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SECTION 1

INTRODBUCTION

A study at Williamstown, Massachusetts, in August 1969, jointly
sponsored by the National Aeronautics and Space Administration
and by the Massachusetts Institute of Technology* recommended :

Develop navigation systems capable of economically
determining ship velocities to +5 cm/sec over several-
minute time averages and ship positions to +100 m at

the same time, plus free instrument float locations with
+2-km accuracy at intervals of about 5 days: to obtain
better knowledge of current patterxrns and diffusion rates.

In response to this recommendation and requests from other
Governmental agencies for precision position fixing equipment,
NASA Wallops Station by direction of the NASA Office of Space
Sciences and Applications defined a program for the study and
experiment described in this final report. This work was per-
formed under NASA Contract No. NAS6-1962 by Applied Information
Industries, using unique proprietary eguipment. During the
course of this contract effort the applications of precision
position fixing became increasingly apparent to the individuals
involved in the program. Reguirements for position fixing with
accuracies of less than 50 feet have been expressed by all three
armed Services, the Coast Guard, the Maritime Administration,
the Federal Aviation Administration, the National Oceanic and
Atmospheric Agency, and the Department of the Interior. Many
areas of private industry are also most concerned; these include
geophysical exploration teams, ship owners and operators and air
lines.

The test results described here verify the ability of a satellite-
based system to satisfy the requirements of precision position
fixing. The potential for serving the user needs by using
communications satellites in synchronous orbit and low-cost

ground terminal receiving equipment is most attractive.

*The Terrestrial Environment, Solid-Earth and Ocean Physics,
Application of Space and Astronomic Techniques, August 1969,
NASA ERC, Cambridge, Massachusetts
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SECTION 2

SUMMARY

2.1 PROGRAM SYNOPSIS

The L-Band Precision Positioning Experiment, sponsored by the
National Aercnautics and Space Administration, Wallops Station,
cncompassed seven months of experiment design, experimentation,
and data reduction and analysis. In the experiment the ATS-5
syuachronous satellite L-band transponder was used in conjunction
with the modified AII ALPHA II navigation receivers to demconstrate
the technical capability of precision position fixing for oceano-
graphic purposes. The test program proved -the feasibility of
using relative ranging technigues implemented by two identical
receiving systems, properly calibrated, to determine a line of
position accurately on the surface of the Earth. As this final
reprort shows, the program achieved the objectives established in
the work statement; i.e., to demonstrate

Level of resolution
Repeatability

Precision, and

@ o o6 o

Accuracy
of existing modest-cost effective navigation egquipment.

Figure 2-1 summarizes the major tasks and events that comprised the
program. The experiment configuration and data reduction technigues
were developed in parallel with the hardware modification tasks.

In the hardware modification phase, two existing AII L-band receiving
systems were specifically revised for the test and then calibrated

by operating with the AII system modulator; alsoc, a tape control

unit was developed for interfacing the receivers with a magnetlc

tape drive for data recording.

A PN code modulator was installed at the NASA STADAN Station at
Rosman, North Carolina, to provide the ranging signal for trans-
ponding by the ATS-5 satellite.

After the installation of the receiving systems at the NASA Wallops
facilities, three weeks of testing were conducted to evaluate the
equipment precision and determine the accuracy of relative position
fixing. The initial data reduction was accomplished in near-real-
time using the NASA computer facilities at Wallops Station.

The location of the average LOP for each test period was offset
from the remote site, the location of which was to be determined
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Figure 2-1. Program Plan and Schedule

relative to the position of the fixed site, by not more than 8.5
feet. This offset is believed due to the inaccuracies in the
satellite ephemerides. The rms noise was on the order of 30 feet.
Lines of position (LOP's) resulting. from individual pairs of
range measurements, one measurement resulting from each receiver,
indicate that for cceanographic and geophysical purposes 20
successive bursts from the ATS-5 satellite will yield an LOP which
iz offset from the true location by not more than 50 feet. These
data were collected in 16 seconds. Since the duty cycle of the
ATS~5 satellite is such that data can be collected for 50 milli-
seconds every 780 mllllseconds, an improvement in duty cycle, as
would result from a nonsplnnlng satellite, will permit the same
accuracy to be realized in approximately one second of ranging on
the satellite or an equivalent improvement in accuracy if data
were smoothed over 16 seconds.

2.2 INSTRUMENTATION CONFIGURATION

The synchronous ATS-5 satellite is the only satellite of the ATS
series with L-band transmission capability and thus was selected
as the platform for the relative ranging test. Because the ATS-
5 satellite is rotating, its directional antennas scan the Earth
approximately once every 780 millise€conds. This results in
common illumination of the transmitting and receiving terminals



for approximately 50 milliseconds every revolution. During the
experiment period, the ATS-5 L-band receiver was temporarily
inoperative, thus necessitating C~band transmission from the
Rosman Site. Operating the satellite transponder in the C-band
to L-band cross-strap mode, permitted L-band transmission from
the satellite to the receiving systems located at the NASA
Wallops site. However, the transponder bandwidth was limited to
approximately 6 MHz when operating in this mode, thus degrading
the 10-megabit code-modulated signal by approximately 6 dB.

The AIT ALPHA II receiving system employed during the experiment
wag an L-band ranging system operating with a 10-megabit PN code.
The PN code is transmitted as coherent phase-shift-key (CPSK)
modulation from the NASA Rosman STADAN station, using an ALPHA II
modulator. 'The 1l0~-megabit code provides the capability for deter-
mining the coarse range granularity to within 100 nanoseconds.
Additional circuitry within the ALPHA II code correlator provides
quantization to l-nsec intervals. The ALPHA II correlation
receiver employs a demodulation technique which does not require
carrier acquisition prior to code lock-on. This accelerates the -
]ank-on time and enables operation in the presence of the inter-
mittent signal from the ATS-5 satellite. A digital memory exists
in the range tracking loop of the code correlator to provide
continuity between the satellite bursts.

Figure 2-2 shows a simplified version of the test configuration
for the relative ranging experiment. An AII ALPHA IT modulator
was used to drive the NASA C-band transmitter, while the 2TE-5
transponder transmits at L-band to the two independent ALPHA II
receiving systems, located at the NASA Wallops Station. A common
magnetic-tape data recording subsystem provided a permanent record
of the range measurement data. : :

The data recording subsystem consisted of a tape control unit
developed by AII to interface the ALPHA II code correlator with

a 7-track incremental tape recorder. The receiver at the fixed
site was connected directly to the tape control unit, while the
receiver located at the remote site interfaced with the tape
control unit via a data modem and a conventional telephone line.
Range readings were taken for each satellite burst and if the two
receivers measured the range reading within 50 milliseconds of
each other, the tape control unit would accept the readings as
being valid and record them, with time information. The resulting
data tapes were then reduced using the computer facility at

the NASA Wallops Station.

2.3 TEST CONFIGURATION
The test configuration illustrated in Figure 2-2 was implemented

at the Wallops facility as shown on the simplified site map of
Figure 2-3. The fixed receiving. site was located according to a
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Figure 2-2. Test Configuration for the Relative
Ranging Experiment

first order survey and the range to the satellite measured by the
fixed receiver and the remote receiver. The geometry is such

that by knowing the location of the fixed receiver and the pre-
dicted satellite position as a function of time and by measuring
the ranges Rp and Rg from the satellite with the two receivers as
shown in Figure 2-4, the line of position (LOP) containing the
remote receiver can be calculated. This line of position can then
be compared to the surveyed position of the remote receiver to
determine the precision and repeatability of the system.

The range measurements include several biases and error sources
which were evaluated prior to computing the line of position.

A fixed bias representing the delay difference between the antenna
feeds and the correlation peint within the code correlators was
calibrated. Rubidium standards were used to drive the PN code
generators in each code correlator and these contributed what
appeared to be the most significant noise and bias errors en-
countered in the experiment. Calibration of the slowly varying
bias term was accomplished by comparing the phase difference
between the two rubidium standards before and after each satellite
ranging test period and fitting the resultant points to a straight
line. The magnitude of the frequency standard noise errors was
determined by performing a series of special tests designed to
measure the stability characteristics between the two rubidium
standards.

2-4
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Errors contributing to inaccuracies in the ranging measurements
arise from either equipment or environmental noise sources and
include receiver noise, equipment non-linearity, quantization

frequency-standard errors, multipath, ionospheric and tropospheric
delays and geometric effects. Errors associated with satellite-
position uncertainty represent the present tracking and prediction
capability and have been reduced to second order effects by virtue
of the method of data reduction used. The equipment noise error
(which includes both the receiving system noise and the frequency-
standard noise) and the satellite position uncertainty are the two

largest error sources contributing to the relative range uncertainty.
Table 2-1 summarizes the error sources and the total relative range

uncertainty.

The link budget for the experiment is suﬁmarized in Table 2-2,
This reflects the use of one TWT in the satellite L-band trans-
ponder and a 3-foot receiving antenna at the Wallops Station.

TABLE 2-1. ERROR SOURCE SUMMARY

Error Source Relative Bange
Uncertainty
Receiver Noise ' 5.1 feet
Correlator Linearity 2.8 feet
Phase Alignment of Frequency -
" Standards : A 14.3 feet
Satellite Position
Uncertainty 7.0 feet
Othexr Error Sources b 0.8 feet
Range Accuracy (RSS) . 17.0 feet
Position Accuracy 21.3 feet

2.4 TEST RESULTS

The average line of position (LOP) for each test period was
computed from the individual LOP's. The standard deviation of
the individual LOP's about the mean was then determined for each
test period. Figure 2-5 summarizes the average LOP's for each
test period and Table 2-3 presents the offsets and rms noise for
each test.

A test period dedicated to the calibration of the receiver front-
end delay yielded a bias of 45 feet between the two receiving
systems which is equivalent to an LOP offset of 56 feet when pro-
jected through the elevation angle. Calibration of the phase

2=7



TABLE 2-2. SUMMARY LINK BUDGET OF ATS~5 SATELLITE
OPERATING IN C-TO-L CROSS—STRAP MODE

Rosman to Wallops
Paramater 6214 MHz 1551 MHz
Up-Link Down-Link
Net Antenna Gain (dB}* +76.4 +31.5
ERP (dBW) +96.5 +24.0
Net Propagation Loss (dB) -203.8 -189.5 to ~191.5
Received Carrier Power (dBW) -91.4 -147 to -149
Received System Noise Temp
(@B - °K} +30.7 +28.2
Nolse Power Density (dBW/Hz) -197.9 =-200.6
Carrier/Noise Power Density '
{dB-Hz} +106.5 51.6 to 53.6
Receiver Bandwidth (4B} +67.8 +32
Carrier/Noise Ratio (dB)- +38.7 19.6 to 21.6
*g5~foot Transmit Antenna; 3 and 4-foot receive antennas
/7 Projection of Line of
7 Sight from Receiver to
4kff”’Satellite
F4
/ .
P AVERAGE LOP'S FOR TEST
PERIODS 2,5,8,12 and 13
Latitude Test # Offset
Degrees 2 : 6.9 f
37.864343 L Remote Site 5 oo oot
8 1,2 feet
12 4.6 feet
13 4.6 feet
/7
/
Test Number 2 13 8 12 &5
L ] v
75.507600 75.507500

Longitude, Degrees

Figure 2-5. Average LOP's for Test Periods
2, 5, 8, 12 and 13



TABLE 2-3. SUMMARY OF THE TEST DATA

Test Date AvergggsigPoffeet) Rms (feet)
2 July .12 6.9 25.88
5 July 15 ( B.5 31.63
8 July 21 1.2 16.77
12 July 27 4.6 33.26
13 July 28 ' 4.6 | 30.52

drift in the rubidium frequency standards by fitting the-pre—
and post-test calibration data to a straight line resulted in a
correction term of approximately 600 feet pexr hour.

The noise on the LOP's was analyzed by comparing the data from

several test configurations. This enabled a noise value of 12

to 15 feet to be determined for both fregquency standards. The

noise erxor of an individual receiver was determined to be less
than 4 feet by removing the above frequency standard noise from
the results,

2.5 CONCLUSIONS

The following conclusions are warranted by the results of the
study and experiment:

e Communications satellites in'synchronous orbit can be
utilized as transponders for relay of precision positioning
signals, :

® Using those signals at L-band, positioning accuracies
relative to another receiver of less than 30 feet are
achievable even without accurate ephemeris data and on
a moving ship. With an integration period of an hour
or more, relative positioning accuracies of 8 feet are
achievable.

@ The major source of errors encountered appears to be
the rubidium frequency standard.

2-9/2-10



SECTION 3

EXPERIMENT DESIGN

3.1 EXPERIMENT TEST CONFIGURATION

The objective of this study was to demonstrate the technical
feasibility and level of accurzcy of precise range measurements
at L-band via synchronous satellite for application to oceano-
graphic and geophysical position-fixing. The demonstration test
was reqguired to operate with the spinning ATS-5 satellite and
interface with NASA-supplied equipment and facilities. The
experiment design was, of course, dictated by the test objectives,
the equipment capabilities, and the constraints of the proposed
test site.

To accomplish the experiment objectives, a test configuration
employing a fixed and a transportable receiver, and operating in
conjunction with a NASA transmitter and the ATS-5 satellite, was
designed (see Figure 3-1). The demonstration test profile con-
sisted of calibration of both receivers in close proximity,
followed by ranging measurements through the ATS-5 satellite, and
generation of the line of position (LOP} on the surface of the
Earth upon which the transportable receiver was located. BY
knowing the precise locations of the two receivers through first-
order survey markers, the repeatability and precision of the
ranging measurements could be established. The use cf two
proximate stations enabled most of the errors caused by propaga-
tion effects and lack of knowledge of the satellite's position

to be cancelled.

As shown in the test configuration of Figure 3-1, an AII ALPHA II
modulator was used to drive the C-band up-converter and trans-
mitter system located at the NASA Rosman, North Carolina, station.
(C-band transmission to the ATS~5 satellite was necessitated by
the temporary inoperative condition of the ATS-5 L-band receiver
during the test period.) The l0-megabit PN-code-modulated signal
was transponded by the ATS-5 satellite while operating in the
C-band to L-band cross-strap mode, which has a 1-dB bandwidth of

6 MHz. The identical and independent L-band down-converters
located at the Wallops facility translated the received signal

to a 70-MHz IF frequency. The IF signals were then processed by
identical code correlators and decoded by PN code generators
operating from separate rubidium frequency standards. To accom-
modate the data collection function, the range readings from the
code correlator were transmitted to a tape contrel unit, formatted
and recorded on 7-track magnetic tape. -
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3.2 EQUATIONS FOR RELATIVE RANGING

The relative ranging technique used in this test is a method which
yields a line of position of one receiver (B) relative to another,
fixed or reference, receiver (A). The information used consists

of the ranges measured by the two receivers, Rp and Rp, at the same
instance of time, and a calibration curve describing the behavior
of the B frequency standard relative to the A frequency standard,
the satellite ephemeris, and the location of receiver A.

The complete derivation of the equations for position determina-
tion in a relative ranging environment can be found in Appendix
B, and are summarized here.

The position of a point on the surface of the Earth can be defined
by latitude, longitude and distance to the center of the Earth.
(Refer to Figure B-1 in Appendix B.) These coordinates are de~
noted by ¢, A and R. The terms A, B and S (used as subscripts)
refer to the fixed and movable receivers and the satellite,
respectively. In order for a system using range measurements for
positioning purposes to determine these variables, an equal number
of satellites is required. Therefore, two of these variables
(latitude ¢, and geocentric range R) must be assumed when only

one satellite is available. |

The measurements Mp and Mp are ambiguous measurements of the sum
of up-link distance D and down-link distances Dp and Dg. The
sums D + Dp and D + Dp are on the order of 2.46 X 108 nsec. The
code D is only 204,700 nsec long. Therefore, Mp and Mp represent
the excess above the largest integer multiple of the code length
not exceeding the distances Dpa and Dp, respectively. The geo-
metric range difference Dp - Dp and the measured range difference
Mg - Mp are related by

Dp - Dy = Mp = Mp + At + B + 45 ft (3-1)

where A and B are calibration constants for the rubidium frequency
standards and the 45 ft term is the measured fixed blas due to a
difference in front end delay of the receivers.

From spherical trigonometry, the range from each receiver to the
satellite is given by

D = R" + RS - 2R RS Ccos .Y (3-2)

where

cosy = cosSy cosyg COS {Ag—=A) + siny siny (2-3)



The procedure is now as follows. The quantity cos Ya is
calculated for the fixed site and predicted satellite position
from equation (3-3). Dp is obtained from equation (3-2) while

Dp results from equation (3-1). Next cos yg is calculated from
equation (3-2) using the known value of Rg. This value, together
with assumed yp permits the determination of Ag from equation
(3-3}. A slightly different value of yp leads to a different Ag.
Two such pairs of latitude and corresponding longitudes define
the line of poésition.

The accuracy with which Ap is determined and in particular the
effect of the uncertainty associated with satellite position are
considered in Section 4. It is shown that the uncertainty in
satellite position, i.e., a 10 x 10 x 10 km box centered at the
predicted satellite position, will introduce a maximum error of
12 feet., If the deivation of predicted position from true
satellite position is consistently in one direction, the differ-
ence will introduce a bias factor. An alternate method of LOP
computation is discussed in Appendix F.

3.3 DATA REDUCTION METHODS
A typical test period consisted of three distinct time periods:

(a}) Pre-calibration,
(b) Ranging on the satellite, and
(c) Post~calibration. '

Receiver outputs were compared in the satellite mode and in the
local calibration modes. During the calibration modes, when the
two code correlators were co-located, a laboratory modulator
simulated the link from the Rosman transmitter site to the two
code correlators. The modulator was driven by the freguency
standard of receiver A and its code output fed both to correlators
A and B. The initial range values measured by the correlators
reflected the code positions that the correlators were required to
search through, starting from an aribtrary value in the range
counters. This starting value was a random number within the
length of the code, zero to 204,700 nsec ({201,337.02 feet). Range
measurements made during the calibration mode were used to model
the phase and frequency drifts between the two rubidium standards.
Interpolation of this curve at the times for which measured '
satellite ranges were available yielded a correction factor to
those measurements describing the long-term drift of the standards.
The correlators also acquired their references during this pre-
calibration mode (“reference" being the initial reading of the
code generator at lock-on). ‘

During the periods that ranging data with the satellite were
collected, receiver B was located at the test site near Wallops
Island, while receiver A remained in the laboratory as the fixed
site, ‘



3.3.1 ©System Calibration

Site Layout

The fixed receiver was located in a building designated F-160 on

the main Wallops base. The transportable receiver was located in
Building U-15 near the gate to Wallops Island. Table 3-1 summa-

rizes the geodetic position coordinates of these two sites based

upon the Fischer Earth Model.

The indicated-altitudes are the sum of local altitudes of the
sites above mean sea level and the antenna heights.

Rubidium Standard Calibration

The rubidium standard drift which occurred during any one of the
test periods was determined using range data collected during the
pre- and post-calibration periods. These data and the times at
which the individual data points were collected, were fit to a
parabola and to a straight line using a least squares fit.
Evaluation of two special ‘3-hour continuocus calibration runs and
the individual pairs of calibration sets showed that the straight
line fit was preferred. (See Section 4.)

Meaningful calibration of the rubidium standards and evaluation
of the ranging measurements on the satellite resulted only when
both receivers maintained their code reference during the test
period. Loss of reference occurred several times during trans-
portation of the rubidium standards to or from the. remote site.
It was caused by an interruption in the power or fregquency
standard feeding the correlator and resulted in a different range
number appearing in the range counters. Since the new range
difference was not related to the previous range differences, the
drift between the standards could not be properly modeled from
the data taken.

TABLE 3-1, GEODETIC POSITION COORDINATES OF
RECEIVER SITES (FISCHER EARTH MODEL)

Parameter B;Eigéng Buéﬁ}éng
North Latitude (deg) 37.936409 37.864341
West Longitude (deg) | 75.473952 | 75.507593
Altitude Above Mean
Sea Level (ft) 43.52 45.44




Front End Calibration

When each system was switched from the local pre-test calibration
mode to ranging on the satellite, bias errors from antennas,
receivers and cables connecting each pair of subsystems were
introduced.

Tests were conducted on July 16 to assess the additional delay
difference due to these error sources. Thus, no absolute measure-
ment was made on the individual antenna-to-receiver links; rather,
the difference in delays through these two links was determined.

During those tests, the antennas were co-located on the roof of
Building F-160. Care was taken to insure that the elevation and
azimuth headings of the antennas were identical and that the
antennas were aligned along the same perpendicular (LOP) to the
line-of-sight to the satellite. A regular test period was then
executed. The data collected was analyzed in the same manner as
data resulting from other test periods. When the straight-line
fit to the calibration data was removed from the range differences
observed on the satellite, a residual of 45 feet remained which
represents the delay difference between the two receiver front
ends. This fixed bias was removed from all satellite ranging
data so that the same internal points on the code correlator were
referenced throughout the analysis.

3.3.2 Computer Programs

The range data generated by the two receivers during the entire
test period was recorded by an incremental tape recorder (Kennedy
Model 1510) on magnetic tape. The data was then analyzed by computer
using two programs specifically written for the relative naviga-
tion experiment. : -

The first computer program, the Raw Tape Decoder Program, was used
to read and decode the records, one at a time, and convert the
binary data to decimal form suitable for further analysis. A
standard format data tape was generated at this time containing

a listing of the data for preliminary analysis. In particular,
the following items were printed out: time, coarse and fine
range for both receivers, the range difference, and status data.
Measured range is the sum of coarse range, in hundreds of nano-
seconds, and fine range, in nanoseconds. Status data recorded
consisted of search/track mode, threshold level detected, station
and channel number, and calibration or track data.

The second computer program, the Line of Position (LOP) Program,
operates on the computer tape generated by the Raw Tape Decoder
.program, Initially, the LOP program translates the indicated
time of each ranging data record, which represents the elapsed
time since turn-on of the tape recording system, to Greenwich



Mean Time. All pre-test and post-test calibration range
differences are then read and fit to a straight line. Next,

sets of approximately 20 consecutive range differences of
satellite data are fit to parabolas. Each such parabola is
evaluated at its center point in time. The smoothed range differ-
ence value is reduced by the calibration line interpolated at

this point in time. The remainder is then used to calculate a
line of position using the equations described in Section 4. A
flow diagram of the Line of Position Program is shown in Figure
3-2.

3.4 SATELLITE CHARACTERISTICS

The spinning ATS5-5 satellite is the only satellite of the ATS
series contalning an L-band transponder and, thus, provided the
only vehicle for performing testing in the allocated band for
marine/aeronautical service. The ATS-5 satellite is rotating
with its directional antennas scanning the Earth approximately
once every 780 milliseconds. The 3-dB beamwidth of the satellite
antenna provides joint illumination of the transmitting and
receiving sites for approximately 52 milliseconds every revolution.
This scanning illumination limits the periocd during which the
satellite can relay the up-link signal to approximately 52 milli-
seconds out of every 780-millisecond rotational period. This is
true for both the L-band and C~band transponders.

During the test, a malfunction in the reciever of the L-band
transponder necessitated operating the satellite system in a C-
band to L-band cross-strap configuration. WNormally, the satellite
is capable of operating in either a C-band to C-band or L-band to
L~band frequency translation mode with a bandwidth of 25 MHz. The
cross-strap mode provides reception on either freguency and trans-
mission on the opposite frequency. However, in the cross-strap
moGe, the bandwidth is limited to approximately 6 MHz. Figure 3-3
illustrates the actual passband characteristic of the satellite
when operating in the C-band to L-band cross-strap mode. The
measurements were conducted by NASA at the Mojave ground station.
The horizontal axis is the transmitter IF frequency and. the
vertical axis is the output power level normalized to full output
power in the L-band, wideband frequency-translation mode. :

The ALPHA II down-converter system was designed to receive exactly
1550.0 MHz. The equivalent Rosman transmitter IF frequency for an
AT35-5 down-link transmission of 1550 MHz is 69.0495 MHz and
examination of the passband characteristics of Figure 3-3 indicate
that operation at this frequency would result in a output power
approximately 12 dB below normal. Therefore, the Rosman trans-
mitter was required to operate at an IF frequency of 70.1 MHz and
the ALPHA II down-converters were offset by slightly more than 1
MHz using a government-supplied frequency syntheSLZQr in the local
oscillator injection chains.
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The ATS-5 satellite is in a near- synchrdnous Earth orbit with a
daily in-crbit excursion between +2° in latitude, coupled with a
slow drift westwards and a geocentric range variation on the
order of 30 nautical miles. The satellite thus oscillates about
a point near 106°W longitude. The errors in the guoted satellite
position are governed by the accuracy to which its range can be
measured from the NASA Mojave and Rosman tracking stations.

3.5 EXPERIMENTAL PROCEDURE

The experiment hardware configuration at NASA Wallops Station
consisted of two identical receiving systems, a data recording
system and a duplicate of the modulator installed at the NASA
Rosman STADAN transmitting site. A simplified functional diagram
of a single receiving system is shown in Figure 3-4.

