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ASS TR AC 'I' 

Accuracy limitations to two way range rate dopplcr tracking 
due to master (reference) oscillator frequency instabilities a re  
discussed. Theory is developcd to treat  both the cffccts ol' 
random and non-random oscillator instabilities. Thc non- 
rL2ndom instabilities treatcd a r e  drift, environmental effects, 
ant1 coherent phase modulation. The effects of rundom insta- 
bilities on r~angc rate accuracy a rc  shown to be describable in 
terms of uy (2, 'I', r ) .  For the typical noise processes cncoun- 
tercd in precision oscillators, range ratc e r ro r  i s  related to 
the more familiar , ( T )  and I' (1). 'I'hree cxa~nplcs a r c  dis- 

Y 
cussed to show how to dctcrmine range ratc c r ro r  Irom given 
-) ( r-) o r  h (f) curves, approxinlations a r e  devclopcd to 
Y 

simplify the treatment of conlplex systems. An e r ro r  analysis 
of range determined Prom range rate data is  also given. 

Two way range rate dopplcr tracking (TLVOT) is zt mcans of measuring rangc 
rate by observing the doppler shift in a radio signal coherently transpunded 
from a satellite. Rcccntly proposecl applicatioiis of TM'D?' to Earth and occnn 
physics have range rate accuracy requirements of 0.003 to 0.005 ~ m / s e c . ~ ~  * 
These stringent accuracy requirements impose constraints on 'l'WOT systems 
which make careful analysis <and minimization of system e r ro r s  irnpcrativc. 
Onc source oI e r ro r  in TWD'I' systems is the instability of the master oscillator 
(reference oscillator). Others have malyzccl the eflects of this e r ro r  ~ o u r c e f ' ~ ' ~  
but have either not treated the problem in sufficient detail, maclc some e r ro r s  
in their analysis, or not treated the problem directly as it applies to TWDT 
systems for satellites. This paper will attempt to correct these dcfects. The 
paper will not discuss individual TWDT systems, but will t ~ d w  a generalized 
approach. Existing systems and requirements, however, will he kept in mind to 
ensure the utility of the paper's results. 



STATISTICS OF RANGE HATE ERROR 

A generalized schematic of a TWDT system is shown in Figure 1. In a TWDT 
system, a reference frequency, f,,  provided by the master oscillator is trans- 
mitted to the satellite and transponded back to the receiver. The doppler 
shifted frequency, f ,  + f,, is then mixed with f ,  to producc f,. After passing 
through a band pass filter, f ,  i s  measured in a frequency o r  period counter. In 
actual systems, f , is biased by an arbitrary frequency4 so that the doppler 
signal can be averaged over any time, T. The master oscillator also supplies 
the time base for  the counter. 'I%e accuracy requirements for this a r c  not 
stringent, and will not be t ~ e a t e d  here. 

The counter used to measure f, can fit into four possible The 
f irst  two categories deal with the way individual measurements a r e  taken. 'l'he 
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Fig. I-Two way doppler tracking 



counter can measure the total number of periods of f, for a fixed elapscd time, 
T, o r  it can measure the total elapsed time for a fixed number of pcriods. Ln 

this paper, we shall consider T given; the results can be related to the fixed 
pcriod case through an estimate of the bchavior of f,. The other two categories 
deal with the way in which successive nlcasurenlents a re  treated. Thc counter 
is considcrcd destructive o r  non-destructive depending' on whether it i s  cleared 
o r  not clcarcd alter each measurement. In the destructive case, the countcr 
acts as a conventional period o r  frequency counter. In the non-destructive 
case, the countcrb acts 3s a real timk c l o c l ~  The effects of destructive versus 
nun-destructive data tal.lriiig' will be discussed latcr. 

Nominally, when f , is subtracted from f, + I,, all that rcmains is I,. The 
tracking signal, howcvcr, takes a I'inite t i l~lc,  7, to propngate from thc trans- 
mitter to thc receiver. if the frequency of the master oscillator shifts, in time 

I , by S f, ,  thc counter will  measure I, + S f,, u s  thc doppler shift. Sincc there 
is no way to distinguish bclwccn 1, and Ii f ,  in the counter, f ,  will introduce a 
r m g c  rate er ror .  

