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ABSTRACT

The technique of differential very-long-baseline
interferometry (VLBI) has been used to measure the rela-
tive positions of the ALSEP transmitters at the Apollo 12,
14, 15, 16, and 17 lunar landing sites with uncertainties
less than 0'005 of geocentric arc. These measurements
have yielded improved determinations of the selenodetic
coordinates of the Apollo landing sites, and of the phy-
sical libration of the moon,

By means of a new device, the Differential Doppler
Receiver (DDR), instrumental errors were reduced to less
than the equivalent of 0'001l. DDRs were installed in six
stations of the NASA Spaceflight Tracking and Data Network
(STDN) and used in an extensive program of observations
beginning in March 1973. Data obtained over a l6-month
period were used simultaneously with lunar laser ranging
data in least-sgquares solutions for the 6 elements of the
lunar orbit, the mass of the earth-moon system, the 2 lunar
moment-of-inertia ratios gl[=(C-A)/B] and y[=(B- A)/C],
7 third-degree harmonic coefficients of the moon's gravi-
tational potential, 6 initial conditions of the physical
libration, and 3 coordinates each of the observing stations,
ALSEP transmitters, and laser ranging retroreflectors, The
uncertainties in the relative coordinates of the 5 ALSEP
transmitters, estimated from the consistency between solutions
with independent sets of VLBI data and from the consistency
between VILBI and laser ranging results, are 30 m in the
radial coordinates and 10 m in the two transverse coordinates,
Values determined for the libration parameters
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Bs C3  and C have uncertainties smaller than the uncertain-
ties dbtained>when laser ranging data alone is used in the
solution. The rms of the postfit residuals for the VLBI
observations is 16° of phase (at 2,3 GHz), about 2 times
larger than the random noise level. The systematic compo-

- nents in the residuals may result from unmodeled propagation-
- medium effects, .
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CHAPTER I

Introduction

The moon has always been a prime object of study
by astronomers, and observations of its motion have im-
portant uses in many fields, for example to test gravita-
tional theories and to measure variations in the earth's
rotation. In order to interpret these observations,
theories of both the orbital and the librational motions
of the moon are required. However, until recently the
development of libration theories [20,23] received much
less attention than did orbital theories, due to the
limitations of ground-based passive opticagl observations,
which for a long time were the only observations available.
The departure from uniform rotation represented by the
forced or "physical" libration is less than 2 seconds of
arﬁ as viewed from earth, near the resolution limit im-
posed by "seeing" fluctuations. Recently, however, the
placement on the lunar surface of man-made optical re-
flectors and radio transmitters and the development of
instruméntation allowing extremely accurate earth—baéed,
measurements have stimulated a new interest in the theory
of lunar librations. This thesis is concerned with the

first use of differential very-long-baseline interferometry
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(VLBI) to measure the relative positions of radio trans-
mitters on the lunar surface, and to determine the phy-
sical libration by observation of the apparent time-
variation of the relative transmitter positions.

Radio traéking of objects on or near the moon has
been carried out in the U.S. since the first Ranger mis-
sion in 1964 and has continued through the Surveyor,

Lunar Orbiter, and Apollo programs. However, the track-
ing transmitters for these missions operafed only for
short times, and the tracking data were not suitable

for the determination of positions on the moon with uncer-
tainties 1less than 100 meters [44, 36, 29]. The po-
tential for a longer-duration and higher-accuracy program
of radio observations was created by the last five Apollo
missions, each of which left on the moon a nuclear-powered
ALSEP* with an S-band (~2.3 GHz) transmitter (Figuré 1.1).
These transmitters héve only free-running crystal oscil-
lators and are not able to be tracked by the usual two-
way Doppler—shift or ranging methods used for spacecraft
with transponders. However, they do provide strong sig-

nals suitable for angular—position measurements by VLBI,.

*
ALSEP is an acronym for Apollo Lunar Surface Experiments
Package. .
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Fig. 1.1 ALSEP transmitters operating in
May 1975.

In interferometry, the phases of the signals re-
ceived from a source simultaneously at two separated
ground stations are compared. As the interferometer
baseline rotates relative to the source, the difference
between the phases changes. The direction of the source
with respect to the baseline is determined from this phase
variation (see Figure 1.2). The existence of more than
one ALSEP transmitter permits the use of the technique of
differential interferometry [11]1, in which the difference
in phase of the signal received from one ALSEP at two
stations is subtracted from the corresponding dif-

ference for another ALSEP. The resulting doubly-
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differenced observable is sensitive to the relative

right ascension and declination of the two ALSEP trans-
mitters, and is relatively insensitive to those other
parameters such as the moon's orbital position, the
observing site positions, recziver local oscillator stabi-
lity and the phase fluctuations introduced by the earth's
atmosphere and ionosphere, which tend to affect the obser-

vations of both transmitters equally.
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Fig. 1.2 Radio source position determination by VLBI.
A change of phase by 21 rad (1 full cycle) cor-
responds to a source position angle change of
A/D rad, where A is the wavelength of the radio
signal and D is the distance between the stations
projected onto a plane perpendicular to the
direction of the source. For ALSEP observa-
tions such as reported in this thesis
(A = 13.2 cm, D = 4000 km) the phase change
can be determined with an uncertainty of less ,
than 10°. wWere there no systematic errors present, : -
this phase uncertainty would correspond to an angular
uncertainty of less than 109 rad or a displacement un-
certainty of only 40 cm at the distance of the moon [19].

Imenamny
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The idea to apply the VLBI technique to study the
motions of the moon stems from a 1968 proposal made to
the National Aeronautics and Space Administration (NASA)
by H. F. Hinteregger and I. I. Shapiro of M.I.T., through
the M.I.T. Center for Space Research, to add a wideband
(= 50 MHz) noise source, center frequency near 8 GHz, to
each ALSEP package. The choice of such an X-band fre-
quency rangé& was based primarily on the desire for the
reduction of ionospheric effects on the VLBI observables
to a negligible level and for the achievement of compati-
bility with then-éxisting ground—based VLBI equipment.
The scientific objectives included the determination of
the motion of the moon's center of mass through differen-
tial VLBI observations of the ALSEPs and compact extra-
galacti~ radio sources that are nearly occulted by the
moon, &S well as the determination of the moon's motion
about its center of mass through differential VLBI cb-
servations of two or more ALSEPs. This Lunar Radio Beacon
proposal was not accepted by NASA. Thereafter, C. C. Counsel-
man III, of M.I.T., along with Hinteregger and Shapiro,
elicited the cooperation of I. M. Salzberg of the Goddard
Space Flight Center of NASA to attempt to use the narrow-
band, lower frequency, S-band signals from the ALSEP téle-

metry system to meet many of the same scientific objectives.

o
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The resultant MIT-GSFC cooperation led to NASA's Space-
flight Tracking and Data Network (STDN) underﬁaking
differential VLBI observations of the ALSEPs in early
1971, as soon as two ALSEP transmitters were operating
on the moon. The accuracy of these observations was
degraded by instrumental errors equivalent to positional
uncertainties on the lunar surface of the order of 100 m,
due mainly to the fact that the signals from the two
ALSEPs did not pass through identically the same receiving
equipment and were sampled separately before a difference
observable was formed (see Figure 1.3).

In order to reduce these instrumental errors, Hin-
teregger and Counselman designed and built a new device,

called a Differential Doppler Receiver (DDR). Used with

the antennas and S-band receivers of the STDN, the DDR
extracts the carrier signals of two ALSEPs from the
intermediate~frequency passband of a single receiver and
mixes them together. The'resulting difference frequency,
after a constant "bias" is subtracted, is multiplied by

a factor‘of 360 to improve phase resnlution, then counted
digitally. A differential VLBI observable is obtained

by numerical subtraction of the counts recorded simul-

taneously at two stations.

S — " s, on, T g A e
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Fig. 1.3 An example of the results of early dif-.
ferential interferometric observations
of ALSEP telemetry transmitters. Note
the presence of phase noise on the order
of a cycle peak to peak and drifts of
several cycles, corresponding to tens of
meters displacement on the lunar surface.