The satellite RF signal received by the antenna is applled to

the L-band receiver where the signal is down-converted”from 1551
MHz +12.5 MHz to an IF frequency of 70 MHz +12,5 MHz and amplified
'to a nominal level of 0 dBm. The code correlator demodulates the
Signal, extracting the range information. This range data is
processed by the tape control unit of the data recording system
and recorded on magnetic tape. Three identifiable equipment
biases exist which had to be calibrated in order to assure mean-
ingful range readings. These are: (1) the RF front-end bias,

(2) the PN code generator offset, and (3) the frequency standard
drifts.

3-9
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The front-end bias encompasses the difference in signal path

delay from the antenna feed to the input of the code correlator.
This bias is fixed throughout the experiment provided the physical
integrity of the equipment is maintained. The RF front—-end bias
can be calibrated, as shown in Figure 3-5, by operating both
receiving systems at the same site with both antennas physically
located with their feeds adjacent on the same line of position.
The resulting data is then processed to determine the magnitude

of the bias.

The bias produced by the PN code generator offset is a random
offset due to the positions of the code-generating shift registers
when power is applied during each test period. This bias is fixed
and will not change if the integrity of the power source and the
frequency source is not violated. However, the two independent
frequency standards drift with respect to each other as a function
of time and, therefore, produce a time dependent bias which must
also be calibrated. The calibration configuration used to deter-
mine both of these biases is shown in Figure 3-6.

The internally generated PN codes are derived from the l4-bit
shift registers in each correlator and the modulator. The cali-
bration mode enables a determination of the daily phase discrep-
ancy between each receiving system. As can be seen in Figure 3-5,
the ALPHA IT modulator is used to simulate the transmitted RF °
signal. Since the System "A" frequency standard is used to pro-
vide the reference clock to the modulator, the System "A" calibra-
tion reading drifts in direct proportion to the drift between the
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two frequency standards, provided power and clock integrity are
not viclated. To insure this integrity, the System "B" standard
is operated from its own battery supply and the System "B"
correlator is powered from batteries and DC to AC solid-state
inverters.

At the beginning of each test day the operating condition of

each receiving system was verified. Once normal operation was
demonstrated, both systems were configured in the calibration
mode. After recording the intial system offsets and drift for
approximately fifteen minutes, System "B" was transported to the
remote site just prior to satellite transmission. The first few
minutes of each satellite test period consisted of CW trans-
mission, which was used to maximize signal strength by manually
"tuning" the frequency synthesizer to compensate for the ATS5-5
master oscillator offset and drift. The code was then transmitted
to obtain the precision ranging data. Following the transmission
period, System "B" was returned to the fixed site and a second
calibration was performed to determine the total drift of the
frequency standards. Table 3-2 summarizes the events of each
scheduled test day. Tests were performed for 14 out of 16
scheduled test periods for a total satellite use time of 33 hours
10 minutes. The first six completed test periods were conducted
in mid-afternocon, the next four just prior to sunrise and the
remaining tests near 2400 hours local time.
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TABLE 3-2. SUMMARY OF WALLOPS PRECISION PQSITIONING TEST PHASE
. PRE-CAL POST-CAL DEPSET ‘ ATS-5
READINGS READINGS TiME BTWN hr avg cw MAST.OSC.
TEST SCHEDULED ACTUAL A/B A/B CAL .RDNGS § op # OF | S/N dB |FREQ.DRFT
NC. DATE/DAY TIME (GMT) TIME WEATEER NANOSECONDS| (NAXQSECONDS) {HRS) {PEET) TwDs |{1.6KHz)| (HZ/HBR} SPECIAL NOTES
= | 7=7=71-Wed. ]2200-0100| CANCELLED =- NASA PRIQRITY =-=rem-meemcom oo e e e e e e e e . .
1l | 7-8-71-Thur [1630-1920 j1750-2830}Clear B230/202047 N.A. - - 1 NA 750 1.N0 remote site
2.Circuit Breaker
interruption
2 | 7-12-71~Mon |1630-1930 j1645-1935 Clear 127061/ 127069/47397 3.1 6.9 1 NA 6500 l.Heaters on for
45115 one hour before
test in ATS-5
2.3-hr rubidium std
calibration run
3 | 7-13-71-Tues| 1630-1930 [1815-2130{Clear [127070/ 127670/ B.0 - 11 |+18.4 250 l.Heaters on in ATS-5
129520 116323 overnight
4 |7-14-71-wed |1630-1930 [1700-2030} Clear |5399/82943 [181092/85442| 5.0 - |1 |+19.8 | <250 2.7B" lost reference
1.5MHz line to
n' Correlator
interrupted
5 | 7-15-71~Thur} 1630-1930 [1850-2030|Clear 32523789701 [39522/91342 2.8 8.5 1l +16.4 <250
6 7-16-71-Fri 1 1630~-1930 [1700-1930|Clear 40574/ 31597/102875 3.0 45% 1 +16.4 <250 1.Conducted front
’ 100779 : end bias calibration
2."A" lost reference
during remote site
. test
7 17-20-71-Tue [ 0630-0830 P730-0830|{Clear 196369/ 30498/128446 N.A. - 1 +18.6 <250 l.Modulator reference
38330 lost during test
2.Power down at
remote site
3.Phone coupler
difficulty.
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TABLE 3-2.

SUMMARY OF WALLOPS PRECISION POSITIONING TEST PHASE (éontinued)

ATS-5
- POST-
ggiogﬁés Rggglggg TIME,BTWN??F?Eg oW MAST.0SC.
TEST SCHEDULED ACTUAL A/B A1 CAL.RDNGSLOP # OF | 5/N dB | FREQ.DRFT
NO. DATE/DAY TIME (GMT) TIME WEATHER N ANOSECONT MANOSECONDS) {HRS} LFT) TWTs [(1.6KHz} [(HZ/HR) SPECIAL NOTES
g] 7-21-71-Wed |0630-0830|0700-0845 |Clear 196722/ 196722/ 3.5 1.2 1 +17.6 4750 1.Heaters were NOT
131643 134074 on in advance of
test in ATS-3
9| 7-22-71-Thur |0630-0B30 |0700-0845|Clear 101265/ 101268/ 1.25 -— 152 +i8.6 300 1."B"* ref lost
: 78496 23159
10§ 7-23-71-Fri |0630-0830|0700-0845|Clear 149222/ 149233/ 2.33 — 1 +18.8 <100 1."B" ref lost
: ) 203669 T7240
11§ 7~26=71-Mon |1300-1600(1300-1600 |Cloudy 195624/ 19562494235 3.85 == 152 N.A. L.Sys "A" would
74941 not maintain
lock -= na
data
12} 7-27=71-Tue [1300-1600[1300-1600 [Clear 62029/ 62033/145842 4.1 4.6 |l&2 +20.6 <250 1.3-hr rubidium
-143253 - std calibration
13 | 7-28~71-Wed [1300-1600 [1300-1600 [Cloudy [L35300/ 135299/ 4.5 4.6 paz |+19.2 |<250 run -
94875 37645 .
I4 | 7=29-71-Thur |1300-1600 |0330-0600 [Rain 102965/ - 141760/ 3.75 - 1 N.A. 1.8ys "A"
’ 154360 166589 reference
lost
= | 7-30-71-Fri [1300-1600 CANCELLED==NASA PRIORITY ~=m=m=mmrm —r e s e e e e e e e e e e e e e e e e e e e e e e e e
*NOTE: The difference in antenna cable lengths and front end delays = 45 feet.

TOTAL ACTUAL ATS5-5 TEST TIME =

33 Hours

1€ Min




The entries of Takle 3-2 are generally self-explanatory. The
number in the OFFSET OF AVERAGE LOP column is calculated elsewhere
in this report. The S/N measurement was recorded during the CW
transmissions for the peak signal strength observed during the
burst of signal. The SPECIAL NOTES COLUMN indicates that during
six test periods the power and/or frequency integrity of either
system A or B or the modulater, which was always the reference,
was violated. This was due to either operator error or mechanical
deficiency during the transportation of system B to the remote
site.

The range reading was measured by the digital subsystem of the
recelver code correlator consists of a pulse count which is gener-
ated by enabling a counter to accumulate standard clock pulses

when the reference PN code is at a specified phase peint and
stopping the counter when the received PN code is at the same

phase point. The resultant count accumulated in the counter is
then representative of the time phase difference or the range
between the transmitted signal and its point of origin and the
received signal and its point of reception. This count can he
converted to any suitable unit of measurement by knowing the value.
contained in the counter and the clock rate which was being accumu-
lated. The lane width of the 1l0-megabit ALPHA II system is 30
meters (100 nancoseconds). As described in Section 5, a special
four-phase clock allows this bit interval to be divided into quarters,
giving a granularity of 7.5 meters (25 nanoseconds). Range differ-
ences finer than 7.5 meters are resolved by digitizing the D-C
voltage appearing at the phase detector output of the correlator
with an A/D converter. The complete system is capable of quantizing
range readings down to one nanosecond. A front panel display in-
dicates the resultant range reading as it is being measured. The
displayed number is indicative of the range in nanoseconds, which
is approximately the range reading in feet. .The range reading is
then formatted and buffered to the magnetic tape control unit for
recording.

The tape control unit performs a parity check on the data received
from either code correlator. The tape control unit also generates
a time signal from the 5-MHz frequency standard which is recorded
with each data record. The time signal is an elapsed time measure-
ment from the beginning of the test. The time is expressed in
minutes, seconds and tenths of seconds and the total accumulation
overflows at 59 minutes, 59.9 seconds. The data record is not
written if parity errors are detected in the words received from
either correlator.

The first 5 bytes of the 13-byte data record contain the range
reading of the fixed receiving site; the second 5 bytes contain
the range reading of the remote receiving site, and the last 3
bytes are the time code. Following the 13 bytes, an inter-record
gap is generated which will contain the standard LRC check



character. The magnetic tape format for the individual bytes
described abcocve is shown in Table 3-3. The range readings are
recorded as 8-4-2-1 positive convention BCD digits. The composite
"FPINE" reading will assume values between (0 and 99 nanoseconds.
The composite "COARSE" reading will assume values between 0 and
2,046; this value must be multiplied by 100 to convert to nano-
seconds. The total reading is then the decimal sum of the "FINE"
and "COARSE" values.

3.6 EXPERIMENTAL ERROR ANALYSIS

The following paragraphs systematically identify and evaluate the
various error sources which contributed to the ranging inaccuracy
in the position determination experiment. The error calculations
are based upon actual measurements or eguipment characteristics
whenever possible., Certain error sources, e.g., delays due to
the troposphere and ionosphere, have effects which can only be
estimated. Table 3-4 contains the ATS-5 C-band to L-band link
budget calculations based upon the actual equipment used, with
the exception that it does not consider the 6 4B loss of signal
strength due to the satellite passband constraint. The egquivalent
5/N ratios observed each day in the CW mode at the fixed receiver
site are tabulated in Table 3-2.

The important error sources identified during the experiment
include: (1) receiver noise, (2) eguipment nonlinearity,

(3) guantization, (4) phase alignment of the rubidium standards,

{(5) multipath, (6} tropospheric delay uncertainty, (7) ionospheric
delay uncertainty, (8) atmospheric and galactic noise, (9} satellite
position uncertainty, and (10) fixed receiver position uncertainty.
These, of course, are further subject to Geometric Dilution of
Precession (GDOP).

3.6.1 Signal-to-Noise Ratio

Measurements on the received CW signal indicated that the signal-
to~noise ratio (8/N) varied between 16.4 and 20.6 dB in the 1.6-
kHz IF bandwidth, which is about 3 4B less than the calculations
of the link budget. The tracking loop filter in which the range
measurement is made is 50-Hz wide. The S/N of the modulated
signal in this filter varied between 21.4 and 25.6 dB. The 10 dB
discrepancy is due to a loss of roughly one dB in the transponder
output power and about 3 dB due to the satellite antenna rotation.
The additional 6 4B loss was due to the 6-MHz filter in the C-band
to L-band cross-strap mode in the satellite which had to pass the
10 megabit PN code.

3-16 -




TABLE 3-3.

MAGNETIC TAPE DATA FORMAT

convention,

3-17

‘%iif B A 8 4 2 1
1 |F/a0 | E/g0 | JBRFE | Spare | Ch.1ml 1
2 |F/1 F/2 F/4 F/8 F/10 F/20
3 | /1000 | ¢/2000 | C/4000 | C/B00O | C/10000 §g§M==10
4 | C/4a0 c/80 C/100 | c/200 | c/400 C/800
5 |c/1 c/2 c/4 c/8 c/10 C/20
o oo [rmo [seme [ o |
7 |F/1 F/2 F/4 F-8 F/10 F/20
8 |C/1000| /2000 | c/4000 | C/8000 | €/10000 §S§M==10
9 1C/40 Cc/80 C/100 | /200 | C/400 C/800
10 lc/i c/2 c/4 c/8 C/10 c/20
11 | m/2 M/4 M/8 M/10 M/20 M/40
12 | s/4 S/8 S/10 5/20 S/40 M/1
13 |s/.1 S/.2 S/.4 S/.8 s/1 S/2
F/X = Fine Range/BCD X {X = nanoseconds)
C/Y = Coarse Range/BCD Y (Y = 100 nanoseconds)
- M/A = Minutes/BCD A S/B = Seconds/BCD B
5/.C = Seconds/BCD.C All BCD are positive

Channel A
Data

Channel B
Data

Time Data

8-4-2~1 code.
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TABLE 3-4. LINK BUDGET FOR THE ATS-5 SATELLITE, IN THE C—BANb
TO L-BAND CROSS-STRAP MODE

Parameter

Rosman to Wallops

6214-MHzZ
Up-Link
(85 ft Antenna)

1551-MHz
Down Link |\

3 ft Antenna

4 ft Antenna

Transmit Antenna Gain (dB}
Transmit Network Loss (dB)
Receive Antenna Gain (dB)
Receive Network Loss (dB)

Net Antenna Gain (dB)
Transmitter Power Out (dBW)

ERP (dBW)

Free Space Loss (dB}
Atmospheric Loss (dB)
Polarization Loss (dB)

S/C Antenna Point Leoss (dB)
Ground Antenna Point Loss (dB)
Net Propagation Loss (dB)
Received Carrier Power {(dBW)
Receiver Noise Temp (OK)
Receive Antenna Noise Temp (°x)
Receive System Noise Temp (4B = °K)
Noise Power Density (dBW/Hz)
Carrier/Noise Power Density (dB-Hz)
Receiver Bandwidth (dB)
Carrier/Noise Ratio (dB)

+62.

30.7
-197.9
106.5
67.8
38.7

+ 14.3 + 14.3

- 1.3 - 1.3

+ 20.0 + 22.86

- 1.5 - 1.5

+ 31.5 + 34.1

+ 11.0 + il.0

+ 24.0 + 24.0

-188.0 -188.0

- 0.2 - 0.2

- 0.5 - 0.5
-0.3 to -2.3 -0.3 to -2.3

- 0.5 - 0.5

-189.5 to -191.5 [-189.5 to -191.5
-147 to =149 -144.4 to -146.4
6000@ 6009
559 55°
28.2 28.2

-200.6 -200.6

51.6 to 53.6 54.2 to 56.2
32 32

19.6 to 21.6

22.2 to 24.2

NOTE: There is a 6 dB loss in signal not considered in this link budget,

see paragraph 3.4




3.6.2 Internal Errors ;_:;3 gﬁi:jgi,j%u{
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The correlation function:"2" curve represents the error between
received and locally generated codes. This curve is shown in
Figure 3-7.- . CoToCE LT Lt o e

As derlved in Appendlx D

50
°n T/ /N

The resulting range error corresponding to a 51gnal to-noise
level of 23 dB is then

g 3.5 nsec

N

4

3.6 ft.

Since two receivers were used, the resulting noise error increases
by a factor of v 2 , thus oy = 5.1ft.

Correlation Curve Nonlinearity

The correlation curve of Figure 3-7 in reality exhibited certain
nonlinear characteristics, as opposed to the idealized character-
istics shown. This resulted in a prevalence of certain fine range
readings (between zero and 99 nanoseconds) and a relative shortage
of other fine range readings. This characteristic was noticeable
near the terminal pcints of the analog-to-digital converter inter-
vals, i.e., (0 and 24), (25 and 49), (50 and 74) and (75 and 99).
The values 0 and 24 were recorded much more often than the values
21, 22 and 26. The same situation was observed at 49, 74 and 99
nanoseconds. The error due to this behavior is difficult to
determine theoretically. However, laboratory tests indicate that
a 2% nonlinearity of the "Z" curxrve is reasonable. Therefore,

0o = 2 feet for one recelver or 2.8 feet for two receivers, as
used in the test.

Voltage
A

-150 ~50 0 T, 50 150

Relative Range in Nanoseconds

Figure 3-7. Correlation "2" Curve



Quantization Error RO PR S b F

Quantization error refers to the inability to determine the exact
location of the correlation maximum which occurs somewhere within
the smallest resolvable interval. This interval is l-nsec wide
and represents the nearest value to which range is resolved.
Since the correlation maximum can occur anywhere within the +.5
nsec interval around the measured fine range value, then
o; = 9 _

4 /12

.29 (ft)

1

where g = 1 ns.

The v 12 term results from the assumed uniform distribution over
the l-nsec interval. Since two receivers are used, the error
increases by the v 2 , thus

g = .42 feet
qd

Phase Alignment Error

In the test configuration, the two rubidium standards drift apart
in phase as well as in frequency. The neise on the rubidium
standards was estimated on the basis of the typical stability of
these standards, 5 parts in 1010 per day. The resulting drift
per day would then be 5 x 10710 x 8.64 x 1013 (nsec/day) or

4.32 x 104 nsec/day. The corresponding drift per minute would

be 30 nanoseconds, a portion of which is clearly correctable.

Results of 3-hour noise-free calibration runs on July 12 and
July 27, yield rms values of 15.9 and 13.2 feet, respectively.
These rms values result from the deviations observed about the
least sguares parabolic fit. However, the rms values are con-
taminated by the error resulting from the nonlinear correlator.
When 2.8 feet is removed from the observed rms values to account
for this nonlinearity, the remaining rms due to the two rubidium
standards is 15.7 and 12.9 feet for the July 12 and July 27 tests,
respectively. The average of the two test periods is 14.3 feet,
which is in reascnable agreement with published test data {see
Figure 3-8 taken from Reference 3-5). From Figure 3-8 it can be
seen that a single frequency standard would yield an error of
about 10 feet if the nearest calibration point were an hour and
a half away. Thus, with two standards, an error of v 2 x 10
feet, or about 14 feet, would be expected. Therefore, although
the error due to the rubidium standards is clearly dependent on
the time from the test to the closest calibration point, it was
decided to account for this with a non-time-varying term.
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3.6.3 Environmental Errors

Multipath

Error due to multipath is caused by the simultaneous reception
of the signal over more than one path. One is the direct path,
while the others result from reflections. The multipath at
Wallops Station is stationary since the reflections are caused
by land.

The rms on the range measurement due to multipath is given by
(Reference 3-1)

p h sinkE

" . YGgg

ag

where p is the surface relfectivity (30%}, h is the height of the
receiving antenna (20 feet for the fixed receiver, 3 feet for the
remote receiver), E is the elevation angle (36 degrees) and Gsr
is the power ratio of main lobe response to side lobe response in
the direction of the reflected ray (20 dB). Thus, op is .36 feet
for the fixed site, and .05 feet for remote site. 1In addition,
the characteristics of the ranging code itself have a significant
effect on reduction of the multipath rejection. However, this
effect will not be considered in this analysis.

Tropospheric Delay

The principal measurement error introduced by the ionosphere and
troposphere is an increase in the effective path length between

the satellite and ground station over the corresponding path

length in free space. Part of this refractive delay is predictable,
assuming a priori knowledge of the geometry between the ground
station and the satellite, time of day and year, sun-spot activity,
and surface conditions. A portion of the effect will be unpre-
dictable, varying with anomalies in the ionosphere and troposphere.
The following estimates are a condensation of many references
which have been reviewed to arrive at a reasonable estimate of

both ionospheric and tropospheric delay uncertainties. No attempt
has been made to model the tropsopheric delay and, hence, reduce
the uncertainty introduced in the range measurements.

The incremental increase in path length due to tropospheric
effects is, in comparison with ionospheric effects, quite pre-

dictable and independent of carrier freguency in the range of
100 MHz to 10 GHz. The refractivity of the troposphere is given

by
_' P 5 e
N = 77.6 (T) + 3.73 x 10 (EE)
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where P is total atmospheric pressure in millibars; e is water
vapor pressure in millibars; and T is temperature in degrees
Kelvin. '

The Central Radio Propagation Laboratory of the National Bureau
of Standards developed an Exponential Reference Atmosphere
model and adopted this model for prediction of refraction
phenomena in the troposphere. The results of this model are
plotted in Figure 3-9 for two extremes of surface refractivity
(Ng) versus elevation angle.

The incremental increase in path length due to downlink tropo-
spheric delay, at an elevation angle (E) of 36°, is

ALqp = 14 feet

The rms variation on this path length is typically taken as 10%
of path delay. Hence

UALT = 1.4 feet |
Both ionospheric and tropospheric inhomogeneities tend to be
correlated over small distances with the result that nearly
parallel paths tend to suffer equal range-error fluctuations
which tend, therefore, to cancel in terms of range difference.

1000
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Figufe 3-9. Tropospheric Effects; Incremental Path
Length vs Elevation Angle



Figures 3-10 and 3-11 indicate the extent of this correlation or
range~difference error reduction factor as a function of the

range separation. These data were recorded as a part of the
National Bureau of Standards series of Maui experiments (Reference
3-7). Figure 3-10 is a plot of interferometer angular error (A¢)
due to tropospheric fluctuations. The data is taken in a bandwidth
of the order of 10 Hz, but tends to be dominated by very low fre-
quencies below approximately .002 Hz for baselines of interest.

For the normal baseline, the angular fluctuations (o¢) is directly .
related to range difference fluctuation (ogpp) through the baseline
B.

GRD = B - 0¢

For baseline length of 8 kilometers, op = 1.5 urad so

Opp = .012 meters
Figure 3-11 is the range difference directly taken from a similar
experiment and indicates for a baseline length of 8 kilometers,
Orp = -03 meters.
The path for these measurements is that from Haleabrela beach on
Maui to the island of Lanai and is intentionally chosen as one
highly subject to cloud and high wind turbulence, probably among
the most inhomogeneous type of air that could be encountered.
Similar measurements in Colorado have shown almost an order of
magnitude smaller fluctuations. '

Thus we conclude that the errors due to the troposphere are
negligible in this experiment. '

Ioncspheric Delay

The incremental path-length difference (ALy) between effective
path length and free-space path length, due to ionospheric
refraction is

40.25 NT Q(E)
ALy = (feet)
£2

where Np is the total electron content (number/m2); Q(E) is the
obliquity factor, a function of elevation angle (E) to the
satellite; and £ is the carrier frequency.

The total electron content (Np) varies about its approximate mean
of 1017/m2 by at least 30% in the course of a day and also from
day to day. Figure 3-12 presents a plot of the variation in
incremental path length versus elevation angle for a nominal
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value of Np and extreme Np values of 0.7 x 1016 and 1.3 x 1018,
The principal variation of Np in the jonosphere is due to the

sun spot number, time of day, season and latitude. In addition,
there are day-to-day fluctuations, simultaneous spatial variations
due to ionospheric irregularities, and short-term {(order of
minutes) variations due to motion of the irregularities.

.The uncertainty in Np at a particular time and placesis estimated
to be approximately 30%. This uncertainty includes a +20% day-
to-day variation and the uncertainty in smoothed sun spot number.
The minimum, nominal and maximum path lengths errors on the down-
1ink can be obtained from Figure 3-12.

ALy = .5 ft. minimum

7 £t. nominal

100 ft. maximum

In addition, at any omne time there will be a random spatial
variation of Np due to the presence of irregularities in the
ijonosphere, which is dependent on the distance between the points
through which the signal passes, as indicated in Figure 3-13.

For this experiment, the fluctuation can be seen to be = 0.1%,

a negligible value.
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Figure 3-12. TIonospheric Effects at 1600 MHz
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Atmospheric and Calactic Noise

In addition to receiver noise, noise also originates in the
atmosphere from lightning discharges, as well as from electrical
machinery (see Reference 3-3). However, since receiver noise is
usually the dominant noise source at frequencies above 300 MHz,
atmospheric and galactic noise are neglected in this analysis.

3.6.4 Geometric Errors

Satellite Position Uncertainty

Errors in satellite position are governed by the accuracy to which
the ranges are measured from the Mojave, Calibornia, and Rosman,
North Carolina, ground stations. The present NASA tracking
procedure can estimate the position of the satellite within a

10 km x 10 km x 10 km box, centered at the predicted point. The
motion of the satellite relative to the predicted orbit is not
known.

The 10 x 10 x 10 km box would produce an error vector of 8.7 km

from the predicted position to the farthest corner of the error
cube. The angle subtended at the satellite by the 4.7-nmi distance
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between the receiver sites is 2.4 x 10~¢ radians. Hence, the
maximum error due to satellite position is 7.13 feet (8.7 km x
3281 ft/km x 2.4 x 104 rad).

