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I. INTRODUCTION

The purposé of this report is to summarize the results of initlal
I.-band experimentation utilizing NASA's Appl;éations Technology Satellite ATS-5
and the STADAN ground stabion located near Barstow, California. Experimentation
was performed over & three month period from November 1969 through the middle of
February 1970, The objective of the test prograﬁ was to determine the spacecraft
performance characteristics and to perform limited propagation tests. ~ Included in
the report sre appendices containing information concerning propagstion effects as
well as measurement technigues.

It is inténded that these results will provide some definite charac-
teristics of RF propagation through the atmosphere at I.-band frequencies (1650 MHz
uplink and 1550 MHz downlink) which can be useful-in the development of future
spacecraft experiments, primarily' experiments involved with air-sea navigation
and traffic control.

Originally ATS-5 was deslgned to operate in an equi%orial orbit 8%
synchronous altitude. It was to be gravity gradient stabilized agd utilize a high
gain phased array antenna for L-band comﬁunicatiéns. Difficulties were encountered
during the orbit injection making it impossible to despin the spacecraft (a maneuver
which is & prerequisite to deploying the gravity bocms). Therefore, for all prac-
tical purposes ATS-5 is spin stabilized. The period of rotation is appraximately
787.6 msec (76.2 rpm) with the axis of spin nearly parallel with the earth's spin
axis, The spacecraft antenna thus illuminates the earth for a brief time during
each spacecraft revolution (the -3 db points illuminate the earth station approxi-
mately 52.5 msec each revolubtion).

This necessitated & change to the original test program which required all
spacecraft loop tests to utilize a sampling technique which synchronizes meter ~

readings with the spacecraft spin rate. Therefore the sample time interval becomes



a function of the spacecrait antenna pattern and the spin rate, i,e, if less
than 3 db variation-in signal level is desired, then the sample time will be

sbout 52 msee Por an antenna with s 3db beamwidth of 24°.



2. SUMMARY.

2.1 Orbital Considerations

The ATS-5 spacecraft was intended to be gravity gradient stabilized in ~
a synchronous orbit. As such, it was equipped with a high gain I~band transmit/
receive anienna whose half power beamwidih was sufficient to illuminate the earth.
4 synchronous orbit was achieved, although technical
dii‘ficultiJes during the spacecraft separation phase of the launch have yilelded
a spin stabilized spacecraft with a spin period of about 790 ms about an axis
of spin approximately parallel with the earth's axis. The spacecraft antenna
pattern thus sweeps across the earth each spin period, illuminating each point
within its area of coverage for about 52 ms (to the half-power points). The
spacecraft orbit is inclined approximately 2.5° with respect to the earth's
equatorial plane. This causes a relative north-south motion of the spacecraft
as viewed from the earth and results in an apparent displacement of the space-
eraft antenna pattern of up to 59. It should be noted that this displacement
of a point on the earth in the spacecraft antenna pattern is orthogonal to
the change in antenna pattern due to the spacecraft spin. The effect of the space-
craft orbit inclination is to cause the spacecraft antenna off beam center loss
to vary'through a 2 db range each 2L hour period.

R.2 Spacecraft Operating Modes

N
1

The tests are conducted with the spacecraft in one of three basic
operational modes:
1) Warrowband I-L (FM/FM)
Spacecraft receives at L-band and retransmits at I~band (frequency

translation).



2) L-L (55B/FM)
Spacecraft receives at L-band (SSB) translates to video (500 to
600 kHz) and use; the video signal to modulate (FM) the Spacecraft
L-band VCO; the output of which is then translated to L-band for
transmission to the esarth station.

3) L=C Cross-Strap (SSB/FM)
Sbacecraft receives at L-band {(SSB), translates to video (500 to
600 kHz) and uses the video signal to modulate (FM) the spacecraft
C-band VCO, the output of which is then translated to C-band and
retransmitted. When using the C~band downlink, an option exists of
either using the C-band high gain or the cmmi-directional antenna.
The use of the latter negates the effect of the spacecraft spin
on the downlink.

An additional mode, C-L cross-strap (FM/Fif) is also available, however,

it is nqt used in the tests described herein.

2.3 Test Descriptions and Results

Spacecraft Antenna Patierns

The'transmit and receive patterns of the spacecraft antenna were
measured for several aspect angles of the spacecraft.(the aspect
angle changes through 5° in a 24 hour period due to the inclination
of the spacecraft orbit). The half-power beamwidth is 24° for

transmit and 28° for receive (best estimate).



L-Band Propagstion

Four 2t hour tests were performed during which hourly measurements
were made of the downlink signal strength., The measurements have
been compared with the. predicted variation in downlink signal
strength due to the orbit geometry. The resuléé correlate to
within +0.3 db which is on the order of the measurement accuracy,
thus, no significant diwmnal effect is present.

During two of the 24 hour runs, short termm fading was measured.
Each measurement period (approximately one period each hour) con-
sisted of recording the BMS received signal streﬁgﬁh during a

15 msec sample time for each spin revolution of the spacecraft,
Each measurement period lasted about four minutes, thus appfoxi-
mately 360 consecutive measurements of received signal were ééde.
The results showed & variation in the received sigpnal level ove%gﬁ
a four minute pericd to be less than +0.3 db, thus no significant
signal fading was observed. The results of The propagation tests
were compared with link calcuwlations and served to werify the c¢al-
culated values within the error budget.

Appendix B contains the results of range and range rate tests per-
formed with the ATSR egulpment on site, The tests show that the
range rate nolse errors are less than 1 meter/se? and 0.2 meters/sec
for data sampling rates of two and six semples/sec, respectively,
Range noise errors were less than 0,7 mebers.

Spacecraft Oscillator Frequency Offset

The offset of the spacecraft VCO and master oscillator was measured
as a function of time after turn on. The VCO offsei from nominal
decreased from about -245 kHz at turn on to about -180 kHz 200 minutes

later. The master oscillstor caused an offsel in the earth station

baseband signal of about Ut kHz at turn on, and stabilized to about

500 Hz fifteen hours later.
-5



Spacecraft Intemmodulation Distortion (SSB/TM)

Two tones, at equal powver levels, were transmitied to the space-
craft. The freguency spacing hetween the tones was ﬁried, as well
as the aggregate transmitter power oubput, and the resuliing inter-
modulation products out of the spacecraft M moduwlator were measured.
The results indicated.that at normal power output levels, the inter-
modulation products are approximately 26 db below either of the
reference tones. This is approximately the same as measured for the
transmitter alone, thus indicating that the earth station transmitter

is the chief contributor of IM distorticn.

Spacecraft Transponder Compressicn (FM/FM)

The spacecraft transponder compression was measured in the narrow
band FM/FM mode and compared to the equivalent prelaunch data.
Correllation of the two g.ets of data provided a means of determinfing
the spacecraft received signal level and thus varifying the uplink
predicted values.

Spacecraft SSB/FM Modulator Linearity

The s.pacecrai't FY modulator linearity was measured by transmitting

a tone from the earth station at several RF levels and measuring

the corresponding received level in an FDM multiplex channel.

The received level was converted to the modulation index of space-
craft modulator, which was found to be linear up itc a medulation index

of 12 radians rms.



Spacecraft Frequency Response

The spacecraft frequency response was measured in both the FM/FM

mode and in the SSB/FM modes. In the case of the FM/FM mode , the
frequency response is referred to the earth station transmit IF-

(70 MHz nomdinal for 1650.0 MHz output). Measured in this manner,

the spacecraft center frequency is at 71.25 MHz with a 3 db EW of

2.0 Mz, This corresponds to an I-Band center frequency of‘1651.25 MHz.
In & similar manner, the frequency response in the SSB/FM mode is
measured to be centered at 70.550 MHz with a noise bandiridth of

150 kHz., The half-power bandwidth was about 115 kHaz. ‘

Doppler Due to Spacecrafi Spin

As the spacecralt antenna sweeps across the earth each spin revolu-
tion, the distance between the earth station antenna and the phase
center of thé spacecraft ant:enna undergoes a i)eriodic change. This
change in range gives rise to a doppler shift of the up and downlink
BF carrier {réquencies. The maximum amount of doppa.er shift is a

2 ] .
function of the "look" angle of the spacecraft, and is besi presented
in terms of the antenna pattern. Thus, beginning with an ocbservation
point. 20 db down on the antenna pattern, the doppler shift varies from
an initial value of -1 Hz ©o & meximm shift of -4 Hz (the doppler
shift is non-symmetrical because of the physical configuration of the
spacecraft antenna and the corresponding "look" angle).

Moltiplex Channel S/N (SSB/FM)

The multiplex channel signal to thermal noise ratio (5/N) was meas-
ured to be 36 @b (3.1 kHz bandwidth) with an earth station transmitter
power output of 50 dbm, The S/N decreased linearly with a decrease

in the S5B transmitier power.
7



Spin Modulation Compensation Test

Due to the spacecraft spin, an earth station signal transmitted at

a constant power level will arrive at the input to the spacecraft
electronies with amplitude modulation due to the spacecraft antemna
pattern. This amplitude modulation may be overcome by modulating
't.he earth station SSB transmitter with the inverse function of the
spacecraft antenna pattern in synchronism with the spin rate. This
was done utilizing the on- site compuiter and synchronized timing
system with the result that the usable uplink "window" was increased
from 52 ms to 100 ms :(eqt;ivalent half power points).