In October 1972, Hinteregger and I installed pro-

totype mbdels of the DDR in the STDN tracking étations
at Merritt Island, Florida, and Goldstone, Califoraia,
and conducted successful observations of the ALSEP 12

and ALSEP 14 transmitters during a six-hour tracking

period. Analysis of the data from this first experiment
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indicated that measurement errors had been reduced to the
equivalent of less than a meter of displacement on the

moon [13] (Figure 1.4),

POST-FIT RESIDUALS 28 OCT 1972
ALSEPS 12 AND 14
MERRITT ISLAND, FLA, - GOLDSTONE, CALIF
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Fig. 1.4 Residuals (observed minus computed values)
~ for differential interferometric phase
observations of ALSEP 12 and ALSEP 14, ex-
pressed directly as fractions of a cycle at
S-band (wavelength, 13.2 cm) and as the equiva-
lent (projected) displacement of an ALSEP
transmitter on the surface of the moon.

In early 1973 we installed two DDRs at each of six
stations of the STDN (Figure 1.5). Since that time,

simultaneous observations have been made of two pairs of

ALSEPs an average of twice per week on each of two

earth baselines. The data set analyzed in this thesis
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consists of the observations during the

l16-month period between March 1973 and July 1974.

7 ./ L,/'CV
GDS|{® 7T MAD
A
®
ACN

\

Fig. 1.5 Stations of the NASA Spacecraft Tracking and
Data Network that have engaged in VLBI track-
ing of the ALSEPs are Ascension Island (ACN);
Madrid, Spain (MAD); Merritt Island, Florida
(MIL); Corpus Christi, Texas (TEX); Goldstone,
California (GDS); and the Network Test and
Training Facility at Greenbelt, Maryland (ETC).

Analysis of these data has been carried out using
the M.I.T. Planetary Ephemeris Program (PEP), a large
computer program originally developed at the M.I.T.

Lincoln Laboratory under the direction of Michael E. Ash

g Y b e s s 8 e e
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and Irwin I. Shapiro. PEP is able to utilize data from
many types of astronomical observations simultaneously
to estimate various physical parameters [ 2, 6 ].
Recently, Martin A. Slade, in his M.I.T. thesis research, in-
corporated into PEP an acgurate, numerically-integrated
model for the lunar orbit [36]. The use of this model
has been essential to my work. I have made the further
modifications to PEP necessary to process counted-cycle
differential VLBI observations, and to model more ac-
curately the moon's physical libration.

Before and during the period of our observations,
members of the NASA Lunar Laser Ranging Experiment (LURE)
team [7 ] have collected and analyzed laser ranging ob-
servations from the McDonald Observatory in Texas to
the retroreflectors on the moon (principally the re-
flectors at the Apollo 11, 14, and 15 landing sites).
Since differential VLBI observations have little direct
sensitivity to the orbital motion of the moon, I have
used laser data to improve PEP's lunar ephemeris. In
addition, I am indebted to members of the LURE team for
the development of much-improved models of the lunar

physical libration. 1In my data reduction I have used
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principally‘a numerically.integrated model developed
at the Jet Propulsion Laboratory by Williams et al.
[40]. The JPL numerical integration derives its initial
condiﬁions by fitting to a semi-analytic model developed
by D. H. Eckhardt of the Air Force Cambridge Research
Laboratories [15,161.

The ALSEP relative coordinates determined from fhese
VLBI observations should be useful in the‘definition of
a unified selenodetic coordinafe system that incorporates
both the high accuracy of laser ranging and the widé cover~
age of Apollo orbital photography and earth-based tele-
chpic photography. In particular, the VLBI observations
serve to extend to the Apollo 12, 16, and 17 larding
sites the positional accuracy obtained from the laser
ranging observations of the Apollo 11, 14, and 15 sites.
The Apollo 16 and 17 éoordinatés obtained by VLBI are
the most important because these landing sites are
covered by the metric photographs taken by the orbiting
command module during these two missions. The Apollo 15
laser ranging retroreflector has been located relative
to the ALSEP transmitter at that site‘with an uncertainty
of less than one meter by L. A. Schlmerman et al. [30] at the |
Defense Mapping Agency Aerospace Center, using photographs

taken on the lunar surface by the astronauts.
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In the following chapters I try to document in some
detail each major aspect of the ALSEP VLBI experiment.
I begin with a basic discussion of counted-cycle VLBI
and of the sensitivity of such observations to relative
ALSEP positions. In Chapter III, a description is given
of the Differential Doppler Receiver and its use with
the NASA STDN Unified S-Band tracking system. Chapter IV 
deals with the software developed to analyze the data,
including the special processing algorithms required for
the doubly-differenced observable, the documentation of
the model used for the lunar rotation, and the method of
parameter estimation. The chapter concludes with an
analysis of the major sources of error which might de-
grade the results. The results of my solutions for the
ALSEP coordinates and the libration parameters are given
in Chapter V. A concluding chapter suggests the likely
gains:from further analysis of thesé data and from the
appliéation 6f the differentiél VLBI technique to other

problems in dynamical astronomy.
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CHAPTER II

Basic Concepts

2.1 Counted-cycle VLBI

The usual VLBI system consists of two or more‘stations,
each with four key elements: 1) a high-gain antenna
with a low-noise radio frequency (RF) amplifier; 2) one
or more stages of mixing with "local oséillators" to
convert the received RF signals to low "video" frequencies;
3) some means of recording the converted signals; and
4) a stable (1 part in lO12 or better) frequency standard
to provide a reference for the local oscillators and a
time base for the recording. Systems differ in the ways
in which the interferometric phase is determined from
the recordings made at the two stations. In the con-
ventional technique, the signals are recorded directly
on magnetic tape in either analog or digital form at
each stetion. The tapes are later collected, plaYed
back together, and the data cross-correlated to determine
the differential phase delay. For observations of natural
radio sources, which emit essentially random signals,
statistical cross-correlation of the signals is necessary
to determine the phase difference. This technique also

offers the possibility of determining the group delay
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difference with useful accuracy if the bandwidth of the system
is sufficient.

For observations of artificial radio transmitters which
emit phase-coherent signals, an alternative to the relatively
expensive process of direct signal reéording and . cross-correla-
tion is available. An oscillator can be locked in phase to the
signal received at each station and a digital counter used con-
tinuously to count the cycles of this oscillator. At suitable
intervals the numerical value of the continuously—acéumulating
count can be recorded*. The oscillator can be locked to a
multiple, n, of the signal frequency, so that each count
represents 1l/nth cycle of the signal phase. Thus, a phase
resolution of a degree or less is poésible. An interferometric
phase observable is formed simply by subtracting the counts

corresponding to the same time at the two stations. For

*Counted-cycle VLBI observations of spacecraft can easily be
made between any pair of sites equipped to perform Doppler
tracking. Ondrasik and Rourke of JPL have analyzed the tech-
nique as a supplement to the two-way Doppler tracking of inter-
planetary spacecraft [25]. Although some observations were
made of Mariner 9 [45], application of this technique has been
limited by the lack of sufficiently stable frequency standards
at most sites: Atomic hydrogen maser oscillateors are required
for useful results. If two spacecraft are observable simul-
taneously, the differential VLBI technique can be employed and
the commonly used cesium-beam standards would be adequate

since the effects of local-oscillator frequency variations would

tend to cancel.

e

.
§ o et 3RS R TITS SIS Y 2 LA TS S s



L B

T !

-24~

differential observations involving signals from two trans-
mitters, the oscillator may Ee locked to the difference between
the frequencies of the two signals received at a given station.

In present practice, the phase delay observable determined
by counting cycles differs from that determined by direct sig-
nal recording in two ways. In direct recording VLBI the re-
ceived signals are compared for common transmission times, since
in the cross-correlation one of the recordings is shifted with
respect to the other by an amount equal to the propagation time
difference, determined from prior knowledge. In all of the cycle-
counting systems employed thus far, the counts have been sampled
simulﬁaneously at the two receiving sites, so that the phase dif-
ference determined by subtraction refers to signals transmitted
at different times. One consequence of this transmission-time
difference is that short-term (time scale of milliseconds) phase
fluctuations of the transmitter that are not filtered out by the
phase-locked loops may add noise to the measurement, which can-
cels in the interferometric observable only when the propagation
times to the two stations are equal. An additional problem with
sampling simultaneously at both receivers is the possible intro-
duction of systematic errors into the model of the observable due
to persisténé (over minutes or hours) drifts in the transmitter
frequency. This effect ih the ALSEP observations will be analyzed
in Section 4.5. In principle, both of these errors could

be reduced by offsetting the receiver

- B R
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sampling times during observations using a priori in-
formation about the differential delay between stations.
The systematic effect of persistent transmitter fregquency
drift may also be accounted for in the theoretical formu-
lation of the counted-cycle observable, as described in
Section 4.2.

