
TRACKING THE LUNAR ROVER VEHICLE WITH VERY 
LONG BASELJN E INTERFEROMETRY TECHNIQUES 

I .  VERY LONG BASELINE INTERFEROMETRY (VLBI) 

Vcry Long Bascline Intcrferonictry is n highly :iccuratc metliod ('or tlutcrrnining (he angu. 
tar positions of' radio soLIrccs. This is (IOIIC by r ~ ~ o r d i n g  tlic r:ldlo signal at two wlclcly 
separated s ta t~ons .  I'lic diSfcrcnce in arrival tilnc o f  the s~gn,ll ;it thc two \tation\. r ,  
is uscd t o  c lc te r~r i i~~e  the source angulal- positiori. 0 ,  with the tr~gonornetric r r la t ion \h~p 
shown jn 1:igure I .  A 17road f r e q i ~ c ~ ~ c y  s i g ~ ~ a l  is rccluired to  detcrmtnc T to  a high rc\olu- 
tion. A secolld method, not  requiring a broatl freclilcncy signal, is to  nleasurc the 
frequency cl~fference o f  tlic signal observed at thc two stnt~ons.  Tllc freclrrcncy dtffer- 
cnce, which is proportion;il t o  the rntc of' chsr~gc of 7, yieltls 0 ,  the rate of cliangc ol' tllc 
source angular position. 

In  early 197 1, Mr. lrvillg Sa l~hc rg  ol' tlic Metric: I l ; ~ t a  Branch proposed tiring NASA's 
UniSied S-band tracking network t o  interfcruinctlicnlly track the Lunar Kovcr as t l ~ c  
astronauts drive across the surfacc of the moon. 

I I .  THE UNIFIED S-BAND SYSTEM 

Consider tllc calxibllities of NASA's Uri~fied S-banci doppler tracking systcm for VLHI 
trnckil~g. 'I'lic systcln's ability to  tlclrrmmc a c1i;lngc in 0 ,  the source angular position, 
dcpcnds on  its ability to dctcrminc a change in A r ,  the I-rrnge d~f fc re~ lcc  betwccn thc 
tracking staliorls and the signal source. That  is, 

Differentiating 

-d (Ar) 
do = - 

H siir 0 

The USB doppler trackiiig sys te~n can obscrvc rangc chrlngcs of'less than 1 ccn t i~ i~e tcr .  Tlic 
systcm is limitcd hy  the cesium Srccl~lcncy sti~ndartl lloisc. Over a 10-sccond interval, the 
rubidium l'rcqucncy standarcls show  bout half that noisc. I ' l ~ c  H-r-nastcr standards d o  not 
add appreciable noisc to tlic 2, milltnicter liolsc ol'tllc rcr-naindcr ol' tllc systcni. TylucaI 
station separation 1s about 6000 krlornetrr$. 
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Solving f o r  dfl , 

T h a t  is a h o u t  thc  height (>/':in :i i l t  at I OC) t~ii lcs!  .At lunar  distances t h a t  a n ~ o u ~ l t s  t o  0.3 
rnt'tcr.;. 

'J.11e prcscnt dopp lc t  trackitig systcnl can he u3t.d I'or Lunar Iiovcr V1..131 tracking w i t h o u t  
addit ional  ccjuipltic~it. Tllc da ta  is rccvr-~i~,d  in :I h ig l~ly  'c,rnpscr f o r m ;  t!lc i~ i ind rcds  o r  
t l~ousar lds  of' recording tcipes nonl- ally ~ l c r i l ~ ~ i i  f o r  \ ' I  131 :ire 1io1 reclltircd. Weeks :II-K tlnt 
net,ricd t o  r c d ~ ~ c e  lilt: d a t a :  r~ , a l - t~n i i .  d a t , ~  l > t o ~ . i ~ s s i n g  is pc!ss~l~l~b.  

/ I [ .  THE ANALYSIS METHOD 

I-igur:. 7 slitrws how t l o ~ ~ p l c r  t rack ing  I Y  u t i l i ~ t . r l  for  IL~ ins r .  l<ovcr trackirig. Thc clopl>lcr 
f'ri~clk~cr-rcy slrif't i s  a nlcasurt. o f  th i .  r.;inge-r.atc, t11e r:idial cot -npol~cnt  of tflc r;orirce voloc.ily. 



The diffcrcncc in radial velocity from the two stations is cqual t o  the component of the 
velocity in the direction (i l  - f2). 

With a third station, one can measure the vclocity componcnt out  of the plane of  the page. 
Thc third velocity coniponcnt is determined by constraining the Lunar Rover t o  the surface 
of the moon. The lunar surface featurcs are modelcd by adjusting the local lunar radius, 
KL. The range-rate itsclf cannot be used to dctcrmine this third velocity component, since 
the Rovcr transmittcr frcquency, being only quartz crystal controlled, may be biased by one 
part in 10" I n  fact, the range-rate is used with thc lunar ephemeris t o  solve for the trans- 
mitter frequency in the differential doppler reduction. 

