for determining GPS clock
performance 1is 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
!
¢
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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 GSpectrum
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 o,, = 1.3 m for the L, measurements, and o

= 2.0 m for the L, measurements.” The L. and L meas&rements are combined Eg
correct for ionos%heric refraction, which res&its in an increase to Spp =
4.53 m for the corrected pseudo-range measurements. The accumulated deEta
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 refractiog.
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:
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PR R+c (tMS - tsv) +ety+e Eq (1)

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)

¢ = the speed of light
tMS = the MS clock time
tSV = the SV clock time
tA = ionospheric, tropospheric, and relativistic delay, with

corrections for antenna and equipment delays
€ = the measurement error

The clock difference, (t v t S), is obtained by dividing by c, the speed
of light, and rearranginésEq (f% into
tMS) = R/c + t, + e/c ~ PR/c Eq (2)

(tgy - A
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(t ) = (tgy - tyg) Eq (3)

The subscript k is used to denote the time of measurement as determined by
the monitor site clock. This definition of x(t, ) is made so that the clock
difference notation will agree with referenced literature; the clock
difference is also denoted by the variable Atk.

Eq (1)

Atk t

= (tgy = tyg)

The variables { x(t_ ), at
one of convenience.

i | are equivalent; the choice of variable will be

All of the smoothed pseudo-range measurements from the four GPS monitor
sites are collected at the GPS Master Control Station. These measurements
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.
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The realtime estimates of the NAVSTAR SV clock and ephemeris states are made
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
3 clocks. In figure (3), the on-orbit clocks are preceded by "SV", the monitor
J 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
H 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 R
[ measured quantity in the NSWC program. The model incorporates a segmented ]
s bias parameter solution, with analysis of the resulting residual patterns of !
g the smoothed orbit estimation.

b

b

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.

#; The major advantage of the smoothed orbit estimate, over the Kalman realtime
¢

Time-Domain Clock Analysis

\ GPS operation requires that the on-orbit NAVSTAR SV clocks keep the current p
GPS time. Because the clocks are periodically updated, interest is in
evaluating clock performance as a function of the sample time, 1, which is
the diff erence between two successive values of running time.

: Given two clock measurements, x(t, ) and x(t.), which were made at running 4
' times tg and tj (by the GPS monitg? site clo%k), the sample time 1 is given
i by Eq (5).

©= (L - tj) Eq (5)

PRI |
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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

. 2
x(t) = xo(to) + yo(to)(t-to) +y (t )(t-to) + e(t) Eq (6) :
In Eq (6) x (to) is the initial clock offset, y (t ) is the clock rate (also J
U known as the °fractional frequency offset), § (B ) is the drift in the )
fractional frequency (also known as the aging rgte?, and €(t) is the error
term. ]
fﬁ By choosing 1 = (t-to) and omitting the error term, Eq (6) can be written as ]
> 4
;‘ _ . 2
: x(t) = xo(to) + yo(to)r + yo(to) T Eq (7 7
2 4
}
| By holding the value of 1 fixed, and evaluating Eq (7) for many data samples j
f. of t and t , the statistical error in the clock coefficients and the error )
a term can be estimated. :
4

The measure of clock performance used in the analysis of this paper is the
Allan variance (12), which is defined by

( 0, ° () = Gy - T Eq (8) .

2

ko

where y, denotes the average fractional frequency, t denotes the sample
time, and the brackets < > denote the infinite time average. Two other

b 3
#' parameters are involved in the Allan variance analysis. The first is the 4
[~ repetition interval T, which is equal to the sample time in Eq (8). The p
> other parameter is £ _, the system noise bandwidth, which does not explicitly E
:} appear in the Allan variance equation. The system noise bandwidth is 1
. receiver dependent, and depends upon user dynamics. Information on the GPS <
= monitor site receivers may be found in reference 13. i
q

Tﬁ The fractional frequency, denoted by the variable y, is given by )
Eq (9) 3
y = (%) ]
v 4

" o]
where v denotes the instantaneous frequency, and‘vO is the reference, or ]
nominal frequency. The average fractional frequency, denoted by ?k» is ]
given by ]
1
b

¢

! 3
h'. _1
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- tk + T
Yy = 1 f y(t)dt Eq (10)
T t
K

Ref erence to Eq (10} shows that ¥, depends on E¥ and t, as well as y(t); so
Vk could be written as y(t, , T) %o show this dependence on t, and 1. The
values for 7y, used in this &eport are obtained from values of clock offset,
x(t,)), comp&%ed according to Eq (3). The average frequency iﬁ( may be
evaEuated in terms of x(t), as given by

Yy = % [ x(t, + 1) - x(t, ) ] 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.