The second difference between the two VLBI methods, as
now implemented, involves the technique of conversion of the measured
phase difference to a corresponding delay dif&ﬂence. This conversion,
which is necessary in order to relate the observed quan-
tity to the geometry of the observing and transmitting sites, involves
the use of the cbhserved frequency. In conventional VLBI ob-
servations there are two possible cases. For a continuum
source, there is no characteristic source frequency, and
the observed frequency is determined by the character-
istics of the receiver: usually, although not necessarily,
by the total local oscillator (LO) frequency. For a
monochromatic source, however, there is a characteristic
frequenéy‘associated with the received signal. This
signal is recorded within the video band at whatever
frequency the source appears relative to the total LO.

In this case, the conversion of the measured phase to a
deléy shoﬁld be’based on a suitably defined signal frequendy.
If, instead, the measured phase were referred to the LO fre-
quency using the group delay, the derivative of phase with

respect to frequency, then a phase
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"error would be introduced, equal to the product of the

error in the value of group delay used, and the offset

of the LO frequency from the signal frequency. 1In a
cycle-counting VLBI system, no extrapolation to refer

the phase from the received frequency to the LO frequency
at a station is necessary, since the local oscillator
is variable and continuously tracks the phase, and there-
fore the frequency, of the received signal. 1In practice
we convert phase to delay using an estimate of the

actual transmitted frequency, obtained from a measurement
of the received frequency at one site and a pricri know-~
ledge of the Doppler shift of the signal received at

that site. This procedure is discussed in detail in

Section 4.2.
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Compared with direct-recording VLBI, cycle counting offers.

significant simplifications in observation procedure and data
processing. Numerical data are obtained directly in real time
and can be recorded at a relatively low sampling rate, for

example, once per minute. (In fact, the data could be written
down by hand, using pencil and paper!) 1In addition, the dif-
ferential phase observable may be formed in real time by com-
municating via thertelephone or teletype the numbers recorded

at each station, thus allowing the experimenter to check that

- valid data are being obtained.
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2.2 Information Content of the Differential VLBI Observable

The principles underlying the use of differential

VLBI observations to determine the relative coordinates

of a pair of ALSEP transmitters can be understood by means
of a simplified geometric analysis in which the moon is
assumed to be infinitely far from the earth and to remain
stationary dﬁring a single day's tracking pe;iod*. The
geometry of a pair of stations observing a single such
ALSEP is shown in Figure 2.1 where g(t) is the baseline
vector and éi is the unit vector in the direction of

ALSEP i. The difference between the phases

>

Source i at
infinit

Figure 2.1 Geometry for two stations observing
a source at infinity.

*
The approximations introduced in this section are not made in the actual
data processing. See Chapter IV.
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of the signals received simultaneously at the two stations,
usually called the interferometric "fringe phase", is

simply

¢; (8) = g B(t)-éi (2.2.1)

where w is the angular frequency of the transmitted
signal, c¢ is the speed of light, and E-éi is the path-

length difference. The two vectors mey be written

E(t) = B{cos D[cos A(t)f + sin A(t)j] + sin D i}

(2.2.2)

éi = COoS Gi(cos oy £ + sin oy 3) + sin Si k (2.2.3)

where B is the baseline length; £, 5, K, are unit vectors,
f in the direction of the vernal equinox, kK in the direction
of, the earth's angular velocity vector, and j orthogonal
te { and k so as to complete a right-handed system; A,
D, and O 6i refer to the right ascension and the decli--
nation of the baseline and the source, respectively.

If two ALSEP transmitters are observed simultaneously,

the differential fringe phase is given by

A (E) = 01 () = b,y(8) = 2 B(t)- (&, - &) (2.2.4)

where I have assumed that the two transmitter frequencies
are the same. (All of the ALSEPs do in fact have differ-

ent frequencies, but the frequency differences are small
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and do not need to be considered here.) 1In order to
express A¢p(t) in terms of the small differential right
ascension, Ao, and differential declination, AS§, between

the directions to the two ALSEPs, we write

az + Ao

Sy = 9y

+ AS
and substitute these expressions in Equations (2.2.3) and
(2.2.4). Since the actual geocentric angular separation
. of the ALSEPs is less than 5 x,lO_3 radians, we expand
the trigonometric functions in powers of Ao and AS§, ig-

noring terms of order higher than the first in these angles.

Expanding yields

él - &, = [AS sincSl cosa; + Ao cos 61 sinal]i

+ [ASsinSl sinal - Aucosél cosal]ﬁ

- A§ coséqk (2.2.5)
Substituting Equations (2.2.2) and (2.2.5) in
Equation (2.2.4) gives
Ao (t) = 2B{aé[cosDsinécos (a - A(t)) - sinDsiné]
| + Aa[cosDcosésin(a - A(t))1} (2.2.6)
in which the subscript on o and § has been dropped.

By counting cycles of the DDR outputs and taking

the difference between the counts at the two stations we
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can measure the change in the differential fringe phase
during the period of observation, but not the "absolute"
value at a given time. Hence the constant term in

Equation (2.2.6) is not observable. The observable quantity
is

wB

A (t) = — cosD[AS sinScos (o - A(t))

obs

+ AcdcosSsin(a = A(t))] + A¢o (2.2.7)
where A¢O is an unknown constant which accounts both for
the constant term in Equation (2.2.6) and for the

difference between the arbitrary initial values of the

cycle counters at the two stations.

Equation (2.2.7) shows that the coefficients of the
sinusoidal and cosinusoidal variations of A¢Obs(t) are
propértional, respectively, to Aa and A§. Thus, determining
Ao and AS for an ALSEP pair corresponds to determining the
amplitudes of the quadrature (sine and cosine) components
of the variation of A¢Obs(t). If the observation period
is long enough to allow separate determination of both
quadrature cdmponents, or, equivalently, of both the
amplitude and the phase of the diurnal sinusoid, then both

Ao. and AS may be estimated with the uncertainties given

by
Opo = 9¢ PBGGSDEOSE (2.2.8)
= _c ' ,
9r8 = %c wBcosDsingd (2.2.9)

O o

el
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where Oy and o, are the uncertainties in the deter-

mination of the sine and cosine coefficients, respectively, in
Equation (2.2.7). Typical values with present equipment

for the parameters in Equations (2.2.8) and (2.2.9).

are ¢, ® 0, % 20°, w = 27 x 2.3 x 109 radians/sec and

BcosD (the equatorial projection of the baseline)

* 3500 km. If the moon is at a relatively high decli-

nation, say § = 20°, then O ro ® 0?00d5 and

AS 0v0012. Of course, at low lunar declinations,

o]
A$ is poorly determined.

These values provide only crude estimates of the
uncertainties of the determinations of Ao and A§. 1In
practice, due to the problem of separating the sine and
cosine coefficients from the constant component in
Equation (2.2.7), the formal standard errors obtained
for a particular observation period depend strongly on the
time span Qf the observations and on the characteristics of
the earth baseline. To investigate these problems,
Frankston [18] has performed a series of three-parameter
least-squares solutions based on the model of Eguation (2.2.7),
using simulated observationé for each of the available STDN
baselines (see Figure 1.5). For each solution he assumed
that the error in each observation wasv10° and that ob-

servations were made at one- hour intervals throughout
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thé "observation window" for a particular baseline. This
window was defined as the time during which the moon was
at least 20° above the horizon for both stations. For
each observation period three parameters were estimated:
Ao, AS, and the constant, A¢o. For all baselines which
had equatorial projections longer than 1500 km and ob-
servation windows longer than 3 hours, the solutions
yielded formal standard errors for Ao between 070003 and
0"006 , equivalent to 0.5m to 10 m .in distance at the
moon. For AS, considering only observations made when the
declination of the moon was at least 10° (about three-
fourths of each month), he found that the formal,standard
errors ranged from 0Y0004 to 07014 bor(LBIn to 30 m
in equivalent distance on the surface of the moon.