No mattcr how frequonci es  are coherent1 y changed as  signal s propagate through 
the TWDT system, the doppler shift will be given byb: 

where v is  thc satellite's range ratc and where c i s  the vclocity ol' light. Using 
(I), it can be shown that the range rate e r ro r  frorr~ ~ n a s t c r  oscillator instability 
for averaging tirnc, T, is given by: 

y (t) i s  the normalized master oscillatolb Irt:yuency ch:ulgc: 

f , ( t ,  -. f , ,  

m(l f ,  is the nominal oscillator frcyucncy. For - T;', this can be rcwrittcn xs 
(scc k7igurc 2 ) :  



If the master oscillator instabilities a re  random, range rate errors  can be de- 
scribed in terms of the variance of S v (t, T, T ) :  

I--------- 
I 

t I 
t + r  I 

< A >  denotes the average of A over time, t. Using equation 3,  for ,T < T, the 
variance becomes: 

t + T t + T + 7 

I 
I 
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Fig, 2-Response functions for range rate error 



where :r: (2, t l ,  t2) is the two sample Allm variance of y (t) for averaging tirnc 
t,  ancl dead time t , - t , givm by7 3 8  : 

E'or ,r ' - T, the variance is: 

Notice that in the casc ol (5), thc definitions oS - a n c l  'r a re  reverscd I'rorn 
thosc o l  references 7 mcJ 8. 

In general, 0: (2, T, r )  is not a statistic which is given 111 oscillator specifica- 

' ( 2 ,  , ,-) is what is  specified. tions. In the time clomain, generally, ,'( ) 
Onc can relate thcse two statistics by7 Y:  

where r - T /  r ,  and whcre characterizes thc :wise proccss involved. 

Another typical way in which ,m oscil1:ltor is specit'iccl is by L' (f), thc power 
dcnsity in one phase modulation side bimtl clivicled by tilc total oscillator power? 
Y (1) can he  related to r (2, 'i', - ) byy : 

where hp (f - f D )  is the frequency response S~mc t i~n  oi the post rnixcr filter of 
Figurc 1, and whcrc: 



TYPICAL OSClLLATOR INS'I'ABILITIES 

Master oscillator frcyucncy instabili.ties can be divided into two classes, 
random and non-random cffects. Wc shall f irst  consider two non-random 
elfects, frequency drift and coherent phase modulation. 

An oscillator's frequency drift i s  defined by: 

Using this and equations 2 and 3,  one can show that for both T and 7 -> '1': 

IC we use hv = 0.001 cm/sec as  a targct e r ro r  and .r = 0.3 sec as a typical 
worst case delay, we obtain for D a maximum allowable value 01: 

Clearly this i s  casily met with most good crystal oscillators. 

Equation 8 can also be uscd to determine environmental constraints if thc frc- 
quency changc pcr unit environmental change i s  known. U, for  example, an 
oscillator changes its fractional frequency by 1 x 10-I per "C, md 5 v 5 
0.001 cm/sec i s  rcquired, one can write: 

Using equation 8, wc obtain: 

How coherent phasc modulation of the master oscillator effects a TWDT system 
depends not only on thc modulation amplitude and frcquency, but also on the 
precise phase relationships between thc modulation and the data taking proccss. 



We can, however, obtain approximate rcsults by ignoring phase, wci rlescribing 
the modulation by: 

1 
( f )  = - P, : ( f  -- f , )  

wherc f ,  is the moclulatiun freq~wncy, and wherc 1/2  P, is the frxctional power 
in onc modulation sideband. Using thjs in (7) ,  wc obtain: 

o" (2 ,T .  -) = 
2 p, 
- 

Y h y ( i , )  l 2  I I ( f M )  
( f ( )  - ) 2  

Sincc H (f) - 1, w c  obtain the incquality: 

Substituting this in (4) and (5), gives: 

( 1- ' T) 

and: 

As an example, let ::rv = 0.001 crn/sec, 7 - 0.3  see, T = 5 scc,  and I, = 

5 M Hz. We obtain: 



as the estimated upper limit of filtered phase modulation that can be 
tolerated. 

