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Fig. 1 - Navigation Technology Satellite 2 (NTS-2)
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STABILITY ANALYSIS OF THE CESIUM FREQUENCY STANDARD

ON BOARD NAVIGATION TECHNOLOGY SATELLITE 2 (NTS-2)

INTRODUCTION

This report presents preliminary frequency-stability results for one of the two cesium
frequency standards carried by NTS-2 (figure 1). A relativistic frequency synthesizer is used
to correct the cesium frequency so that the Universal-Time-Coordinated (UTC) apparent
clock rate of the NTS is near that of the UTC clock rate of Master Clock I at the U.S. Naval
Observatory (UTC(USNO, MC1)). A C-field tune has been performed to more closely syn-
chronize UTC(NTS) to UTC(USNO, MC1). Frequency-stability values in the region of 1 day
to 9 days were estimated using a three-clock cesium ensemble for a reference; for longer
sample times UTC(NTS) is related via timing links to UTC(USNO, MC1). These and other
procedures similar to actual operations to be used in the Global Positioning System (GPS)
are discussed.

NTS-2 is the fourth in a series of NRL technology satellites (table 1) which were
launched to qualify frequency standards for space use. NTS-2 was launched on June 23,
1977, and maneuvered [1] into a preassigned constellation position as the first satellite of
the Phase I demonstration for NAVSTAR OPS. The Phase I constellation now consists of
NTS-2 and NAVSTAR satellites 1 through 4. NAVSTAR satellites 5 and 6, to be launched
in January and March 1980, will complete the constellation.

Table 1 - NRL technology satellites

Lunck AM.- Inc* _"_- Weight Power oedo- afi Rong
sae* Dat sods to tet (W) irQOM ator Pe day r~o

(nJUL) (des) (kg) . (pp 1 0 1s) (m/day)

TI 54147 500 70 0.0008 40 ft UHF Qtz 800 750

T- 8-0.49 500 70 0.002 55 i  
18 VHF/UHF QtZ 100 75

T-111 NTS-1 7-14-74 7.400 125 0.007 265 4W 100 UHF/IL band Qta/Rb 5-10 12-24

PETS-2 6-28-77 10.900 63 0.0004 480O "*450 UHF/L.Li. L 2 Qtz/Cs 02 6

NTS-S 102 10.00 6 10.001 400 .S.* UKF/L. L1 , L Cs/H2  0.1 0.25

L*Cuift of life.

PRELAUNCH SYSTEM TESTS

The NTS-2 prelaunch test procedure (figure 2) included a test of the relativistic offset
synthesizer, a test of overall system noise, and a check for long-term stability of the system.
The relativisticsynthesizer tuning coefficient [2] was verified using an NTS-2 time-
difference receiver 18]. The total system noise level was measured using separate (figure 2)
frequency standauds for NTS- and the time-difference receiver. The relativistic synthesizer
wis tben activated, and the noise levels were compared. A standard deviation of lees than

Mm mdt itd Obsw 23,1979.
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Fig. 2 - NTS-2 prelaunch system configuration

3 nanoseconds was measured with and without the relativistic synthesizer in use. Finally, a
long-term drift check was made using the same frequency source for NTS-2 and the time-
difference receiver.

Frequency offsets of both NTS-2 cesium frequency standards were determined with
respect to UTC(USNO, MCI). The values obtained were within the GPS specifications.

NTS-2 FREQUENCY HISTORY

The quartz-oscillator subsystem of one of the two cesium frequency standards (cesium 4
standard 2) was used during launch and orbit insertion. Before lockup by cesium standard 2,
the quartz frequency was tuned to a value near the cesium resonance frequency (figure 3).