Position Error of the Fixed Receiver

The range measurements from the fixed and movable receiver to the

ATS-5 satellite, denoted by Mp and Mg, respectively, are ambiguous

- measurements of the true ranges Dp and Dg. In order to determine
the location of the movable receiver with respect to the fixed
one, Mp, Mp and Dp are used, with Dp calculated from the geometry.
However, the location of the fixed receiver must be accurately
known, as well as the location of the satellite. Errors due to
uncertainty in satellite position have already been discussed.
Since the receivers are located in areas for which type I surveys
are available, it is assumed that no new errors are introduced
into the relative range measurements by the position of the

fixed receiver.

Geometric Dilution of Precision (GDOP)

Geometric dilution of precision refers to the attenuation or
amplification of range errors. These range errors contribute
to horizontal errors in the computation of receiver position to
an extent determined by the relative geometry of the receivers
and satellite. GDOP thus is not an error source itself, but
represents an error multiplication.

The magntidue of the GDOP is given by l/cosE, where E is the
elevation angle of the satellite. For Wallops Station, the
elevation of the ATS-5 satellite is 36 degrees. Hence, the
GDOP is l/cosE, or 1.25.

If or is the rms range error due to all contributing errox
sources, the rms position error is given by

Opos = Op X 1.25

3.6.5 Position Error Summary

The error sources and the resulting uncertainties are presented
in Table 3-5.

Range accuracy is determined as the square root of the sum of the
squares of the individual range errors. The position accuracy is
then found by multiplying the range accuracy by the GDOP factor.
Thus,

o = 21.3 feet
pos
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TABLE 3-5. RELATIVE RANGING ERRORS AT WALLOPS STATION

Relative Range
Error Source _ Uncertainty
(£t)
Receiver Noise 5.1
Nonlinear Correlator 2.8
Quantization 0.42
Rubidium ?requency Standard ' 14.3
Multipath ) 0.4
Troposphere | Negligible
Ionosphere - Negligible
Satellite Position Uncertainty¥ 7.0
Survey Error Negligible
Range Accuracy (RSS) ' 17.0

*This would be the result of a 10 x 10 x 10 km error which
we believe to be high.
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SECTION 4

EXPERIMENTAL DATA AND ANALYSIS

The experimental test data was measured by the ALPHA II receiving
systems in several test configurations, as described in the
prev1ous section.. The calculation of the position of the remote
receiver relative to the fixed known site necessitated calibration
of several eguipment characteristics. The results of the calibra-
tion tests, the satellite ranging tests and the resulting calcu-
lated lines of position describing the location of the remote
receiver are presented in this section. An evaluation of the
contribution of several external error sources is also included to
explain the data reduction method.

4.1 SUMMARY OF THE TEST RESULTS

A summary of the complete test cycle is given in Table 4-1, showing
valid LOP test data measured during six test periods. During five
of these test periods the B receiving system was located at the
remote site and data suitable for relative position determination
was collected during those periods.

The sixth fully successful test period was used to calibrate the
receiver front-end delay bias by co-locating the two systems with
the antennas mounted on the same line. of position. The average
LOP calculated for this test was 56 feet removed from the fixed
site. Thus, the delay bias between the two systems is 45 feet.

The average calculated LOP's for the five successful test periods
with receiver B located at the remote site are summarized in
Figure 4~1. A statistical summary of these tests is given in
Table 4-2.

The offsets of the average LOP's in Figure 4-1 were measured by
using the scaling factor of one inch equal to 18.23 feet. The
standard deviation (o) of the LOP's about the average LOP for
each test is also given in Table 4-2,

The estimate of (o) is obtained from the detailed LOP plots in
Figures 4-6 to 4-10 as follows. The number of individual LOP's

to one side of the average LOP are counted and the LOP corres-
ponding to 2/3 of this total is singled out. The same procedure
is repeated for the LOP's on the opposite side of the average

and the distance between the two selected LOP's is measured. This
distance is assumed to be 20.



TABLE 4-1. SUMMARY OF EXPERIMENTAL TEST CYCLE

gg%{ N3;§Zr Test Disposition
7 Cancelled - NASA priority
8 1 Circuit breaker interrupt at fixed
site - co-located test
12 2 Valid data
13 3 Receiver B lost reference
14 4 Receiver A lost reference
15 5 valid data
16 6 Front end calibration, co—loéated test
20 7 Battery of rubidium standard B low;
Power failure at remote site, no data
link.
21 8 . Valid data
22 9 Receiver B lost reference
23 10 Receiver A lost reference
26 11 Equipment problems with receiver A
27 12 Valid data
28 13 Valid data
29 14 Receiver B lost reference
36 Cancelled
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TABLE 4~2., SUMMARY OF TEST DATA

Offset of Re
Test Date Average LOP us GMT
(£1)
(ft)

2 July 12 6.9 25.88 1856-1930

5 July 15 8.5 31.63 1702-1734

8 July 21 1.2 16.77 0759-0845

12 July 27 ' 4.6 1 33.26 0131-0403

i f 13 July 28 4.6 30.52 0200~-0402

4,2 CALIBRATION OF RF FRONT END BIAS

On July 16, both complete receiver systems, including antennas,

were co-located at the fixed site in order to determine the rela-
tive delay due to the front ends. This test was important since

any delay resulting from these systems, if uncorrected, would affect
. the determinatiocn of the lines of position, resulting in a bias on
the LOP's.

The antennas were placed on the roof of Building F-160 and physi-
cally aligned along the same perpendicular (LOP) to the line of
sight to the satellite and matched in azimuth and elevation. A
normal satellite test period was then performed.

The pre- and post~calibration periods were fit to a straight line

in the least squares sense. The average difference in feet between
the data taken on the satellite and the calibration line was then
determined. This average was 45 feet, with a spread from 30 feet

to 61 feet. The corresponding lines of position in Figure 4-2 were
obtained by projecting the observed differences just defined through
_the elevation angle along the line of sight to the satellite. Since

"+ the position predictions of the ATS-5 satellite were not used in

<termining the receiver front-end delay bias, inaccuracies associ-
o~ated with the ephemeris are eliminated.

4.3 CALIBRATION OF THE FREQUENCY STANDARD DRIFT

Prxoper modeling of the relative drift in frequency and phase between
the two rubidium standards is the most important step in the deter-
mination of the lines of position. Prior to the tests, it was
assumed that the relative drift in frequency was significant. Since
measurement of distance was sought, it was decided to model the

. relative behavior of the rubidium standards by a least squares
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parabola (AtZ + Bt + C), where the quadratic term in time repre-
sents the frequency drift, the linear term in time the phase
drift, and the constant represents the initial offset between the
range measurements of the two receivers. In order to test this
hypothesis, two special 3-hour calibration test periods were
conducted on July 12 and July 27, respectively. The parabolas
were based on 4789 and 5000 contiguous points, respectively. The
resulting coefficients calculated from the test results are pre-
sented in Table 4-3.

These test results show that the quadratic coefficients were very
small compared to the linear coefficient, being 4.5 and -6.3 feet
in three hours, versus -1644.9 and -1952.4 feet, It is, therefore,
concluded that the rubidium standards did not drift relative to
each other in fregquency.

The same model was also used to fit the calibration data of the
various experimental test periods. & typical test resulted in
the following parabola.

Py (t) = 10.3t2 - 732.8t + 93217.0
’ (Test 2 based on 712 points)

On both July 12 and July 27, a normal satellite test period was
executed in addition to the special 3-hour calibration runs. The
quadratic coefficient observed in the satellite test was two
orders of magnitude larger than for the 3-hour calibration runs.

To understand the cause of this conflicting result and obtain a
better model, the 3-hour calibration run of July 27 was subjected
for further analysis. To simulate a satellite test seguence, the
first 38 data points of the calibration run were entered as time
and observed range difference, and 94 points, beginning almost 3-
hours later, were entered into the curve~fitting routines, thus
simulating the discontinuity that occurs in an actual satellite

TABLE 4-3. COEFFICIENTS OF LEAST SQUARES FIT PARABOLA*
FROM SPECIAL 3-HOUR CALIBRATION TESTS OF
RUBIDIUM STANDARDS

Number of . Rms

Date Points A B C {ft)

July 12 4789 .5 -548.3 78114.0 15.9

July 27 5000 -.7 -650.8 62877.0 13.2
*At2 + Bt + C, where t is in hours




test periocd. The total number of points entered (132} was typical
for an average satellite test period. The time interval between
sets was smaller than for a typical satellite test period. The
least squares parabola and least squares straight line were then
calculated based upon this set of 132 points. The continuous data
resulting from the three-hour test was also entered. All three
functions, namely,

62,876.6 - 650.92t

62,878.5 ~ 733.31t +
27.48t2

62,877.0 - 650.8t -
L7t2

e the least squares line - L(t)

it

o the least squares parabola - P(t)

]

® and the 3-hour parabola - 0O(t)

were evaluated for a continuous set of points for which difference
readings were available. The selected set was near the center of
the time interval. The results are given in Table 4-4. Time and
difference readings are given in Columns 1 and 2. The parabolic
fits, namely the ones based on 5000 and 132 points are given in
Columns 3, 4, 5 and 6. The deltas from the observed range differ-
ences are also given. The last two columns represent the straight
line fit.

The P(t) parabola differs from the cbserved range differences by
40 to 70 feet but the straight line fit and the original parabola
based upon the continucous data set do not differ from the observed
range difference readings by more than about 15 feet. Thus, it
was concluded that the parabola is not a good fit to drift char-
acteristics of this standard.

The data p01nts collected in the pre- and post-calibration periods
were then fit to a straight-line model of the frequency standard
drift. The individual lines are summarized in Table 4-5.

The rms wvalues about the moving mean are also shown in Table 4-5.
The rms noise for Test 8 is large. The pre- and post-calibration
periods are shown in Figures 4-3 and 4-4, respectively. The pre-
calibation is very noisy due to an improper threshold setting in
code correlator B. The rms for Test 13 is also larger than
expected; however, in this case the range difference did not
decrease at a near-constant rate. The range difference remained
nearly constant for periods as long as two minutes in some
instances, while during other 2-minute time spans the range
difference decreased at nearly 1000 nsec/hour.

?igure 4-5 shows the pre-calibration data for Test 2. The cali-

bration line is also shown. This figure is typical of the cali-
bration data observed during the other satellite test periods.

4-7




TABLE 4-4. LINEAR AND PARABOLIC LEAST SQUARES FITS TO TEST DATA FROM THE
THREE-HOUR JULY 27 CALIBRATION RUN

Parabolic Fits

Linear Fit

Difference
Time Reading 5000 Points 132 Points . 132 Points
Observed Observed Observed
hr min sec g8 ft Value -0 (t) Value -P(t) Value -L{t)
1 27 48.4 61920.7 61923.1 -2.37 61864.2 56.54 61924.0 -3.26
1 27 49.5 61948.2 61922.9 25.33 61864.0 84.24 £1923.8 24.44
1 27 50.0 61944.3 61922.8 21.52 61863.9 80.43 61923.7 20.63
1 27 50.5 61941.4 61922.7 _18.71. 61663.8 77.62 61923.6 17.82
1 27 51.1 61919.7 61922.6 -2.88 61863.7 56.03 61923.5 -3.77
1 27 52.6 61924.6 6£1922.3 2.29 61863.4 61.20 £1923.2 1l.40
1 27 53.2 61931.5 61922.2 9.30 61863.3 68.21 61923.1 8.40
1 27 54.2 1 61986.6 61522.0 64.58 61863.1 123.47 61922.9 63.69
1 27 55.3 61929.6 61921.8 7.78 £1862.9 66.69 61922.7 6.88
1 27 56.3 61935.5 61921.7 13.886 61862.7 72.77 61922.6 12.97
1 27 57.4 61934.5 61921.5 13.06 €1862.5 71.97 61922.4 12.16
1 27 5%.5 61931.5 61921.1 10.44 61862.2 69.25 61922.0 9.54
1 28 00.0 61934.5 61921.0 13.53 61862.1 72.44 61921.7 12.63
1 28 0l1.6 61937.4 61920.7 l6.72 £61861.8 75.63 61921.6 15.82
1 28 02.1 61927.5 61920.G 6.91 61861.7 65.92 61921.5 6.11
1 28 03.7 61918.7 61920.3 -1.60 61861.4 57.31 61921.2 -2,50
1 28 04.2 61921.7 61920.2 1.49 61861.3 60.40 61921.1 .59
1 28 04.7 $1905.0 61920.1 -15.12 61861.2 46.80 61921.0 ~-16.02
1 28 06.8 61904.0 61919.8 -15.73 61860.8 43.18 61920.7 =16.64
1 28 08.9 61898.1 61919.4 -21.25 61860.5 37.66 61920.3 -22.16
1 28 09.4 61919.7 £1919.3 .44 61860.4 . 59.35 61920.2 - .47
1 28 10.5 61917.8 61919.1 -1.26 61860.2 57.65 61920.0 -2.17
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TABLE 4-4. LINEAR AND PARABOLIC LEAST SQUARES FITS TO TEST DATA FROM

THREE-HOUR JULY 27 CALIBRATION RUN (Continued) THE

Difference Parabolic Fits Linear Fit

Time Reading 5000 Points 132 Points 134 Points
) Ubsarved Observed Observed

hr min sec 8 ft Value -0(t) Value -P(t) "~ Value ~L(t)

1 28 13.6 61900.0 61918.5 -18.50 61859.6 40.41 61919.4 -19.41
1 28 14.1 61916.8 61918.4 -1.61 61859.5 57.30 61919.3 ~2.52
1 28 15.7 61910.9 61918.1 -7.22 61859.2 51.69 61919.0 -8.13
1 28 16.2 61928.6 61918.0 10.57 61859.1 69.48 619192.0 9.66
1 28 l6.8 61922.7 61917.9 4.78 61859.0 63.69 61918.8 3.87
1 28 17.8 61898.1 61917.8 -19.64 61858.9 39.27 61918.7 ~20.55
1 28 18.3 615904.0 61917.7 -13.65 61858.8 45,26 61918.6 | -14.56
1 28 18.9 61917.8 61917.6 .26 61858.7 59.17 61918B.5 - .56
1 28 19.9 61917.8 61917.4 .44 61858.5 59.35 61918.3 - .47
1 28 20.4 61897.1 61917.3 -20.17 61858.4 38.74 61918.2 -21.08
1 28 21.0 61911.8 61917.2 -5.36 61858.3 53.55 61918.1 -6.27
1l 28 21.5 61915.8 61917.1 - =1.27 61858.2 57.64 61918.0 -2.18
1 28 23.1 61910.9 61916.8 -5.88 61857.9 53.03 61917.7 -6.79
1 28 23.6 61915.8 61916.7 - .89 61857.8 58.02 61917.6 ~1.80
1 28 25.2 61913.8 61916.4 -2.60 61857.5 56.31 61917.3 -3.51
1l 28 25.7 61920.7 61916.3 4.39 61857.4 63.30 61917.2 3.48




TABLE 4-5. STRAIGHT LINE FIT* TO THE CALIBRATION DATA

Test Date A B Rms (ft)
2 July 12 -547.54 - 89660.22 14.02
July 15 -618.84 ~38074.84 18.43
8 July 21 -673.28 £8018.83 75.13
12 July 27 ~-605.74 -79019.,48 10.45
13 July 28 -638.78 39765.47 10.25
*At + B {t in hours)

4.4 CALCULATED LINES OF POSITION

The data for the satellite test periods are tabulated in Appendix
A and the resultant lines of position are plotted in Figures 4-6
through 4-10. These figures are Mercator projections; thus, any
measurement of length made on these figures is directly related
to change in latitude. The scale used is one inch in latitude
(.000050 degree) eguals 1B.23 feet.

In each figure, the remote site ig indicated at latitude 37.864343
degrees and longitude 75.507593 degrees. The two other latitudes
shown are the assumed reference latitudes of 37.864300 and 37.864253
degrees used in the calculations.

The longitudes of the LOP's were calculated for each of these
latitudes. The average LOP for the complete test period is
indicated as the dashed line. This average LOP results from
averaging the sets of longitudes pertaining to each reference
latitude. The azimuth heading from north for all LOP's is
approximately 132 degrees. The line perpendicular to the LOP's
is the line of sight to the satellite.

The LOP's presented in Figures 4-7 through 4-10 are based on
approximately twenty successive range differences which were fit
to a parabola. Thus, the noise on the range differences has been
smoothed to some extent. Any reference to time has been lost in
these figures in that they show latitude versus longitude. Since
the headings of the LOP's are all approximately 132 degrees from
true north, any LOP is equally well defined by the longitude at,
for example, the reference latitude of 37.864253 degrees. The
longitude at the other reference latitude of 37.864300 degrees
exceeds the first longitude by .000063 degree. It is then possible
to plot longitude versus time as is done in Figures 4-11 through
4-15 for Tests 2, 5, 8, 12 and 13 for the first 30 minutes of each
test. The indicated longitudes are still the result of smoothing

4-10
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Figure 4-3. Test 8 Precalibraticn Data
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Reference Time: 0 = 5:50:09.2 GMT
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Figure 4-4. Test 8 Post-Calibration Data
Reference Time: 0 = 9:25:54.3 GMT



Range Difference, Feet

Figure 4-5. Test 2 Pre—-Calibration Data
Reference Time: 0 = 16:31:37.9 GMT

a group of successive measured range differences (AR). Figures
4-16 and 4-17 are also plots of longitude versus time. However,
each longitude indicated is the result from one range difference.
Hence, no smoothing was done on this data. A set of successive
AR's were analyzed for Test 2 (Figure 4-16) and two sets of
successive AR's for Test 12 (Figure 4-17). Twenty successive ,
longitudes in these figures describe the structure within one LOP
or longitude in Figures 4-11 and 4-15. The data for all these
figures is presented in Appendix A.

Consider now a configuration in which a user wishes to determine
his position (LOP's relative to one ox two satellites) in a short
period of time. In particular, we are addressing relative navigation
for a ship. 1If op represents the position error on the surface of
the Earth, while og represents the permissible error in the LCP's
and if

dgg > ORr then one measgrement suffices; or if

o}
0g < Op then N = uEB measurements are required.

g

The reduction in error as a function of integration time or number
of samples is schematically depicted in Figure 4-18.
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o
Thus, initially the residual error decreases as R when N samples

are integrated. Illowever, if integration is increaged above a
certain limit, no further reduction in ¢ can be cbtained. This
constant level is due to inherent noise sources in the system,
e.g., short term noise due to the frequency standard.

The results from the Wallops tests indicate that o can be reduced
to about 30 feet if 20 data points are smocthed. The time from
measurement to measurement is 0.8 second due to satellite rotation
while each measurement lasts 20 microseconds. The 16 seccnds could
be considerably reduced without loss in accuracy if the navigation
signals originated from non-spinning satellites.

4,5 LOP ERRORS FROM EPHEMERIS PREDICTS

In order to determine a line of position, the position of the
ATS-5 satellite at that instance of time must be known. NASA
ephemeris predictions for the ATS-5 satellite yield the geocentric
range, latitude and longitude at 30-minute intervals. Typically,
five or six consecutive ephemeris points are required over a test
period. The sets of latitude, lengitude and range pcints are fit
to least squares parabolas. These parabolas are then gvaluated at
the points in time corresponding to the ranging test data.

LONGITUDE

Figure 4-11. West Longitude of Test 2 LOP's at
Latitude 37.864253 Degrees
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Figure 4-12. West Longitude of Test 5 LOP's
at Latitude 37.864253 Degrees

Figure 4-13. West Longitude of Test 8 LOP's
at Latitude 37.864253 Degrees



Figure 4-14. West Longitude of Test 12 LOP's
at Latitude 37.864253 Degrees
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Figure 4-15. West Longitude of Test 13 LOP's
at Latitude 37.864253 Degrees
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Residual rms Noise

p time

Figure 4-18. Residual Error Following
Smoothing of N Samples

Two possible errors result from this appreoach. The first is due
toc the inaccuracies associated with the predicted satellite
positions; the second is due to the selection of the parabolic

~ model of the orbit, which is insignificant, as shown below.

According to NASA (see reference 3-5), the position of the satellite
is true within a cube of 10 x 10 x 10 km centered at the predicted
point. This inaccuracy in ephemeris prediction is sufficient to
effect the relative position determination. Thus, it was neces-
sary that the latitude and longitude of the fixed site be known

to six decimal places with the Type I survey. :

To determine the effect of a satellite position error within the
confines of the ephemeris uncertainty cube, the predicted satellite
position on July 21 at 2100 GMT was selected and the position per-
turbed in range, latitude and longitude individually. The range
was perturbed by +5 km and the latitude and longitude were per-
turbed by +.016 degrees (5 km at 22,000 nmi). The results are
summarized in Table 4-6. :

The degree to which LOP longitude changed is a nearly linear
function of the variation in ephemeris. Therefore, individual
component errors can be root sum sguared. It should be noted

that the effect of change in range is very small compared with the
effects of change in angle. It is not known in which manner the
true position of the satellite differs from the predicted position,
but the deviation was probably periecdic. If so, over a short



TABLE 4-6. LOP ERROR AS A FUNCTION OF SATELLITE °
POSITION ERRORS

Change in Longitude
Parameter Deg | Feot
Range +5 km +0.000002 + 0.4
Latitude +0.016 deg +0.000023 + 4.6
Longitude +0.016 deg +0.000059 +11.4

period of time, the deviation would be consistently in one direction,
introducing a bias in the LOP's. This may be the reason the

average LOP of any given data set is offset by several feet from

the remote site.

The second error source was due to the parabolic fit to the
satellite's latitude, longitude and geocentric range values. A
parabolic fit was selected to approximate the nearly closed ellip-
tical path of the ATS-5. The rms values of the data points about
the parabolas are given in Appendix A. These values are generally
two orders of magnitude smaller than the uncertainty in predicted
values, indicating very good fits. The rms on the longitude, the
major sources of LOP error, was on the order of 0.00020 degree.
The interpolated satellite longitude would, at worst, introduce
a3 0 error (0.00060 degree), which corresponds to 1/400 of the
errors exhibited in Table 4-6 of 0.029 foot. Therefore, errors
resulting from the parabolic fits to the ephemeris data are
negligible.

4.6 RUBIDIUM STANDARD NOISE EVALUATION

The 3-hour calibration runs of July 12 and July 27 indicate that
the relative drift in frequency of the standards is negligible.
These data points were fit to least squares parabolas and contin-
uous data comprising roughly 5000 data points in each run were
available. The relative drift in phase of the standards was
significant. When the observed phase drift per hour {~ 600 nsec)
was extrapolated to a per day drift and then compared with the
total number of nanoseconds in a day (8.64 x 1013), the relative
phase stability was found to be (600 x 24) (8.64 x 1013) or 1.5
in 1010 per day.

The pre- and post-calibration runs were always conducted in a
noise-free environment. Thus, any noise on the data was due to
noise generated by the frequency standards and internally by the
correlator non-linearities and logic noise. The rms noise ob-
served on the July 12 data was 15.9 feet versus 13.2 feet for
July 27 data. The rms noise observed on the range readings of



code correlator A were typically 3.5 feet, If the range readings
of the two correlators are assumed to be independent (which they
may not be, see below), rms nolse values of 15.5 and 12.5 ft. for
July 12 and July 27, respectively, result from the range readings
for code correlator B. Removing 3.5 feet of noise for this
correlator leaves a noise-component magnitude of 15 feet (July
12) and 12 feet (July 27). This noise then, is due to the
instability of the rubidium standards. From the error budget
given in Section 3, it is concluded that the noise due to the
rubidium standards is a dominant error source.

Figure 4-19 shows the relative, unsmoothed, range difference
versus time for data collected during the 3~hour run of July 27.
The data gaps are due to absence of readings during those partic-
ular time intervals. Figure 4-20 shows the. effects of pexrforming
minimal smoothing. The arithmetic means of all readings observed
in a 30-second interval, i.e., 15 to 25 data points, are given as
a function of time. The calibration lines for these three-hour
tests are also given in Figures 4-19 and 4-20. The calibration
line shown in Figure 4-20 does not pass through all the smoothed
range values; however, this is not unexpected considering the time
varying nature of rubidium standard errors.

The following implications result for the test data collected.
Typically, 10 to 20 range differences (roughly 20 seconds) collected
on the satellite were fit to parabolas and evaluated at the center
point of the time span, yielding a .value, say, 4R;. This averaged
range difference was reduced by L, the calibration line evaluated
at the same point in time. Thus ARz - L, could be in error by 3 o.
The corresponding LOP would be coffset from the remote site by 3 o
times the GDOP or typically 19 to 56 feet. '

4.7 RANGE DATA RMS NOISE

All satellite test periods were analyzed in order to obtain estimates
of the noise on the range measurements. The results of these analyses
are presented in Table 4-7. The rms noise on the five drift cali-
bration lines calculated from the pre- and post-calibration tests

are shown, as are the rms ncocise for each receiver, the range
differences between the receivers, and the rms noise on the pre-

and post-calibration data.

Two methods were used to determine the standard deviation of the
ranging data; both differed from the previously described method
of determining the o of the LOP's. In the first method, small
continuous sections of data were fit to parabolas and the o
computed.

In the second method it was assumed that the ranging data was-
normally distributed. Thus, the formulation to determine o was
that 99.2% of the time not more than 50% of the points deviated
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Figure 4-20. Rubidium Frequency Standard Calibration
Three-Hour Test for July 12, 1971
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TABLE 4-7.