Random processes typically encountered in precision oscillators can be de- 
scribed a s  weighted and filtered sums of power spcctral densities of y (t) given 
by7' : 

with: 

IT 2, 1, 0 ,  - 1, - 2 

S (f) can be related to Y (f) by8: 
Y 

Using 
2(2, 
Y 

Chart 

( lo ) ,  (4), (5), and previously dcrived equations relating c< ( r )  and 
T, T )  for each noise p r o c e ~ s , ~  one can relate P (0, q ( T )  and U: (T, 7 ) .  

1 gives these relationships. The chart assumes that thc post-mixer band 
pass filter is infinitely sharp with a pass band of f, - I,, to f,  + f,, that 
2 77 f,, 7 )> 1, and that 2 11 f ,, T >:, 1. For complctcness, drift i s  included cven 
though it is not a random proccss. 'To simplify formulae in the chart, the fol- 
lowing a r c  used: 

phase 
x = r Y d t  " -  

271 f O  

1 for. r = 1 
;i 

r ,  1 
0 f o r  r f 0 





Notice that for all processes but random walk y and drift, when .7- < T, ov2 i s  
proportional. to T-*. By statistically averaging N successively takcn counter 
readings, one improves the variance of the average by N-' o r  TI'. This means 
that as long as random walk y o r  drift processes a r e  not involvcd, smaller 
e r ro r s  a r e  obtained by going to longer averaging times o r  taking non-dcstruc- 
tivc data rather than by statistically averaging data. Even when taking non- 
destructive data, to obtain the smallest (7: for a given Ti one should only use 
data every T seconds apart, and not least squares fit the data from smaller 
time intervals. 

Notice also that for white x noise, uv2 i s  proportional to f,. ?%is allows onc to 
reduce the white noise contribution to (72 by reducing f,,. Flicker x also de- 
pends on f , ,  but in such a slowly varying manner that it can essentially be con- 
sidered fixed. 

APPLICATION TO TYPICAL REFERENCE: OSCILLATORS 

In this section, O - ~ ( T ,  , r )  shall be derived for three reference oscillators, an 
Oscilloquartz crystal oscillator, a Hewlett-Paclrard cesium standard, and a 
NASA hydrogen maser, to demonstrate techniques for using the thcory oI the 
prcvious sections. The results for thc two commercial oscillators used a re  
based on manulacturers speciIications. Their use i s  for the purpose of example 
only, m d  does not constitute an endorsement of these products or  a confirmation 
of their specilications. 

The first oscillator we will consider i s  the Oscilloyuartz B-5400 crystdl oscil- 
lator. l o  Its .4' (f) spectrum i s  given in Figurc 3 and its 0, ( , r  ) curve i s  given in 
Figure 4. Deriving trv for this device i s  very simple; since its instabilities are 
just the sum of simple processes (white y, flicker xi flicker y, drift), a: i s  
just the sum of the results taken from Chart 1 for each process. Figure 5 
shows (rv(T, 7 )  for 7 = 0.3 S. 

The second oscillator to be considered i s  the Hewlett-Packard 50GIA High Per-  
formance Cesium Beam Standard. '' Y ( f )  for this device i s  shown in Figurc 6. 
Noticc that, in this case, we don't have just the sum of simple processes. 
Equation 7 could bc used to generate (lv2 from B (f), hut this tedious method can 
be avoided; we can quickly obtain an approximate curve for crv (T, ,r) by using 
the limiting properties of H (f) in relation to Y (f). 

For  our approximation, we shall rely on the fact that Jl' (f) c m  be hroken in two 
general categories: a short term Y (f) which changes slowly with f ,  and a long 
term Y e  (f) which blows up as f goes to zero and makes a negligible contribution 
for large f. Using this, wc can write: 
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Fig. 3-51 (1) lor Oscilloquartz B-5400 
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Fig. 5-cry (T, 0.3 s) for Oscilloquartz B-5400 

and use (4) and (5) to obtain approximations for uv2. 

