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ABSTRACT 

A rev iew of t h e  p ro jec ted  r o l e  o f  t h e  Deep Space Network (DSN) i n  
t h e  planned de tec t i on  o f  g r a v i t a t i o n a l  waves us ing  p r e c i s i o n  doppler-  
t r a c k i n g  o f  deep space veh ic les  i s  presented. The rev iew emphasizes 
opera t iona l  and con f igu ra t i ona l  aspects; cons ider ing:  1. t h e  p ro jec ted  
c o n f i g u r a t i o n  o f  t h e  DSN's Frequency and Timing System du r ing  t h e  ex- 
periment, 
s ion  atomic standards w i th in  t h e  Frequency and Timing System--both 
cu r ren t  and p ro jec ted  and 3. t h e  general requirements placed on t h e  
DSN and t h e  Frequency and Timing System f o r  bo th  t h e  base l ine  and t h e  
nominal g r a v i t a t i o n a l  wave experiments. 

experiment w i l l  be c a r r i e d  ou t  i n  t h e  foreseeable fu tu re .  

2. t h e  environment w i t h i n  t h e  DSN prov ided by t h e  p r e c i -  

A comment i s  made concerning t h e  c u r r e n t  p r o b a b i l i t y  t h a t  such an 

*This paper presents t h e  r e s u l t s  o f  one phase o f  research c a r r i e d  ou t  
and t h e  J e t  Propuls ion Laboratory, C a l i f o r n i a  I n s t i t u t e  o f  Technology, 
under Contract  No. NAS 7-100, sponsored by t h e  Nat ional  Aeronaut ics 
and Space Admin is t ra t ion.  
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I. INTRODUCTION 

A v a r i e t y  o f  astronomical  events, bo th  ca tas t roph ic  and pe r iod i c ,  
t h e o r e t i c a l l y  r e s u l t  i n  t h e  generat ion o f  g r a v i t a t i o n a l  rad ia t i on .  Of 
these, p e r i o d i c  events should generate p e r i o d i c  g r a v i t y  waves w h i l e  a 
ca tas t roph ic  event (al though i t  may be r e c u r r i n g )  should r e s u l t  i n  
emission o f  a " l a rge "  g r a v i t a t i o n a l  wave-burst. 

An example o f  an event which may be generat ing p e r i o d i c  g r a v i t a -  
t i o n a l  r a d i a t i o n  i s  a s ta r -pu l sa r  b i n a r y  pa i r .  I n  such a case, a c lose  
examination o f  r a d i o  doppler  data from t h e  pu lsar1  may show a gradual 
decay o f  t h e  p u l s a r ' s  o r b i t  and hence a l l ow  i n d i r e c t  con f i rmat ion  o f  
t h e  ex is tence o f  g r a v i t y  waves. 

Conversely, t h e  g r a v i t a t i o n a l  wave bu rs ts  which are expected t o  
r e s u l t  from "ca tas t roph icM events such as t h e  co l l apse  of several  
s o l a r  masses o f  normal mat te r  t o  form a b lack hole, may be d i r e c t l y  
observable by measuring t h e  e f f e c t  o f  t h e i r  passage through t h e  So lar  
System on some " l o c a l  I' experimental apparatus. Of t h e  var ious  exper- 
iments designed t o  observe such g r a v i t y  wave bursts ,  one o f  t h e  most 
promis ing i nvo l ves  t h e  c lose  examination o f  coherent doppler data which 
r e s u l t  from t h e  t r a c k i n g  o f  deep space probes. 

This  paper w i l l  b r i e f l y  d iscuss the  a n t i c i p a t e d  e f f e c t  o f  t h e  pas- 
sage o f  a g r a v i t y  wave on an experimental c o n f i g u r a t i o n  c o n s i s t i n g  o f  a 
Deep Space Tracki'ng S ta t i on  (DSS), a deep space probe and t h e  coherent 
r a d i o  l i n k  between them. It w i l l  then rev iew t h e  c o n f i g u r a t i o n  o f  a 
p r o t o t y p i c a l  DSS i n  so f a r  as i t  i s  invo lved w i t h  t h e  experiment and 
i n  p a r t i c u l a r  examine t h e  va r ied  ways i n  which the  experiment depends 
upon t h e  frequency s t a b i l i t y  performance 'environment '  which the  Fre- 
quency & Timing System provides. 
c o n s t r a i n t s  which t h e  phys ica l  s i t u a t i o n  places on a DSS and a compar- 
i son  w i l l  be made between these and t h e  c a p a b i l i t i e s  of t h e  Deep Space 
Network; c u r r e n t  (Mark 111 System), planned (Mark I V - A  System) and 
a n t i c i p a t e d  ( c i r c a  1987-1990). 