"

RMS NOISE (FEET) ON INDIVIDUAL RANGE READINGS

Test Time Receiver Range
No. Date GMT A B Difference Measurement Mode
2 7/12/71 1715-1935 - - 14.02 Drift Calibration Line
2.1 i0.4 10.6 Pre-Calibration
6 7 7.2 Post-Calibration
2 4 5.2 Post—-Calibration
4 5 6.1 Post-Calibration
1.5 2.2 3.9 FPost-Calibration
- - 13-23 Satellite Ranging
3 7/13/71 1850-2130 3.1 12.5 15.3 Pre-Calibration
2.0 14.7 i4.9 pPost-Calibration
- - 14-22 Satellite Ranging
4 ?7/14/71 1700-1945 1.7 1.1 11.3 Pre-Calibration
3.0 11.90 11.3 Pre~Calibration
3.1 9.7 10.1 Post-Calibration
- - 9-19 Satellite Ranging
5 7/15/71 1645~2030 - - 18.43 Drift Calibration Line
2.1 106.0 10.3 Pre-Calibration
2.1 B.0 8.3 Post-Calibration
- - 10-20 Satellite Ranging
6 7/16/71 1640-1930 . 0.2 7.8 7.8 Pre-Calibration
0.2 B.1 8.2 Post-Calibration
- - 8~14.8 Satellite Ranging
7/20/71 No bata
g 7/21/71 0700-0845 - - 75.13 Drift Calibration Line
1.0 19.2 24.8 Pre-Calibration
4.8 16.4 17.2 Pre-Calibration
1.2 B.2 g.2 Post-Calibration
- - 8-17 Satellite Ranging
9 1/22/71 " 0700-0846 6.7 12.2 13.3 Pre-Calibraticn
8.9 11.9 14.0 Post~Calibration
- - g-18 Satellite Ranging
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TABLE 4~7. RMS NOISE (FEET) ON INDIVIDUAL RANGE READINGS (Continued)
Test Time Receiver Range
No. Date GMT A B Difference Measurement Mode

10 7/23/71 0700-0845 2.8 8.2 B.3 Pre-Calibration
0.1 14.0 16.8 Post-Calibration
8 - 9-18 Satellite Ranging

11 7/26/71 No Data

12 1/21/71 0100-0400 - - 10.45 Drift Calibration Line
4.1 9.7 10.3 Pre-Calibration
3.8 8.1 9.7 Pre-Calibration
3.7 11.6 12.4 Post-Calibration
- - 8-13 Satellite Ranging

13 7/28/71 0200-0300 - - 10.25 Drift Calibration Line
3.7 9.0 10.0 Pre~Calibration
3.5 8.4 9.8 Pre-Calibration
3.5 9.2 10.0 Post-Calibration
- - 0-14 Satellite Ranging

14 7/28/71 0330-0600 3.7 9.0 9.8 Pre-Calibration
8.4 8.9 12.7 Post~Calibration
- - 10-16 - Satellite Ranging




from the mean by more than.i 2.66-0._ Since the number of points
outside the mean + 2.66 0 interval is assumed to be small, the
distribution of these points is better described by a Poisson
distribution., The mean (M) of the Poisson distribution is given
M = pN
-where
p = 1l-g

and N is the number of samples observed and g is the probability
99.,2%.

The probability that k points fall outside the +2.66 0 interval
centered at the mean is given by ,

o

Py = T
Thus,
Po = €
= e = 0.5

incorporates the 50% chance of any observation being outside the
interval. Thus , :

pN = «~1ln 0.5
= .69
Since
= .008
N = 86

The probability interval of 4.8 ¢ about the mean was chosen so that
the number of observations would be collected in a relatively short
interval. The difference between the smallest and largest range
difference observed in 86 points was corrected for the relative
drift between the rubidium standards, estimated at 600 nsec/hour.
The observed corrected difference divided by 4.8 then yields o,

The co-located test was considered in detail in order to détermine
the rms noise due to the receivers, The rms noise on receiver A
was 0.2 ft during both calibration periods and 7.8 and 8.1 feet on



receiver B during pre- and post-calibration periods, respectively.
The rms on the range difference was 7.8 and 8.2 feet during these
calibration periods. Since 257 range readings on the satellite
were available, ¢ is calculated for three intervals of 86, B6 and
85 data points. The average og was,9.53 from the three calculated
values of 8, 14.8 and 6.8. When og“ was reduced by the average
noise from the calibration periods (82), a remainder of 26.25
resulted. Assuming equal noise generated by the receivers, the
rms noise due to each receiver is v26.25/2 or 3.62 feet. This
agrees closely with the predicted rms of 3.6 feet.

4.8 IONOSPHERIC EFFECTS

The collected data was analyzed in some detail in order to deter-
mine if icnospheric effects were discernible. Since the relative
ranging tests were not performed with this purpose in mind,
definitive conclusions could not be reached. For example, it is
not possible to extract information on the ionospheric-induced
delays along the paths from ATS-% to the receivers since such
information is inbedded in the noise. Therefore, the only way in
which ionospheric effects can be inferred is by considering the
distribution of the LOP's as a function of time.

Figures 4-11 through 4-15 show the west longitudes at one of the

reference latitudes. The scatter on the points from test 2 and 5
(0700-1930 GMT) is larger than for test 8 (0800-0845 GMT) which,

in tuxn, is larger than for tests 12 and 13 (0100-0400 GMT).

For tests 2 and 5, less than two or three successive LOP's were to
one side of the average LOP and, in general, any two successive
LOP's were well separated, typically by 10 to 30 feet. This
indicated the presence of considerable noise on the measurements.
This noise could be due to the rubidium standards, the receivers
or the ionosphere. During test 12, thirteen successive LOP's

{23 minutes of observation time) were clustered to one side of

the average LOP. These LOP's were all displaced by 30 to 50 feet
from the mean LOP. Later, in the same test, 29 successive LOP's
taken during 30 minutes were all clustered to one side of the

mean as shown in Figure 4-21. Test 13 yielded an even more striking
result. The first 46 LOP's covering one hour and three minutes
were to one side of their mean, while the remaining 34 LOP's
representing one hour of data were to the opposite side. This
effect may be due to inaccuracy in the slope of the calibration
line (overestimating the drift between the rubidium standards in
the first half of the test and underestimating it during the
concluding half) or due to the motion of the ATS-5 relative to the
predicted ephemeris which would introduce a bias-type error.

The spread on the LOP's for tests 2 and 5 was due to considerable
noise while most of the spread of the LOP's from tests 12 and 13



Figure 4-21. Test 12, West Longitude Crossing Points
at Latitude 37.864253 Degrees
&

resulted from a sequential motion of the LOP's during these tests.
Figures 4-16 and 4-17 from tests 2 and 12 data, respectively,

are illustrative. In these figures a single range difference was
used to determine an LOP. Thus, no smoothing was done. Test 2
data collected over 3 minutes 15 seconds indicates a considerable
spread on the longitudes of approximately 200 feet.

The rms exhibited here can be found by reducing the spread by the
GDOP multiplier of 1.25 leaving 200/1.25 or 160 feet. Equating
this value to approximately 50 or 66 (133 points) yields a 1 o .
value of roughly 30. The spread for the test 12 data 1is 72 feet.
for the first set and 86 feet for the second set. NO dips are
exhibited in test 12 which are exhibited by the test 2 data.

The rms noise data presented in Table 4-7 was also considered.
However, no statistically significant conclusions could be reached
on the basis of that data.



SECTION 5

EXPERIMENT INSTRUMENTATION

5.1 GENERAL CONSIDERATIONS

The test instrumentation assembled to meet the precise p051t10n1ng
requirements of the experiment included a modulator, two receivers
and a data recording system. The de31gn of the ALPHA II receiver
system was based on an existing AII L-band correlation receiver
used in earlier ATS-5 ranging experiments. This ehperiment re-
quired a receiver with similar precision and ranging capability.
The ALPHA II receiver system has the following performance
characteristics: (1) 10-MHz PRN code reception and demodulation
capability, (2) ability to acgquire and track signals from the
spinning ATS-5 satellite, (3) computer-oriented format for re-
cording or data~phone transmission, and (4) provision for precision
range readout to observe small range fluctuations due to noise.

The technical approach adopted in the ALPHA II receiver design

was to demodulate the PRN code from the carrier without phase
locking the carrier. The demodulating technique, explained in
more detail later in this section, was capable of tolerating the
small doppler anticipated due to the movement of the ATS-5
satellite. Severe freguency uncertainties resulting from drift

of the satellite master oscillator with temperature were accommo-
dated by manual freguency adjustments. The digital range tracking
loop, which is integral with the code generating and control logic
circuitry, had natural memory characteristics that enable the
signal to be rapidly re-acquired at the beginning of satellite
signal burst.

The system design characteristics which gofern the ALPHA II
receiver operation are summarized below.

5.1.1 Modulation Design

Coherent PSK modulation is used in the ALPHA II system. This
implies a carrier system which transmits two signals differing
only by a phase reversal of the carrier. The phase reversal
represents the mark-space information. The carrier phase reversal
produces sequential signals wich are the negative of each other.
This means that they have a cross-correlation coefficient of -1,
and thus are mutually uncorrelated. This modulation can be demon-
strated to be the optimum binary system. It has been shown in
many standard references that the coherent PSK system provides

the lowest error probability for a given signal-to-noise ratio
that one can expect from binary systems, including differential
PSK, coherent frequency shift keying (CFSK), and non-coherent FSK.



5.1.2 Detection Design

The ALPHA II receiver system is a correlation design and a full
description appears later in this section. Correlation technigues
have long been used to extract a signal from noise or to reveal
the presence of periodicity in an otherwise completely random
signal. Thus, if a signal with the right properties is correlated
with a relatively noise-free replica of itself, (i.e., autocorre-
lation), the random noise component of the signal will rapidly
reduce to zero, and any periodic component will be revealed.
Similarly, if two signals are cross-correlated, cne with the
other, an immediate result is the indication of mutual properties
which the signals may share.

Communication. systems and radar systems apply correlation tech-
nigques to optimize performance in the presence of noise and a
jamming environment. In the ALPHA II receiver, AII uses a '
correlation technique in which the code automatically tracks by
adjustment of the digital tracking loop. If the filter response
of a receiver containing white noise is multiplied by a constant,
both the signal and the noise are amplified linearly by the same
factor, and the S/N ratio is unchanged. Therefore, to achieve
maximum S/N ratio, the signal component must be maximized. The
impulse response of the filter which maximizes the signal compon-
ent and the S/N describes what is known as a matched filter. If
the filter output is integrated over a long time period, then the
S/N ratio can be very large. Matched filter operation can be
obtained in this case with a correlator.. The correlator multiplies
the incoming signal plus noise by a signal which is identical to
the anticipated signal and integrates the result. The result is
sampled at a later time and a decision is made concerning its
value. The correlation principles adopted are described in the
equipment description in this section. Appendix B describes a
simple theoretical development of the correlation function in the
receiver and demonstrates that the selected approach is truly an
optimum system.

5.1.3 8ignal Design

The code chosen for the ALPHA II receiver has a clock rate of
10-MHz. The code generator contains a l4-stage shift register
capable of being programmed for several maximum length codes.
The code length necessary to provide unambiguous ranging of the
satellite position is 16,383 bits. A shorter code of 2,047 bits
is also available which has excellent multipath rejection and a
relatively short search time with a continuous signal. The
choice of code is governed by the desired unambiguous range capa-
bility, accuracy, the multipath performance, the acgquisition
time, system performance under doppler conditions and hardware
complexity required for code generation.



It is established in Appendix C that maximum-length PN codes of
511 bits or more are theoretically satisfactory to provide
greater than 50 dB multipath rejection. Table C~1 of Appendix C
shows some of the various code lengths available from the l4-bit
shift register code generator. This table provides an insight
into the trade-off in search time, multipath rejection and range
ambiguity,

The ALPHA II system utilizes a proven correlation technique
capable of tracking the ATS-5 L-band signal which is only present
for approximately 50 ms out of every 780 ms (one satellite
revolution). The utilization of digital loop to track the
received PN code provides the memory capability between signal
bursts. .

5.2 CODE CORRELATOR

The receiver code correlator shcwn in Figure 5-1, compares the
PRN code modulating the received signal with a locally generated
duplicate of that PRN code. The modulation code is a pseudo-
random, maximum-length code having transitions at a 10-megabit
pPer second rate. The spectrum occupancy of the code-modulated
signal from the receiver RF front-end assembly, which feeds the
correlator, is 20-Miz. The correlator collapses this wideband
noise-like signal to a steady carrier when an exact phase match
between the incoming code and the locally generated code is
produced. .
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The code correlator multiplies the received PN code modulated
signal by a replica of the PN code and integrates the result.

If a phase error exists between the receive code and the internal
code, a d-¢ error signal is generated which causes a correction
to be made in the phase of the internal code. When a "match"
occurs, the correlation is complete and the phase difference can
be measured. The code correlator operates in a sample-and-hold
mode making phase corrections only if the decoded received signal
exceeds a predetermined signal-to-noise ratio. The correlator
has a predetection bandwidth of 1.6 kHz and a noise loop bandwidth
of 50 Hz. Operation during the acquisition mode is a time search
through all bit positions of the PN code which is terminated by
an indication that the signal-to-noise ratio has exceeded a pre-
determined threshold, and thus correlation has been accomplished.
The characteristics of the code correlator are summarized in
Table 5-1.

The 70-MHz bi-phase PSK modulated signal is converted to 4.0-MHz
and split into three channels. In the three correlator channels,
the modulated waveform is multiplied with a replica of the PN
code. The code replicas on each of two channels are displaced
in time by plus and minus one-half bit interval from the pseudo-
random code on the third channel. In the channel designated the
in-phase channel, the modulation waveform is centered in time
relative to the PN code in the other two channels. During the

TABLE 5-1. CHARACTERISTICS OF THE CODE CORRELATOR

Parameter Value
Input 70—Mﬁz
Input Bandwidth 20-MHz
Input Level ' -20 dBm
Sensitivity -30 dBm
Modulation Bi~-Phase, PSK
Coarse Range Granularity 100 feet
Fine Range Quantization 1.0 foot
Code Length 2047 or 16,383
Clock Rage 10 MB/S
Acquisition Bandwidth 1.6 kHz
Control Loop Bandwidth 50 Hz
Multipath Rejection 50 dB
puty Cycle of Tracking 6% (ATS-5 burst)




acquisition mode, the time difference between the PN code replicas
and the received modulation is not known. The function of the
correlator is to produce an adjustment of the PN code multiplying
the in-phase channel so that it is in time coincidence with the
received modulation waveform. This alignment is performed by
stepping the local PN code in phase until correlation occurs at
one of the three decoders. The output magnitude of the decoder
increases at the instant of correlation and its presence is
confirmed with a threshold detector. The amplitude increase can
occur in any of the three 4.0-MHz channels depending on the time
coincidence of the modulation waveform.

The circuit behavior can best be explained by examining the auto-
correlation function of each of the three decoders shown in Figure
5-1. When the modulation waveform is matched in any of the three
decoders the output amplitude of the decoder increases in level.
When it exceeds a preset threshold, the correlator operating mode
is switched from code acquisition to range tracking. -

Each decoder serves the role of comparing the incoming received
code with a similar code locally generated in the digital sub-
system. The 2,047 bit code correlator against itself over a
full-code period has a single correlation peak and all other
time side lobes are down approximately 66 dB below this peak.
Maximum-length-code correlation characteristics are illus-
trated in Figure 5-2. The triangle identified as A in the
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Figure 5-2. Correlator Output Characteristics



left diagram is a correlation peak obtained by measuring the
amplitude of the decoder output as the locally generated tracking
code is moved through a “"match” with the incoming code. A match
is defined as the relative phase point at which all zeros and
ones in the received code are aligned with corresponding zeros
and ones in the tracking code. Tt is noted that the build-up of
the correlation peak begins one bit length before the peak and
ends one bit following the peak: thus, the correlation peak is
two bits wide at the base.

Decoders B and C in Figure 5-1 are identical in action to decoder
A. Their peaks, however, are caused to occur one-half bit before
(decoder B) and one-half bit later (decoder C). This is accomp-
lished by supplying the locally generated code one-half bit early
and one-half bit late, respectively, to these decoders. '

The outputs from decoders B and C are shown in Figure 5-1 to be
supplied to a differencing circuit. This circuit subtracts the
decoder C output from the decoder B output. The resulting
characteristic is shown in the right sketch of Figure 5-2. It
is referred to as the Z curve. The mid-point of the Z curve, on
the zero axis, is the point at which the two codes exactly match.
It should be noted that this point coincides with the point at
which the output from decoder A reaches its peak.

The 4.0-MHz signals from the gquadrature channel and the in-phase
channel are filtered with crystal filters having a bandwidth of
“approximately 1.6 kHz. The in-phase and guadrature channels at
the crystal filter outputs contain only the carrier; the modula-
tion sidebands are suppressed by the filter selectivity.

The voltage amplitude of the carrier at the output of the crystal
filters contains the information concerning the time coincidence

or correlation of the received modulation and the locally generated
PN code. When the two range code signals are in time coincidence,
the amplitude of the 4.0-MHz carrier in the in-phase channel will
be maximized and the 4.0-MHz carrier in the quadrature channel

will be minimized.

The processing gain of the system is inversely proportional to

the filter bandwidth, and is computed by the ratio of the incoming
signal spectrum to the filter bandwidth. Thus, the 20-MHz spread-~
spectrum signal and the l.6-kHz filter produces a processing gain
of 41 dB.

Other factors influencing the choice of the filter bandwidth are
minimum search time and tolerance to frequency uncertainty. The
search time is directly affected by the time required to build up
a detectable output from the decoders. As the locally generated
tracking code is stepped one bit at a time in its search mode,

it must remain in each phase position for a time sufficient to
integrate the signal in the filter.



The correlator configuration shown in Figure 5-1 performs its
decoding independent of the doppler components on the code-
modulated carrier. Tolerance to frequency offset extends to a
maximum value of +0.8 kHz. The correlator design enables the
decoding action to take place despite the presence of small
frequency changes on the carrier. The frequency effects are
identical in both channels of the correlator and if the carrier
falls within the bandpass filters, the decoding is independent of
the carrier frequency. Code tracking was demonstrated by this
receiver in the operation with the ATS-5 satellite for doppler
produced by the satellite motion (approximately 35 feet per
second) . Severe frequency drifts due to the ATS-5 oscillator
(up to approximately 200 Hz/min) were corrected for by tuning
of the 2nd L.O. injection signal.

At this point the code phase error information is in the form of
amplitude. The ALPHA II correlation system converts this ampli-
tude function into phase information, so that variations in the
received signal amplitude will not influence the range measure-
ment accuracy. The guadrature channel is amplified in a limiting
amplifier and the in-phase .channel signal is amplified in a similar
limiting amplifier. The two limiting amplifiers are phase-matched
to witin 2° so that their phase response characteristics do not
produce range errors. The limiting amplifier outputs are then
multiplied in a phase detector which is capable of generating an
error voltage proportional.to the phase error between the two
inputs. The error voltage is integrated in a low-pass filter and
amplified., This DC signal contains the sense and magnitude of

the alignment error between the local PN code generator and the
received range code waveform. .

The characteristic which describes the output of the balanced
detector as the received code and locally generated code near the
optimum tracking position is the Z curve shown in Figure 5-2.

The 0 point midway on the 2 curve is the balance position where a
phase match exists between the two codes. As the phase match
changes, a DC output is generated by the Z characteristic. The
error signal from the balanced detector is band limited by a low-
pass filter and sampled by an analog-to-digital converter. This
circuit converts the DC error veoltage into digital logic pulses
to control the phase positioning of the tracking codes.

5.3 DIGITAL TRACKING SUBSYSTEM
5.3.1 General

A correlation system requires that the receiver have exact knowledge
of the code transmitted by the sender. This requirement is met by

a reference code generator in the receiver identical to one in the
modulator. Under normal circumstances where the receiver is oper-
ating independent of the transmitter in a remote location, the



reference code generator in the receiver is driven by its own
master clock. The block diagram of the ALPHA II code correlator
digital subsystem is shown in Figure 5-3. The system has three
basic functions to perform: (1) acquire and lock the internally
generated PRN code to the received modulation, (2) measure the
phase difference between the received code and the internal
reference, and (3) display this measurement to the operator and
make it available for external recording.

5.3.2 Operation

Two PRN code generators are used in the ALPHA II correlator.

The first is a reference generator, while the second, the tracking
code generator, is locked to the incoming signal. Each code
generator is a l4-stage shift register with -feedback taps con-
figured to generate either 16,383~ or 2,047-bit maximum length
PN codes. The state (10000...00) is decoded as a synchronization
point, and a pulse is produced whenever this state is reached.
Since the input clock rate is 1l0-MHz, the cycle time of the code
generators is 204.7 or 1638.3 microseconds, depending upon the
selected code length. The tracking code generator develops the
three waveforms provided to the decoders. These three versions
of the PRN code are offset from each other by one half of a code
bit (50 nsec).

The phase selector provides a convenient method of shifting the
tracking code generator to provide the equlvalent of 40-MHz

resolution. This technique, illustrated in Figure 5-4, produces
four 10~MHz square waves displaced from each other by 25 nano-
seconds {90°). By selecting the waveform nearest the phase of

the received signal as the clock for the tracking code generator,
the correlation will be within +1/8 bit (+12.5 ns} and the error
voltage remains in the linear region of the % curve.

The phase of the internal code can be easily shifted by changing
from one clock stream to another, as the last two waveforms of
Figure 5-4. indicate. If the negative edge of ‘the waveform shifts
the code generator and phase 2 is the active clock phase, there

is a shift at the 0 and 100 nsec points. -If the clock switches
from phase 2 to phase 3 at 25 nsec, the "retard" waveform results,
with shifts at the 0 and 125 nsec points. The subsequent shifts
will occur at 100-nsec intervals provided no further clock changes
are made. Thus, the effective phase of the code generator has
been delayed by 25 nsec or 1/4 of a bit. Similarly, switching
from phase 2 to phase 1 produces the "advance” waveform with
shifts at the 0 and 75 nsec points and advances the code phase

25 nsec. By successively stepping through the clocks (2,3,0,1,2
or 2,1,0,3,2), the phase of the code can be changed to any
desired position.
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If the internal code and the received code are within one bit
(+100 nsec) of phase lock, an indication is given whenever the
received signal strength is above a preset threshold. This
receiver threshold should occur each time the satellite antenna
illuminates the receiving sites, or approximately 50 milliseconds
out of every 783 milliseconds. If the threshold signal is not
received for two seconds, the control logic activates the search
generator, changing. the tracking code generator phase until a
threshold (i.e., correlation) is achieved.

When the receiver is in the acguisition or search mode, the code
tracking generator is sequenced through the entire 2,047 phase
positions relative to the reference generator. When the correla-
tor threshold detectors provide a positive indication, the
acquisition mode is stopped and correlation is within +1 bit.

The range computing circuitry reverts to the tracking mode after
the initial acquisition of the received code. In the tracking
mode the 10-MHz clock is phase shifted (as previously discussed)
in 90° increments to achieve the effective granularity of a 40-
MHz clock system. The clock phase shifting is initiated when the
correlator phase detector output exceeds the preset threshold
criteria.



5.3.3 Search Routine

The rotating ATS-5 satellite imposes a unique search-sequence
reguirement on the range acquisition and tracking circuitry.

The usable satellite illumination time at the Wallops Station

is slightly more than 50 milliseconds of every 783 milliseconds
and the correlation system integration time is approximately 1
millisecond. These constraints established the search sequence
shown in Figure 5-5, which achieves system range code phase lock-
on with the ATS-5 satellite within 135 seconds (worst case) for a
2,047-bit code length. If the signal ‘is lost for more than 2
seconds, as measured by the correlator threshold detector circuit,
a search mode is initiated.” During normal tracking mode, the
inherent digital memory of the range tracking code generator will
enable re-acquisition of phase lock within the first satellite
illumination burst.

The gearch pattern times in the receiver are shown in Figure 5«5,
Beginning at an arbitrary zero reference point for the tracking
code generator phase, 12.5-bit positions (fifty 25-nsec steps)
are searched during a 51,2-msec period. These same positions

- are searched repeatedly for 821 msec, which is sufficient time
(in excess of 780 msec) to asgssure that at least one signal burst
has been received from the satellite. The search pattern then
moves to the next 12.5-bit position for the same length of time,
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progressing through all the positions in approximately 135 seconds.
When correlation is achieved, a receiver threshold signal switches
the control logic from the search mode to a tracking mode. The
worst~case search time is determined by calculating the number of
12.5-bit searches, that is 2,047/12.5 = 163.7, and multiplying by
0.821 second. The maximum search time, then, is 135 seconds.

.The presence of a continuous signal (i.e., a non-spinning satellite)
would reduce the acqguisition time by a factor of approximately 16:1
by allowing a simplified non-repeating search pattern to be
implemented.