Harth Station Equipment Specifications

The earth station equipment specifications are summavized below:

Transmitter Receiver
IF frequency (MHz) 70.0 70.0
IF W (MHz) *7.0 0.5
2.0
12.0
30.0
AGC Time Constant (msec) - ) '3
RF frequency (Miz) 1650,0 1556.0
-Power output
Sat;Jra‘Ged ('m) (dbm) 60 ——
Linear (SSB) (dbm) 53 T ae-
¥et Antenna zain (&b) - 335.6 - 3k,7-
System Noise Temperature (°K) - 334



3. SYSTEM DESCRIPTION
3.1 Earth Station Transmit Receive System

The L~band transmit receive system basically consists of a frequency

up converter, an intermediate power amplifier, a Klystron power amplifier, a

15 foot anbtenna, a parametric amplifier and a frequency down converter, as s';hown
in figure 1. This system is contained within a mobile ;’an and a portable shelter
and located adjacent to the Mojave operations building. This system is interfaced
with the existing ATS modulator and demodulator at 70 MHz enabling the station

to perform commmnication experiments with ATS-5 in the L-band frequency range.

The 1650-MHz uplink signal is obtained by a double conversion process.
Initially, a 5-MHz frequency standard employing a mzltiplicatibn process produces
two local oscillator frequencies, 380 MHz and 1200 MHz. These signals are mixed with
the T70~-MHz to’ produce the 1650-MHgz output, This signal is then applied to the
intermediate power amplifier which consists of three cavity amplifiers which pro-
vide a signal gain of 33 db., The amplified signal is then applied to a power
amplifier vhich is an Eimas/Varian VKL 7764 klystron. This klystron is modified
to operate on a center frequency of 1650 MHz with a2 7-MHz, 3 db 'bandwit‘i‘bh. .

This modified Klystron has a saturated power output of 1,0 kw, and is linear up to
200 watts. The amplifier signal is transmitted to ATS-5 via the 15 fooi antenna.

The 1550 MHz received signal from ATS-5 is applied to the parametric am-
plifier. This amplifier consists mainly of a circulator and varactor diode and pro-
vides a large gain bandwidth product which is comsistent with a low-noise figure.
The non-linear ca.pacita.née characteristic of the varactor diode is used to trans~
fer power from a high frequency power source (pump oscillator), to the amplified
oubput freguency. The parametric amplifier has a noise temperature of approximately
170°K and a nominal signal gain of 26 db.



This 1550-MHz signal is then applied o a down~converter wnit which
converts the signal to a 70-MHz IF, which is then interfaced with the station
demodulator.’

3.2 » L=Band Transponder

The L-band transponder is an adaption of the C-band transponder which
is a part of previocus Application Technology Satellites. The major redesign is
in RF portions of the receiver and the transmitter which have new modules oper-
ating in the reguired IL-band frequency region. In addition to the RF circuitb
medifications, several new modules have been a;ided to provide the cross strap
and narrow-band FT modes which have not been previously used in the C-band
transponders. A

A 1650-MHz signal is transmitted from thé ground and is received at the
satellite by the antenna/transponder according to the mode selected. (See figure 2,
The signal is then processed, translabed in Ffrequency (1550 MHz) and retransmitbed ~
to the ground stations via TWT power amplifiers operating at saturation. The
output TWT!s may be operated either separately or in parallel thus providing
improved reliability through redundancy (separate operation) or an increase of
the Effective Radiated Power (ERP) when operated in parallel.
( The L-band transponder can operate in four main modes: the wideband
frequency translation mode, the narrowband frequency translation mode, the L to
I-band multiple access mode and wideband data mode. In addition, the transponder
can be cross strapped to provide L to C multiple access and € to L frequency trans—

lation modes.



3.3 Modes of Operabion

The I-band system utilizes the two major modes of operation Maltiple
Access (MA) and Frequency Translation (FT) which have been used throughout the
five mission ATS program.

The MA erxper?i.men’és will be conducted in two modes: the I~to—L band and the
L to C-band eross strap modes.

The FT mode employs two operating bandwidths. The wideband mode has a
maximum bandwidth of 25 MHz and is essentially similar bo C-band operation. The
n_arrowband mode is identical to the wideband except an improved signal-to-noise
ratlo is achieved for a single carriér narrowband FM signal by interposing a narrow-
band filter prior to the limiter amplifier and saturated transmitter. The band-
widtI; is approximately 2 MHz, In addition, there exists a C to I~band cross strap
mode {wideband FT) with an operating bandwidth of approximately 6'Mﬂz.

Figures 3 and 4 iilustrate the --Ir:-ba'ﬂd modes of opemation. These figures
along with figuz:e 2 which is a detailed block diagram of the L-band Transponder,
will be utilized in conjunction with the following mode descr:‘riptions.

L to I FT Wideband Mode

This mode funectionally, and in its performance cha.r;mteristi:cs , is
j:dentical to the FT mode in the C-band repeater. A single wideband frequency
modulated carriér is received at the §ntenna., filtered in the duplexer (consisting
of a cireulator and a band pass fil'ber-) , and amplified in the low noise tunnel
dicde preamplifier (TDA), see'i‘igure 3. The TDA is followed by a bandpass filter
which serwves the purpose of suppressing TDA noise at the receiver image freguency.

The received signal can have & maximmm bandwidth of 25 MHz.

11



After RF preamplification, the signal is converted to IF and further
amplified in the pre. inter. and post IF amplifiers. A switchable wideband
amplification stage is interposed between the interamp and postamp, in order
to be able to switch the narrow band mode out when the WB FT I-L and ¢-L modes
of operation are selected. The signal is amplitude-limited in the limiter ampli~
fier and up-converted to I~band in the high level mixer. 4n RF power level
of 6 to 10 milliwatts at the high level mixer is achieved. This power level
however, is not high enough to adequately drive the traveling wave tube.trans—
mitler., The required additional gain is provided by a transistor driver ampli-
fier which uses space qualified, high frequency transistors. These amplifiers
have adequate gain capability and output power capability well in excess of 100
milliwatts. Since these devices have not been flown in previous ATS spacf-.craft R
the driver amplifier configuration has been given full redundancy., The 25 Miz
wide FM signal -is retransmitted by the L-band transmitter with no change in
modulation,

I, to I Narrowband Mode

This mode in all respects is identical to the L to I, FT wideband mode
shown in figure 3 . The ondy difference is that-it is designed for giving an
improved signal~to-noise ratio for a single carrier, narrowband FM signal. This
is accomplished by interposing a narrowband amplifier bebtween the interamp and
post-amp. This limits the noise bandwidth before the signal and noise are pro-
cessed through the lim:'l:ter amplifier and the saturated transmitter. Conseguently,
this mede can handle lower received signal strengths for the same signal and noise

power sharing in the limiter.

12



In this mode UC switchs route the IF sigmal (66.1 MHz) through the
narrowband IF amplifier. The narrowband filter amplifier module contains
’a. bandpass filter which serves the purpose of restricting channel noise band-
width, Additional amplification is then obtained in the narrowband post ampli-
fier. The amplified signal is then applied to the post amplifier. The remaining

_circuitry is idemtical to that used in the wideband mode.

L te € Cross-Strap Mode

In this mode the I~-hand receiver will process a number of single side—
band or TM signals which are amplified linearly, converted to. a wvideo freguency
range, and modulated on the C-band repeater VCO. The maximum number of received
carriers at.l-band is nominally 10, and they cover a total bandwidth which will
not exceed 100 kHz. The logic is arranged such that the C-band repeaber is in
the wideband data mode.. The received L-band signals are processed through the
RF front end, translated to IF, and amplified (see figure 4). They are passed
through the IF narrowband and post amplifiers and are heterodyned to the 500 to
600 klz frequency range, using four times the master oscillator frequancy as a
mixing reference freguency. The bandpass filter is a composite-of a low pass
elliptic function filter and a conventional bandpé.ss filter. The elliptic filter
provides a steep skibt at the upper frequency range and the cascaded bandpass
filter provides a reasonable roll off at the lower skirt, The elliptic function
filter roll off is fast wnough to give adequate rejection of image frequency
;'mise (1 MHz above the signal channel) and will thus prevent a degradation in
signal-to-noise ratio because of noise fold over. In addibion *o this L to C

mode, a design feature provides a frequency translation mode for a cross sbrap



signal from the C band receiver to the L band transmitier. However this C to L
mede is not utilized—in this test effort.

L to L Multiple Access Mode

-This mode is identiecal to the I to ¢ Band Multiple Access Cross-Strap
Mode except that the C~band repeater circuitry is replaced by the L-band repeater
VCO and the I-band transmitter.
Wideband Data Mode

The wideband data mode has the same characteristics in the I-band
repeater as in the C-band repeater. It uses the same VCO design, which has
identical bandwidth, modulation sensitivity, linearity, etc. as the VCO's in
previous ATS repeaters, It is followed by a 25 MHz wide IF amplifier, up~con-
verter and I~band transmitter. The various inputs to the V0O channel selector are
cress=strapped between the Iband and C-band repeaters as reguired, hc}wever,
gach repeater has its own VOO as in previous ATS spacecraft which contained

two C~band repeaters.
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L. - SPACECRAFT ANTENNA AND PROPAGATTON TESTS

4.1 ‘ Spacecraft Antenna Patterns

‘ Since téchnical difficulties have yielded a spinning spacecraft, equipped
with antennas 'bha(:b eannot be despun, antenna pattern measurements were necessary in
order to determine tl’ze ‘duration of variounsg 1llumination intensities encountered per
© spacecraft revolution. A brief description of the spacecraft orbit geometry is pre-
sented in Appendix 1 in order Lo show how the sigpal level varies with time at
different plzces on the earth.

