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VEHICLE MOTIONS AS INFERRED FROM RADIO-SIGNAL-STRENGTH RECORDS!

William C. Pilkington?

ABSTRACT

The radio-signal-strength records from the Explorer satellites
provided considerable information on staging, attitude, precession
rate, spin rate, and ratio of moments of inertia. The records from
the launching of each of the Explorers were investigated and gave
information that could be used to explain the details of the
performance. Records of later passes were used to determine the
rate at which the cone angle of precession of the body increased
and the time at which the body approached a tumbling motion. It is
believed that radio-signal-strength records can be used in combi-
nation with other information to identify rocket vehlicles, particu-
larly after several similar vehicles have been received. The antenna
patterns and transmitter frequencies of vehicles can be so designed
that the removal of motional data from the records is much easier
and more precise than it would be if this design factor had not been

considered.

YThis paper presents the results of one phase of research
carried out at the Jet Propulsion Laboratory, California Institute of
Technology, under Contract No. DA-04-495-Ord 18, sponsored by the
Department of the Army, Ordnance Corps.

. 2senior Research Engineer.
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NOMENCLATURE

D = distance between antenna pattern nulls.
I) = pitch or yaw ioment of inertia.
I3 = roll moment of inertia.

R = distance of satellite from receiving station.
@ = half-cone angle of precession.

A = wavelength.

precession rate.

S e
!}

w3 = spin rate.
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INTRODUCTION

Considerable data on various parameters of a satellite and its
launching vihicle can be obtained from the received-signal-strength
records at the various satellite receiver stations. The doppler
shifts of the satellite can be used to determine the orbital charac-
teristics quite accurately. (Ref. 1 discusses the rapid determination
of these parameters.) Information concerning the velocity increment
and direction of each stage can be obtained if doppler data are re-
ceived by several stations during the high-speed stagina. The varia-
tions in signal strength during launch can be used to find the spin
rate of the satellite before, during, and after staging, and to find
variations in attitude, including precession, during launch. With
spin and precession frequencies available, any changes in the ratios
of moments of inertia can be determined.

In this paper the launchings of the Explorer satellites will be
used as a basis for the generalized corclusions concerning utilization
of radio-signal-strength records. The discussion includes a descrip-

tion of the Explorer launching system.

THE EXPLORER LAUNCHING SYSTEM

The Explorer satellites were placed in orbit uvsing a modified
Jupiter C as the launching vehicle. The Jupiter C consisted of a
modified Redstone missile as the first stage and three high-spead
stages made up of clusters of small solid-propellant rocket motors.

The Redstone is a liquid-propellant rocket which was modified to

form the first stage of the satellite-launching system. It was used
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to carry the high-speed rocket stages and the orbiting payload to
approximately the finsl orbital altitude. The Redstone also carried

a special attitude control system and electric motors in an instrument
compartment. The motors were used to spin the high-speed rocket
assembly at about 12.5 revolutions per second. The attitude control
system was needed to assure that the high-speed rockets were pointing
correctly during firing of the second.stage.

The high-speed stages were built from clustered solid-prépellant
rocket motors which had been developed for use in the testing of
various solid fuels and motor georetries. The second stage consisted
of eleven motors, the third stage consisted of three motors, and the
fourth stage was a single motor on which was mounted the satellite
payload. The entire assembly of the high-speed stages was carried
incide a cylindrica2l structure. This cvlinder was dttacred to a
large shaft connected to the spin motors in the Redstone instrument
compartment. The cylinder and motor assembly were spun at 12.5 rps
to average out any one-sided ihrust occurring during the burning of
the high-speed stages. The clusters were fastened together by means
of bulkheads. The stages were simply set one inside the other, and a
series of launching lugs and sockets was used to maintain the close
tolerances required for proper operation.

Figure 1 is a photograph of the Explorer III launching. It shows
the Jupiter C missile, the cylinder, and the satellite. Figure 2
is a pictorial representation of a typical launching. The Redstone
lifts the vehicle, and after burnout cf the first stage, the instru-
ment compartment containing the high-speed stages and the satellite

separates and coasts. At zpproximately the peak altitude of the coast
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the high-speed stages fire in sequence and the satellite is in orbit,
The same launching system had been used earlier for carrying re-entry
nose cones (i.e., nose conzs which re-enter the atmosphere for
recovery). The only significant difference was the absence of a

fourth-stage motor in the earlier system.
EXPLORER SATELLITE INSTRUMENTATION

The instrumentation of the satellite launching system consisted
of two distinct types. The instrument compartment of the first stage
contained telemetry equipment to transmit to the launching area the
various functions of the large liquid-propellant stage. This telem-
etry reported on many parameters including the attitude of the
instrument comnartment. The first-stage velocity was obtained by
accurate two-way doppler (a radio signal was transm%tted to the rocket
vehicle, its frequency was doubled, and the signal was retransmitted
to the ground where it was compared with the locally doubled version
of the original signal).

The second, third, and fourth stages carried no telemetry for
transmitting the performance of these stages. The rather small size
of the satellite payload made it necessary to use all of the weight
available for satellite instrumentation. The satellite transmitters,
however, provided useful information on the functioning of the high-
speed stages and on the attainment of a satisfactory orbit.

The Explorer satellite contained two stable RF oscillators, one
at 108.00 mc and the other at 108.03 mc. 1In all the Explorers the

108.00-mc transmitter operated continuously. In Explorers II and III
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the 108.03 transmitter operated only upon command. A more complete
description of the instrumentation of Explorers I and III is contained
in Appendix A.

The frequency stability of the beacons allowed determination of
the doppler shift during the burning of the three high-speed stages.
It could be easily determined whether or not all the stages had indeed
burned and if approximately nominal performance had been obtained froum
them. With several receiving stations taking doppler records of the
satellites on the launch phase, it was possible to construct a total
velocity vector for the individual stages giving with reasonable
accuracy the velocity increment of each stage and predicting to
within a few degrees the angle at which each stage fired.

Each station recorded radio signal strength, and despite the
problem of ionospheric disturbances, an analysis of these records was
easily accomplished to determine the satellite spin rate and the
presence or absence of significant precession or even tumbiing of the
satellite. After separation of the high-speed stages from the rocket
launcher there was a long coast period in which the radio-signal-
strength records allowed some determination of the proper performance
of the attitude controller. The problems of separating ionospheric
data from motional data were greatest in this portion of the records,
since the period of signal-strength variations was not necessarily
fixed, as it is in force-free precessional motion, by free rigid
body mechanics.

At this point the varicus antenna systems will be briefly dis-
cussed. On Explorer I the 108.00-mc transmitter drove the nose cone

of the satellite against the body of the satellite, thus forming a
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short nonsymmetrical dipole. The nose cone was much shorter than the
body of the satellite, and this produced a dipole-'ike antenna pattern
with the maximum lobe bent toward the rear of the satellite to some
extent. The 108.03-mc transmitter drove a turnstile-type antenna

made up of four flexible whips attached to the body of the satellite.
The whip antennas produced a gircularly polarized antenna pattern with
several decibels of ellipticity. The antenna patterns and a more
complete description of this antenna system are presented in Appendix
B. The patterns of the Explorer II satellite attempi were essentially
identical to Explorer I.

The successful satellites Explorers III and IV had two dipole-
type antennas. .The 108.00-mc transmitter drove the front gap (the
nose cone against the satellite body) as described for Explorer I,
and the 108.03-mc transmitter drove another dipole-type antenna (the
satellite body against the empty fourth-stage motor case). A descrip-
tion of this antenna system and the patterns for Explorer III, also

applicable to Explorers IV and V, are presented in Appendix B.

DOPPLER DETERMINATION OF APPROXIMATELY CORRECT MOTOR FUNCTION

A single receiver located at or near the launch site can give
approximate data on the velocity increment of each stage of the multi-
stage vehiclie in a very simple manner. Recording of the one-way
doppler sh}ft at this site allows comparison of the predicted doppler
shift with the actual shift and thus provides a confirmation of

proper operation.
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Use of several stations at different locations allows by triangu-
lation a relatively accurate determination of the actual velocity
increment and direction of each high-speed stage. In the unsuctessful
Explorer 1I it was easy to determine that stage 4 did not produce any
change in the velocity vector. Motor failure is obvious. In Explorer
III it was possible to deteimine from the doppler data that all motors
fired but that the velocity vector was slightly in error in pitch but
approximately correct in yaw. This angular error was confirmed by the

low perigee.

ATTITUDE DATA

Fairly rapid changes in the attitude of the satellite vehicle can
be found from signal-strength records, if the signal-streagth varia-
tions due to this cause can be separated from the variations due to
motor burning and those due to, ionospheric conditions. Motor ignition
and burning can produce variations in signal strength due to the high
acceleration and vibration level, modifying the characteristics of the
transmitter. Tests can be performed for this type of variation and
the unit designed to minimize it. Fhe variation in signal strength
due to the ejection of burning gase%~and their modification of the
transmitted signal cannot be avoided unless a ;eceiver can be located
specifical}y to minimize it, but estimates can be made; and, of course,
motor burning is only a very small portion of the total period of
interest.

The ionospherically induced variation in signal strength can be

estimated and eliminated from the signal, particularly if people
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skilled in lonospheric data are available, if data obtained by iono-
spheric instruments at the time of interest are available, and if the
unit contains freguencies widely enough separated to allow use of the
fact that Faraday rotation is proportional to the wavelength squared
(kz). None of these conditions was fulfilled in the Explorer shots.
However, during the coasting and staging of the vehicles, any rapid
changes of the missile axis amounting to more than a few degrees can

be easily noted.

