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FOREl·TORD 

This report is submitte4 to the NASA Hanned Spacecraft Center in 

.accordance with MSC/TRWTask A-50 Contract NAS 9-8166. This report 

contains the postflight analysis performed in conjunction with the 

Apollo 11 mission and is issued as supplement one to the Apollo 11 Mission 

·Report (NASA/HSG ·Report NSC�GOI71, Nov. 1969}, 
The report is issued in tw·o volumes. Volume I contains details of 

the analysis and results obtained, including appendixes. Volume II 

contains a listing of the 45-day best es timate d trajectory (BET) for the 

Apollo 11 mission in the NASA Apollo Trajectory (NAT) format. The list­
ing is not genen:.lly distributed but is available from NASA/HSC upon 

request. Requests should be made to: 

NASA/NSC Computations and Analysis Division 
Central Hetric Data File 
Code ED-5, Building 12, Room 133 
Houston, Texas 77058 
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7.0 APOLLO MISSION 11 TRAJECTORY RECONSTRUCTION 

AND POSTFLIGHT ANALYSIS 

7.1 INTRODUCTION AND SUMMARY 

7.1.1 Apollo 11 Mission 

The Apollo 11 mission was launched from the Kennedy Space Center at 

13:32:00 (hrs:min:sec) Green�ch Mean Time on 16 July 1969. Apollo II 

was the third manned lunar mission and the first to attempt and accomplish 

a landing on the lunar surface . A summary of the major events is presented 

in Table 7.1. 

The descent phase of the mission was initiated during the thirteenth 

revolution of the moon at ap proximately 100h·07m Ground Elapsed Time 

(GET). The lunar module (LM) successfully landed on the luna r surface at 

approximately 102h45m GET. 

The rendezvous phase began with ascent ignition during the 25
th 

CSM 

revolution and ended with docking at 128h03m GET. A summary of the CSM 

and LM maneuvers performed during descent and rendezvous is presented in 
Table 7.2 and a graphical representatio n of these phases of the mission 
which depicts the motion of the LM relat ive to the CSM is sho�� in 
Figures 7-la and 7-lb. 

7.1.2 Postflight Analysis 

The objective of the postflight analysis t�sk was, in general, to 

generate trajectory parameters and data for the command and service modules 

(CSM) and lki from S-IVB/CSM separation to the end of mission. As in the 

Apollo missions 9 and 10, a preliminary trajectory was generated from the 

best available RTCC vectors. The bulk of the post flight analysis effort 

was then concentrated on reconst ruction of the two peri ods of flight from 

LM/CSM undocking to 1M touchdown (descent phase ) and from LM ascent to 

LM/CSM docking (rendezvous). 

The RTCC vectors used to generate the preliminary NAT (NASA Apollo 

Traj ec tory) are summarized in Appendix A. Most of the lunar trajectories 

.were generated using RTCC SS2 (inclination constrained) solution vectors 
ra ther than SSl (no� priori) solution vectors. Unlike the Apollo 10 

7-1 



SS2 vectors which were constrained to the pre-LOil, rev 18, and rev 29 
planes , the Apollo 11 SS2 vectors were constrained on a rev to rev bas is. 

Each SS2 vector contained two revs of data and was constrained to the SSl 

solution plane of one of these two revs (exceptions existed at maneuvers). 

This technique prevented the accumulation of a large error in the out-of­

plane component of p osition . The lunar potential model used in the 

generation of the preliminary NAT and for propagation of RTCC vectors 
was the Boeing R2 model defined in Appendix B. . 

Tne final NAT was produced by updating the preliminary NAT to include 

reconstructions of critical maneuvers for which telemetered acceleration 

data was available and to reflect the results of the trajectory reconstruc­

tion efforts performed on the descent and rendezvous periods of the mission. 
These reconstructions will be discussed in detail in the following sections. 

In general, the postflight analysis was accomplished without difficulty. 

Coincident" vlith the trajectory reconstruction activities, analyses v1ere 
performed to determine the quality of the onboard tracking data (LM 

rendezvous radar, CSM sextant , CSM VHF ranging, and U1 landing radar). 

The results of thes e analyses are also included in this report . 
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Table 7.1 Apollo 11 Sequence of Events 

Range Zero 

Insertion 

Translunar Injection Ignition 

S-IVB/CS�i Separation 

First Docking 

Spacecraft Ejection 
�lidcourse Correction #1 

Lunar Orhit Insertion #l . 

Lunar Orbit Insertion lt2 
Undocking 

CS�I Separation 

Descent Orbit Insertion 

Powered Descent Initiation 

Touchdow-n 
Liftoff 

Coelliptic Sequence Initiaticn 

Constant Differential Height 

Terminal Phase Initiation 

Terminal Phase Finalization 

Second D0cking 

Final Separation 

Transearth Inj ection 

Midcourse �orrection #2 
C�1/S�1 Separation 

Entry Interface 

GET 
h:m!s 

00 : 00 : 00 

00:11:49.3 

. 02: 4A·: r6. 2 
03:17:04.6 

03:2 4: 03.1 

04:16 :59.1 

26:44:58.7 

75:49:50.4 

80:11:36.8 

100:12:00 

100 : 3 9:5 2 . 9 

101:36:14 

102: 33: 05 . 2 
102:45:39.9 
124:22:00.8 

125:19:36 

126 :17 :49 . 6 

127: 03 : 51 . 8 

127:46:09.8 

128:03:00 

130:30:01 

135:23:42.3 

150:29: 57.4 

194:49:12.7 

195:03:05.7 

Q.IT 
d:h:m:s 

16 :13:32 : 00 

16:13:43:49.3 
16:16:16:16.2 

16:16:49:04.6 

16:16:56:03.1 

16:17:48:59.1 

17:16:16:58.7 

19:17:21: 50.4 

19:21:43:36.8 

20:17:44:00 
20:18:11:52.9 
20 :19 : 08 :14 

20:20:05:05.2 

20:20:17:39.9 

21:17:54:00.8 

21:18:51:36 

21:19:49:49.6 

21:20:35 :51 . 8 
- -

21:21:18:09.8 
21:21 :35: 00 
22:00:02:01 

22:04:55:42.3 

22:20:01! 57.4 
24:16: 21 :12 . 7 

25:02:35:05.7 



Table 7.2 Descent and Rendezvous Maneuver Summary for Apollo 11 

Maneuver Type of Maneuver Ignition Time Cutoff Time T/M 6V 
(h:m:s) GET (h:m:s) GET Coverage (FPS) 

SEPARATION CSM/RCS 100:39:52.9 100:40:01.9 Yes 2.6 

DOI LM/DPS 101:36:1LI.o 101:36:44.0 No 76 . 4 

PDI LM/DPS 102:33:05.0 102:45:42.2 Yes 6775.8 

'-I ASCENT 'LM/APS 124:22:00.8 124:29:15.7 Yes 6070.1 
I � 

CSI LM/RCS 125:19:36 125:20:23 No 51.5 

CDH LM/RCS 126:17:49.6 126:18:07.4 Yes 19.9 

TPI LM/RCS 127:03:51.8 127:04: 14.5 Yes 25.3 

TPF LH/RCS 127:46:09.8 127:46:38.1 No 31.4 
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7.2 ORBIT ANALYSIS 

7. 2 . l  1-Iethods of Reconstruction 

The HOPE Program was used as the basic orbit determination tool . 

The p rogram utilizes a weighted least squares differential correction 

technique to regress on a large set of parameters. It is capable of 

handling tlvO vehicles , and can use both ground based and onboard track­

ing data. An additional capability is the IGS (Inertial Guidance System) 

burn option which models the Apollo inertial measurement unit and uses 

telemetered acceleration data to reconstruct maneuvers. 

The orbit determination was accomplished using four basic fit tech­

niques. These techniques are described as follows: 

a) MSFN free flight - �egress ion on the state vector over free 
flight intervals as defined by spacecraft maneuvers using 
MSFN data. 

b) MSFN IGS - regression on the state vector using, at maximum, 
one revolution of MSFN data and incorporating the spacecraft 
maneuvers which had telemetrj coverage by means of the HOPE 
IGS burn model. 

c) Onboard free flight - regression on the state vector over 
free flight intervals using available onboard tracking 
data to .correct the LH traj ectory with respect to a fixed 
CSM trajectory (MSFN fits). 

d) Onboard IGS- regression.on the state vector using avail­
able onboard dat� to correct the L11 trajectory 'tvith respect 
to a fixed CSM traj ectory and i ncorporation of the LH maneuver 
�hich had telemetry coverage)by means of the HOPE IGS burn 
model. 

More accurate trajectories are usually produced with techniques (b) and 

(d) since they take advantage of longer tracking data arcs. This factor 

is important in descent and rendezvous traj ectory reconstruction since 

the tracking intervals between some maneuvers are too short to produce 

a representative trajectory over the whole segment • 

.As a result of the analysis of various lunar potential models con­

tained in Reference 7, and on the basis of improved observation residuals 

and propagation characteristics , the Ll model (Langley Model 1) was used 
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in the orbit analysis. This model is basically the Boeing R2 m odel aug­

mented by a C33 term. Table 7.3 shows improvements in propagation 

characteristics of the Ll over the R2 model. Both models are defined in 

Appendix B. 

