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PHASE MEASUREMENT /DISPLAY SUBSYSTEM
FOR _THE
APCLLO RE-ENTRY TRACKING SYSTEM

A combined system consisting of an Interferometer and a Range System has
been proposed {Reference #1) for tracking the Apollo spacecraft during the
re-entry phase. The system herein discussed processes the output of the
above system and performs the following functions (Figure #1):

1. Resolves the interferometer ambiguity in real-time.

2, Computes the directional cosines of the tracked object in both
digital and analog form,

3. Compures the orthogonal coordinates X, ¥, and Z by means cof simple
analog devices,

4, Plct the sub-satellite position in real-time.

5. Plot the agltitude zimultaneously with the sub-satellite position.

6. Auvtomaticallv pesition the two transmit and receive artennas for
the range and telematry system, the antennas beilng on an X-¥* meount.

7. Processes and records all needed digital data for transwission ro
alther & central computer to the spacecraft, or both,

The basic idez can be used for other tracking applications with other beacon

frequencies and different interfercmeter baselines,

SYSTEM DESCRIPTION

Interfercmeter Anteora and Receiver System

The interferometer antenna and receiver system considered in this proposal
is the one described by V., Simas (Reference #1), The only change is that base

lines of 3-1/7 A and S)M are used in both EW and NS direction instead of the
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propesed 5-1/4 )\ and 4-3/4 X. These baselines are more convenient for the
zmbiguiry computer. The outputs of the receiver are four 500 cps signals
with phase differerces with respect ts a 500 cps reference signal equal to
the phase differences at the four different antennas baselines of the inter-
fercmeter.

Range Tracking System

The Range system coasidered in this proposal is a version of the Goddard
Range and Range Rate System (Reference #2 and 3). As far as the subsystem
herein proposed is concerned, it assumes that the range of the source is
“available in both znalog and digitzl form,

Directiovnal Cesine Coemputer

g
e
[44]
5
.
=

irectional Cozine Computer takes the 500 cps signals, measures their
phaze, rezclves theiv amblguity aad converts the infermation inte shaft rotation
withour undue detericration cof the accuracy inherent in the input signals. The
sbhaft rotation is preoporticnal to the Interferometer phase difference and to
the directicual cosine ia the directicn of the Interferometer baseline, It
uvies phase lzcked tracking filter techniques having electro-mechanical com-
porents, Thiz technique hzs been used in the '"Narrcw Band Tracking Filter"
{NBIF} developed for the Minitrack System (Reference #4 and 5), the Servo
Phasemeter znd Analog Ambiguity Computer (3PAAC) (Reference #6), a very similar
system tc the one preoposed herein and ovriginally developed for the Minitrack
System, ard rhe Rocket Interferometer Tracking System (RIT). All of them have

already tezen built and are in thke process of evaluation,



The phase information is converted to shaft rotation in the following
maaner {Plgure #2), The 500 c¢ps signal with a phase containing the position
information is fed to a Resclver Phase Shifter, the rotor shaft of which is
zervo coairolied to keep the output phase constant with respect to the phase
of the 500 c¢ps reference. The phase shift produced by the resolver phase
shifter i3 equal to vhe phase of the input signal., This functional relatienship
ig 2 cootinuous one regardless of the magnitude of the phase difference, as the

'

. arn0 o .
phace Increzses frow 3607 ta 0 of a new cycle the shaft continuously stares

o

a new revolutien. This very important property allows all the analog com-
putaticns tc be performed uniquely.

Yt one ignores for a moment the ambiguity probelm invelved, the relation-
ship between the phase difference output of an interferometer, @, and the
directicnal resine (cos @) is

_ 9
cos a = —

L

whare N Antenna Separaticn in Wavelengths
Fat g = 8

N cos ¢

H]

vhen 8
that is, the angular position 8 of rhe resclver shaft is properticnal to
the directiosal ccsine, This angular position is measured digitally by a
dlgital ghaft encoder. The encoder is geared as close as possible to the
wasolver to aveld any ervors due to gear backlash. The ocutput of the enceder is
the digitalized directicnal cosine, the division by N is accomplished by

proper gezr ratiss and by the electronics of the enceder. An analog output is

cbtairvad by gezaring dewn the resclver shaft by 2N and placing a precision

.



pctentiometer on the geared down shaft so that when the directional cosine
value varies from -1 tec 1, the resclver shaft rotateé 2N revelutions while
the potentiometer rotates only once,

