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I.  Introduction

The commitment of the Global Positioning System (GPS) to use atomic clocks dates back
more than ten years ago when the first major contractual commitment was made with the
award of the first space vehicle procurement contract to Rockwell International in 1973.
The primary purpose of atomic clocks was, and still is, to provide autonomy of time and
frequency to the individual spacecraft. The objective of the atomic clock was, and still is,
the assurance of time accuracy to the nanosecond level. This implies a positioning
accuracy of the order of feet. We note that timing accuracy and positioning accuracy are
related via the speed of light; thus, 1 ns time accuracy translates to 1 foot positioning
accuracy. The role of the atomic clock is to preserve this accuracy autonomously out to
many days in case uploading should be impossible or undesirable. Thus, because 10 ns per
day equals 10-13 fractional frequency stability and 10 ns per week represents parts in 1014,
atomic clock stabilities of 10-13 and better for periods of days are needed for GPS.

Because of the state-of-the-art prevalent in the early seventies, rubidium devices were
chosen for the first GPS satellites (Navstar 1 thru Navstar 4). At the same time, FTS went
under contract to develop a space-qualified cesium device. Navstar 5 thru Navstar 12 will
carry a complement of three rubidium and one cesium clock. Starting with Navstar 13, the
Block II GPS Satellite Time/Frequency Subsystem will consist of two rubidium and two
cesium clocks. The rubidium devices are produced by the Autonetics Division of Rockwell
International using an Efratom physics package. The cesium clocks are produced by
Frequency and Time Systems, Inc. The need for a total of four clocks per satellite results
from the systems planner’s risk assessment focussing on the assurance of in excess of
7 1/2 years of “in-spec” life for this basic subsystem of the Navstar satellite.

II.  Historical Perspective

As was mentioned above, the rubidium devices were chosen for the early satellites because
of the more advanced state of development of rubidium technology back in 1973.
Nevertheless, cesium clocks offer superior performance for purposes of timekeeping and



frequency accuracy. Cesium clocks are characterized by being primary frequency
references. This means that their output frequency remains between very narrow bounds
throughout their operational service life. These bounds are less than ±10-11 of the absolute
standard of frequency. This feature makes updating or corrections of frequency virtually
unnecessary and permits nanosecond timekeeping in an autonomous fashion for the
duration of days. Rubidium clocks, in contrast, show frequency drift. That is, a change in
frequency with time by worse than 10-10 per year. Thus, rubidium clocks require frequency
updating and a certain degree of modeling of the drift of the frequency in order to achieve
the required long-term timing accuracy.

In order to realize the potential of cesium clocks for GPS applications, Frequency and
Time Systems, Inc. was awarded a contract in the early 1970s to develop a space-qualified
cesium clock. Figure 1 shows the cesium clock development history. A prototype (Flight
Candidate Model) was developed between 1973 and 1976. Figure 2 shows a photo of this
device developed by FTS. This device was actually flown on the developmental satellite
NTS-2 under the direction of the Naval Research Laboratory.

Subsequent developments at FTS led to the construction of eight engineering development
models which were also used not only for validation of the design, but also for
environmental testing, including nuclear radiation hardening. Between 1978 and 1980, six
pre-production models, FTS 4400, were built and delivered. One of these units was used in
an extensive qualification test program.

A production improvement of the Model 4400 led to the Model 4401 which featured
program-approved parts, full radiation screening, worst case circuit analysis, failure mode
effects analysis, parts stress analysis, and reliability prediction. Five cesium clocks of the
Model 4401 were delivered to Rockwell International in 1982. Figure 3 shows a photo of
the Model 4400. FTS is currently producing fifty-six (56) cesium clocks of an advanced
model, 4401A, to be used for the Block II Navstar GPS satellites. Two clocks each are
intended to be flown on Navstar 13 thru Navstar 40 satellites to be launched throughout
this decade. Table I gives a summary of the cesium clock applications and their actual
flight history.

III.  Design

Atomic clocks and frequency standards are based on a conceptually simple design
principle. A high-quality quartz crystal oscillator is controlled and stabilized by the
intrinsic resonance feature of the atom. The resonance feature has a very high Q which is
approximately 10-100 million. Figure 4 shows the simplified block diagram of the cesium
frequency standard for GPS. The crystal oscillator operates at the GPS frequency 5.115
MHz (VCXO in Figure 4). This frequency is modulated and multiplied to the 9.192 GHz



frequency of the cesium resonance and injected into the cesium beam tube containing the
cesium atoms. The resultant output frequency is the low frequency modulation of the
injected signal with the cesium beam tube acting as an FM demodulator. The signal is
processed in a phase detector, integrated, and used to control the VCXO. The output of the
VCXO provides the super-stable frequency reference to other spacecraft subsystems.

A particular feature of the cesium frequency standard for GPS is the radiation-hardened
digital servo integrator subsystem shown in Figure 5. Its principal element is an up-down
counter and latching-relay D-to-A-converter which allows the storage of the control
voltage with infinite time constant; thus, drift or aging of the quartz crystal oscillator will
have no effect on the performance of the GPS clock. The photo (Figure 6) depicts the
Model 4400 with the cover removed from the electronic circuit boards. In Figure 7, the
cover is removed on the opposite side of the Model 4400 allowing a view of the crystal
oscillator and the cesium beam tube itself as mounted inside the GPS cesium clock.