SPIN DETERMINATION

The spin rate of the satellite vehicle about its long axis was
fairly easy to determine, particularly during launch, and the princi-
pal receiving cite looked toward the rear of the missile. The
antenna pattern of the satellite transmitters was not perfectly sym-
metrical about the axis of rotation of the bodyj therefore, variation
of signal strength at the spin rate was fairly easily read from the
records. However, as the distance from the satellite-launching
vehicle to the receiving station increased, noise obscured the spin
record at various times. The various noise problems, including
signal-strength variations during missile burning, also cbscured the
data on some records. However, on the four Explorer launchings in
general, a variatior of the signal strength a* the spin rate,normally
programmed to 12.5 rps,was clearly identifiable.

Included in this paper are four Figures (Figs. 3-6) which show the
spin rate vs time near the time of injection; that is, the time when

the last motor burned out. These four Figures are concerned with the
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time from the coasting period just before the ignition of the stage 2
motor until some seconds after injection. Wherever the data is not
clear, dotted lines are used to give an estimate of what coulc have
occurred. The solid lines imply reasonable confider-e in the accuracy
of the data. Figure 3 is the record from the Explorer I launch. It
will be noted that during the coasting period the spin was 12.5 rps

as programmed. Stage 2 ignition apparently did not change thils spin
rate. During the coast after stage 2 burning, however, the rate' was
found to be approximately 12.3 rps, and during the burning of stage 3,
points at 12.4 and 12.6 rps are found. The single pcint during the
coast after stage 2 burning makes it necessary to estimate what
happened during stage 2 burning and coast. The single point would not
allow an indication that any change had occurred in the spin rate.
However, the points during stage 3 burning strongly implied that some
change did occur; and therefore a dotted line has been drawn from the
known data in stage 2 down to approximately 12.3 rps, and then this
rate is held constant during coast, as ithere is no mechanism for a
change in spin rate during the coasting period, barring a. catastrophic
occurrence which we know could not have occurred here. During the
burning of stage 3 the spin rate apparently increased from approxi-
mately 12.3 to approximately 12.6 rps. After the burnout of stage.3
this was approximately constant until ignition of stage 4. Upon
ignition, probably through some mechanical process during separation
of the stages, the rate suddenly dropped from approximately 12.6 down
to approximately 10.6 rps. The rate then climbed slowly until at the
burnout of stage 4 the rate was ll.1 rps. Several good points are

avallable right after the burnout of this stage. A very interesting
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event then happened which is to date unexplained in detail. The spin
rate suddenly decreased from approximately ll.l to approximately 9.3
rps. At the same time that the spin rate decreased, the amplitude of
the modulation due to spln greatly increased and a change in signal
strength o~curred Figure 4 1s a reproduction of a portion of this
record. It is almost certain that some portion of the missile or
antenna system moved in such a way as to change the ratio of the mo-
ments of lnertla of the body so as to reuv~e the spln and change the
antenna pattern of the vehicle at this point. The rate of spin then
remained constant until the end of reception on this pass. On the
next pass at this station the spin had significantly decreased.
Further comments on the decrease of spin over the long period will be
contained in the next portion of this report.

Figure 5 is a plot of spin for Explorer II over about the same
period as the data discussed for Explorer I. The data during the
Explorer II launch were not quite as easily read. During the coasting
perlod prior to stage 2 ignition, the spin was approximately 12.3 rps
or slightly below the programmed value. The next available data 1is
Just after stage 2 ignition, at which time the signal was very nolsy,
but two readings were obtained which implied that the spin might have
increased to as high as 13.7 rps. No more data are available until
the coast perlod after stage 3 burning. The dotted line which shows
decrease only during stage 3 burning is based on the fact that short-
term change cannot occur normally during the coast period. At the
time when fourth-stage ignition should have occurred, a change in the
reception was noted but no change in the velocity vector was found.

It is therefore believed that the stage 4 motor misfired. The spin
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remained constant throughout the rest of the time this vehicle was
received. Without the velocity increment from stage 4, the vehicle of
course did not go into orbit.

The spin data on the Explorer III launch is contained in Fig. 6.
Note that the spin rate was approximately 12.7 rps during the entire
coast period. Stage 2 ignition did not change the spin rate; it was
continuous through stage 2 burning and stage 2 coast at 12.7 rps. No
points were available during the stage 3 burning, but a good point is
available during the coast period between stage 3 burnout and stage 4
ignition. The dotted line shows a rapid decrease on stage 3 ignition,
but the spin could have varied in several other ways. At stage 4
ignition the spin apparently decreased to approximately 10 rps. One
fairly poor point just after the start of burning gave a value of 9.8
rps. After burnout many points are available at 10 rps. The rate did
not change during the rest of this record. Explorer III had no
transient similar to that of Explorer I, and Explorer III went suc-
cessfully into orbit, although there was a small angular error on
injection (end of burning of stage 4).

The spin record of the Explorer IV launch phase is shown irn
Fig. 7. The spin was constant at 12.5 rps during the coasting phase
before stage 2 ignition. Upon stage 2 ignition the spin remained
sensibly constant and only changed upon ignition of stage 3. Several
points imply that the spin changed from approximately 12.5 to about
11.9 rps at stage 3 ignition and remained relatively coéstant during
the burning of stage 3 and the coast following it. Upon ignition of
stage 4 the spin decreased to approximately 10.5 rps and then in-
creased slowly to approximately 11.2 rps at the burnout of stage 4.
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The spin then remained constant to the end of the launch pass. The

reasons for the apparent decreases upon ignition are not completely

understood, nor are the exact reasons for the increase during the

burning understood. However, it is certainly easy to visualize
possible reasons for each of these. An example of a reason for de-
crease might be some interference on the launching apparatus as the
stages separate. A possible reason for the slow change during burning
is the follcwing: the gases going out of the nozzle have angular
velocity relative to the nozzle since the radius at which the gases
are generated is different from the nozzle radius, and this transfers

angular momentum to the nozzle, changing the spin of the stage.

PRECESSION OF THE SATELLITE

Precession is defined here as a motion of the symmetry axis of a
body. The axis of a torque-free symmetrical body in general traces
out a3 cone. The method of determining the precession rate and the
rate of increase of the cone angle of precession of satellites will
be illustrated using Explorer III as an example. It should be pointed
out that the Explorer satellites did not fulfill the conditions con-
duclve to the easy separation of lonnspheric data from data due to the
motions of the vehicle. Some of the reasons for this were noted under
the secticn titied Attitude Data. Appendix C contains data concerning
the motions of vehicles in space and should be referred to if
questions arise during the following discussion.

Figure 8 shows the major long-term signal-strength variation at

the launch receiver during the launch pass of the Explorer III
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satellite. This record, taken from the continuously transmitti-=g
108.00-mc transmitter, shows a rather periodic variation of signal
strength during the coast phase before ignition of the second, third,
and fourth stages. It is likely that the variation noted is lonos-
pheric data rather than motional data. However, assuming for the
moment that it was motional data, one can use the antenna pattern and
the approximate look angle (angle from missile symmetry axis to
recelver) at this point and estimate that the total angular motion

of the vehicle would be approximately 10 deg. This would imply an
error in the launch angle at ignition of the high-speed stages much
larger than would normally be expected from this configuration. The
final velocity of Explorer III did have an angular error of the same
order as that estimated; however, it i1s still likely that the varia-
tions were due to the iunosphere, since it has been reported that
other stations received the signals but with variations of a different
period.

Immediately after the end of burning of stage 4 (injection) the
record showed an amplitude variation of about 6 db with an apparent
period of 8.6 sec. At this time the predicted look angle was about
28 deg. If 1t is assumed that the data are not ionospheric but
motional, the antenna patterns can be used to find what the full cone
angle of precession of the vehicle might be. With the predicted (for
a perfect flight) 28-deg look angle, the antenna data indicated a
full cone angle of precession of about 20 deg. Later data on the
orbit of Explorer III implied that the vehicle had approximately a
6-deg upward error in the velocity vector. This would change the
look angle to about 20 deg, in which case the full cone angle of
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precession would be approximately 15 deg. It ls Interesting to note
that the signal strength received at the time of injection is approxi-
mately ~-128 to -130 dbm; the predicted value is -122 dbm. The missile
antenna pattern has a tail-on null, so that if the missile tilted up
several degrees, the signal would get weaker as the look angle gets
smaller. This agrees with the orbital conclusion that the missile was
tippéd up at the time of injection. If the precesslion angle is
estimated from the very weak data noted above, a full cone angle of
the order of 10 to 25 deg would be estimated.

Inspection of signal-strength records from various stations over
a period of several days leads to the belief that at least the data
after injection are not ionospheric, since the period of precession,
as 1mplied by the radio-signal-strength data, remains approximately
8.6 sec at each station. The angle of precession, as implied by
signal-strength records at the various stations, increases, and after
about 10 days Explorer III was very close to a full cone angle of
180 deg; that is, approximately tumbling.