The trajectories for both Apollo 11 vehicles during descent and 
rendezvous were reconstructed using the methods summarized above. The 

data used in these reconstruction activities primarily included lmv 

speed MSFN, high speed 'HSFN, rendezvous radar, VHF ranging, and sextant 
data. · Telemetered acceleration data were used to reconstruct maneuvers 

where available and applicable. Table 7.2 lists the maneuvers performed 

during the descent and rendezvous periods. Figure 7-2 shmvs the track­
ing data arcs (which were available over the periods of interest) as a 

function of ground elapsed time. In Figure 7-2, the solid bars represent 
the transmitting (two-way) MSTI� station and the numbers represent the 

number of observations upon which final fits were based . Note that some 

stations operated in the dual mode (simultaneous tracking of both the CSM 

and the LH). 
The following paragraphs describe the trajectories which were used 

as the final BET for both vehicles . 

7.2.2 CSM Best Estimate of Trajectory 

The trajectories for the CSM lunar revolutions 13, 14, 25 and 26 

were reconstructed from low speed MSFN tracking data compacted to a rate 

of two samples per minute or, in the case of stations operating in the 
dual mode, one sample every 36 ·seconds. The data used are summarized 

in Figure 7-2. The quantity of data obtained for revolutions 13 and 26 

was good, Because of the partial data arcs from some stations on revo­

lutions 14 and 25, the data quantity in these revs could only be rated 

as fair. Inclusion of data from a southern hemisphere station (Ascension) 

enhanced the geometry of the active tracking network configuration and 

contributed to the quality of all the fits. 

Two reconstruction techniques were used to obtain the CSM BET's. The 

MSFN IGS fit technique was used on revolution 13 because of the presence 

of teleme tered acceleration data from the CSM separation burn perfo�ed 
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in the MSFN data arc. BET's for the remaining orbits of· interest (14, 

25 and 26) were'. obtained from MSFN free flight fits. 

In general, the CSM BET's were of good quality. This is illustrated 

to some extent by the good position and velocity comparisons between 

revolutions (Table 7.4) and by the residual statistics listed for each 

fit in Appendix B. These statistics (standard deyiation of .1 to .25 

cycles per second) compare very trell tvith Apollo 8 (standard deviations 

between • .3 and . 6  cycles per · second) and Apollo �0 (standard deviations 

between .2 and . 4 cycles pe:r secpnd) . A portion of this improvement may 

be attributed to the bett_er fit produced by the Ll lunar potential model. 

Table 7. 4 contains a summary of the final BET's giving fit type 

(technique), data interval, NAT traj ectory interval, and position and 

velocity differences at matchpoints between segments. 

7.2.3 LH Best Estimate of. Traj ectory 

A major portion of the postflight analysis effort.was directed tmvards 

reconstruction of the 1&1 trajectories from undocking to landing and from 

liftoff through rendezvous. A discussion of the origin and quality of the 

final trajectories is included in the following paragraphs . 
7.2.3.1 Descent Phase Traj ectories 

The descent phase was reconstructed in three segments; undocking to 

DOI, DOI to PDI, and PDI to Touchdo1vn. The BET for undocking to DOI was 

obtained from a MSFN free flight fit based upon the entire data arc from 

revolution 13. The quantity of data was considerably better than for the 

CSN since five stations were tracking the LM. Residual st.:.tistics 

(summarized in Appendix B) compare well vnth the MSFN residual statistics 

obtained from the CSM fits. Note from Figure 7-2, which shows the track­

ing history, that the tracking station geometry was good. 

The BET for the period from DOI to PDI was obtained from an onboard 

free flight fit based on CSM sextant and VHF ranging data taken prior to 

P:PI. As can be seen in Figure 7-2 the data quantity loTas good, "t-7ith 18 

VHF ranging observations and 13 sextant sightings. Data quali ty is 

discussed more thoroughly in Section 7.3 The CSM trajectory which was 

used as the reference trajectory was the revolution 14 BET discussed in 

paragraph 7. 2. 2. 
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The BET for the powered descent segment of the flight was originally 

based on a fit obtained from low speed MSFN data taken from revolution 14 
acquisi tion of sign al to touchdmm. The trajectory obtained from this 

fit ,..;ras modified to force the landing point to coincide with the 

current best estimate of landing site location. Landi ng site parpmeters 

obtained from this descent traj ectory (BET 413) were .6358° latitude, 

23.4938° longitude, and -8557 feet altitude (referenced to the mean 

lunar r adius). These figures compare well with the value published in 

Reference 10 as the best estimate ( lati tude .647° and long itude 

23.505°
, determined from postflight photo reduction). 

Since the BET #3 was constrained to impact a desired landing site, 

the quality of the trajectory at PDI is not t he bese available. A sub-

sequent reconstruction using a combination of onboard plus high speed 

MSFN data is discussed in S ection 7.4 of this report. This combination 

of high speed data from acquisition of signal to landing and relative 

tracking data obtained prior to PDI produces a consistent and continuous 

representation of the 1M traj ectory from DOI to touchdmm. 

7.2.3.2 Rendezvous Trajectories 

The BET for ll1 ascent was initialized with landing site co ordinates 

of .6357° latitude , 23.4701° longitude , and a height of -8607 f.eet 

ab ove the mean lunar radius. These initial conditions were then prop­
a gat ed to insertion using a ccelerometer data to model the ascent 
burn. 

The �1 BET for the period from insertion to TPF was reconstructed 

in tv7o segments; insertion to CSI and CSI to TPF. The traj ectory for the 

ins�rtion to CSI segment was obtained from a MSFN free flight fit. The 

data arc and trajectory interval are described in Table 7 .4. The 'HSFN 
data was good both quantitatively and qualitatively as can be seen in 

Figure 7-2. The residual statistics, summarized in Appendix B, show that 

the standard deviations of the doppler res iduals are larger in this segment 

than in segments which have a less s evere orbital geometry. This char­

acteristic also existed in the Apollo 10 postflight results. 
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The second rendezvous segment covered the period from CSI to TPF. 
The BET chosen w·as obtained from an onboard data, IGS fit. The data used 
in the fit included LM rendezvous radar , CSM sextant , and CSM VrlF ranging 

observations. In addition, telemetered acceleration data was used in the 

IGS burn option of HOPE to reconstruct the CDR and TPI burns. The data 

arcs are shoY.-rn in Figure 7-2, and the residual statistics are summarized 

in Appendix B. Data quality was good, and the resulting BET pro�uced an 

accurate: relative t:rc.j ectory. The CSli traj ectory chosen as the reference 

for the relative observations was the revolution 26 trajectory described 

in paragraph 7.2.2. (The quality of the data and the reconstruction 

are discussed in more detai l in Section 7.3 of this re�ort.) 
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Table 7·3 Hatchpoint Comparisons of Trajectories Produced 

\dth R2 ·and Ll Lunar Potential Hodels 

R2 Ll 
Revolutions . POS RSS VEL RSS POS RSS 

Compared (ft) (ft/sec) (ft) 

11-12 10,637 7.187 7544 

12-13 9,936 8.178 4817 

13-14 8,643 8. 723 1555 

25-26 9.595 9.139 2147 

RSS = Square root of the sum of the squares of the differences 
b-etween posi ti -6-n (POS) or. velocity (VEL) components. 
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VEL RSS 

(ft/sec) 

5.756 

3.046 

2. 53 

3.173 
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Table 7.4 --Apollo Mission 11 BET Summary 

Vehicle Flight Segment Fit Type 

LM Undock to DOl MSFN F.F. 
LM DOI to PDI O/B� F.F. 
LM Powered Descent Modified 

MSFN IGS 

LM Ascent nru only 
LM Insertion to CSI MSFN F.F. 
LM CSI to POST TPI 0/B IGS 

c�m Revolution 13 MSFN IGS 

CSM Revolution 14 MSFN F.F. 

CSM Revolution 25 MSFN F.F. 

CSM Revolution 25 MSFN F.F. 

*DOI Burn AV = 76.4 ft/sec 
**CSI Burn AV = 51.5 ft/sec 

Data Interval 
(d:h :m: s) 

20:17:48:45 

20:19:25:03 

20:19:48:51 
---

21:18:03:03 

21:19:02:17 

20:17:54:24 

20:19:47:27 

21:17:27:51 

21:19:26:15 

'(d:h:m:s) 
GMT 

20:18:59:5 7  
20:19:43:56 

20:20:17:45 
---

21 : 18:40:15 

21:20:29:38 

20:18:59:36 

20:20:58:21 

21:18:38:33 

21:20:36:51 

Trajector� Interval 
(d:h:m:s) (d:h:rn:s) 

GMT 

20:17:39:00 20:19:08:14.7 

20:19:08:44.5 20:20:04:00 

20:20:04:37.2 20:20:17:45.2 

21:17:53:58.9 21:18:03:08.9 . 
21:18:01:21 21:18:51:36 
21:18:52:00 21:21:15:08 

20:17:22:00 20:19:22:00 

20:19:22:00 20:21:17:00 

21:16:57:00 21:18:57:00 
21:18:57:00 21:20: s�r: 00 

AR AV 
ft ft/sec 

2007. 75.9* 

N/A N/A 

N/A N/A 
4253. 50.8** 

1555. 2.5 

2147. 3.2 



. 7. 3 ONBOARD TRACKING DATA ANALYSIS 

7..3.1 Introduction 

A..11alysis ·of the LH rendezvous radar data from Apollo missions 9 and 

10 and CSM \�F ranging data from Apollo 10 resulted in the conclusions 

that both data typ�s were of high quality and� in general, produced tra­

j ectories conslstent with those obtained from ground based tracking data 

(References 1 and 5). 