It w i l l  a l s o  no te  t h e  performance 
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11. GRAVITATIONAL WAVES 

As an i d e a l i z a t i o n ,  g r a v i t a t i o n a l  waves may be env is ioned as 
being small ' r i p p l e s '  i n  t h e  shape o f  spacetime which are  propagat- 
i n g  outward i n  a l l  d i r e c t i o n s  from t h e i r  p o i n t  o f  or ig in- -whether  
p e r i o d i c  o r  catastrophic.2 It i s  assumed i n  t h e o r e t i c a l  analyses o f  
such events t h a t  t h e  generators o f  t h e  waves are  a t  g rea t  d is tances 
from ourselves and t h a t  t h e  g r a v i t y  waves which are  be l ieved t o  pass 
through our Solar  System are  e s s e n t i a l l y  planar. 
graphic representa t ion  o f  t h e  experimental con f igura t ion .  

using t h e  methods of general r e l a t i v i t y )  t he  e a r t h  and t h e  spacecraf t  
may be regarded as " f i x e d "  and t h e  e n t i r e  e f f e c t  o f  t h e  g r a v i t a t i o n a l  
wave placed upon t h e  r a d i o  l i n k  between them. 
e f f e c t  may be regarded as t h e  r e s u l t  o f  f o r c i n g  t h e  r a d i o  beam t o  t r a -  
ve l  through a "changing" spacetime. However, as a mnemonic device, 
t h e  r e s u l t a n t  e f f e c t  on t h e  experiment o f  the  g r a v i t y  waves' passage 
may be thought o f  i n  terms o f  t h ree  factors :  

See f i g u r e  1 f o r  a 

I n  a s u i t a b l e  frame o f  reference3 (i.e,, one which i s  so lub le  

Theore t i ca l l y ,  t h i s  

1. A t  Earth: Red-shi f t ing o f  t h e  frequency output  by t h e  
Hydrogen Maser (c lock  speed-up.) 

2. A t  Earth: Physical B u f f e t i n g  (movement) o f  t h e  DSS. 

3. A t  Spacecraft: Physical B u f f e t i n g  o f  t h e  Spacecraft. 

Each o f  these may be thought o f  as lead ing  t o  t h e  i n t r o d u c t i o n  of a 
d i s t i n c t i v e ,  although minute, f l u c t u a t i o n  ( f r a c t i o n a l  frequency s h i f t )  
i n  t he  measured doppler s h i f t  o f  t h e  spacecraft.  Together w i t h  t h e  
' r e f l e c t i o n s '  o f  e f f e c t s  1 & 2, these form a unique three-pulse signa- 
t u r e  f o r  g r a v i t a t i o n a l  wave events. 
development o f  t h i s  s ignature;  us ing t h i s  mnenionic device. 
conta ins a suggested enhancement o f  t h e  s i n g l e  spacecraf t /s ing le DSS 
experiment discussed i n  t h e  body o f  t h i s  paper.) 

co l lapse o f  normal mat te r  t o  form a b lack  ho le  t h a t  t h e  ampli tude o f  
t h e  b u r s t  i s  r e l a t e d  t o  t h e  bu rs t  du ra t i on  according t o :  

See f i g u r e  2 f o r  a d e t a i l e d  
(Appendix A 

It r e s u l t s 4  t h a t  f o r  g r a v i t a t i o n a l  wave bu rs ts  o r i g i n a t i n g  from t h e  

(h)  - ( 2 x 10-17 ) x T / (90 seconds), 

where (h)  = 
and T = The Burst  Duration. See f i g u r e  3 f o r  a p l o t  o f  t h i s  re -  
1 at ion.  

A dimension1 ess, pol a r i  zation-averaged amp1 i tude parameter 
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INCOMING 
GRAVITY WAVE FRONT 

COHERENT 
RAD IO 

Figure 1. Gravitational Wave Experiment Tracking Geometry. 
Events: 1. Wave passes Earth (causing clock 

speed-up & buffeting) 

buffeting . ) 2. Wave passes Spacecraft (causing 
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1. CLOCK SPEED-UP EFFECT 

SPACECRAFT 

EARTH 

FLUCTUATION AF/F ~-~ +AF/F = -(JPL) DOPPLER 
= -S/C VELOCITY 

I 
7\ 

/ \  
/ \ 

----- -_-_ _-___ --_---- --- 

/ ---_-----____-__ _-_- --_- -- 

WAVE HITS THE DSS 

2. EARTH/SPACECRAFT BUFFETING EFFECT 

FLUCTUATION 
A F/F 

TIME - 
FLUCTUATION RETURNS TO DSS 

SPACECRAFT 

EARTH 

3. NET GRAVITY WAVE SIGNATURE ( 9 = 60") 

- -- -- ---- - --- -- ---- - - - -**d\ 
/' **\.. '\, 
, '.. \ ------- 1-1 ------------ 

----' - 

it r/c = RTLT ~~ r/2c 

WAVE HITS TI$ 
DSS (BUFFETING) 

Figure 2.  Details of Three-Pulse s i g n a t u r e  a s soc ia t ed  wi th  g rav i ty  waves 
Note: In  po in t  3 ,  e ' =  60" r e f e r s  t o  t h e  angle  8 i n  f i g u r e  1 

w i t h  = 90". 

TIME - 
TRANSPONDED FLUCTUATION 
DUE TO EARTH BUFFETING RETURNS 

WAVE HITS THE SPACE- 
CRAFT (BUFFETING) 

FLUCTUATION DUE TO SPACECRAFT 
BUFFETING REACHES DSS 



1 oo 1 o1 1 o2 1 o3 1 o4 
BURST DURATION, "T" (SECONDS) 

Figure 3. Plot of the Wave Amplitude, (h), vs. Burst Duration, T. 
(This relation is approximate.) 
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The a n t i c i p a t e d  ranges on these parameters are:  

40 seconds L - T L - 40,000 seconds 

The range noted above i s ,  however, h i g h l y  dependent upon c e r t a i n  speci -  
f i c  assumptions which were made dur ing  i t s  der iva t ion .  
c h a r a c t e r i s t i c s  o f  g r a v i t y  waves may be l a r g e r  or smal le r  by some con- 
s ide rab le  fac to r .  We w i l l  cons ider  them as guide l ines.  