Filgure 9 shows one way in which the cone angle of precession may
be estimated. If a precessing satellite passes a receiving station
at a distance R and has an antenna with nulls off the nose and tail,
1t can be estimated from close examination of the signal-strength
records when the- nose of the satellite is pointing at the station on
the approach and when the tail is pointing at the staiion after
passing. Nose and taill can, of course, be reversed. The distance D
and the~distance R then can be used to give a rough estimate of the

cone angle of precession.
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On one record of signal strength taken at Earthquake Valley (a
radio receiver site near San Diego, California) the conditions neces-
sary for the determination described above were apparently satisfled.
The time between the nulls due to looking at the nose and fhe tail
during passage was approximately 1.5 min. The velocity was assumed
to be approximately 300 miles/min and D, the distance between nulls,
approximately 450 miles. The minimum slant range R, as determined
from doppler data and from the satellite orbit, was approximately 150
miles. Since the time between nulls is approximate, it can be sald
that the tangent of the half cone angle of precession 1s equal to
2R/E. The tangent of @, therefore, equals 300/450 and 6 equals
approximately 34 deq. Thus, the "ull cone angle was approx;mately
68 deg at 47 hours after launch.

Inspection of another record at Earthquake Valley 5 days after
launch reveals a similar situation. The range R was 195 miles by
doppler, and the time between deep nulls was 1.0 min; therefore, the
tangent equals 390/300, and thus 6 = 52 deg. The full cone angle was
therefore 104 deg approximately 5 days after launch. Ten days after
launch another Earthquake Vailey record showed the null positions,
which In this case were not too clearly defined. But the time between
nulls was approximately 65 sec, and the range was approximately 420
niles. The distance D was approximately 320 miles, and the tangent
equals 840/320. Thus, the full cone angle was 138 deg 10 days after
launch. Curve 1 of Fig. 10 shows a plot of the points just described.

The cone angle of precession may also be obtained from rigid body
mechanics and the spin and precession rates. The equation which is

useful in obtaining precession cone angle is
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cos 6 =

ShHe 18

where wg, é, I,, and I are respectively the spin rate, the precession
rate, the pitch or yaw moment of inertia, and the roll moment. Theta
is the half angle of the precession cone. The moments were measured
by a pendulum experiment using a duplicate of Explorer III. The ratio
of moments measured was 82. The value of w/p shortly after burnout
has been measured from radio intensity variations and found to be 86.
The agreement of radio and moment of inertia data is not sufficient to
allow any 0 estimate at injection. But if the spin rate and pre-
cession rate are measured vs time in days, these values may be
inserted in the equation and will give a value of precessicn cone
angle vs time. Precession rate is constant (this agrees with Eq. C-6
in Appendix C). Spin rate for'Explorer III ic plotted in Fig. 11,

It is seen that the spin rate slowly declines from approximately
10 rps down to approximately 2 rps at the end of 10 days. When this
varlable spin rate and the constant precession rate are inserted in
the formula mentioned earlier, curve 2 on Fig. 10 results. The agree-
ment between these two curves in Fig. 10 is not perfect, but it is
reasonably good considering the number of points used and the basic
quality of this type of data.

Two other methods of obtaining data from the radio-signal-
strength records of a vehicle can be very useful for the same purposes
discussed earlier. The first method is possible only if the body has

two transmitters. If the antenna patterns of these two transmitters
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have their maxima in different directions and have slopes typlical of
antenna patterns (slope varies with look angle), then the received-
signal variations due to precession will be different for th: two
frequencies, and the look angle and the precession cone angle can be
determined. The second method is applicable to a vehicle with only
one transmitter. The signal-strength variations due to spin must be
accurately known and must vary significantly with the look angle. A
simple analysis of the signal-strength record then allows determina-
tion of spin rate, look angle, and precesslon cone angle.

From the methods discussed and the examples given it can be shown
that with a minimum effort spent on interpreting the radlo-signal-
strength varlations of a body in orbit, one ca.. find several inter-
esting facts about the free-body motions of this device. Apéendix C
contains a falrly complete analysls.of the motions of a free body and
an analysis of the motions of the Explorer I payload.

The signal-strength records for the Explorer IV launch are glven
in Fig. 12, No analysis of the motions of this device will be made,
but apparently Explorer IV also appi.ached a full cone angle of
180 deg, or tumbling, in 8 to 10 days. The period of precession of
Explorer 1V was approximately 6.5 sec. Explorer II did not go into
orbit, so no determination of the time to full cone angle was under-
taken. Explorer I, which had a slightly different configuration due
to whip antennas (analyzed in Appendix C), apparently went into full
cone angle of precession withir ery short period after launch,

probably after approximately one orbit.
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The launch signal-strength records for Explorers I and II are
included as Figs. 13 and 14. No analysis is made, but the records
are avallable for comparison with the other records discussed in some

detail.
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Fig. 1. Photograph of Explorer III Launching
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GROUND RECEIVING STATION

" @ = HALF-CONE ANGLE OF PRECESSION
D = DISTANCE BETWEEN ANTENNA PATTERN NULLS
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'Fig. 9. Method of Obtaining Cone Angle of Precession by Direct
’ Evaluation of Signal Strength Records

Page 31



Jet Propulsion Laboratory

| External Publication No, 551

Fig.

FULL CONE ANGLE 28 dsg

180 | ] I I T
CURVE 2. CALCULATED FiiM
180 | SPIN RATE AND. PRECE2SION -
RATE
,/*
7
7
120 }- -
/’, ' :
ﬁx\\--cuav: . FROM DIRECT
80 EVALUATION OF -
RF DATA
€0 i -
/
/
/.
/
/
sol-/ )
/
19537 ESTIMATE
TIME OF INJECTION
v o |
ol 1 | 1 1 | :
[+] 2 4 ’ [ ] [ ] 10 12

TIME, days

10. Plot of Approximate Cone Angle of

Precession vs Time:

- Page 32



let Propu!sion Laboratory

External Publication No., 551

SPIN RATE, rps

Io‘bm&\

1)
\
\\
\
. ¥
N
S~
) O~
4
e TIME OF INJECTION
v .
ol
0 2 ]

Fig. 11.

Explorer III After Injection

TIME, days

Plot of Spin Rate vs Time for

Page 33



Jet Propulsion Laboratory

External Publication

No. 551

02:£0:91

00:£0'8!

0#:20:61

02:20¢!

00:20:61

Oob: 1061

02106t

00:10:81

lIIIJIlI

02:00-6!

~80

~%0

I
8

T

wqp ‘HIONIYLS TYNOIS

120

-130

. ~140

00006t

TIME, GMT
Plot of Signal Strength vs Time for Explorer IV Launch

Fig. 12a.

Page 34



Jet Propulsion Laboratory : . ‘mx.ﬂmﬁamw Publication No. 551

00:90:64
S
0v:§0:61 b
., S
i @
[
>
4
02:60:61 I
@
-
o
—
Q.
x
1]
00:0:6t - v
5
o
Y .
°
<
ord
ov: %061 L o
- W
| 5 >
o
{5
8
02:40:61 o
5]
+
0
"
c
00:%0:61 ey
ol
(73]
Y
o
/ . o
. - - 0v:£0:61 o
V —
| W )
(9]
02:£0:6) e I
u'_..
o
ot
1,
~d woo"noa.
. S 2
ﬂ . % W T % T T

Lo : ; WwQp ‘HLONIYLS TVNOIS

- Page 35



Jet Propulsion Laboratory | Externa) Publication No. 551

. 1006061
_ S
359! e
o]
]
-4
>
T‘
02:00:61 e
@
]
e
~—4
Q.
o
00:80:61
]
Lo}
Gt
o
£
o
ov:40:81 [ )
.M ]
>
K L
+
T e
03:20'81 %
-~
+
L% BN
L}
c
00:40:8)
3 3
vy
| e
: — 2
09:80:8! o
m —
[N
m pe.
b Q
| 02:90:8! —4
*
o
ord
w,
i L s - 00:90'8!
4] [ S o - n ..
v * ¥ 7 T -

T
wap "HIONZYLS TYNDIS

- 'Page 36




Jet Propulsion Laboratory

External Publication No. 551

.E&H..M

\\\‘

W

uoa.oo-.c—-——-—/ )

108.03 mc¢ ~

00:18:20

09:08:80

03:08¢0

©00:09:20

Or:6»%0

—1 02:8v:50

02:89:%0

-00

e

'

wap ‘HIONIYLS TYNOIS

§

~130

-140

008¥:€0

. - TIME ,GMT
Plot of Signal Strength vs Time for Explorer I Launch

Fig. 13a.

Pag~ 37



Jet Propulsion Laboratory

External Publication No. 551

b oo ol

\w--v-—o-—-r--wc\
-

o
10800 me

108.03 me
-p-o-—o--o“"‘ ‘/I_
B - - \

00:99:80

09189:€0

03:49:86

—409:39:€0

03:39:€0

00:38:£0

] Op: 1€-22

403 15:€0

-80

-¢0

e 8
m T v
e%.;SEEs.aéa

-130

00:49:80

00: 16: €0

Plot of Signal Strength vs Time for Explorer I Launch

' Fig. 13b.