The type of baseline most useful for determining
each of the relevant parameters can be deduced by in-
spection of Equation (2.2.7). Since observations typically
are obtained over only 4-6 hours, the curvature of the
diurnal-period sinusoid is rather poorly determined from
the observed change in differential fringe phaée. The
best-determined quantity is the average slope of A¢(t);
consequently, the quadrature component of A¢(t) which is
best determined is the one which has its maximum slope
during the period of the observations. The cosine function
multiplies AS§ and has its’maximumvslope when

o - A(t)= +90°. This implies that for the best deter-
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mination of A§, the baseline should be perpendicular

to the direction of the mdon at the midtime of the obser-
vations, a condition best satisfied by a baseline that

is oriented east-west on the earth. Conversely, the sine
function which multiplies Ao has its maximum slope when

o - A(t) = 0 or 180°, so that, for the best determination
of Ao, the baseline vector shouid be parallel to the
meridian plane of the moon at the midtime of the observa-
tions. This condition is satisfied by a baseline that is formed
by a pair of stations with nearly equal longitudes, but that
has a large equatorial projection.

From the foregoing analysis, it is clear that ob-
servations should be made with bbth east-west and north-
south baselines in order to obtain optimum determination of
both Aa and A§ from the relatively short observing periods
available. The application of this strategy in the con;
text of station availability and other scheduling con-
straints is discussed in Section 3.4.

By combining observations made on different’days,
when the moon presents different aspects to the earth,
we can use this differential VLBT technique to determine
the third (radial) component of the separation, or baseline
vector, between the ALSEPs. This determination is possible

because the moon's geOmetric, or "optical™ libration, which

et R
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varies by #7° in both longitude and latitude, allows the
interferometer to view the lunar baseline from different per-
spectives during the course of a month. The standard error
associated with the radial component is4greater by a fac-
tor of about 3 than the formal errors associated with the
transverse components.

The continuation of VLBI observations over a sufficient~
ly long time also enables the moon's physical libration to
be determined, through the variatiénsjof Ao and AS which
the libration produces. The apparent change in the
relative angular position of a pair of ALSEPs produced by
the libration depends on the orientation and length of
the ALSEP baseline and on the nature of the libration.

The libration may be characterized by rotations about three
axes, one along the line of sight from earth to moon and
two perpendicular to this line. Differential VLBI ob-
servations are most sensitive to the 1ibra£ions about the
line of sight, since the ALSEPs are all located relatively
close to a single plane normal to the line of éight.

ALSEPs 12 and 17, for example, are separated

by approximately 1300 km along a neérly»

east-west line (see Figure 1.l1). Determination of AS

with an uncertainty of 0Y001 for this péir cor:esponds to

a détermination of the libration about the line of sight
with an uncertainty of 09v001 ﬁ 2§%%%%—§% ~ 0?3,‘wheré

384000 km is the earth-moon distance. The sensitivity

]

i A



of VLBI observations to libration about the axes per-
pendicular to the line of sight is proportional to the
component of an inter-ALSEP baseline along the line of sight.
I The baseline which has the greatest component in this
ag direction is formed by ALSEP 14 (longitude -17°, latitude
' ‘
g -4°) and ALSEP 17 (longitude 31°, latitude 20°)*. For
this baseline, an uncertainty of 0Y001 in the measurement of Ao
is equivalent to an uncerﬁainty in the libration in longi-
; tude (about a north-south axis) of 1Y6, and an un~
! certainty in A§ of 0V002 correéponds to an uncertainty of
% - 3'2 in the libration in latitude (about an east-west axis).
f; Of course, the libration cannot be determined in all three
degrees of freedom from one day's observations of a single
pair of ALSEPs. Only two independent quantities, corres—‘
? ponding to Aa and AS, are observable. However, simul-
7 taneous observations of a second ALSEP pair may be used to
determine the third libration component.

The assumption that the ALSEPs are located at an in-
3 finite distance from the receiving stations has led to a
relatively simple expression, Equation (2.2.7), which has

helped us to see how a single day's observations can

*The ALSEP 14 - ALSEP 17 pair is not directly observable

] with a single DDR since the frequency difference for this

- pair is greater than 3.3 MHz (see Section 3.2). However,

. the baseline may be synthesized in a solution by combining
observations from two DDRs; for example, one DDR observing
ALSEP 14 with respect to ALSEP 12, the other ALSEP 17 with
respect to ALSEP 12.




determine the angular separation of a pair of ALSEPs in
both right ascension and declination. There is, however,
additional information content in the observable provided
by the lunar parallax. (The moon's parallax is defined

! loosely as the angle subtended at the distance of the moon
. by the earth's equatorial radius.) The parallax describes
the extent to which an observer on the earth can view the
: moon from different perspectives during the course of a

single day. For an interferometer we define the parallax

e

as P/R, where R is the earth-moon distance and P is the
distance of the baseline midpoint from the earth's axis

of rotation.

B In Appendix A.3 I derive an expression for Agﬁm(t) for

“k the two-dimensional case (D = § = 0), including terms of
ﬁ first order in the parallax:
3
— wBAo .
Mops (£) = A¢, + Zo=—={sin(a - A(t))

+ Zlsin 2(a - A(t)) - 3 tan & cos 2(a - A(t))]

fg cos(A%/2) cos24

+ R Zos 1 [sin(a - A(t))
- Ztan 28 cos(a - A(t))]} (2.2.8)

where ro is the lunar radius, % is the longitude of the
midpoint of the lunar baseline, and A% is the separation of
the ALSEPs in selenocentric longitude. Note that the first

line of Equation (2.2.8) is exactly the same as

e e e K g TR LRI it T i A g g £ e 3+ SRR T
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Equation (2.2.7) for the case D = § = 0. é
The third and fourth lines in Equation (2.2.8) |
contribute no additional information since they
have the same period as the main term*, However, the term
in the second line, proportional to P/R, has a l2-hour
period so that ité signature is distinct from the signature
of the main term. The determination of the amplitude and
phase of the semi-diurnal sinusoid allows the determination
of two additional parameters, P/R and %, for example.
However, the uncertainties for these parameters will be
larger thén those for Aa by a factor of approximately 1/Aa
which is about 400 for an ALSEP pair whose separation,
when projected along the right-ascension direction, is
about 1000 km.
The simplified geometric analysis presented above is
useful for the purpose of gaining qualitative insight into'
the way in which the observations determine the parameters
of interest. HoweVer,vit fails to answer quantitatively
the question of what uncertainties may be expected if the
various parameters are estimated from observations extend-
ing over several months. The relatively complicated or-
bital and rotational motions of the moon add significant information content
to the data and decorrelate thé estimates of parameters

which could not be estimated

*

The phase of the term in the fourth line differs from the phase of the main
~ term. However, if &#0, the main term will also have a cosine camponent

[see Equation (2.2.7)].

s R
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‘separately from a single day's observations. Clearly ad-
vance knowledge of the parameter-estimation uncertainties
obtainable from an experiment is important in planning an
experiment. Therefore I used PEP to perform maximum-
likelihood estimates of relevant parameters using simulated
observations made on two days per week over the period
March 1973 to July 1974 [19]. Each day's observations of
an ALSEP pair consisted of only five differential-
interferometric phase measurements, méde one hour apart.
The 1-0 uncertainty of each measurement was assumed to be
9°, I estimated simultaneously the six elements of the
lunar orbit; the three selenocentric coordinates of each
ALSEP; the three geocentric coordinates of each observing
station; the two lunar moment-of-inertia ratios,

B [= (C-A)/B] and Y [Z (B-A)/C], upon which the charac-
teristics of the physical libration mainly depend; and,
for each daily tracking session, an additional parameter
representing the arbitrary initial value of the differenced
phase-counter readings. For the moon's orbital elements I
assumed a priori 1-o¢ uncertainties for a and e eQuivalent
to 2.5 meters in radius, and for the angular elements, to
100 m in the two orthogonal directiens. The origin of the

selenocentric coordinate system was defined by assuming

PRI T L s i o W L I S S R I R S I TR T B UL P SR T T
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that the position of ALSEP 15 was known. The results of
the simulation indicated that the coordinates of ALSEPs 12
14, 16, and 17 would be determined with 1-¢ uncertainties

of approximately 1 meter in longitude and latitude and 3
meters in radius. The uncertainty obtained for B corres-
ponded to an uncertainty of 0Y06 in

the libration in latitude and

node ; at one lunar radius, approximately the distance
between the more widely separated ALSEPs, the corresponding
displacement uncertainty is about 50 cm. The uncertainty
obtained for y implies an uncertainty of 0723 in rotation
about the spin axis (the libration in longitude). The
uncertainties obtained for the tracking station coordinates
ranged from 5 to 15 meters in radius and longitude and 15
to 20 meters in latitude. These uncertainties are com-
parable to the uncertainties in the coordinates derived
from other methods, so that the station coordinates should
be included among the parameters to be estimated from the

actual VLBI observations.

