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FOREWORD

This report is submitted to the NASA Manned Spacecraft GCenter in
. accordance with MSC/TRW Task A-50 Contract NAS 9-8166. This report
_contains the postflight énalysis performed in conjuﬁction with the
Apollo 11 mission and is issued as supplemeﬁt one to the Apollo 11 Mission
- Report- (NASA/HMSG “Report ‘MSC-00171, Nov. 1969),

‘ Ihe report is issued in two volumes. Volume I contains details of
the analysis and results obtained, including appendixes. Volume IT
contains a listing of the 45-day best estimated trajector§ (BET) for the
Apollo 11 mission in the NASA Apollo Trajectory (NAT) format. The list-
ing is not generzlly distributed but is avaiiable from NASA/MSC upon

request. Requests should be made to:

NASA/MSC Computations and Analysis Division
Central Metric Data File

Code ED-5, Building 12, Room 133

Houston, Texas 77058

iii



Page Intentionally Left Blank



TABLE OF CONTENTS

Page
7.1 INTRODUCTION AND SUHﬁARY 7-1
7.1.1 Apollo 11 Mission . 7-1
7.1.2 Postflight Analysis 7-1

7.2 ORBIT ANALYSiS 7-7
7.2.1 Methods of ﬁecongtruction. %—7
7.2.2 CSM Best_Estimate‘éf Trajectory 7-8
7.2.3 IM Best Estimate of Trajectory 7-9

| 7.2.3.1 Descept PhaseATrajectories 7-9

7.2.3.2 Rendezvous Trajectories 7-10

7.3 ONBOARD TRACKING DATA ANALYSIS | 7-15
7.3.1 Imtroduction ‘ | 7-15
7.3.2 Onboard Measurements ' 7-16
7.3.3 Evaluation of Onboard Tracking Data 7-16

7.4 LANDING RADAR DATA ANALYSIS ’ 7-63
7.4.1 Descent Trajectories - - ‘ 7-63
/4.2 Landing R;.>d=.:wi Velocity Residuals- 7-65

7.4.3 Luner Surface Altitgde Along Groundtrack 7-75
REFERENCES Rfl
APfENDIX A ‘A-l
APPENDIX B B-1
APPENDIX C C-1
APPENDTX D D-1




Page Intentionally Left Blank




7.1
7'2
7.3

7.4
7.5
7.6
7.7
7.8
7.9

7.10

7.11
7.12

LIST OF TABLES

Apollo 11 Sequence of. Events
Descent and Rendezvous Maneuver Summary for Apolle 11

Matchpoint Comparisons of'Ttajectories Produced with
the R2 and 11 Lunar Potential Models

~ Apollo Mission 11 BET. Summiry

Summary of Rendezvous Radar Residual Statistics
Rendezvqus Radar Only Solution Residual Statistics
Summaxry of VHF Ranging Residual Statistics

Summary of Sextant Residual Statistics

Comparison of Rendezvous Radar Noise Estimates with
Specification Requirements

Comparison of VHF Ranging and Sextant Noise Estimates
with Specification Requirements

IM Landing Site Coordinates

_Landihg Radar Velacity Residual Statistics

7-12
7-14
7-18
7-28
7-33
7-39

7-61

7-61
7-67
7-68



Page Intentionally Left Blank



7-1a

7-1b .

7-2:

7-3a
7-3b

7-5

7-6 -

7-7

7-8

7-20
7-21

7-22

LIST OF TLLUSTRATIONS

Relative Motion of the IM for Apolle 11 Descent -
DOTI to Landing (CSM Centered)

Relative Motion o

£ the IM for Apollo 11 Rendezvous -

Ascent to Docking (CSM Centered)

Tracking Data (Onboard and'Ground-Based)"Timeiine
for Apollo 11 Descent and Rendezvous

Rendezvous Radar

Rendezvous Radar
Statistics

Rendezvous Radar
Rendezvous Radar
Rendezvous Radsar

Rendezvous Radarx
Range

Rendezvous Radar
Average Range

Rendezvous Radar
Range

VHF Ranging Resid
VHF Ranging Resid

Angle Residual Statistics

Range and Range Rate Residual

Residuals (Insertion to CSI)
Residuals (CSI to CDH)
Residuals (CDH to TPI)

Shaft Noise as a Function of AﬁeragE'

Trunnion Noise as a Function of
Range Noise as a Function of Average

uals (DOI to PDI)
uals (CSI to CDR)

VHF Renging Residuals (CDH to TPI)

VHF Ranging Noise

as a Function of Average Range

VHF Ranging Residual Statistics

Sextant Residuals
Sextant Residuals
Sextant Residuals

Sextant Residuals

(DOI to PDI)
{(Insertion to CS5I)
(CSI to CDH)
(CDH to TPI)

Sextant Angular ‘Random Noise as a Function of Average

" Range

Sextant Residual

Qut-of-Plane Component of LM Position Relative to CSM

(DOI to PDI)

Statistics

Differences Between Position Components of Relative
Trajectories (DOI to PDI)

7-13
7-19-

7-20
7-21
7-23
7-25

7-30

7-31

7-32
7-34
7-35



7.1
7.2
7.3

7.4
7.5
7.6
7.7
7.8
7.9

7.10

7.11
7.12

LIST OF TABLES

Apollo 11 Sequence of. Events
Descent and Rendezvous Maneuver Summary for Apollo 11

Matchpoint Comparisons of'Trajectories Produced with
the R2 and L1 Lunar Potential Models

Apollo Mission 11 BET Summary

Summary of Rendezvous Radar Residual Statistics
Rendezvqus Radar Only Solution Residual Statistics
Summary of VHF Ranging Residual Statistics

Summary of Sextant Residual Statistics

Comparison of Rendezvous Radar Noise Estimates with
Specification Requirements

Comparison of VHF Ranging and Sextant Noise Estimates
with Specification Requirements

IM Landing Site Coordinates

»Landing Radar Velacity Residual Statistics

Page

7-3
7-4

7-12
7-14
7-18
7-28
7-33
7-39

7-61

7-61
7-67
7-68




7-23

7-24

7-25 -

7-26

7-27

7-28

7-29

7-30
7-31
7-32
7-33
7-34

LIST OF.ILLUSTRATIONS
(Cont)