Page 38



Jet Propulsion Laboratory

External Publication No. 551

\\“

00:20£0
OF:95:00

0T %0

A

0095 £0

0y$C0

025650

\—noa.oo me’

0Z¥5:C0

~90

-i00

/ 10803 me
Demmmanas - Qo o, -
10 B T ————

T
wap ‘'HIONIYLS TYNOIS

-120

| =130

TIME, GMT

003620

Plot 6f Signal Strength vs Time for Explorer I Launch

Fig. 1l3c.

wmom 39



Jet Propulsion Laboratory o External Publication No. 551

00.6€ 81
zg
-
3 2
o
00944 [~ mm coecel
& o ST —
8 g —
wm \\ -1
F_m... { h r
~ )
ML \\\s\v e (]
Oveal = g 1 004884 °
. i o Vg 0d -~
5 4O 7" Q.
2 IS d S
g EE 1\ 1/
o« 96 88
= @ \ \
2 / / . B
o8yeL Loz 2 00:t %81 S
e 3 =1 .
g £ & i ©
E 3
z & e g
m " o
~ W Wm b
o2ves m 2 ..m * - —~100:56:91 v
? —(C
L S 9
; = :
©F ooser 00:v6:01 ’
U [ ] m % .
g - =
[ h ﬁ -
3 - 00:85:91 koo
F o038 e
o
o
o
\\ <
ovzeL ﬂ - cozew
®
(=
Vo o
yadl -
08141 A =y 00:18:9! w
> ('
l\lv\\\\.. o
. 42
o
\.\.T\I\l\l —
ozisL - v\\s\ : 00:0€:81 n,
<
—~
09+1 — o 00:62:8 o
\.\ ord
[~ L . & 00:82:91
2 2 -4 ® ° - ~ " - e 3 @
1 . N t 1 - - ..-l 1 T 1

T - 1 T
wap ‘HION3YLS TYNOIS

Page 40




Jet Propulsion Laboratory o ' External Publication No. 551

Appendix A. Explorer I and III Instrumentation

Description of Explorer I Circuitry

Expldref I was a véry simple and very reliable satellite.- It
contained two separate transmitters,each with its own battery supply,
its own telemetering Qsciliators, and its own antennas. The trans-
mitters were'interconnected only-through RF coupling between the two
anfennas and thréugh the sharing of input data by one channel of
telemetering in each unit. | | | |

A block diagram of theAExplorer 1 instfumentatibn is shown in
Fig; A-1. The low-power transmitter was a 10-milliwatt unit at
108.00 mc with an expected lifctime of 2 to 2 months. It had a

- 54-mc transistor oscillator which was phase—ﬁodulated by 4 channeis

of RDB telemetering, channels 2 through 5. Channel 2 was a skin-

- temperature measurement; channel 3, a nose-cone-temperature measurement;

channel 4, a micrometeorite-impact measurement; and channel 5, a
cosmic-ray count.

In the type of telemetry uéed, the information was carried as
the frequency of these audio-frequency telemetering oscillators.
Thus, four separate variable audio frequencies modulated the carrier.i
The phase modulation was approxiﬁately 14 deg per telemetering
channel. This 54-mc phase—modvla{ed signal was then doubled and
amplified in another transistor. The butput of this doubler amplifier
was matched to the antenna with a simple matching network. The
antenna was an unsymmetrical dipole driving the nose cone against
the shell of the package. A schematic diagram of the low-power
transmitter is shown in Fig. A-2, and Fig. A-3 is a photograph. of
the unit.
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The 108.03-mc beacon was a 60-milliwatt unit with a life
expectancy of approximately 2 weeks. The block diagram is very
similar to that of the 108.00-mc unit, the only difference being -
that instead of phase modulation on the oscillator itseif, amplitude
modulation was applied at the collector of the doubler amplifier.
Incidental phase modulation was also présent. Thus, the signél
from the high-power'transmitter could be received and the tele-
metering reduced with a receiver set up for either amplitude
modulation or small—ahgle phaée modulation.  The antenna in thié
case was a turnstile antenna. The 60-milliwatt output of the
transmitter was matched to this turnstile antenna with lengths of
<50-ohm miniature cable. These lengths wefe cut so as to produce
approximately 90 deg of phase rotation from each antenna to the
next. Actually, the circuiar pattern was designed to havebsome
ellipticity so that spin could easily be measured.frOm thekRF
received signal-strength record. ‘ ‘ | ‘

The high-power-beacon telemetry was as follows. Channel 2
‘measured skin temperature at a.point to the rear of the point
measured by the low-power beacon. Channel 3 was an,interﬁal
temperature measurement. On channel 4, another form of micro-
meteorite measurement was made. On channel o the cosmic-ray count
was again teleﬁetered.

- The temperature measurements in a satellite have the obvious
purposes of determining the shell temperature and the success with‘
which the internal temperature has been averaged. These temperature

measurements were made with various simple resistance thermometers.
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The density and relative momentum of\miCrometeorites are of
importance from both a scientific and an engineering standpoint.

On the 60-milliwatt unit a micrometeorite with sufficient momentum
impacting upon the skin of the satellite near a microphone in spring
contact with the skin actuated a scaler. The output of the scaler
controlled the frequency.of the channel 4 subcarrier, causing it to
change from one to the other of two possible frequencies for each
impact. Thus & change from high to low or from low to high frequency
indicated an impact with a micrometeorite having a momentum above a
calibrated threshold. The impact momentum necessary to trigger the
scaler was about 10-2 g-cm/sec with variaticns depending on how
close to the microphone the impact occurred. This experiment was
suggested by Dr. M. Dubin and Dr. E. Manring of the Air Force
Cambridge Research Center (AFCRC).

Channel 4 on the 10-milliwatt unit measured micrometedrité
erosion by a technique different from that used on the high-power
transmitter. A wire-grid device was located on the outside skin of
the satellite so that particles of suffiéient size and relativg
velocity would cause a cratering effect capable of severing a wire.
The gauge was composed of 12 grids in parallel. If any grids had
 been broken, the resistance-céntrolled oscillator would have changed
frequengy in discrete steps. This wire-grid gaugé, also suggested
by Drs. Dubin and Manring, was supplied by AFCRC. |

Cosmic-ray-count_information, detected by a Geiger-Mueller tube,
caused the final stage of a scaler to change state every 16 éounts.

The voltage output of this scaler put the subcarrier oscillator at
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either one of two frequencles for each 16 counts, thus measuring
“the number of particles lmpinging on the Gelger-Mueller tube. This
experiment was suggested by Dr. James Var llen of the State
University of Iowa (SUI). The>experiment'was‘modified by the Jet
Propulsion Laboratory and by George Ludwig of SUI to fit the
requirements of the Explorer.
Figure A-4 is a cutaway drawing showing the arrangement of the
instrumentation in both E:plorers 1 and III. Figure:A-S is a photo-
| graph of the Explorer.I payload with the outer shell removed. |
The performance of the Explorer I experiment was exoellent;
Table A-1 summarizes the characteristics. The effective :adiated
powers were approximately 10 and 60 milliwatts, their short-term
frequency'stability was of the order of 1 part in 107, the telemetry
wae good, and theirilife in orbit was approximately that desired.
'The high-power unit stopped a day or so before its predicted end of
life, but after approximately 2 weeks it fortunately resumed
tranemitting for several days to add significant cdata. The low-power
transmitter operated almost 4 months and telemetered data in a

setisfactory way for almost 3 months.

Description of Explorer III Circuitry

“Explorer III also contalned two separate and different telemetering

systems. Figure A- 4,'a cutaway view, 1dent1f1es the major parts. A

‘block’diagram of Explorer III 1s presented in Fig. A-6. The_lOB.OOth

transmitter radiated approximately 10 milliwatts of'RF continuously.

It was almost identical to the unit flown in Explorer I; it had a 54-mc

oscillator which was phase-deviated by four chaonels of telemeterihg,
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These channels measured the skin temperature, the internal
temperature, the number of micrometeprites of sufficient size to
break small erosion gauge wireé, and the coémic-ray‘copnt. The
3hase-modula£ed output of the 54-mc bscillator Qas d&ubled and
ampiified in a final transistor stage and then matched to an
unsymmetrical dipole antenna made up of the nose cone and the shell
of the package; This transmitter operated continuously and was .
used for position determination of the device as well as fOr
telemetering. |
The other transmitter was at 108.03—mc and radiated approximately
60 milliwatts. This unit did not transmit continuously but was
interrogated from the ground énd transmitted only for a few seconds
on each pass. This unit recelved a signal from the ground on an
antenna made up of the last-stage motor case and the shell containing
the satellite instrumentation. This signal passed through a filter
into a receiver which decided Qhether or‘not there was a valid
interrogation. When the decision was made that there had been a
valid interrogation, the transmitter was keyed on, and the tape
recorder read out all of the cosmic-ray information stored during
a completevcircuit of the earth. The incident radiation produced
counts in a Geiger-Mueller tube, and these wére'recorded on a very
bslow—moving tape recorder in a modified State University,of Towa
Hexperiment.A After interrogation, this tape recorder played back
very ra@idly and produced amplitude modulation of a transmitter very
‘similar to the one described as the low—power 108.00-mc beacon; the

main difference»was that the 54-mc oscillator was 15-kc higher,
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‘producing 108.03-mc>output when doubled. The amplitude modulation
was somewhat different from that used in Explorer 1 in that base
modulation was used, buf the end recsult wég very similar. The output
of fhis transmitter was matched onto the same antenna as the receiving
interrogation antenna; the~frequencie§ were sufficiently different
to aliow this duplexing. ' A

A brief performance comparison of the two transmitters might be
in order éf this point. The high-power interrogated fransmitter had
an output of approximately 60-milliwatt aVerage power. Its modulation.
was essentially square wave aiu very close to 100 % modulation. It
carried only the one channel of telemetering; in approximately 7 sec
it relayed back 2 hr of cosmic-ray data recorded at l-sec intervals.
The stability of the‘unit is not of particular significance for this
operation, but during the interrogation the transmitter was stable
within approximately 100 cyc. The expected life of all the units
‘that made-up the high-poﬁer transmitter was approximately 2 months.
The low-power transmitter had a continuous output of approximately
10 miliiwatts. It had phase modulation of approximately 14 deg on
each of the four channels of £elemetry. Itkis to be noted that
channel 5 on the low-power trénsmitter also sent back the cosmic-ray
L count. This transmission was continuous,and thus, élthouéh the unit
lacked the feature of storage, it did have somewhat wider range

than the tape unit. The short-term frequency stability of the

low-power beacon was of the order of 1 part 107, The expected life

of this unit was also 2 months.