M-1
2 = a2
oy @M =1 L Geq =V

1 Eq (12)
(M-1)k=1 5

The arguments of the finite approximation, o 2(2,r,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 ¢ 2(1) and o 2(2,r,M) £§ that ¢ 2(1) is the desired
quantity defined by an “infinite sé?ies; o {(2,t,M) is a partial series
obtained from a finite number of data points.”’ The use of a finite number of
data points does not introduce any bias in the eftimate of o, (35), as shown
by reference 14. The ratio of the variables ¢ _~(2,7,M) and % S(r) pwill be
used in establishing confidence limits for the finite estimate bf oy (v).

The convergence of this finite-sample average, o 2(2,r,M), towards a
theoretical limit has been investiggted by researchersy(13). The conf idence
of this quantity as a measure of o_“(1) has also been investigated (14, 15).
These theoretical results indicate’that a high-confidence estimate of o “(t)
may be obtained through the use of large data bases, which result in a Xarge
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).

oy(r) =[0y2(T)]V2

Frequency Stability Set Selection Criteria

Eq (13)

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 subsgts of clock offset values, { x(t, ) }, which are then used to
produce the 0y (t) Allan variance values.

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,that sets of 5, 10, or more days
have been used to compute one value of Uy (1).

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 1s 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 T which is defined by Eq (14).

T, = MIN {(t, - tj): j £ Kk} 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 integer values 1, 2, ..... A maximum value of
n = 8 will be used for the short-term frequency stability analysis, and n =
10 for the long-term frequency stability analysis.
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The number of clock offsets in & 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 1is then
converted to the Allan deviation according to Egq (13). Most of the
ref er ence lit%{ature expresses frequency stabilities in terms of o (1)
rather than oy (). y

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 U), 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 modif ied 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 Conf idence Limits Numbﬁr of Degrees of
(hrs) UPPER LOWER o (1) Freedom
Sa%ples

0.25 1.189 .816 115 76
5 1.211 .798 105 63
.15 1.253 172 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 us 17

The typical confidence limits may be used to separate random sampling
f luctuations from systematic changes in clock behavior, or 9¥§er changes in
clock performance. For example, if a stability of 1 x 10 W cogqgted
for a 0.25 hour sample time, the upper 95% confidence would be (1 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
1 mits as a guide to separate random sampling from systematic and other

181

RS X M R v et - TN T YT T T W W W p e W

PPN S

P Y

POy W

ol

s




{“Tv.‘ﬂ,-,vv.fff
MO .
P .
A .

O]

vy —% r-® v oy
|

. e ‘

S I L A s Y A A S "I i Y i -
A LA s - AR L2 S S PRihe' i el Sdl Sl Sadh I A S & el B Ve BN au i ane aae oo ig Sog g SEEEEE e

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 oy(r) values.

The Allan variances obtained from successive 5-day sets can be further
averaged to obtain one value for the entire data span. For a l1-year data
span, a total of 72 five-day sets would be available for the o “(1)
calculation. Multiplying the degrees of freedom for a typical 5—day 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
nunber 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 (1- 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(t A). A least square objective function is used with data editing to
idegglfy 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 nolse processes were: random walk FM
for the NAVSTAR rubidium clocks, and flicker noise FM for the NAVSTAR cesium
clocks. Tables 3 and U4 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
l-year set and a
Random walk FM noise process

Sample Time Confidence Limits Number Degrees of
(days) UPPER LOWER o, (1) Freedom
ngples
1 1.07 0.93 363 364
2 1.09 .91 361 180
3 1.15 .89 359 119
4 1.17 .37 357 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 3u9 42
9 1.32 .81 3u7 37
10 1.33 .80 345 33
182
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Table 4
95% Confidence LIMITS
for a
1-year set and a
Flicker noise FM process

Sample Time Conf'idence Limits Num%er of Degrees of
(days) UPPER LOWER o (1) Freedom
Smeles

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 1.7 .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 u7

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
b—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 o (1) 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%
conf idence limits.