S
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CHAPTER III

Experimental Equipment and Procedure

3.1 Unified S-Band System of the STDN

The NASA Spaceflight Tracking and Data Network
(STDN) was created in 1972 by the merger of the Manned
Space Flight Network (MSFN), which supported the Mer-
cury, Gemini, and Apollo missions, and the Space Track-
ing and Data Acquisition Network (STADAN), which pro-
vided primary tracking for the extensive NASA earth
satellite program. Each of the former MSFN stations is
equipped with either a 30-foot- or 85--foot-diameter
parabolic antenna (or both) and an S-band tracking and
telemetry receiving system capabie‘of providing position
determination andicommunicatidns for spacecraft in the
vicinity of the earth or moon. Since 1970 the network
has used these statiohs regularly to observe the ALSEP
transmitters on the moon, primafily for the purpose of
demodulating and recording the information telemetered
from the scientific expefiments left on the surface‘by
the astronéuts. Because differential VLBI observations
of the ALSEPs can be performed simultaneously with tele-

metry support, an extensive program of VLBI observations

R B B
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has been conducted with little additional complication for
the network.

The central element of the Unified S-Band (USB)
system is a Motorola superheterodyne receiver of a type
built originally for use by the Deep Space Network* in the
early 1960's. A simplified schematic diagram of the re-
ceiver and its associated elements is shown in Figure 3.1.
For differential Doppler tracking of ALSEPs, the S-band

antenna is directed at the moon and the USB receiver is

phase-locked to one ALSEP, which we call the “reference
ALSEP". The carrier signal of the reference ALSEP appears
in the center of the 10 * 3.3 MHz intermediate

frequency (IF) band of the USB receiver, at exactly the
saﬁe frequency as, and with a fixed phase relationship to,
the 10 MHz reference oscillator of the USB system. The
signals from other ALSEPs will also appear within this IF
band at various: frequencies above and below 10 MHz,’unless
the radio frequency (RF) difference betWeen the reference
ALSEP and another exceeds about 3.3MHz, in which case the

latter signal falls outside the IF passband.** The USB

* k .
Operated for NASA by the Jet Propulsion Laboratory.

%%
The antenna beams are sufficiently broad to receive signals from all
ALSEPs simultaneously.
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S—-BAND ANTENNA

Reference ALSEP at fo

Other ALSEPs at fi’ i=1,2,3,4

From DDRI1

From DDR2

RF AMPLIFIER

STATION
CLOCK

T

MIXER
MIXER FREQ. FREQ. Cs—-BEAM
MULT. SYN. PFS
VCOo ' | To DDR1
HP5100
)r 7lsyN. >
LOOP ‘ -
TER HP5100 To DDR2
1E — syN. [T
AMPLIFIER
PHASE
DETECTOR . To both)
DDRs
>
Figure 3.1 Scﬁematic diagram of the STDN USB

system. The signal of the reference
ALSEP appears at 10 MHz in the out-
put of the IF amplifier; the other
ALSEP signals appear at 10 MHz

+ (fo—fi), i=1i, 2, 3, 4. (See text.)




-44-

receiver, bécause its freéuency conversion stages have
"high" local oscillators,’reverses the RF spectrum, so
that, for example, the signal of an ALSEP whose S-band
frequency is 1 MHz above the frequency of the reference
ALSEP will appear at 9 Miliz in the IF bana. Table 3.1 shows
the radio frequencies of the five ALSEPs, and the inter-
mediate frequencies for two possible choices of the

reference ALSEP.

STDN APOLLD S—-BAND USB RCVR I.F.
ALSEP MISSION | RADIO (MHz)
NUMBER NUMBER FREQUENCY
(MHz)
Al A2
REF REF
Al 12 2278.5 10.0 9.5
A2 15 2278.0 10.5 10.0 .
A3 16 2276.0 12.5 12.0
Ad 14 2279.5 9.0 8.5
AS 17 2275.5 13.0 12.5

Table 3.1 Radio frequencies and USB receiver inter-
mediate frequencies of ALSEPs for two
possible choices of reference. These are
nominal frequencies. Actual frequencies
may deviate from the nominal by about
20 kH=z.

‘Several other elements of the USB system are used by the Dif-
ferential Doppler Receivers (DDRs). The station primary frequency

standard (PFS), a cesium atomic~beam device, serves as a reference for

A
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two Hewlett-Packard model HP5100 frequency synthesizers,
each of which provides a local-oscillator signal to one

of the DDRs (see Section 3.2). The output of each DDR is
in turn connected to one of the two input channels of the
USB system Tracking Data Processor (TDP). The heart of

the TDP is a pair of digital counters which count, con-
tinuously, cycles of the input signals. At selected time
intervals controlled by the station clock, the readings

of these counters are sampled non-destructively and recorded
on paper tape. The TDP has two modes of operation. 1In

the "single" mode only one channel is sampled and recorded,
with the sampling interval selectable between 6 seconds and
10 minutes. In the "dual" mode, the two channels are
sampled alternately, and, in this case, the maximum

sampling rate for each channel is once per 12 seconds.

For ALSEP differential VLBI observations, the TDP is
usually operated in the dual mode in order to count and

record the output signal from two DDRs.
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3.2 The M.I.T. Differential Doppler Receiver

The Differential Doppler Receiver (DDR) was developed
by Hinteregger and Counselman to enable the TDP to count
directly the difference between the frequencies received
from two ALSEP transmitters. Although it is possible to i
determine this difference without a DDR by subtracting
frequency readings from two USB receivers with one USB
receiver locked to each ALSEP signal, the results ob-
tained in this way are much less accurate than those which
can be obtained with the DDR ( compare Figures 1.3 and 1.4).

The DDR receives as input from the USB receiver the
10 MHz reference signal, which is locked in phase with g
the reference ALSEP carrier signal, and the wideband
(7-13 MHz) IF signal, which contains the carrier signals
of all the ALSEPs whose frequencies are within approximate-
ly +3.3 MHz of the freQuency of the reference ALSEP (see
Section 3.1). In the DDR, one of these ALSEP signals
(other thanrthe reference) is selected and is mixed
with a local-oscillator signal derived from the USB
receiver's 10 MHz reference signal to obtain a beat-
frequency signal which has the phase df the reference
ALSEP carrier minus the phase of the selected ALSEP car- g

rier. The DDR's output, which is counted by the TDP,
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comes from a voltage-controlled-multivibrator which is
phase~locked to an integer multiple (360) of the beat-
frequency signal. To explain more completely the opera-

tion of the DDR, we refer to Figure 3.2. 5

From HP5100
Synthesizer , Output to TD}?9

+ 16 |
£
vCM D
+360 -
From USB 5
Ref. Osc. 9@ DIGITAL SELECTABLE-

SIDEBAND MIXER
10 MHz : LOOP
* FILTER £,/360

From USB 10 MHz + £./16

7-13 MHz IF )é§5553 MIXER S Kiiz | |
LOW » |
£,~£0+£./16 BASS |

PHASE |
DETECTOR |

Figure 3.2. Block diagram of the Differential Doppler
Receiver (DDR). In the 7-13 MHz wideband
IF input from the USB receiver, the ALSEP
carrier signal to be tracked differentially
by the DDR appears at a frequency of 10 MHz
- £7 + f£f9. The HP5100 synthesizer frequency,
fs, is set, and the sideband of the DDR's .
digital mixer is selected, so that the chosen
ALSEP signal emerges from the DDR's LSB
mixer between 2.5 and 5.5 kHz. The voltage-
controlled-mulitivibrator (VCM) is phase-
locked to this signal in a frequency-multi-
plying (x 360) ioop.
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Selection of the desired ALSEP signal for phase-