The modified SUI experiment is shown in block-diagram form in

‘Flg. A-7. The counts produced by incident cosmic rays are scaled
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by a'factor of 32. One of the two oﬁtputs from this scaie of 32 goes
to channel 5 of the low-power beacon. The secdnd output of the
scaler goes to a scale‘of 4 and then to one input of a blanking
circuif. The other input of the blanking circuit comes from a
512-cps tuning fork scaled down to produce a l-sec pulse. Whenever

a count of 128'has been reached in the Gelger-Mueller tube, a puléé
is not recorded.l_At all other times l-sec pulses are recorded on

the tape recorder, which moves forward 0.005 in./sec. When the system
is Interrogated, the tape rewinds quité rapidly onto the original
spool and passes by the playback head. These square-wave pulses,
passing the head at about a l-kc rate, modulate the high-power
transmitter. A pulse is missing every time the Geiger-Mueller tube
has counted 128 pulses. The total playback takes approximately

7 sec. The transmitter is turned off, and the unit then recyéles
‘and begins stepping forward at 0.005 in./sec, until the next

interrogation.

Typical Explorer Data Calibfation

The calibration curve of the channel 2 skin-temperature
measurement of the low-power transmitter is shown in Fig. A-8. These
calibrations, made at O, 25; and 50°G, clearly show the temperature
coefficient of the oscillator. If no information on the oscillator
temperature were available, considerable error in measurement of the
internal and external temperatures would occur. The internal
temperature measureménf, although not directly measuring the
temperature_of tﬁe subcarrier oscillators, provided a good estimate
of the oscillator tempefatu;e and detgrmihed which curve:to use in

reducing the data.
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.An accurate measurement of the subcarrier oscillator'temperature
was obtained by utilizing the temperqture‘Coefficient of the cosmic-
raymcount_cifcuitry. Figure A-9 shows that the frequency of each
of the two possible states is strongly temperature dependent. This

vtemperature coefficient does not affect the accuracy of the CO«m1c~‘,
ray-count information, but it does provide a rather precise
measurement of the oscillator temperature. During data processing
the frequency of each state was observed, yielding two measurements

which could be compared and averaged for greater -accuracy.

Ground Receiving Stations

The 108.03-mc amplitude-modulated transmission was primarily
provided for Minitrack. station reception. The Minitrack system has.
| been reported dpon in considerable detail in the literature and will

not be discussed here. The 108.00-mc phase-modulated transmission
 was designed for reéepfion by the Microlock receiving stations and
for the Minitrack inteiferometer. Both typeslof stations were
1océ{ed‘at a number of points around the world within the area
chéred,by the trajeétory'and recorded doppler, interferometer, and
telemetering data.

Some of the performénce characteristics of thevMiérolock system
‘will be discussed briefly. A simplified block diagram, deleting the
interferometer and doppler readout, is shown in Flg. A-10. ‘The
receiver is basically a double superheterodyne with a first IF
frequency of 5 mc and a second IF of 0.455 mc. The lO3~mc voltage-
controlled oscillator (VCO) is phase-locked éxaﬁtly 5 mc from the
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| 108-mc incoming sigral. Crystal oscillators at 5.455 mc and 0.455 mb
are used as réference signals in the IF channels. The VC) is swept
in frequency with an external voltage until lock,~of vaqisition.

is obtained. |

The phase detector produces a dc output voltage which is
.proportional to the cosine of the phase difference between(the
incoming signal and avreference oscillator. This output is passed
through a low-pass filter which effectively removes high-frequency
noise from the VCO control voltage so that the VCO output is very
clean and 1s a good measure of the signal frequency.

A In the second loop the signal_is shifted in phase by 90 deg
so that it is in phase with the 0.455-mc reference signal. The
phase detector thus produces a dc vultage proportional to the signal
amplitude (coherent signal strength). | _

It can b2 noted that the telemetering.signalldafa do not pass
through the 10-cps filter, but are recorded on magnetic tapeiét a
point just before the low-pass loop filter. The telemetry is limited,
however, by the 3-kc band pass of the IF amplifier.

As in a conventional FM-FM system, the subcarriers are separated
by bandfpass'filters and demodulated through discrimlnators in order
to obtain the data. A phasé-locked-loop disériminator in which the
fh:eshold is proportioﬁal to the loop bandwidth 1s used for this
reduction; itkis'shown in bloék diagram form in Fig. A-1l.
| Tﬁe incoming subcarrier‘frequency,sﬁlus hoise, is multiplied by
a locally generated estimate of the subcarrier frequency, shifted in
~phase by 90 deg. An error signal proportional to the phasé error

‘between these two signals forces the VCO frequency to remain in lock
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with the incoming fiequency. Filtering of this error voltage need
only accommodate the rate of change of the subcarrier frequencyj
therefore, the bandwidth can be much less than that of the more
conventlional discriminator. For example, on band 2, the loop
bandwidth for B8-cps data need be only about 8 cps, rather than the
usual predetectlion band-pass filter bandwidth of 84 cps. If a lower-
bandwidth loop filter is empioyed, threshold improvement 1s greater,
but the VCO may not automatically lock on to the incoming frequency,
in which event manual acquisition techniques may have to be employed.

A section of reduced data is shown in Fig. A-12., The wide
trace indicates lack of lock; the line indicates valid lock and
therefore data. :

In Explorer III the 108.03 trénsmission was interrogated at its
point'of closest approach. The reply was thus of sufficient signal
strength so that a data bandwidth of about 1000 cps could be recorded

and reduced by direct analysis of the recording for missing pulses.
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Table A-l.

Performance Characteristics of Explorer I

Characteristic'

Low-Power Transmitter

High-Power Transmitter

Transmitter power
Transmitter frequency
Antenna type

Maximum effective antenna
gain

Maximum effective radiated
power

Radiation pclarization

Type of modulation

Amount of modulation, total
of 4 subcarriers

Subcarrier frequencies,
standard FM/FM channels

Measurement by channel
assignment

Channel 2(560 cps)
Channel 3(730 cps)
Channel 4(960 cps)

Channel 5(1300 cps)
Expecfed life

10 mw
108.00 mc
dipole
-2 db

+8 dbm

‘linear
phase

0.7 radian rms

2' 3, 4, 5

skin temperature, forward
nose-cone temperature

wire-grid micrometeorite
detection

cosmic-ray count

2 months

60 mw
108.03 me
turnstile

+1 db
+18 dbm

circular
amplitude
50%

2, 3,4, 5

skin temperature, rear

internal temperature

mlcrophone-mlcrometeorxte

detection
COsmic-ray count

2 weeks

AiojoioqoT uoisindoud sof

TG *ON UOTIETTamd TeUTsTYY



Jet Propulsion quéro'ory External Publication No. 551

High-power tronsmitter
impoct P Chonnol 4
- Amplitier Scoler f——s0 AM transmitter . ‘
ll:cééw mc Pohone ¥ 0803 me :
TCIOMEIO0! . 8010100mw  For Mimitroch
Otcittator | Ooutler-Butfer | (20 3 wosks tstametey
84018 me “Rripulagd primorily
' mogulator . life) . .
incident Gaiger-Musller Seae Cosmic-roy 1
TN .
T —s | [ Power
€osmic roys tube 32 :f:m:‘m omplifier
L
Cosmic roy ount, ’
PM tronsmitter Summing circuit J
bigh-voltage T f t T
pOwee supply ;
860 cps 730 ¢ps 960 cps 1300 ¢cps |  Sudbcorrier
RCO RCH 1C0 1€0 oscillotors
b 3 4 8
Skin Interna! Erosion ‘Cosmic-roy
temperoture  temperoture count
™ - Low - power tronsmitter
skin .| 560 cps 108:00 me
ternperature Rgo 1 010 20 mw For Minetock
{2 0 3 months Ufe) interferomster ond
Microlock telametry
Nose 730 con
——si  fCO0 -0
temparature 3 Voitoge-controiied
+ oscitlator |-~y Doubier - Buffer
} 960 ¢cps 39 me
Erosion ___ ol peo o
2 Battery supply B Battery supply €
1300 {Low-power trensmitter, {Migh-power tronsmtter,
" p3 i
Cosmic o ol subcorriar osciliators) subcorner oscillators)
ray count 5
Bottery supply A Bottery supply D
Geiger- Muslier tube, scole of 32, {Microphone omphifier
ond high-voltogs power supply ) ond scoler)

Fig. A-1.

Block Diagram of Explorer I
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Fig. A-3. Photograph of Low-Power Beacon’
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HIOH ~POWER
TRANSHMITTER

== TURNSTILE
ANTENHNA
VIRE
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L f HICROMETEORITE
. PACKAGE

LOW~POWER
TRANSMITTER

EXPLORER I

COSMIC - RAY EXPERIMENT
AND WHIGH-POWER
TRANSMITTER

EXPLORER III

Fig. A-4. Cutaway View of Explorers I and III
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Fig. A-5. Explorer I Without Shell
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Fig. A-6. Block Diagram of Explorer III
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Appendix B. Explcrer Antenna Patterns

Nomenclature

EO(G) = voltage in the O direction as a function of 6.
VEQ(G) = voitage in the o direction. as a function of 0.
¢, 0 = angles as defined in Fig. B-l.