The required conformity or linearity of the reselver output shaft vs.
electrical phase is determined by the needed tracking accuracy. The required
tracking accuracy is 0.1% at 10° elevation which amounts to a change in direction
cosine of 0.00031. For a 10 wavelength baseline, the phase must therefore be
measured to an accuracy eof 0,6%, This presents no problem as reselvers with
an accuracy of 0.1% are commercially available,

The method of resclving the ambiguity of each chaunel is as follows:
there are two resolvers in a gear train (for each channel), one is used for
the 5-1/2 )\ baseline channel and it rotates 11 times while the other resolver
used for the 5 A baseline rotates 10 times as the directional cosine goes
from -1 to +l. For a particular phase of the input signal in the 5-1/2
channel there are 11 ambiguous positions of the gear train; likewise for the
5 » channel there are 10 ambiguous positions of the gear train., But there is
only one position in which both agree. In order to derive this position it is
necessary to use a third channel phasemeter besides having one for each cf
the 5 A and 5-1/2 % channels within the servo-gear train. This third chanrnel
phasemeter is known as the 1/2 ) channel. There is onl.  one unambiguous
position of the gear train in which the 1/2 )\ phasemeter produces zero volts
output for a given set of 5 A and 5-1/2 ) signals, As the gear train deviates
to either side from this zero volts position, the output of the 1/2 X\ phase-
meter lncreases monotonically to a positive or negative maximum in the same

way that an actual 1/2 A baseline chanunel would. In an actual tracking operatior



tire 1/2 % channel is first used to acquire the target. Once the phasemeter
cutput 1s very nearly zero, (due to the servo acticn) the loop contrel is
switched automatically to the sum of both channels which is equivalent to

a 1C-1/% )\ channel,

By controlling the gain of the serve loop it is possible to contrcl the
effective post-detection bandwidth of the tracking system. Very narrcw band-
widths can thus be obtained and this feature has already been exploited in
equipment already undergoing field tests. A bandwidth of 0,03 cps has already
been achieved. The bandwidth to be used in the Apollo re-entry tracking system
can be determined from the expected dynamics and noise level of the signal. For
this purpose a two bandwidth system of 3 and .3 cps appears likely, The limit-
ation on the use of a particular bandwidth is- the acquisition time, i.e., the
transient time of the initial error. The acquisition time, t, is approximately;

2.4
Bandwidth

saeconds (4D
which corresponds to 0.8 seconds for a bandwidth of 3 cps, and 8 seconds for a

0.3 cps bandwidth,

Position Vector Computer

The X, Y, and Z, components of the source positien vector are related to

the range, R, and directional cosines, cos @, cos B and cos(}ﬁ by the following

formulaas

X =R cos (3)
Y =R cos B (67
Z =R cosa/ (7



The first two components X and Y are obtained from the system by simply
applying an analog voltage proportional to range to a precision potenticmeter
placed on the analog directional cosine shaft of the corresponding directional
cosine computer (Figure 2 and 3). The potentiometer ocutput is proportional to
the voltage applied to it and the position of the wiper, and effectively performs
the R times cos & or cos P multiplication. The accuracy of the multiplication
is determined by the linearity of the potentiometer (.1%).

The third component Z (helght of the source over the horizontal plane of
the station) needs the value of the third directional cosine cosa/ . Cos;{'is
related to the other directional cosines by

cos2 a + cos2 B+ cos2 9/’ -1 = 0 (8)
and 1t is obtained by a serve analopg computer, Cos2 o and Cos2 B are obtained
by simply applying the cosine analog output to another pot driven by the same
shaft. A third shaft driven by a servomotor is proportional to Cosa(’; Cos‘}/and
Cosza/'analog voltages are generated in a similar way as the other two directional
ccelnes and directional cosines squared. Cos2 a, Cos2 o, Cos%a’ and a fixed
voltage -1 is fed tc a summing amplifier whose output drives the servomotor. If
cosa( is not the correct value the cutput of the operational amplifier is different
from zero and drives the servomoter correcting cosa(‘until the relationship in
equation (8} is zatisfied, Héving cos)/ che third pesition vector component Z =
R cos)( iz cbtained in a similar way as X and Y. Cosa/ can be digitalized by‘i;t;
placing a digital enccder con this shaft, The X, Y, and Z outputs are used for |
real-time plotting of the spacecraft position. A dual pen x-y recorder 1s used

for this purpose., One pen plots X vs. Y over a geographic map projected on the
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horizontal plane of the station. The second pen plots Z vs, X which represents
the height of the spacecraft over the horizontal plane. Both plots represent
a complete real-time display of the spacecraft position, Telerances for a
nominal trajectory could be plotted on the map prior to the actual track for
coempariscn purposes.