. locked tracking by a DDR is accomplished by a human
operator who must first have measured, by means of a
pair of USB receivers, the approximate differéncé be-~-
tween the reference and the other ALSEP's carrier fre-
quencies. Based on this measurement, the operator sets
the HP5100 synthesizer which is connected to the DDR,
and he selects the appropriate sideband for the digital
mixer which generates the DDR's local-oscillator (LO)
signal, so that the desired ALSEP carrier signal will -
be converted within the DDR to approximately 4 kHz,
near the center of the 2.5 to 5.5 kHz tracking range
of the DDR's phase-locked loop.  For example, if Al is
the reference ALSEP and it is desired to lock a DDR
to A2, Table 3.1 shows that A2's IF carrier frequency will
be apprqximately 10.5 MHz, or 0.5 MHz on the upper side
of the 10 MHz reference frequency. Referring to Figure 3.2,
we see that the frequency of the HP5100 synthesizer must
be set in this case to 8.064 MHz and the upper (+) LO
sideband selected, to obtain a DDR local-oscillator
frequency of 10 MHz + (8.064 MHz/l6) = 10 MHz + 0.504 MHz =
10.504:MHz. The desired ALSEP carrier signal, at 10.5 MHz,
is now 4 kHz lower than the LO frequency and will be
converted to 4 kHZ at the output of the final, lower-

sideband (LSB) mixer. The output of this mixer is then
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low-pass filtered so that all noise signals farther than
+ 4 kHz from the chosen ALSEP's carrier frequency, and
all other ALSEP signals, are rejected.

If the ALSEP to be tracked by the DDR has an IF
frequency on the lower side of 10 MHz (for example A4

when the reference ALSEP is Al), then the operator must

switch the DDR's digital SSB mixer to lower sideband (-).

The operator sets the synthesiier, in general, accord-
ing to one of the following formulas:

£ = 16(f0 - f
| (£, < £p)

or

f. = 16(f, - £
1 0
(£, > £q)

where f0 and f1 are the measured S-band frequencies of
the reference and the other ALSEP, respectively.

Setting the syntheéizer and the sideband-selection
switch are the only manual operations requifed in order
to place the desired ALSEP carrier signal within the

phase-lock tracking rénge of the DDR. However, it is

usually also necessary for the operator to slew the VCM's

frequency manually to the neighborhood of the proper
locking point, 360 times the converted ALSEP carrier

frequency, or nominally 360 x 4 kHz = 1440 kHz.

1t 4 kHz) Upper sideband case (3.2.1a)

- 4 kHz) Lower sideband case (3.2.1b)
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A frequency counter is used by the operator to monitor the
VCM frequency, which, once having been locked, will track
1@ any subsequent ALSEP frequency variations within the

limits of 4 '+ 1.5 kHz for the input to the phase detector,

or 1440 * 540 kHz for the VCM output. In general the DDR

(VCM) output frequency, £ in terms of the (constant)

DI

offset synthesizer frequency, f and the two (varying)

sl

E ALSEP frequencies, is given by

Hh
|

= 360(fl - fq 4 fs/l6) Upper sideband case (3.2.2a)

+h
|

- fs/l6) Lower sideband case (3.2.2b)

= 360(f1 - fo

We note that the frequencies of the local oscillators
used in the USB réceiver to convert the ALSEP signals from
S-band (2.3 GHz) to the 10 * 3.3 MHz band do not appear
in this equation because the difference between ALSEP fre-
guencies is not affected by these conversions as long
as both ALSEP signals pass through the same mixers, etc.
Also, the exact value of the "10 MHz" reference oscillator
frequency, Which is usually different from 10 MHz by
about 50 to 100 Hz, does not matter: By virtue of the
USB receiver's phase lock; the reference ALSEP's IF’

carrier is locked to this reference oscillator, whatever
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the latter's frequency is; the first LO of the USB receiver is
controlled to maintain this condition. If the frequency
of the "10 MHz" reference oscillator is higher than

10 MHz, so will the reference ALSEP's carrier be, and

the other ALSEP's carrier frequency in the IF band will

be increased by precisely the same amount. But in the

DDR the second ALSEP's carrier frequency is subtracted
from the frequency cf the "10 MHz" reference oscillator,
plus or minus fsyn/lG. Thus, any variation in the "10 MHz"
réference oscillator's frequency is cancelled out. The
only fregquencies reﬁaining in Equation (3.2.2) are the
ALSEP. frequencies (their difference), and fsyn/lG. It
is crucial, therefore, that the synthesizer be very
stable, and be operating from the station's cesium-beam
primary frequency standard.

Since frequency is the time-derivative of phase,
it follows that all of the above statements regarding
insensitivity and sensitivity to the frequencies of various
oscillators apply with equal force to phase variations of
the respective signals. The insensitivity of the DDR's
output to phase variations within the USB receiver's

LO system is the DDR's "secret of success". If we at-

tempted to use separate USB receivers to measure the
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< ‘ frequencies of two ALSEPs separately, in order to determine
the frequency (or phase) difference, we would be susceptible
to phase instabilities of both USB receivers. With a DDR,
we are susceptible to no significant instrumental errors

other than those of the DDR, the synthesizer, and prime

frequency standard. 1In practice this has meant a reduction

3,
E.

of two orders of magnitude in overall instrumental errors.

The DDR is assembled from 15 integrated circuits,

it g g,

3 transistors, and associated passive circuit elements on

a single board measuring 4 by 6 inches. The digital

. single sideband mixer is of novel design, using only
digital logic devices to generate selectively either the

sum or difference of the 10 MHz and offset frequency

inputs [12]. The analog lower sideband converter is based
on the design of A. E. E. Rogers [27]. The phase-

locked loop is a conventional second-order type’with
lead-lag compensation, but using an exclusive-or logié
gate as a phase detector. This type of phase detector,
together with the use of differential circuitry in the
loop filter, Yiélds excellent performance with both
strong and weak signals, with low sensitivity of the
output signal phase to the input signal amplitude and to

environmental factors. The divide-by-16 in the input cir-
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cuit for the offset frequency signal serves to reduce the
effect of the phase drift of the synthesizer by that factor,
With a 30-foot~diameter antenna and a 200°K system
temperature (typical for an STDN station looking at the moon),
the theoretically-calculated ALSEP carrier signal-to-ncise
ratio is ~3 db in the 8-kHzbandwidth input to the phase
detector, and +22 db in the +50 Hz closed-lcop bandwidth of
the phase-locked loop, which implies that the theoretical rms
phase noise in the output of the loop should be 7°. The
actually-measured loop’performance is in good agreement with
this calculated figure. Laboratory
measurements that compared the outputs of two prototype
DDRs have shown less than 1° of phase drift in 24 hours,
including rapid temperature changes of 10°C to one {DR. A
field test in which two DDRs using separate synthesizers
were locked to the same ALSEP pair showed approximately 1°

of relative phase drift in six hours.
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3.3 Observation Procedure

The performance of the observations involves a co-
operative effort by personnel at twd or more STDN stations,
at the Network Operations Center (NOC) of Goddard Space
Flight Center, and at MIT. The observations are directed ?
from MIT* through NOC. Fifteen minutes before the begin-
ning of each DDR "track", NOC calls the MIT Test Director
and connects him to a voice communications network which
includes each of the stations scheduled to participate on
that day. At this time the Test Director tells the

stations which ALSEP is to be used as reference and which

ALSEP is to be tracked differentially on each of the two
DDRs. - At each station the operator then locks a USB re-
ceiver to the reference ALSEP and connects the USB IF
and 10 MHz reference signals to the DDRs.