Differences Between Velocity Components of Relative
Trajectories (DOI to ¥DI) :

Differences Between Position Components of Relatrve
Trajectorles (Insertlon to CSI)

Differences Between Velocity Components of Relative
Trajectories (Insertion to CST)

Out-of-Plane Component of IM P051tlon Relative to
CcSM (Insertion to CSI)

Out—of-Plane Component of 1M Position Relative to
¢S (CSI to TPF)

Differences Between Position Components of Relative
Trajectories (CSI to TPF)

Differenées Between Velocity Components of Relative
Trajectories (CSI to TPF)

M Lanaing Site Coordinates

Landing Radar X-Antenna Velocity Residuals (BET #3)
Landing Rzdar Y-Antenna Velocity Residuals (BET #3)
landing Radar Z-Antenna Velocity Residuals (BET #3)

Landing Radar X-Antenna Velocity Residuals
(Cnboard/MSFN H-S)

Landing Radar Y-Antenna Velocity Residuals
(Onbcard/MSTN H-S)

Landing Radar Z-Antenna Veloclty Residuals
(Ontoerd /MSFN H-S)
Surface Altitude Along Ground Track

Groundtrack of LR Range Beam Piercepoint

Mtitude of IM During LR Range Sampling

7-53

7-54

7-55

7-58

-7-66

7-69
7-70
7-71

7-72
7-73

7-74
7-77
7-79

7-81
7-83

7-85



7.0 APOLLO MISSION 11 TRAJECTORY RECONSTRUCTION

AND POSTFLIGHT ANALYSIS

7.1 INTRODUCTION AND SUMMARY
7.1.1 Apollo 11 Mission

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

~ 13:32:00 (hrs:min:sec) Greenwich Mean Time on 16 July 1969. Apollo 11

was the third menned Ilunar mission and the first to attempt and accomplish
vavlanding on the lunar surface, A summary of the major evenés is presented
in Table 7.1. '

The descent phase of the mission was initiated during the thirteenth
revolution of the moon at approximately 100b- 07™ Ground Elapsed Time
(GET). The lunar module (IM) successfully landed on the lunar surface at
approximately 102P45® GET, )

The rendezvous phase began with ascent ignition during the 25th CsM
revolution and ended with docking at 128h03m GET. A summary of the CSM
and 1M maneuvers performed during descent and rendezvous is presented in
Table 7.2 and a graphical representation of these phases of the mission
which depicts the motion of the LM relative to thé CSM is shown in

Figures 7-1la and 7-1b.
7.1.2 Postflight Analysis

The objective of the postflight analysis task was, in general, to
geﬁerate trajectory parameters and data for the command and service modules
(CSM) and 1M 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 postflight analysis effort
was then concentrated on reconstruction of the two periods of flight from
IM/CSM undocking to IM touchdown (descent phase) and from IM ascent to
1M/CSM docking (rendezvous).

The RTCC vectors used to generate the preliminary NAT (NASA Apollo
Trajectory) are summarized in Appendix A. Most of the lunar trajectories

were generated using RTCC SS2 (inclination constrained) solution vectors

rather than SS1 (no a priori) solution vectors. Unlike the Apollo 10




S52 vectors which weré constrained to the pre-LOIl, rev 18, and rev 29
planes, the Apollo 11 8S2 vectors were constrained on a rev to rev basis.
Each S$S2 vector contained two revs of data and was constrained to the SS1
solution plane of one of these two revs (exceptions existed at maneuvers).
This technique preventéd the accumulation of a large error in the cut-of-
plane component of position. The lunar potential model used in the
generation of the preliminary NAT and for propagatiom of RTCC vector
‘was the Boeing R2 model defined in Appendix B.

| The final NAT was produced by updating the preliminary NAT to include
reconstructions of critical maneuvers for which telemetered acceleratibn
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 detzil in the following sectioms.
. In general, the postflight analysis was accomplished without difficulty.
Coincident with the trajectory reconstruction activities, analyses were
performed to determine the quality of the onboard tracking data (IM
rendezvous radar, CSM sextant, CSM VHF ranging, and IM landing radar).

The results of these analyses are also included in this report.




Table 7,1 Apollo 11 Sequence of Events

Range Zero

Insertion -

“Translunar Injection Ignition
S-IVB/CSM Separation

First Docking

Spacecraft Ejection
Midcourse Correction #1
Lunar Orhit Insertion #1 .
.Lunar Orbit Insertion #2
Undocking

CSM Separation

Descent Orbit Imsertion
‘Powered Descent Initiation
Touchdown

Liftoff

Coelliptic Sequence Initiaticn
Constant Differential Height
_Terminal Phase Initiation

Terminal Phase Finalization
Second Docking

Final Separation
Transearth Injection
Midcourse Correction #2
CM/SM Separation

Entry Interface

CET
h:m:s

.~ 00:00:00

(o

00:11:49.3
.02:44:16,2
03:17:04.6

03:24:03,1

04:16:59.1
26:44:58.7
75:49:50.4
80:11:36.8
100:12:00
100:39:52.9
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
196:69:12,7
195:03:05,7

GMT
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.¢
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.¢&
24:16;21:12.7
25:02:35:05,7
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7.2 ORBIT ANALYSIS
7.2.1 Methods.bf Reconstruction

The HOPE Program was used as the basic orbit determination tool.
The program utilizes a weighted least squares different?al correction
technique to regress on.a large set of parémeters. It is capable of
handling two vehicles, and can use both ground based and onboard track-
‘ing data. An additionalkcapability'is the IGS (Inertial Guidance System) -
burn option which ﬁodels 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 - regression on the state vector over free
flight 1ntervals 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 telemetry coverage by means of the HOPE
IGS burn model.