For brevity only one g (r) versus running time t plot will be presented in
this paper. Those regaers 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 PP10(13)/day for 1982, was removed before calculating the
Allan variance. The aging rate was calculated using a least-squares curve
it to a quadratic equation, given by Equation (6), and a data length
significantly greater than 10-days, which was the longest sample time
analyzed. The 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
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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 PP10(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.

The NAVSTAR-3 long-term frequency stability results indicate a stability of
1.11 PP10(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
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 PP10(13) for a 900-second sample time. From 900- to 1800-seconds, the
NAVSTAR U4 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 oy solving the pow~er law model
of the Allan variance, given by Equation (15), for the coefficients a and
the exponent p. This solution yields a vaiue of u==0.17, whicnh is close to
the value of u=0 for a flicker noise FM process.
o U
Oy“(f) = a(m Eq (15)

The NAVSTAR-4 long-term stability results indicate a stability of 1.34
PPI0(13) for a 1-day sample time. For sample times of 1- to 6-days, the
NAVSTAR-4 rubidium clock follows a random walk FM process. For 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-U4 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 T7200-seconds. The ensemble average results indicate a flicker noise M
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 U4 and 5 results. Likewise, a
flicker noise FM process was present [rom 3600- to 7200- seconds sample
time.

The NAVSTAR-6 long-term results indicate a stability of 1.11 PP10(13) for a
t-day sample time. The stability continues to improve to a stability of 7.7
PP10(14) for a U-day sample time. Between U- 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 U-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 U4-days, the NAVSTAR-6 cesium clock is the best performer,
with a stability of 7.7 PP10(14) for a U-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

i agreement with the measured Allan deviation for a 1-day sample time. Because
P of the close agreement, a fit was made to the 900- and 1-day Allan variance
1 stability results. This solution is given by Equation (16).

-1.25

02y(r) = (2.31x10°%) (1) Eq (16)

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

186




I R e S0 P Y

e S e "R~ S A R

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

oyz(r) = (2.31x10" D)y (1)=1-2,

Ref erences

1.

2.

10.

1.

12.

C. A. Bartholomew, "Satellite Frequency Standards", Navigation: Journal
of the Institute of Navigation, 25(2), Summer 1978, pp 113-120.

McCaskill, T. B., Stebbins, S. B., Carson, C., and Buisson, J. A., "Long
Term Frequency Stability Analysis of the GPS NAVSTAR 6 Cesium Clock",
NRL Report 8599, 20 September 1982.

J. A, Buisson and T. B. McCaskill, "TIMATION Navigation Satellite System
Constellation Study", NRL Report 7389, June 27, 1972.

T. B. McCaskill, J. A. Buisson and D. W. Lynch, "Principles and
Techniques of Satellite Navigation Using the TIMATION II Satellite", NRL
Report 7252, June 17, 1971.

T. B. McCaskill and J. A. Buisson, "NTS-1 (TIMATION III) Quartz - and
Rubidium-Oscillator Frequency-Stability Results", NRL Report 7932,
December 12, 1975.

J. A. Buisson, T. B. McCaskill, O. J. Oaks, M. M, Largay, S. B.
Stebbins, "GPS NAVSTAR-4 and NTS-2 Long Term Frequency Stability and
Time Transfer Analysis", NRL Report 8419, June 30, 1980.

"GPS System Critical Design Review", October 26-27, 1981, Book 2 of 3,
Section 4.3, Title 5.1, page 3 of 3.

Kalman, R. E., "A New Approach to Linear Filtering and Prediction
Problems", Trans ASME J Basic Eng. Series D, Vol 82, pp. 34-35, March
1960.