The ac tua l  

ExDerimental Contra i  n t s  

As a r e s u l t ,  t h e  f o l l o w i n g  parameters have been suggested as con- 
s t r a i n t s  f o r  t h e  Deep Space Network i n  any at tempt t o  measure g r a v i t a -  
t i o n a l  waves5: 

BASELINE EXPERIMENT : o F / F  L, 10-15 Total  Measurement System 
(Waves w i th  (h) 10-15) 

n F / F  6 10-l6 Each Component (FTS) 

f o r  50 sec. 4 T L 5000 sec. 

DESIRABLE EXPERIMENT : n F / F  4 10-17 Tota l  Measurement System 

d F / F  & 10-18 
(Waves w i t h  (h) 10-17) 

Each Component (FTS) 

f o r  50 sec. 4 T 4 5000 sec. 

111. THE DEEP SPACE NETWORK 

Deep Space Tracking Sta t ions  (DSS) o f  t h e  Deep Space Network 
(DSN) r e g u l a r l y  ma in ta in  a coherent r a d i o  l i n k  over a pe r iod  of hours 
w i t h  t h e  var ious  spacecraf t  o f  t h e  Planetary  Exp lo ra t ion  Program. 
These s t a t i o n s  t ransmi t  a p rec ise  r a d i o  frequency s igna l  which i s  cur -  
r e n t l y  a t  S-Band (2.3 GHz) t o  the  spacecraft. This " u p l i n k "  s igna l  i s  
received by t h e  p a r t i c u l a r  probe and transponded back t o  t h e  Ear th a t  
S-Band ( the  downlink i s  t h e  Up l ink  S-Band Frequency x 240/221) and/or 
a t  X-Band ( t h i s  downlink i s  a t  t he  Up l ink  S-Band Frequency x 880/221; 
around 8.3 GHz). These "downlinks" (coherent w i th  each o ther  as we l l  
as w i t h  t h e  u p l i n k  re fe rence)  are received by e i t h e r  t h e  t r a n s m i t t i n g  
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DSS or by a second DSS which i s  coherent w i t h  t h e  f i r s t .  
mode o f  communication ( recept ion  by t h e  t r a n s m i t t i n g  s t a t i o n )  i s  r e f e r -  
red  t o  as being "two-way," wh i l e  t h e  l a t t e r  ( recept ion  by a second DSS) 
i s  r e f e r r e d  t o  as being "three-way." 

The former 

The received frequency w i l l  d i f f e r  (as ide from the  numerical fac -  

This doppler s h i f t  i s  due p r i m a r i l y  t o  two 
t o r )  from t h e  t ransmi t ted  frequency by t h e  amount of doppler s h i f t i n g  
on t h e  transponded s ignal .  
fac to rs  : 

1. 
2. The motion of t h e  DSS due t o  t h e  Ear th 's  ro ta t i on .  

The motion o f  t h e  Spacecraft r e l a t i v e  t o  t h e  Earth, 

(These f a c t o r s  were removed from t h e  diagrams shown i n  f i g u r e  2.) Fur- 
ther ,  as we've noted, i t  i s  expected t h a t  t h e  passage o f  a g r a v i t y  wave 
through t h e  System w i l l  r e s u l t  i n  a d i s t i n c t  f r a c t i o n a l  frequency s h i f t  
i n  t h e  doppler record.* The ampli tude o f  t h e  pulses which make up t h e  
s ignature  are  very, very  small, however, and hence each f a c t o r  o f  no ise 
which i s  inherent  i n  t h e  var ious components o f  t h e  experiment i s  impor- 
tan t .  

We w i l l  l i s t  i n  some d e t a i l  those p o i n t s  w i t h i n  t h e  system where 
noise i n  t h e  Frequency and Timing System's (FTS) outputs  may be i n t r o -  
duced i n t o  the  experiment. We w i l l  consider i n  t u r n :  

1. The Frequency and Timing System (FTS) 
Primary Component: Hydrogen Maser (HZM) 

2. The Receiver /Exc i ter  Subsystem (RCV) 
Pr imary Components: Closed-Loop Receiver (CLR) 

Open-Loop Receiver (MMR) 

Me t r i c  D a t a  Assembly (MDA) 

Occu l ta t ion  Data Assembly (ODA). 

3. The Tracking Subsystem (DTK) 

4. 

Primary Component: 

P r imary  Component: 
The Radio Science Subsystem (DRS) 

See f i g u r e  4 f o r  a general b lock diagram o f  t h e  conf igura ton  o f  
t h e  p e r t i n e n t  sect ions o f  a t y p i c a l  DSS dur ing  t rack ing .  