The L-band transmit antenna pattern was measured with the spacecraft
in the wideband data mode (WBDM). In the WBIM, a CW signal is generated
internally in the spacecraft VGO and then converted to RF for transmission. The
spacecraft VGO was unmodulated and the spacecraft transmitter was internally
saturated to provide maximum drive‘ o the TWT amplifier (two THWT'!'s were used).
The received T-band signal was down converted, passed through an IF filter,
and recorded on a strip chart reéorder while the.spacecraft was spinning -at
76.2 rpm.

Figure 5 shows the transiit anbenna pattern while table 1 swmmarizes
the antemna paramebers. This table is based upon an antenna pattern recorded
during a 16 hour series of antemna patbtern measurements. The par_ticular pabtern
-analyzed. was recorded when the spacecraft was at the most northern point in its
orbit, therefore representing the pattern whic;; most nea.rly-pa.sses through the
spacecraft antenna boresight. Pr_esented are the éarth station received signal
levels which correspond to particular points on the pattern. It is instruchive
%:o read horizontally across the table at, for instance, the 1 db point. AL this

level, the antenna pattern is 10° wide, illuminating the earth station for 21.9 msec
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(based upon a spin rate of 76.2 rpm). -The first sidelobes peak at a point about
15.3 db down from the main lobe peak and oceur at +55 me from the main lobe peek,

The I~bhand receive antenna pattern was measured while the system was
configured for L-C (SSB/FM) cross-strap operation using the C~band omni-dfrectional
or planar array antenna on the downlink. The uplink S3B signal was generated
using a 70.533 MHz IF signal. This resulbed in a 536 kilz modulation on the C-band
downlink which was AM detected and recorded on a strip chart recorder.

The first efforts to record the receive antenna pattern with the C-band
omni anbtenna appeared to be unsuccessful. This was because the recorded pattern
showed a "dip" in the main lobe which moved very slowly across the pattern. Sub-
sequent investigation showed that the ::dip“ was caused by leakage of RF engrgy’
into the planar array antemnna. With both the planar array and the omi antemna
rediating at the same time, phase cancellation and enhancement was causing dis-
toirtion, At times the cancellation was so severe that the FM receiver operated
below threshold, Since the phase relationship between the signals radiated from
the two antennas changes with the aspect angle (which changes with time), it was
possible to make measurements at a‘ time when distortion was minimum, However,
reagardless of the 'him;e of measurement, some distortion always appears to be
present. In spite of this the general shape of the pattern can be observed and the
relative amplitude and position of the side lobes with respect to the main lobe
is displayed. The measured receive antenna pattern using the C-band ommi anterma
is shown in figure 6. Table 2 presents parameters of the antenna pattern and the
gorresponding illuminaticn time for various poiizzts s relative to the peak of the
main lobe,

The receive antemna pattern was also measured using the C-band planar
array antenna, This permitted mch more accurate measurements of .the receive

pattern main lobe as well as measurements at lower antemna gains, Since, however,
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the planar array antemna is quite directional, the downlink received signal
level dropped below threshold when the earth station wes not within the main
lobe. 4s a result only the main lobe of the spacecrafit receive pattern could
be measured. Figure 7 shows the results of this measurement and table 3 presents
the measured parameters. The discrepancies bebween receive antenna pa.tierns
measured using the C-band planar array and the C-band omndi antennas is most
likely due to the phase distortion already mentioned.

Based on both of the above receive antemna pattern measurement methods, -
a partial best estimate receive antenna pattern was constructed {See Figure 8).
The pstbern was constructed using the C-band planar array anbenna to provide the shhpe
. of the main lobe, while the measurements made using the C-band omni antenna pro-
vided the position and amplitude of the side lobes with respect vo the main lobe.
Table 4 gives the parameters the best eatimate pattern.
4.2 L-Band Propagation

-~ The primary qb,jé'ective of this test is to determine uplink and downlink
RF path loss at the L-band frequencies, Further objectives of the btests are to
determine the time variation of path loss, and atmospheric effects on propagation
. loss {refer to Appendix B for & presentation of range and range rate tests).
BF path loss, or mean signal attenuvation between two antennas, can.be
. bredic’oed. from the classical free space atienvation eguation, This equation does
not include icnospheric and tropospheric effects vhich may result in signal fading,
absorption and scintillation. These may be grouped as atmospheric effects apd
appear &8s sdditlopal losses., On occasion scintillation may result in sigpal
enhancement due to a "focusing" of the radio signal as it traverses the ionlzed
regioﬁs. These factors are freguency dependent and are generally more stable at
higher (L-band) than at lower frequencies (VHF band). A mathematical model of the

up and down links has been developed from measurements of equipment performance
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arnd. calculations based on orbit geometry. The elements of the model are used to
predict system performance, and hence, are referred to as "Predicted”™ values., A
comparison of measured and predicted values shows hov well the measured data supporis
the chosen model.

These tests attempt 1o determine vhether the measured system performance
supports the chosen path model. 'Since many of the variables are time variant, the
tests must be repeated over a period of time to determine the mean value range,

Propagation and diurnal variation were measured during several 24 hour
testa., Short term variations on hoth the uplink and downlink paths. showed vari-
ations up to +0.3 db, Typical recordings of short term variations are shown in
figure 9 (chart speed 1 mm/sec.). Each of the strip charts shown in figure 9 repre-
sents & pori’.:ion of the test run.: The uplink propagation test provided 531 consecu-
tive measurements of spacecraft received signal étrength (approximately seven minutes
of data). One measurement was performed each time that the spacecraft antenna illumi-
nated the earth station, thus the s@ple rate wvas identical to the spacecraft spin
rate. The standard deviation of the uplink data was 0.14 db, Alsc shown in figure 9
18 a portion of a typlcal downlink propagation record (the standard deviation of this
particular record was also 0.1k db, based upon 316 consecutive data points). The
downlink received signal strength was recorded for approximately four minutes every
hour over a 24 hour test period {actually 34 tes#t records were cbtained since it was
often possible to perform two test runs within the same hour), Figure 10 shows a
plot of the standard deviation versus time for the 24 hour test run. The standard
deviation for each four minute test interval is based on an average sample of 285
consecutive data points (3.7 minutes) and varies from 0,09 to 0.37 db with all but
four of the intervels having a standard devaiation less than 0.25 db. The average
standard deviation of all test intervals was 0,17 db, The results of the test show
the maximum fading to occur at about 4:00 p.m.-Toeal time (23:30 Z). The local weather

conditions (wind velocity, temperature and barometric pressure) were recorded during

the 24 hour test, however no correlation with fading activity could be determined.
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Diurnal variations due to orbit geometry were calculated to be +l db,

Test results indicated a peak——'bo-péak variation of 2.6 db. Figure 11 shows pre-

dicted and measured downlink signal strength versus time for 30/31 January 1970.
] » -

No_2k hour tests ‘were performed on uplink sigﬁal strength however, individusl .

tests indicate-that 1;he uplink variation is essentiélly identical to that mea-

sured for the downlink,

Ea‘bh.l;:ss may be measured in the sense that by measuring transmitted
and received signal powers and lmowing the parameters of the transmitting and
receiving antenna systems, the path attenuation can then be computed. These
tests, therefors, involve developing techniques for accurately measuring trans-
mitted and received signal powers for both the. earth station and the spacecraft,
therefore, it is importanit-to know, at the time each measurement is made, what
the orientation of each antemma is. To this end, considg;able attention has
been giveh to the effects of orbit geomebry, off beam center a:liowance, polari-
zation loss, and meagurement of spacecrafi received and transmitted power. 4
brief discussion of these effects is presented in Appendix A

The results of the propagation test are shown in table 6 (I-band-System
Link Performance). The table uses the para:meters and error budget shown in the
table5 in order to arrive a‘b‘link_ performance figures. 4 d.esc:;-iption of each
table is givgn below,

Analysis of the resulis presented in tableé is best accomplished by
first discussing the link paraweters and _error budget presented in table 5 since
these errors represent an integral part of the test results. .I'b should be poinbed
out that in this section, the term Yerror" does not mean "mistake" but ra.ther.the

errors of observation that are a consequence of the inherent, uncontrolled, en-

vironmental veriability that is part of every -data taking process.



Deseription of Table 5

Table 5 presents a listing of measured or calcula:béd parameters assoc-
iated with a determination of the propagation tests. Many of the items have
been examined in detail in Appendix A and will not be dealt with in detail here.

Referring o Table 5.

1) Unless otherwise stated, all tolerance are assumed 0.2 db.

2)  The net tolerance are arrived at by RSS (root sum squared) of
the individual tolerances.

3) The antemna network losses include all losses between the trans-
mitter power output {or the rc;ceiver electronics input) and the
antenma feed, A1l antenna gains and losses a:;'e based on actual
messurements (prelawmch data for the spa.cecra.;.‘t).

L) The tolerance on free space loss is the result of approximately
135 nmi variation in actual slant range to the spacecraft (the
range varies from 20,033 nmi to 20, 168 nmi).

5)  Polarization loss is explained in Apperidix A. The caleulsted

loss is approximetely 0.01 db min. o 0.k max.

6) Spaceecraft antenna pointing loss is explained in Appendix A,
Ground s‘b;ation antenna pointing loss is relatively small because
the I~band antenna is m.anual_'ly slaved to the C;band anterma which
is used to track the AT3-5 spacecraf}, ];Sei‘oré ez;’.ch series of
test measu&-ements ‘,th_ehpointit;g ‘angle of 'i:he L;band antemmsa is
manually adjusted to correspond to the C~band antenna peinting
angle. Since the L-band anterma beamcidth is mich lavger than
the C~band, the resulbting error‘in L~band antenna pointing is

small compared with the C-band tfacking antenna pointing accuracy.