Bernard Friedland, "A Review of Recursive Filtering Algorithms",
Proceeding of the Spring Joint Computer Conference", pp 163-180, 1972.

Russell, S.S., and Schaibly, J. H., "Control Segment and User
Performance", Journal of the Institute of Navigation, Vol. 25, No. 6, pp
166-172, Summer 1978.

O'Toole, J. W., "CELEST Computer Program for Computing Satellite
Orbits", NSWC/DL TR-3565, October 1976.

D. W. Allan, J. H. Shoaf and D. Halford, "Statistics of Time and

187

[P L

S g

|

R




E T TR e B S S S ‘S Wi TR T ~ . CAREE Sl diatity T TV Y I N R oIV T U T WL N W I3 W W F & T o e W e

™

Ao o AR S0 AN AP AN e o

e s e s aut e e s AN o
' ’ P
ot

@

13.

4.

15.

16.

Frequency Data Analysis", National Bureau of Standards Monagraph 140,
1974, Chap. 8.

Haefner, G., and Moses, J., "NAVSTAR GPS X-Set Receiver Performance Flow
Down Specifications", Magnavox reference number R-5227, 18 December
1975.

Lesage, P., and Audoin, C., "Estimation of the Two-Sample Variance with
a Limited Number of Data", Proceedings of the Frequency Control
Symposium 1977, pp 311-318.

Barnes, J. A., "Notes on Confidence of the Estimate and Overlapping
Samples", unpublished.

McK.Luck, J. "Construction and Comparison of Atomic Time Scale
Algorithms", TR#32, Division of National Mapping, Canberra, Australia.

188

N . . t . . . B DR Lo . .
b APV, .V U W W PV T T G U W 3 P - - L. Y ak




T T e YU T YYD Y e TN Y T RSN NN gl A gl M et ral ol APUL NS buiiens tad PR A a4 A o e e N o ofi e = -'.1

|
:
)
]

NAVSTAR GPS
ON-ORBIT
FREQUENCY STABILITY ANALYSIS

NAVSTAR
sV
o::n MEFERENCE
TRAJECTORY
DETERMINATION cro b
} 4
-
vauo;nsmeuc J _l
‘ o le IONOSPHERE cusic
l P pssuo'oaANOE TROPOSPNERE POLYNOMIAL CLOCK OFFSET
\ VANDENBERG L earTH ROTATION || FoR - i, 4
E‘ Mcs weeer ~ [ _ o __ 15 MIN 1PTPASS y
¥ | s pseunonance EQUIPMENT {150 PTS)
P : DELAYS (ag. 8y, 83 83
A , l
[ ]
[ ]
[}
UAM i -~
e M8 bed UTCIUSNO. MCY) VARIANCE
oy f2v)
ALASKA
MS
Figure 1
L
9
v A
t L
[ q
ﬁ
| 4
Lo {
S 3
) 189 ‘
| 3
, ]
q . : ]
b ..... - .. -
b -, N N - L
»o " AP - . ’.’ el e e e AN -
| R AR AR .-_‘ o Y PR S e _"k:- TR o '-":'.' ot maa i a ::.‘;_&‘:‘.“.‘.‘.4:'-- L S ¢




TYPICAL
GPS NAVSTAR SV
PSEUDO-RANGE SIGNATURE

85-
n —{25.000
2 gol- . —24,000 z,
5 b :
2 . —23,000 3
= 75F . ) 2
Q F . . —22,000 5
) - . . m
g _F e 5
2 70 } —21,000 3
- TCA
B —{20,000
(-] MRS AN SN A A SN A O SN AT AN B BN AN AU B BN SR
-3 -2 -1 0 1 2 3
TIME (hrs) FROM TCA
&= D
Figure 2
g
|
!
L,
L.
9
p .
X
b
q
3
-
5 190
C
i.‘_ _
. N § g

PO WYY W o e

4
y

T B e S e B Yo e

oL

Lok Az 2 o

a

[

DN LN Y L)