*Note: We're n o t  cons ider ing media e f f e c t s  here. 
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SPACECRAFT 

COHERENT RADIO LINK: 

UPLINK 

(S-BAND/X-WD) 

L 

EXCITER 

FREQUENCY 
&TIMING 

DATn ACK 
TO JPL VIA 
HiGH SPEED 
DATA LINE 

DATA BACK 
TO JPL VIA 
COMPUTER 
TAPES 

Figure 4 .  General Block Diagram of DSN Experimental Configuration 
(Note: 'IF*& T" = Frequency and Timing products.) 
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- The Frequency and Timing System 

The Frequency and Timing System (FTS) a t  a Deep Space S ta t i on  pro- 
vides v i r t u a l l y  a l l  re ference frequencies and t i m i n g  pulses as we l l  as 
epoch t imes which are  requ i red  by t h e  DSS t o  perform i t s  t r a c k i n g  func- 
t i o n .  The f o l l o w i n g  a re  some o f  t h e  major components o f  t h e  FTS and 
t h e i r  impact on performance. See f i g u r e  5 f o r  a cu r ren t  (Mark 111) 
f unc t i ona l  b lock diagram o f  t h e  FTS. This sec t ion  w i l l  consider t h e  
f o l l o w i n g  components o f  t h e  FTS: 
Time Format Assembly and t h e  Hydrogen Maser. 

The Coherent Reference Generator, t h e  

The Coherent Reference Generator 

The Coherent Reference Generator (CRG) produces t h e  var ious  r e f e r -  
Cur ren t ly  ence frequencies which are used i n  t h e  s t a t i o n ' s  subsystems. 

t h e  CRG outputs  t h e  f o l l o w i n g  frequencies: 

0.1 MHz 
1.0 MHz 
5.0 MHz 
10.0 MHz 
10.1 MHz 
45.0 MHz 
50.0 MHz 
55.0 MHz 

For t h e  g r a v i t y  wave experiment, among the  most c r i t i c a l  of t h e  
cons t ra in t s  placed on t h e  CRG's outputs  i s  t h a t  they  no t  degrade t h e  
coherence o f  t h e  recorded phase and t ime i n  t h e  doppler data w i t h i n  
t h e  Tracking System. 
t h i  s performance i n  several ways. 

Problems w i t h  t h e  outputs  o f  t h e  CRG can impact 
These i n c l  ude : 

1. An increase i n  t h e  noise o f  t h e  reference s igna l  can increase 
the  o v e r a l l  no ise i n  t h e  doppler system and thus degrade res- 
o lu t i on .  

2. Er ro rs  i n  t i m i n g  pulses can r e s u l t  i n  var ied  sample times and 
r e s u l t a n t  doppler j i t t e r .  This can cause 'smearing' of t h e  
recorded frequencies. (Note, however, t h a t  t h e  c locks which 
generate these pulses are  t y p i c a l l y  n o i s i e r  than t h e  CRG.) 

The s t a b i l i t y  o f  t h e  CRG's products i s  a l so  c r i t i c a l  w i t h i n  t h e  Re- 
ce i ve r /Exc i te r  Subsystem where they  are  used a t  var ious p o i n t s  t o  d i -  
r e c t l y  mix  t h e  incoming s igna l  down i n t o  usable ranges. 
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0.1,1,5,10,10,1,45,50 AND 55 MHZ 

I I 
1,1O,lOO & 1 K  PPS 

m 

1 COHERENT REFERENCE 
GENERATOR (CRG) 

I I 
1 MHZ STATION * REFERENCE 

CLOCK (TO THE CRG) 

FREQUENCY AND TIMING SUBSYSTEM (FTS) I 

TIME 
FORMAT 
ASSEMBLY 
(TFA) 

1 PPS, lKPPS 

- GMT 

Figure 5. Funct iona l  Block Diagram of t h e  Frequency and Timing 
Subsystem (FTS) showing t h e  va r ious  F & T products ;  
Mark I11 System. (Note: CS1  and CS2 are back-up 
Cesium Standards,  f o r  u se  i n  t h e  event  of Hydrogen 
Maser (H2M) f a i l u r e .  ) 
*The 10 pps i s  f o r  t h e  DTK and DRS. 
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The Time Format Assembly 

The Time Format Assembly (TFA) provides p rec i s ion  t i m i n g  pulses 
t o  t h e  var ious subsystems. TFA outputs  inc lude:  

Timing Pulses: 1 pps  
PPS 

100 pps 
1 kPPS 

Epoch Time Code: GMT 

The s t a b i l i t y  o f  these pulses depends upon t h e  ou tpu t  o f  t h e  CRG (see 
p o i n t  2 under Coherent Reference Generator.) Note t h a t  some users 
requ i re  a 10 pps reference t i m i n g  pu lse  from the  Master Clock (see 
f i g u r e  5) r a t h e r  than f rom t h e  TFA. (This  pu lse provides a 10 ns/ 
second rms j i t t e r  . ) 
The Hydrogen Maser 

The Hydrogen Maser (H2M) i s  t h e  cen t ra l  f a c t o r  i n  any attempt t o  
u t i l i z e  t h e  DSN as p a r t  o f  a g r a v i t a t i o n a l  wave experiment. 
p r e c i s i o n  frequency products p rov ide  t h e  base l ine  s t a b i l i t y  'environ- 
ment' upon which t h e  s t a b i l i t y  o f  t h e  DSS i s  determined. 
whether an experiment i s  feas ib le .  Wi th in  t h e  maser's cav i t y ,  a f r e -  
quency o f  1420 MHz i s  generated. 
u n i t ' s  ins t rumenta t ion  and used d i r e c t l y  i n  synthes iz ing several f r e -  
quency products which are de l i ve red  t o  t h e  CRG. These products are: 
0.1 MHz, 1.0 MHz, 5.0 MHz and 10 MHz. I n  add i t ion ,  a 100 MHz reference 
frequency i s  generated and t h i s  w i l l  become a v a i l a b l e  t o  t h e  CRG fo r  
use by t h e  open-loop rece ive r  under t h e  Mark-IUA e ra  (1984). 