As part of the very extensive and rigid production and quality controls, the GPS time and
frequency standards receive a formal, 30-day acceptance test prior to delivery. This is an
extensive measurement program checking all parameters of the clock. As part of this
formal acceptance test, the clocks are measured in a thermal vacuum chamber for long-
term frequency stability or timekeeping. The results of the test data of five clocks of the
Model 4401, which were delivered in 1982, are summarized in Figure 8. Plotted is the
fractional frequency stability, *y(J), as a function of the measurement time J. Plotted are
the data of all five clocks. In addition, a data point is shown at nearly 106 seconds which
was obtained from in-orbit observations of a Model 4400 onboard Navstar 6 (reference
Figure 9). The data indicate that stabilities of the order of 10-12 for averaging times
between less than a second and approximately 100 seconds are achieved improving to the
10-14 range for time intervals in excess of 1 day.

These excellent data are confirmed by a long-term observation of in-orbit performance as
depicted in Figure 9. Figure 9 shows the fractional frequency stability as a function of
measurement time as observed aboard Navstar 6. These data are reproduced from the
paper “Separating the Variances of Noise Components in the Global Positioning System”
by David W. Allan and Mark Weiss (Proceedings of the 15th Annual Precise Time and
Time Interval Applications and Planning Meeting, December 1983). In order to give the
reader a perspective of the corresponding timekeeping performance of the clock, the data
of Figure 9 are translated into timekeeping performance data and depicted in Figure 10.
These data should be interpreted as that timekeeping accuracy which would be obtainable
from this particular clock after perfect synchronization. Actual timing accuracy from the
GPS system, of course, depends on the overall systems management and updating;
substantially better accuracy is possible if full advantage is taken of the large number of
independent clocks available to the user.



In summary, it is certain that nanosecond timekeeping and, with it, positioning accuracy to
the order of meters, are quite achievable from the clocks in the GPS satellites. The
potential of the GPS system is enormous. System performance has been demonstrated
which is sufficient for guiding cars on roadways, executing precision landing of aircraft
and, last but not least, providing nanosecond timing accuracy and 10-13 or better frequency
accuracy anywhere in the world.
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MODEL FTS MODEL APPLICATION

PROTOTYPE FCM TWO UNITS FLOWN ON NTS-2, JUNE 1977

ENGINEERING FTS 4200 INTENDED FOR TEST AND EVALUATION: SN 8 USED
AS RADIATION-HARDENING TEST BED.

PREPRODUCTION FTS 4400 UPGRADED AND QUALIFIED VERSION OF FTS 4200:
FLOWN ON NAVSTAR 5, AND NAVSTAR 6.

PRODUCTION FTS 4401 PRODUCTION VERSION OF FTS 4400:
FLOWN ON NAVSTAR 8 THROUGH 12.

BLOCK II PRODUCTION FTS 4401A BLOCK II IMPROVED VERSION OF FTS 4401:
GREATLY ENHANCED NUCLEAR HARDENING.

TO BE FLOWN ON NAVSTAR 13 THROUGH 40.

ADVANCED PREPRODUCTION FTS 4402 PERFORMANCE UPGRADE OF FTS 4401:
ENHANCED NUCLEAR HARDENING

TABLE 1: APPLICATIONS OF THE VARIOUS MODELS OF THE
CESIUM CLOCK FAMILY DEVELOPED AND BUILT BY FTS
FOR NAVSTAR/GPS.



FIG. 1:  CESIUM CLOCK DEVELOPMENT HISTORY



FIG. 2: THE FLIGHT CANDIDATE FIG 3: THE MODEL 4400 
MODEL (FCM) OF THE NAVSTAR/GPS CESIUM 
NAVSTAR/GPS CESIUM CLOCK. CLOCK

FIG. 4: CESIUM FREQUENCY STANDARD MODELS 4400 AND 4401
SIMPLIFIED BLOCK DIAGRAM



FIG. 5: SERVO/INTEGRATOR SUBSYSTEM BLOCK DIAGRAM OF
THE MODELS 4400 AND 4401



FIG 6: THE MODEL 4400 WITH COVER REMOVED: CIRCUIT
BOARDS ARE VISIBLE.

FIG. 7: THE MODEL 4400 WITH COVER REMOVED: CESIUM BEAM
TUBE IS VISIBLE (BOTTOM HALF OF UNIT).



FIG. 8: FTS 4401 CESIUM BEAM FREQUENCY STANDARDS FREQUENCY
STABILITY SUMMARY FROM THE ACCEPTANCE TESTING OF FIVE
DEVICES. ALSO SHOWN IS ONE DATA POINT (TRIANGLE) FROM
LONG-TERM, IN-ORBIT OBSERVATIONS OF THE MODEL FTS 4400 (ON
BOARD OF NAVSTAR 6).



FIG. 9: IN-ORBIT FREQUENCY STABILITY AS MEASURED BY THE
NATIONAL BUREAU OF STANDARDS, BOULDER, CO. DATA
ARE REPRODUCED FROM THE PAPER, “SEPARATING THE
VARIANCES OF NOISE COMPONENTS IN THE GLOBAL
POSITIONING SYSTEM” BY DAVID W. ALLAN AND MARC
WEISS (PROCEEDINGS OF THE FIFTEENTH ANNUAL
PRECISE TIME AND TIME INTERVAL (PTTI) APPLICATIONS
AND PLANNING MEETING, DEC. 1983). THE CESIUM CLOCK
15 MODEL 4400, SERIAL NO. 11, ON BOARD NAVSTAR 6.



FIG. 10: TIME ERROR AS A FUNCTION OF TIME AFTER (PERFECT)
SYNCHRONIZATION; CALCULATED FROM THE DATA OF
FIG. 9. AT ONE DAY, THE TIME ERROR WINDOW IS LESS
THAN ±10ns; AT 10 DAYS IT IS STILL BELOW ±30ns.