T N N Ry

W ATEILENY

NJU gLy e rworowowT v

THEORETICAL MODEL OF FREQUENCY STABILITY
FOR GPS CESIUM AND RUBIDIUM CLOCKS

FREQUENCY STABILITY o,(r)

10~ g —r T -

] ]

p -
10~12 -§

3 SV RUBIDIUM
1013 4 \SVCEsm d

1 _—

] MS CESIUM ]
10~ 14 1 T -

108 10 10° 10°
SAMPLE TIME IN SECONDS
Figure
191

hamNAL i Sl

N S POPAPGE TG [ ¥ R I B T S l" Rl g’ 2% 2" 2" 2" 4"8 A% s o




\ o " . . 2 — ., L e a8 C e sl el sesl o r'al T e
v L aieary Caaae e et
. S S . O . MRS oY, MR “ et e P

r

I

WYY ey

P vHrvv
. o coe

GPS
JN-ORBIT DATA SELECTION PROCEDURE
FOR
ALLAN VARIANCE ANALYSIS

14-DAY
GPS
MS DATA REFERENCE
- TRAJECTORY
1 MEAS PT
PER 15 MIN UPDATED IN
7-DAY INTERVALS

E—,L—_I

SHORT-TERM LONG-TERM
SAMPLE TIMES SAMPLE TIMES
900s -~ 7200s 1 DAY =~ 10 DAY
L ] y '

soav | liwoav| | npay EXAMPLE:

SETS SETS SETS /’7‘\ /":“'\ '/"."‘\

2nd DEG FIT YIELDS

EXAMPLE: 1 PT/PASS AT TCA
-~ 3 —
5 DAY SET
Figure L
i
{
1
|
|
192 5
]

ST
- -« . - . * . - ~
- - ot t e - . LI . SO . . R . - . N -
R T T N s P R S Y o AP . W NN L SR SRR, ST, N0 NOOF SRR Y. Wi, Wve "]
R o . )




 ow - - T 7 ot T e M . ke Rl i
b A Sl To o Te T e T T T e U T TR ST T R e W R e T P T T T W T -y

GPS NAVSTAR-3 SV
:'- ELEVATION ANGLE vs TIME
: VANDENBERG MS

70 -

SPLr PSS V- WS N I S S

ELEVATION ANGLE (deg)
(]
—

ey

10F

-

1 1
180 181 182 183 184 185
DAYS 1982

Figure 5

MR S 25 SR 2 28 o

193




ATt e e e se e san Sest R RA RPN IUE IR R S o R

GPS NAVSTAR-3 SV

ELEVATION ANGLE vs TIME

o VANDENBERG MS
%0

Fy
-] .
w . .
® 5o~ .
2
< . .
5 40+ . .
'; .
> . .
o 30 o
w
[ ] [ ]
201 o . |
o 7/5/1982 . 4
10 . DAY 188 )
0 1 N . 1 e 1 . —
20 22 00 02 04 06
TIME (hrs)
R
y
y
Figure 6 3

1
_w
!
g
:

194

) ) o . 2. e e ke m o A n ek ml mdhial aiad -
e Ml L tel 4 s ata - :




odiull SEcatecs am g o -y - ———
i A Pl Sl i YA E i A eI e SN A St S S G A e P ey s o g o

GPS CLOCK ANALYSIS
NUMBER OF ALLAN VARIANCE SAMPLES
VS§S
SAMPLE TIME

i e a e e a

SAMPLE TIME NUMBER OF SAMPLES “
ENSEMBLE K
T 6 DAY SET 1 YEAR 4MS 1.YR .
0.25 hrs 115 8280 33120 X
0.50 105 7560 30240 g
0.75 95 6840 27360 <
1.00 86 6120 24480
1.26 75 6400 21600
1.50 65 4680 18720
1.75 66 3960 16840
2.00 hrs 45 320 12960
1 day w3 1452
2 361 1440
3 359 1436
4 357 1428
{ 6 356 1420
. 8 353 1412
1 7 351 1404
- 8 343 1396
9 347 1388
10 days 345 1380
E‘.
e
9
¢
b
;. TAree 7
L
]
L
.
g
X
A
¢
[
E 4
E 195
b
¢
4
.