7) Atmospheric loss is based on tables of ionospheric effects as
well as ;ther atmospheric effects likely to cccur in the Mojave
desert,

8) The spacecralt transmitter power 'ou'bput is debermined from .pre-
launch data,

9) The largest error Source is the dé%;rmination of the uplink
received signal strength (SSB/FM mode)., This measurement relies
upon the sensitivity of the SSB/PM modulator being known, The

_accuracy of this parameter is specified at +2.5 db, Future tests
are under way to determine this parameter more accurately.

10) The receiver system noise temperature shown‘ié the sum total of
the effects of the effective receiver noise temperature and the
antenna néise temperature, PLUS the effect of the receive network

loss,

BDiscussion of Table 6

The propagation tests are primarily concerned with debtermining the pro-
i)a.gatiqn effects, at I~band, between the earth station and the spacecraft.
This involves & determination of transmitter power outpub, receiver input power,
and net antenna gains, Once these parameters are established,. the ne:t trans-
migsion loss may he determined.

Considering the S5B uplink, we see that a predicted SSB transmitter
“power of 32.3 dim is required in order to produce the nominal level of -113.0
.dbm at the spacecraft v:'hen the spacecraft is in ils sou?hem—most position, The -
level of ~113.0 dbm.is selected because that is the level ;specii‘ied «(+2.5 db} by
the design specii‘ica!;ion whici’x is to provide 1.0 rad, rms mod index‘in the TM .

downlink. \Ubing this figure, the appropriate transmission losses are calcualted.
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Following the same sequence, the measured hplink SSB transmitter power required

to produce a mod index of 1.0 rad rms in the downlink {as measured with the
spectrim analyzer) is 29.1 dbm. The test was actually performed at a modulation
index of 2.4 radians peak (first carrier null) and normelized to 1.0 radians rms).
Assuning that the SSB/FM modulator sensitivity is nominal (i,e., -113.0 d.bm)-, it

is then possible to caleulate the net transmission loss. The measured and predicted
transmission losses agree within 3.2 éb, which is within the total tolerance of the
measurements (t?.T db‘on predicted and 39.8 db on measured total to a net tolerance
of +3.5 —db). The measurement indicates that the SSB/FM modulator is near the more
sensitive end of its allowable range.

The FM uplink columns show the ﬁredicted and measured link performance. The
spacecraft transponder ccmpression was measured in the narrow band—m/m mode and
compared to the eguivalent prelaunch data. Correlation of the two sets of data
provided a means of detemining the spacecraft receive signal level. The pre-
dicted and measured values agree within 0,5 db,

The FM downlink measured wvalues appear to be in closer agreement with the
predicted values than was the case with the uplink, Using the same procedure as
befor? to caleulate ;et transmission leoss from measured data, it is found that the
result is within 0,5 db of the predicted value (the tolerance between the two values
is +0.8 db and 1.1 db for the measured and predicted values, respectively, for a
net tolerance of +1.9 dbi.

The mathematical model of the system link parameters has been verified by

propagetion measurements, however, the precision o which the model 1s known is

not sufficient to deteet small diserepancies between measured and predicted values.
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TABIE 1.

ATS—S 1~-BAND TRANSMIT ANTENNA PATTERN

@ (s/c TO BARTH STATION LINK)

Earth Station Anterma Pattern Time Earth
Recelved Signal Beam Width Station is
Strength (@) INuminated ()
(dbm)
Main Beam Max -9%,0 dbm P
-1 db -100.,0 dbm 1Qe 21, 9 msec
-3 db ~102.0 dbm 24° 52.5 msec
-6 db -105,0 dbm 36.0° 78.7 msec
-0 db =109.9 dhm L8® 105.0 msec
1 st Side Lobes (Max)
-15.3 db -1313.5 dbm - -
(side lobes occur +55° from peak of main beam)

@ At maximum Northern excursion of S/C

@_ Power at input to Earth Station Preamp (Ear‘bh Station Antenna Gain = 35.7 db)
S/C Transmitter Power = 24 Watts (Two TWI's)

@ Based on a 3/C spin period of 787.6 ms (76.2 rpm)

TABLE 2. ATS-5 L-BAND RECEIVE ANTENNA PATTERN (L TO C CROSSTRAP MODE ,
C-BAND CMNT ANTENNA)
Anterma Patbern Time Earth Station
Beam Width. - is Illuminated#
Main Beam -1 db 10° 21,9 msec
=3 db 23° 50.L msec
-6 db 35° 76.6 msec
-10 db L8° 105,0 msec
1st Side Lobes (Max)
-13.7 db and ~15 db

(side lobes occur at +57°and —~48° from main beam peak)

#Based on a S/C spin period of 787.6 mx (76.2 rpm)’
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TABLE 3, ATS-5 L-BAND RECEIVE ANTENNA PATTERN (L TO C
PLANAR ARRAY)

CROSS STRAP MODE,

Antemna Pat%ern

Time Earth Station

Beam Width is TDNuminated®
Main Beam -1 db i5e 32.8 msec
-3 db 28° 61,3 msec
~6 db 37° 81.0 msec
~10 db 45° 98,5 msec

¥Based on a S/C spin pericd of 787.6 ms (78.2 rpm)

TABIE 4. ATS-5 L-BAND RECEIVE ANTENNA PATTERN (BEST ESTIMATE)

Anbenna Pattern

Time Earth Station

Beam Width is Tluminated*
Main Beam -1 db 15° 32.8 msec
~3 db 28° 61,3 msec
-6 db 37° 81.0 msec
-10 db L5° 98.5 msec

1 st Side Lobes (Max)

-13.7 db and ~15 db

(side lobes occur at 152° from main lobe peak)

#Based on a S/C spin period of 787.6 ms (76.2 rpm)
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TABLE 5. L-BAND SYSTEM LINK PARAMETERS AND ERROR BUDGET:*

brL;NK (IE50 - THZ) g ‘EQWNEINK'f1$§U*EEZI::

SSB M FM
TRANSMIT ANTENNA GAIN (db) 35."7 35.7 4.0
TRANSMIT NETWORK LCSS '(db) 2.1 | 2.1 2.0
RECEIVE ANTENNA GAIN (db) 15.0 i5.0 35.7
RECEIVE NETWORK LOSS (db) 2.3 2.3 1.0
NET ANTENNA GAIN . (db) 46,3 0.4 16,3 10.4 46.7 0.4
FREE SPACE LOSS (db) 188.4 188.4 187.8 |
POLARIZATION LOSS : (db) 0.2 0.2 ~ 0.2
§/G ANT, POINT LOSSi## (db) 0.3 to 2.340.5 0.3 to 2,310.5 0.3 to 2.310.5
EARTH STATION ANT. POINTING LOSS (db) 0.5 0.5 0.5 +0.5 0.5 10.5°
ATMOSPHERIC LOSS (ab) 0.2 0.2 0.2
NET PROPAGATION LOSS (db) ’ 189.6 to 191.640.8 189.6 to 191.610.8 189.0 to 191.0+0.8
TRANSMITTER POWER OUTPUT**¥ (dbm) +0.5 +0.5 40,5,
(measurement accuracy) Ka
RECEIVED SIGNAL STRENGTH ~83.3 to -85.3 =98.9 to ~100.9
(measurement accuracy) (dab) +0.5 +0.5 +0.5
(SSB/FM mod. sensitivity) (db) 2.5 — il
FET ERROR IN DETERMINATION (db) 2.7 +1.1 +1.1
OF LINK PERFORMANCE '
EFFECTIVE RECEIVER NOISE TEMP (°K) 1470 1470 170

#  Unless otherwise indicated, all parameters are assumed accurate to within +0.2 db.

## The S/C antenna point loss is a function of the S/C orbit geometry and is predictable as a function of time.

##3t The ground station transmitter power output is adjusted to establish a predetermined S/C received signal,
and is therefore dependent upon orbit configuration and system operating mode. '
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TABLE 5.

RECEIVE ANTENNA NOISE TEMP (°K)
RECEIVE SYSTEM NOISE TEMP (dbokK)
NOISE POWER DENSITY (dbm/Hz)

. I-BAND SYSTEM LINK PARAMETERS AND ERROR BUDGET (conttd)

290 290
32.5 32.5
~166,1 ~166,1

55
25.3
"'173 03
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TABIE 6,

UPLINK (1650 MHz)

L-BAND SYSTEM LINK PERFORMANCE#*

DOINLINK O MHz

SsB FM(NB) ¥
_Measured Predicted  Measured Predicted Measured Predicted

TRANSMITTED POWER (dbm ) 29.1 10.5 . 32.3 60.0 0.5 60.0 43.4 10.5 43.4
NET ANTENNA GAIN {(db) 46.3 0.4 46,3 46.3 10.4  46.3 46.7 40.4 46.7
RECEIVED SIGNAL (dbm)ie

5/¢ at max N -111.0 0.5  ~111,0 ~82.8 40,5 -83.3 ~98.4 40.5 98,9

S/C at max S -113.0 40.5  -113.0 I ~85.3 ~101.0 40.5 -100.9
NET TRANSMISSION LOSS (db) |

S/C at max N 186.4 10.8 189.6 189,1 40.8 189.6 188.5 40.8 189.0

5/C at max S 188.4 0.8 191.6 et 191.6 ~191.1 +0.8 191..0
RECEIVED NOSIE POWER DEN~  ~166.1 ~166.1 -166.1 ~166.1 -174.2 -173.3
SITY (dbm/Hz)
LINK C/N, (waximum value)
(db)

S/C at max N 55.1 0.8 55.1 83.3 0.8 82.8 75.8 +0.8 Thaly

§/C at max S 53.1 10.8 53.1 #t 80.8 73.2 10.8 72.4

# Tolerance of predicted values is 2.7 db on SSB uplink, 1,1 on the FM uplink, and 1.1 db on downlink

(refer to Table 5).