A similar analysis of .the onboard tracking data obtained during the 

Apollo 11 mission �vas performed tvith the following objectives: 

a) Determine the consistency of the LM rendezvous radar data 
and the CSH VHF ranging data with similar data from Apollo 
missions 9 and 10. 

b) Using these data as a standard of comparison, evaluate the 
LM sightings made �vi·th the CSM sextant. 

c) Determine the consistency of all onboard data· 'tvith the 

ground based data. 

d) Use the onboard data to construct a more accurate LH 
rendezvous trajectory. 

The onboard tracking data were obtained from the do�mlink telemetry 

tapes by a special purpose computer program designed to read the tape, 

and output the desired observations and associated information on punched 

cards. The format of the punched cards was the specified input to the 

HOPE Program. Editing of bad data was perforw.ed manually. 

(Jnboa-rd tracking data yie1.as a measure of the position and velocity 

of one vehicle relative to another. It is necessary, therefore, to obtain 

a good, independent estimate of the trajectory of one vehicle and fix this 

as a reference trajectory . Since the LM trajectory is perturbed by several 

maneuvers during the descent and rendezvous mission periods, it is logical 

to fix the' trajectory of the relatively· quiescent CSH as the reference. 

As discussed in Section 7.2, the CSM trajectory was reconstructed in 

four single revolution fits from MSFN tracking data. The three segments 

of interest here were MSFN free flight fits on revolutions 14, 25, and 26 . 
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Traj ectories for the 1M free flight segments were also reconstructed from 

MSFN tracking data. The ground based HSFN tracking availab le for us e dur­

ing the periods o f  interes t are summarized in timeline form in Figure 7-2 . 

The CSH traj ectory �·las fixed as the reference, and the LM MSFN free 

flight traj ectories were then used to initialize fits bas ed on onboard 

data in the four segments �1here relative data were available . A priori 

confidence values of 10 , 000 feet were p laced on each component o f  position 

arid 10 feet per second on each component of velocity in the initial 

conditions . 

The reconstruction activities will b e  dis cuss ed in more detail in 

the follo•�ng s ections . In addition , various tab les and figures are 

included 'vhich s erve to describe the operations performed and show the 

accuracy and validity of the data . 

7 . 3 . 2  Onboard Measurements 

Rendezvous radar data were ob tained dur ing thre e  periods of the 

Ap ollo 11 mis sion ; these were Ins ertion to CSI (9 ob servations ) ,  CSI to 

CDR ( 20 observations ) ,  and CDH to TP I (45 obs ervations ) .  As in previoug 

mis sions , the amount of rendezvous radar data obtained t.Tas limited to 

those perio ds when telemetry coverage was available . 

VHF ranging data were ob tained from the CSN during four segments of 

the flight ; thes e were DOl to PDI (18 obs ervations) , ins ertion to CSI 

(2 ob s ervations) , CSI to CDR (17 ob s ervations ) , and CDR to TPI (12 obs erva­
tions ) . Since only two obs ervations were ob tained from Insertion to CS I , . 

no meaningful s tatistics could be obtaine d .  

Sextant data were ob tained during the s 8I!le periods of f light a s  v7ere 

VHF� ranging data; 13 observations between DOI and PDI , 4 ob s ervations from 

ins er tion to CS I ,  21 observations from CSI to CDR , and 10 obs erva tions 

between CDH and TPI .  Lis tings o f  all the data are inc luded in Appendix D .  

7 . 3 . 3  Evaluation o f  Onboard Tracking Data 

Rendezvous Radar Data 

In order to determine the quality of the rendezvous radar data, the 

residuals (differences between the actual measured value and a measurement 
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value computed from given CSM and LM traj ectories ) were examined. The 

CSH traj ectories used in ob taining these res iduals were the BET ' s  dis cus sed 

in Section 7 . 2  of this report (one rev MSFN free flight fits ) . The 1}1 

traj ectories were ob tained by using technique (c) des cribed in paragraph 

7 . 2 . 1  (onboard free flight f its) . All available onbo ard data t.:ere used 

in these fits . 

Table 7 . 5 lis ts res idual s tatis tics (mean, s tandard deviation, one-

s igma noise es timate) computed from the onboard free flight fits ·of each 

segment and Figures 7-3a and 7-3b illus trate the results graphically . The d a ta 

were generally well b ehaved as can be s e en in th e residual plots (Figures 

7-4 through 7-6). The relatively large differences between the standard 

deviation and noise computed for shaft and t runnion in the CSI to CDH and 

CDH to TP I  periods can p artly be attributed to the fact that b o th rendezvous 

radar and s extan t  data were used in the fit . As the two data s e t s  become 

more equal in size (m:dghted effect) or the samp ling arcs more coincident , 

res idual s tatis tics deterior ate . This effect is demonstrated by the 

statis tics listed in Tab le 7 . 6 which were ob tained from fits made vdth 

only rendezvous rada r data included . No te that when s extant data is 

eliminated , the RR shaft and trunnion means and deviations decrease in all 

segmen ts . The shaft s tatis t ics are s ti ll relatively high ( especially in 

the CDR and TPI period) , indicating that a sys tematic error is s till p re-

sent in the shaft measurement .  It should also b e  noted that the rendezvous 

radar residual s tati s tics from Apollo 10 exhibited a similar characteris tic 

(Reference 1) . In Apollo 10 , the s tandard deviations for b oth shaft and 
trtirinlon measurement are relatively 1.arge in the CDH to TPI period (no 

s extant data were includ ed in Apo llo 10 so lutions) . The large mean values 

seen in Table 7 . 5  ar e al s o a result of the inclusion of s extant data in the 

s o lution data s e ts . Hhen onl,y r endezvous radar data was included , the mean 

values decreased to near zero values . 

The range res idual s t atistics exhibited characteristics s imilar to 

the Apollo 10 data . When VHF ranging data is removed from the solution 
data set , s tandard deviations decrease and become , in two segments , aL�os t . 

equal to noi s e  e s t imates . The mean values also approach zero , indicating 

that no bias is p res ent . 
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· · Table 7. 5 Summary of Rendezvous Radar Residual Statis tics 

Shaft 
(deg) 

Trunnion 
(deg) 

Range 
(feet) 

Range Rate 
(fps) 

Insertion 
To 
CSI 

. 009 

. 015 

. 013 

- . 05 1  

·;. 010 

. 010 

79. 

144 . 

39 . 

. 604 

. 173 

. 6278 

* Quantization Error . 

CSI CDR 
To To 
CDH TPI 

. 015 . 033 

. 016 . 03 1  

. 010 . 010 

- . 06 8  - . 119 

. 019 • 031 

. 00 8  . 007 

75 . 5 5 .  

63 . 9 2 .  

3 7. 2 7 .  

- . 243 - . 306 

. 33 9  • 2 7 7  

. 6 2 7 8  . 6 2 7 8  

7 - 1 8 

He an 
S .  Dev. 

Noise 

Mean 

S .  Dev . 

Noise 

Mean 

S .  Dev. 

Noise 

Mean 

S .  Dev. 

Q. E . * 
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Table 7 . 6  Rend e zvous Radar Only Solution Residual Statis tics 

nrs-csr CSI-CDtl CDR-TPI 

- . 00007 . 00028 . 018 Mean 
Shaft . 015 . 014 . 031 S .  D�v . 

·-

- . 00013 . 00002 - . 0005 He an 
Trunnion · 

. 006 6 . 0074 . 0085 S .  Dev .  

.55 . 026 2 .  89 Mean 
Range 

39 . 37 . 2  7 2 . 45 S .  Dev. 

-. 343 - . 105 - . 196 He an 

Range Rate 
. 187 . 314 . 304 s .  Dev . 
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The range : rate res idua ls were also of good 1qual:i:ty . Mean velues were 
all les s  than the downlink readout error ( . 6278 fps) . 

One sigma noise calculations for shaft, · trunnion, and range rate 

from three missions are p lotted as a function of average range in Figures 

7-7 through 7-9 • .  These figures show that the Apollo 11 noise estimates 

comp are ,.rell with s imilar es timates from missions 9 and lCi .  Note that no 

definite· ·trend ·is ap!}arent in the · angular noise . as relative rcmge varies . 