FREQUENCY STABILITY o7}

3

]
i
;
GPS
CLOCK ANALYSIS
VANDENBERG VS NAVSTAR 3
10-% T T T T T T T T T T
1 a
10710 3 E
] ]
10~ 3 %% o
] LIMITS
e 1-YEAR
AVERAGE
10-13 3 E
10-" T Y T T T T T T T T
0 36 72 108 144 180 216 252 288 324 360
TIME IN DAYS 1982
SAMPLE TIME 900 SEC
5-DAY DATA SETS
Figure 8 J
{
:
1
{
196 :
i
et P —




—— T r—— - -~
f: PR A Rt THACI Se it iadh Wiy CAMACIA Tl “R TSt il ORI N ARG T et Pl d o Sl M w A Sl W el A Wl et urd s ) T T Dt ]
SN - - - S T Il . A

Q:"_
. |
S
o .
. .
1
2
]
GPS !
CLOCK ANALYSIS /
NAVSTAR 3 j
10~ R - I I 3 |
: MS SYMBOL 7 j
C v o 3 :
a . a :
* i s H x , J
:> w A z b
E0TRE E :
= : 3
: | : |
7] B .1 1
5 - SV RUBIDIUM ]
4
Ww "
2 10-BE - 1
2 E . ]
x F 1 4
(TS
- //:1 [
[ MS CESIUM ) j
1
10- 14 1 1 1
10° 10 108 108 |
SAMPLE TIME IN SECONDS q
ALLAN DEVIATION USING 5-DAY DATA SETS 5
1982
!
{
Figure 9 ]
A

i,

b 197

'--. - . . - . - - -
SRC - . . 3 . .
P SN ST WO SATSILIE VO SN IR W, S SO S S, N i LN - . . . L T. et y
a u e SR N [P L S AL SR T




FREQUENCY STABILITY oy (t}

e SR e s vt e o ar o e S NS Mt et O Sl Madt Sedh gt atii il At A S i Ml i

GPS

CLOCK ANALYSIS
STATION ENSEMBLE VS NAVSTAR 3

10—11

4 b apeal

Il

10—‘3'j

I 4 414

T T 1

E
]

10-—14

MS CESIUM ]
15 min th  2h 1day 5 days
t N ) 4 1
T 1 I
108 10? 108 108

SAMPLE TIME IN SECONDS
ALLAN DEVIATION USING 5-DAY DATA SETS
1982

Figure 10

198




F- = oI I W WYL N A S N Ny N N T S S Sy e T,y — v~ T~ vy~ v gw— AR |
] A DN A Ve T el WEAW L «

GPS
CLOCK ANALYSIS

NAVSTAR 4
10- n E 1 1 T P
b MS SYMBOL
] v oo ]
) G a ]
i H X )
-— \v A 4
x
-
-] 10—12':' q
- 3
=4 -
@ 4
< ] ]
» ] -
z—) SV RUBIDIUM <X {
Z
-134 -3
‘5’ 10 E 3
2 E 5
] MS CESIUM ]

10~ 14

—4

I T
103 10? 10° 108

SAMPLE TIME IN SECONDS
ALLAN DEVIATION USING 5-DAY DATA SETS
1982

Figure 11

. 199

- . - M ..
4 . - - " T -
Sl .
LI 3 - - ~
L . RIS .
PURPULA, W, W ala - Loa ' L PO PO A O CEPUU Ty T, W IR Sy R 5 - Ty




,o

A'-_A.v_'v,
KN Y
, . .
A o

FREQUENCY STABILITY o(x}

GPS
CLOCK ANALYSIS
STATION ENSEMBLE VS NAVSTAR 4
10'“ E L T T 3
5 i
w ]
1 \N»oo 1
1012 3
3 :
3 \ SV RUBIDIUM ]
9 1
10-13 3 E
3 /
4 MS CESIUM 1
15 min 1h 2h 1day 6 days
10-14 fI 1 { , t :
103 10 108 106