#Uplink transmit SSB power required for mod index of 1.0 rad rms (S/C at max'S) assuming nominal sensitivity

of SSB/FM modulator.

##5/C received power not determined for FM (NB) mode.
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Figure 9. L-Band Signal Fading (Chart Speed 1 mm/sec)
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5 - * SPACECRAFT PERFCRMANCE CHARACTERISTICS

5.1 Spacecraft OSC]:.llB.‘bOI‘ Fregquency Offset

VCG Offset '

The spacecraft VOO frequency offset as a i‘unctionh of time after turn-on
is shown in :figure 12. The freguency of the spacecraft VGO is detemjned by
monitoring the downlink IF frequency while the spacecraft is in the Wideband
Data Mode (WEDM). In this mode a baseband signal is generated inbternally in
the spacecraft. Any frequency drift or offset is due to spacecraft VCO or master
os.cillator. The spacecrait VCO's nominal operabing point is about 65.89 MHz,
with any offset being transiated to RF, In the earth station receiver the RF
offset is trenslated to the receiverts 70 MHz IF. Master oscillator offset

measurements show that the master oscillator.frequency offset and drift is neéli'gible

when compared to VGO frequency offset and drift.

The time period coveréd in, figure 12 is from 11 minutes after turn-on
o slightly over 3 hours afber twrn-on. At eleven minutes after turn-on the
frequency was about 21;5 kHz below its nominal center frequency. Each successive
measurement indicated that the frequency offset was diminishing. However, at
192 minutes after turn-on the frequency offset was still at -184 kHz.

The VCO frequency offset may be exeessive at times for certain appli-
cations. The amount of frequency offset that can be tolerated is also dependent
upon the bandwidth of the IF filter. If the frequency offsel is considered ex-
cessive for the desired application two alternatives are available. First the
VCO could be tu:r—-ned on long enough prior t0 transmission time to allow the offset
to come within desired tolerances, or, the down-converter local oscillator may be

offset in order to position the IF to the desired frequency.
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Master Oscillabor Offset

The I-band Master Oscillator .frequency offset as a function of time a.f‘ter
turn-on is shown in figure 13. In the MA (SSB/FM) mode, the incoming SSB signal
.is hetrodyned to baschand via a double mixing process within the spacecraft. The
local oscillator for-each mixing coperation is derived from the spacecraft master
oscillator., In one case the master oscillator frequency is mulbtiplied by 102,
and in the other case by b.‘ The mixing is performed in suéh ‘a way that the fre-
quency errars caused by The master oscillator are non ddditive, ,’.Fhis causes the fre-
- quency error in the ba‘s‘e}?angi signal to be 98 'bimés the error in the master
oscillator. The rasu]:t:.ing baseband signal is us‘ed to freguency modulate the
spacecraft VCO, and thus undergoes no fubther frequency errors. There is, there-
fore, a 1:98 ratio between the spacecraft master oscillator frequency offset
and the earth stabtion receiver 'baseba.nd_ frequency offset. For example, if the
spacecraft master oseillator freq_uenc;?' is 10 Hz high, the baseband frequency will
be 980 Hz high. The frequency offset due to the spacecraft master osci];!.ator is
measured by transmitting a tone from the earth sbation correspoz_zdin;g to a parti-
cular baseband frequency. The frequency of the earth station baseband tone, after
passing through the spacecraft, is measured to determine the master oscillator fre-
quency offset. This test is of particular significance when transmitting FIM .
where a few hundred Iz baseband frequency offset may-be significant.

The C~band and the L-band spacecraft transponders wach have their own
master oscillators., If desired, these master oscillators mey bs.Xept on’ even
though the associated spacecraft transmitter is off. This would allow the master

oscillator to stabilize in advance of a particular test.

LO



As shown in figure 13, a baseband freguency offset of slightly more
than 4 kHz occurs at about 1.5 hours after turn-on., This frequency offset de-
creases with elasped time after turn~on. However, after opera.'b:lﬁg for about
17 hours.the baseband frequency is still nearly 400 Hz above the desired frequency.
The master oscillator is much more stable than the L-band VCO. There-
fore, the baseband frequency offset caused by the master oscillabor may be neglected
when operating in the wideband dats mode. However, when transmitting FDM, either
the earth station tramsmitter local oscillator will have to be-offset, or a iong
warm-up period will be required for the spacecraft master oscillator to stabilize.
In either case, it may be necessary to track (either manually or automatically)
the baseband frequency drift. Automatic tracking would probebly involve the trans-
mission of & guitable pillot tone.

5.2 Spagecraft Tntermodulation Distortion

The objective of this test is to measure the 3rd and 5th ozdc;r inter—
modulation products. This test is performed by injecting two signals int.o the
earth station transmitber IF. The signals pass through the remdinder of the
transtitter system, the spacecrafi, and jc.he front end of the earth station recelver.
This is the L-band recgéiver in the L-L band mode and the C-band receiver in the
L-C‘ crosstrap mode., The intermodulation products are measured in the receiver
IF via a spectrum analyzer or a tuned receiver.

Intermodulation Distortion in the SSB/FM mode may be measured while
employdhg a 12 MHz or a 2 MHz f£ilter in the eaﬁr‘t_h station I.-'Qar;d receiver IF section.
If the 12 MHg filter is used the system is therm.::_zﬂ. noise limited, thus, inter-
modulation products are not the limiting factor. When the 2 Mz is used high

3rd order intemo/dulation products appear.



The SSB/FM mode of operation was designed primarily for the
transmission of ranging tones where intermodulation products may be of little signi-
ficance since the ranging tests are conducted using a narrowband phase-lock loop.
Intermodulation products could hinder acquisition of the proper signal, however, -
after lock'-up to this signal intermodulation products are outside of the band-
width in uwse. Two-Tone Intermodulation tests were performed using the L-C cross-
strap mode (SSB/FM) with a 30 MHz BF filter in the receiver IF. In this con-
Tiguration, the third order two tone intermodulstion products were measured to
be in the order of 26 &b below either tone, Thls is approximately the same as
measured for the trapsmitter alone, thus indicating that the transmitter is‘ the

primary source of IM dis:hor‘bion.

5.3 Spacecraft Transponder Compression

‘ The compression curve for the spacecraft transponder {(narrow band, FT mode)
is shown in Fiéure 1. Both prelaun%\g{\and post—-launch data are presented. The
latter was accomplished by varing the uplink power level from 30 dbm to 52 dbm
and recording the received downlink power. The saturation point is defined as
"Ehat spacecraft input power level which when increased by two db, results in a
one db inerease in spacecraft power output (also referred to as the one db com-
pression point). The one db compression point was found to be -103.5 dbm,

The two compression curves (pre and post launch) may be utilized %o
verify the link calculations, since, when overdain-for a best fib, they correlate
earth station transmitter power oubtpubt and spacecraft power input. -

5.0 Spacecraft SSB/FM Modulator Iinearity

The linearity characteristic of the spaceecraft IM Hodulator is EBhown
in figure 15. The system is in the SSB/FM mode with the grownd receiver ubilizing
the 30 Mz IF filter., The linearity characteristic will be given in terms of the

functional relationship between the S/C received power (Prs) and the resulting



modulation index (M). For this test, an L band frequency was employed on both
the up and down link paths (1650 MHz and 1550 MHz, respectively).

A 533 KHz modulabing signal was transmitted via the SSB uplink for
diserete values of ground transmitter power (Ptg). For each power value, a
corresponding value for the S/C received power (Prs) was compubted ubilizing link
calculations. For each value of Pig a corresponding ground received test tone
power level was measured. This power level varies direcily with M, From the
a2bove relationships it was then possible to develop the desired function, To'
determine specific values of M for a-given Fng, pre—launch measurements of S/c
input power and the resulting value of M were employed, From these measurements
it was determined that for an input power level of -1l13 dbm, an M of 1.0
radian rms resul:bs for a modulating frequency of 533 kilz.

The resulting test data is showm in figure 15 as a plot of M versus
Prs. Since, ideally, M varies as the square oot of Prs (linearly with voltage),

a plot of Y verst;.s Prs an semi~log paper will be a straight line, The point at
which the function deviates from a straight line defines the linear operating region
of the FM modulator, As shown in figure 15, the upper limit of the linear region
occurs at an M of 12 radians rms. fc-;- a Prs of agbout-92 dbm. For this walune of

M, the corresponding rms frequency deviation is 6.4 MHz,

No masking effect of the'FI-I modulator characteristies dve to IF bandwidth
limitations on the ground received test tone power level was present in this test.
This follows from the fagt that the required IF bandwidih for an M of 12 and a im
of 533 kHz is 13.9 MHz. A 30 MHz filbter was employed in the ground receliver; hence,
the curve in figure 15 truly represents the desired operating hcaracteristics of

the S/C FM modulator.