I t s  u l t r a  

And hence, 

This  i s  i n  t u r n  monitored by t h e  

See Table 1 f o r  a Summary o f  t h e  Spec i f i ca t ions  imposed upon t h e  
Frequency and Timing System by t h e  cu r ren t  requirements o f  t h e  Deep 
Space Network. It inc ludes  spec i f i ca t i ons :  I .  on t h e  Frequency Stan- 
dard, 2. 
3. between t h e  DSN and USNO/NBS, 4.on t i m i n g  pulses, and 5. on t h e  CRG. 

between d i f f e r e n t  Deep Space Network Complexes (DSCC's), 

740 



Table 1. Summary of Current Specif icat ions 

Knowledge o f  t ime synchronization between DSCC's : - + 10 us 

Know1 edge of frequency o f f  set between DSCC ' s : - + 3 x 10-13 

Frequency Offset between DSCC's maintained wi th in :  - + 1 x 10-12 

Knowledge o f  t ime synch, between DSN & USNO/NSS : - + 5 us 

The frequency standard a t  a DSS ( the  Hydrogen Maser) must conform 
t o  the  fo l  1 owing s tab i  1 i t y  performance standards : 

1 x 10-12 for  1 second 

1 x 10-14 f o r  104 seconds 

1 x 10-14 f o r  12 hours 

1 x 10-13 f o r  10 days 

These numbers apply a lso t o  CRG outputs (s ine waves w i th  harmonic 
d i s t o r t i o n  o f  no greater than 5% for the output frequencies.) I n  
addi t ion,  the master c lock must provide t im ing  pulses w i t h  no more 
than 10 ns/second rms j i t t e r .  
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The Receiver /Exc i ter  Subsystem 

Wi th in  t h e  Receiver /Exc i ter  Subsystem (RCV),  t h e r e  a re  t h r e e  com- 
ponents which a re  o f  i n t e r e s t  i n  terms of  t h e  experiment: 

1. The E x c i t e r ;  which prov ides the  bas i s  f o r  t h e  u p l i n k  (S-Band) 
frequency. 

2. The Closed-Loop Receivers which prov ide  t h e  downlink s iqna l  
t o  the  Dopp ler .Ex t rac tor  and thence t o  t h e  Tracking Subsystem 
( DTK) . 

3. The Open-Loop, Mu l t i -m iss ion  Receivers which prov ide  t h e  
downl ink s igna l  t o  t h e  Radio Science Subsystem (DRS). 

Each o f  these r e l y  upon FTS inputs .  See f i g u r e  6 f o r  a Block diagram 
o f  

wh 
50 

do 

t h e  Receiver /Exc i ter  Subsystem. 

Wi th in  t h e  Exc i te r ,  t h e  pr imary e x c i t e r  reference frequency, upon 
ch t h e  u p l i n k  i s  based, i s  d i r e c t l y  der ived  from a CRG-provided 
MHz reference frequency . 

The Closed-Loop Receivers use a phase-locked loop t o  f o l l o w  t h e  
n l i n k  s ignal .  The s igna l  i s  f ed  by these rece ive rs  t o  the  Doppler 

E x t r a c t o r  where i t  i s  mixed w i t h  t h e  present output  o f  t h e  Exc i te r .  
The r e s u l t a n t  s igna l  coming from t h e  Doppler Ex t rac to r  (whether S-Band 
o r  X-Band) i s  mixed-down us ing  a combination o f  1 MHz and 50 MHz f re -  
nrt,-,n~;nc r . , n n 1 4 n A  I.,, +h,  P D P  Thn P l n r n A  Innn D n r r r ; . r n m r  -1”- +hrr y u c i i ~  i c ~  >uppi  ICU uy L ~ I C  bnu. I iic L I  u > e u - ~ u u p  ncLe I V C I  3 a I >u u3c L I I C  

f o l l o w i n g  FTS products;  from t h e  TFA: 1, 10, 100 and lk pps; from the  
CRG: 0.1 MHz, 1.0 MHz, 5 MHz, 10 MHz, 10.1 MHz, 45 MHz, 50 MHz and 
55 MHz. 
Closed-Loop Receivers i n  some fashion.) 