Figure 7-9 does seem to indicate, h�wever , that the noise es t1mate for 

the range measurement does increas e as average range incre ases . The 

Apo llo 11 nois e es timates for all three obs ervables app e ar to be g enerally 

smaller than those ob tained from previous missions . 
·vHF Ranging Data 

Table 7 . 7  contains a summary of VHF ranging data residual s tatis tics 

obtained from onboard free flight fits made over the three s egment s  'Cvhere· 

adequate amounts of data were available . Figures 7-10,  7-11, and 7�12 

contain plots o f  these res iduals . Since only t'Cvo observations wer e ob tained 

from th e insertion to CSI s egment , only the DOI to PDI (18 ob s ervations ) , 

CSI to CDR (17 obs ervations ) ,  and CDH to TPI ( 12 observations) segments 

are cons idered . 

The VHF ranging data were generally of good quality . As expe cted , 

the smallest mean value was ob tained during the DOI to PPI period 'Cvhen 

VHF ranging was the only range data· typ e measuring the dis tance b e t'C·7een . 

vehicles . The mean values become increas ingly large as more r endezvous 

radar data are included in the data set or as the data arcs become 

coincident in t ime . This can b.e s een in the large mean value for the 

CDR to TPI period . This large mean, however, is still wi thtn th� b ias 

spe cification limit of ±270 feet .  

Figure 7-13 shm·7S that the calculated noise values comp are favorably 

with Apo llo 10 res ults aP.d are relatively · cons tant vrhen compared to those 

ob tained from Apollo 10 . The res iduai s tatistics listed in Table 7 . 7  are 

illus trat�d graphically in Figure 7-14 . 

Sextant 

The res idual s tatis tics shmm in Table 7 . 8  indicate that the CS1-f 
sextent is a very accurate ins trument . Sextant o bserva tions were obtaine d 
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Range 
(feet) 

Table 7 .  7 Summary of VHF Ranging Residual Statistics 

DOI-PDI CS I-CDH CDH-TPI 

-26 . -86 . -216 . 

7 4 .  104 . 48 . 

23 . 2 3 .  19 . 

7 -33 

Mean 

S .  Dev. 

Noise 
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Sha f t  
(deg) 

Trunnion 
(deg) 

DOl 
To 
PDl 

- . 00 1  

• 0 15 

• 0 14 

- . 0004 

. 00 4  

. 003 

Table 7 . 8  Summary of Sextant Res idua l S ta t is t ics 

Ins er tion CSI 
To To 
CSl CDR 

. 0005 . 0002 

. 00 5 . 0 11 

Insuf f icient Da ta . 0 10 

- . 0000 09 • 0 004· 

. . 003 . 00 6  

Insufficient Da ta . 00 6  

CDR 
. To 

TP I 

. 0017 Mean 

. 0 13 s .  Dev . 

. 0 1 1  Noi s e  

� . 00 1  Mean 

. 008 s.  Dev • 

. 01 1  Noise 
---------



in four of the free flight s egments ; DOI to PDI ( 13 s ightings ) ,  ins ertion 

to CSI (4 sigh tings ) � CSI to CDR (21 s ight ings) , CDH to TPI (10 s ight­

ings) . 

The clos e agreement of the s tandard deviations with the noise 

estimates and the very small means listed indicate that there are 

es s entially no biases in either angle . 

The residual patterns (Figures 7-15 through 7-i8) are very well be-

·naved . The random noise es timates (Figure 7-19) compare well with r en­

dezvous radar angular noise estimates and no trend can be identified 

v1ith respect to average range . · Note the good agreement with the Apollo 9 

noise estimates plotted in Figure 7-19 . 

Onboard Tracking Data Consistency 
In order to determine the consis tency of traj e c tories reconstructed 

from onb oard traclting data ��ith those ob tained from MSFN trar.king data , 

s tate vector comparisons were made over the prop agation intervals . These 

comparis ons were made in a ��-type coordinat e system and the results ar e 

presented in graEhic form. In the figures presented , RZ is the negative 

of the U or radial component , RX is · the V or downrange component � an.d RY 
is the negative of the W or cros srang e compo�ent of a sys tem centered at 

the CSM. RXD� RYD and RZD are the respective veloci ties . 
Three LM traj ectories were obtained for the period from DOI to PDI . 

Figure 7-21 plots (as a function of time) the out-of-plane comp onent of 

LM position relative to the CSM for a MS'FN free flight traj ectory, an 

onboard data free flight traj ectory, .and .the final :BET (combined high 
speed I-1SFN and onboard tracking data) . I t  can be s een that the addition 

of . onboard tracking data drastically imp roves this component of position . 
Figures 7-22 and 7-23 show the d i fferences be tween relative traj ectories 

obtained from the MSFN and f rom the onboard tracking free flight fits . 

Tnere are large differences in the t raj e c tories which are primarily due 

to the poor quality of the MSFN free f light fit , but the comparisons do 

show that the downrange and radial components compare fairly well inside 

the NSFN data arc .  
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Figures 7-24 and 7-25 show the differences beo�een pos ition and 

velo city components of the two relative traj e ctories obtained for the 

Insertion to CSI p eriod . These trajectories were obtained f rom a }ffiFN 

( low speed) data free flight fit and an onboard data free flight fit . 

Note that the differences be tween the RX and RZ components are nominal 

whereas the RY component ( cros srange) is large .  This characteris tic 

is exp ected s ince onb oard data fits produce a much better r.elative tra­

j ectory in the out-,.of-plane s ense . Figure 7-26 illustrates the b e tter 

cros s range position obtained from onboard data fits. 

Figure 7-27 illus trates that the traj ectory obtained from onboard 

tracking data eliminates three to four thousand feet of relative cross­

range error which the MSFN data could not . The phase differences evident 

in Figures 7-26 and 7-27 result primarily from dif ferences in the determina­

tion o f  the right as cens ion of the as cending node of the orbits . The 

results o f  this phase difference are very evident in the plot of the 

differences b etween out-of-plane position components of traj ectories 

derived from MSFN and from onboard data {Figure 7-28 (�RY) ) .  
The important feature to note in these figures is that the traj ect0ries 

b as ed on onboard tracking data eliminate a large portion of the cross­

range error pre s en t  in independent �ffiFN fits for both vehicles . It is 

also interes ting to note that in the out-of-p lane pos ition curves sho�� 

in Figures 7-26 and 7- 2 7 ,  that the traj ectories produced from relative data 

match acros s  the CSI burn much more clos ely than the fits p roduced from 

MSFN data . While this agreement does depend , to s ome extent , on a good 

match between the CSM trajectories, the relative data did produce a more 

continuous traj ec tory in the out-of-plane s ens e from one independent fit 

to another. 

Despite the large out-of-plane d ifferences , it can be seen that tra­

j ectories produced from onboard tracking data are genera lly cons is tent with 

MSFN bas ed fits , especially in overlap ing data arcs ( Figures 7-24 and 7 --28 ) . 

Therefore , b ecaus e of better characteris tics in the relative· s ens e ,  tra­

j ec tories produced from relative tracking data are more sui tab le for detailed 

rendezvous analys is purposes . 
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Fre e  Fl i ght 
S egment 

INS to CS I 
CSI to C DH 

C DR to TPI 

Fre e  F l i ght 
S e gment 

DOl t o  POI 
INS to CSI 

C S I  to CDR 

C DH to TPI 

Table _ 7 . 9  Comparison of Rendezvous Radar Noise 
Es timates "V7ith Specification Requirements 

Average Angular N o i s e  Range N o i s e  
Range 3cr ( d eg )  3a ( f e e t )  

(n . mi . )  Est . S p ec � E st • S p ec . 

140 • 049 • 1 1 46 1 17 .  2126  • 

107 .038  • 1 146 l l l .  1 62 7  • 

59 . 037 • 1 1 46 81 . 890 • 

Table 7 . 10 Comparison of VHF Ranging and S extant 
Noise Es tima tes vlith Specification Requirements 

Sextant VHF Ranging 
Average Angu lar N o i s e Range N o i s e  

Ran g e  3o- (deg)  3cr (feet ) 
(n . mi . )  Est . Spec ( 1 )  E s t . S p ec . 

32 . 043 69 . 1 80 • 

1 40 NA NA 

107 • 03 5 69 • 180 . 

59 . 0 47 57 . 180 . 

(1 ) N o  spec i f i cat ion valu e  wa s ava i labl e .  

7 - f> 1  



Specif ication Comparis ons 

Tab le 7 . 9  compare s the 3cr values of noise estimated from the rendezvous 

radar res iduals with specification requirements . It can be seen that the 

estimates were all we ll within sp ecification limits . Noise es timates for 

the s extant and VHF ra.11.ging dat:a are listed in Table 7 . 10 .  Although no 

specification value was found for the sextan t ,  the values obtained (RSS 
of individual angle noise es timates) were .all wi thin acceptable limits .  

The VHF ranging noise es timates also compare t·rell �-r.i th specifi cat ions . 

Conclusions 

The folloynng conclusions were drawn from the analys i s . 

1.  The onboard data was generally of go od quality .  Th e  sextant 
data, examined for the firs t time , appeared to be as 
accurate as the rendezvous radar angular measurements . 

2 .  Estimates o f  data random noise were all within specification 
and eA�ected values . 

3 .  Traj e ctories produced from onboard tracking data proved to 
be gener ally consis tent 1:vith those produced from HSFN da ta . 

