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I n t r o d u c t i o n

In OVLBI, it is necessary to establish a two-way link for transferring timing information 
to the spacecraft from a stable oscillator on the ground. This is often called a two-way 
“phase” link, or two-way “Doppler” link, because the implementations chosen for the current 
generation of spacecraft (Radioastron and VSOP) use only a single carrier in each direction. 
The phase terminology corresponds to a frequency-domain viewpoint, but in this paper we 
will take the equivalent time-domain viewpoint because it allows easier elucidation of some 
points. The Doppler terminology corresponds to the view that only the derivative of time 
or phase, i.e., frequency, is being transferred. This may be adequate for some applications, 
but for VLBI we need to take the more general view that time is being transferred.

The purpose of the link is to establish the times of certain events on the spacecraft, such 
as the zero-crossings of LO waveforms and the sampling times of the signals, as they would 
be measured by a clock synchronized to one on the ground. There is no such synchronized 
clock; instead, the spacecraft’s oscillators are locked to a reference signal from the ground, 
so spacecraft times correspond to times in the transmitted waveform plus the propogation 
delay. The spacecraft then sends a downlink signal from which we can determine the two- 
way delay and make appropriate corrections to the timing of signals on the spacecraft. 
This depends on an assumption of reciprocity, that is, that the uplink and downlink delays 
are equal, or at least that any non-reciprocal effects are well enough understood to be 
correctable. Notice that the main purpose of the two-way link is to determine the uplink 
delay; the downlink delay is determined as a byproduct, but is unimportant because the 
time of each signal sample was established on the spacecraft before it was transmitted.

In practice the determination of the delay is subject to some errors. A major error 
is caused by ambiguity in the transmitted waveforms; if they are periodic, then we cannot 
tell one cycle from another, so if the period is less than the two-way delay then we have a 
(possibly large) uncertainty. The use of quasi-sinusoidal signals at microwave frequencies 
gives periods near 10-10 sec; with two-way delays of 0.1-0.5 sec, this gives very little 
information on the total delay. More sophisticated designs could avoid this ambiguity [1]. 
But even with this limitation, it is possible to measure accurately the change in two-way 
delay that occurs during any continuous period of contact between one earth station and 
the spacecraft. In this way, whatever error is made remains constant during the contact 
period and can be corrected for the entire period if it can be determined at one epoch. This 
was discussed in earlier work by the author [1,2], and the present paper is an extension of 
that work.
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cooperative agreement with the National Science Foundation.
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Figure 1. Timing diagram showing the relative times of events in the uplink, predicted downlink, and actual 
downlink at two different epochs during one tracking pass.

E f f e c t  o f  U p l in k  C o m p e n s a t i o n

Consider the timing diagram in Figure 1, which shows uplink and downlink signals 
as observed at the earth station. Once again, we prefer to think in the time domain, so 
the uplink and downlink signals are shown as a series of pulses, but these could actually 
represent the zero-crossing times of quasi-sinusoids. The uplink signal is transponded at 
the spacecraft and a corresponding downlink signal is generated. We will neglect any delay 
within the spacecraft. If a particular event in the uplink signal could somehow be labeled so 
that the corresponding event in the downlink signal could be recognized, then the two-way 
delay could be measured on the earth station’s clock. But since the cycles in each signal 
are indistinguishable, there is an ambiguity. Fortunately, we know a priori the approximate 
two-way delay, so there is a limited range of uplink “pulses” that might correspond to the 
present downlink “pulse.” We can then pursue the following strategy.