( I n  shor t ,  a l l  o f  t h e  present CRG outputs  a re  used by t h e  - 
The Open-Loop Mul t im iss ion  Receiver uses a 50 MHz reference s igna l  

supp l ied  by t h e  CRG t o  mix t h e  s igna l  down i n t o  t h e  range o f  t h e  Narrow 
Bandwidth f i l t e r s  w i t h i n  t h e  rece ive r  p r i o r  t o  sending t h e  s igna l  t o  
t h e  ODA. This i s  a p a r t i c u l a r  instance where FTS performance can d i -  
r e c t l y  impact data s ince any noise i n  the  50 MHz reference frequency 
w i l l  be mixed d i r e c t l y  i n t o  t h e  s igna l .  
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ALL PRESENT CRG 
FREQUENCIES 

DOPPLER FREQUENCY 
TO I I 
MDA _E ,ITER FREQUENCY 

I 

Figure  6 .  

iRCP 
SLCP 

MULTIMISSION - 
OPEN- LOOP - 
RECE NER 
(MMR) - 

RECEIVER-EXCITER SUBSYSTEM (RCV) h 

(50 MHZ) 

SRCP 

XRCP- ODA 

- 
SLCP TO 

xLcp,* 

Block Diagram of t h e  Receiver-Exci ter  Subsystem (RCV). 
Note t h a t  t h e  input  f requencies  shown are SRCP = S-Band 
(Right-Circular  P o l a r i z a t i o n ) ,  SLCP = S-Band (Left-  
C i r c u l a r  P o l a r i z a t i o n ) ,  XRCP = X-Band (Right-Circul.ar 
P o l a r i z a t i o n )  and XLCP = X-Band (Left-Circular  
P o l a r i z a t i o n . )  
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The Tracking Subsystem 

The primary user o f  frequency and t im ing  products i n  the nSS 
Tracking Subsystem (DTK) i s  t he  Metr ic Data Assembly (MDA). 
u t i  1 i zes: 

The MDA 

1. From the TFA, a) Timing pulses (1, 10, 100 and l k  pps) 
b) GMT Epoch 

2. From the  CRG, a) Frequencies: 1 MHz, 5 MHz and 10 MHz 
( t o  the frequency counters) 

3. From the  FTS a )  10 pps ( t o  the frequency counters). 
Master C1 ock , 

Using inputs  from the Receiver/Exciter Subsystem, the frequency 
counters o f  the MDA measiire both the e x c i t e r  reference frequencies and 
the resu l tan t  doppler frequencies. 
from the  TFA, the frequency counters count rad io frequency (RF) cycles 
and measure any f r a c t i o n a l  po r t i on  o f  an RF cyc le  which has occurred. 
(These counters are dr iven by the Master Clock's 10 pps reference t i m -  
i n g  pulse.) 
(a Mod Comp 11/25) f o r  c o l l e c t i o n  and transmissSon back t q  the Jet 
Propul sion Laboratory ( i n  rea l  -time) v i  a High Speed Data Lines ( HSDLs). 
The data i s  u l t i m a t e l y  recorded a t  JPL, 
closed-loop experiment. 
sen t i a l s  o f  t h e  Tracking Subsystem. 

Fol lowing rece ip t  o f  a t im ing  pulse 

The r e s u l t i n g  phase data are sent t o , the  MDA's computer 

This forms the basis f o r  t he  
See f i g u r e  7 f o r  a block diagram o f  the es- 

The Radio Science Subsystem 

The DSS Radio Science Subsystem (DRS), takes the baseband signal  

The primary 
See 

provided by the Mult imission Receiver, d i g i t i z e s  and then records i t  
on magnetic tapes which are u l t i m a t e l y  del ivered t o  JPL. 
component o f  the DRS i s  t he  Occul tat ion Data Assembly (ODA). 
f i g u r e  8 f o r  a block digram o f  the DRS. From the various frequency 
and t im ing  products, t he  DRS accepts: 

1. 

2, From the CRG, a) Frequencies: 10 MHz ( t o  the ODA) 

From the  TFA, a) Timing pulses (1 pps) 
b )  GMT Epoch 

3. From t h e  FTS a) 10 pps. ( t o  the  Freq. Monitor Subassembly). 
Master C1 ock, 
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- 1,10,10O,lK PPS 
GMT 

10 MHZ 
10 PPS" - 

Figure 7. 

METRIC 
DATA 
ASSEMBLY 
(MDA) RANGING 

- 

0 0 PP LE R FRE QU E &CY 

EXCITER FREQUENCY 

I TRACKING SUBSYSTEM (DTK) 

FROM 
RECEIVER/ - EXCITER 

DATA TO JPL 
VIA HIGH 
SPEED DATA 
LINES 

Block Diagram of t h e  Tracking Subsystem (DTK). 
*From t h e  Station Reference Clock. 
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SYNTHESIZER 
FREQUE- 

FROM 
MMR* 

1,10,100,1 K PPS/GMT 
10 MHZ/lO PPS* * 

1 
I 

f RADIO SCIENCE SUBSYSTEM (DRS) 

L ---- - - - - - - - -. 
OCCULTATION DATA ASSEMBLY 

DATA FROM 

11/25 /N0.*/ 
-b TO 

JPL 

TO 
J PL 

+ 

10 MHZ/lPPS 50 MHZ/I-PPS/GMT 

Figure  8. The Radio Science Subsystem (DRS). 
acronyms are used above: "NBO" = Narrow Band Occul ta t ion  
Data Conversion Subassembly; "MBO" = Medium Band Occulta- 
t i o n  D a t a  Conversion Subassembly; "FMS" = Frequency Monitor 
Subassembly. 