Since H (f) is a periodic function, for a slowly changing Ys (0, we can replace 
H (f) fs (f) in the integral of equation 7 by <: H (f) > B ( f j .  i H (f) > denotes the 
average of H (f). The short t e rm part of equation 7 iecomes: 



f (Hz) 

Fig. 6-Y (f) for  Hewlett-Paclcard High Pcrfnrmimce Cesiuni Stantlard 

The long term part of ( -y2 (2, T, -) is dctcrnlined by H ( f )  dip (f) in a region near 
f -- 0 .  For long t e rm noise processcs, r: (2 ,  T, -) i s  determined by H (0 Sp (f) 
in the regions of f given in the following chart ( r  'l'): 

noise process - 

white y 

repion of contribution 

flicker y 1 
f ,y - 

2 T 

random walk y 



For a complex yg (I), which noise process contributes iryp2 is detcrmincd by the 
chart and the appropriate values of T and I .  For the IIewlett-Packard cesium 
standard, B (1) changes from Slicker y to white y noise at f -- 0.1 Hz. This 
means that, for  T = 0.3 s, CJ, $ is  determined by the flicker y part of S (f) for T 
up to 5 seconds, and by thc whitc y part of Y ( f )  for T greater than 5 seconds. 
Because white y noise is  determined by f (f) for 1 up to 1/2 7 = 1.67 Hz, and the 
white y noise i s  truncated at f = 0.1 Hz, the full value of ov2 from Chart 1 can- 
not be used to determine the white y contribution for the cesium standard, but 
must be rrlultiplied by a reduction factor, p. An approximate method for calcu- 
lating p is shown in Figure 7. Figure 8 shows rrv (T, 0.3 s) for the cesium 
stanclarcl using the approximation techniques just dcrivcd. 

Fig. 7- Approximate calculation of p 



T (SECONDS) 

Fig. 8- a (T, 0.3 s) for lIc~lett-l 'aclra~~(1 Jligh Perl'orlnancc Cesium Stanrlard 

'l'he last device we will consider i s  NASA's latest generation hydrogen maser. 
Thc 5 ( T )  curve is shown in Figure 9. The devicc uses an Oscilloquartz B-5400 
as a local oscillator which it phase locks to the maser with a 1 Hz loop. Using 
this fact and Figure 9, by indirectly using (ll), wc can calculate the white x 
noisc contribution to -7: with a 1 K H z  band width as thc sum oI tho oscilloquarte 
contribution with a 1 KHz bandwidth and the maser ' s  contribution with a 1 111, 
b d w i d t h .  In this casc, the other noise processes make n negligible contribu- 
tion. a (T, 0.3 scc) is  shown in Figure 10. Evcn though is  dctermined by 
white x noisc, u; cannot be appreciably rerluced by rcducing I,; aV i s  deter- 
mined principally by the mascr white x noise in the 1 H7 loop bandwidth. 

Integrating I, yields the integral of rangc ratc: range. Since the averaging 
proccss involvcs integration, not dividing thc information stored in the counter 
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Fig. 9-(5 ( 7 )  for non-autotuned NASA hydrogen maser 

rcgister by T turns rangc rate data into range data. This means that the error  
in taking range data produced by the master oscillator is just: 

b s ( t , T , r )  = T X v ( t ,  T ,  T )  

Similarly, this also means for random processes: 

n s2 ( T ,  r )  = T2 rrv2 (T, 7 )  . 

For the three sample oscillators, Figure 11 shows o s ( T ,  0.3 s). Notice again 
that taking non-destructive data instead of destructivc data will yield better re- 
sults in a11 cases but that of the crystal oscillator for T greater than 400 sec- 
onds. 
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Fig. 10- : - rb (T,  0.3 s) for NASA hydrogen maser 
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Fig.. l l -o -s  (T,  0.3 s )  for  three master oscillators 
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QUESTION AND ANSWER PERIOD 

MR. ALLAN: 

One migh t  s u p p o s e  that t h e  60 h e r t z  s i d e  bands  w i l l  a l w a y s  
p l a g u e  u s .  One a p p r o a c h  t h a t  w e  are g o i n g  t o  t a k e ,  h a v e n ' t  
y e t ,  is u s i n g  f o r  i n s t r u m e n t s  t h a t  are d i s p l a c e d  a long 
ways i s  o p t i c a l  f i b e r s  t o  c o n n e c t  t h e  RF s i g n a l s .  

DR. REINHARDT: 

Y e s ,  I t h i n k  t h a t  is a v e r y  good idea .  I t h i n k  t h a t  w e  a r e  
i n v e s t i g a t i n g  t h a t  a t  NASA a l s o ,  as a means f o r  t r a n s m i t t i n g  
s i g n a l s  fo r  longer d i s t a n c e s .  