Explorer I Antenna Patterns

Figure B-1 shows the coordinate system used for déscribihg the'
Exploreryi RF radiatioh patterns. The longitudinal‘axis‘(axis of
symmetry) of the satellite is oriented parallel to the z axis, with
the nose of -the model pointing in the positive z directidn. Thé phase
centers of the antennas are assumed to be at the center of the

~coordinate system. | A | '

Two antenna syéteﬁs were used on Explorer 1. The 108.00-mc
transmitter drives a circumferential gap which is located rough1y~a
tenth of a wavelength aft of the nose tip. The 108.03-mc'transmitter
drives a turnstile antenna located longitudirnally at approximately the
center of the satellite. The turnstile is composed of fqur quarter-

"wave flexible whips which, under the action of spin about the satel-
lite'longitudihal aXis, form a.system of two orthogonal half-wave
dipoies. The plane descriBed by these dipoles is parailel to the
X -y plahé’as shown in Fig} B-l.. The two dipoies are phased to-
 prhvide dominantly right-hand circular polerization (IRE-definition)
,in'thé aft hemisbhere. Thé‘ellipticity is approximately 4 db along

the symmetry axis. The‘followihg patterns are plotted in decibels.
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The radiation patterh of the gap antenna is essentially independ-
ent of the ¢ coordinate. Figure B-2 is a polar plot of Ee(e) for the’
front-gab antenna. The lack of symmetry mayhbe attributed to ground
reflections and other small errors incurred on our pattern range.

Figure B-3 shows the measured patterns of Eg(0) measured in the
@ = 0° plane. Lack of symmetry of the measured pattern is considered
to be measurement error due to range reflections. Patterns taken of
Ew(e) were constant-arplitude, independent of 9, and therefore are

not included.

Explorer II Antenna Pétterns

The antenna patterns for Explorer I1 were essentially the same as
the patterns for Explcrer I. In Explorer II the low-power transmittér
fed the front-gap antenna and the high-power transmitter (command
operated) fed the turrstile antenna. The command-receiver antenha
Awas 3 dipole formed by the motor case and the main body of the

payload.

Explorer 111 Antenna Fatterns

For Explorer III the whip antennas Were removed. The low-power
transmitter and antenra configuration at 108.00 mc was identical to
Explorers I and II except that the front-gap impedance—matching net-
work had to be rétuneé when the turnstile was removed. The rear gap
was tuned to provide & reasonable impedance match at the l08{03-mc
frequency and the frecuency of_the.interrogation receiver, using a

-klumped-constént network. A,simpie duplexing network utilizing
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critical interconnecting cables was provided to cohnectbthe command
recelver and the high-power transmitter to the single gap antenna.

Twp of the Explorer III antenna patterns are shown in Figs. R-4
and B-5. The Explorer IV and V patterns are essentially identical to
those of Explorer III.

Page 64



Jet Propulsion Laboratory ) External Publication No. 551

-
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Fig. B-1. Coordinate System Used for Antenna Measurements
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24 / \y20°

270°

90°*

300°

Fig. B-2. Plot of Eg(6) for .Explorer I 108.00-mc Front-Gap
Antenna, 8alibration in db, ¢ = 0 deg
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Fig. B-3. Plot of Eg(6) for Explorer I 108.03-mc Turnstile
Antenna, Calibration in db, ¢ = 0 deg
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: 330' 5 30°

Fig. B-4. Plot of Eg(8) for Explorer III 108.00-mc Front-Gap
Antenna, Calibration in db, ¢ = 0 deg
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Fij. B-5. Plot of Eg(6) for Explorer III 108.03-mc Rear-Gap
Antenna, Calibration in db, ¢ = O deg ;
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Appendix C. Spin Stability of Space Vehicles
and the Tumbling of Explorer I3

NOMENCLATURE

a = pilvot radius.

b = distance from plane of antenna pivots to center of mass of

satellite.
B = a combination of constants, m(a + c) + pac/2 + pc?/3
(Eq. C-15). |
¢ = antenna length.
CM = center of mass.
dm = increment of mass.

D = a combination of constants, [a(m ¥vpc/2)] 2B (Eq. c-16).
F = force._ : ,
11’2,3_= principal moments of inertia bf rigid body.
L = angular momentum. ' .
m = mass of swaging.
Mg = torque amplitude.
p = the energy dissiéated per cycle of bending per radian of
amplitude squared. |

r = distance to ¢ axis.

= distance along antenna wire from the effective pivot point.

P e

rw = distance to ¥ axis.

s
T = kinetic energy.

V.. = velocity of dm in a rotating system.

X,¥,z = coordinate axes in system rotation at P.

Z = complex amplitude of (.

3By Willard Wells, research engineer, Jet Propulsion Laboratory.
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L]

i

linear coefficient of resto:ing torque.

angle between symmetfy axis and ®.

linear coefficient of damping torque.

angle by which antenna bénds‘aft. 3

angular amplitude.  '

Eulef angle, half-angle 6f precession‘cone,
li;ear'density‘of fhe wire. |
coordinates along the principal axes;

time during which satellite tumbles from 6; to 65.
precession rate. o
Euler angles. _ _
rotation rate, relative to a plane-through_f and the
3 axis. - '

angular velocity.

2r x driving fréquency.

27 x resonant frequency.
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Introduction

;The rotation of a rigid body is‘stablebif‘the body is rotating
about the aiis of least or greatest moment of inertia. If the body
is nearly rigid, but has some part which movés slightly with frictidn.
then only rotation about the axis of maximum moment is stable.

The purpose here is to study nearly rigid bodies and their rate
of tfansition’from rotation about any axis to stable rotation about
the axis of maximum moment; Knowledge of this transition time‘is
important in designing space vehicles which are required to have a'

"stable attitude. 1In the case of a saucer-shaped vehicle, the transi-
tion time is the time required for the attitude fo become fixed after
some perturbation. In the case of cigar-shaped vehicles, such as the

Explorers, the initial spin4 about the symmetry axis is an unstable
equilibrium. The fransitioh time tells how quickly an operation
requiringbfixed attitude must be performed before tumLling sets in.

The general problem will be reduced to the following form. A
formula will be derived for the forces which act on the frictional
parts in terms of the parameters which describe the location of the
frictional parts in the vehicle and the rotation of the vehicle as

- though it were rigid. From thece forces the rate of enérgy dissipa-
tion must be found either theoretically or by reproducing the forces
in theilaboratory. The energy dissipation rate then goes into

another formula (Eq. C-lO) to give the slow rate of change of param-

eters which would be constant for a perfectly rigid body.

| 4The word spin will always refer to angular velocity'about the
symmetry axis; tumbling, to angular velocity at right angles to this
axis. , . ‘
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Explorer I was a nearly rigid body rotating 1nitially about 1its
unstable axis of 1east.moment. The most important frictional parts
were the whip antennas. The change of Explorer I from unstcble spin
motion to tﬁe stable tumbling motion 1s analyzed as an example of the

above method. The results agree well with radio data.

Rigid Body Motion

The motion of free rigld bodies is derived in many mechanics .
texts (Refs. 2, 3). The resﬁlts of the derivation will be summaiized»

here. Let I I?. and 13, be the principal moments of inertia of

l!
the rigid body. In the case of a symmetrical body, 13 is the moment

about the symmetry axlis and Il = I,. The body will be represented

by its so-called ellipsoid of inertia (Ref. 2) which is long or short |
in.the same general directions as the mass distribution of tﬁe body

it represents. Thus, the ellipsold for Explorer 1 is clgar-shaped.
The equation of the ellipsoid is

.2 2 2
1 =1 p) + 1, pp + I50p4

whe:e Py Pos and Py are coordinates along the principal axes. The

-1/2 1—1/2
v 1’ 2 ! :
and I';/Z. For Explorer I, these are in the ratio of about 1,1,8.7.

ellipsoid intercepts the principal axes at distances I

Imagine the body contained in the ellipsold and rigidly attached so
that the center of mass (CM) lies at the center of the ellipsoid, anrd
the principal axeé coincide. Then the motion of the ellipsoid gives
the motion of the body. The most general motion is as foilows: the
ellipsoid rolls without slipping on a plane while its center is fixed.

—

The angular momentum vector L is perpendicular to the plane as shown
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in Fig., C-1. The angulér velocity vecterE passes through the CM

and the point of contact with the piane, since these points are
stationary. While T is fixed in spaceﬁzs, in general, changes direc-
tion in both body and space fixed coordinates. This is possible

because

so that L can be formed from different amounts of 51, E&, and'53,
depending on the I's and the orientation of the body.

Until otherwise stated, from now on only the symmetric case
Il = 12, will be considered. ’The ellipsoid bécomeé a figure of revo-
lution,‘the 3 axis being the symmetry axis. In this case, Fig. C-1
shows that the 3 axis precesses in a circular cone of half-angle 0,
while @ precesses in a circular cone of half-anoie 0-B.

This is the same motion as is obtained if'the-body is represenﬁed‘
by a cone (Ref. 3) of half-angle B rolling around a space cone of
half-angle 6-B with vertices coinciding as shown in Fig. C-2. This
representation will be used later, .Figufe C-2 also shdws the vectof
@ resolved into-g, the precession rate, andi$, the rotation rate
relative to a plane through'f and the 3 axis.5 The notation V¥, ¢,
and 0 refers to Euler angles (Ref. 2, p. 107, or Ref. 3, p. 108).