**The 10 pps  i s  from t h e  S t a t i o n  Reference Clock. 

Note t h a t  t h e  fol lowing 

*These f requencies  have been mixed down t o  audio l e v e l s .  
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It i s  a n t i c i p a t e d  t h a t  du r ing  any g r a v i t y  wave experiment t h a t  
t h e  DRS w i l l  operate i n  t h e  'Narrow-Band Mode' due t o  t h e  narrow band- 
w id th  o f  t h e  MMR f i l t e r s  which a re  a v a i l a b l e  i n  t h a t  mode and t h e  re -  
s u l t a n t  h igh  values o f  t h e  s igna l - to -no ise  r a t i o  i n  t h e  i n p u t  t o  t h e  
ODA.* 
used i n  t h e  experiment i s  d i s t a n t  from t h e  Earth.) 
Mode, t h e  DRS w i l l  d i g i t i z e  and format t h e  incoming s igna l  w i t h i n  t h e  
ODA's Narrow Band Occu l ta t i on  Conversion Subassembly (NBO). A t  t h i s  
po in t ,  t h e  experiment can be impacted by FTS performance as t h e  analog- 
t o - d i g i t a l  conver ters  w i t h i n  t h e  NBO r e l y  upon a 10 MHz reference f r e -  
quency prov ided by t h e  CRG. Once d i g i t i z e d ,  t h e  ODA records the  data 
on magnetic tapes which again r e l y  upon t h e  FTS fo r  p r e c i s i o n  t ime-  
tagging. These tapes are  u l t i m a t e l y  shipped back t o  JPL. 

(Th is  can be an impor tant  f a c t o r  when t h e  spacecraf t  be ing 
I n  the  Narrow-Rand 

Planned C a p a b i l i t i e s  (Mark I V A  Era) 

I n  t h e  coming years,  a number o f  changes w i l l  be made i n  t h e  
cu r ren t  Frequency and Timing System w i t h i n  the  DSN t o  supply improved 
miss ion support. The Mark I V A  s p e c i f i c a t i o n s  w i l l  i nc lude:  

CRG Outputs: Sine Waves w i t h  Harmonic d i s t o r t i o n  = 5% a t  t h e  
fo lqowing frequencies:  0.1 MHz, 1.0 MHz, 5.0 MHz, 
10.0 MHz, 10.1 MHz, 45.0 MHz, 50.0 MHz, 55.0 MHz 
and 100.0 MHz. (The 100 MHz i s  f o r  t h e  MMR.) 

TFA Outputs: Timing pulses w i t h  a general s t a b i l i t y  o f  10 ns/sec. 
rms a t :  1 pps, 10 pps, 100 pps and 1 kpps. I n  addi -  
t i o n ,  an improved 10 pps t i m i n g  pu lse  w i t h  an rms 
j i t t e r  o f  2 ns/sec. w i l l  be prov ided t o  the  MDA/ODA. 

Note: The D i g i t a l  Recording Assembly (DRA) records data taken wh i l e  
t h e  ODA i s  i n  t h e  Medium Band Mode. 
t h i s  experiment. 

It w i l l  no t  be used du r ing  
( I t  rece ives  a 50 MHz reference from the  CRG.) 

*Note: The Narrow Band f i l t e r s '  bandwidths range from 
100 Hz t o  8180 Hz (S-Band) 
100 Hz t o  30 KHz (X-Rand) 
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Each Deep Space Communications Complex (DSCC) (as regards this 
experiment, "DSCC" may be taken as being equivalent t o  the term 
"DSS" used previously) will have 2 Hydrogen Maser frequency standards 
(1 prime and a back-up) as well as 2 Cesium Beam standards (as back-up 
references.) Each of the Hydrogen standards will continue t o  have a 
se t ab i l i t y  w i t h i n  7 x 10-15 and will conform t o  t h e  following s tab i l -  
i t y  performance 1 evels6. 

1 x 10-12 

1 x 10-14 

over 1 second 

over 104 seconds 

1 x 10-14 

1 x 10-13 

over 1 2  hours 

over 10 days. 

In addition, c r i t i c a l  FTS products will be distributed t o  the 
various subsystems via s tabi l ized transmission l ines  with performance 
levels  comparable t o  those above. 
l ines  include 5 MHz reference frequencies t o  the closed-loop receivers 
and a 100 MHz for  the MMR.) 

(CRG outputs t o  be sent via these 

DSN Capabilities circa 1987-1990 

Anticipating the requirements of a gravitational wave experiment, 
the following numbers may be taken t o  represent the "best-case" capa- 
b i l i t i e s  of the DSN's Frequency and Timing System i n  the 1987-1990 era7: 

1. Frequency Standards Stabil i t i e s  bet ter  than: 3 x 10-16 for 
periods 301) seconds 4 T A 30 days, 

2, 10 ns/second rms j i t t e r  accuracy timing pulses, w i t h  certain 
2 ns/second rms j i t t e r  pulses for the DTK and DRS. 

3. 

4. 