/ QUARTZ SATELLITE TCA
TUNE 14

AT 14042

LOCKUP Fig. 8- Lockup of the cesium fre-
AT 200U qiensy standard (cesium standard 2)

on July 18, 1977 (day 190). The
T - 0 values measure the offset of the

100 spacecraft clock with respect to the
clock at the NTS Panama station.
(Also shown is the time of closest
approaeh (TCA) to the station, to be
ref2 ed to later.)
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* Cesium standard 2 locked up on the first attempt. The apparent clock rate was then mea-
sured by the NTS network to determine the relativistic clock offset. Figure 4 presents the
clock rate as measured from the NTS Panama station. After applying the correction for the
Panama cesium clock, a difference of -1.9 X 10- 12 was measured between the theoretical
relativistic offset (445.0 X 10-12) and the NTS-2 cesium frequency standard. This difference
is within the repeatability specification for the cesium standards. These measurements verify
the predicted relativistic clock effect to within 1/2 percent.

The relativistic frequency synthesizer was then activated to correct the cesium output
frequency close to the UTC rate. Figure 5 presents measurements, taken from the NTS CBD
station, that show the immediate change in clock rate corresponding to the relativistic
synthesizer,-which offset the frequency by a constant amount.

400

3

200 A -(T-0) SL.OPE .442.5 PP I02

200 205
TIME (DAYS 1W7)

Fig. 4 -The offset of cesium standard 2 with respect
to the clock at the NTS Panama station. The offset is
within 1/2 percent in value to Einstein's theoretical
relativistic frequency determination of 445.0 pp 101 2.

Fig. 6- Effectiveness of the relativistic
frequency synthesizer in making the
relativity correction, on day 215,1977,
as measured with respect to the Chesa-
peake Bay Division (CBD) clock
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Closer frequency synchronization to UTC was attempted through the use of cesium
C-field tuning. A frequency tune of -7.8 pp 1013 was applied to the UTC(NTS) rate, which
resulted in a slight overcorrection.

Figure 6 summarizes the frequency offset from UTC(USNO, MC1) from launch to the
end of the year.

Igr7
1UARTZ

LAUONW
W/23/77 I CEsIM

e0'2  lRRLATNITY C-FIELD

HIGH COARECTION TUNE

+ -U~Tc uslo, MCI--------------
LOW

170 200 230 200 290 320

DAYS. 197

Fig. 6 - History of the NTS-2 frequency offset, plotted
in 1977 with rempect to days

PERFORMANCE DATA FOR THE CESIUM-STANDARD-2 QUARTZ SUBSYSTEM

Approximately 270 days of aging data are available for the crystal oscillator in cesium
standard 2. The crystal aging is derived from the control-voltage changes in the servo loop.
Figure 7a shows the initial crystal tuning curve for cesium standard 2, figure 7b shows the
control-voltqe telemetry versus time from July 1977 through April 1978, and figure 7c
shows the reltive frequency shift of the crystal for the same time period. The apparent
a rte rans from 1 X 10" 10 per day just after launch to approximately zero for the
most recent 100 days. Since the telemetry resolution is about 2 X 10- 9 per bit, the rate
would be 2 X icr 11 pr day. This appmnt agng is due to at least two sources: natural
agn of the resonator, and natur radiation at the NTS-2 orbit altitude.

4
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1 JAN 1978

0 1 2 3 4 5 6
CONTROL MONITOR (VOLTS)

Fig. 7a - Initial tuning curve for the crystal oscillator in cesium standard
2 carried by NTS-2
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Fig. 7b - Control-voltage telemetry from cesium standard 2
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Fig. 7c - Relative frequency shift of the crystal oscillator
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ORBITAL CONSIDERATIONS

Figure 8 depicts the NTS network coverage for the NTS-2 spacecraft. NTS-2 follows
a repeating ground-track orbit of two revolutions per sidereal day. Curves for the limits of
visibility from each station are also shown in figure 8. Figure 9, which again shows the
coverage from Panama, illustrates that NTS-2 may be tracked from Panama for nearly one
complete orbit every day.