¢) Onboard free flight - regression on the state vector over
free flight intervals using available omboard tracking
data to correct the LM trajectory with respect to a fixed
CSM trajectory (MSFN fits).

d) Onboard IGS - regression on the state vector using avail-
able omboard data to correct the LM trajectory with respect
to a fixed CSM trajectory and incorporation of the LM maneuver
ghich 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 réndézvous trajectory reconstruction since
the tracking intervals between some maneuvers are too short to produce

a representative trajectory over the whole segment.

v As a result of the analysis of various lunar potential models con-
tained in Reference 7, and on the basis of improved observation residuzals

and propagation characteristics, the L1 model (Langley Model 1) was used

7-7




iﬁ the orbit analysis. This model is basically the Boeing Rz model aug-
mented by a €33 term. Table 7.3 shous improveﬁents in propagation |
characteristics of the L1 over the R2 model. Both models are defined im
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 low
speed MSFN, high speed MSFN, fendeévous radar, VHF ranging, and sextant
data. Telemetered acceleration data were used to reconstruct maneuvers
whefe available and applicable. Table 7.2 lists the maneuvers performed
during the descent and rendezvous periods. Figure 7-2 shows 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) MSFN 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 1LM).

The following paragraphs describe the trajectories which were used
as the final BET for both vehicles.

7.2.2 CSM Best Estimate of Trajéctory

The trajectories for the GCSM lumar 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 feor 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 telemetered acceleration data from the CSM separation burn performed

7-8



 in the MSFN dapa arc. BET's for the remaining orbits of interest (14,
25 and 26) weré3obtained from MSIFN free flight fits. 4

In general, the CSM BET's were of gooa 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 deviation of .1 to .25
cyecles per setond)‘compare very well with Apollo 8 (standard deviations
between .3 and .6 cycles per second) and Apollo 10 (standard deviations
‘between .2 and .4 cycles per second). A portion of this improvement may
be attributed to the better fit prodﬁced By the L1 lunar potential model.

Table 7.4 contains a sumﬂary of the final BET's giving fit type
(technique), data interval, NAT trajectory interval, and position and

Velocity differences at matchpoints between segments.
7.2.3 1M Best Estimate of Trajectory

A major portion of the postflight analysis effort.was directed towards
reconstruction of the IM 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 Trajectories

The descent phase was reconstructed in three segments; undocking to
DOI, DOI to PDI, and PDI to Touchdown. The BET for undocking to DOI was
obtzined 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
CSM since five stations wére tracking the ILM. Residual stetistics
(summarized in Appendix B) compare well with 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
PDI. As can be seen in Figure 7-2 the data quantity was good, with 18
VHF ranging observations and 13 sextant sightings. Data quality 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 poﬁered déScent segment of the flight ﬁas originally
based on a fit obtained from low speed MSFN data taken from revolution 14

"acquisiﬁion of signal to touchdown. The trajectory obtained from this
fit was modified to force the landing point to coincide with the

- current best estimate of landing site location. Landing site parameters
obtéined'from this descent trajectory (BET #3) were .6358° latitude,
23.4938° ldngitude, and -8557 feet altitude (referenced to the mean
lunar radius). These figures compare well with the value published in
Reference 10 as the best estimate (latitude .647° and longitude

23.505°, determined from postflight photo reduction).

Since the BET #3 was constrained to ifmpact a desired landing site,
the quality of the trajectory at PDI is not the best available. A sub-
sequent reconstruction using a combination of onboard plus high speed
MSFN data is discussed in Section 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 s comsistent and coantinuous

representation of the LM trajectory from DOI to touchdowm.
7.2.3.2 Rendezvous Trajectories'

The BET for IM ascent was initialized with landing site coordinates
of .6357° latitude, 23.4701° longitude, and a height of -8607 feet
above the mean lunar radius. These initizl conditions were then prop-
agated to insertion using accelerometer data to model the ascent
burn. '

The IM BET for the period from insertion to TPF was reconstructed
in two. segments; insertion to CSI and CSI to TPF. The trajectory for the
insertion to CST segment was obtained from a MSFN free flight fit. The
data erc and trajectory interval are described in Table 7.4. The MSFN
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 residuals are larger in this segment
than in segments which have a less severe orbital geometry. This char-

acteristic also existed in the Apoilo 10 postflight results.
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The second rendezvous segment covered the period from CSI to TPF.

The BET chosen was obtained from an onboard data, IGS fit. The data used
in the fit included LM rendezvous radar, CSM sextant, and CSM VHF ranging
observations. In addition, telemetered aéceleration data was used in the
IGS burn option of HOPE to reconstruct the CDH and TPI burns. The data

arcs are shown in Figure 7-2, and -the residual statistics are summarized
in Appéndix B. Data quaiity was good, and the resulting BET produced an
accurate relative trajectory. The CSijrajectory 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 detail in Section 7.3 of this report.)
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Table 7.3 Matchpoint Comparisons of Trajectories Produced
with R2 and L1 Lundr Potential Models

R2 L1~
Revolutions . POS RSS VEL RSS . POS RSS VEL RSS
Compared (ft) (ft/sec) (ft) (ft/sec)
11-12 10,637 7.187 . 7544 5.756
12-13 9,936 8.178 4817 3.046
13-14 8,643 8.723 1555 2.53
25-26 9.595 9.139 2147 3.173

RSS = Square root of the sum of the squares of the differences
‘between position (POS) or veloc1ty (VEL) components.
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7.3 ONBOARD TRACKING DATA ANALYSIS
~7.3.1 TIntroduction

Analysis of the LM rendezvous radar data from Apollo missioms 9 and
~ 10 and CSM VHF ranging data from Apollo 10 reéulted in the conclusions
that both data types were of high quality and, in general, produced tra-
jectories consistent with those obtained from ground based tracking data
(References -1 and 5). ‘ B .

A A similar analysis of .the onboard tracking data obtained during the
Apollo 11 mission was performed with the folloﬁing objectives:

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

b) ~ Using these data as a standard of comparisom, evaluate the
IM sightings made with the CSM sextant.

c)A Determine the consistency of all onboard data with the
ground based data.

d) Use the onboard data to comstruct a more accurate LM
-rendezvous trajectory.

The'onboard tracking data were obtained from the downlink 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 specifie& input to the
HOPE Program. Editing of bad &ata was performed manually.