SAMPLE TIME IN SECONDS
ALLAN DEVIATION USING 5-DAY DATA SETS
1982

Figure 12

200




AL O AN T Cafir ol Ak St AaiCE N i e . S
) i
[
’: )
r=
b
b
GPS

I®) CLOCK ANALYSIS

NAVSTAR 6
8 10" Mg . .
- - 3 MS SYMBOL ]
P r \") -] o
- 4 G A p
} - P H X -
L .
1 1 E

-—r

FREQUENCY STABILITY o,/(r)

TYY VYT

s

o

Y Ty

"

4

L . s

- " D S R
. ..
. t e . . [
R SN SR N AN SR T, S at

10~ 13-4

10~ 1

SV CESIUM

A2 ALLAA

MS CESIUM

2 l\lllll

1

10° 1{)‘ 10°

SAMPLE TIME IN SECONDS
ALLAN DEVIATION USING 5-DAY DATA SETS
1982

Figure 13

201

A . - . .
. T PR M)

- < ) . c L - -
a .o al."aalsa’a'aaaa Bomtedion re AP S ¥ N WA

108




DA A I et ot At e

RS |
‘2 Yy "

AR ("]

FREQUENCY STABILITY oy (1)

10—11

-
o
|

-

N

10—13

10-"

GPS
CLOCK ANALYSIS

STATION ENSEMBLE VS NAVSTAR 6

1 ¥

SV CESIUM

MS CESIUM
15 min 1h 2h 1day 5 days
} t $ t {
T 1 T
103 104 105 108

SAMPLE TIME IN SECONDS
ALLAN DEVIATION USING 5-DAY DATA SETS
1982

Figure 1L

202




LUt it B s i .=-.~T

GPS
CLOCK ANALYSIS
. NAVSTAR 6
" ‘ l i l MS§ SYMBOL
] \' o
+ G a
L H x «
A
10124 :

-t
4
4
4

Sv CESIUM

FREQUENCY STABILITY g, ()

) aliatiad

- MS CESIUM
@
L 10-14 T T T
. 10 10? 10° 10°
N SAMPLE TIME IN SECONDS
. ALLAN DEVIATION USING 5-DAY DATA SETS
- 1982
5 _‘:.'
p] Figure 15
-
-
-
b -
o
L .
o
-
[
-
h -
.
h
h
3
@
-
N
3
! 203
t; R .I
L.




e i At Sl Bag @b S0 S LR i AP e DR adi AT (e AP AT At et S Pt Suss e~ St e Y Sviar Bt e ARt S T s e oon Sibe JEIP RS ey

Lt GPS
C CLOCK ANALYSIS
: STATION ENSEMBLE VS NAVSTAR 6

10°V 3T T g .

A0 4 1.l

/

10~ 12

L2l

0-1 SV CESIUM

FREQUENCY STABILITY o,f{7)

a1t

MS CESIUM )

15 min 1h 2h 1day § days
10~ 14 t t t [} {

1 T RS
103 10 108 10°

1

SAMPLE TIME IN SECONDS
ALLAN DEVIATION USING 5-DAY DATA SETS
1982

Figure 16

b
3
.- . « -.~§ .t
rEPART SN S AP WL § aial al R T R A VR VR VR e e s oy ar g w8 e s s e e ma &




FREQUENCY STABILITY o i)

GPS
CLOCK ANALYSIS
STATION ENSEMBLE vs NAVSTAR 3/4 (RUBIDIUM)
10-4 ! T T 3
T \Q NAV-3 ]
10-12 NAV-4 =
. 3
-13 .
10 E a
: ]
15 min 1h 2h 1day § days
10-14 t | i 1
¥ ¥ 1
103 104 105 108

SAMPLE TIME IN SECONDS
ALLAN DEVIATION USING 5-DAY DATA SETS
1982

Figure 17

205

P W

i
)

AN B el e Sl Sl Al A A V‘J

2

L/ R N W

N

[P Ir W W

| SR SR R |

| NN T g el N |

-,

"

tud.

e

e B 2

ey |

[ IR

4




e
. L .

SN S e
.