5.3.4 Tracking Mode Routine

In the tracking mode, the system operates along the Z curve,
remaining within +1/8-bit of the center point (see Figure 5-6).
The fine range circuits accomplish this by performing analog-to-
digital (A/D) conversions of the correlator DC error voltage and
comparing these to preset bounds. If the positive bound (A/D =
25) 1is exceeded, a signal is sent to the phase selectors to
retard the cecde phase one quarter bit (25 nsec). Similarly,
exceeding the negative threshold (0) initiates a 25 nsec phase
advance in the code streams, :

A/D values measured between these two bounds are valid range
readings between 0 and 25 nsec. The clock phase used to drive

~ the tracking code generator provides an indication of the 25-nsec
increments. Addition of 0, 25, 50 or 75 nanoseconds to the A/D
value is accomplished in the fine range logic and produces the
two least significant digits of the range reading.

Positive

Threshold;*. A/D Values

Negativef;g

Threshold

Figure 5-6. "Z" Curve
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The range counter determines the remaining range digits by
measuring the phase difference between the reference code generator
and the tracking code generator. The counter.starts incrementing
oné count every 100 nsec when it receives the sync pulse from the
reference generator and stops upon receipt of the sync from the
tracking generator.

5.3.5. Data Output and Display

aAs shown in Figure 5-11 the ALPHA II code correlator displays the
range reading to the operator via a 7-segment LED numeric display.
Storage elements are provided so that the most recent valid reading
is displayed. The data output also is available as a serial bit
stream containing the range reading and selected status indicators.
The data format consists of four USASCII words using odd parity
which allows the information to be transmitted via commonly
available data sets and received by the recording device. The
signals comply to EIA Standard RS232C levels for ease of interface.
The four data words are transmitted when the receiver threshold
signal drops if a valid reading had been made while the threshold
was present. ' .

5.4 RECEIVER FRONT END

A functional diagram of the receiver front end and IF section is
presented in Figure 5~7. The RF preamplifier is a broadband
transistorized unit with a measured noise figure of 4.4 dB and a
bandwidth greater than 50-MHz. The gain at 1550 MHz is specified
as 25 dB minimum. The down-converter is a Schottky-barrier
junction - diode mixer with a conversion loss of 8 dB and an N
optimum noise figure of 8 4B when driven with a local oscillator
injection power level of 1 to 10 milliwatts. The total RF-to-IF
conversion gain is approximately 110 dB.

The injection chain which supplies the 10-milliwatt, 1480-MHz
signal to the down-converter contains several transistor multi-
plier stages, a step-recovery diode multiplier and a double
balanced mixer. The injection chains require 5-MHz and 1-MHz
input signals from the master freguency source. The block
diagram also shows generation of the two injection signals
required by the code correlator and the ranging computer
subsystems,

The 70-MHz IF input impedance is 50 ohms with a nominal sensitivity
of approximately -84 dBm. The physical implementation of the 70-
MHz IF output is such that other equipments may be interfaced.

The IF section was designed with a controlled bandwidth of 25-MHz
and a total gain of approximately 90 dB. A broadband AGC detector
and amplifier were incorporated to provide gain control of the IF
based upon a total detected noise level at the IF output. The
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wide-bandwidth and stable-phase characteristics of the RF and IF
sections are necessary in order to minimize the influence of
environmental variations upon the signal delays through these
stages. The design technigues associated with the RF and IF
stages and injection chains are conventional but use the latest
state-of-the-art devices. The multiplier stages are well filtered
to remove all spurious products naturally generated in such a
configuration.

5.5 MODULATOR

The ALPHA II modulator installed at the NASA Rosman STADAN Station
is an all-solid-state signal generator used to phase-modulate the
70-MHz IF carrier furnished to the NSAS Rosman transmitter system.
The 70-MHz IF carrier is bi-phase modulated in a PSK manner by the
PN range code, and is compatible with the STADAN interface stand-
ards. The modulator is self-contained and requires only a 5-MHz
master clock signal for operation. The stability of the clock
source governs the stability of the l10-megabit pseudo-random code.
A built-in frequency multiplier chain converts the 5-MHz signal to
a stable 70-MHz carrier by means of a X 7 and a X 2 multiplication.
The resultant carrier is then multiplied by the 1l0-megabit PRN code
_in a phase modulator. The phase modulator shifts the carrier wave
by 180 degrees at each transition of the PN code, thus producing
the bi-phase PSK modulation of the carrier. The modulator is
capable of generating either the 2,047 or 16,383 bit code. The
normal experimental confiqguration of the modulator at the NASA
Rosman Station consisted of feeding the output of a frequency
synthesizer into the phase modulator at an IF signal frequency
of 70.1-MHz., This was necessitated by the biased bandpass char-
acteristics of the ATS-5 C-band to L-band cross-strapped trans-
ponder. A similar modulator was also employed at ‘the Wallops
Station test configuration for pre- and post-calibration test
purposes.

5.6 RUBIDIUM FREQUENCY STANDARDS
In general, four types of frequency standards are commonly used:

(1) Atomic hydrogen maser

(2) Cesium atomic-beam-controlled oscillator

(3} Rubidium gas-cell-controlled oscillator

(4) Quartz crystal oscillator
The first two are referred to as primary fregquency standards and
the last two as secondary -freguency standards. The advantages and
limitations of each standard type are summarized in Table 5-2.
The requirements of the positioning experiment were basically

portability and good short-term stability. Therefore, the rubidium
gas-cell-controlled oscillator was recommended for the test.
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TABLE 5-2.

CHARACTERISTICS OF FREQUENCY STANDARDS

Standard Construction Advantages Limitation
Atomic Active Maser | Primary Size and
Hydrogen Standard weight

Maser

Long and Short
Term Stability

Cesium Atomic ™| Atomic beam | Primary Short-term
Beam Resonator interaction Standard stability
Controlled with fields Long-term
Oscillator Stability
Rubidium Gas Gas buffered | Compact and Secondary
Cell Resonator resonance lightweight Standard
Controlled cell with Cood short- ReqUires
Oscillator optically 4 ‘
term calibration
pumped state stabilit
selection Y
Quarté'Crystal Quartez Very compact, Long-term
Oscillator crystal light, rugged stability

and inexpensive

Two identical Varian Associates Model R-20 Rubidium Frequency
Standards were employed during the experiment as the frequency
sources. The freqgquency standard consists primarily of a servo
system in which a crystal oscillator is locked to an electron
hyperfine transition frequency found in the rubidium atom. This
provides the long-term stability reference, and the crystal
oscillator provides the short-term stability and spectral purity.

The Model R-20 -Rubidium Frequency Standard has the published
specifications summarized in Table 5-3, The instrument is
designed for highly portable applications, employing a 24 to 30
volt d-c¢ battery-pack input for standby or field-use. During
the experiment, the standards were operated from 24-volt, 200-
AH batteries which were recharged following each test period.
The battery for the remote system also supplied power for the
fans and code tracking logic in the code correlator via a solid-
state DC/AC inverter. Continuous power was required to preserve
the code reference after calibration.

5.7 DATA RECORDING SUBSYSTEM
The serial data stream generated by each code correlator contains
the range reading which was permanently recorded on magnetic tape



TABLE 5-3. SPECIFICATIONS FOR VARIAN MODEL R-2‘
RUBIDIUM FREQUENCY STANDARD

Parameter

Value

Output Frequencies
Output Level

Frequency Stability
(Standard Deviation}

Environmental
Stability

Radio Freguency
Interference

Warm-Up Time

Alarm Indicator

Input Requirements

Packaging

5 MHz, 1 MHz and 100 kHz,
simultaneously at front and rear panel

1 V rms, into 50 ohms

1 x 10-11 for a one-second averaging
time

5 x 1011

over any one-year period

Above long- and short-term stability
specifications will be maintained
over the following conditions:

¢ Temperature: 0° to 50°C

e Humidity: 0 to 95%

e Input Voltage: +15% of nominal

® Load: Changed from open to short-
circuit at any other terminal

® Magnetic Field: Less than 5 X 10-12

frequency change for any
orientation in the Earth's field

RFI shielded

Instrument accuracy is +1 x 10-10
after less than a one-hour period

Front panel continuity alarm light
visually indicates that the output
frequency is locked

24 - 30 V dc¢ nominal; less than 1 amp
operating; 2.5 amps warm-up

Dimensions are 4-7/8 inches by 7-5/8
inches by 19-2/16 inches. Weight is
20 pounds.
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by the data recording subsystem. The tape recording subsystem
consisted of a Kennedy Model 1510 incremental tape recorder
driven by an AII tape control unit, Model TC-701. The AII tape
control unit (TCU), shown in the functional block diagram of
Figure 5-8, is specifically designed to record the serial data
from each code correlator. It accepts four consecutive ASCII-
odd bytes (RS 232C or TTL compatible) at 110 baud, on each of
two channels, checks the parity, formats the 28 bits of data,
and writes the data on magnetic tape via the 7-track (6 data, 1
parity) Kennedy incremental tape recorder. Successive blocks of
four bytes on each TCU channel must be separated by a minimum of
50 milliseconds. The delay between the arrival of data blocks
on the two channels must be less than 50 milliseconds. The
parity bits must arrive correctly on each channel for any infor-
mation to be recorded. Inter-record gaps are inserted between
information sets. :

As shown in Figure 5-8, the TCU receives four ASCII-odd bytes

from the code correlator, strips the four control bits from each
11-bit byte, stores the stripped data in a shift register, checks
parity, verifies that all four bytes have arrived, and (for two-
channel operation) verifies that the block of data on each channel

has arrived within 50 milliseconds of the other channel. If these
criteria are satisfied, the multiplexer formats the stored data

and provides the proper write-clock and gap pulses for the
magnetic tape transport. The data format generated by each code
correlator is shown in Figure 5-9.

The data format appearing on the magnetic tape can include a
"time" representation.  When the mode switch is placed in the
RECORD position, an elapsed time counter is initiated. The
maximum time indication before repeating is 59 minutes 59.9
seconds and the resolution is 100 milliseconds. The time indica-
tion is automatically recorded with each data file as three bytes.
The data file written on 7-track magnetic tape is shown in Table
5-4. The "C" or parity bit is automatically generated by the
tape recorder and is therefore not shown in the table.

During the experiment, the data link to the TCU from the fixed
site receiver was simply a direct cable since the code correlator
output and the TCU input are RS232C compatible. The data link
for data transmission from the remote receiver site was via a
pair of RS232C compatible acoustic couplers and a commercial
telephone line. This is shown in simplified form in Figure 5-10.

5.8 EQUIPMENT PHYSICAL DESCRIPTION

The three main assemblies which comprise each receiver system
are shown in the photographs of Figure 5-11. Each unit is con-

tained in a standard 18-inch wide rack-mounted enclosure.
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Figure 5-8§.

Functional Block Diagram of Tape Control Unit




BYTE

BYTE

BYTE

BYTE

1—— START
1 1 ar | a2 a3 Vada ] Aas a6 | A7 | PL | STOP Y
1]
1 START
2 = 5 B1 B2 | B3 | B4 | B5 | 6 | B7 | P2 | STOP 2
)
31"_' START
0 3 cl | ¢c2 Jc3 | ca |cs | e {1 | P3| sTOP 3
1 —] START
4 4 pl | b2 | n3 b4 | D5 | D6 | D7 | P4 | STOP 4
0
Figure 5-9. Correlator Output Data Format
TABLE 5-4. MAGNETIC TAPE DATA FORMAT
pata L%nos
B A 8 4 2 1
Bit No. 1 [ A2 al B3 B2 B4 g
2 | B1 A7 A6 25 nd A3
Channel 3 | c2 cl B7 B6 B5 B
Data 4 | D 7 Cé C5 c4 c3
4 5 | D7 D6 D5 D4 D3 D2
(Bit No. 6 | A2 al B3 B2 B4 ngn
N L 7 | Bl A7 A6 AS nd a3
Channel B
Data g8 | C2 Ci B7 B6 BS E
G D1 c7 Co C5 (o} Cc3
L 10 { D7 D6 D5 DA D3 D2
11 | M2 M4 Me M10O M20 | M40
TIME 12 s4 58 5810 520 §40 | Ml
13 | s0.1| s0.2 | s0.4 50.8 | sl 52
E = "1" for CAL, "0" for NCRMAL
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Commercial Telephone Lines

? =0§§C §

TELEPHONE TELEPHONE
ACOUSTIC , ACQUSTIC
COUPLER 2 COUPLER 1
FIXED —s] TAPE CONTROL REMOTE
RECEIVER UNIT RECEIVER
INCREMENTAL
TAPE
RECORDER

Figure 5-10. Experiment Data Transmission Link

The RF front end is a 5-1/4 inch high drawer having a depth of

17 inches. The packaging consists principally of shielded RF
subassemblies mounted internally on an aluminum shelf, RF signal
input and output connectors are located in the rear, together
with A-C power connection. This unit contains its own internal
power supply. The receiver down-converter weighs about 25 pounds
and occupies 1.3 cubic feet.

The code correlator unit is 7 inches high by 21 inches deep.

All input and output connnections are on the rear panel. The
front panel includes test points, control switches and an LED
readout display of the range reading in nanoseconds. The readout
display was included to provide a "real-time" check of operation
and reasonableness of data during testing. A "track" light

on the panel is illuminated on each pass of the satellite beam

to indicate signal presence in the receiver channel. Figure 5-12
shows several of the RF subassemblies alongside the printed
circuit cards which comprise the digital ranging circuits.

The power supply furnished the wvarious voltages required by the
code correlator. Meters are included to monitor current and
voltage. This unit is 7 inches high and 15 inches-deep, occupying
a total of 1.2 cubic feet. The weight is 35 pounds.

Figure 5-13 shows the AII modulator which was installed at the
NASA Rosman Station, and is also a l19-inch-wide, rack-mounted unit.
The 3-1/2 inch by 19 inch Tape Control Unit is also shown in

Figure 5-13,

5-21
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APPENDIX A

DATA SUMMARY

In order to place the data reduction and summary method in proper
perspective, the flow of information is traced from the time the
two correlators make their measurements until the lines of
position (LOP's) are determined.

Assuming that at a given time the code.correlators make valid
measurements on the respective ranges to the satellite, the

range values are sent to the tape recorder subsystem and recorded.,
The decimal format of these binary numbers is shown in the last

24 columns of Table A-1 (a segment of data from Test 12, July 27),
divided in two groups of 12 columns each. This is the rawest form
in which data is available. The computer, under control of the
Raw Tape Decoder Program, decodes the raw data bits into time,
status indicators and coarse and fine range values for both
receivers. At this time record numbers are assigned, range values
are converted to feet, and the range difference is determined.

A magnetic tape of the converted data is then generated and
submitted to the Lines of Position Computer Program. The first
operation of this program is to align the recorded time with
Greenwich Mean Time. Since the time counter of the incremental
tape recorder overflows at 59 minutes 59.9 seconds, all succeeding
recorded times must be increased by ohe hour until the next counter
overflow occurs, after which two hours are added, etc. In addition,
this program aligns the zero time, corresponding to tape recorder
turn-on, with the actual time of the start of test. Thus, the

true Greenwich Mean Times for the data presented in Table A-1 are
achieved by adding a correction factor of one hour, 20 minutes to
the record times indicated. '

The next step is the determination of the parabolic fits to the
sets of satellite latitude, longitude and geocentric range.
These parabolas for test 12 are:

e Latitude = =-.723 + .109t + .019t2 deg.
e Longitude = 105.216 - .048t + .001t? deg.
@ Range = 22717.705 - 2.600t + 1.220t2 nmi.

" The calibration data is fit to a straight line:

Lip = -79619.478 - 605.738t

The time t is in hours and decimal hours since 0000 GMT.



TABLE A-1l.

SAMPLE CODED AND DECODED DATA FROM TEST 12 (JULY 27, 1971)

TIME JECORD [STA Cat ST THR CHY [COAISEL FINELICOARSE2 FINEZQ RANGEL RANSFE2 DELTA R F AW F R a™eESs
JHM MM g5.5; [NUMBER |1 2 1 2t 21 212 [NgEC) INgEC) [FEETY tFECcY) (FEETY {1 = 6 7T s 1?2
p-58<4%,4pn 253 |t s on111l111 Jey 22 1172 &0 552p0.0 115313.9 | 40113.9 [ 17210052415¢ Q04030231322
n=58=5u,1n 20%4 {47 gn 111 11y 561 5 1172 26 55183.3 +15303.1.1 80116.9 175000524116 314050231512
n=-58a5U.9 PS5 |1 v o0 1t 111y 565 91 1172 24 55189,5 115298.1 | 61126.7 | 374203520115 114050231512
n-58a51.7p 2056 (1 9 on 1t 1111 56p 70 1172 9 55148,8 115283.4 | 5013e.6 [570300520116 444050231312
n-58=52.5n 2e%7 [t nnn 111111 560 56 1171 9t 55435,1 115265.7 | b6p13p.6 | 573300570135 424950431312
n-58=54.1n 2r%8 |t wnn 1t 111y Sen 24 1171 42 55100.6 115237.2 | 60136.5 | 174100529155 214p504313%52
pe5Ba54.8n 2e59 Y1 A1 1 L1t S6p 15 1171 40 55754,7 94%215.5 | 69120.8 {17220057p156 004050434352
ge5Ba56.4q pras |y 2pA 1111t 559 76 1171 4 55056.4 11518q.1 69123.7 5731005245616 102050431382
p=58+5%.0n 208t [1 npnt1ll1y 559 34 1t7p 77 55015.1 115153.6 | 60338.5 | 171700524655 734pSpnSy332
n=58258, 7 2062 |1 . 0n 1t 1111 559 22 117y 63 S5q03.3 1151398 | #0136.5 [ 172100924655 614050031332
n=58a59.5n 2663 |1 wpp 1t L1y 559 14 117g 57 54995.4 115:33.9 65118,5 171700524555 724050031232
n=5%= .3n 2064 |1 o n 1y L1 1y 558 92 1170 #1 54971,8 115119.2 | 60144.4 [ 372700523455 404050031301
ne59e 1.9 2665 14 nopnpt 1111y 558 66 1149 82 54948.2 11506g.1 | 60111.9 | 573100570438 204050451301
ne5%a 2.6n e v p L1 11 E 558 48 1149 77 54930,5 115055.2 | s0124.7 573430527658 754050451301
n=59= 4.2 2667 ¢ s nn 111111 558 14 1159 38 54897,9 115014.8 | 60119.8 | 17170032045 074050451541
n=59s 5.09 2ch8 {1 aon 111111 58 19 1149 29 54%p2.0 115008.0 50105, 0 1744600575415 454050451541
n-=5%+ 5.8 2069 [t apmn 11111 557 B4 1149 19 54R87,5 114989.3 | 6p121.8 | 371nan527216 024050451541
0=59= £.5q 2670 (1 n pA 11111 557 49 1149 18 S4A52,.0 114997.2 bp144.4 574500527918 064950451241
n-59= 7.3%n 2671 |1t o gnan 111111 557 43 114B %Wy S4R27 .2 114975.86 60143, 4 576050527234 42405003434
0-59s B,9n 2672 [t s mA 111811 $57 16 1158 94 54A00.7 114934.2 | 60133.56 | 175200527254 124050051321
n=5%aiu.4n 673 1t o pn 1140t %t 554 a4 1168 7 54769,7 114B81.1 50113.9 1710005732148 204050031311
n-5%a11.2n 2674 |1 pon 1l L Xtt 556 4B 1158 11 S4753,4 11489y.¥ B0140.5 3Yn5SonS2321% 524050031311
n=59=12.8n 2075 |t upnt 1t t1s 556 49 1167 BS 5473d,8 114855.4 | 6n131.6 | 5744pn573734 506050711311
n-595213.%n 2076 [t v ntt 1111 556 17 11567 &4 S4703,3 114847.,7 bpyad. 4 177700523255 314050781311
‘n-59a14.3n 2077 |1 1nnp 111 )1 556 6 1167 28 S44972.,5 114B81n9.3 %0117.8 173000923218 054050711351
n+S%a1%.%n 7078 |t won 111111 555 49 1167 16 S4875,7 114798.5 5012248 174400525215 324056711351
n=59a36,7a 2079 |ty 0t 1111 55% 53 1147 2 Sab40,Y 114784.7 50144, 4 5752705753%1% P040Sp7L1261
n~59=17,5n 2080 i1t p a1 1111 555 47 1146 94 54829.5 114774.9 50147.3 | 37200052273% 124050311351
n=59=20.0n0 2cRL 1t men 111111 554 77 1166 39 54565,6 114703.4 | 89137.5 | 377300571215 464950311305
ne59.2%.4n P0A2 {1 Lwon 111111 554 &7 1188 16 58555,7 (14754.1 | 60144, 4 | 537900525715 324050711300
N=59222.75 spr3 ly p e a1 11111 554 49 1145 91 54538,5 114574.6 | 64138,5 | 57440052123% 024030511305
n-5%222.9n 2084 [ nnpt 1 f1yy 5%4 40 1155 76 54%29,7 114649.8 | 631%1.4 | 379600571256 334050511305
1-59224.50 20R% [+ 9 n A1 1t t11 554 14 1145 35 54503.6 114627.5 | 40116,9 | 171200571215 534050511543
ne=%5225.3n P0RS (1 n oA 11111y 53 89 1155 37 S4479,p 114622.4 | 40143,4 | 374400523748 T34050511343
n=5%227, 6n 20R7 |1 won 111111 553 36 1154 7% 54476,9 1149565.4 4n438,5 173300524254 474050111345
n=59=28.4n P08 11 wont 11111 553 12 1144 %59 54473,3 t14545.7 An142.4 172200574255 464050111325
n=59=29.20 | PuR% [t ¢ oa 111111 553 11 1164 59 54402,0 194545, 7 | 60143,4 | 174200325255 484050111373
ne59az9.9n 2e®p |1 s At 1111y 552 91 1154 a4 S4%87.A 114531.0 | 40148.3 | 374200522754 104050111525




It should be noted here that the range difference (AR) in Table
A-1l equals Mp - My, i.e., the measurement by the B or second
receiver, reduced by the measurement of the fixed, or second
receiver. However, the Lines of Position Program calculated the
LOP's using Mj - M, thus causing AR to change sign.

The ephemeris and calibration line are evaluated at 2 hours, 18
minutes, 49.4 seconds, corresponding to the first entry in Table
A-1.' The relative position calculations (see Appendix B) are
then made and the longitudes corresponding to the reference
latitudes of 37.864253 and 37.864300 degrees are recorded. These
longitudes are 75.5075923 and 75.5076569, as given in Table A-7
for Test 12, (page 2 of 3). The other individual records of
Table A-1 are also all used to determine the LOP's of Table A-7;
but, no smoothing on the observed range differences was attempted
in this case. The third longitude shown in the table is the
running average of the longitudes corresponding to the first
reference latitude. A similar segment of unsmoothed range data
is given for Test 2 in Table A-3.

In general, twenty consecutive range differences were fitted to
parabolas. These parabolas were then evaluated at the center of
the timespan. The LOP's were then determined as described above.
The resulting LOP's were then plotted in Figures 4-6 through

4-10 for data collected on July 12, 15, 21, 27 and 28.



TABLE A-~2.

EPHEMERIS AND LOP SUMMARY FOR TEST 2
(JunLy 12, 1971) (PAGE 1 OF 2)

ATS-5 EPHEMERIS

TINME
GMT
163008,.0
179000 .8
1730080.0
1ROPPA, A
IB3ACD.B
19pRaA.0

SAT RANGE
Nml
2zirt.a2
22778 .64
"B2774,5%
22770.74
22766.55
22762.11

LATITUDE
DEG
a.158
7.038
-0.275
-A.187
'ﬂ-295
-0.39%

LONGITUDE
DEG
125.231
1p5.25e
185,768
185 .2R2
185,294
185.383

SARARDLIC FIT TC EPHEMERIS-LINEAR TO CAL DATA

LATITUDRE

LOHGI TUDE
GECC RANGE
CALIB LINE

\

TIME

GMT
185645,8
IR5724.8
I85753.6
I85833.4
185964,5
IR5938.8
Iop@21.7
19a256 .0
1981380.3
190204.6
198238.8
Isp3l6.6
198484.6
190561 .8
198240, 4
19B638,5
|98638.9
1%87i@¢.8
1967%4.2
1906817 ,0
190BAT R
19091 7.8
19893%.7
teip21.3
jslipl.5
191149 .8
191224,9
121300.7
191333.4
191415.5

LONGI TUDES (DEG)

CONSTANT LINEAR - @
5.1302323  -B,3724861
183, B968293 #.2165345
22676,529TRS5  1B.4297695  -@
RAEEA.Z19616] -547.5374731
RANGE DIF, CAL. VAL.