Onboard tracking data yields 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 ome 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 CSM 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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Tfajectories for the IM free flight segments were also reconstructed from
MSFN tracking data. The ground based MSFN tracking available for use dur-
ing the periods of interest are summarized in timeline form in Figure 7-2.
The CSM trajectory was fixed as the reference, and the LM MSFN free
flight trajectories were then used to initialize fits based on onboard
datz in the four segments where relative data were available., A priori
confidence values of 10,000 feet were placed on each component of position
‘2nd 10 feet per second on each component of velocity in the initial
conditions. 7 .
The reconstruction activities will be discussed im more detail in
the following sections. In addition, various tables and figures are
included which serve to describe the opérétions performed and show the

accuracy and validity of the data.
7.3.2 Onboard Measurements

Rendezvous radar data were obtairned during three periods.of the
Apollo 11 mission; these were Insertion to CSI (9 observations), CSI to
CDH (20 observations), and CDH to TPI (45 observations). As in previous
missions, the amount of rendezvous radar data obtained was limited to
those periods when telemetry coverage was aﬁailable. _ '

VHF ranging data weére cbtained from the CSM during four segments of
the flight; these were DOI to PDI (18 observations), insertion to CSI
(2 observations), CSI to CDH (17 observations), and CDH to TPI (12 observa-
tions). Since only two observations were obtained from Imsertion to CSI, .
no meaningful statistics could be obtained.

Sextant data were obtained during the same periods of flight as were
VHF-ranging data; 13 observations between DOI and PDI, 4 observations from
insertion to CSI, 21 observations from CSI to CDH, and 10 observations

between CDH and TPI. Listings of all the data are included in Appendix D.

7.3.3 Evaluation of 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 fidm given CSM and IM trajectofies) were examined. The

CSM trajectories used in obtaining these residuals were the BET's discussed
in Section 7.2 of thies report (one rev MSFN free flight fits). The IM
trajectories were obtained by using téchnique (c) described in paragraph
7.2.1 (onboar& free flight fits)., All available onboard data were used

in these fits. '

Table 7.5 lists residual étatistics (meén, standard deviation, one-
sigma noise estimate) computed from the onboard free flight fits of each
segment and Figures 7-3a and 7-3b illustrate the results graphically. The data
were generally well behaved as can be éeen in the residual plots (Figures
7-4  through 7-6). The relatively large differences between the standard
.deviation and noise computed for shaft and trunnion in the CSI to CDH and
CDH to TPI periods can partly be attributed to the fact that both rendezvous
radar and sextant data were used in the fit. As the two data sets become
morefequal in size (weighted effect) or the sampling arcs more coincident,
residual statistics deteriorate. This effect is demonstrateé by the
statistics listed in Table 7.6 which were obtained from fits made with
only rendezvous radar data included. Note that when sextant data is
eliminated, the RR shaft and trunnion means and deviations decrease in all
éegménts. Tﬁe shaft statistics are still relatively high (especielly in
the CDH and TPI period), indicating that a systematic error is still pre~
sent in the shaft measurement. It should also be noted that the rendezvous
radar residual statistics from Apollo 10 exhibited a similar characteristic
(Reference 1). In Apollo 10, the standard deviatioms for both shaft and
tTuTmion meaSuTYement are relatively large in the CDH to TPI period (no
sextant data were included in Apollo 10 solutions). The large mean values
seen in Table 7.5 are also a result of the inclusion of sextant &ata in the
solution data sets. When only rendezvous radar data was included, the mean
values decreased to near zero values,

The range residual statistics exhibited characteristics similar to
the Apollo 10 data. When VHF ranging data is removed from the solution
deta set, standard deviations decrease and become, in two segments, almost
equal to noise estimates. The mean values also approach zero,indicating

that no bias is present.
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' - Table 7.5 Summary of Rendezvous Radar Residual Statistics

Insertion - CSI o " CDH
To .~ . . To s i To
CSI CDH o B "TPI
.009 - - .015 . : } .033 Mesn
Shaft .
- .0 L . L]
(deg) 015 016 _ 031 S. Dev
.013 ) .010 .010 Noise
-.051 -.068 -.119 Mean
Trunnion .
(deg) . 010 .019 .031 S. Dev.
.010 .008 . 007 Noise
79. ' 75. 55, - | Mean
Range
(feet) 144, 63. 92. Sf Dev.
39. 37. 27. Noise
.604 -.243 -.3058 Mean
Range Rate
(£ps) 173 .339 277 S. Dev.
.6278 .6278 6278 Q. E.*

* Quantization Error.
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Figure 7-4 Rendezvous Radar Residuals (Insertion to CST)
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Figure 7-5 Rendezvous Radar Residuals (CSI to CDH)
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Table 7.6 Rendezvous Radar Only Solution Residual Statistics

"~ Shaft

Trunnion
Range

Range Rate

INS-CST CSI-CDH CDH-TPI
~.00007 . -.00028 -.018
.015 014 J031
~.00013 .00002 -.0005
.0066 .0074 .0085
.55 026 2.89
39, 37.2 72.45
-.343 -.105 -.196
.187 .314 .304

7-28

Mean

S. Dev.

Mean

S. Dev.

Mean

S. Dev.

Mean

S. Dev.



\ .

The range ' rate residuals were also of good *quality. Mean values were

‘211 less than the dowvnlink readout error (.6278 fps).

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

~from three missions are plotted as a function of average range in Figures

7-7 through 7-9. _.These figures show that thebApollo 11 noise estimates
compare well with similar estimates from missions 9 and 10. Note that mo
definite'trendvis-apparent»in thevangulér noisé.aStielétive range varies.
Figure 7-9 does seem to indicate, however, that the noise estimate for’
the range measurement does increase as averagé range increases. The
Apollo 11 noise estimates for all three observables appear to be éenerally
smaller than those.obtained from previous missions.

VEF Ranging Data

Table 7.7 contains a summary of VHF ranging data residual statistics
cbtained from onboard free flight fits made over the three segments where
adequate amounts of data were available. TFigures 7-10, 7-11, and 7-12
contain plots of these residuals. Since only two cbservations were obtained
from the insertion to CSI segment, only the DOI to PDI (18 observatioms),
CSI to CDH (17 observations), and CDH to TPI (12 observations) segments
are considered.