It "�>Tas found that a method used in the pas t to demonstrate 
traj ectory cons is tency t-1as inadequate . On Apollo 10 , tra­

j ectories viere comp ared only at s elected times . Be cause 
of the s ignificantly large phase differences found to b e  
pres ent in relative traj ectories , the values for out-of­
plane position differences obtained at sele cted times may 
b e  misleading . The out-of-plane position comp onents mus t 
be plotted as a function of time in order to s ee the total 
differences in the traj ectories . 
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7 . 4  LAJ:.."DING RADAR DATA ANALYSIS 

The landing radar data analysis cons is ted of generating and evaluat­

ing landing radar residuals (difference b etwe�n obs erved measurement and 

computed measurement) and mapping of the lunar surface profile and ground­

track with the slant range measurement . 

The landing radar data �ere ob tained by processing the do�vnlink 

telemetry data with a special purpose computer program which o_utputs 

onboard observations on punched cards in a ROPE-compatible format . 
The HOPE Program 't·7as used to compute s imulated landing radar observ­

ables from s elected 1M traj ectories and from auxiliary information such as 

REFSMP.T , gimbal angles , and radar operating mode . The L� traj ectories 

were generated by the HOPE Program utilizing telemetered acceleration 

data in the IGS burn op tion to model the des cent burn. Residuals were 

then - formed by sub tracting the computed from the actu�l observable value . 

Paragraph 7 . 4 . 2  presents s tatis tics and selected plots of residuals 

obtained from various LH s t ate vectors . 

Terrain mapping data were obtained from a small, special pup o s e  

computer program designed to comput� terrain altitude above a mean luna� 

radius as a function of lat i tude and longitude . The results of an atteEp t 

to correlate this terrain data with lunar contour maps are pres ented in 
Paragraph 7 . 4 . 3 .  

7 . 4 . 1  Descent Traj e ctories 

Six different des cent traj e ctories were examined in the landing radar 

data analys is . The origins of these. traj ectories are. summarized as follm•s : 

(a) RTCC - This vector was ob tained in the RTCC in real time � 

(b) MSFN (LS ) - This vector was ob tained from an IGS fit using 
low speed MSFN data ob tained from acquisition of signal to 
LM touchdown (revolution 14) . The doppler data were comp act­
ed to two obs ervations per minute . 

(c) .Onboard - This vector l-Tas ob t ained from a free flight fit 
us ing CSM sextan t and VHF ranging observations . The tech­
nique required fixing the CSM traj ectory as a reference 
and updating the LN s tate from onb o ard observations and 
the CSH r efer ence traj ectory . 



(d) BET lf3 - The NSFN s tate vector des cribed in item {b ) above , 
was used as the bas is for this tr�j ectory . The BET #3 was 
obtained by correcting the_ HSFN lotoT s p eed s tate with a 
linear error analysis program s o  that the resultant powered 
des cent traj ectory would impact a des ired landing site with 
a relative velo city of zero . The landing coordinates used 
as reference were the MPB photographic es timate . 

(e) Lear - High spead i\1SFN data (ten samp les per second) obtained 
over a 232 second data arc j us t prior to PDI were fit by the 
Lear Powered Flight Processor producing this s tate ve ctor .  

( f )  Onboard/MSFN (H-S) .,... This traj ectory was obtained vrith the 
HOPE Program and used high speed MSFN doppler data which 
had b een compacted to 30 observations /minu te and from CSN 
sextant and VHF ranging data using the HOPE orbit determina­
tion program . The descent burn Has modeled by the HOPE IGS 
burn op tion . Yne HOPE weighted leas t s quares s olution 
vector included position and velocity a t  epo ch (vrhich was 

prior to PDI ) , and Y platform misalignment . The tracking 
data interval lolas from DOI to LH touc.hdmm . Figure 7-2 
shmv-s the tracking data tirneline . 

In order to gauge the quality of the landing radar data, it was 
necessary to determine that the above traj ectories did accurately rep­
resent the actual descent traj ectory . This quality j udgement vras based 

largely on the landing point conditions ob tained from each traj ectory .  

These landing s ites ob tained from each traj ectory are summari zed graphically 

in Figure 7-30 . Note that b o th the BET #3 and the Onboard /MSFN H-S 

estimates are very close to the 16mm photographic estimate (accepted as 

the b es t es t imate) . 

Since the data type being examined is a veloci ty measurement , i t  is 

mo s t jmpor tant that the reference traj ectory b e  virtually free of ve loci ty 

errors in the data arc . The onboard/HSFN H-S tra j ec tory cont a ins a l ar g e  

veloc ity error at landing whe�e the BET #3 �as co nstructed in such a manner 
that the veloc it ies are zero at landing . Therefore , the BET �3 wa s cho s en 

as the b asic ref erence upon whi ch to base the analysis of landing radar 

veloc ity res iduals .  

7 . 4 . 2  Landing Radar Velocity Residuals 

Table 7 . 12 lists the velocity res idual statistics ob tained from all 

the traj ectories cons idered in the analysis � Note the small mean values 

ob tained from the reference traj ectory (BET #3) .  In the absence of a 
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real standard of comparison, the mean values obtained from BET #3 were 

reasonably small. Standard deviations indicate that VYA and VZA are 

some,,rhat more erratic than VY.A .  Hm•ever ,  these values are s till of 
reas onably good quality as shmm by Figures 7-31 through 7-3 3 .  These 
figures show the BET #3 velocity residuals plotted versus time . In 

addition, specification limits have been plotted . Note that 

a few points fall outside specification. 

It is difficult to isolate measurement errors from traj ectory errors 

in this particular cas e .  The descent traj e ctory is a particularly dif­
ficult one to recons truct , and the landing radar velocity data are par­

ticularly s ensitive to traj ectory errors . Notice that the velocity 

residuals in Figures 7-31 through 7-"33 tend toward zero at landing where 

the BET #3 velocities were constrai�ed to zero . In contras t ,  the tra­

j ectory obtained from the Onboard/MSFN H-S fit is kno'vn to contain velocity 

errors at landing . The resultant total velocity at landing as 8 . 02 fps , 

with the prima1JT contribution in the Z direction (North) . The residual 

s tatis tics show a mean value for VYA o f  6 . 9 66 fps .  S ince VYA was directed 
roughly North , the large mean value reflects the -7 . 96 fps in the Z com­

p onent of velocity at landing . The residuals ob tained from the Onboard/ 

MSFN H-S fit are plotted in Figures 7-34 through 7-3 6 .  

Th e  residual statistics lis ted in Tab le 7 . 12 also indicate that the 

b est traj ectories do produce the best landing radar velocity residual 

statis t ics , that is , the BET #3 and the Onboard/MSFN H-S traj ectories 

produce the smalles t residual mean values . This fact , toge ther 'tvith the 

s ensitivity whi ch the data has exhibited to traj ectory velocities indicate 

that des cent traj ectory recons truction activities will be aided consider­

ably by the landing radar velocity data . * 

* Subs equent recons tructions us ing landing radar data have produced a 
a trajectory landing at acceptable coordina tes (Lat . = . 649 deg , 

Long . = 23 . 490 deg) with a total relative velocity of . 9 6 fps . A report 
of this reconstruction �ill be forthcoming under a s eparate .cov er . 
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Table 7 . 11 LM Landing Site Coordinates 

LATITUDE LONGITUDE RADIUS 
VECTOR SOURCE (de ) (de ) (n .mi . )  

RTCC o .  777 23 . 461 936 . 59 

NSFN (L-S ) o .  756 23 . 537 9 3 7 . 93 

Ol\TBOARD o .  656'· 2 3 . 538 9 36 . 90 
(VHF, SXT) 

BET #3 o .  630 2 3 . 49 7  937 . 15 

LEAR o .  620 2 3 . 532 9 3 6 . 66 

16MM o .  647 2 3 . 505 N/A 

ONBOARD/MS FN H- S o .  655 2 3 . 515 937 . 04 
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Tab le 7 . 12 Landing Radar Velocity Residual Statis tics 

Vee tor Source 
V

XA 
V

YA 
V

ZA 

RTCC 

Mean 9 . 543 3 . 909 3 . 022 
S . Dev . 1 . 532 5 . 455 3 . 918 
Nois e 1. 172 3 . 891 3 . 446 

:HSFN (LS ) 

Mean -1 . 997 6 . 501 4 . 53 3  
S . Dev. 1 .  758 4 . 081 3 . 4 86 
Noise 1 . 120 3 . 281 3 . 6 61 

ONBOARD 

· 11ean 2 . 681 6. 724  4 . 640 
S . Dev . 1 . 475 4 . 209 3 . 4 30 
Nois e 1 . 316 3 . 948 2 . 203 

BET /J-3 
Hean . 857 . 89 3  - . 17 3 

S . Dev . 1 . 829 4 . 306  3 . 6 8 9  
Noise 1 . 142 4 . 565 2 . 361 

LEAR 
:He an 4 . 733 5 . 625  4 . 287 
S . Dev . 1 . 018 4 . 189 3 .  723 
Nois e . 718 3 . 932 2 . 340 

OtmeA.."R.D /HSFN (H-S) 

He an . 234 6 . 9 6 6  1 .  7 2 9  
S . De.v. 1. 183 3 . 86 6  2 . 9 7 8  

Noise . 575 3 . 336 2 . 349 
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7 � 4 . 3 Lunar Surface Altitude Along Groundtrack 

Landing Radar range residuals are used to . .  compute_ an es timate o f  the 

relative altitude of the surface along the groundtrack of the piercepoint . 