90
o

4P

JjAA MAN~300

00N°o 400 90 120 1600 po. 2400 26oo 3o0 39o0

LONGITUDE

Fig. 8 - Network coverage for the NTS-2 satellite. The dashed curve is the NTS-2 ground track,
and curves P, C, E, and A are the limits of visibility from the Panama, CED, England, and Australia
NTS stations

- - J ") e V d I F 9 -Coverage of one NTS-2 orbit per day
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THREE-CLOCK ENSEMBLE

Because the expected frequency stability [2] of the spacecraft's cesium frequency
standards is near the performance of many commercial standards, a three-clock ensemble
was employed at the NTS Panama station. The resultant time scale formed from this
ensemble is denoted by UTC(PMA, mean). An ARIMA (0, 1, 1) model [4] was used to
process the observations. Figure 10 presents the time difference between each clock in the
ensemble and UTC(PMA, mean). Table 2 details the ARIMA parameters for UTC(PMA,
mean). In this solution the 00 parameter was set to zero. It is expected that the three-
cesium-clock time scale will be more stable than a single clock for sampling times in the
region of 1 to 10 days.

15-

8-~~ PA

(0

0 o uTC (C 770 - UTC MA, MEAN)

UTC (CS784; UTC 'PMA, MEAN)

-8

43377 43397 43417 43437 43457 43477 43497 43517

MODIFIED JULIAN DATE

Fig. 10 -Time difference between each clock in the three-
clock ensemble at the NTS Panama station and the resultant
time scale denoted UTC(PMA, mean)

Table 2 - ARIMA model (0, 1, 1) parameters
for the NTS-2 Panama time scale UTC(PMS,
mean) (analysis by D. B. Percival, U.S. Naval
Observatory)

Clock Weight
Clck (%) ~

CS770 52 0.64 1.33 X 10-13

CS780 5 0.58 4.28 X 10- 13

CS784 43 0.84 1.45 X 10-13

7



McCASKILL, BUISSON, WHITE, AND STEBBINS

CLOCK-OFFSET ESTIMATION

The measured time difference contains clock-offset information plus other factors that
must be measured, modeled, and estimated. The clock offset is evaluated at the time of
closest approach (TCA) of the spacecraft to the tracking station. The orbit is determined
using the Naval Surface Weapons Center (NSWC) CELEST [5] program. CELEST was
primarily designed for processing doppler observations; it has been modified to process time-
difference observations. The current procedure employs a maximum satellite pass time of
6-1/2 hours (T = 23,400 s). The Panama observations for one revolution are split into two
segments. These two passes are identified as even revolutions (ascending NTS-2 node) or odd
revolutions (descending NTS-2 node). A similar procedure is followed for the other NTS
stations. Once a reference orbit has been calculated, a smoothed value of clock offset is
made by NRL for the TCA of each satellite pass. These estimates of clock offset are then
used to estimate the frequency stability.

CLOCK-DIFFERENCE AND FREQUENCY-STABILITY RESULTS

The clock differences between UTC(NTS) and UTC(PMA, mean) are presented in
figure 11. Each point in figure 11 (denoted by X) corresponds to a smoothed estimate for
one pass with respect to UTC(PMA, mean). To obtain the offset with respect to the
UTC(PMA, mean) time scale, the values with respect to the cesium clock (used as a time
and frequency source for the ground-station receiver) were incorporated with its offset from

0UWUj

X2CESIUM-STANDARD-2
&L a FREQUENCY TUNE

575

873z

s-" It0 I I I I

250 275 3 1O35 30
TIME (DAYS ITh)

Fig. 11 - Clock differences between UTC(NTS)
and UTC(PMA, mean)

the time scale. This procedure employs the stability of an individual cesium clock during a
single satellite pass while incorporating the stability of the time scale for sample times of 1
day or more.