The VHF ranging data were generaliy of good quality. As expected,
the smallest mean value was obtained during the DOI to PDI period when

VEF ranging was the only range data type measuring the distance between

vehicles. The mean values become increasingly large as more rendezvous

radar data are included in the data set or as the data arcs become
coincident in time. This can Be seen in the large mean value for the
CBH to TPI period. This large mean, however, is still within the bias
specification limit of %270 feet. ‘ ‘

Figure 7-13 shows that the calculated noise values compare favorably
with Apollo 10 results ard are relatively'éonstant when compared to those
cbtained from Apollo 10. The residual statistics listed in Table 7.7 are

illustrated graphiéally in Figure 7-14.

Sextant

The residual statistics shown in Table 7.8 indicate that the CSM

sextant is a very accurate instrument. Sextant observations were obtained
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Range
(feet)

Table 7.7 Summary of VHF Ranging Residual Statistics

. DOI-PDI CSI~CDH CDH-~-TPI
-26. -86. -216.
74, 104. 48.
23. 23. 19,
7-33

Mean
S. Dev.

Noise
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Figure 7-10 VHF Ranging Residuals (DOI to PDI)
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Figure 7-11 VHF Ranging Residuals (CST to CDH)
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Figure 7-12 VHF Ranging Residuals (CDH to TPI)
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in four of the free flight segments; DOI to PDI (13 sightings), imsertion
to €SI (4 sightings), CSI to CDH (21 sightings), CDH to TPI (10 sight-
ings). | .

The close agreement of the standard deviationé with the noise
estimates and the very small means listed indicate that there are
essentially no biases in either angle.

The residual patterns (Figures 7-15 through 7-18) ate very well be-
‘haved. The random noise estimates (Figure 7-19) éompare well with ren-
dezvdus radar angular noise eétimates and mo trend can be identified
with‘réspect to average range. - Note the good agreement with the Apollo 9
noise estimates plotted in Figure 7-19.

Onboard Tracking Data Comsistency

In order to determine the consistency of trajectories reconstructed
from onboard tracking data with those obtained from MSFN tracking data,
state vecter comparisons were made over the propagationm intervals. These
comparisons were made in a UVW-type coordinate system and the results are
presented in graphic form. In the figures presented, RZ is the negative
of the U or radial component, RX is the V or downrange component, and RY
is the negative of the W or crossréngevcomponent of a syétem centered at
the CSM. RXD, RYD and RZD are the respective velocities,

Three LM trajectories were obtained for the period from DOI to PDI.
Figure 7-21 plots (as a function of time) the out-of-plane component of
IM position relative to the CSM for a MSFN free flight'trajectory, an
onboard data free flight trajectory, and the final BET (combinad high
speed MSFN and onboard tracking data). It can be seen that the addition
of onboard tracking data drastically improves this component of position.
Figures 7-22 and 7-23 show the differences between relative trajectories
obtained from the MSFN and from the omboard tracking free flight fits.
There are large differences in the trajectories which are primarily due
to the poor quality of the MSFN free flight fit, but the comparisons do

show that the downrange and radial components compare fairly well inside
the MSFN data arc.
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Figure 7-15 Sextant Residuals (DOI to PDI)
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Figure 7-17 Sextant Residuals (CSI to CDH)
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Figure 7-18 Sextant Residuals (CDH to TPI)
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Figures 7-24 and 7-25 show the differences between position and
veiocity components of the two relative trajectories obtained for the
Insertion to €SI period. These trajectories were obtained from a MSFN
(low speed) data free flight fit and an onboard data free flight fit.

Note that the differences between the RX and RZ components are mominal
whereas the RY compohent (érossfange) ié large. This characteristic

is expected since onboard data fits produce a much better relative tra-
jectory in .the cut-of-plane sense. Figure 7-26 jllustrates the better
crossrange position obtained from onboard data fits.

Figure 7-27 illustrates that the trajectory cbtained 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 differences in the determina-
tion of the right ascension of the ascending node of the orbits. The '
results of this phase difference are very evident in the plot of the
differences between out—bf-plane position componénts of trajectories
derived from MSFN and from onboard data (Figure 7-28 (ARY)).

The importanit feature to note in these figures is that the trajectories
based on onboard tracking data eliminate a large portion of the cross-
range error present in independent MSFN fits for both vehicles. It is
also interesting to note that in the out-of-plane pesition curves shown
in Figures 7-26 and 7-27, that the trajectories produced from relative data
match across the CSI burn much more closely than the fits produced from
MSFN data. While this agreement does depend, to some extent, on a good
match between the CSM trajectories, the relative data did produce a more
continuous trajectory in the out-of-plane sense from one independent fit
to amother.

Despite the large out-of-plane differences, it can be seen that tra-
jectories produced from onboard tracking data are generally comsistent with
MSFN based fits, especially in overlaping data arcs (Figures 7-24 and 7-28).
Therefore, because of better characteristics in the relative sense, tra-
jectories produced from relative tracking data are more suitable for detailed

rendezvous analysis purposes.
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Figure 7-26 Out-of-Plane Component of LM Position Relative
to CSM (Insertion to CST)
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Figure 7-28 Differences Between Position Components of Relative Trajectories
(CSI to TPF)
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Table 7.9 Comparison of Rendezvous Radar Noise

Estimates with Specification Requireménts

.037 L1146

o Average Angular Noise Range Noise
Free Flight Range 35 (deg) 30 (feet)
~ Segment (n. mi.) "Est. Spec. Est. Spec.
INS to CSI 140 .049 L1146 117. 2126,
CSI to CDH 107 .038 .1146 111. 1627.
CDH to TPIL 59 81. 890.

Table 7.10 Comparison of VHF Ranging and Sextant

‘Noise Estimates with Specification Requirements

(1) No specification value was available,

7-61

Sextant VHF Ranging
Average Angular Noise Range Noise
Free Flight Range 3¢ (deg) 3c (feet)
Segment (n. mi.) Est. Spec(1) Est. Spec.
DOI to PDI 32 .043 - 69. 180.
INS to CSI 140 NA NA
CSI to CDH 107 .035 - 69. 180C.
CDH to TPI 59 047 - 57. 180.




Specification Comparisons

Table 7.9 compares the 3¢ values of noise estimated from the rendezvous
radar residuals with specification requirements. It can be seen that the
estimates were all well within specificatidn limits. Noise estimates for
the sextant and VHF ranging data are listed in Table 7.10. Although no
specification value was found for the sextant, the values obtained (RSS
of individual angle noise estimates) were all within acceptable limits.