Surface altitude reiative to the landing s ite is plo tted versus 

angular r�nge in Figure 7-3 7 . Time ticks· are indicated at the LR range 

read times (2-secand intervals) . 

The ground track o f  the range beam p iercepoint is sho1vn in Figure 

7-38 . The p1ot is made on Lunar Haps ORB.:..II-6 and ORB-I-3 (scale 1 :  

100 , 000) * .  The latitude does not agree t·rith pos tflight estimates of 

Tranquility Base coordina tes . Time ticks are at LR range read times and 

corr espond to those on the surface altitude p lo t , The s ize of the range 

b eam on the surface is indicated by the small ellipses drawn p eriodically 

along the groundtrack. 

Little quantitative information can be ob tained from Figure 7-38 . 1  

except to note that the gentle upward s lope of the terrain on the approach 

to the landing site is in general ag�eement with the surface alt itude 

p lot . 

On Figure 7-38 . 2 ,  surface alt itude variations can be correlated to 

several prominent features : 

The 170 f t  drop in alt itude between the readings at 102 : 39 : 37.19 
and 102 : 39 : 39 . 19 correspond to range b eam cent ers at the top and 
bottom of a cliff . 

The point at 102 : 39 : 51 . 19 is centered in a fairly large crater . 
A depression of approximately 300 ft is clearly outlined in the 
surface altitude plo t . 

* Map legend : Contour · l ines (at 50 meter intervals) are indexed by an 
estimate o f  the radius in meters with the first three digits omitted . 
Crater markings such as  45R (110) indicate - Height of rim above 
terrain = 45 meters , Crat er depth (floor to rim) = 110 meter s . 
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The point at 102 : 39 : 23 . 19 falls ins ide a crater , and a depres­
sion of approximately 200 ft is indicated. 

As the range beam intersection g�m.rs in size tvith increasing 
LM altitude , surface details b ecome increas ingly dif ficult to 
resolve. The overall downward terrain slop e along the ground­
track in Figure 7-38 . 3  is in general agr eement with the surface 
altitude plot.  

The altitude ·of · thE! · UI · above thli' LLS radius during LR range .. 

data coverage is shown in Figure 7-39 . 

The data pres ented in this section results from a HOPE program orbit 

determination which includes LR velocity in the DC fit . This option has 

only recently become available and the results pres en�ed here ar e among 

the f irst ob tained using Apollo 11 data . The principal effect o f  in­

cluding LR velocity in the fit is to produce a more accurate relative 

velocity profile . Surface altitude plo t s , derived from earlier versions 

of the descent traj ectory , show unrealistic terrain slopes due to small 

inplane velocity errors . 
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APPENDIX A 

Summary of CS:t-t, LH Vectors Used to Generate 
the Preliminary NAT for Apollo 11 

Appendix A documents the vectors used to generate the NAT traj ectorj 

in order that the us er may know the quality of the traj ectory. Since 

most of the vectors were not based on pos tflight fits but rather on RTCC 
vectors which were then propagated , p ropagation errors arise which can 

degrade the traj ectory . 

In order to reduce the error , the lunar orb it propagation times were 

kep t to a minimum . Also ,  the total difference in pos ition and velocity 

(which is a measure of the quality o f  the traj ec tory) w·ere calculated at 
a common t ime point for adj acent traj ectory intervals and tabulated in 

Table A . l ( C SH) and Tab le A. 2 (111) for us er convenience . Hhenever t:vJO 

intervals 't·Tere s eparated by a· maneuver , the {).V as exhibited in Tables A. l 
and A. 2 represents the difference between the to tal velocity difference 

and the measured velocity of the maneuver . 

Each table lis ts th e ve ctor lD and RTCC batch number , the source of 

the vect or ,  the initial time of the vector, the propagation interval ,  the 

total differences in pos ition and velocity of adj acent intervals , and 

comments relevent to a particular propagation interval . Maneuvers are 

lis ted between the appropria te free flight inte�-vals for easy reference . 

Mos t  lunar traj ectories �vere generated using RTCC SS2 (inclination 

cons trained) solution vectors as opp osed to SSl  (no a priori) solution 

vectors . Unlike the Apollo 10 SS2 vectors which were cons trained to the 

pre-LOll ,  rev 18 , and rev 29 planes , the Apollo 11 SS2 vectors were 

cons trained on a rev-to-rev basis . Each SS2 vector contained two revs of 

data and was constrained t o  the SSl solution plane of one of these t'tvo 

revs (except ions exis ted at maneuvers) . 

By us ing the new SS2 scheme , the Apollo 11 out-of-plane error was 

not allo-v1ed to accumulate as it did during the Apollo 10 mission. 

It should be noted that the vectors used to generate the traj ectory 

from ins ertion to TPI w·ere based on free flight solutions utilizing HSFN 

data and not RTCC vectors . The quality of the vector from DOl to PDI was 
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ques tionable� but was included because no bet ter vec tor �as available at 

. that . time . •  

In general, the quality of the CSM trajectory was b etter than the 

quality of the LM traj ectory during the rendezvous period . 
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* - - ·  

Vector Tilao (d :h:m ra) GMT 

16 : 11:3): � 8 

16 : 1 7 : 49 : 2 4  

1 7: 0 3: 3 3: 18 
17: 16:21:06 
l1J : 0 7 : 45 : l4 
19 : 1 7 : 4i : l6 

19 : 1 7 : 4 1: )6 

19 : 2 2 : 0 7 : 2 4  

20 : 0 2: 0 2 : 12 

20:01n 0 2 : 48 

20:05; 58: 48 

20 :0 7 : 57 1 18 

:!Ot lO :Ol1t,2 
20 : 11 : 5 3 : 36 
zo: n :si:oo 
20: lS:SO : lll 
lOl \6 : U < J6 
20: 19 : 4 6 : 54 

20: 2 1 : 4 7 :06 

20 : 2 3 : 43: 1 2 

2l:Ol : 4 \ : lt2 

H: O J : 4tJ :48 

U:05: 38:06 
2 1 : 0 7 : 35 : 18 . 
21 : 09 : 34 : 36 

21 : 1 1 :33 : 06 
2 l : l 5 : 29 : U  

H : 1 ? : 2 7 : 1o 
2 1: 2 1: 30 :00 

2 2 : 00 : 0 ) : 06 

22 : 0 1 : 20 : 1 2 

22 1 0 7 : 3 7 1 36 

2 2 : 20 : 0 1 1 5 4 , 53 
2 3 : 05 : 3 1 : 59 .99 

2 3 1 1 5 : 3 1 : )9 .99 
24: 0 1: 12 : 00 

24 : l6 : J S:06 

Tah lo A. l Apol lo 11 CSH NAT 1'rajectories 

Trn jectory Interval {GHT) ( d :h :m:•l (d:h:m:  o) �n (ft) 

l6 : 1 6 : 2Z:03 16 : 11 : 49 : 13 346 
16 : 1 7 : 49 ; 1 3 16:18 : 12:01 6066 

t6:18:12 :04 .  �9 17 : 16 : 16 : 57.92 ---
17: 16: 1 7 : 0 1 , 1,7 19 : 0 4 : 0 0 : 00 154JS 
l9:04:0o ;ao 19 < 1 7 : 21 : 52 . 30 

19 : 1 7 : 2 7 : 52 . 38 19 : 19 : 2 8 : 00 1HB 
1 9 : 19: 28:00 19 : 2 1 : 43: 36 620t 
l9 : 2 l : 43 : 5 J  20 : 0 1 : 37 : 00 16789 

20 : 0 1 : 37 :00 20 : 0) : 3 7 : 00 543B 
20 : 03 : 3 7 :00 20 : 05 : )1 :00 5092 
20: 05 : 37 :00 2fl: OI : 31: 00 396) 

20 : 0 7 : 37 :00 20 : 0 9 : 3 2 : 00 1,6 29 

20:09 : 32 : 00 20 ' u' ,, :00 409 3 
20: l l :  32 :CO 20 : 13: 2 7 : 00 101 11• 

20: ll! 27:00 20 : 17:22:00 7597 
2 0: 1 7 : 22 :00 26; lllt l l :  Sll.24 St66 
20: 18: ll: 58.24 10 : 21: 1 7 :00 )�&6 

20: 2 1 : 1 7 :00 2 0 : 2 3 ; 1 7 : 0 0  5126 

20:2): 17:0() 21:01: 17:00 8472 
2i :ot :17 tOO 21:03: 17 :00 3921 
2 l : O ) : l7 :00 21:05: 1 2:\10 4(}23 

