
IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. GE-20, NO. 3, JULY 1982 32 1 

Shuttle Experiment to Demonstrate High-Accuracy 
Global Time and Frequency Transfer 
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AND GERNOT WINKER 

R&tmcr-The concept of a high-~ccuncy global time and frequency 
transfer system is discussed. A hydrogen maser clock onboard a apace 
vehicle combined with a microwave Dopplm cancellation system can 
provide direct frequency transfer with an accuracy of and time 
transfer accurate to 1 M. The addition of short pulse laser techniques 
provides subnanosecond time transfer accuracy which can be used to 
calibrate the microwave system. 

INTRODUCTION 
HE SUBJECT OF this paper is a space system for high- T accuracy global comparison of clocks. The concept and 

implementation of such a system are being studied by the au- 
thors of this paper. The study is presently supported by 
NASA's Geodynamics Branch of the Office of Space and Ter- 
restrial Applications. 

Manuscript received September 30,1981; revised January 8,1982. 
This paper was presented at the Int. Geosci. and Remote Sensing Symp. 
(IGARSS'81), Washington, DC, 1981. 

D. W. Allan is with the National Bureau of Standards, Boulder, CO. 
C. 0. Alley, Jr. is with the University of Maryland, College Park, MD. 
R. Decher is with NASA, Marshall Space Flight Center, Huntsville, 

R. F. C. Vessot is with the Harvard-Smithsonian Center for Astro- 

C. Winkler is with the U.S. Naval Observatory, Washington, DC. 

AL 35812. 

physics, Cambridge. MA. 

There is a need for a high-accuracy clock comparison system 
with global coverage. A large number of highaccuracy atomic 
clocks are now in use around the world. In the western world 
alone there are approximately 50 hydrogen maser clocks, 2000 
cesium beam clocks, and IO000 rubidium vapor cell clocks. 
The group of users includes national primary standard labora- 
tories in several countries, national and international timing 
operations, NASA's Deep Space Tracking Net (DSN), metrol- 
ogy laboratories, VLBI for radio astronomy and geodynamics 
as well 2s a variety of other users. 

The stability and accuracy of precision clocks and primary 
frequency standards have improved far beyond present capa- 
bilities to transfer time and frequency between widely separated 
clocks, and further improvements in accuracy and stability of 
clocks can be expected in the future. The present operational 
mode to compare primary standards in the U.S., Canada, and 
West Germany utilizes the LORAN C navigation system which 
cannot provide the high accuracy required and has limited 
geographical coverage. The most accurate clock comparison 
method in use now is the transportable clock. This method 
has many logistic problems and becomes very expensive if high 
accuracies are required. Various other techniques of high- 
accuracy clock comparison have been conceived and tested 
experimentally involving satellites and VLBI. None of these 
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SHUTTLE 

Fig. 1. Shuttle time and frequency transfer experiment (STIFT). 

methods can fulfill all of the major requirements for an opera- 
tional high-accuracy global system. The system to be discussed 
would meet present and future requirements. 

SATELLITE TIME AND FREQUENCY TRANSFER 
(STIFT) CONCEPT 

The proposed satellite time and frequency transfer (STIFT) 
concept is illustrated in Fig. 1. STIFT can be viewed as an ex- 
tension of the transportable clock method with a hydrogen 
maser clock in a space vehicle. Time and frequency transfer 
between the space clock and a clock on the ground is accom- 
plished by two-way microwave transmission involving three 
carrier frequencies. The CW microwave system will permit a 
direct frequency comparison between the space clock and the 
ground clock with an accuracy of This is a unique fea- 
ture of the STIFT system. A time code modulation will be ap- 
plied to perform time transfer with an accuracy of 1 ns or 
better. The user of the system will require a microwave ground 
terminal located next to the clock to receive signals from and 
to transmit back to the spacecraft. 