..- , .;8
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A cesium C-field tune of six bits (-7.8 X 10- 13) was applied on day 287, 1977. Figure
12 presents the one-day frequency values with respect to UTC(PMA, mean). In figure 12 the
expected frequency shift is drawn to scale. The frequency pairs used in calculating the Allan
variance (for independent sampling) have been connected as an aid in graphically displaying
the results. The results obtained for the even satellite passes (not shown) were similar to the
results presented in figure 12. From combining the frequency values for both even and odd
revolutions, it was concluded that the C-field tune was unbiased with an uncertainty on the
order of the resolution of a one-bit change (1.3 X 10-13).

The [UTC(NTS) - UTC(PMA, mean)] values were then referred to USNO to obtain
values of [UTC(NTS) - UTC(USNO, MC1)]. Figure 13 presents the clock offset for the
entire data span. Those values were then used to produce frequency offsets for 7 = 4 days

25

Q 15 CESIUM-STANDARD-2
z FREQUENCY TUNE

E (Af UTC -7 .8 MEAN,

M -5

Z -

4 
-251

250 275 300 325 350
TIME (DAYS 1977)

Fig. 12 - One-day frequency offset values (odd revolutions:
ascending NTS-2 nodes) with respect to ULTC(PMA, mean),
showing the effect of the expected frequency shift of
-7.8 X 10- 1 3 from a cesium C-field tune of six bits.

.95

-t CESIUM-STANOARD-2

aU u me I
LL FREQUENCY TUNE

TIM DAYS 1577)

Fig. 18$-Clock differenea between UTC(NTS) via the
Pwmam staton and II'C(UNO, MCI)
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4 (figure 14). Figure 14 indicates either no cesium aging or an extremely small value
(< 1 X 10-14 per day). Future analysis should result in smoother estimates for the
UTC(USNO, MC1) link.

The values of [UTC(NTS) - UTC(PMA, mean)] were then used to calculate Oy (2, T)
values for I" = 1 day to T = 9 days (figure 15). Analysis of these results indicates a white-
noise value of (1 X 10- 10)//-with a flicker floor of 1.7 X 10-13 for T 5 days.

15 CESIUMoSTANDARD-2
z 15 FREQUENCY TUNE

w - X

II W-5-
I 0 UTC (USNO MCI)1

.X X X XKX
0 M KX X X

Fig. 14- Frequency-offset value. obtained from Fig. 13 for v" =4 days

0 ,. ,1.13 %[: - TIME WAYS 197

, ... " -. ,cesium-standard-2 frequency with respect to the
time scae determined by the three-clock ensemble

1.7 10'3 at the Panama station. Te stability is expressedi0
-
U using the mea1e oy(2, r) for 7 - I day to r - 9

days, which measure-is the square root of the Allan
variance

10' 1' log

SAMPLING TIME 7 (SECONDS)

10



NRL REPORT 8375

ACKNOWLEDGMENTS

The authors acknowledge the guidance and support of Mr. Roger Easton, NRL
NAVSTAR GPS Program Office, who has pioneered the use of precise frequency standards
and clocks for use in space for more than a decade. The authors also acknowledge Mr. Dick
Anderele and Mr. Robert Hill of NSWC for the orbit calculations and Dr. Gernot Winkler
and his personnel at the U.S. Naval Observatory for precise time comparisons and time-scale
calculations.

REFERENCES

1. J.A. Buisson, R.L. Easton, and T.B. McCaskill, "Initial Results of the NAVSTAR GPS

NTS-2 Satellite," NRL Report 8232, May 25, 1978.

2. J. White et al., "NTS-2 Cesium Beam Frequency Standard," Proceedings of the Eighth
Annual PTTI, 1976.

3. G.P. Landis, I. Silverman, and C.H. Weaver, "A Navigation Technology Satellite
Receiver," NRL Memorandum Report 3324, July 1976.

4. D.B. Percival, "Prediction Error Analysis of Atomic Frequency Standards," Proceed-
ings of the 31st Annual Symposium of Frequency Control, 1977.

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