(FT) | - (FT) POINTI
168255.69  79286.54 75.5875091
'ORR62.80  T92EP.TI 15.5875682
184262,91  79276.23 75.5075854
188199.66  7927B,18 75.5072198
1FB244,23  79265.45 T5.5875263
100239,45  79268.23 75.55675247
190224,38  79253.71 T5.5874645
1A2209,99  T9248.49 75.5A74827
188230.67  19243.27 15.5875613
128219.54  79238.88 75,5875195
188164,17  79232.86 75.587199p
1ABLE6.46  T9227.11 75.5072447
100186.1%  T95219.81 75,5874086
1A6214.99  79211.11 75.5R76373
LBAZA4,BT  T19205.23 75,5876055
18A191,57  79200.96 75.5875449
168159,11  79196.34 75.5073656
182167.37  79191.49 75,5074440
186176.89  79187.93 15.5875183
1BB16R. A1 T9182,48 75.5074995
1B@143,54 79176.73 75.5073741
1BB153.57  19172.17 75.5874621
1BB116.12 79168.84 T5.5072443
108118,98  79162.51 75.5072463
100124.39  79156.40 75,5073641
199117.59  79149.85 75.5873612
184131.60  79143,71 75.5074785
182135.86  79138,27 75.5875299
180125,24  T9133.29 T5.587495I
100981,48  T9126,89 75,5072538

UADRATIC

.T7338221

RMS

P.PB42857 B.BE185
-0.PAS2RSt B,00828
B.0IRN4

14.82407

PDINT2 CUMUL. AVG,

15.5075732
75.5676244
75,.5076495
75.5B7284p
75,.5075904
15,507588%9
75.5075287
75.5074669
T5.5R76255
75.5075837
75.5072632
75.5073088
75.5A74728
75.5077815
75.5076697
75.587609 1
75.5A7 4298
75.5075082
75,5875825
15.,5875637
75.5074323
75.5075263
75.5073885
75.5073185
75.5874283
75.5874254
75.5875427
15.5875941
75.5873593
75,5073 180

T5.5075891
75.5675347
75.5475516
75.58T4686
75.5874202
1%, 5874876
75.5Pp74aR43
75.5874741
15.5074R 39
15,5874874
75.5874611
75.507T4431
75.50744085
T5.0074545
15,587464%
75.,50746%6
T5.507T4635
T75.50T4624
T5.5074654
75,.507T4671
T5.°B8T4626
75.5@74626
75.5874531%

75,58T4445
75.5074413
T5.5R74382
75.507T4397
15.50874429
T15.50T74447
75,5874383




TABLE A-2. EPHEMERIS AND LOP SUMMARY FOR TEST 2
(JULY 12, 1971) (PAGE 2 O 2)
TIME RANGE DIF. CAL. ValL. LONGI TUDES (DEG)

GMT (FT)H (FT) POINT POINTZ CUMUL. AVG.
191443.2 1M1 14,69 7912287 T5.50TLRAY V9.5@75585 T5,.5RT4399
121522.5 I@nPCﬁ.Fl 719116, 708 75,5A73357 79,5A739%9 T5,9Q274366
191611.6 120106 ,23 Telea, 2y IS,.50750F€7 15,5AT75705 T5.50743=7
191643,.6 1PRLAS.TS TOlA4 .37 T15,.5075367 75.5a76202 T75.5074416
191721.R IppIAny.1a Topgr, &8 T5,.5275%:9 75.95075961 T5.5074442
1175, 6 1Aa 1PN, AT Teprea, 1R T5,9075519% 75.507618) T5.5072472
191221, 1EAE~2 .52 Te@are,599 T5,507A470% 75.5075245 15,507447¢
1919@2.3 1papR2. 12 TeAgd . 27 15.5P74957 75,587955%9¢% T9,.52T74491
191929,.6 162079 Q% T9A79,12 75.5P75f4¢ T9.5AT95689  75,50745M5
192006.2 |BEARRL . ID ToPpTI.55 75.5B75427 T15.5Q76878  15,.587452¢
1e2P44,4 1800705 ,34 16T .74 T5.50T76635 75.5877277T  75.907T457%
1e2i 18,7 1pgpry, 70 TOA62.53 T75.50TARAGR TS.5RT767TA2 T5.5RT4615
|1e2147,5 1APPRT7.57 TRP5F .15 75.50754Q8 T5,5R760R51 75.5074633
192217, 17er74,13 To@53 .64 75,.5SRAT6A6GE T5,50T7T67R0 TH. 574666
152247,5 tARRASE A2 T9r49 .02 TS5.5A7T5329 75.5A750T71 T5.5R074680
192322.6 1PRPS9.50 TORAY 68 T5.50756%7 75.5076330 715.5R74702
192349, 1ARFS) .69 Toplo 65 75.5075415 75,.5076058 75.5074717
192422,6 |1RPAS Y ,07 TAPIA.56 75.5R7571A 75,5R76353 75,95074738
192451 .4 1067 .21 Topin,. 12 75,.%2769p9 T75,5P7755) T15.50747a2
Jers2l B 1ArA&8] ,92 T9025.55 TS,9RTE827 TS.5P7T7474  715,5A074223
192550, 2 AR50 .02 TOp2],23.75,50876443% 75.58770R5  75,.5074855
192612.5 | PRRAS . ER TeR | 7.84 T75.5PT6224 15.50T68E8T 75.5Pp74Rrpe|
192635, 1 188040, 28 T79014.40 T75.5R768T0 T79.9076713 79%.5074904
[e27AM.R 1pacs7.op Tep1B.49 T15,5076134 15.5076777T  T5.5074927
|9P728,% 1APpP1a, T4 ToPP6 .24 75,.52749@7 75,5275558 75.5074926
|9P8R5 . 4 1pAP26E,. A0 T19fPP.67T 75.5075926 75.5P76568% 75.5074944
192842, ! 1RPAR2T7 .26 72995 ,.09 TS5,5A7T83A3 T75.5QT769448 T75,.5874%6¢
192906, 2 16R6P2, 17 72991 ,42 T75.5076178 75.5P7682! 15.50740109
|9Re31,2 1POAPIR AL TROET.62 75.507612% T5,.5076772 75.507500¢
192958,4 1 6ARL6 .78 TROR3 . 48 T5,5076243 T5.5076RRE6  T5,.5M75829
103421 .1 1agppe 1o T15.5A76566 T5,507504% -

TEORA.AS

75.5075923




TABLE A-3.

EPHEMERIS AND LOP SUMMARY FOR TEST 2

(NO SMOOTHING) (PAGE 1 OF 4)

ATE-5 FPHEMERIS

- “TIME ~ SAT RAFGE = "LATITUDE —LORGITUDE ~"" 7~ T
GMT Ml DEG DEG
1R3AZD.E 2ata).p? p.150 105,231
TTAARE N BETTRU MR TUUUTTRLPIT T O UIRE AP -
173000, 0 P74 ,59 Y A 105,267
120000, 0 SPTINLTA - 17 1n5,272
CTRIAMML,M T 22TRE.SS T UERLEYS U APILIN4AT - - )
1onnaR. R 22762.11 ~P.35% 145,303

PARAFOLIC FIT TO FPHEMFPIS-LINEAR TO CAL DATH

19124,87 75.,5074873 T5.5075515

CONMSTENT LINERAFR CUADRATIC Rpe
ST TLATITUDE T Soes 132323 CSEL,3TZARST T RLOMASRSY @A LRATRS T T
LONGI TUDE 1A%, ARER203 M.2165345 -p.AP52251 A.APRCR
GEOC RANGE 22676.5297855 IR, 4227085 ~p. 7330221 £.03704
1 ~—TaLTR CIPF e9EER,218RIKT =S4T, S537ATST — 7 14,;0P407
- —— L TMES" FANGE DR TCAL, VAL, ™ 77T T TLORGITUDES(DEG) - o
GMT (FT) (FT) POINTI] POINT2 cumUL. AVG,
191340.0 1ep1ze,51 19136,92 75.5875340 75,50759%1  T5.5M75348
TRTISE.E C IPEITT.TT 7 IOT3F. &Y TS.USOTAGIT T5SMI50RT T5.57TLRcA
1213510 .# 120Rs7.22 79137,56 75.5070765 75,50T3347  T5.50742°4
1=1352,9 18011377 700130,.33 15.5RTARSR 75,5075P32  75.5074965
TOTTIRTASALT CIPRIAR .6 T TEIIELTS TYLSBTAROR T7S.5RTATIZ C T5,.5ATA23F
121355.3 1ap115,74 79120,96 75.5074534 75,5075176 15,507a2¢9]
191401.5 1@6pE15,74 19129.82 15,50 T4585 75.5R75227 75.5074324
IS TATS LS TERIPS.R] SRR LET 15, 5PTICAS TS, SPTAGTT 75,5074 2
i9ia06.2 1PAR5F .69 70192,51 75.5071837 75,5¢71672  715.5073021
1oj4n7,3 1PPP5P.R3 70128,14 7%,5070544 75,5R71106 75.5073573
""" 19140T,3  10APAS R4 TUTYTZT R TTS . SATRACR 75.5Q71T4m  75,5873303
191419.1 1PRIR9.EA 79127.71 75.5874284 75,5074927 75,5073304
12141A4,9 tpeR3a,n2 76127.59 75.5869830 75,507¢472 75.5073111
T TOtALNL.E T TRRE3T NG CTNTBTLEE T5LSTESTIY 75.5p 70354 75,58 720 6%
tetday3.z 102102.96 79127,24 75.9273877 75.507451%  75,5R72%35
1214]4.0 1aaren, 4 79127,12 79.5¢T302RA2 15,5073R&a  T75.5R072°%52
C1e14148, T IAPTI6LTS T ITTLAT TSUSPTATSE T5.5075399 7 75,507305¢ e
191415.5 1PPI2R,.53 70126 ,.B9 T5.5A755M6 75.5876149 T5.5R73194
191418,7 iralll Ry 70126,71 75.50T4483 75,5075105> 75.5R73261
C1ERATT L fapnes 28 TSIZG,53 TS, SPTPERE T5.5FTRETS 75.5073047
1el41F .6 1arr.ez T9126,42 T5.50T4416 75,5P75059  75,5073373
leja]s,4 1000 2,30 Ta126.37 75.,5072627 75.5P1326% 75,50 71307°7
T81401.4° [FROS5.ES  TOISE.MS T5.5R73445 T5,52740Eg  15,50732a0
191422.5 1ep12a,5° 79125.83 75,.5075316 75.547595¢8 T5.5073365
101425.3 10e117.71 79125,71 75.50748R9 75,5075532 T75.5073426
loj424.1 1a7120,. 66 7015558 TE ISTSEe Y 15,50 T5T3E 15,5073 400
lataps.n 1p21nT,F7 79195,20 795.5074p072 75,507403%4  T5.5¢FT7351°
1e1a2?,? IRC 120,66 7a125,11 T95.58TS1AT 15,5075750  75,5073576
191428, 4 lﬁﬁllﬂ.ﬁﬂ'"'79124}§S_75;5675ﬁ55“75f567569?'“75.5973657'"
19]APR .8 1AP116,75 15.5P73667




TABLE A-3.

(PAGE

2 OF 4)

EPHEMERIS AND LOP SUMMARY FOR TEST 2
(NO SMOOTHING)

LONGI TUDES (DEG)

TINME PeMGE DIF. CAL. VAL,

GMT (FT) (FT) FOINTI POINTZ2 CumuL, AVG,
19p420 .5 1ee13e, a0 7124, 70 T5,5FTRLIPT 75.507TRTR4  75,5073737 T
1otadl, | AN NP 124,50 75,5274582 75.5275004  75,5073773
1elasl.» 173151, 47 TOLIPALAC T5.5075P928 75,5976472 75,5073 36
1afa32,7 1efrs,6r TRI24.2R TS,5M7589] 75.5075733 TS5.5B738TS |
Iob435.F 120045 e} TRL2F.F0 T75.507447R 75.5871112  15.5873775
101436,6  1PDIRS5,5P TRIP3.67 T5,5075495 75.5076137 15.5073823 !
1€1450.7 lerpaa, 10 IRINE.01 TELS0TASRF T5,.5PTAIPR TS VSOTIETS T
1eldnar .5 127 en.ca TeIRA.09 T5,.5074536 75.50P75179  75,5P73r 34
1oy Loy, n R I A S TOINP,58 T5,5PT4728 75,507537¢  15.5073857
l1a]4az,r 102127.54 TR122,06 T5.5AT5663 T5.5P 76308 “T5.5WT3902 T
lo1443, 7 Ienype .53 TO122,68 75,5P75736 75,5P76378  75,5AT3047
Ielaas, | 10pre6,. 23 TOIR2,3° T5.5R73M27 75.50737120  75,5@73927
[Rras5,n 1orres .05 TP, BT T75,5073220 75,5F73674 0 TS5USPTISFE T
Iotaac, 7 187 11e, 6 19122, 1% 75.50275007 75,5075749  75,5073035
[els27,5 AN LTINS TOINRLEN T5.50T76143 15,5776775  75.5073004
19l s40,p 18P 127,.54 TO121,8F T5.5Q75721 T5.5PT63R4 "TS,.SOTARZZ |
1otate,w 1Ifnllr .60 TO121.R7 T5.5@75172 75.5075213  75,.5074047
191450,6 1°ptre, 53 TOI21.,55 T5,5R75797 15,5R76430 75,50874PR3
101451 .4 Ifrrr.ed FOIRTL AR T5,.50T4750 T5,5075302  I5,SAT409T ]
1efasn 5 (R4 I Y TAlP)LNA T5.577513)1 15.5¢757T7T3 75.5074117
1el455,1 I P2 Ine, o TOENPLCT 75.50TA0Q0 75 ,5074T48  T5,50T4L17
191456, 7 122143, 27 TRI2P.T75 75.50876771 T5.5P77413% 715587316 T
lolasa,r 100125,5¢9 TRI2R. &) 75.5R75662 75.500763P5 T75.5074196
191457 .6 1oGlas, 27 10120, 49 T5.5076R46 T5,5A7T489  75,5874245
S I P lrepsz,7re Jerle,el I5.5371122 T5,.507180248  T5.S5QTATSE |
telspr, s ISR AL 3 79119,55 75,5074205 75,5Q474932  15,5p74192
191504, 1r7ee ] B Tolle,s2 T5,.507P039 75,5073521  75.5P74170
19i585.7 IfFTES, NS TO110.24 T5.5073196 T5.507383% " 75.509TA15% T
te1506,2 100 r7,.877 70119,18 75,5874624 75,5875267 75.5074161
lets5n?.p 1arpnae,ag TOL19.06 T5.5A74R74 75,5PT4716 75.,5874159
1e1507,7 I¢A7:, 45 7a11?,05 75,507246% 75,5073F1} IS, S0TETIET T
fa]5ne,2 AN IS B TRlIP .72 T5,50768137 75.5076771%  75.5074164
191511 ,¢ 2OPICLHD Felle.da T5,50872315 75,5072957  75.5R74135
191512, jaena> i ¢ 7o107.24 75,5R73P65 T5.5QT37T0T 75.5P7T41TH 3
19i513.7 tee11t.el Te112.12 75.5A74031 75.5075573  75.5074130
i91514,0 IeP12T, R4 Tell7.99 75,5075556 T75.5A7619% 75,5p741%2
101517.,1 Int1rleel Te117,52 T53.577A9RY TS,5P7581S WTSTSﬂT?TEH__J'
Islse,. A | RAEER N el TR1LT.28 T75,507425) 75,50754%3%  75,5R74178
In1910,4 1P0fea .07 Tel17.17 75,50739%p 75,5074633  75.5R74172
101520, 6 18A121,64 701 16,90 T5.5075A1]1 T5.5PT&B53 " 75,.5974192 |
tels522.5 1FPLIC.82 TOLIE.78 T5.5074045 75,5075587 75.5074283
la527.2 1801fo,r& 79115.99 75,5Q74922 75.5R75565 75.5P74213
lelser .0 1earte, e Tall5,f6 75.506024% 75 . SATFEN " T5, 574153 |
1ots5ra,a L RAIAN B SO A TRLI5,62 T5.507512R 15.5475770  T75.5P74166
1=1532.3 120231.15° 79115,51 75,5P6990) 75,.5R7P634  75,5Q7211R
ta1s531.1 egIte, &9 Ta115,39 75.,5R75575 TS5.5@TROTT 75, 5ATAT3R ™Y
191531, 127965, 58 TI115.27 15.5072173 T5,58T2R16 T5,5BT4104

h— .A.;A*,,v,,.__.._.—._...‘.‘




TABLE A-3.

(PAGE 3 OF 4)

EPHEMERIS AND LOP SUMMARY FOR TEST 2
(NO SMOOTHING)

TINME

G T
121532.7
101535, 4
191536.6
10]1537.7

[01532.5%

12]15309,3
191539.,7
121541.2
191545, F
121545.1
191546.,7
1e1547 .7
101552.5
10]1554,.°
19]1555.3
10155¢,0
191559.7
10]559,0
1916037
121603.7
191684, 6
191605 .8
IST&ER6.2
191667, 4
Q160,17
101€11.A
19l613,6
[elR14.F
I91A815.1
1016163
1916817.1
1el417.9
lel&le,
Iot62t .0
191621.P
191622.6
1n]624,9
191628,2
121609,6
19E630,3
191631.,1
191632,7
19]1633.5
1216%2,0
InfR35,7
1ofa3R, 0
191637.4

FPANMCE DIF,
(FT2
1R 66
tPIIP,.69
irerl.el
HEEAD I R
1AMIB3 .94
IPRPQT,. A5
IPRR76.40
10000e P2
1epLie, a0
120109 .96
127134 ,92
1ARLIRZ2 .96
1rener, 20
1PeR54,76
[prpoe C4
1apIrs5,.9l
fRPTIR.AR
1ePpaT . 2R
1A0R66,56
1°PC0TS,42
10130, 46
10NI23 .61
1aFreR9 . 19
100N67.55
IRCLIN.5R
IRPIRE.FA
1NR7e, RS
1CRI2D R
13130508
FAALAF .99
AN ETRT]
12013531.,49
| RATAR REh IR <3
187132, 46
180117.71
1pRMR45 .91
18012 26
1e016,73
Ite1P3.61
1IPPIR3 .04
IARLT LRI
IPR126.56
1Ap R4 ,02
o oeres,se
TSR DA

127150096

1ap11p.82

CAaL. VAL,
(FT)
70115415
Terla, T4
Tal14,56
7e1l4a,3%
To114,27
79114,15
Tolla,.09
T9113.76
Tal1l. a0
79113.726
79115.02
79112,72
T0112.14
T0111.77
7e1il.71
Tell1.3n
91i1.17
Tolll1.01
Ta110.88
Teilf,a?
711/ 3T
Telif.1e
7ol IR.05
To109,87
Telpe,52
™10, 20
7elne,0h
7elpr.r7l
7e108.,.70
79108r.52
Talpe, ap
To10e 08
Tel1re.l |
TRIRT7.0F
Ta137.68
7e1QT7.568
79107.21
Jelfs,. 71
791P6,50
Jal1R. 30

TeIRE, 2T

Telps.02
Ta1p5,.00
Telnb.enl
79105.5%
7105, 43
Ta145,31

LOMGITUDES (DED)
POINMTS CUMUL.

POINT !
T15.5875640
15,50 75549
75.50751 74
75.5¢75567
75.50746424
75.5074217
75.5A72019
T5.50740205
75.5775616
TS0 75009
T5.507ATTA
T5.50T4667
75,.50600FQ
75.57TIRFD
75.50Tanl?
75,50740340
15.5075T7AS
75,527179¢0
75.5272473
T5.50T3007
75,57 7T855%
75,50 741¢0
T5,50T73%44
15.507259]
75.5C765TH
T5.5075008
T5,0075375
T75.5F76115
75 .5RTEEPR
759074771
T5.50TAGKA
75,50T8705
75.507535]
75.507670%
75.5475R TR
15.5A71354
T5.507533¢
T5.5075¢61
TS .5CTRIPA
T9.,5075873
75.5MT5575
75.5076518
15.5075161

TT5.5FTRAGE

T5.5076172
TS.5RTHRR3
75.5875565

75,50 76009
75.507/)17P
75 .5075767
75,.5076700
75.5075287
75.5p74559
75.5A73569
75,57 74037
715,50 16057
75,507565]
75.5775416
75,.507530A0
T5.507063]
75.5072304
75,50 7505
75.50755710
75,50 763897
75.,5071932
75.5073116
75,50 73600
75,50717000
715,50 7675%
75,.5R7458 7
75.,.5073233
75.507791F
75.5075F 70
TS ErTEA4D

75,50 T76757

To.50TT2R3
75.507541¢
75.5275606
TS50 77347
75,50 75993
T9.5077435
75.5076512
T5.5071%90%
75.50759fF )
75.50 74504
T15.5P76%2%9
75,5015715
75.501821F
75,5¢77167
T15.5075204
T5.507711 1
T15.5F7682 14
T5.5RT5T0E
15.5PTREPT

AvVE,

75,5074l
T5.5774147
75.5074154
75,5774§7%7
75.50874172
75.50741 70
75.5774163
75,50T74185
75.507417
75,5075 19]
75,507a1ne
T5,5074003
75.50T7415A
T5.53T74]10D
755074137
T5,50751 41
75.5¢7415e
T5.50741207
15.587411F
15,97 7L00
T5.5074175
75,3074£]145
TS5.50TL£143
75.50T4l 00
75.507£152
Ta.,50MTA15P
TE.57Tal73
T79.50745107F
To.50T4215
75.,507420°¢
T5.507422

75,3074057
T95,50T4060
75.57 74003
75,5074%07
75.507427]1
75.507L000
T5.50740a L
T5,577a311
75,5073
75.5074%%8¢
79.5074347
75.5072353
72,.5074371
T5. 5074308
79.577&£3%)
T15.507440)




TABLE A-3.

(NO SMOOTHING)

(PAGE 4 OF 4)

EFHEMERIS AND LOP SUMMARY FOR TEST 2

TIME

)
[l RORICINY
191830 ,7
[al6tal,. 5
191FR41,3
1ol642.0
121643 .8
1648, N
le]Ass o
lo1RS1,4
[91653.7

PENGE DIF,
(FT>
1R R7.54
[OG) 35,41
InPIrs.ol
1ART 1.8
Ifplep. e
1anTap, 32

122018474

1e113.77
1er124,50

reernn, ro

Cal.. vel.
(FT>
irs, o0
721 24.09F6
R Rl I ]
T)10M4,72
Talng, q|
7eina 57
Talas, 0k
7elra, 00
YRR AR
79102,83

LOMGITUDES (RF )
reirTs cudiL.

POINT L
Ta . 650TRATA
75,50 TT143
75,50 7527 |
75.5PT754607
5.507T2000
75.90774175
T5.5PT4933
T3,507072)
Th .50 76522
T9.5r150 17

75,50 770606
15,5077775
15,5075z
75,50 €370
75.5075564
75.507c 1 19
75,50 78575
T I TRLA
75,5077 (9}
75.5F75041

AVT,
T2.,507447
TE, 5074000
To.o076847
79.50T4458
15.50TL46¢
75,5744}
75, 8N TELN
T5,9774504
TH,8:0 14480
T5,5MT74505%




TABLE A-4.

EPHEMERIS AND LOP SUMMARY FOR TEST 5
(JULY 15, 1971) . (PAGE 1 OF 3)

ATS-5 EPHEMERIS

TIME SAT RANGE

GMT Ml
173002.0 22713.87
1g0aen.8 227170.00
IB3RER. 0 22765.81
|1sepen.n 22761436
193600,8 22756.74

LATITUDE
DEG
-d.118
-ﬂ.?ZR
-2.334
=9.435
9,528

LONGITUDE
DEG
185.284
125,298
105,379
1A5.318
185,323

PARABOLIC FIT TO EPHEMERIS-LINEAR TO CAL DATA

LATITUDE

LONGI TUDE
GFOC RANGE

CONSTANT LIMNEAR QUADRATIC RMS

T.2793723 -B.617675¢2 QA.BY111429 0, pRQSY

IA2.95B84524 P.2319828 -P.2957156 P.AAAZI

. 22752.3874475 in,.0394174 -2.5032261 4]

CALIB LINE -38RT74.837362% -618.B42859R 12, 43028

TIME
GMT
178214.9
178239.5
1783086,8
179334.4
170346.,1
176353.%
170426.3
1718580,6
1786527.5
178552.P
176613.1
17B63R.6
176719.6
176754.8
I70824,9
179843.9
178941 .5
170926.4
170%48 .6
171825.3
171054.1
171128.4
171212,1
171238.5%
171315.8
171350.3
171432.9
171449,2
171521.5
171542.2
171554 .3

RANGE DIF.
(FT)
~27162.06
-27828 .90
-27822,57
-27781.0pP
~27792.65
-27802.27
~27R42,.61
~27814.96
~27826.65
~21863.97
“27841.05
~27859,21
-27851.35
-27R87.76
~2T821 .46
-27892,82
-27864,75
-27985,50
-27906,97
-2 78EB8.97
-27898.24
-27917.56
~27B92,59
-27%13.16
-27853.54
~27829.%7
-27915,41
-27R04,30
-27903,.47
_"".'q_’)ft . 75

CAL. VAL,
(FT)
=486 18.34
~48622.57
~48627. 13
~48632,01
-48634.92

.=4B633 .36

~4B6AD .93
~48646.83
~48651 .45
~48655,66
=48659 .29
=4RE662.3¢8
~ARGCTP .62
~ARETE.T7
-42681 .94
-4RER5.2]
~4REER .24
~Ap692.52
-4AR696.33
-4R722,64
~487TPR7.59
-42725,56
-48737.R8
-40745,05
~4R735.96
CARTI5TL N2
-ART50 .20

LONGI TUDES (DEG)

POINT
75.5076328
75.5072346
75.587299%92
75.5075247
T5.5@75252
75.5074718
75.5072479
75.5074542
15.5074056
75.5873511
75.5p72131
75.5073741
75.5073046
15.5073876
75.5DTLBE3
75.5076218
75.5071887
75.5073888
15.587152¢%
T75.5071783
15.5873182
75.5075423
75,5972 1P
75.5073925
75.5A72%81
75.5677062
75.5075157
75.5073715
75.95075347
15.5074064
T5.5073610

POINTZ2 CUMUL. AVG.