At some fixed time to (probably near the beginning of contact with one earth station), 
select one uplink event (pulse or zero-crossing) as corresponding to the present downlink 
event, giving an estimate To of the total two-way delay. We make this selection so that 
Jo agrees with our a priori knowledge of the satellite orbit, since no better information 
is available, resulting in an error equal to some unknown number of cycles of the uplink 
waveform. Because there is a fixed relationship between the uplink and downlink waveforms 
imposed by the satellite transponder, the error can be made to be always the same number 
of uplink cycles. For example, if there is a fixed number of downlink cycles per uplink cycle 
set by the transponder frequency ratio R , then when N  downlink cycles have elapsed since 
to we know that the corresponding uplink cycle is the one N /R  cycles after the one that 
corresponded to to. If our initial guess To of the two-way time was in error by some number
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of uplink cycles, our present estimate is still in error by the same number.
However, the error will not be a constant amount of time unless the uplink period 

is constant, so it might seem reasonable to transmit a  constant-frequency uplink signal. 
But there are good reasons not to do this. The distance to the spacecraft is changing 
rapidly, so the Doppler effect will cause rapid variation of the on-board timing. Although 
this could in principle be measured and later compensated, the variation is so large that 
second order effects and non-ideality in the spacecraft hardware make it impractical. (For 
a detailed explanation, see [3].) Therefore, a practical approach involves transmitting an 
uplink waveform that cancels the a priori uplink delay so that the on-board timing is nearly 
stable. The uplink is then only quasi-periodic; although the two-way time error remains a 
constant number of cycles, it is not a constant amount of time. We will show later that this 
effect is very small.

H a r d w a r e  I m p l e m e n t a t io n s

We will soon look at a hardware implementation that achieves this strategy. But before 
doing so we will look at other possible implementations and discuss their shortcomings.

Figure 2. Block diagram of a straigtforward two-way timing implementation at an earth station.

Consider the scheme in Figure 2. It involves separate synthesis of an uplink signal 
and an estimate of the downlink signal, each based on the best a priori estimate of the 
spacecraft orbit. Of course, the uplink signal being generated at time t is based on the 
expected position of the satellite at a slightly later time, and the downlink estimate is 
based on its assumed position slightly earlier. The actual downlink signal is then compared
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against the synthesized estimate, and the time difference r  is measured.1 The total two-way 
delay is then estimated as

f  (t) = T(t) + T(t) (1)
where T( t ) is the a priori estimate.2 Notice that the error in T(t) may not be constant; as 
time goes on (from <o)> the satellite orbit may evolve relative to the predicted orbit. One 
might think that this evolution would be reflected in the measured r(t) and that the total 
T(t) could have constant error. This would indeed be the case if it were not for a subtle 
effect: the uplink compensation and the downlink prediction that apply to the signal being 
received at time t may be based on two different satellite positions. This is because the 
uplink compensation actually applied to that signal was the one transmitted at t -  T(t), 
whereas the one corresponding to the downlink prediction was transmitted at t — T(t). Since 
our a priori knowledge of the satellite position is not perfect (T ^  T), an error results.3

How big is this effect? If the satellite range is in error by 1000 m, then the two- 
way delay is in error by 6.7/xsec, so the uplink compensation disagrees with the downlink 
prediction by this amount. This is many cycles of the observing frequencies of interest, as 
well as many sampling times at the band widths of interest. It is then significant for VLBI 
signal processing, but perhaps not for orbit determination since the satellite will typically 
move only a few cm during the error time.

What if no uplink compensation were used? Then the residual r(t) would include the 
total deviation of the two-way delay from the (single) prediction, and the above formula 
would produce an ambiguity error in T(t) that remains constant. So the time-variation of 
the error can be attributed to the attempt to compensate the uplink.