5.5 Spacecrafl Frequency Response

The frequency response of the 5/C system was measured for operation
in the FINB mode with a 2.5 MHz IF filter, The ground transmitter IF freguency
was varied over a range of 69.8 Mz to 73.5 MHz., The corresponding ground
received IF tones wére inserted inbto an amplitude detector whose output was
then didplayed on 'a calibrated strip chart. The resuliing peaks of the re-
corded signal were employed as i measure of the frequency response. Bandwidth
limitations in the ground units were minimized by operating these units with
relatively wideband filters and also by faking corresponding readings in a
ground loop configuration and subbracting the effects from the overall S/C
loop response.

Figure 16 shows the results of the frequency response test. The width
of the response at the 3 db and 1 db points are 2 MHz and 1.3 Miz, respectively.
It is noticed that the skirt response is unsymmetrical relative to the center
frequency. On the low and high side of the response the average shape of the
roll-off is 12 db/MHz and 7 d_b/}le, respectively. This unsymmetrical shape
agrees with the pre-launch response measurements, .

The frequency response of the ATS-5 system operating in the SSB/FM
mode is showm in fipure 17. As shown, the 3 db BW in about 115 kHz (Further
analysis of the dabta showes that the noise power bandwidbh fs 150 kiz). The
test was performed by transmitiing a tone from the earth station which, when
hetredyned by the spacecraft mixers, would lie within the IF filter preceeding
the spacecraft VCO. The frequency of the transmitted tone was adjusted in
10 kHz steps over the baseband freguency range in the spacecraft. The tone,
after passing through the baseband filter was then used to modulate the space-
craft VGO. The VCO frequency was converted to I-band and transmitted to the
eapbh stabion,. The modulation index of the downlink signal was thus directly
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proportional to the signal strength of the modulating signal. At the earth
station, the downlink signal was FM detected, and the power level of the modu-
lating signal was measured.
5.6 Spin Doppler

Because ATS~-5 has a spinning antemnna which has a phase center offset
from the spin axis, spin doppler and dappler rate will be present on all signals
passing through the transponder, The doppler is proportional to (1) The RF ‘fre—
quency and {2) the projection of the velocity vector of the antenna phase center
onto a line extending from the ground station to the spacecraft antenna phase
center. The doppler rate (rate of change of frequencéﬂshift) is proportional
to (1) the RF frequency and (2) to the projection of the acceleration vector of
the anterma phase center onto the line of sight between the grouﬁd station and

spacecraft antenna phase center.
In figure 18 the spacecraft antenna phase center velocity and accer-

ation vectors are shown in relatiomship to the relative positions of the ground
stations with respect to the spacecraft when the ground station is illuminated

by various portions of the spacecraft antenna pattern. For example, in position
#5 the ground station is almost directly in line with the velocity vector, there-
fore the absolube maximum doppler due to spacecraft spin will be presént onn the RF
frequencies being measured aé this time. In this case, the velocity veckor is-
directed away from the earth station, thus causing ; negative doppler shift.

One way doppler may be calculated using the following formula:

= £fo EW cos 91

fg =
G

where fo is the carrier frequency in Hz, R is the radius of the phase center of

the anterna from the spin axis of the spacecraft in £b., W is the apgular fre-

quency‘of the spinning spacecraft in radians/sec, C is the velocity of light
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in fi/sec, and ©3,is the angle between the velocity vector and the ground station
line of sight to the spacecraft. To calculate the two way doppler the uplink
and downlink must be caleulated separately because of the different frequencies
involved, and then the two doppler freguencies are added.

Two way doppler was measured by mixing a recovered 70 MHz tone which
was sent through the spacecraft repeater with a lacally generated tone of nearly
7O MHzZ, The recovered tone will have 2-way doppler present, so that the
resultant tone after mixing will be doppler plus scme frequency offset. The
resultant tone was monitored on an escilloscope; pa.tterns; of some of these
measurements are shoyn in figure 19,

Doppler rate can he calcuwlabed using the following formula:

:.t‘d = fc (R W2 cos 85)
- C
where fo, R, W, and C are the same quanities listed above, and €5 is the angle

between the acceration vector of the spaceeraft anbenna phase center (shown in
figure 18°) and the éround station line of sight to the spacecraft. Two-way
doppler rate can be calculated by adding the uplink doppler rate and the down-
1ink doppler rabe caleulated for the two different uplink and downlink fre-
quencies.

In figure 20 the two-way doppler and two-way doppler rate are shown
in the range of 30 milli-seconds before the peak of the main lobe and 30 milii-
seconds after the peak of the main lobe, Table 7 shows the calculated and measured
two~wey doppler for various portic;ns of the spacecraft antenna pattern. Also
shown isr the calculaled two—sry dopplér rate.



TABIE 7, CALCULATED AND MEASURED 2 WAY DOPPLER RESULTS

- Calculated | Measureds
Pogitilon 2-Way Poppler - Doppl. _2-_-1%2_1&29;3:_
] (Hz) %Hz?secj Hz)

#1 (Peak of 1st side lobe) +32 b6 +31
#2 (-20 db on 1st side of Main ,

Labe) -1 535 , -3
#3 {Peak of Main Lobe) -36 1h8 -31

#, (=20 db on 2nd side of Main

Lobe) -59 234 -5k

#5 (Peak of 2nd side lobe) -67 19 -72

# The accuracy of the measured values is expected to have a tolerance of +5 Hz
because of the uncertainty in deberminihg precisely the instantaneous frequency

at the ground station,

5.7 Spacecraft Noise Temperature

The spacecraft system noise temperature is dependent upon several
factors ; primarily the earth nolse temperature,. noise figure of the transponder
and the receive losses of the transponder. The following formula is used to
calculate the spacecraft system noise temperature.

Is=T + Tp + (IP-1) T, °K
where Ty is the antmmna sky noise, Ty is the noise spillover from the transmitter
in the receiver bénd, L is the losses from the antemna to the front end of the

receiver, F is the noise factor of the receiver, and T, is the actual temperature
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of the coupling network betwegn the antenna and the receiver, The noise
factor is given by the followiné Tormula

F=(1+T/%)
vhere T is the receiver effective noise temperature and Yg is 290°K
(reference temperature).

The spacecrait repeater has a noise figure-of 5.5 db at the input
to the electronics, The receive antenna losses were measured prior to launch
and are equsl to 2.3 db. Based upon ATS-1 deta for a similar repea'l‘-.er‘we would
expect the temperature of the coupling network to be about 285°K while LO°K is
&8 reasonable assumption for the degradation due transmitter thermal noise out
of band. The antenna sky nolse is taken o be 290°K when looking directly atb
the earth, Using these values in the formula above yields. ¥he spacecraft

system nolse temperature.

T, =T, + T + (LF-1) T

g A
290°K + 40°K + E..T (3.5) -:1:‘ 285°K
1760°K  32.5 db °K

fl

I
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6 SYSTEM PERFORMANCE CHARACTERISTICS
6.1 Multiplex Channel S/N

A test was performed to determine the multiplex chamnel signal to thermal
noise ratio (S/N) as a function of the modulation index (M) for the SSB/FM system.
For a given value of a overall link carrier-to-noise spectral density, S/N will
vary directly with M2, The SSB test tone transmitter power (Pyg) was varied
over a range of 41 dbm to 50 dbm thus producing various values of M. For each
value of Pyy the received miltiplex channel S/N, unweighted, was measured.

The results for this test are as follows:

Pyg (dbm) S/N (db)
11 26
Iy 30
L7 33
50 36

The system signal to total noise ratio will be less than the values listed

above for a given M because the total noise is made up of both thermal and inter-
modulation (IM) noise. As M increases, IM noise will also increase while the
thermal noise stays constant. Thus for a specific range of values of M where the
thermal noise is at least 10 db greater than the IM noise, the above S/N values

are an accurate indication of the true system S/N value, and the system is said

to be thermal noise limited. For higher values of M the IM noise will increase
until it will actually exceed the thermal noise., For this condition, the system is
said to be intermodulation noise limited. The optimum system signal-to-total noise

value will occur at a value of M between the above limits.
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G2 Spin Modulation Compensation Test

A1l signals transmitted from the earth station to the spacecraft will
undergo an amplitude change due to the spacecraft antenna gain. The signal
enhancement. due to the antenna will be a function of the antenna pattern and the
relative angle of arrival of the propagated signal. As the spacecraft spins about
its axis, the angle between the received signal propagation wvector and the antenna
boresight changes through 360°. This has the effect of amplitude modulating the
received signal with the spacecraft antemna pattern (as received at the electronics
input)

The effect of the spin modulation may be overcome by amplitude modulating
the transmitted signal with the inverse of the spacecraft antenna pattern. The
modulation mist be timed so that the modulated signal arrives at the spacecraft
with minimum level when the effective antenna gain is greatest, and visa versa.

The extent to which the spin modulation may be overcome is a function
of the available power at the earth station and the spacecraft antemna pattern.
The SSB transmitter used for the 1-band experiments may be operated at am outpit
power of 15 to 20 db greater than that required for good uplink performance (the
transmitter power output capability is determined by the FM/FM mode, which is
much greater than that required for SSB/FM operation). It is therefore possible
to compensate for up to 20 db of the spin modulation, however, in order to stay
within the linear portion of the transmitter output characteristic, only up to
15 db of compensation was utilized.

The test was performed by amplitude modulating input to the earth

station SSB transmitters by using a pin diode attenuator in the 70 MHz IF.
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The modulating signal was provided by the on-site computer via a digital

to analog converter.