15.5876964
15.5072982
15.508173622
75.5@875883
T5.50758€8
75.5075354
75.58731153
15.5875178
15.50746%2
15.5074147
75.5R72767
15.507T4378
75,5073682
15.95074512
15.587259R
75.5876854
75.50872523
15.5n74524
15.5A72164
75.5272419
75.5073818
T5.50T405%
T5.5F72746
75.907456)

T5.5A7361R
75.5077699
75.5#75794
T5.5074352
75.,50759R4
T5.5RT5601

T5.58714247

75.5876328
75.5A74337
75.5073F89
T5.5@7422¢
15.5074433
15,507 442
75,56074195
15.5R07423@
15.967421%
75.,5074147
75.5073964
75.5073945
15.5R73R76
75.5073076
75.5073742
15.9073297
75.5073117¢
75.987372 4
T5.5073686
715.5073572
75.5873553
75.,5@713547
75.,5075425
T5.5AT3523%
15.50734r2
15.587352¢
T5.5073677
75.5073677
15,501 373%8
75.5073777
15.5073771

A-10




TABLE A-4. EPHEMERIS AND LOP SUMMARY FOR TEST 5
(JULY 15, 1971) (PAGE 2 OF 3)
TIME RANGE DIF, CAL. VAL, LONGITUDES (DEG)

GMT (FT) (FT) POINTI POINTZ CUMUL. AVG.
L71624.2 -27943,93  -4RTE4,35 T5.5072R66 15.5073582 75.5873743
ET1647.3 =27I927.21  <-ABT6B.31 T5.5A74R78 T5,5A74714 75.5873753%
171714.6 -27945,13  -4RT73.00 75,5073330 75.5073967 75.5873741
178757.9% =27936.01 -4RBT8P.44 T5.5074165 T5.50T4R2! 75.5873753%
ITIR28 .6 ~27939,11 -4RTR5,72 75.5074277 75.5A74914 75.587376%
171843.8 ~2798M. 34 =~48788.33 75.5071824 75.507246] 715.5073715
171908.8 “27928.,45 -48792,63 75.5775325 T75.5G75962 75.5A73758
171931.4 -27973,34 -4R796.52 75.507278% 75.5073346 75.5873731
171945.0 ~27969.15 ~4BT9R,.E5 75,5R7310@ 75.5673736 75.5873715
172883,7 =27951.78 ~48802.R7 75.5B674370 75.5875087 75.5873731
172830.7 -2BARY.T!  =4ARBBG.T1 T5,587B973 75.5@71618 15.5873665
172057.5 ~27955,28 ~4RBE11.32 75,5P74654 75,5075291 15,58736rg
172122.1 —27953.A8  -ARE15.55 75,5075022 715.5075659 15.587371%
F72159.1 =27965,75 =~4RR21,91 75.5074572 75.5075209 15.507373¢
172225.3 -27976,54 -4RB26.4]1 75.5074137 75.5074774 715.5873746
172259.9 ~27845,25 -48B3Z2.36 75.5076433 75.587787T8 75.5873a83
17231%9.9 =27977.24 -48BR35.64 75,5074597 75,5875234 15.5873g20
172334.,2 =27871.21 =-48838,25 75.5B75119 15.5875756 715.5073246
172424.1 =27954.23 -4BRB46.83 T75.5676657 75,5Q77894 75.5073903
172431.9 -2RA13.73  -ARRAR,17 T5,5072982 T5.5873619 75.5773grS
172458 .4 -2RB10,47 -ARE52,73 T75.5073436 75.5074073  75.5873276
172532.4 -27987.95 =-4B858,57 75.5875174 75.5075&11 715.5R7395]
172687.8 -28R24.7T -48864.52 T5.5273179 75,5073816 75,.5873287
172622.6 -28086.87 -48R67,.20 75,5074504 715.5075141 75.5073a9%
172638.2 ~2B8804,37 -42869.38 75.5@74757 75.5075394 75.5073914
172726.9 =27871ell ~4BBI3.63 75,5077A57 75.5877694 75.5073969
172715.7 -2RA4]1 .98 -ABRTS5,99 T5.5072726 75.5Q73363 75.5P73947
172725.0 -28A5R.B5 =-4RB77.%3 75.507231% 75,5872956 75,5M73920
172744.5 -Z2E8@IB.GB -48881.28 75.5074465 75.5875183 75.5073929
172801.6 =27985.67 ~4BREAL22 T5.5876718 75.5B877355 715,5073975
1702822, 7 ~Z2RB59,27 <4RERT.BS5 75.5872228 75.5872917 715.5073947
172835.% ~28261.96 -4889A,12 75.5072291 75.5072928 75,507392}
172851.5 ~PRABA. IS -4BB92.88 T5.5P76274 715,5476911 75.587395p
t12912.2 -2B034,84 =-48896.36 T5.5P74284 T5,50874921 75.5B73963
172927.0 ~Z2BB12.A% -4B89R.90 75.5Q75856 75.5R764%3 75,.5A7309]
172953.9 ~28B37.32 -4R993,52 T5.5073259 75,507389%7 75.5073980
173014.2 =ZBROT.ET -45907.81 75.5R76565 15,5A77202 75.5074010
173032.9 ~2BPOAR,65 -~4R91@.23 75.58765892 75.5877329 75.5G74057
175191.7 -2B042,4% -42915.12 75.5AT4831 75,5A75468 75,5074R6R
173123.9 ~2BP46,14 -~4B919.00 T5.5B7488% T75.5P075447 75.5874R79
175141.5 ~2B8047.89 -4RB922.082 75,5874865 715,.5875582 715.5R74098
1732041 ~27997.51 ~48925.%1 T5.5078251 75,5872888 75,5074147
173223.6 ~28P43,8T ~429729,26 75,5875387 75.5A76425 75.5074163
173238,4 -2RABE. 16 -4ED31 .80 75.507324]1 75,5873878 75.507415)
173259.4 -28023.75 ~48935.41 T5.5B7T117 75.5877755 75.507219@
173321.3 ~Z2BA56.89 <-48939,.18 75,5Q75286 75.5075924 715.5874204
173348,9 ~Z2BA53 .87 -48943.92 75.50756R6 75.5076323 75,.5074223




TABLE A-4. EPHEMERIS AND LOP SUMMARY FOR TEST 5
(JuLy 15, 1971} (PAGE 3 OF 3)

TIME RANGE DIF. CAL. VAL, LOMGI TUDES (DEG)
GT (FT) (FT) POINTI POINT2 CUMUL. AVG.
175408.,% -0g@TN. &) -AR94T.34 T5.5@T4B31 75.507546¢8 75.5B87T423]

173421.7 “oR1AT. PO —~ARQAD .58 T5.5R72642 T3.5073279 75.5074211
[73457.7 -22@A19, 1% =-48952,31 75,5RA7R333 75.5#72971 75.5874262
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TABLE A-5. LEPHEMERIS AND LOP SUMMARY FOR TEST 8

(JuLy 21, 1971)
ATF=-5 FI'HEMEFTS
TimE SpT PANCE LaTI TUDE LOeHGITUPE
omT Mm] MG LEG

Teenp. PRTAS AR ., a93 178,069
34800, 0 Rl Ao Y LI IS n,577 10,060
FARTNLA PPI54, 00 PL.651 tfa, o687
g5nr.e 22752,.75 F.714 tea,arpe
SPEee, N 2P762,30 R, 764 R4, 576

PERADOLIC FIT TO FPHEMERIS~LINELR T0 CAL DATA

LATITUPE

LONGITUDF
GREOC PENGE
CALIT LICF

TImE
GMT
15041 0

gARLT S

eptez.a
ep3ld.z?
'OAAPD, 0
eR513.7
ORIELA
apefa 7
BERRIR.G
21p5R, 1
21326,.2
g1451.2
grnee,n
e2150,F
pR24Q, 0
R2AL6 .4
B2533.F
g2828.0
BR2TI3.3
R2FAS P
22941.5
g3122.2
R3I226,9
23459,9
cIRIT. 4
23743.7
g3esh4.p
g4q41.6
Fatac. 4
2AP5F L6
P YL I

RASSE 4

CONSTENT LINERP o]
-1 ,RTORR54 N, 4968408
175, 3736654 -A,PRTE307
PPETL,OR) 4500 1t TTE1R6E -
GEMIP,ORTTI0P ~RTR,PP49545
RANGE DIF, CaL. VAL, }

(FT) . (FT POTNTH
231P48,F3 6P906,13 T5.5PT4114A
o3oAR R} AP5R 3,41 75,5075908
FR16P.9] 62573.33 75.507415]
F3175.21 60552,32 15,5087649 7
eILET, T2 £0548,%3 T5,507666%2
23134,02 62533 ,47 15,5075175
231925,36 T 69521,5% 75.507541¢%
23pe],33 62981,22 15.5014644
PILRAOT, TP SPARE,FY T75,5075903%
RIATA, IR ARATP A6 15.50757)17
RIO2L.A7 62449 ,65 15,5074%15
FR2P2.15 GRAPA .63 T75,5075455
Fropa, 78 &PIAP,22 T75,.507%916
Fruoe 73 §9345,6) T9,.5A7L408
Fropn 63 6233444 15,5074420
gopT PR 62314,32 75,50A73471
f2NES5 60 EPI73,.56 15.50TA0R4
20PRA, 14 60003 ,35 15.5075571
POPL7L63 6207 4,.91 79,50 73PP6
eoES, PP £2267.,91 15,380751¢F3
grE17.91 §0256.80 75,5073832
RoRL4,54 §0237,92 T15,5074%04
RPTE6E .56 £2225,7% 15,50 T2687
RPT4R .73 £§7196.,90 75.5R73400
P73, 351 £2172,53 75.5074065
an T4k, 6 £2166.17 75.5075233
goTON, 74 62152,79 75,5073%83
ppger, 21 62132,52 75.,9R74613
FoGR) 22 62120,31 75,5pT74090
RRRED.ON 621R6.71 73.5P074125

CEOASM.LT 6202 7,23 75.9R74645
FogAT R2 GERT2.R3 T5.5P75426

LADRATIC

LORPARE 4

RS

“~GL, 0225712 £,.00040
RLRPSTIAE PL0RR2]
PLRR2RS

T5.

13257

LOMGEITUDES (DEGY

POITNT?
75.5¢74747
75.5PTARS]
75.5074723%
75.527711¢9
75.5077295
T5.52757 AR
T5.5076051
75.90752178
75 .5RT6E525
T5.5078344

T5.507T494F

75.5076087
75,50 74548
75.,5075137
75,5075054
75.5074103
75,5075616
75.5076213
75.5073737
75,5758 1 4
75.50T4464
75,50 75536
75,5873312
75.5274122
75,50 74897
75,5275¢ 65
75.507T461 4
75.5075245
75.5075621
75.5074756
75,5075276
75,56 76117

CumtiL . AVG,
T5.5e7T41 14
T5.5075058
T5.5074754
15.50751F 7
15,50752422
T5.5075431
T5.5M15&£2°
75.5075331
75.5°7T5303
75.5075425
75.50T5324
75.5075335
T5.507522¢
75,587511¢4
75.5075124
T5.5p75PR21
75.507581%
75.5R7505@
79.5874053
75.,5074084
15.507T49 10
T5.50749182
75, 5A74R 13
15.5(7475¢
75.,507473¢
75.5¢7475R
75.5074721
75.5074717
T5.5074727
75.5074707
T5.5074705
75.5074720
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TABLE A-6. EPHEMERIS AND LOP SUMMARY FOR TEST 12
(JuLy 27, 1971) (PAGE 1 OF 3)
ATS-5 EPHEMERIS
TIME  SAT RANGE  LATITUDE  LONGITUDE
GMT NM1 DEG DEG
8.0 22717.71 -p.722 105,216
3nan.0 22716 ,68 ~-P.664 185.193
10000,0 22716,217 ~8,595 185,189
13p00.0 22716.48 -B.515 185,146
2anaa, A 22717.29 -0.426 195,123
23000.8 22718.70 -9.330

105.161

PARAROLIC FIT TO EPHEMERIS~LINEAR TO CAL DATA

LATITUDE

LONGITUDE
GEOC RANGE

CONSTANT LINEAR

-0, 7226429 B.1891571
125,2162568 -0.,R477786
227T17.7054555 -2.A502561

CALIR LINE ~79619,4734223 ~685.7383353

TIME
GMT
13116.8
" 13z2i2.2
13386.1
134P4,.6
13505,6
136P3.4
13717.5
13833.3
14111.R
1425%,5
145t3.8
15243, 6
15489.4
15547.%
15716.1
15840, 0
2AN31.3
20157, )
20339,.4
2p5ia.4
2@65T7,.8
2RAR22,9
20955.0
2i116.2
21236.6
214an2.5
21509,.7
21616.%
21721.6
21ral, 2

RANGE DIF.
(FT)
-59642.20
-59650.60
~59666, 42
-595875.39
-596R102a
~59683,27
-597P0,56
~59714.00
-59766.38
~59792,66
-59862,47
~59876.87
’5“?93.44
-5091R. 98
-50931.67
~59%49,95
=559R] .96
-580A23 .82
~50021 .69
-60M11.55
-6PB29,94
~6A064 .56
-50077.07
-62120.76
-6A1R4.06
~6P124,15

CAL. VAL,
(FT)
-g0611.54
-B@621.00
-2A630.07
~ROAE5A,. 1B
-BAL59 .94
~3B672.37

-EB6R5,12

~2@T11.,79
-B0729,%1
-R3752,.31
-afRza, 20
-2PRA2,63
~8AR5%.19%
-308T4.R5
-RQEES .68
-2poPE B
-Ep921.33
-80A955.57
-8097),92
-BO%EE6,.24
-gipel.74
-2i@15.40
-3 1P28 .93
-21243,.38
~81B854.69
-31555098
-01076.88
-81290.2%

LONGITUDES (DEG)

POINTI
75.5072061
75.58721R7
75.5871818
75.5871936
75.5072281
75.507283)
75.5072687
75.5872646
75.5872789
75,5072460
75.50723 78
75.5873220
75.5874456
75.5875448
75,5675572
75.5875622
75.5875275
75,5675429
75.5875485
75.5874644
75.5874067
75,5674171
75.5675406
75.5077008
75.507680A0
75.5875639
75.5875638
75.5674936
75.58755008
75.5075176

QUADRATIC
P.0192857 B.8P881
2.0A06425 B.90B0A26
1.2198813 P.0R4A9S5

RMS

12,44717

POINTZ CUMUL. AVG,

75.5072708
75.5072835
15.56T2465
75.5B72583
75.5872929
T5.5073478
T5.5873254
75.5073293
75.5673356
ToNSBT3LB7
15.58730825
75.5073876
T5.5@75182
15.507T6BR6
15.5076219
75.507626%
75.5075921
75.5076876
15.5076131
T5.5875298
15.5874713
75.,50874818
715.5076053
75.5877654
T5.5877446
75.5876276
75.5876283%
75.5875582
75.5076145
T5.5@75822

15,5072861
75.5072124
15.5872822
75,5872028
75,5872057
15.5872126
715.5872246
15.50872298
75.56872542
75.5072354
T5.5072356
75.5B72429
75,5072584
15.507270%
75.5672974
75,50731 48
795.50713285
15.5873385
75,5873496
75.5873553
15.587357a
75.5873865
15,5873623
T5.50873122
715.5873941
T75.5074806
75.5AT4ADES
75,5874597
75.5074146
75.50874120
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TABLE A-6.

EPHEMERIS AND LOP SUMMARY FOR TEST 12

(JULY 27, 1971) (PAGE 2 OF 3)
TIME RANGE DIF. CaL. VAL, LONGITUDES (DEG)

GMT (FT> (FT) POINT] POINTZ2 CUMUL . AVG.
21937.5 -60134.45 -R1099.75 75,5B75195 75,5875841 75,5274211
22841.5 -EME4T.31 -R1113,52 75,.5875144 75,5875790  75.5074242
22143,.2 FEM154,.TR  ~RLIR0L96 T5.5875408 75.5076853  73%,5874277
22250,.3 -6A1TR, 2% -R1132,19 75.5275230 75,5A75876 75,5A74303
22356.7 ~EAIRA, 10 -R1143,36 75.5075143 75.%5@7372%  75,5074320
22518.9 —-6P201.,22 -81155,95 75,5874947 75,5A475592  T75.5074346
22618 .9 “6B21T.97 =81167,27 75.58748%8 75.50753343  75.5074356
22725.2 ~GPAP36.TO =R11TB.45 75.58743R8 75,5074945 T75,5074354
2285n.0 ~6B265.85 -R1189,35 75,5p73234 75.5073R79 75.5074326
22a27.7 -GOPRM.TO  -B1199,06 75.5Q472°7R 75,5M@73624 75.50742°2
23231 .8 -6APRE.RA -3 1239 .84 75.507272% 75.5A73574  75.5R74254
23138.1 “EPAIAR,T]  =31221.20 T5,5R7T277L 75,5@73417  75.587420%
23252, 3 -6@320,03 =01233,49 75,5007294% 75.5A73528 T75.50741R%
23401 .8 ~6A329,36 =C1245.18 75.5RT3I85 T5.5B73831 15.5074166
23512.9% -6B360.65 -R1257.14 75.5R7T2056 75,.5@8727@1 75.5€74119
23688.3 -6&A366.5T -RI266,.46 T5,5072346 75.5A729%1  T5,.50740P1
23712.3 <&f375.41 =g1277.83 T5.5@72554 15,5@713199 75,5074%ac
23ent.n -6R329,00 -RIPNG,44 TS5.5072287 T5,5p72932  75.50T74011
23902.4 -60394,.53 -g1295.76 T5.5@TR665 75.,5073310 15.5073%R4
24856.4 ~6RAIR,24 =~R1314,94 T5.5072532 75,3A73177 75.53R713955
24202.% -GP432.61 =R1326.11 75,50T2420 T5.5A73065 75,5R73925
24306.0 “6@A42.14 -21336,75 T15.5@72577 75,5873282 75.5073290
P4406.2 G452 .36 =RLI346,BE8 75.5A70654 75,5A73298  75.5073F75
24505.5 “ERABM. A1 =RL356.85 T5,50T2857 75.5873502 T5.5073756
246P% .0 ~ERAT4.BRA  -£1367,37 TS5.587R26%8 75,5073343 75.5073r35
247092, 1 ~6P4R5.99 -B1377.48 T5,5072713 15.5073358 75.50873r15
24812.9 -GPADS ., AT -B13R,.39 T75.5P72019 75.5873564 75,5R73207
24020, 7 -EASIN.58 -R1399,81 T5,.5@72755 15.5R733%9%  T5.5@737R2
25m43,.6 —6P524,97 =R1413,74 T5.5072R4% 15,5R734r6 T5.5073766
25144.5 SEMS35.4R  =R1423.9% T75.3872%11 75,.5073555 75.5873751
25246,9 ~EA529,05 -81434,49 T5,.5074016 75.5A7T46680 75.5073756
25351.8 ~E@542,.53 -R1445,41 75.5RT74R21 75,5074645 75.507376@
25448.0 ~EM552.39 -81454,87 75.5AT74255 15.5074699 75,5073764
25538.7 -60550.,06 -21463,40 75.5@A74188 T5.5A74R33  T75,5073771
2563%4,9 -6A567.81 =R1472.85 75.5pT437¢F 75.5R75814 75,587372f
25772645 -6P5TT,06 -R14R1.53 75,50A74351 75.5@74995% 75,5@73799
25816.4 -EP5BA,61 -81429,93 75.50745%33% T5.5@75177 75,5273800
259]1.9 -6P592.25 -R1499,27 T5.50874721 75.5A75365 75,5@073214
J0007.3 -EA599.15 -RB1508,59 T75.5074954 75,5R7559r 75.5B73730
3059,8 -6PEAG RS ~R1517.,3%9 75,507490% 715.5075553 75.,5073F45
3nl55.1 -EAE2T.69 -R1526,73 75.5074451 75.5075M95 75.5Q73r54
SP24A6.6 SEPE4AT . U6 ~R1535,40 T5,5074R4a 75.5A74682  T5,.5A73057
3p33R,9 “EBEAR.54 -B1544.20 T75.5@74382 75.5@75m31 75.5073764
Ina28,1 -EPEGA.TL  =F1552,47 75.5073959 75.5@74603 75.5073765
3ps32.1 ~EBGRS .13 ~B1563.24 T5.5073441 15.,5874485 75,5873R60
3063R.7 663,09 -RIST3,.IPA 75.5073591 75.5A74234 75.5@73256
JPT3R.R “EPTAR.32  -B15R3,.21 75.5M73412 75.5p74A56 75,5R73R50
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TABLE A-6.

EPHEMERIS AND LOP SUMMARY FOR TEST 12

(JuLY 27, 1971) (PAGE 3 OF 3)
TIME PANGE DJF. CAL. VAL. LONGITUDES (DEG)

GMT o (FT) (FT) POINTI PRINTZ CUMUL. AVG.
IRR4A1.9 ZEATR2.66 -E1595,18 75,5073366 75.5A74010 715.5075744
Jpe3g.l -6AT735.41 <~R16P4.63 75,5@73241 75,5073884 15,50T3R38
31138B,3 -6@753.31 -21624,86 75,5@873567 73.5074211 15.5073733
31239,4 - ~6P761.64 ~E1634,97 75,5B73717F 75.5074414 753.5073932
31337.%7 -6MTT3.54 -R1644,97 15,5B73738 15.5@7T2382 73.5075231
31441).% “6ATRT.37 -B1655.74 15.5873644 75,5@74227 75.507300
J153R.% “ERTST.ER ~-R1665.33 T5.5073673 75.5A74317 75.5073%227
31635.7 -£PEEAS.75 -R1674,92 75.5073617 75.5074253 75,5073224
31738.3 -6PR2A,.34 <~B1685.43 75.50737@R T75.5R74343 S 15.5073025
31832.0 CEARZN.95 -R1694,62 75.5AT3693 T5.50RT4336 75.5073721
31e85.2 —EAFAY 17 =RITA3,.47 T5.507T36RI 75,5A74326 75.5@732¢
Xop24.6 -6PRAT, 25 =21T713,41 T5.5073°%4 75,5Q74627 75,5073%22
32117.17 —EPRE3.B6 ~R1722.35 T5.5R73667 75.5p7431A 75.5073R2P
3z2ie,.m ~6ARET. A6 -R1731.15 75,5A74A26 75.5AT466%  75,5073222
32303, 1 -6P875.04 -81740,08 75.56741%94 75.5A74R37 75.5073226
32354,.6 -ERTRE.64 ~-R1748,75 75,5R74pR8 75,5874731 75.5073R20
33ela,l ~61B25.50 - —R19P4. 3] 715.,5R766R7 75,5p77249 75.5A73s 50
34011.4 —610832.57 =R1813.11 75.50768A1 75,5077443 75.5A0752%R
34102.1 ~61P36.85 -R1921.64 75,5877263 75.5R7TRa6  T5.5073524
34155.2 -61856.32 -B193@,57 75.5B7657! 75.5/77213  15,5073951
34254.6 ~61AT] A3 -R1948,57 715,5876368 75.5A77212 75.5073976
34348.5 -6108R, 35 -R1949,64 75.,5R75933 75.5A76575 75.5Q73996
34436.9 -41PO2 .65 =R1057,78 75.5076256 T5.5AT6RSE 75.90T40 19
34525.3 «611B2.51 =R1965,%2 75.5876226 75.5r7628F  75,5R74040
34614.5 “6illl.46 ~R1ST4,2P T5.5076268 75.5078914  75,5074062
347A9.9 -61122,65 =-g1983,52 75,5076237 75.5A76R79  15,587402%
54759.% -61133.79 =-R1991.54 75,5076147 75.5R787RE  T75.,50741R3
34849.8 -61141,69 -B20DA,33 T5.587626] 715.5A76°902 715,5074124
34939.8 “61151.71 =-g20@R,75 75.5076242 75.9076RR3  75,50T4144
35A26.7 -61155.87 =-BEAI6.64 T5.5A76556 75,5@77198 75.5874166
35119.F -61171.50 -82@25,57 75.5R7622@ 75.5@76861 75.50741r5
35212.% -61124.33 ~R2134,49 75.5076060 75,5p76TR2  15.5074202
35302.8 -61195.10 ~-22042,98 75.5B75994 75.5ATE6636  T15,5074219
35%559.8 -61214.95 =-82M52,49 75,5075483 75.5076125 75.5074230
35451.4 c61219.11 -822@61,18 75,5Q075812 75.,5M76454 T5.5474244
35544.4 -§1p28,46 -B2R7RA.6% 75,.5075874 75.5076515  T795.5074259
35644.7 -§1241.26 -82A79,57 75,5B7575F 75,5076399  715,5074272
35737.7 -61241.,A7 ~R2PRS.16 75.5076475 75.5087T116  T5.5074291
35R31.5 -6125A0,A9 -B2RroR.2) 75.5@76568 15.5@7720%  75,587451H
35924.6 -61244,87 -22107.14 75,5077550 75.507R 181  75.5@74337
400388 -61265.04 ~22119,63 75.5077195 75.50TTR36  T5.50T4362
Ap1a6.7 -61252.41 -R2131.89 75.5078837 75,50T9478  T5,.5R73402
4D304 .0 -61250.87 ~R2144,086 T75.5879892 T5.50RD533

75.5074446

A-16




'TABLE A-

7.