FREQUENCY STABILITY oy (1}

10— 11

10° 12

10~ 13

10-—14

GPS

CLOCK

STATION ENSEMBLE VS NAVSTAR 5/6 (CESIUM)

ANALYSIS

A a.atd)

T

T

A 4 adiaia

] NAV-5 |
3 NAV -6 :
| j
NAV-5 ]
- NAV-6 !
3 ]
116 min 1 2n 1day 6days |
| | t { |
T | T
10° 10* 10°

SAMPLE TIME IN SECONDS
ALLAN DEVIATION USING 5-DAY DATA SETS

1982

Figure 18

2

R S S T Iy




.

YTV

b e o e o o o 4
PR

i s et Bl M Mhat Wi

10-1"
I
°>~
t 10-12
=
@
<
-
72
>
Q
&
-13
S w0
w
- 4
™
10-1‘

GPS
CLOCK ANALYSIS
STATION ENSEMBLE VS NAVSTAR 3/4/6/6
I T T B
3 k
] ]
- L
I \@NAV -3 ]
) NAV- 3/4 )
] x 1
NAV -5
S
] NAV-6 ]
< -
15 min 1h 2h 1day 6 days
L ] L L ]
10 104 105 108

SAMPLE TIME IN SECONDS
ALLAN DEVIATION USING 5-DAY DATA SETS
1882

Figure 19

207

VP VL Y

PR

SR |




R -r‘- T

0/ [ ) -H,‘j"'.'
- L.

Y

rfwvvv'
.

) B gEn g

e

VP
. 0

PP

fanm - T T Wy W Bl "V A Y R LR I
Cpn aoms e s 2 T T T T T T T R T T TR R TGN p BEATS T TR e e

DR.

m.

DR.

MR.

DR.

QUESTIONS AND ANSWERS

BARNES:

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.

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.

VESSOT:

Bob Vessot, Smithsonian. On the two hour data, I'm wondering 1f 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 varilance.

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.

VESSOT:
The prediciton of atmospherics 1s kind of difficult, and these issues,

I think, could increase the probability of having noise. That's the
point I wanted to raise.
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MR. McCASKILL:

It could be, but one thing--there was one slide missing, and T 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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= GPS NAVIGATTON EXPERIMENT USING HIGH PRECISION GPS
: TIMING RECEIVERS

T : J. Buisson, 0. J. Oaks, M. Lister
s Naval Research Laboratory
' S. C. Wardrip
[ - NASA Goddard Space Flight Center
e S. Leschiutta
' Politecnico Di Torino
® P. G. Galliano, F. Cordara, V. Pettiti
Istituto Elettrotecnico Nazionale
o E. Detoma, P. Dachel, H. Warren, T. Stalder
- Bendix Field Engineering Corporation
b F. Fedele
Italian Navy, MAGNAGHI
‘G R. Azzarone
Italian Navy, MARITELERADAR

ABSTRACT

b

L Global Positioning System (GPS) Time Transfer receivers
} 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
Ln mainly through sof tware 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,
f tracking either a full or reduced constellation of the
) current Phase I GPS satellites.

t]' The 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

i Mini-Ranger, Toran, Loran-C, Omega and Transit
! receivers. There were also onboard atomic clocks with
g submicrosecond accuracy. To Keep an accurate track of
{ the ship's position at sea during the experiment, the
t

[
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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.
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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_ time
standard of the U.3. 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.

Bef ore 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

P = (alwa)'aTw(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 solutior 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 def ined
here as:

]
> > 2
GDOP = \IG’ L, * J LG * T CLOCK (2)

2 2 2 .
where g LAT’ g LONG’ and g CLOCK are diagonal terms of the

covariance matrix (ATWA)-1 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.

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 Pta del Mesco
and the other at I.” 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 to
Li an 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 approximately five minutes as shown in f{igure
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 tbo 93 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 1
and separated the greatest distance in azimuth. As time approaches 0900 the

satellites move closer together, and NAVSTAR Y4 goes out of view giving poor 2
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 -1
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
sumarize 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
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.

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
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this capability on existing receivers in the future and make it operational
in the mobile laser systems.
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