Is there a way to avoid this problem? Yes; consider the design of Figure 3. Here we 
use only one prediction, from which we synthesize the uplink compensation. Rather than 
synthesize a predicted downlink signal separately, we use a delayed version of the uplink 
signal, scaled in frequency by the transponder ratio. In effect, we build at the earth station 
a simulation of the round-trip path. This would be equivalent to Figure 2 except for the 
fact that the delay is kept constant; it is left permanently at the value To that was our 
best estimate of the two-way delay at one selected time during the contact with one earth 
station. As the two-way delay changes during the rest of the contact, the uplink portion 
continues to be compensated as accurately as possible, but the downlink prediction will 
deviate more than before from the actual value. This will be reflected in the measured 
residual r(t), which will now vary more rapidly. So finally our estimate of the two-way 
delay is

T(t) = To + r(t) = T(t) -  Ar, (2)
where T(t) is the true two-way delay and A t  is the error in our estimate. In either of 
these designs, the purpose of synthesizing the predicted downlink signal is to minimize the 
size of the residual, making it easier to measure. In the scheme of Figure 3 this is done 
less accurately (intentionally) than in the scheme of Figure 2. In return for allowing larger 
residuals, we avoid one type of timing error.

It should be apparent that the scheme of Figure 3 is equivalent to that illustrated in 
Figure 1, since the design guarantees that the number of elapsed cycles of the predicted

! For quasi-periodic signals, this is actually a phase measurement, r  =  <f>/(2irf) for phase <j> at fre
quency / .  We can nevertheless allow r  to be much larger than one cycle by making a continuous series of 
measurements and adding 2ir to <f> whenever a cycle is completed.

2 Here and later, the notation x means an estimate of x based on real-time measurements, whereas x 
is an a priori  estimate.

3The reader may wish to pause here and consider this point carefully. It should be clearly understood 
before continuing.
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Figure 3. Block diagram of an improved two-way timing implementation.

downlink is always R times the number of elapsed cycles of the uplink. This is not true of 
the scheme of Figure 2.

However, it is not necessary to implement explicitly the x R  and delay boxes in Figure 
3. In fact, a convenient implementation might use two independent synthesizers and have 
a block diagram very much like Figure 2. It would differ only in the programming of 
the downlink synthesizer, which would be driven by the estimated spacecraft position at 
t + T/2  -  To rather than that at t -  T/2.

Recall that there is still a variation in the timing error due to the variation in uplink 
frequency during a period of contact. The timing error at the reference epoch to can be 
written

A r °  =  / o ( l  + \ / c )  ( 3 )

where A n  is the error in uplink cycles, / 0 is the nominal uplink frequency, and R  is the 
range; the denominator is then the Doppler-corrected uplink frequency. Similarly, the error 
at some other time is

a A n  , ^
A t = ----------:----  (4)/o(l + R/c)

and the change in error is
A A A n , R 0 -  R .A r _ Ato = T (— r ~). (5)

For Radioastron and VSOP, the largest |J20 -  R\ is about 104 m/s, and this occurs only 
rarely during a low perigee pass. If the a priori range error is 1000 m, then An/fo  is 6.7
jusec, so

m ax|Ar -  Ar0| = 2.2 x 10“10 sec. (6)
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Although this is several cycles at some desired observing frequencies (4.9 cycles at 22 GHz), 
it is quite negligible if the variation is spread over many coherence times of the stable 
reference oscillators. It is also small with respect to typical sampling periods (around 10"7 
sec).

E f f e c t  o f  E a r t h  S t a t i o n  M o t io n

The designs of Figures 2 and 3 neglect an important fact: the earth station moves 
during the two-way propogation time. This has no effect on the measurement discussed 
so far, namely that of the two-way delay. But, as mentioned in the Introduction, our real 
objective is to determine the uplink delay only, so as to be able to correct the on-board 
timing. The earth station motion makes the path non-reciprocal, and we now investigate 
how accuractly this can be accounted for.

The two-way delay can be written T(t) = Tu + Td where Tu is the uplink delay and 
Td. is the downlink delay. Assuming that the earth station motion results only from the 
rotation of the earth, it moves a distance D — ue teT cos/ during two-way time T  where 
ue is the angular velocity of the earth, te is the radius of the earth, and I is the station 
latitude. The component of this motion along the range direction is then R u -  Rd — 
c(Tu -  Td) «  D cos 6 sin h where 6, h are the declination and hour angle, respectively, of the 
satellite at the transponding time. The worst-case error in knowledge of this component 
is then 2Dcr/(Ru + Rd) where a is the transverse (sky plane) error in knowledge of the 
satellite position. The last expression is independent of range and is about 3 x 10_6<7, or 
about 3 mm when the orbit is known to 1000 m; then Tu -T d  *  AT can be known to about 
10-11 sec.