In addition, the STIFT system can accomplish time transfer 
with subnanosecond accuracy using the short-pulse laser tech- 
nique in conjunction with existing laser ground stations. The 
laser technique will be used also to calibrate the microwave 
system. The short-pulse laser method is the most accurate 
technique of time transfer available. The equipment on board 
the space vehicle consists of a hydrogen maser clock, a micro- 
wave transponder system with antenna, a corner reflector ar- 
ray with photodetectors, and an event timer. 

The basic microwave and laser techniques proposed for 
STIFT have been used with earlier experiments. The micro- 
wave technique was developed for the gravitational probe A 
(GP-A), a joint project of Smithsonian Astrophysical Observa- 
tory and Marshall Space Flight Center which was flown in 

1976 [ l ]  . The experiment measured the gravitational redshift 
effect .by comparing the frequencies of two hydrogen maser 
clocks-one clock in a space probe, the other clock on the 
ground. The demonstrated accuracy of frequency comparison 
was The short pulse laser technique was used in air- 
plane experiments in 1975-1976 by the University of Mary- 
land with support from the U.S. Navy to measure relativistic 
effects on clocks [Z] . The uncertainty in the time comparison 
of clocks was only a few tenths of a nanosecond. The results 
obtained from both experiments prove that the proposed per- 
formance of STIFT can be achieved without any technology 
breakthrough. 

MICROWAVE SYSTEM 
A block diagram of the microwave system is shown in Fig. 2. 

The key feature of the system is cancellation of the first-order 
Doppler effect in the frequency comparison loop. The ground 
clock signal is first transmitted to the spacecraft and trans- 
ponded back to the ground terminal to obtain the two-way 
Doppler shift, which is divided by two to generate the one- 
way Doppler shift, which in turn is subtracted from the one- 
way space clock downlink signal. The resulting beat signal at 
the output of the mixer is the frequency difference between 
the two clocks with the first-order Doppler shift removed. 
This process also cancels propagation variations in the iono- 
sphere if their duration is longer than the signal round-trip 
time. The S-band transmission frequencies shown are those 
used with the gravitational probe A. The three frequencies 
were selected to compensate for ionospheric dispersion. A 
single antenna is used at the spacecraft and at the ground sta- 
tion for transmission of the three microwave links. 

The frequency transfer uses the phase information of the CW 
phase-coherent carrier signals. Time transfer is accomplished 
by modulation of the carrier signals. The time code generated 
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Fig. 2. STIFT microwave systems. 

by the space clock is modulated on the clock downlink and 
compared with the time code of the ground clock. The one- 
way propagation delay, needed as correction for time transfer, 
is obtained from the range measurement accomplished by PRN 
phase modulation of the transponder links. The time differ- 
ence between the two clocks is derived from the delay of the 
two time codes. 

One important objective is to develop a low-cost, low com- 
plexity ground terminal which can be afforded by a large num- 
ber of users of an operational STIFT system. 

LASER SYSTEM 
The short-pulse laser technique is the most accurate method 

of time transfer. Existing laser ground stations can use STIFT 
for subnanosecond time transfer if they are equipped with an 
atomic clock and an event timer. Because of the higher accu- 
racy, the short-pulse laser technique can serve as a calibration 
tool for the microwave time transfer. It should also provide 
interesting data on microwave versus laser propagation through 
the atmosphere. Neither the relative velocity nor the distance 
between space vehicle and ground station enters into the clock 
comparison. 

The laser ground station transmits short laser pulses which 
are returned by the corner reflector array on the space vehicle. 
A block diagram of the laser system is shown in Fig. 3. The re- 
flector array is equipped with photodiodes to detect the arrival 
of the laser pulses. The arrival time t i  of the pulses is mea- 
sured in the time frame of the on-board clock by the event 
timer. This information is telemetered to the laser ground sta- 
tion which measures the time of transmission t l  and reception 
t3 of the laser pulse. The time difference between the space 
clock and the ground clock is the difference between ti and 
t 2 ,  the mid-point between r1 and t 3 .  