The VHF ranging noise estimates also compare well with specifications.

Conclusions
" The following conclusions were drawn from the znalysis.

1. The onboard data was generally of good quality. The sextant
data, examined for the first time, appeared to be a&s
accurate as the rendezvous radar angular measurements.

2. Estimates of data random noise were z2ll within specification
and expected values.

3. Trajectories produced from onboard tracking data proved to
be generally consistent with those produced from MSFN data.
It wvas found that a method used in the past to demonstrate

. Erajectory consistency was inadequate. On Apollo 10, tra-~
jectories were compared aonly at selected times. Because
of the significantly large phase differences found to be
present in relative trajectories, the values for out-of-
plane position differences obtained at selected times may
be misleading. The out-of-plane position components must
be plotted as a function of time in order to see the total
differences in the trajectocries.
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7.4 LAXDING RADAR DATA ANATYSIS

‘ The lardlng radar data anzlysis consisted of generatlng and evaluat-
ing»landlng radar residuals (difference between observed measurement and
computed measﬂrement) and mapping of the lunar surface profile and ground-
track with the slant range measurement, ’

The landing radar data were obtalned by proce831ng the downlink
telemetry data with a spec1al purpose computer program which optputs
onBoard observations on pﬁnched'cards in a HOPE—compatible format.

The HOPE Program was used to compute simulated landing radar observ-

ables from selected LM trajectories and from auxiliary information such as

"REFSMAT, gimbél angles, and radar operating mode. The IM trajectories

were generated by the HOPE Program utilizing telemetered acceleration

data in the IGS burm option to model the descent burn. Residuals were

’thentformed by subtracting the computed from the actual observable value.

Paragraph 7.4.2 presents statistics and selected plots of residuals
obtained from various LM state vectors.

 Terrain mapping data were obtained from a small, special pupose
computer program designed to compute terrain altitude above a mean lunarc
radius ds a function of latitude and longitude. The results of an zttempt
to correlate this terrain data with lunar contour maps are presented in

Paragraph 7.4.3.
7.4.1 Descent Trajectories

Six different descent trajectories were examined in the landing radar

data analysis. The origins of these trajectories are summarized as follows:
" (2) RTCC - This vector was obtained in the RTCC in real time.

(b) MSFN (LS) - This vector was obtained from an IGS fit using
- low speed MSFN data obtained from acquisition of signal tc
LM touchdown (revolution 14). The doppler data were compact-
ed to two observations per minute.

(c) Onboard - This vector was obtained from a free flight fit
using CSM sextant and VHF ranging observations. The tech-
nique required fixing the CSM trajectory as a reference
and updating the LM state from onboard observations and
the CSM reference trajectory. '



(d) BET #3 ~ The MSFN state vector described in item (b) above,
was used as the basis for this trajectory. The BET #3 was
obtained by correcting the MSFN low speed state with a
linear error analysis program so that the resultant powered
descent trajectory would impact a desired landing site with
a relative velocity of zerc. The landing coordinates used
as reference were the MPB photographic estimate.

(e) Lear - High spead MSFH data (ten samples per second).obtained
over a 232 second data arc just prior to PDI were fit by the
Lear Powered Flight Processor producing this state vector,

(f) Onboard/MSFN (H-S) - This trajectory was obtained with the
HOPE Program and used high speed MSFN doppler data which
had been compacted to 30 observations/minute and from CSHM
sextant and VHF ranging data using the HOPE orbit determina-
tion program. The descent burn was modeled by the HOPE IGS
burn option. The HOPE weighted least squares solution
vector included position and velocity at epoch (which was
prior to PDI), and Y platform misalignment. The tracking
data interval was from DOI to IM touchdowm. Figure 7-2
shows the tracking data timeline.

In order to gauge the quality of the landing radar data, it was
necessary to determine that the gbove trajectories did accurately rep-
resent the actual descent trajectory. This quality judgement was based
largely on the landing point conditions obtained from each trajectory.

These landing sites obtained from each trajectory are summarized graphically
in Figure 7-30. Note that both the BET #3 and the Onboard/MSFN H-S
estimates are very close to the 16émm photographic estimate (accepted as

the best estimate).

Since the data type being eéamined is a velocity measurement, it is
most important that the reference trajectory be virtually free of velocity
errors in the data arc. The onboard/MSFN H-S trajectory contains a large
velocity error at landing.where the BET #3 was constructed in such a manner
that the velocities are zero at landing, Therefore, the BET #3 was chosen
as the basic reference upon which to base the.analysis of landing radar

velocity residuals.
7.4.2‘ Landing Radar Velocity Residuals

Table 7.12 1ists the velocity residual statistics obtained from all
the trajectories considered in the analysis. WNote the small mean values

obtained from the reference trajectory (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 V_, and V

e
. 18t Yya zA 2F
somewhat more erratic than VXA' However, these values are still of

- reasonably good quality as shown by Figures 7-31 through 7-33. These
figures show the BET #3 velocity residuals plotted versus time. 1In
addition, specification limits have been plotted. WNote that

a few points fali outside specification,

Tt is difficult to isolate measurement errors from trajectory errors
" in this particular case. The descent trajectory is a particulafly dif-
ficult one to recomstruct, and the landing radar velocity data are par—
ticularly'sensitive to trajectory errors. Notice that the velocity '
residuals in Figures 7-31 through 7-33 tend toward zero at landing where
the BET #3 velocities were constrained to zero. In contrast, the tra-
jectory obtained from the Onboard/MSFN H-S fit is known to contain velocity
errors at landing. The resultant tdtal velocity at landing as 8.02 fps,.
with the primary contribution in the Z direction (North). The residual
statistics show a mean,value for V&A of 6.966 fps. Since VYA waé directed
roughly North, the large mean value reflects the -7.96 fps in the Z com-—
ponent of velocity at landing. The residuals obtained from the Onboard/
MSFN H-S fit are plotted in Figures 7-34 through 7-36.