Directional Cosine to X-Y* Converter

One of the direct uses of the directional éosine data obtained from the
interferometer system is to drive the directional antennas used to transmit and
receive the telemetry information and to transmit and receive the Range System
signals. The accuracy requirements are relatively coarse since for the antemnna
gain specified (19 db} the beamwidth would be in the order of 20° . The
cystem described below should be able to provide a positioning accuracy in the
order of a degree of arc or better.

If an X-Y* type of mount is used, a transformation of coordinates 1is
necessary to convert the directional cosines into X-Y* angles., The mathematical
relationship between these two sets of coordinates is:

cos @ = sin Xk (9)
cos B = sin Y* cos X¥ (10

This functional relationship is accomplished by the system shown cn Figure
4. Two servomotors drive the.x* and Y* ghaft respectively. A dc voltage pro-
portional to sin X* is obtained by means of a functionzl precision potentiometer
(0.1%) placed on the X* axls shaft, This output is compared with the cos & dc
analog output from the interferometer. They should be equal; if they differ, the

arror drives the X* axis servomotor until the error is reduced to zero and



equation (9) is valid, For the Y* axis, a dc voltage equal tc sin ¥Y* is gen-
ereted by driving a sine functicnal potenticmeter with the Y* axis, the dc
voltage applied to this pctentiometer is equal to cos X and comes from 2 ccosine
potentiometer driven by the X* axis. The sin Y ccs X dc voltage is compared
with the ces £ dc analog cutput from the interferometer svstem and the error

is used to drive the corresponding X* axis servomotor until it is reduced to
zerce and relaticonship (10) holds.

Tnaccuracies of 0.1% on the directional cosine voltage correspcnd tc 0.1
errcr at zenith and errors in the order of 0.5° for 10° elevaticn angles. Errors
die te the functional sine and cosine potentiometers are of the same order. In
the worst coadition this source of error would add up arithmetically (more propable
value would be the square root of the sum of the squares) and errors of the order
of 19 for 10° elevation angle and 0.2° at optimum positions should be expected.

Only cne converter is necessary for both antennas. Synchro transmitters
could be placed on the X-Y* axis to slave the second antenna., Other similar
mounts eculd be slaved such as an infrared tracking camera for the purpcse cf
acquizition aide prior to radio blackout.

A X-¥% mount model has been built to perform this cenvartion and is being
eviluated. The idea has been proposed for the Minitrack System with the direstisn:
cosine data obtained from SPAAC. In this unit resolvers are used instead of

functicpral sine or cosine potentiometers. Both approaches are equally feasible,



System Data Cutputs$s

Range, cos ¢ and cos P completely define the positicn of the source, They
are available in digital form with a accuracy of the Range and the Interferometer
system. As it has been stated above the accuracy of the transformation from
phase difference to shaft rotation arnd to digitalized directional cosine is of
the order of W times the accuracy of the fractional phase difiference as measured
by the interferometer system or better, The range information accuracy would
depend on the side tones used; for 100 kc tones, errors would be in the order
of 10 meters (Reference 3) which is 1 part in 10-4 for a 100 km range. This
set of values, the most accurate outputs of the system, are available for trans-
mission on a real-time basis to the airborn guidance system or to a ground suppert
ceatralized computer. They can also be recorded on punched paper tape for post
facto analysis,

Another set of values that are avallable from the system are the X, Y
and Z components of the position vector. Ome of the principal uses for this
information is the plotting of the subsatellite position and the height on an
X-Y recorder as described above. They are not as accurate az the former set of
values but accurate encugh to meet the tracking requirements (Reference 7). They
could alsc be used for up-dating the on-board guidance system instead of the Z,
cos ¢, cos 3 set, This advantage is that it is much easier to make computaticns
with the vector components than with any other coordinate system. Translation
of coordinates for instance is achleved by arithmetical additionzl of a constant.

Other outputs available for external use besides the ones already mentiored
are cos @, cos B, cos a’, cos’ o, cos> B, cosi}’ , —%? (cos @), d (cos B) =

dt 3

i_iggﬁik:l all of them in analog form. Cosa/ is also available in digital form.




CONCLUSION

A system to meet the requirements for tracking the re-entry stage of the
Apollo mission has been described. 1Tt uses interferometer information for ti}
angular position without any acquisition problems. It is accurate, simple

and relatively inexpensive.

*X-Y refers to the conventicnal X-Y antenna mount system and it is different
from X and ¥ components of the position vector.
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