Before a DDR can be locked to its assigned ALSEP,
the S-band frequencies must be measured for this ALSEP and

the réference ALSEP, and the HP5100 frequency synthe-

sizer setting calculated as described in Section 3.2. The
two ALSEP frequency measurements are performed simultan-
eously using two USB receivers with their associated fre- :

quency counters at the same station. As soon as the

*From the initial installation of the DDRs in March 1973
until July 1974, the period covered by the data included
in this thesis, I directed most of the observations, as-
sisted from time to time by Counselman and Hinteregger. 3
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synthesizer frequency has been calculated, the (same)
value is set into the synthesizers at both stations, and
the operators lock the DDRs by slewing the VCMs to the
anticipated locking frequency, usually 1440 kHz (see
Section 3.2). Occasionally the DDRs will be found to lock
at a frequency significantly different from that anti-
cipated, due to drift of at least one ALSEP frequency
between the time of the criginal measurement and the time
the DDR is locked. 1In this case, a verification is
always made that the lock is correct by again reading

the two ALSEP S-band frequencies and the DDR output fre-
quency and using Equation (3.2.2) to calculate the
theoretical value of the DDR output frequency, which
should agree with the measured value to within 3.6 kHz,
i.e. to within 360 times the 10-Hz resolution of the USB-
frequency counters. If the ALSEP frequency drift is so
rapid that an extrapolation indicates that the upper or
the lower limit of the DDR's tracking range would be
reached before the scheduled end of the observing period,
the Test Director can instruct the station operators to
change their‘frequency synthesizer settings and to re-
lock the DDRs at a lower or higher frequency, in order to

accommodate the drift. Alternatively, he ¢an re-assign
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that DDR to-track a different ALSEP relative to the re-
ference ALSEP. He may also choose a different ALSEP as
reference. The frequency drift rate of an ALSEP is
usually considerable only when the sunrise or sunset
terminator is crossing the ALSEP, or for ~2 days there-
after. Tracking assignments are therefore rotated to
avoid tracking an ALSEP near its twice-monthly terminator-
crossing times.

After all of the stations have locked their DDRs and
have begun recording data, the Test Director performs
three additional checks to ensure that the data will be
valid. First, he compares the stations' DDR output
frequencies to see that the frequency for a given DDR
at one station agrees with the fréquency for the correspondjng DDR
at each of the other stations to within a few kHz. This
comparison is particularly reassuring if the
ALSEP transmitter frequency is drifting sigﬁificantly,
because the Tést Director can then see that the DDR fre-
quencieé ét éll of the stations are changing in exactly
the same Way.~ As a second check, the Test Director per-
forms a verification calculation similar to that which
may have been done by one of the stations using Equation (3.2.2),
but in this case hé obtains ALSEP S-band frequency readings

from a station other than the one which performed the

original calculation of synthesizer frequency. This check
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is useful, for example, to determine that the DDRs are
not locked on a sideband of the ALSEP carrier signal as

a result of a mistake in the calculation of fs' Finally,
an opefator at each station reads to the Test Director
two successive values of the TDP output on eachlchannel.
By subtracting successive N-counts and dividing by the
time interval betweén them, the Test Director can deter-
mine if the rate of increase of the recorded N-count matches
the output frequency of the DDR which should be connected
to that input channel of the TDP. The entire process of
locking the DDRs and checking the output for two or three
stations usually takes about one-half hour. Once this
procedure has been completed, the MIT Test Director is
disconnected from the communications network, but

remains on call in case a problem arises later. The
stations remain in contact throughout the observation

period in order to compare DDR frequencies once each hour.

3.4 Scheduling and Data Collection

Since their inception in March of 1973, the ALSEP
differential VLBI observations have been scheduled by
Goddard Space Flight Center* on the basis of non-interfer-

ence with other NASA tracking requirements. In- spite of

*Network support for the experiment was arranjed at God-
dard by I. M. Salzburg, J. W. Ryan, and H. W. Stone-
sifer, with the general support of Dr. J. M. Clark,
Director. ‘
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this restriction, observations have been obtained at

least twice per week during most of this period. There
ﬁave been several times when no observations were made for
two- or three-week periods, but the only extended gap

was from mid-April to the first of July in 1973 during

the first Skylab mission. A complete list of observa-
tions is given in Appendix A.2.

Because of the uncertainty of scheduling, our philo-
sophy during the first year of the experiment was to ob-
serve at any time that two or more stations could be
scheduled for four or more hours. During this Year, data
were recorded on paper tape at the maximum TDP sampling
rate, once per 12 seconds on each channel. The paper
tapes were mailed by the stations directly to MIT where
the data were transcribed onto magnetic tape for pro-
cessing.:

By the spring of 1974, when a large volume of data
had been collected and the frequency of the observation
periods had become consistent (and none of the ALSEP
transmitters had died), we felt able to choose the ob-
serving times and stations on a more scientific basis, fol-
lowing the geometrical analysis of Section 2.2. This
analysis demonstrates the importance of performing ob-

servations with both north-south and east-west baselines
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to obtain maximum sensitivity to right ascension and
declination separations, respectively, of the ALSEPs.

The station pair of Madrid, Spain, and Ascension Island in
the South Atlantic fits the north-south baseline criterion
very well (see Fiéure 1.5). The best east-west station
pair of those available would be Merritt Island, Florida,
and Goldstone, California, if these stations could be‘
scheduled for the entire period during which the moon

is mutually visible, often ten hours or more. However,
when other NASA tracking requirements limit the scheduled
period to less than six hours, a baseline of Madrid or
Ascension paired with either Me:ritt Island or Corpus
Christi, Texas, is better by virtue of having a larger
equatorial component [see Equation (2.2.7)]. In light
of this analysis, and in an efforﬁ to optimize the expen-
diture of rescurces by both the STDN and the MIT group,
in May 1974 we reduced our schedule request to twd tracks
per week, one using Ascension and Madrid, the other using
the east-west baseline which was available for the long-
est track during the week.’ The TDP sampling rate was
also reduced to one obsegrvation per minute from each DDR.
The lower sampling rate still provides enough samples
during an observation period to ensure that short-period

fluctuations will not be the dominant source of error

s L e L s AR
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in the final parameter estimates. The reduction of the

sampling rate also allowed the data to be transmitted
from the stations via teletype to Goddard Space Flight
Center and recorded there on magnetic tape, thus decreasing

significantly the time and effort required for us to pre-

pare the data for processing in PEP.

N B
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CHAPTER IV

Data Processing Techniques

4.1 Methods of Parameter Estimation

The estimation of parameter values from the observa-
tions is accomplished in PEP by weighted least-squares fitting.
The theoretical basis for this method may be found in
sev.ral texts (see [38], for example), and is not re-
peated here. The reader is also referred to Ash [6 ]
for a discussion of the implementation of this estima-
ﬁion scheme in PEP. In this section I will describe
briefly the equations used and discuss their application
to the data from this experiment.

Suppose we have the vector of observations Yor of
dimension n, and a mathematical model which gives the
theoretical value of the obsefvations as a function of
the parameter vector x, of dimension m(S n). Then the
vector of the observed valueszo may be written as
a sum of the theoretically computed vector Yor and the

measurement-error vector £

Yo = Yo (X) + & (4.1.1)

In weighted least-squares fitting, the estimate of the

parameter vector, denoted by &, is the value of x that
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minimizes the scalar quantity

[y, - Yo 017 ¥ Iy, - v (x)] (4.1.2)

where W is the (n x n) weighting matrix. The diagonal
elements of 2 are given by l/di, where 6i is the assumed
standard error in measurement i, and the off-diagonal
elements are zero (see below).

A closed-form solution for £ exists if the depen-

dence of y  on X is linear in x. 1If y_ is nonlinear, but

well-enough behaved for small variations in x, the problem
can be linearized. Then if gﬂggiggi‘vaiues of the para-
meters, denoted by 59, are available which are suffi-
ciently close to the true values, we can write

Yo = _zc(gc_o) + A(x - 3{_0) + e (4.1.3)

where A is the n x m matrix of partial derivatives with ele-

ments aij = [Byi/axj]xo. If Equation (4.1.3) is wvalid

and the columns of A are linearly independent, then
the least-squares estimate of x is given by

-1.7
Tw a)

=§O+(

o
>
=
=
=

[y, = Yo (x)] (4.1.4)

l
il
i

Y

1f §? is not sufficiently close to & at the outset,
then one must iterate, replacing 5? with the right

side of»Equation (4.1.4), then re-evaluating that

AN it A e s
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side. The solution is said to be converged when sub-
stitution of the estimated values of the parameters back
into the model produces no significant further decrease

in the sum of weighted squared residuals defined by
Equation (4.1.2). It is possible, in principle, that the
solution so obtéihed‘will corréspond to a relative, rather
than to the absolute, minimum of Equation (4.1.2). In
practice the parameter values are sufficiently well known
a priori that the solution will converge to the proper
values.