The residual statistics listed in Table 7.12 also indicate that the
best trajectories do produce the best landing radar velocity residual
s;atistics, that is, the BET #3 and the Onboard/MSFN H-S trajectories
produce the smallest residual mean values. This fact, together with the
sensitivity which the data has exhibited to trajectory velocities indicate
that descent trajectory reconstruction activities will be aided consider-

ably by the landing radar velocity data.*

* Subsequent reconstructions using landing radar data have produced a

a trajectory landing at acceptable coordinates (Lat. = .649 deg,

Long. = 23.490 deg) with a total relative velocity of .96 fps. A report
of this reconstruction will be forthcoming under a separate cover.
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Table 7.11 LM Landing Site Coordinates

LATITUDE LONGITUDE RADIUS
VECTOR SOURCE (deg) (deg) (n.mi.)
RTCC o.'777 23.461 936.59
MSFN (L-S) 0.756  23.537 937.93
ONBOARD 0.65" - 23.538 936.90
(VHF, SXT)

BET #3 0.630 23,497 937.15
LEAR 0.620 23.532 936.66
16MM 0.647 23.505 N/A

ONBOARD/MSFN H-S 0.655 23.515 937.04
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Table 7.12

Landing Radar Velocity Residual Statistics

7-68

' Vector Source VXA VYA vZA
RTCC ‘
Mean 9.543 3.909 3.022
S.Dev. 1.532 "5.455 3.9%8
Noise - 1.172 3.891 3.446
MSFN (LS)
Mean - =-1.997 6.501 4,533
S.Dev. 1.758 4.081 3.486
Yoise 1.120 3.281 3.661
ONBQOARD
" Mean 2.681 6.724 4,640
S.Dev. 1.475 4.209 3.430
Noise 1.316 3.948 2.203
BET #3
Mean .857 .893 -.173
S.Dev. 1.829 4,306 3.689
Noise 1.142 4.565 2.361
LEAR
Mean 4.733 5.625 4,287
S.Dev. 1.018 4,189 3.723
Noisea .718 3.932 2.340
OMBGARD /MSFN (H-S) _
Mean .234 6.966 1.729
S.Dev. 1.183 3.866 2.978
Noise .575 3.336 2.349
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7.4.3 Lunar Surface Altitude Along Groundtrack

Landing Radar range residuals are used té,compute_an estimate of the

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

Surface ‘altitude relative to the landing site is plotted versus
angular range in Figure 7-37. Time ticks are indicated at the LR range

read times (2-second intervals).

The ground track of the range beam pierceﬁoint is shown in Figure
7-38. The plot is made on Lunér Maps ORB-II-6 and ORB-I-3 (scéle 1:
100,000)*. The latitude does not agree with postflight estimates of
Tranquility Base coordinates. Time ticks are at LR range read times and
correspoﬁd to those on the surface altitude plot. The size of the range
beam on the surface is indicated by the small ellipses drawn periodically

along the groundtrack.

Little quantitative informetion cen be obtained from Figure 7-38.1
except to note that the gentle ﬁpward slope of the terrain on the approach

to the landing site is in general agreement with the surface altitude

plot.

On Figure 7-38.2, surface altitude variations can be correlated to

several prominent features:

The 170 ft drop in altitude between the readings at 102:39:37.19
and 102:39:39.19 correspond to range beam centers 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 plot.

* Map legend: Contour lines (at 50 meter intervals) are indexed by an

estimate of the radius in meters with the first three digits omitted.
Crater markings such as 45R (110) indicate - Height of rim above
terrain = 45 meters Crater depth (floor to rim) = 110 meters.

b
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The'point at 102:39:23.19‘falls'iﬁside a crater, and a'depres-
‘sion of approximately 200 ft is indicated.

As the range beam Intersection grows in size with increasing
LM altitude, surface details become increasingly difficult to
resolve. The overall downward terrain slope along the ground-
track in Figure 7-38.3 is in general agreement with the surface
altitude plot. ' '

The>aititude of the LM abdéve “the LLS fadiuS”during"LR“rangé“

data coverage is shown in Figure 7-3S.

The data presented 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 reéults presented here are among
the first obtained using Apollo 11 data. The principal effect of in-
cluding IR velocity in the fit is to produce a more accurate relative
velocity profile. Surface altitude plots, derived from earlier versions
of the descent trajectory, show unrealistic terrain slopes due to small

inplane velocity errors.
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APPENDIX A

Summary of CSM, LM Vectors Used to Generate
the Preliminary NAT for Apollo 1l

Appendix A documents the vectors used to generate the NAT trajectory
in order that the user may know the quality of the trajectory. Since
most of the vectors were not based on postflight fits but rather om RTCC
vectors which were then propagated, propagation errérs arise which can
degréde'fhe'trajectory. ‘

~In order to reduce the error, the lunar orbit propagation times were
kept to & minimum. Also, the total difference in position and velocity
(which is a measure of the quality of the trajectory) were calculated at
a common time point for adjacent traje__ctbry intervals and tabulated in
Table A.1 (CSM)and Table A.2 (IM) for user convenience. Whenever two
intervals were separated by a. maneuver, the AV as exhibited in Tables A.1
and A.2 represents the difference between the total velocity difference
and the measured velocity of the maneuver.

Each tabie lists the vector ID and RTCC batch number, the source of
- the vector, the initial time of the vector, the propagation interval, the
total differences in position and velocity of adjacent intervals, and
comments relevent to a particular propagation interval. Maneuvers are
listed between the appropriate free flight intervals for easy reference.

Most lunar trajectories were generated using RTCC SS2 (inclination
constrained) solution vectors as opposed to SS1 (nmo a priori) solution
vectors. Unlike the Apollo 10 SS2 vectors which were constrzined to the
pre-10I1, rev 18, and rev 29 planes, the Apollo 11 $S2 vectors were
constrained on a rev-td-rev basis. Each SSZ vector contained two revs of
data and was constrained to the SS1 solution plane of one of these two
reve (exceptions existed zt maneuvers).

By using the new SS2 scheme, the Apollo 11 out-of-plane error was
not allowed to accumulate as it did during the Apollo 10 mission.