We thus have
2 Tu(t) = T(t) + A T(t) = f ( t )  + A f ( t )  + A r  + Are (7)

where A re is the error in our correction for the earth station motion.
U p l in k  T im e  R e s i d u a l

Although we now have [eqn (7)] a measure of the uplink delay whose errors are either 
constant or small, this is not sufficient to accomplish our purpose. We need to establish 
the time of certain events on the satellite. The event that arrives on the downlink at our 
initializing time to can be assumed to have occured at to -  [Jo + AT(io)]/2. If the uplink 
compensation were perfect, then the times of later events could be found by counting the pe
riodic downlink signal. If there were no uplink compensation, then we could again count the 
downlink signal, but we would then “correct” the time by adding Tu( t ) - T u(to). The actual 
case is in between these, and is more difficult. Let ATu(t) be the uplink residual, i.e., the 
difference between the actual uplink delay and that assumed for the uplink compensation; 
then

A Tu(t) = Tu( t ) - f u( t - T ( t )  + T(t)) (8)
where argument t indicates that the quantity applies to the event received on the downlink 
at time t. (In the following, the argument is t if not explicitly written.) Our best estimate 
of this residual is then

ATu = Tu -  f«(t -  t  + T ). (9)
We can then use this estimate to correct the event times obtained by counting the downlink. 
The error we make in the estimate (9) is given by subtracting (8) from (9) and substituting 
from (7):

ATu -  ATu = (At + Are)/2 + Tu(t + T -  T) -  Tu(t + T -  T  -  A t -  A re). (10)
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The last two terms are the a priori uplink time for the actual time of transmission and the 
estimated time of transmission, respectively. Although we still do not know accurately the 
time that the uplink corresponding to the present downlink was transmitted, we know it 
better than we did a priori, and we have made a first-order correction. If the a priori range 
error is 1000 m and the maximum satellite range rate is 104 m/s, then the remaining error 
is < 2.2 x 10-10 sec.

To calculate the estimate in (9), the earth station must remember the uplink prediction 
that was being used T seconds ago, even though T  is not known until now. This can be done 
in several ways; the uplink prediction could be re-computed for that time, or the predictions 
could be put in a temporary buffer as they are transmitted.

S u m m a r y

We have shown that the use of a Doppler-compensated uplink in the two-way timing 
transfer for present-generation OVLBI satellites may lead to an error in knowledge of the 
times of events on the satellite. This error can be avoided by a strategy that differs from a 
straightforward one in two ways: (a) the downlink phase detector should not measure the 
residual with respect to a predicted downlink signal, but rather with respect to the uplink 
signal after a fixed delay (Figure 3). (b) The uplink residual at the satellite should be esti
mated by using the measured change in two-way time to estimate the time of transmission 
of the uplink that corresponds to the present downlink [equation (9)].

An analysis of the errors in this strategy has shown that there are several:
(i) The absolute one-way time is only as good as the a priori range, but this error can be 

kept constant to better than 2.2 x 10-10 sec.
(ii) The earth station motion during the two-way time is not known perfectly with respect 

to the satellite, resulting in an error of up to about 10-11 sec.
(iii) Because of (i), the time of transmission of the uplink corresponding to the present 

downlink is not perfectly known, and use of the present two-way data allows only a 
first-order correction, leaving a residual of up to 2.2 X 10“10 sec.

Thus, the time error can be kept constant to within a few hundred picoseconds. More 
straightforward methods allow variations of up to several microseconds.

The numerical results quoted here are based on an a priori range error of 1000 m and 
a maximum range rate of 104 m/sec.
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