The quantities in Fig. C-2 are related through the moments of inertia
by (Ref. 3, p. 112)
I3

¢ cos 6 = EI wq - - {c-1)

SThe distinction between ¥ and ¥ + ¢ is analagcus to solar and
sidereal time, respectively.
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where s, =’@ + $ cos 6. For Explorer I, é and ms were observed
directly from intensity fluctuations in the radio signals. Knowing
these, Eq. (C-1) relates 6 to the moment of inertia raﬁio;é_ Using
the triangles of Fig. C-2, it is easily shownfﬁhat
13

tan B = EI tan 8 | - (c-3)
For Explorers I and I1I, I,/1) was about 75. In this cése. Eq. (C-3)
shows that P is a small angle until the satellite tumblesvto ah angle
0 very near to’90 deg4(arctan_75). This checks with Fig. C-1 for the
case in which the major axis is 8.7 times (Aqﬁﬁrx) the minor axis.
Since the last few degrees of tumbling are not ve*y 1nteresting. the

approximation P<< 1 radian will be used

Nearly Rigid Body Mbtion

If a body is nearly rigid, the effects of frictionalvparts will
be very small during 6ne period of precession (27/¢). Theréfore. the
rapid motion will stillvge described by the rolling ellipsoid of
Fig. C-1. The only remaining part of the description of motion which
may be changed by friction is the spin rate and the parameteré which
describe the conevqf precession; that is, the cone of half-angle 6;

which the 3 axis traces'out.7 Sihce there are no extefnal forces,

6gq. (C-1) Applies to nearly rigxd bodies also. -

7Looking at Fig. C-2, one might think both body and space cones’
can change angle, but these are related by Eq. (C-3 It can be seen
in Fig. C-1, that there is no problem because P and 6 are related by .
the shape of the ellipsoid which does not change permanently, although
it does vibrate slightly as the frictional part moves.
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the vector L is constant. Thereforé, the orientation of the preces-

- slon cone does not change, since 1ts axis is paralle) to L. This

leaves only 6 and » to change, but © is determined by the constant

ot

he equations being

Ly =L cos 6 = w3 I3
L sin

(c-4)

i

D
|

L

=0 I)
Thus, 8 is the only quantity for which an equétion of motion must be
found and integfated. It is also a convenient quantity, since it 1is

the most obvious one tc measure when looking at a precessing body.

For the important case in which 8 is initiaily zero, and o

'initially @y it is convenient to express wg in terms of D0 and 6.

By Eq. (C-4),

_ L cos 6
| I3
Substituting Eq. (C=5) in Eqs. (C-1) and (C-2) gives

wq = wy €os e . (c-5)

P E T , C-6
I, 0 }
. I, - Iv : ' :
v = -i~—~—§'wo cos B (c-7)

I

Note that ¢ is a constant of the motion. For Ekplorer I this 1is
confirmed by radio data. |

A first-order dlfferentlal equation for 6 is found simply by
conserving energy and momentum. The kinetic energy T may be expressed

in terms of L and 6 as
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2 2 2 t .
Ll LS S sin26 cogge
T=o1,%21,"2 \1, " 71 (c-8)
1 3 g 1

3
The only variables in Eq. (C-8) are T and 6. The quantity T decreases
as energy 1is dissipatéd, changing 6, at a rate given by the dérivative
of Eq. (C-8). | |
| ;1 2 . . . -1
90 _(any7t _ [iPem2e(l L
dT ~ \db 2 I, ° 1 (c-9)
_ 1 3

Since T decreases, Eq. (C-9) says that b increases if I} > I3 and 6
decreases if Iz > I,. In both cases, & tends toward the axis of
largest moment of inertia, In other words, the spin of a saucer-
shaped body is stable, but that of a cigar-shaped nearly rigid body

3 motion.

is unstable and changes to a tumbling
To form the differential eqﬁation in terms of 6 only, one can

substitute Eq. (C-9) into the identity

a0 _ a0 ar
dt = dT dt
obtaining
do _ a2 oL LN
O th L sin 26 (11 -1 . .(Cf-lO) ,

Equation (C-10) is one of the general formilas mentioned in the
introduction. The others which will be derived presently (Egs. C-11,
C-lQ) give the forces on the frictional parts which result from
constraining them to ride the ellipsoid of Fig. C-1.  Then generality
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endé. The forceé must be applied to the specific frictional parts o
find ihe rate at which they dissipate energy. This rate, which squals
-dT/dt, is a function of © through the forces. Substituting dT(0)/dt
into Eq. (C-10) giQes a first-order differential equation with vari-
ables 6 and t which separate.

| Care must be teken in finding the forces which cause acceleration
of the frictional parts relative to their supports, because the
supports accelerate alsc in executing the motion described by the
rolling ellipsoid. The force which causes the parts to merely keep
up with thelir supports cannot produce any friction and must not be
included. To avoid trouble of this type, the coordinate system
showh in Fig., C-3 will be used. The origin is at the CM. The z axis
is the symmetry axis, and the x axis lies in the plane containing.f,
and the symmetry axis. In this system the vehicle merely rotates
about the z axis with frequency @/2#, sb that the only acceleration
of the supports is centripetal. Since this coordinate system is not
inertial but is rotating with angular velocity ¢, there will be, in
addition tc the cehtrifugal force proportional to &2, a coriolis force
proportional to @é, ahd'a centrifugal force proportional to éz.

The centrifugal forces acting on the small rnass dm ih Fig. C-3

are
F, = dn ¥ 2 z,
| _ (C-11)
L,
F =g
p NP Ty

'where'rw ==\,/x2 + y2 is the distance to dm from the symmetry or V¥

axis, and To is the distance from the é axis. The force FW is steady.
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The quantity F? is time-varying with frequency @/QN; but for the case

of a cigar-shaped vehicle, F(p is negligible, since\ir2 is of the
order of 104$2.

The coriolis force on dm in a coordinate syétem rotating with.
angular vélocityiglis given by (Ref. 2, p. 135) 2 dm Vv, x ;; where
V} is the velocity of dm in the rotating system. The maghitude of
Ve = @rw.' The angular dependencé in the cross prdduct is time-
varying with frequency W/ZU. The origin of time is chosen when dm
is in the x-z plane, as shown in Fig. Cc-3. _

Then, by studying the angles in Fig. C-3, it is easy to show

that the coriolis force coupling é and @ is given by

F = 2 dm @&r cos @ .
s LY (c-12)
FTWZ =-2 dm ypr, s;n 0 cos (¥ t)

where F¢\Vr is the component in the r, direction (x-y plane), and

F@W z 1s the z component. The force :war is steady; F@W z ié’the
principal sinusoidal driving force which causes the energy dissipation.
Coriolis force resulting from the motion of parts relativ2 to thei: |
supports can usually be neglected, and will be for the Explorex

exeﬁple which follows.

Equations (C-10), (C-11), and (C-12) complete the general treat-

ment of nearly rigid bodies.

Tumbling of Explorer I

The tumbling of Explorer I will now be solved as an examplé of
the theory just derived. The antennas act as damped driven pendulums.

It happensvthat the driving force is very nearly resonant in this

'Page 79



Jet Propulsion Laboratory External Publication No. 551

case, making a very effective damper. This near fesonance makes it
necessary to include the elastic restoring force-of the wire, even
Vthough it is very small compared to centrifugal restdring’fdrce.-
Since the natural frequency depends upon the restoring force, the
veffect of a small additional restoring force on the amplitude of
oscillatlion is greatly magnified by the subtraction in a typicél
resonance denominator of the form (driving frequency)2 - (resonant
frequency)? + i(damping term).

The accuracy of the elastic restoring torque limits the accuracy
of the whole calculation to about 30¥%, for two reasons. ‘First, some
antennas wobble slightly in their supports without bending. Second,
the exact configuration into which the wire bends}under centrifugal
force is difficult to reproduce in fhe laboratory. The configuration
changes as the spin decays, and the restoring torque may depend
nonlinearly on the bend angle. A simple linear value of restoring
torque will be»used here. It was obtained by the following method,‘
'First,Aan ordinary pendulum was made of antenna wire with a heavy
pendulum bob to imitate the centrifugal force at 10 cps. Thne bending
. radius of this pendulum was estimated. Then small welghts were hung
on a plece of antenna wire, one end of which was held horizontally in
a vice. When the welights were adjusted so-that‘the same bending
radius was obtained'for a small bending angle, the torque was calcu-‘
lated and divided by the angle to give the linear coefficient.

Equations (C-11) -and (C-12) are used to calculate the pendulum
: amplitude lhe quantities F\p ano Fcp yr provide tne restering
constraint force. The driving force is F¢W Z;_F(P is negligible.