The computer was programmed to provide an output voltage which
was essentially the inverse of the spacecraft antenna pattern (the actual
function contained corrections for the pin diode modulation linearity as
well as the transmitter linearity). The computer was ;ycled once each
spin revolution of the spacecraft by the timing unit which was synchronized
with the spacecraft spin. The propagation delay from the earth station to
the spacecraft was compensated for by the timing unit.
The test consists of four basic steps as follows:

1) Synchronization is established between the modulating signal
(Sy) (derived from the computer stored program) and the spacecraft. This is
best accomplished by simultaneously viewing Sy (D to A output) and the space-
craft transmit antenna pattern on an oscilloscope (frame 1 of figure 21). Both
the computer and the oscilloscope are gated from the synchronization and timing
(S/T) unit.

2) The 3 db pulse width of Sy 1s compared with the spacecraft transmit
antenna pattern and the computer program is adjusted if necessary, to make the
3 db points approximately the same (frame 3 of figure 21). This step is required
because of the nature of the computer program and would not be necessary in an
operational system which would use an adaptive technique. The spacecraft transmit
antenna pattern is used for the comparison instead of the receiver pattern because
of the relative ease with which the former is obtained, The patterns may be con-

sidered identical for the purpose of this test.
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3) The proper time delay is established between the D/A output (SM)

and the spacecraft transmit antenna pattern. This is accomplished by advancing
the gating pulse to the computer by approximately 0.25 sec. (round trip prop-
agation time to the spacecraft). The time advancement is readily performed
using the built in digital phase adjustment in the S/T unit.

L) Final aligmment of SM is accomplished by observing the spacecraft
receive antenna pattern on an oscilloscope and adjusting the time delay for a
best "fit" as determined by obtaining a maximum effective beamwidth of the space-
craft receive antenna pattemn.

Frame 3 of figure 21 shows the receive antenna pattern without spin
modulation compensation (top trace); the bottom trace is a 3 db calibration
trace used to calibrate the amplitude of the received signal, Frame 4 shows the
receive antenna pattern with the compensation circuits activated (top trace);
also shown is a 3 db calibration (bottom trace). The 600 Hz audio frequency
ripple component is present in both fremes due to the relatively large fre-
quency response of the AM detector.

The effectiveness of the test was determined by measuring the uplink
spacecraft antenna pattern with and without the pin diode attenuator modulated.
The results showed that the 3 db beamwidth was effectively increased from about
54 ms to 100 ms, The top of the pattern showed ripple of about 0.5 db, however,
further refinement of the stored computer function could reduce the ripple even
further.

No effort was made to provide adaptive logic to compensate for the

spin modulation, however, an adaptive technique could easily be implemented,
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7 CONCLUSIONS

Tests performed with the ATS-5 spacecraft have shown that, even though
it is spin stabilized, most of the engineering data may be obtained.
The spacecraft operational characteristics have been measured, in a space
environment, and the test results indicate that the system is functioning normally.
Link calculations have been verified with test data and the utilization of a
timing and synchronization unit allows accurate measurements to be made through
the spacecraft during the time interval that the spacecraft antenna illuminate
the earth station.

Propagation tests have been performed which show that diurnal effects
and short term fading at L-band are negligable (less than + 0.5 db).

The test techniques described herein, together with the measured ATS-5
spacecraft operational characteristies, provide the basic information required

in order to proceed with the development of tests to measure multipath effects.
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Figure 21, Spin Modulation Compensation Test Waveforms




Appenidix A
CONSIDERATTI(N OF PARAMETERS AFFECTING FROPAGATION
MEASUREMENTS
4.1 ORBIT GEQMETRY
. Figure A.1l shows the orbit geomebry of the ATS-5 spacecraft.

The -orbit of the spacecraft is inclined approximately 2,.5° to the
" earth's equitorial plane. The axis of spin of the spacecraft is perpendicular
to the earth’s equitorial plane. The spacecraft spins CCW (looking down fyom
the north), which is the same as_the-earth’s spin direction.

It is important to note that as the spacecraft orbits the earth, its
subtrack moves north and south as shown in figure A.2, The impact that this
movement has upon off beam center allowance is illustrated in detail in figure 4.3.

As the spacecraft moves north and south in its orbit, it is useful to
consider what areas of the earbh are covered by the 1 and 3 db beamwidihs of the
spacecraft antemma. Considering a stationary earth, a non-spinning spacecraft and
assuming a conical beam, the 1 and 3 db anbenna patlerns are approximately as
shown in figure A.3 for the northern and southern most excursions of the space-—
eraft. It may be noted that as the spacecraft moves from N to S, a small circle
on the earth!s surface is always within the 1 db beamwidth. Also, as the space-
ceraft moves from north to south and back, it is seen ‘that the 3 db beamvidth
sweeps acroés the earth .in such a manner that anobther area of the earth is always
within the 3 db beamyidth, and may also be at times within the 1 db beamyidih.
Thus,, this area (which contains the Mojave ground station), may be anywhere
from O to 3 db down from the boresight of the antenna (assuming a symmetrical
antenna pattern). A third. area indicated in the/figure represents the area

of the earth which is always at least 1 db off the antenna boresight, and may be
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as much as 3 db, It is of interest to note that no point on the earth that

is illuminated by the spacecraft antemna is ever more than 3 db off boresight.

As the spacecraft spins about its axis, the antemna beam sweeps across the earth
from eest to west, causing each of the concentric eircles in figure A.3 to become
a "bar® across the earthis surface., The "bar" (not shown in the figure) is ess-

entially parellel with the earth's equatbor.

The fo:'c'egoing information concerning the spacecraft orbit geometry
was derived from the orbital parameters as provided by NASA/GSFC. Additional
information concerning the right ascemsion and déc]ination of the spacecraft spin
axis with respect to the earth'!s eé_uitorial plane is required before accurate
predictions of off beam cen"oer allewance may be derived for comparison with
measured values, Work is currently in progress in this area,

A2 POLARIZATION 1088

Figure A.L shows the interaction of an elliptically polarized wave-
form with an elliptically polarized antemna. As seen from the left, the E vector
of the propagating wave describes an ellipse ab any point along its path. Using
the interface of the antenna feed as a point of observation, we see that the H
vector of the antemna also described an ellipse, one which will be at some as
yet unlmown angle with the incident wave. The E vector of the incident waveform
and of the antenna are coincident at the point of observation. The H wvectors,
which are always 90° out of phase with their respective E vectors, are also coined-

dent at the point of observation.
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The actual amount of energy transfer between the incident wave and
the antenna is represented by the shaded area of the .two ellipses. Maseinmm
transfer of energy will cccur when the major axis of both ellipses are aligned,
however, total energy transfer will not occur even then unless both ellipses are
of the same degree of ellipticity. The spacecraft antenna is required to have
an ellipticity less than 2.0 db, the earth station antemna has been measured to
have an ellipticity of 2.5 db for transmit and 3.0 db for receive. This results:
in a minimum polarization loss of 0.01L db for the up and down links, and maximum
losses of 0,34 db and 0.29 for the uplink and déwnlink, respectively. The angle
of orientation is a funetion of the electron density :l.n the ionosphere which
gives rise to Faraday rotation of the incident waveform.

T

4A.3 OFF BEAM CENTER ALLOJANCE

Accurate prediction of the off beam center allowance is required if
obher propagation effects (such as atmospheriec diurnal‘va.riations) are to be
observed. An estimate of the off beam center allowance may bé made from measured
signal strength (at peak of antenna pattern) for antenna patterns made during
several 24 hour tests. Since the spacecraft transmitted power was constant,
the variation in earth station received power (at the pea.k of the pattern) is
due to the station being off bores:.ght of the sPacecrai‘t antenna. Accurate
predictions of off beam center allowance make it poss:.ble to detect other losses
such as diurnal ei‘fects , which are of lesser magnitude. &n ana.ls'rsis for the down-
Tink results in-an estimated off beam center variation of 2.0 db from the max

north to max south excursion of the spacecraft.
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Figmre 11 shows this predicted vardation for Mojave, California
on 30/31 Jamuary 1970. The peak-~to-peak amplitude of the variations, and the
phase, will vary according to the loca.tign of the measuring station. Ther;': :;.s
also a phase shift .of 360° over a period of one year for any fixed station on
the earth, -

As discussed previously, the off beam center a.]iowance is a fnlmction
of the orbit geometry and tﬁe spacecraft antenna pattern. During its orbital
period, the spacecraft antenna boresight moves north and south a dist?.nce which
is proportional fo:

R(tan 6 + cos e sinB)
where:

R = a {ime variant function which is dependent upon the range of the

spacecraft from the center of the earth and the subsatellite point.

8 = inelination angle of the spacecraft orbital plane with respect to

the earth's equitorial plane.

-e = declination of the spacecraft spin axis with respect to the earth's
equitorial plane.
B = angle in the earth's equitorial plane between the prbjection of

the antenna boresight and the projection of spacecraft spin axis.

From the foregoing, it may be seen that the .accuracy of predicti:on
of spacecré.fb off beam center allowance is &?épendent I;pon‘, the accuracy to which
the orbital elements are known as well as th;‘ accura.éy of the antenna pattern
model. Data has been taken (figure 11) at Mojave which indicates that the

speead between maximum and minimum off beam center allowance is 2.6 db for the
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downlink, The uplink spread is expected to be identical although this has not
been verified, Assuming a conical antenna pattern, it may re&s-onably be esti~
mated that when the Mojave station is closest £o0_spacecraft antemna boresight,
it is still about ‘0.3 db fromsthe actual spacecraft antenna pattern peak. Thus,l
‘the off beam center allowance for maximum north and south spacecraft excursions
is assumed to be 0.3 db and 2,3 db for the uplink and the dovmlink.
Ay MEASURJEIENT TECHNIQUES

The uplink signal strength received at the spacecraff preamplifier
input (Ppg) is required in order to debermine the uplink path loss. In the MA
(SSB/FM) mode, Prs is determined from the spacecraft SSB/FM modulator semsitivity
and the downlink modulation index. The downlink modulation index is readily
determined from the downlink IF frequency spectrum and the spacecrafi: modulator
sensitivity is determingd from the spé.cecraft design specification to be -113.0 dbm
+ 2.5 db at the spacecralt preamp input for 1.0 rad. rms modulation index.