The statistical properties of the weighted-least-
squares estimate depend mainly on the statistics of the
errors of observation, €. 1In particular,:if the
elements of ¢ are samples of zero-mean, Gaussian, inde-
pendent random variables, and if each observation is
weighted inversely with its associated error variance,
then the weighted-least-squares estimate is the maximum-
likelihood estimate; In this case the covariance matrix

of the error in & is given by

p = a% a7}

) (4.1.5)

=
11>

1f, further, we denote the elements of P by p; the

jl
so-called formal standard error of the estimate of

parameter i is

1
Hi
fermism il
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o; = /Byy : (4.1.6)

and the correlation coefficient between the errors in
the estimates of X and xj is

P..
Py = ——d . (4.1.7)

R TPVCP

In practice, oy in BEjyuation (4.l.6) can usually be considered
only a lower bound on the uncertainties ih the para-
meter estimates. The actual observation erfors are nost often
dominated by processes with significant systematic com-
ponents. The effect of such systematic errors on the
parameter estimates is discussed in‘Section 4.5.

One source of significant measurement-error correla-
tions in most counted-cycle observations has been elim-
inated in’this experiment by the way in which ﬁhe ob-
served quantity has been defined. It has been con-
ventional in Doppler tracking to define the observable
as the difference between sucéessive counter readings
divided by the time interval between them. The result-
ant from this operation is the average frequency over the
interv&l, a quantity which can be‘iﬁterpreted in coherent
Dopplermtracking as the average (two-way) Doppler shift
of the signal between transmission and reception. How-

ever, because the error in a given sample of the counter

—
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contributes in an equal and opposite manner to each of
two neighboring average Doppler values, the errors in ‘
successive measurements will have a correlation of -0.5

if other noise sources are ignored. Using the simple three-
parameter model described in Section 2.2 bf this thesis,
Shapiro et al. [32] have shown that the neglect of this
correlation leads to a significant overestimate of the

error in lunar baseline determination. The formal

standard errors obtained from a single six~hour obser-
vation period will be too large by a factor of n, where

n is the number of observations, and the actual error
standard deviation will be too large by a factor of vn.

If the observable is chosen to be the accumulated N~

count, formed by subtracting the counter reading at the
beginhing of the observation period from each successive
reading; this problem of correlated sampling errors can

be easily avoided (see Section 4.2.1). The -0.5 cor-
relation between the error in each measurement and the

error in the initial counter reading is‘eliminated by
solving for an unknown constant for each series of unin-
terrupted observations. This "bias" parameter will ab-

sorb a number of errors which are constant throughout a

tracking period (see Section 4.5).

s
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4.2 Theoretical Model for the Observable

'4.2.1 Basic Formulation

By counting cycies of the output signal of

the voltage-controlled multivibrator (VCM) of the DDR,
the tracking data processor (TDP) at each station measures
the phase of this signal as a function of time. As describ-
ed in Section 3.2, the change in the phase over a given
time interval is just 360 times the change in the phase
difference between the carrier signals received from the

. two ALSEPs, plus a known bias which is introduced by the
frequency synthesizer. Some random measurement noise is
also present. Since the initial reading of the TDP is
arbitrary, without loss of generality we may define this
reading to be zero. Then the reading of the TDP at

station j at time tj is

0 0 0 0
-[(brzj (tj) - d)rlj (t]) + ¢Bj (t]) + ¢Nj (tj)]

(4.2.1)

where ¢rij(tj) is the phase of the signal received

th

from the i~ ALSEP at the iFh station at time tj;

¢Bj is the known bias; and ¢Nj is the random noise. Note

that, by definition Nj(tg) 0, where tg is the time of

1
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the initial reading of the TDP. The TDP counts whole
cycles of the signal from the VCM, so that in Equa-
tion (4.2.1) the unit of Nj is 1/360th of a cycle, or
1° of phase. The error due to the integer-degree trun-
cation is included in the noise term, ¢Nj‘

The times in Equation (4.2.1) are the coordinate
times, rather than the station clock readings, when the
cycle-count is sampled by the TDP. The relationship
between coordinate time and the station‘time is given
in AppendixAl .and discussed in some detail by Ash [ 6].
Briefly, coordinate time is the independent variable in
the equations of motion which we integrate to obtain the
positions and velocities of the moon, the earth, and
the planets. Coordinate time and atomic time differ by
small diurnal, monthly, and annual periodic terms. The
station clocks are set, within 10 to 20 psec, to Co-
ordinated Universal Time (UTC), which has a well-known (defined)
relationship with atomic time.

The signal received at the time tj was transmitted

th

by the i~ ALSEP at the time ti given by

ti = tj - Tij (4.2.3)

where Tij is the propagation time delay. The phase

of the received signal, ¢ is yelated to the

rij’
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phase of the transmitted signal, ¢ti’ by
¢rij(tj) = ¢ti(tj - Tij) (4.2.4)

Thus, the TDP reading at station j may be expressed

in terms of the transmitted phases:
Nj(tj) = [¢t2(tj = sz) = ¢tl(tj - le)
+ ¢Bj(tj) + ¢Nj(tj)] - [similar terms

for tg] (4.2.5)

The differenced N~count observable* is defined

as the simple arithmetic difference between the TDP
readings, or N-counts, at two stations, taken at

identical readings of the two station clocks. Suppose

*

This observable might equally well have been termed

the "doubly-differenced N-count", since the phase is
differenced both between stations and between ALSEPS.

I have chosen the simpler term inasmuch as the difference
between ALSEPs is taken in the DDR before the counting

is performed.

QT T
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that when these clock readings both equal 7", the coordinate

times are t? and tﬁ at station j and station k, res-

pectively. Then the differenced N-count at this "g#h

sample time" is

m - m, _ m
ANjk = Nj(tj) Nk(tk) (4.2.6)

Substituting Equation (4.2.5) into Equation (4.2.6), we obtain

m m _ m _ m _m

-[¢t1(t§‘ - r’_{‘j) - 0y (Eg - T ]
+ [¢$j - ¢Ek]} - {similar terms
for m = 0} (4.2.7)

where the superscript m on Ty and ¢Nj denotes that the

J
coordinate time argument is t?. The ¢Bj and ¢Bk "bias"
terms are omitted deliberately. These terms cancel since
the synthesizers that determine the bias frequencies at
both stations have the same setting : the synthesizer

and the clock at a given station use the same reference

frequency standard.
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We assume that the transmitter frequency as a
function of time can be represented by

g (£ + AE) = ¢ (£) + § 4 (B)AL

‘ (4.2.8)
1. 2
+§q’>ti(t)At + ...

where At is some as yet unspecified interval. Using

Equation (4.2.8) we expand Equation (4.2.7)

_ m om, _ mm, : .mm,, M M m,m

- %'$t2(t?;Tg3)(t§}t? —Tgk + ng) - eee]

m m m m I m m m. m m m
[opq (B5 = Ty ) = O (B57T14) —0pq (B57T14) (Bmty= T 1y 4)

1 m _m m  m m , 2

+

[¢’1f]‘j—¢{\,“k]} - {similar tems for m = 0}  (4.2.9)
or
s m_m m_m, m_m m _m
. m m., . m _m m_,m
_ l$ (tmLTm ) ( m_tm;Tnl+Tm )2
20255725 T Tk T2y
1 m m.m m,m,2
+ f‘pcl(tqu + + ...

15) ettty

m _ .m - _ .
+ N’Nj (ka]} {similar terms for m = 0} (4.2.10)
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The terms in Equation (4.2.10) have been listed in
descending order of magnitude. The geometric information
in the observable is contained primarily in the terms in
the first line. The main “omputational task in the
determination of the theoretical value of the observable
is the evaluation of the propagation delays in the ex-
pressions of line 1. Subsection 4.2.2 deals with this
evaluation. A Second task, much simpler but equally im-
portant, is to determine the transmitter frequencies,
étl(tgthg) and étz(tthgE),which are used to convert the calculated
- delays to phase. Subsection 4.2.3 deals with the evaluation of
these quantities. |

The terms in line 2 of Equation (4.2.10) account

for the non-simultaneity of the receive times. The only

e e
a ¥
TN LT L

effect modeled here is the approximately 1 usec diurnal
variation of the atomic-to-coordinate time difference.
We have not attempted to account for constant errors in

clock synchronization, or for offsets of the rates of the

clocks at the stations from UTC. The errors introduced
into 