- The quanfities a, b}-and ¢ in Fig. C-4 desciibe the antenna position
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and length. The wire has a linear density p and swaging on the

end with mass m. fhe wire is treated as a straight rod pendulum on

a point pivot. The fact fhat the wire really has a bending radius is
aécounted for by’the added restoring force and a slight adjustment 1h

a, the pivot radius. Instead of measuring a to the surface of the

- satellite, it was measured to the intersection of the line tangent

to the antenna at its midpoint, with the radial line through the

- antenna support. Since there‘is no driving force in the x - y plane,8

there is no steady-state motion of the antenna in the transveuise
direction and, hénce. no need for a variable to describe transverse

position. The motion of one of the antennas will be solved using a

single variable ¢, the angle by which the antenna bends aft (+z

direction). |

The equation of motion for { is found by equatiﬁg thé sum of the
torqueé to i.times the moment of inertia of the antenna.‘ The linear
coefficients of damping and restoring torques are defined to be ¥
and a , respectively. That is, ¥y i is the damping torque, and a {

Cc

the restoring torque. The antenna's moment of inertia isf P sts

o)

+ ch, where s is distance along the wire from the effective pivot
point. Torques must be calculated by substituting the quéhtities m,
p, a, and ¢ in Egs. (C-11) and (C-12). For example, the coriolis

part of the restoring force is given by the sin { ~ { component of

8The neglec@sd centrifugal force due to ¢ has a small component
proportional to ¢<b sin 6 cos © driving the antenna in the transverse
direction at the frequency {/2m. If the restoring forces in the two

directions were such that the transverse was much more nearly

resonant than the longitudinal, then transverse oscillations might
gominate despite their small driving ftorce; but, in fact, the opposite
s true. _
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FWr of Eq. (C-12). This fouﬁe'acting on the swaging is

2m @ % (a + ¢) (cos 8)C. Acting on an increment‘of wire, it is
2pds @ é (a + s)(cos B){. After multiplying by the lever arms and
integrating, the coriolis part of restoring torque is found td be

2m V¥ @ (a + ¢) ¢ (cos B)C + ch Qp@,é (a + s) s(cos 0){ d s. Putting

all the pieces together gives the following equation of motion:
. ’ c . :
- [m ‘1'2 (a + C) c *Ffo p\bz (a + s) :st] L
B ', : . ..
- [QmW (d+c)c+2f pV o (s + a) sds] cos 6
(0] .

- : c .. ‘ .
‘*[qua\;r'(¢1+c)c+2f pop V¥ (s + a) sds]sinecos (V t)
o 0 ,

. 2 C 2 * s
¢ - al-= [mc +f psds] ¢ (C-13)
0 ' .

Performing the integrations and some algebra results in

(pe 2 o (x)i+ ()

(C-14)
+B (& + 2 cos © &) @ ¢ = 2B sin 0%@ cos (@t) ,
where ' 5
pac pc -
.B:m(a+c)+-—-2——+—-:-3-- (C*lS)

To solve this by COmplek numbers in the usual manner for a linear
equation, 1't £ = Re Zei¢t, cos (¥ t) = Re eVt Then Eq. (C-14)

can be solved for the complex amplitude Z.

tan (c-16)
 iyR . ;R2a :
2B ¢ wg €os 9‘ 2(R-1) w02 cos? 0

1 + D(R-1) +
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where

D = a\m + 2
2B
R = Il
| I3

.

and Eés. (C-6) and (C-7) have been used to eliminate ¢ and V.
The damping constant y which appears in Eq. (C416) muét be eval-
uvated for the wire used in the whip antennas. First, the quantity
2mp is defined as the energy disSipated per cycle of bending per
radian of amplitude squared; that 1is,
| mean power dissipation

P ylzl2 . (C-17)

The equétion of a damped linear oscillator with angular amplitude q;

resonant at the frequency QO/2W, and driven at Q/2w, is

.. 2 .
nt Qe *t1m T F (c-18)

This is the same form as Eq. (C-13) without messy combinations of
constants. By solving Eq. (C-18) and setting power equal to torque

times 7 , it is easily shown that
2 =¥y - (c-19)

‘To measure y, the damping of a pendulum made of antenna wire was
observed. A 5.7-1b pendulum bob was used to imitate the centrifugal
force of the initial spin of Explorer I, so that the wire would have

the same bending radius. The pendulum equation has the same form as
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| Eq. (C-18), with torque = O, so that Y, of the pendulum could be
determined directly by fitting the solution of Eq. (c-18) to the
observed motion. However, the frequency of the pendulum was the order
of 1 cps, while the bending frequency of Explorer I'anteﬁnes was 10
cps;'aﬁd y might depend on frequency. Therefore, Yp was determined for
pendulums of different lengths (frequencies) and extrapolated to 10
cps. It was found that p rathervthan ¥ is constant as frequency in-
creases; which is reasonable, since this says that the same amount of
energi is dissipated in bending the wire through a cycle, rega:dless‘
of the speed of bending., The value found was p = 280 1b-1n.2/sec?.
Considerable error is introduced by not considering p as a functlon
of tension in the wire. When Explorer I tumbled to 60 deg, the

spin was reduced to one-half its original value (Eq. C-7), and

the centrifugal tension which gees as w? was reduced to one-fourth,
This decreased tension was imitated in the 1a50ratory by reducling

the mass of the pendulum bob to one-fourth of the original 5.7 1lb.
'This decreased § to about fwo-thlrds of its veiue at 5.7 1lb, which

is reasonable since the wire is expected to be more conservative for

a larger bending radius. Rather than attempt the integratlon of

Eq. (C-lo)}with some functional form for p (8), the constant 280 will
be used in view of large errors mentioned earlier. The most interest-
- ing quantity 1s the time for the satellite to tumble to a certain
!angle. Since the tumbling starts slowly, most of the time is spent

at small 8, so the constant value p(0) = 280 will be used, Finally,
substituting Eq. (C-7) into Eq. (C-19) gwes |
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R 2 |
T = Ro1 wg cos 0 | | (c-20)

Now the other contants in Eq. (C- 16) will be listed. The basic
115t 15 as follows: '

R =175
c = 21.7 in.
a = 4.0 in.

wg = 20m rad/sec

m = 0.0021 1b - (c-21)
@ = 1.32 x 103 1b- 1n.2/sec

p=1.75 x 10~ -3 1b/1n.

I = 200 1b-in.2

p = 280 lb-in.%/sec?

which determines thekconstants B and D:

B = 0.405 1lb-in.
(c-22)
D = 0.104
Substituting in Eq. (C-16) gilves
7 = ten B . ' - (c-23)

8.7 + (1.44 + 1 0.61) sec? 0 -

Equation (C-17) gives the quantify dT/dt needed in Eq. (C-7). It is

T ' '
d 4\1/ lz| ® | (C-24)
The factor 4 arises since pXplorer‘l had four antennas. Equation
(C-23) gives Z, Eq. (C-7) gives W, and Eq. (C-21) gives p. The

result of substituting in E | . (C- 24) is
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4 sin? 0 lb-in.2/sec ,
cos 6 [(8.7 + 1.44 sec” 6)° + (0.61 sec O)’]

H
i

fo1a
o+

(¢-25)
Substituting Eq. (C-25) in Eq. (C-10) gives

sin 6 min'l

do . ~

— =5,35 ~

dt cos? 8 [(8.7 + 1.44 sec? 6)2 + (0.61 sec? 9)2] (c-26)
Equation (C-26) is easily integrated to give the time T, during which
the satellite tumbles from 8) to 6,. The result is

-

0
. T = FAwl cos 6 + 0.456 sec 6 - 19.2 loge (cot g)] o min
. | | 1
. (C-27)"
Putting 91 =0 in Eq.v(C-27) makes T infinite. This is to be

expected, since the antennas have a 'smooth ride when there is no
precesslbh"at all, and no energy is dissipated; that is, 06 = 0 is an
unstable equilibrium. The upper limit for 6, in Eq. (C-27) is about
60 deg since various approximationsﬁused in deriving Eq. (C-27) are
invalid for larger angles. | | | '

For the case Gl = 3 deg and 6, - 60 deg, T is 91 min. This
agrees well with the radio intensity data for Explorer I, which shows
that the satellite tumbled about this amount in one orbit around the |

- ‘earth. The'Spin appeared as an intensity variation. The.ffequency
" of this halved in one orbit}.which'gives 0, = 60 deg by Eq. (c-7).

£~ Of course, O, is somewhat in doubt, since Eq. (C-7) is not sensitive

1
for small €. The precession frequency of Eq. (C-6) also appe.sred on

the radio record.
Since most of the time 7T is spent at small angles, it is inter-

esting to look at the approximation to Eq. (C-27)valid for small
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- angles. It is

i

; | 0
T (6 small) = 19.2 1oge<(-_)-?->min, or
l A

= L S— , c-28)
62 = 6y exp (19.2 min) . ( )

Thus, for small angles, © increases by a factor e every 19.2 min. It
is ieasonable that 6 should rise efponentially for small angles,
because as O increases, the antennas have a jerkier ride, increasing
|dT/dt| , and d6/dt. Thus, 6 is roughly propertional to d6/dt, the
usual differential equation, that gives an exponential expression of

the form Eq. (c-28).
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——

Fig. C-2. Rolling Cone
Representation -
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Fig. C-3. Coordinates in
Ellipsoid of Inertia

~

\
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_CENTRIFUGAL: m¥tla+c)

Fig. C-4. Explorer I
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Appendix D, Explorer Orbital Data

Explorer I Explore - III Explorer IV
Date Feb. 1, 1958 Mar. 26, 1958 July 26, 1958
Injection 03:55:05 GMT 17:45:06 GMT 15:06:43 GMT
time ' ' ‘
Initial 354 km 188 km 262 km
perigee :
Initial 2551 km 2793 km - 2210 km
apogee _
Initial 114.95 min 115.87 min 110.21 min
period ' o
Injection 367 km 390 km 260 km
altitude
Injection 25.661 deg N 25,681 deg N 33.207 deg N
latitude,
geocentric A
" Injection 73.050 deg W 73.060 deg W 74.696 deg W
longitude '
Space-fixed 8209.4 m/sec 8197 m/sec 8243 m/sec
injection ‘ '
velocity
Inclination 33.6 deg 33.4 deg:  50.29 deg -
angle
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