There arc several problems :rssociatcd with this mcthod. During the course of a track the 
ionospheric pllasc path length may change several meters. A one metcr change in the phase 
path length results in approxi~natcly a 100-metcr error in the Lunar Rover position. A 
frequency standard bias of one part in 10' a 100 meter per hour bias in the Lunar 
Rovcr tracking. Station location uncertainties produce similar errors. 

'l'hcse error sources are eliminated by doppler tracking both the Rover and the Lunar 
Modulc transmitters a t  each station. The Lunar Module is used as a reference benchmark 
and all Lunar Rover measurements are made with respect t o  the Lunar Module (Figure 3). 
By subtracting the Lunar Module doppler range-rate from that of the Rover, all systematic 
biases common to  both signals, such as those due to  the phase path medium, the frequency 
standard, station location and the lunar ephemeris canccl t o  the first order. If there are no 
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Figure 2. The VLBI observable. 



F ~ g u r e  .<. Lunar Ruvet tracklng by diEfercntl;il VLBl 

inter-rcceivcr phase drifts, only the d~f'frrential VLRI ohscrvable rema1115 '1s a first ordcr 
+ 

quantity. The position of the Kovcr wlth re\pt'ct to thc Lunar Mod~!lc. S , is rlcternliticd 
by integrating the difl'errnti,~l veloulty f'rvrn t l ~ c  known initial position. 

In summary, Lunar Rover VLRI tracking rccluires thrce widely separated stations, dopplcr 
tracking both thc Liinar Rover and the L ~ ~ n a r  Mod~ile. '  

IV. APOLLO-16 LUNAR ROVER TRACKING 

During the first Rover traversc of .Apollo 16, four stations participated in Lunar Rovcr 
tracking. The four stations Madrid, Asocnsion Island, Mcrritt Island, 2nd Goldstone arc 
shown in Figure 4. MIL-ACN---MAT) i ~ n d  (IDS---AT'N M A D  form the large triangles 
needed for sensitive L,u~iar Rovcl- tracking. Thc trianglc formcd by GDS- MIL , MAD is 
only fair; that formed by GDS-MII AC'K, very poor. 

Figure 5 is a time line o f  the evenrs during thc rrnvfrsc. Therc were three portions t o  the 
traverse. The first, frorn the Lunar Modulc area to Plum Crater. wherc tht. astronauts 
stopped for scicntific activities. The second. from Plurn Crater t o  Spook Crater for morc 

rock collecting, then back to thc Lun:~r ;l . lod~il~>. When Lhc astronai~ts  clismount frorn the 
Rover, t hcy switch the Rovel- tr;ltls~nit tct t'l-on1 P51 to FM for ?'V trans~nission. The USB 
syste111 i s  unable t o  doppler track ;]I-I F?v1 t r a n s n ~ ~ t t c r .  

MAD, ACN, and MIL p d ~ t 1 ~ 1 ~ ) ~ l t ~ d  d i ~ r ~ t l g  the cntrrv trabcrst., d total of h 3  rnlnutes of 
tracking. GDS partlc~patcri 0111y d u r ~ n g  t h y  ldst t s o  prrrtlon\, for 34 n~ lnu t c \  Thc entirc 
traversc totallzd more tllan 4 kni. 

'see STDN I4rtric. Troc,kir~x Prrfor~nrit~c.~ Apoi1~1-lO f<.lwal Report, NASA/C;oddard X-832-72-203 Ibr :I tiiscuusiOn of. 
thc algorithm, The report is :!vail:ihle a l  thc  C;odtiard Space l'light Cenlcr L~br; i ry .  



Figure 4. The LISB Manned Space Flight Network. 
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Figure 5. Events and time-line for traverse of 
EVA* 1 ,  Apollo- 16. 



V. APOLLO-16 TRACKING RESULTS 

: I  O i 1 I 0 1  t l v  o v  I c i c r t i i ~ i l  I I K V I  ~ I I .  ' l - l l c ~  1-i,- 

s ~ r l t s  wt.rt, comp;lrcd to t l lc .  a s ~ o n ~ ~ u t s  rl::~cii~igs ol' thu Kovc5r on-l>o:~rtl navigation syht~*rn.  
,- > 1 1 1 ~  K o v e r  on-hc-lard ~lavigat ion systClll Iias a g~ . ;~nu la r i ty  ol' 100 rnctcrs in  rnnglrc and olie 
dc,grcc, i l l  I,c:~rill:: t o  thc,).~l~l;rr h l ~ t l u l ~ ~ .  Al t l luugI~ t l ~ c  on-boal.rl 1.1svigation systcm is slso 