It should be moted that the vectors used to generate the trajectory
from insertion to TPI were based on free flight sclutions utilizing MSFN

data and not RTCC vectors. The quality of the vector from DOI to PDI was




qﬁestionable, but was included because no better vector #as available at
- that .time. o
In general, the quality of the CSM trajectory was better than the

quality of the IM trajectory during the rendezvous pefiod.

A-2
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APPENDIX B

Supplementary Data

~ Appendix B contains supplementary information which is too detailed

- for the main body of the report. This information inciudes a summary of
~ the radar data used in each BET fit segment, a summary of ground and on-
board data weights used in HOPE, a summary of the USBS stafion locations,
and a 5umﬁary of the components used in the R2 and L1 Iunar potential
models. ' . . .

Tables B.1l and B.2 list by vehicle statistics computed from the data
used in each BET fit,'the type and number of observables, and the mean and
standard deviations obtained from the residuals calculated in the .final
iteration of the fit. The range statistics are in feet, doppler units are
cycles per second, range rate units are in feet per second, and angular
units:are degrees. o A

Table B.3 lists the data weights used in the HOPE Program for ground
based radar data and Table B.4 lists the data weights used in the HOPE
Program for onboard data by type of observable. _

Table B.5 lists the terms of the R2 lumar potential model.

Table B.6 lists the terms of the Langley 1 lunar potential mode, a
modification of the R2 model.

Table B.7 lists the S-band tracking stations and their locations as
used in the Apollo 11 postflight anaiysis. All locations are referenced'
to the Fischer Ellipsoid of 1960. The mean surface refractivity numbers

for each station for the month of July are also listed.




Table B.1 GSM BET Ground Based Tracking Data Statistics

Station " Data Type
- MAD - 2~wayidopp1er
 MIL 3-way doppler
ACN ' 3-way doppler
MAD 2-way doppler
GDS _ 3-way doppler
ACN 3-way doppler
MAD 2-vwray doppler
MIL 3~way doppler
ACN 3-way doppler
MAD 2-way doppler
MIL 3-way doppler
ACN 3-way doppler
GDS 3-way doppler

Number of 0BS

Rev 13 Segment

122
103
101

" Rev 14 Segment

142
138
63

Rev 25 Segment

136
52
47

Rev 26 Segment

128
114
114

70

B-2

- " 'Méan '

-.009
hat'] 018

.002
.009

.002
L 001
.007

.001
.0005
.005
.006

.236
.246
.235

.186
.182
171

.160
.165
.157

223
.199
.188
.182



Table B.2 1M BET Cround Based and Onboard Tracking Data Statistics

‘Station - Data‘zzge * Number of OBS ‘Mean e

» . Undock to DOI Segment
RID 2-way doppler ’ 141 -.023  .193

“CYL . 3-way doppler 140 -.049 .202
ACN -3-way doppler : 112 ~.014  .193
ANG 3-way doppler = 137 .030 .219

MIL -~ ‘3-way dopplér - 1147 ~.012°  .189

DOI to PDI Segment

Sextant shaft _ 13 - -.0097 .015
Sextant trunniom 13 -.0004 ,004
VHF ranging 18 -26.000 74.000

Insertion to CSI Segment

RID 2-way doppler 74 -.022" .315
BDA 3-way doppler : 69 -.019 .319
ANG 3-way doppler 72 .059 .315
ACN 3-way doppler 60 .011 .320

MIL g 3-way doppler 63 014 .316

- CDH to Post-TPI Segment

Sextant shaft 31 ,030 .0206
Sextant trunnion 31 © L..011 .023
VHF ranging 29 -394.000 222.0006
Rend. radar shaft - 65 -.012 .107
Rend. radar. trunnion 65 ~-.084 .056
Rend, radar range 65 142,000 271.000
Rend. radar range rate 65 ) -.115 .543




: Table B.B\vGround Based Radar Data Weighting

Data Type

Radar . Weighting

Range
Doppler (2-way)

Doppler (3-way)

USB: 30-ft. antenna 600 ft.
85-ft. antenna

' USB: 30-ft. antenna 0.1 cycle/sec.
85-ft. antenna -

USB: 30-ft., antenna | _ © 0.1 cycle/secf
85-ft. antenna ’

Table B.4 Onboard Data Weighting

Data Type Shaft - Trunnion . Range - Range Rate
Rendezvous radar .01 ' .01 - 30, 1.
Sextant .001 .001‘

VEF ranging 30.




Table B.5 R2 Lunar Potential Model

Term ‘ Value
32 © 2.07108x10™%
13 ~2.1x107°
c22 2.0716x107°
31 3.4x107°

All other harmonics are zero

Teble B.6 L1 Lunar Potential Model

Term _ Value
J2 2.07180x10™%
33 o ~2.1x107°
c22 ' 2.0716x10™°
€31 4 3.4x107°
c33 ' 2.583x10™°

All other harmonics are zero
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APPENDIX C

1M Rendezvous Radar Data, csM VHF’Rangiﬁg Data
: and CS¥ Sextant (Apollo 11)

The 1M rendezvous radar data that was used in the znalysis are listed
in the two card format of the HOPE orbit determination program. The first
card specifies.the vehicle taking the observation, the vehicle that is

being observed, the time of the observation (year (mod 1900), month, day,

hour, minute, and second'(GMI)),Athree code nﬁmbérs, shaft observable,

trunnion observable, rénge observable, and range rate cbservable. The
second card specifies the inner, middle, and outer gimbal angles. The
units are feet, degrees, and seconds.

' The CSM VﬁF ranging data are also listed iﬁ the same format. The
card format differences are the following: 1) vehicle ID's are reversed,
2) code numberé are different, 3) range is the only observable, and 4)
gimbai angles are not needed to process the ranging data.

The CSM sextant data are also listed. The card format is also

similar to the rendezvous radar cards.
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APPENDIX D
Apollo 11 Landing Radar Date

The LM landing radar data that was used in the analysis is listed
in the two card format of'the HOPE orbit determination program. The
first card specifies the vehicle, the time of the observation (year
(mod 1900), month, day, hour, minute, and secdndj, three code numbers,
V., measurement, V. méasurément, v,

XA YA ZA
measurement (p). The second card specifies the inner, middle, and the

measuremént, and the slant range

outer gimbal angles. The units are feet and feet per second.
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