SHUTTLE EXPERIMENT 
A first step in the implementation of the STIFT system 

could be an experiment on the Space Shuttle to demonstrate 
the performance and operation of the system. The experiment 
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Fig. 3. STIFT laser system. 

package, containing the hydrogen maser clock, microwave 
transponder with antenna, corner reflector array, and asso- 
ciated electronics, would be mounted on a pallet in the Shuttle 
bay. 

Shuttle orbits are lower than the desirable optimum for a 
STIFT experiment but are still adequate to demonstrate the 
performance and operation of the system. The low orbital alti- 
tude results in rather short duration passes over a ground sta- 
tion. A Shuttle mission of maximum orbital altitude (200 n d  = 
360 km) and maximum inclination (57') would be selected 
for the experiment. The maximum pass duration for this type 
of orbit is 5.7 min between 10" elevation limits. The 1976 
GP-A microwave system achieved a frequency comparison 
accuracy A f/f = in 100 s of averaging time (limited by 
maser stability). Further improvements in hydrogen maser 
stability have reduced the averaging time for the same accu- 
racy to approximately 20 s. The average pass duration is ap- 
proximately 4 min for selected locations of ground stations, 
which is sufficient to perform tests even below the nominal 

accuracy level. The pass duration will provide enough 
time to obtain sufficient data samples for the time transfer 
portion of the experiment, including the microwave and laser 
techniques. Participating laser stations need to be equipped 
with an atomic clock and event timer. 

At least two ground terminals should be available for the 
Shuttle experiment to demonstrate comparison of widely 
separated clocks. Additional ground terminals would be de- 
sirable to permit participation of several potential users of an 
operational STIFT system. A 57" inclined orbit would pro- 
vide coverage of the primary standard laboratories, interna- 
tional time service stations, the three DSN stations and various 
other important laboratories or institutions (Fig. 4). The ex- 
periment could be reflown on the Shuttle with a different dis- 
tribution of ground terminals to permit a wider participation 
of users. 

To achieve the quoted accuracies of frequency and time 
transfer with the microwave system requires corrections for 
relativistic effects, including the second-order Doppler and the 
gravitational redshift. Accurate tracking of the space vehicle 
will be required to obtain information for calculation of the 
relativistic effects. For example, to reduce the error contribu- 
tion of each of the two relativistic effects to 1 X lo-'' the 
relative velocity between ground station and space vehicle 
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Fig. 4. Station locations 

must be known to 1.2 cm/s and the radius of the orbit must 
be known to 10 m. These accuracies are within the state-of- 
the-art for a free flying satellite which is the ultimate applica- 
tion of the proposed system. Standard Shuttle orbit data are 
less accurate, and additional tracking will be needed at least 
for those orbital segments during which clock comparison data 
are taken to achieve sufficient accuracy for a demonstration 
experiment. 

STIFT PERFORMANCE 
A comparison of the stability of various standards and tech- 

niques is shown in Fig. 5 .  Included are the performances of 
the 1976 S A 0  microwave system (GP-A) and the stability of 
the improved hydrogen maser. The dotted lines represent 
pulse time transfer systems with accuracies of 0.6 and 0.1 ns, 
respectively. To compare frequencies with an accuracy of 

using a pulse system would require 0.6-11s accuracy of 
the time transfer if comparisons are made at intervals of 24 h. 
This shows the advantage of the direct frequency comparison 
method possible with STIFT. 

The desirable characteristics of an operational global-clock 
comparison system include the following: high accuracy (time 
transfer 1 ns or better, frequency transfer or better), 
lowcost and low complexity ground equipment, low-opera- 
tional cost, global coverage, frequent or continuous access, 

weather independence, and single terminal operation. The 
STIFT concept can meet all of these requirements better than 
other proposed or existing systems and, in addition, provides 
direct frequency transfer with high accuracy. 
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