2l :OS:  12 :00 Zl : 07 : 12 : �0 J91S 

2l:t7 : t2 : 0� 2 1 : 09 : 1 1 :()0 3754 
2 1: 09 : 12 :00 21: 11: 0 7 : 00 4142 

2 1 : 1 1 : 0 7 : 00 2 1 : 1 1: 0 7 : 00 3014 
2 1 1 1 3 : 0 7 : 00 2 1 : 15:m:OO 66 16 
2 l i l5 : 0 2 :00 2 1 :  10 : 5 1 ;00 5070 
..!1! 1 li L �7:tJH ll : 20 : 5 7 : 00 58t3 
2 1 : 2 0 : 57:00 2 2 : 00:02 : 0 7 . 1  4652 
22:C0:02 : 0 l . l  2 2 1 02:57 :00 J06S 

2 2 : 02 : 57 :00 % 2 : 04 : 5 fl :  12 7604 
22:04 ! 5R I 1 2 2 2 :  14:00 : 00 -�-
Z2: 11: :00 :00 2 2 : 20 : 0 2 : 0 5 , 29 ---
2 2 1 2 0 : 0 2 : 0 5 , 29 23: 15:  )0!00 19359 
23; 1 S :  lO:OO 2 4 : 01 : 10 : 00 20419 
2 4 : 0 1 : 10 : 00 2� : 1� : 2 1 :  18 21098 
2 5: l6 : 2 l o 1 0 24: 1 6 : 35 : 0 6  - - -

*Ron.l Ttnc COIDJ1\Itttr (:UfttOT' cnrcC) etn- l fne l hl t f llf\ o  
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Table A. 2 Apollo 11 LN NAT Traj ectories 

Vector Time Traj e c tory Inte rval llR 6V 

Vector Source ( d : h : m: s ) GMT ( d : h : m : s )  (d : h : m : s) GMT ( ft) ( fps ) Commen t 

MSFN FIT TRW 20 : 19 : 0 8 : 0 6 . 6  2 0 : 17 : 45 : 38 .  20 : 19 : 0 8 : 14 . 1  --- --- Undock t o  DOI 
REAL TIME MPAD 20 : 20 : 0 lf : 3 5 . 17 20 : 19 : 0 8 : 4 3 . 9  20 : 20 : 0 5 : 04 . 4 --- --- DOI to PDI . 

> I MS FN FIT TRW 2 1 : 18 : 0 1 : 14 . 88 2 1 : 18 � 0 1 : 14 . 88 2 1 : 18 : 5 1 : 34 . 7  8400 0 , 7  INS to CSI .1:'-
MS FN FIT TRW 2 1 : 19 : 49 : 46 2 1 : 1 8 : 5 2 : 2 1 . 7 2 1 : 19 : 49 : 46 8558 1 . 1+ CS I to CDH 
�tsFN F.I T TRW 2 1 : 19 : 50 : 0 4 . 0 8 2 1 : 19 : 50 : 04 . 0 8  2 1 : 20 : 36 : 30 . 8  --- --- CDH to TPI 



APPENDIX B 

Supp lementary Data 

Appendix B contains supp lementary information which is too detailed 

· for the main body o f  the report . This informa tion includes a summary of 

the radar data 
_
used in each BET fit s egmen t ,  a summary o f  ground and on­

board data weights used in HOPE , a sUI!l!ilar.y of the USBS s tation locations , 

and a SUIImlary of the components used in the R2 arid Ll lunar po tential 

models . 
Tables B . l  and B . 2  lis t  by vehicle s tatis tics computed from the data 

used in each BET fit , the type and numb er of obs ervab les , and the mean and 

s tandard deviat ions obtained from the residuals calculated in the final 

iteration of the fit . The range s ta tis tics are in f eet , d opp ler units are 

cycles p er s econd , rang e rate units are in feet per s econd , and angular 

units ar e degrees • .  

Table B . 3  lis ts the data weights us ed in the HOPE Progra� for ground 

bas ed radar data and Tab le B . 4  lis ts the data �7eights us ed in the HOPE 

Program for onboard data by typ e of obs ervable . 

Tab le B .  5 lis ts th e terms o f  the R2 lunar p o t en tial model . 

Tab le B .  6 lis ts the terms o f  the Lang ley 1 lunar p otential mode , a 

modification of the R2 model .  

Tab le B . 7  lis ts the S-h and tracking s ta tions and their locations as 

us ed in the Apo llo ll postf lignt analys is . All loca tions are refer enced 

to the Fisch er E llipsoid of 1960 . The mean surface r ef rac tivity numb ers 

f or each s ta t i on f or the month o f  July are also lis ted . 
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Table B . l  CSM BET Ground Bas ed Tracking Data S tatistics 

Station Data Type Number o f . OB S  · ·Hean (j 

Rev 13 Segment 

MAD · 2-way doppler 122 - . 013 . 236 

:HIL 3-way doppler 103 - . 009 . 246 

ACN 3-way doppler 101 -. 018 . 235 

Rev 14 S egment 

MAD 2-way doppler 142 . 002 . 186 
GDS 3-way doppler 138 . 009 . 182 

ACN 3-way doppler 6 3  - . 004 . 171 

Rev 25 S egment 
.. 

MAD 2-way doppler 136 . 002 . 160 

HIL 3-way doppler 52 . 001 . 165 

ACN 3-way doppler 47 . 00 7  . 15 7  

Rev 26 Segment 

MAD 2-way doppler 128 . 001 . 223 
MIL 3-way doppler 114 . 0005 . 199 

AC".N 3-way doppler 114 . 005 . 188 

GDS 3-way doppler 70 . 006 . 182 

B-2 



Table B . 2  LM BET Ground Bas ed and Onboard Tracking Data S ta tis tics 

S tation Data Type Number o f  OBS Mean (J 

Undock to DOI Segment 

· RID 2-way doppler 141 - . 023 . 193 
CYI 3-way doppler 140 � . 049 . 202 

ACN . 3-way doppler 112 - . 014 . 193 

ANG 3-tvay doppler 137 . 030 • 219 

MIL 3-t.Jay doppler 114· . - . 012 . 189 

DOI to PDI Segment 

S extant shaft 13 - . 0097 . 015 
S extant trunnion 13 - . 0004 . 00 4  
VHF ranging 18 -26 . 000 74 . 000 

Insertion to CS I Segment 

RID 2->vay doppler 74 - . 022 . • 315 
BDA 3-way doppler 69 - . 019 . 319 
A..�G 3-way doppler 7 2  . 05 9  . 315 
ACN 3-way doppler 60 . 011 . 320 
MIL 3-way doppler 63 . 0 14 . 3 16 

CDH to Pos t-TPI Segr:J.ent 

Sextant shaft 31 . 030 . 0 26 
Sextant trunnion 31 • •  011 . 023 
VHF ranging 2 9  -394 . 000 222 . 000 
Rend . radar shaft 65  - . 0 12 . 107 
Rend . radar. trunnion 65  - . 084 . 056 
Rend .. radar range .65 14 2 . 000 271 . 000 
Rend . radar range rate 6 5  - . 115 . 543 
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Table :B . 31  Ground Bas ed Radar Data Weighting 

Data Type 

Range 

Dopp�e:r (2-way) 

Doppler (3-way) 

Data Type 

Rendezvous radar 

S extant 

VRF ranging 

I 

Radar 

USB : 30-ft . antenna 
85-ft . antenna 

USB : 30-f t .  antenna 
85-ft . ·antenna 

USB : 3.0-ft . antenna 
85-ft . antenna 

Table B . 4  Onboard Data Weighting 

Shaft Trunnion Range 

. 01 . 01 30. 

. 00 1 . 001 

30. 

B-4 

Weighting 

600 ft . 

0 . 1 cycle/sec. 

0 . 1 cycle/sec. 

Range Rate 

1.  



Table B .  5 R2 Lunar Paten tial Model 

Term 

J2 

J3 

C22 

C31 

Value 
-b. 