Time Synchronization t o  - + 10 ns between DSCC's, 

Time Synchronization t o  - + 100 ns between the DSN Master Clock 
and UTC (USNO/WRS) . 
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I V .  SUMMARY 

DSN Capab i l i t i es  

Current (Mark 111) 

Planned (Mk IVA) 

Suggested ('87-90) 

Table 2 contains a comparison o f  t he  c a p a b i l i t i e s  of the Deep 
Space Network and the nominal requirements of t h e  g r a v i t a t i o n a l  wave 
experiment. 

&/F Burst Duration, T 

over 104 seconds 

aver 104 seconds 

g 3 x 10-13 

L. 1 x 10-14 

4 3 x 10-16 300 sec. L - -  T L 30 days 

Table 2, FREQUENCY STANDARDjDELIVERED PRODUCTS DESIRED STABILITIES 

I 

Expt. Requirements Av F i I 

i Burst Duration, T 

I 
Base1 ine  Expt , 

Desi rab l  e Expt . 
- A 1 x 10-16 

4 1 x 10-18 

I 
50 sec. L T L  5000 sec. - -  

50 sec. L T L  5000 sec. - -  

Although the s t a b i l i t y  requirements f o r  the "baseline experiment'' 
w i l l  not  be approached f o r  a number of years, t he  uncer ta in t ies which 
were involved i n  the d e r i v a t i o n  o f  t he  Range o f  Events and the e f f i c a c y  
o f  current  post-processing techniques (which are not discussed here) 
suggests t h a t  experiments should be carr ied-out dur ing the 1980's. 
(In po in t  o f  f ac t ,  an experiment i s  c u r r e n t l y  being conducted by t he  
DSN using the Pioneer 10 Spacecraft.) 

Range of Events 

749 

40 sec. L T 40000 sec. 10-14 t o  10-17 - -  



REFERENCES: 

1 J.M. Weisberg & J.H. Taylor;  General R e l a t i v i t y  and Grav i ta t i on ,  
V O l .  13, #1; (1981), pp 1-6. 

2 C.W. Misner, K.S. Thorne & J.A. Wheeler; "Grav i ta t ion" ;  W.H. Freeman 
and Company, San Francisco Ca l i f o rn ia ;  (1973), pp 943-1044. 

3 P r i v a t e  Communication w i t h  R. He l l ings ;  JPL, (Nov. 1981.) 

4 K.S. Thorne & V.B. Braginsky; Ast rophys ica l  Journal ,  204; (15 Feb. 
1976), pp Ll-L6. 

5 N.A. Renzet t i  & A.L. Berman; JPL Pub l i ca t i on  80-93: "The Deep Space 
Network--An Instrument fo r  Radio Science Research"; (15 Feb. 1981). 

6 R.C. Co f f i n ,  DOE. Johnson & P.F. Kuhnle; "Frequency and Timing System 
f o r  t h e  Consol idated DSN & STDN Tracking Network"; Proceeding o f  t h e  
12 th  Annual PTTI Meeting, Nasa Conference Pub l i ca t i on  2175;(Dec. '80) 

7 D.E. Johnson (prepared by); JPL Document: 824-13 "DSS (Mk 111-77) 
and DSCC (Mark IVA) Subsystem Requirements: Frequency and Timing Sub- 
system"; (1 Sept. 1981). 

Acknowledgements: Many thanks f o r  t h e  ass is tance of R. Kurs insk i ,  
P. Wolken, J. LuVal le  and S .  Ward. 

750 



APPENDIX A 

The f o l l o w i n g  i s  suggested as an enhancement o f  t h e  u t i l i z a t i o n  o f  t h e  
DSN's Frequency and Timing System i n  some f u t u r e  g r a v i t a t i o n a l  wave 
expe rirnen t : 

It has been suggestedA1 t h a t  by t r a c k i n g  two spacecraf t  
s imultaneously t h a t  t h e  d i r e c t i o n  o f  propagat ion of an 
incoming g r a v i t a t i o n a l  wave cou ld  be resolved. (A  s i n g l e  
spacecraf t  merely resolves t h e  d i r e c t i o n  of propagat ion t o  
w i t h i n  some f a m i l y  o f  d i r e c t i o n s  which forms a cone.) 

A l te rna te l y ,  t h e  simultaneous t r a c k i n g  o f  a s i n g l e  spacecraf t  
by two s t a t i o n s  (one o f  them i n  the  three-way mode) cou ld  
a l so  reso lve  t h e  d i r e c t i o n  o f  inc idence of t he  wave v i a  a 
c o r r e l a t i o n  o f  t h e  doppler t r a c k i n g  records from t h e  two 
DSS's. Such a c o r r e l a t i o n  could, i f  t h e  r i s e - t i m e  o f  t h e  
pu lse  caused by t h e  g r a v i t a t i o n a l  wave were sharp enough, 
y i e l d  t h e  t ime-delay between t h e  inc idence o f  t h e  plane wave 
on t h e  two s ta t ions .  Given t h a t  g r a v i t a t i o n a l  waves propa- 
gate a t  t he  speed o f  l i g h t ,  t h i s  y i e l d s  a second f a m i l y  o f  
d i r e c t i o n s  (i.e., a second cone) and hence cou ld  reso lve  the  
d i  r e c t i o n  o f  i n c i  dence. 

R. He l l i ngs ;  Physical  Review D, Uol .  17, #12; (15 June 1978), 
pp 3158-3163- 
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