/' 

s~lsccpt ib lc  to cbrror I'roln w l ~ c c l  sl11)p;lyc alici alignmeril r r ror .  ~~cvcr t l ic lcss ,  thc  ol-I-board 
navijialion rcs~l l t s  a::rcc*d with th i ,  1 i1113r ICovc'r t r ; ~ ~ k i l l g  r c s t~ l t s  to W C I I  wit1iil.i 50 111~tc'rs. 
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The 2bsecond incremental motion of the Lunar Rover during portion 1 is plotted in 
Figure 7. Note that a statiollary period is clearly visible. Tlus six-minute stationary period 
occurred just south of Halfway Crater (see Figure 6) while the astronauts debated with the 
Mission Control Center whether the crater they had just passed was Flag Crater or  Halfway 
Crater. This vividly demonstrates the astronauts need for a reliable navigation system. A 
second stationary period occurred after the Gran Prix maneuvers while one of the 
astronauts was setting LIP mortar charges for a seismographic experiment. These two known 
stationary periods were uscd to evaluate the Lunar Rover tracking noise and drift. The 
drift and 1 CJ noise of  the MIL- ACN--MAD configuration is presented in Table 1. 

The Mission Control Ccntcr rcported that at thc end of the first traverse the Lunar Rover 
parked a few meters north of the Lunar Module. This agrees very well with the Lunar 
Rover tracking results listed in Table 2. 
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Figure 7. Incremental motion of the Lunar Rover. 



T:iblc, 1 

Lun i t r  K o v c r  ' I ' r ,~ck~ng-  No~sc  i111(i 1)rlt't. 

Stiitionary Period Noise Ilri11 
(GM'I') (Mutcrs) (rnrn/scc) 

31:06:04-21: 1'2:40 

N-S 0.9 7 -8 

L-W 0.40 -7 

22:55:01)-23:01:40 

N -S 0.69 -7 

E-W 0.54 -4 

7';1bIc 2 
1,unar  Kowr  Tracking  C'losurc Rrsults 

N-S li-W 
Stallon Curlligurntion (Meters) (Meters) 

M1L - AC:N - MAD 6.1) 9.0 

(ins - A('N - MAD 7.4 5.6 

GDS - MIL - M A D  -8 X 0.3 

Vl. APOLLO-17 

For thc coming Apollo-17 ~nission, Lunar Rover tracking has bcrr-I scheduled t o  support all 
three Rovcr traverses. This atnounts to about srven hours of' tracking covering 34 kilome- 
ters. The tracking information is necded to aid tllc astronauts' navigation and to provide an 
accurate traversc map for  the Traversc Gravirnc tcr and thc Surfacc Electrical Properties 
experiments. 'I'l-le data will he proccssed in semireal-rirne. Tha t  is, the data will be re- 
ceived a t  Goddard Spacc Flight Center in real-iimc a11~l will be batch processed within ten 
minutes of each Lunar Kovcr stop. 



VII. FUTURE APPLICATIONS 

Recently a modification to  the tracking station receiver has been designed and tested by 
Dr. Hinteregger of MIT. This modification, shown schematically in Figure 8, will permit 
the direct recording of the differential doppler phase of  two signals with only one receiver. 
The IF signal is wide enough to  carry both transmitter signal frequencies. The receiver is 
locked onto  one signal frequency while the other signal frequency, which contains the 
differential doppler phase, is tapped of the IF signal and converted to a frequency accept- 
able to the doppler recorder. The resulting differential doppler phase shows a stability 
improvement in noise and drift of more than two orders of r n a g n i t ~ d e . ~  This stability 
improvement is gained with a 33 percent reduction in the tracking network resource 
requirement. 

The differential VLRI tracking tcchnique makes a large set of tracking methods and 
scientific experiments now possible. For example, lunar librations are presently being 
measured by differential tracking of the ALSEP scientific transmitters on the moon. Re- 
sults t o  within one second of selenographis arc, a factor of ten improvement in our present 
knowledge, arc expected. Other applications include the measurement of wind velocity on 
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I r r  cunclusion, ciifl:rr.ntial V1,BI has bocn L I S C ? ~  to track tllc Apollo-16 Lunar 1iovt:r witll 
i>:>tter than 25-lnetri- :icuuracy and noisc of lcss than onc nwf.cr. 'l'llis ~ C C ~ I I ~ ~ L I C ,  which 
;\/ill support i lpollo- 1 7 I,t.rr~ar Rovcr v x p c l - i r r ~ ~ ~ ~ t s  ;111(1 ~i:~vig;ttiot~, 113s applicaticj~~ to a witlc 

:-i11igv of- f ~ ~ t ~ ~ r e  spacc navigation and  as t ropl~ysiual  exptlrir~~c,nts. 

4 ~ ' o u n c i l m a ~ i ,  c'. ('.. 11. 1'. II~ntcrcgjicr, and 1. I. Shaplro, S L ~ ' T I ~ C ,  "01. 1.78. pp. 607-bO8. 
-'ln:alilablt: ul.,pe?c,t in t t ~ c  theory  and the rrduclion tcchniqucs ol~diI'ferrnti;,l V I . B I  wah provided by Urs. 

I lintt>rrjrc:ri, (:'uuncil~r~an, : ~nd  Shapiro, of MIT. 