2 .  07108xl0 · 

-,2 . lxl0 
-5 

2 . 0716xlo-:-
5 

3 . 4xl0
-5 

All other harmonics are zero 

Table B . 6 Ll Lunar Potential Model 

Tenn Value 

J2 2 . 07 180xl0-4 

J3 -2 . lxl0 -5 

C2 2  2 . 0716xl0 
-5 

C31 3 . 4xl0 
-5 

C33 2. 583xl0 
-6 

All other harmonics are zero 
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Tnh l t! 1\ . 7 liSBS St n t i on Loc u t i ons 

Lati tudel� Longltude* Alti tude* Sur f uca 
S t a t i o n  An tenna Iden t i fication (deg ) .  (deg) (f t) Refractivity 

An tigua 30 ' ANG 17 . 01692 2 9 8 . 247 15 141 . 08 378 
As cens ion 3 0 ' ACN - 7 . 9 5 5 1 0  3 4 5 . 6 7 3 3 0  1 84 3 . 8 3 353 

Bermuda 30 ' BDA 3 2 . 35195 2 95 .- 34287 68 . 90 377 
Canary Is land 30 ' CYI 2 7 . 7 645 4 344 . 36519 5 6 7 . 6 9 343 

Honeysuckle Creek 85 I HSK -35 . 58361 14 8 . 9 7 805 3 757 . 55 2 9 6  
Carnarvon 30 ' CRO -24 . 90705 1 33 . 7 2620 8 2 . 00 325 

Goldstone 85 1 GDS 35 . 3!1154 243 . 12655 297 5 . 0 66  2 7 9  

Grand Bahama 30 ' GMB 26 . 632 86 281 . 7 6234 16 . 40 386 

! I Guam 30 ' GWM 1 3 . 31062 144 . 7 37 47 416 . 67 373 

Guaymas 30 ' GYM 27 . 96 382 249 . 2 7 943 6 2 . 34 3 68 
Hawaii " 30 1 HAW 22 . 1266 6 200. 33528 3 7 7 2 . 9 7 308 
Madrid 85 ' MAD 40. 45514 355 . 83183 2551 . 1 8 299 
Merritt Island 30 ' MIL 28 . 5086 6 2 79 . 3 07 38 3 2 . 81.  385 

Texas 3 0 ' TEX 27 . 65428 26 2 . 62220 3 2 . 81 395 
Honeysuckle Creek 8 5 1 NBE -35 . 401 1 1  148 . 9 8153  2199 . 15 296  

Wing 
Goldstone Wing 85 ' PIR 35 . 38952 243 . 140 7 8 3186 . 02 2 79 

Madrid Wing 85 1 RID 40 . 428lf 3 355 . 7 5 128 25 24 . 9 3 299 

*All quanti ties are referenced to the Fis cher Ellipsoid of 1960 . 



APPENDIX C 

LM Rende zvous Radar Data, CSM VHF •Ranging Data 
and CSM Sextant (Apollo 11) 

The LM rendezvous radar data that was used in the analys is are listed 

in the two card format of the HOPE orbit determination p rogram .  The firs t 

card specifies . the vehicle taking the obs ervation, the vehicle that is 
being ob s.erved , the time o f  the observation (year (mod 1900) ,. month, day , 
hour , minute , and second (GMT) ) ,  three code nlimbers , shaft obs ervable , 

trunnion ob s ervab le ,  range observab le , and range rate obs ervab l e . The 

second card spec ifies the inner , middle,  and outer gimb al angles . The 

units are feet , degrees , and seconds . 

The CSM VHF ranging data are also listed in the s ame format . The 

card format differences are the follow:ing : 1) vehicle ID ' s  are revers ed ,  

2 )  co�e numb ers are different, 3 )  range is the only obs ervable, and 4 )  

gimb al ang les are not needed t o  process the ranging dat a .  

The CSM s extant data are also listed . The card format is a lso 

similar to the rende zvous radar cards . 
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DO I T O  P D I 

V E H l V E H 2 Y Y M M D D H HMM S S . S S S  X F S H A F T C D E G l T R U N C D E G I R A N G E C F T l  R R A T E l FP S l 
I N N E R C D E G l M I D D L E C D E G l O U T E R C D E G ) 

CSM L E M  6 9  7 2 0 1 8 4 6 1 7 . 6 9 5  6 2  8 8 . 2 6 4 1 6 0 2 2 9 . 1 8 2 4 4 3 4 1 
5 4 . 6 3 5 0 0 9 8 4 . 6 4 7 2 1 6 8 3 3 d . 5 4 3 7 0 1 2 2 

C S M  L E M  6 9  7 2 0 1 9 2 5  3 e 5 4 7 l l 4  8 4 0 9 3  • .4 3 7 1 
· ?  ... . 

C S M  L E M  6 9  7 2 0 1 9 2 5 3 4 . 8 2 4  6 2  .. 5 1 6 3 5 7 4 2 3 . 3 7 8 9 1 � 5  1 
3 2 7 . 7 5 5 1 2 7 0  1 . 8 3 4 7 1 6 8  � . 5 1 5 8 6 9 1  2 

C SM L E M  6 9  7 2 0 1 9 2 5 4 0 . 6 7 6  6 2  . 6 3 7 2 0 7 0  2 3 . 3 3 4 9 7 0 .� l 
· 3 2 7 . 9 5 2 8 8 0 '9 l o 8 4 5 7 0 3 1 2 . 6 0 3 7 5 9 8 2 

C S M  L E M  6 9  7 2 0 1 9 2 6  3 . 8 1 6 1 1 4 8 9 1 3 6 � 6 1 3 1 
2 

C SM L E M  6 9  7 2 0 1 9 2 7 2 9 . 6 0 5 1 1 4 9 7 0 3 5 . 5 6 3 , 1  
2 

C S M  L E M  6 9  7 2 0 1 9 2 6 1 0 . 7 4 6  6 2  1 . 2 5 2 4 4 1 4 2 2 . 9 2 5 7 2 9 5  1 C"l 3 2 9 . 1 0 6 4 4 5 3  1 .. 8 6 7 6 7 � 8  3 . 0 3 2 2 2 6 6 2 I N C S M  L EM 6 9  7 2 0 1 9 2 8 3 9 � 3 0 5 1 1 4 1 0 4 2 0 5 . 3 8 0 ·  1 
' 2  

C SM L E M  6 9  7 2 0 1 9 2 7 4 6 . 8 6 7 6 2  ., Ld 7 4 8 0 5  2 2 · 0 8 5 2 7 5 4  1 
3 3 2 . 3 2 5 4 3 9 5 2 . 0 2 1 4 8 4 4  2 . 5 9 2 7 7 3 4 2 

C S M  L E M  6 9  7 2 0 1 9 3 0 1 9 . 0 1 6 1 1 4 1 1 5 8 7 1 . 5 2 1  1 
2 

C S M  L E M  6 9  7 2 0 1 9 2 8 5 6 . 4 3 7  6 2  3 5 9 ., 9 1 2 1 0 9 4  2 2 . 3 0 2 2 5 5 4 1 
3 3 3 . 7 8 6 6 2 1 1  2 . 1 6 4 3 0 6 6  2 .  5 0 1� 8 8 2 8 2 

C S M  L E M 6 9  7 2 0 1 9 3 0 2 6 . 3 4 8  6 2  3 5 9 . 7 2 5 3 4 1 8  2 2 . 1 3 1 9 6 7 3 1 . 
3 3 6 . 0 0 5 8 5 9 4 2 e 2 6 3 l 8 '3 6  2 . 5 1 ? 8 6 9 1  2 

C S M  L E M  6 9  7 2 0 1 9 3 1 3 3 . 5 0 4 1 1 4 1 2 5 8 9 7 . .1 1 2  1 
2 

C SM L E M  6 9  7 2 0 1 9 3 1 1 2 . 7 6 6  6 2  3 5 9 . 5 0 5 6 1 5 2 2 2 . 1 7 8 6 5 9 2  1 
3 3 6 . 9 1 7 7 2 4 6  2 .. 3 5 1 0 7 4 2  £ . 5 2 6 8 5 5 5  2 

C SM L Ef\.1 6 9  7 2 0 1 9 3 2 3 4 o 3 4 8 1 1 4 1 3 4 9 5 0 . 5 2 3  1 
2 

C SM L E M  6 9  7 2 0 1 9 3 2 1 2 . 0 9 8  6 2  . 5 4 9 3 1 6 4 , 2 2 . 4 6 7 0 5 0 3  1 
3 3 7 . 7 5 ?. 6 8 5 5  z . "l l 5 B 6 4 l 3 .. 5 1 5 6 2 5 0  2 



C') I 1,..1 

- -- - � - -

C S M  

C S M  

C S M  

C SM 

C S M  

C S M  

C 5M 

C SM 

C SM 

C S M  

C SM 

CSM 

C S M  

C S M  

C SM 

C S M  

L E M  

L E M 

L E M  

L E M  

L E M 

L E M 

L E M 

L E M 

L E M  

L E M  

L E M 

L E M 

L E M  

L E M 

L E M  

L E M  

6 9  7 2 0 1 9 3 3 3 5 . 5 1 6 1 1 4  

6 9  7 2 0 1 9 3 3  1 e 7D 7  6 2  3 5 9 o 3 6 2 7 9 3 0 
3 3 8 . 0 2 7 3 4 3 7  

6 9  7 2 0 1 9 3 4 3 6 . 4 2 6 1 1 4 

6 9  7 2 0 1 9 3 5 3 8 . 4 7 7 1 1 4  

6 9  7 2 0 1 9 3 4  1 � 3 1 6  6 2  . 2 1 9 7 2 6 6 

3 3 9 . 1 3 6 9 6 2 9  

6 9  7 2 0 1 9 3 6 3 8 . 8 2 4 1 1 4  

6 9  7 2 0 1 9 3 6 1 2 . 6 2 5  6 2  1 . 1 2 0 6 0 5 5  
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APPENDIX D 

Apollo 11 Landing Radar Data 

rne LM landing radar data that was used in the analysis is lis ted 

in the two card format of the HOPE orb i t  determination program . The 

firs t card specifies the vehicle , the time of the obs ervation (year 

(mod 1900) , month, day , hour, �nute, and second) , three code numbers , 

VXA measurement, VYA mea�urement , VZA measurement, and the s lant range 

meas urement (p) . The second card specifies the inner , middle, and the 

outer gimb al angles . The units are feet and feet per second . 

D-1 
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