If the spacecrait were not spimning, it would be possible to determine
Png in the FT mode by the telemetry readout from the on board Ppg sensors, however,
the response of the sengors is not fast enough to follow the fiuetuation in PI.,‘_3
caused by the spacecraft spin., Ib is therefore necessary to esktimate the vaiue

of ’PI,5 by comparing pre and post lawnch spaceeraft repeater compression data.
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The sﬁacecraft transmitter power oubput was measured for one and two
TWT's during prelaunch tests. The values measured at that time will be used to
determine propagation loss,

Accurats measurements of signals, originating at the ATS-5 spaceéraft,
are complicated by the spacecraft spin, This probiem has been overcome by
ubilizing a synchr;nized timing unit which provides gating signals to a sample
and hold type detector, as well as providing gating signals to other test equip-
ment. As an example, to¢ measure the downlink signal power, the spacecraft is
placed in the Wide Band Data Mode (WBDM) which provides an unmodulated downlink
carrier at L-band. At the earth station the downlink carrier in hetrodyned to a
70 Mz IF which is divided into two branches. One branch is AM detected and
displayed on an oscilloscope (the oscilloscope is gated by the synchronized timing

unit). The other branch of the IF

A

is used to provide an input to the sample
and hold meter. '

The sample/hold detector provides a dc output which is proportional to
the EMS of the input signal. The de¢ output le;el is maintained by the unit .
until it is reset by the time synchronization unit. During this "hold" peried,
the dc outpui is measured Qith a digital voltmeter/printer as well as recorded
on a'strip chart. )

By using this technique, it is possible to obtain a measurement of the
received signal strength for each revolution of the spacecraft (approximately
one reading each 790 ms). It should be noted that as long as the sample time is
synchronized with the "flat" portion of the spacecraft antenna pattern, the
measured signal will be identical to what would have been measured if the space-

e

craft were not spinning.
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Figure A5, shows oscillographs of the synchronizer output pulse (“A"),
the sample and hold detector cutput, and the detected IF. The gating pulse "AY
and the sample/hold detector output are shown for two time bases (10 and 100 me/em).
The 100 ms/cm time base shows slightly more than one complete cycle of operation
(approximately 1 second total time). A second oscillograph (10 ms/em) shows the
"AM pulse and the sample/hold detector output expanded during the sample interval.
Two other oscillographs show the sample/hold detector output in relationship to
the-detected IFf It may be readily observed that the sample interval is wifhin
the "Flat" portion of the spacecraft antemna pattern is evidenced by the fact
that the detected IF signal is essentially "flat! during this time.

When measuring the downlink antenna pattern, it is convenient to record
the detected 70 MHz IF signal on a high speed sirip chart recorder (visicorder).
This also provides an alternate method of measuring the received signal strength.

A.5 EARTH STATION ANTENNA POINTING

The earth station I-band antenna has no provision for automatic tracking
of the spacecraft, however, manual tracking is achit_eved by uwpdating the I-band
antenna pointing coordinates'to agree with the C=-band antenna which is tracking
the spacecraft. The C-band antenna has a hialf power beamwidth (at the receive
frequency) of about 0.4° under normal operational conditions. Since the L-band
antenna position (1db beanwidth of approximately 1.7°) is updated’%efore each test,
the pointing accuracy will be almost entirely a finction of the change in orbit
geometry during the test interval, and of the accuracy of the serve drive. The

combined effect of these errors is estimated to be 0.5 db +0.54db.
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A6 EARTH STATICN NOISE TEMPERATURE

The system noise temperature of the earth station is primarily depen-
dent upon the receive antenna noise temperature, Tp; the effective noise tem—
perature of the receiver, Tp; and the receive losses between the antenna and
the receiver, L. The formula‘ubilized for ca.lm.:zlat:i.on of system noise tempera-
ture, Tg, is

Ts=T, + Tp + [L(1+Tpk) 1] T,
where Tj equals 55°K, Tp is negligible, L equals 1.0 db,” Tp. equals 170°K, t, is
a reference temperature equal to 290°K, and T, is the actual temperature of the
coupling network equal to 290°K, Using these wvalues the system noise is calcu~

lated to be 33L°K or 25.3 db °K.
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Figure A-2. Sub-track of ATS-5 Spacecraft (13 November 1969)
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Appendix B

RANGE AND RANGE RATE TEST RESULTS

This appendix presents the results of a three week study program performed
by the Electronics Division of General Dynamics, San Diego COperations, for
NASA/GSFC uvnder Contract NAS 5-20128,

OBJECTIVES

The study performed concerned the use of the Applications Technology
Satellite Range and Range Rate (ATSR) System with spimning spacecraft. The
objective of the study was Lo determine & feasible apnd economical modification
to the ATSR System wT?ich, vwhen Implemented, will gllow the system to reliably
obtain range and range rate data from a spinning spacecraft vhose antenna ;T.s -
rotating (front-to-back) such that it is transpondiné only inbtermittently. An
exemplary tracking condition is that provided by ATS-5 operating at L-Band.
The modification recommended as a result of the study was to have the following
characteristics and provide the ATSR System with ‘[';he foliowing additional
capa‘bil;‘.ties :

a, The system shall acquire and track a geostationary spacecraft
vhich is amplitude modulating the transponded signal as a result of spacecraft
antennsa s;jin. 1d particular, and as a typical example, the system shall track
the signal transponded by the ATS-5 spacecraft operating at L-Band and C-Band
and by the ATS-3 Spacecraft operating at C-Band.

b. Manual acguisition and range ambiguity resolution is acceptable,
After acqgnisition, however, tracking shall be subomatic.

c. The modification shell 4in no wey degrade or remove any of the
exlsting system capabllity or relisbility.

d. Once the modification is installed, the system shall be capable

of being configured for the newly provided mode of operation in sbout 10 minutes,
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Reconversion to the original configuration shall also be accomplished in about
10 mimutes. Conversion or reconfiguration shall preferably be accomplished by
switches, plug-in modules, and/or patch cables. .
RESULTS : .

A recommended modification compliant with all the requirements
described above was determined. The modification approach consists primarily
of properly adapting the carrier and sidetone phase-locked loop parameters to
best suit the recelved signal characteristics, The adjusted phase-locked loop
perameters inciude order, bandvidih, and to a lesser extent, damping. For ranges
ambiguity resolution, the recommended modification ineludes circuitry for pro-
cegping range tone phase errors with a sufficliently long time constant to average
sev@rél bursts of received signal.

A particularly noteworthy and desirable feature of the recommended
modification is that no foreced or controlled gating is required in any part of
_the system. The approach includes no externally conbrolled sampling or signal
processing which must be-synchronized to the rotation of the spacecraft. Both
range and range rate data sampling is unrestricted and can be performed in
exactly the saﬁe manner as in the existing system, Therefore, computer data
processing may also rvemailn.unchanged.

The Mojave.ATS station L-Band transmitter used with the ATS-5 Space-
craft has bandwidth limitations which prevent use of the 5-4Hz sidetone employed
in ATSR Modes 1 and 2. The entire investigation and the recommended modification
is, therefore, based on the use of ATSR Mode 3 which employs 500 KHz as the
maximum sidetone frequency. The resulits of the investigation and the selected
approach are equally applicable to all. ATSR modes but, for economic reasons,

the recommended medification provides pulsed mode operation capability for
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Mode 3 only. This mode uses 500 KHz as the maximum sidetone frequency.
The carrier and sidetone itracking loops were temporarily modified to provide

the fundamental and essential elements of the modification approach., The

hY

carrier tracking loop was operated as follows:
a, Bandwidth selection switch set to marrow position., Of the

three available positions, this position gives the lowest DC gain and

longest time constants within the loop filter.

b. " Loop transfer function modified to first order, This reduces .
the frequency error accumulated during the period of no signal,

¢. Receiver gain control set to manual and gain increased above
mormal to widen loop bandwidth, This gives the bandwidth requif;d for rapid
acquisition and tracking of carrier phase dynamics,

The sidetone tracking loop was operated with a redﬁced bandwidth
using the narrowband VCXO, No attempt was made o resolve range ambiguities.
The system was locked and range and range rate data recorded in the normal
_ manpner. Subsequent analyéis of the data indicated the following:

a. All samples of range and range rate data were valid.

b. Range rate nolse errors‘(<r§) computed on the basis of 32
samples were generaily better than 1 meter per éecond at a data sampling
‘rate of 2/;econd and better than 0.2 meters per second at a data sampling
rate of 6/minute. A typical set of 32 range rate data samples is shown in

—

Figure B-1,

*

c. ‘Range rate mean values computed on the basis of 32 samples
agreed with range rate mean values campubed from prediction data Ffurnished

to the site to within 0.5 meters per second in all cases,



d. Range noisge errors ( @ R) computed on the basis of 32 samples
were less than 0.7 meters, All raw data samples differed from the expected
mean by less than one range-quantizing increment, A typical set of 32 rangé
data samples is shown in Tigure 3;2. .

e, The rate of change in range data agreed with prediction data to

within 0.2 meters per second.,
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