(PAGE 1

OF 3)

EPHEMERIS AND LOP SUMMARY FOR TEST 12
(NO SMOOTHING)

ETO-5
TINF
GMT

. C.2
denr,
1frrr.”
13070 ¢
reape, e
230000

PAGATOLIC FIT TO FPHENEPTS-LIVH!

LATITUDE

LOMGITUDRF
aFOc PAMCGE
CrLIT LImr

CTIrE
oHT

N

17.%

DRI e e
L) - l‘
B

— 3 AN I T ] e e

s 8 4 * 8 e & ® 3

BRI Bt A Bt Tiat TevIieb TN Jhghs I Bt o)

[ RN R R IR R RV R NP

N

wao-d s -J't]'.N'.._ﬂ*—JD—‘

LPU IV Rte T T Fals Ji B |

FPMENEDTS
CAT REMGE
!
nn717.714
nPTIn, i
PAT16.07
o071, an
on717,29
22717, 70

corcTaml

- L.IPPEADD
105216250
oY1 7,.7254555
-TRg|e,ATPa008

ReErnE DIF.

(FT?Y
=5985] &2
-50R5(, &0
«ORR585,50
OGN T
-50853,60
-508A3,00
59634 ,90
-50617,50
-59645,70
-80657,57
=5048F 1,50
.-SQGAQ_'TL"
~5RR5] 60
[N R AN e
50850, 50
=59047,T0
-50647,.70
-508448,70
'SGGSQ lﬁ{,
-50647,70

L eDHORas TN
~50RAT, T
-90657,50
-50552,50
-5065F, 60

-8n653 A0

LIl
-50a55 .07
=ga5as 10
=59644,70

LoerclTURE

CLATITURE

PEG DEG
-p. 100 175,216
- 664 105,173
-, 5a5 195,160
-rLS1D 1en, 1af
-P. 526 175,127
- R 15, 1]
2 TO CEL [p
LINFAE s
PalPR15T] ¢
P PETTIRG o
~ 2, B5N056 | 1

—hPh L TATRIOR

CAL. VRL,
(FT)
-7AE1R,95
“PPE1S 35
PR, LD
—ergin a0
—RPEPPL 0L
T eEPEPP, L4
—PpaDn, PP
~TRPT L5
.-!"g"..ﬁ?{'.‘:’(""
—P a0, Ok
-70601, 85
-EREn] )P
~2PR21,3D
=FCETY L A5
R ad P
-epent ., oF
-ePEon, 1]
-FREPP, R4
-PAGNR . 3P
WP PERDL G
-PrERR, RS
-eraon, 17
-engon, o
—PRERL, A
-20605,15
—epENL, P
U AR T
=7 ﬂ?,.“.ﬁ
—ZpP&PA, PR

Te
UEDRETIC

S0 5T 7
LJOPRRARD P
LOlmar 1y r

ir

pire
tope |
nENZA
cfrAaRh
LaT17

LOECI TURFS (PES)

FOIMT)
15.50710F
TELHPTONTE
755771089
T5,.507050]
T5,5071927F%
75.,5M7055¢F
75.907313)
TS5, 57 7aD57
T8, 80704873
T5,00 7682
75.507150)
75.5072057
T5.507214K
T5,5071472
75,5011 746
79.57T0376
15 .50 70447
15.5¢0 72642
75.577172¢
75,50 707475
T5.50T0615
1%, 50704094
75,5P71PR3
75.5071F%7%
75,5P7183]
75 ,5077157
75,5°T73112
TRL.H0TLARA
16,5072775
75,50727P5

CRAIMTE UM,

15,50 70607
15,50 70700
75.,5072356
75,50 7RO
75,5708 78
75.5073005
T5.5073717
75.55‘74’!?""!?
75.5073131
75,50 TNLAD
75,5270 47
75.50 7PN 4
75,90 TP 4
75.,5270119
75,50 70230
75,50730%
15.52T3(196
75.,5@730%5
75,5072387
75,5073107
75 LERTRAD
15,50 7514
75.5CT 55
75,50 724748
75,5072270
75,507000 4
TR SPTATASD
78 80T
75,50 T3400
75,5073437

EVG,
75,507 1°7)
To, B0 eT
75,5771 71
75.507007)
T5,5270742

S5.571210°
15.,5072071
T5,5¢705%10
T5H0TTELE
T3, 9070 LA7
12,5070547
T5.5RTP350
75.,50703280
13,5¢70064
15.507an0e
75.501223¢C
75,5072251
75.5072273
15.5¢70708
75,52722055
T9.5272075
15,5770 5
153.507006C
15.,5072080
75,5070053
T5,3070°0E7
Ta,5070000
75,50
75.,5072317
15,5070537
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FPHEMERIS AND LOP SUMMARY FOR TEST 12

(NO SMOOTHING) (PAGE 2 OF 3)

TABLE A-7.
TIME RANGE DI F.
&MY (F17
13230, -50637,
13230.7 -5647.77
13235.7 -5e 88,00
|3836.0 -52655,5
]5235.7 PN oY Y e
13237.5 -50679,347
13238 ,3  -°n653.7"
132304 IEYAY % I SPRa

2IRAS,4
fle5n, |
212509
719517
2i252.5
21854.1
21854,8
nyEsa,4
21ese.r
oiesn. 7
£1050,5
21eff. 3
zlen),e
7ionrf.6
olafa.?
2ies.n
21005 .8
2Lar6,S
21907.3
21anr,9
olelr. s
2191 1.2
21012.2
21913.6
21914.3
n|nl5,9
AR i

21e17.5
21e2f.6
2197) .4

~60113.99
-EP 18,97
'ﬁ?l?n- T
A1 34,
-6913ﬂ.69
~6PAL36.5N
-GR12R, 20
"(\nl: u- n
-0 138 .50
-ﬁf’-]?ﬁ.5"’
~60138,5¢8
~0N144. AR
-6aliE R
-6r12a,70
~AP119.90
~-RRIrE.R0
-6pl21.80
~6P1AA8, A7
-67 143,40
~6P113.ep
L RIS
-60131.60
-60Las,. a0
-RA117.80
~EQ12R,E
PR Y- 1y
“6a1a7,30
=6r127.58
-6P1aa,a0

Cel. VEL
(F72
A AR
R VAN
mrana, T
SRS, 00
~CrEPS 0
-TPEDR T
P Rl WA

_emenn 57
! H, 0!

-g 179166
-gype], 70
—?lﬂ“l.Ql
_91"“’)‘ '.
-gIpng,
-a1ﬂ92.a5
-Fpee,57
-Q]?Q?,?ﬂ
e1ped.tl
-P PN, PR
- 1P03, 36
-1 po3, 40
-7 1po3,76
-9 |03, PR
-g1raa,ls
P 104,42
_P[PQA.ﬁb
-P1P94,61
-plfea, e
-plras, e
-Eipe5,33
-7 095,60
-21p95,73
-2 1Pe5,85
T P06, 12
-Ul[‘ﬁﬁ.?_‘j
P IPe5. 30
-p 1005 ,91
-P10%7.04

Lere

POINT
T5,.5071757
1 L S0TRLT
75 .r:r e AR
75,57 71003
?ﬁ.S”Tlﬁ]l
YAITaN B B A
7r YA TARR

5:’71[((‘

75.5075923
75.9775741
78,5075 04
75 .,5074659
75.50T4002
75.5074547
75%,.50755%1
75,50 THAFR
75 .50 7L 467
75.5074673
15.50TaAE5
75.5874121
75.5p76199
15,50753%6
15.50157%6
75,50 7€
75.9075618
75.,5074195
75.507426F
5,50749(0%
7% ,507R174
75,50 T44%°F
75,50750R
75.5074P8 0
75,5875973
75.,5075875
75,5074317
75,90 TA14AD
75,50 14R00
75.50T4373

~?¢- 8¢ Tr}r ]
7 .:\_.--"rf\t =
"'r:"-.'..r VA z‘?r
75,9 7?3?"
TELETTSE
75,60 TLTEC
775,507
TR LRUTIERS

75,50 76560
TR L5010
?5.5P7ﬁﬁnﬁ
75,5°75075
15.5075547
195,5275193
75,5076196
15,50 T&7L7
75,5751
75, 50T70047
75,5075131
75.5¢7ﬂ767
75.5076245
75.57 76 &0
75,50 TR3T
75.507T055
75,50 762864
715.50T7am 4]
75,50 T4A9) 2
75,90 75554
75.50 7010

L5PT5144
75,50737°27
75.50 74024
75.5076617
75.50763°1
75,50 T4nEr
75,.5CT78777
75,50754 488
T5.5¢T50 1%

]T“ \"‘r‘(r\‘r‘}

reIeTe CH”'L. AV,

T i e
A S
75,5072255
15, 6077407
RSl Rt
b A e N
i .. o F -

7L LTy

79.5075203
75,5070 717
(EPEE
75,50 TE 0T
15,5075742
75.507510F
75.5075177
75, =ﬂ7f“1‘
TH5.577218
75.5”?537F
75.9075702
75,50 74027
S5.0RT5P L4
75,5075 89
75,5075113
79.50752746
75.5075231
15,5075173

75.5075185

75,5075115
75,57751 €5
15.507312%
75.5072132
15.9°75027
15.5075122
T5,5075153
Te.50THI0T7
79.5075077
75,5075077
75.50750 %
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TABLE A-7.

EPHEMERIS AND LOP SUMMARY FOR

(NO SMOOTHING) (PAGE 3 OF 3)

ﬂﬂ 2
rEST 12 d Ma’”{

P’eﬂ' ling

TI¥F
il
~penrt,n
e E-Tel oy
~n0ALS
flars,3
Al B AR AP
Dlerea
npenaLa
D)ann, o
Tleal s
A R I
A I |
21034,
i IR g
2U0AC,T
2R T L
P07,
21937 .4
21039,

PorCR, 7
oornn, 7
oPeN3 LS
P2TOS .,
PoCng, T
0oenT A
200702
20000, 0
PROIC .
20011.3
prays o
2PN,
L 2en1T.E
PRIT L 4

mENCE PIF.
(FT
SN I

6T 1ELE

SRS R
=BT AR LD
~O0 T80
—Ep A, AT
SV RE AT
EE AN AN
~EMLE AT
-601 54,20
-60105,70
EXEAN PO LA
- na, e
EY AN AV
CEN P O
-L21r3.60
=60151, 30
=671 .00
~60145, 40
XA I A
=EP DR, TN
=RV A] 00
~EP1aT 5T
&M 58,00
-0 re, I
-enyrs,

—Er 105

iv
LT
-EPLAS LT
EESHE TA NS
~601AT 30
-ﬁ?]?c_ﬁr
=M ],

~raAr, /"
=& &F A0
-6 137,50
=60150.50
EXA N T
~f0j2aLE0
-60 140057
~FR139 .50
S S T o

~60147 AT
ER S B s
—fr1An 40

T T A
~60159 .00

CeL. VAL,
(FT)
-V]PQT-!W
R Fid- I Bt
-meeT,
PN ko B S g
N FA T oo
wcpae,0n
-7 | fAnge
-vprae

o

e 2N
o 87
- lf'(‘.f‘.fr‘
DXL Balal =S |
~Fifee
EN 2 Nala R BT
- jran sy
- If“qq'f
—?[ﬂﬁﬁ.ﬁ?
=Flrao, e
ERZE s R R
el I il P e
D I RGPS
- Er, AR
IR B R AP
-PHIrn. 1
_?llp?.ﬂo
bl U RAR R
A B R0 I
-FHIcR. P
el R

5¢
-e11ne,n5
A DR
- I3, AT
-0 ED
E B R I
- ir3,e7
-21103,99
-e11a, 13
- lIe8a, a7
-F110ALe0
-1 s, 7T
-71120,92
-P1105,05
-2 L0527
e RS, a8l
_C'l]("‘: 7]
-FHICA A0

-?llrn.E?
“P11IN6,63

ST5,00

LOMCTTUDES (DF

PCTET rOTETY
75,507476% 75, 5075500
75, 5016000 75,50 75747

75,50 76157
75, 507A4F )
75.507492]
75,50 T05F 2
76, 5074530
5.5p74707
75,5075 1 R0
75.5073973
75,5075607
75,5074347

‘?3 fr|7ffr]
T59. f"“*ﬁ/n
"'I.' &'

CThA.
75.;r7ﬂ9=a
75.50T4141
T5.50766045
79,97 T40L7
Ta,90 74000
75000
75,5074002
75,50 T747 00
75,50 7408C
TELVHETTROAS
LT ART
TS T5a a0
5.50752%5%
T75,5074607
T9.5074645
S5 L.E0T5777
75 5¢ TRTAT
75,60 7407 4
T5,50745]%
75.507531%
75,5074520
75,5774017
TE.,9075547
73,5776 1¢
75.5875251
75.53074503
75,50 74721

75

7%.5?7&n5r
L5 75161
L5075733
75 5074179

75,5076700
75,5075 D¢
75,50 THLAR
75,50 75000
75,50 75177
75,50 74272
75,57 75018
75,.50745 8
75,50 7R3 47,
15 . 65074000
TR L EPTELRTT
75,8075 104
74,
75,50 75707
75,50747°7
75,5217 0t
75,50751FC
TR RCTAATLE
75, RP76ASS
75,50 T54E0
75,9775545
75,50 74714
78 8076500
PR S P
T8 ,577050
75,50760P
75,507507%
75.507509]
75,50 TR&"|
75.5775€603
75,8156
75.50750264
75,50 715%5¢
75.50751688
75,57 TRAND
75,5076 107
75.50 75004
75.50758%7
75,5875 16°
15,50 75367

75.5775076
?5 Qﬂ‘fﬁ{

N LA e

&)

cumuiL .

?5.5?75??“'

75,50 74094

AuC,
75.50750 20
75.5075053

5.9PT5PCR
75.5075089
75,57 7526
75,5075049
75,50750%2
75.5775013

75,5075017
75,507 40c0
75.5075005
75.J.7ﬂnup

,5?7&00?
Lo T 4000
T5.5074070
75,5275205

LH2TEnCE
Ta,50Tan06
TS,50T750| 7

15.507500%9
LOPT5P PR
75.5P?AQ”°
LEPTEDRE
75 SeTenTe
,5 SpTLmRR
ErTSrr?
75.5F7LQQ6
15.50T4%9p
THL0TEN0
75,5075703
79,590 75002
T5,5274na7
S.o0T500P
75,5074R95
15,50 T4%04
75.5075000
TE.50TE0(05
15,.507590 00
T9.5615002
75.5¢T4%07
75,5074000
15.5074008
75. 5074005
75.5874%25
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TABLE A-8.

(JurLy 28,

1971)

EPHEMERIS AND LOP SUMMARY FOR TEST 13
(PAGE 1 OF 3)

ATS-5 FPHEMERIS

TIME

eMT
13200, 0
20000.0
231000, 0
30n00.0
33060.0

SAT RANGE
NMI
227168,69
PPT1IT,. R
2271 .P6

22721, 10
22125,67

LATI TUDE

DEG

-A.5P2
-f,413
-f.318
-0.214
'?‘o!ﬂR

LONGITUDE
DEG
105.148
185,125
185.183
1A5.P83
1e5.064

PARAROLIC FIT TO EPHEMERIS-LINEAR TO CAL DATA

LATITUDE

LONGI TUDE
GEOC RANGE
CALIR LINE

TIME
GMT
2pp20.7
2p205.4
2034%.2
2ps22. |
20649,6
2RR3A 5
21282
21228.5
21416.2
21614.1
21F16.7
r2A23.2
22235.68
22452.5
22638 .7
22809.3
22923.5
23p47.04
23205 .1
23352.68
235¢4.7
P3GIR.4
23756.5
23917.7
2AR22.O
24232,
24356,
24410.8
24531.7
24624,.8
24725.1

CONSTANT LINEAR QUADRATIC RMS
-A.TARDPRG A.1416857 B.B111429 p,.ARRSA
185,2260285 ~R.AS6ER5T p.ep2E5T! G.00211 e

22717.528000% ~Z. 1 NARARA 1.1202817 P.2ARA9
397R5.4T74A03A2 -RIR.TRIVES5S n.25137
RANGE DIF, CAL. VAL. LONGITUDES (DEG)

(FT> (FT3 - POINT! POINTZ CUMUL. AVG._ _.
50425.75 IRARA .23 T5.5ATPLIR 75.5P72764 75.587211R8
5a4n9,7) IPAGS .65 T5.50724R7 75.5073@53 75.5072262
583F2,.,72 3e447.23 75.5B71979 T5.5@72625 T15.5872168 |
59363,59 I=43@,75 75.5M871987 75.5072553 75.5@72183
50354, 4% 415,22 75.587242% 75,5873875 T5.567216R
59342 .34 IRZNE.25 T5.50T3367 75.5RTABLS  TH.0AT2568
50344,.09 1e3TR. 43 T5.5074485 715.5@75131  T5.5R72670
5031 .04 X355 .40 TS5.5R73254 T5.5AT3IAR  T5.5072743
50283.96 3P335,98 75.5073511 75.5074156 75.5072828
59274.27 32315.06 795.5874148 75.5874793 75.5072560
50231.28 IRPO3,.3IA 75,5AT3165 15.5@73811 75.,507297%
50212.67 IR2TOLEE T5.5073561 75.5074207 T75.5873827 4
59192.72 3R247,72 T5.5RT73921 75.5RT74567 T5.5A750%6
59166.54 IR023 .87 T5.5A73003 715,.5@T463%  75.5R@73160
59150.17 IR2P4.35 T75.5074271 75.5074917  T5,507.5234.
56119.63 iRIRE, 15 15.5073475 75.5@74121 15,5073249
50iR2.89 38174.%9 75,.5A7334R 75,5M73986 75.5673253
500R9,19% IR16A. 17 75.5@873514 T75.5@74168 15.50713269 ¢
50074.43 146,31 75.5A73554 715.5074199 75.50732F 4
59057.67 32130, 70 75,5¢735F4 T5.5RT422% 75,5A7329¢
Segas.02 3E114.44 75.5073933 75.5874578 75,501332%
SOpZR.44 312097.82 75.5073546 15.58741S1  T75.587333%
500p9.53 3EAR3.96 T5.5073831 75.5P74476 75,5073361
Sepll.tZ 32069.55 75,.5074%46 75.58755%1 75.5073427 _
56978.,97 IA52 ,P5 75.,5073720 75.5074365 75,5R7343%
58956,.47 32P35,06 75.50873915 75,5AT4560  75.5873457
SR9a@, 56 P23, 1A 75.5073708 75,.5074352 T5.52734668.
58932.66 IZR1A.PP 75.5073892 75.5874536 75.50754r|
5891%.24 IeAA3, 19 T75.5073803 75.5074448 75,5A73492
58914.86 37993.77 75.507419%91 75.5074%35 75.5@873516.
seep] 24 IToR2,068 75,5074p0R T75,5PTaT35  75,5B873534

RIS
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TABLE A-8,

EPHEMERIS AND LOP SUMMARY FOR TEST 13

(JULY 28, 1971) (PAGE 2 OF 3)
TIME RANGE DIF. CaAL. Vval, LONGITUDES (DEG)

GMT (FT3 (FT> POINTI POINT2 CUMUL, AVG.
24anr32.2 5EFT7.34 37971,m5 75,5074R50 75.5P746%4  75,.5073557
24932,2 574,728 37960,51 T75.5R73966 T75.59RT4611 75.5073563
25M33.1 SEREE,51 17949,71 75.5074237 T5.5@74ga2  15,5073523
25145.7 S5ep51.54 379536 ,B3 79.50741%c 75,5074842 T5.5R7360¢
25255.9 58R36.50 37904,37 T5.59874125 T5,5074770 75.,5P73615
254f3.9 Sgela, | 37912,2p 75,5R873775 75.5074528  T5.5R73622
25503.2 SREIAL65 379@1.,78 75,5074@84 15,507472¢  15.5073634
25557,1 5e810. 12 3IR92.22 15.5074730 75.5075374 75,50873662
25707.4 58793.13 3T78TO.T74 T5.5A74532 T5.5075176  75.5@736R4
25758, ¢ . SR7TT5.49 ITETALTS 75,5074050 795.5074694  75,50736%3
25850, 4 SETTR.e7 37R61.47 T75.5a74414 715.5075p57  75,5073710
25943.5 58755.53 ITRE2.B9 T5.9R7T419R TH.5MT4T53  75,5m73719
3ap51.5 SRT4Z.41 3ITR39,92 75,5074131 15.5074775 T5.3G7372°

34T, T 58737.01 37830.01 75,.5074294 75,507513% 15,5073 7T46
3pzan,a 58725.30 I722P.T3 75.5@7T44P9 75.5075053  75,5@13768@
30344.8 58722.44 37009,23 75.5075642 75.5@75686 75.50737¢7-
Ina4?2.6 SET17,99 FTToR .07 T5.5875487 T5.5076131 75.5p73=25
305497 58703,75 II7R7.AT T5.5AT75428 75,5A75072  75,5A739595
3IM659.2 58691.3] 37774.74 T5.5RT5513 73.5076157  75.5@732¢9%
3g757.0 568 1.26 IT764,48 75.5@75603 75.5076247 75.5@73%22
Ineds.7 5£.667.42 37752.2% 75.5075599 75.5076234 T5.5073954
Jiae2.7 58662.352 37742,18 75.5075988 75,5076632 75,5073993
33937.5 52327,79 37427,.25 15.5A7TI83 75.52772826 T5.5274852
34P27.4 58319.34 ITate, a4l T5,527670% T75.5077351  75.5874100
34129,9% 58203%.99 374f7.31 75.5076464 75.5p77136 75.5874142
342723 .8 SB2RA.RS 37397.75 75.5@76566 75.5077205 75.58741835
34325.5 58271.77 37386.80 715,.5076528 75.5077162 75,5@74225
34422.5 58259.%4 37376.68 T5.50T64RE6 T3.5AT7T128 75.5074263
34516.3 58249 .98 37387,1a 15.50716543 75.5077135  75,507430]
346R3,2 58243,25 37352 .,92 15.5076711 T5.5877353 75.,5074341
34657.2 58233.54 37349,13 79,5BT6TRR 75.5077432 15.50743%49
34751.7 5r224.57 37339.56 15.,50769R3 75.5077545 715.5074420
34B44.9 SE211.54 3733B.28 T75.5076740 T75.5077382  75.5074457
34937, 582/1.77 3732R.86 T5.5AT6795 T5.5€77437 T75.507449%
isez7.9 S8R .87 37311.25 T5.5876600 75.5877251  75.5B74525
35121.1 SR1TR.A3 373A2.41 75.5076635 715,5A77276  T5,5R74556
33214.%7 58169475 37292,88 T75.5076766 T5.5G77488 75.58074529
3153@2.5 58157.73 37284.,42 T5.5@T6610 75.5871252 715.587461¢
35355.6 5e150.28 17274,99 75.5078F12 75,5R77454 T75,.5074649
35446.5 58139.90 37266.00 75.5076798 T5.5077440 75.5074629
35538.6 58127.37 37256.72 75.507666R T75.5A773R9  75.35074787
35631.7 58120.69 37247.09 75,5P76919 75.5077561 75.5R74737
35721.7 581906.89 37238.42 75.5876679 75.5077321  75,5874764
ASEPR,.6 SRINL.SS 37230.18 T15.5076%37 75.5077579  75.5874793
35854 .6 SEQA9A.96 37221.,94 T5.587685M 75.50774%92 T5.507482D
35%942.2 58RA8R, 24 37213.49 75.58772823 75.5077925 75.5074852
ArE2e, ] 5ep74,.94 3726517 75.5077036 75.587767¢  T15.5R749¢0
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TABLE A-8. EPHEMERIS AND LOP SUMMARY FOR TEST 13
(JULY 28, 1971) (PAGE 3 OF 3)

TIME RANGE DIF, CAL. VAL. LONGITUDES (DEG)

GmT (FT2 (FT) POINTI POINT2 CUMUL. AVG.
AR124.5 5FPER .34 37195,34 75,50877323 795,5277964 75.5mp74911
40214.5 56M54.51 37186.47 15.5@877082 75.5677723 T75.507493¢@
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APPENDIX B

RELATIVE POSITION DETERMINATION

The equations derived in this appendix permit the determination of
Lines of Position (LOP's) which locate the movable remote receiver
with respect to the fixed receiver at a known position.

The receivers are located in areas for which Type 1 surveys are
available. This permits determination of the distance from the
fixed receiver to the satellite with minimal error (governed only
by the uncertainty in satellite position).

LINE OF POSITION

A Line of Position is defined to be a straight line containing

the receiver's position. It is obtained by assuming a reference
latitude near the true latitude. On the latitude circle, a point
of longitudinal intersection is located. The same procedure may
be repeated in order to establish a second point, following which
the two points are connected by a straight line. Alternately, a
line perpendicular to the line of sight to the satellite may be
drawn through one of these points. In either case, a line is
obtained which contains the remote receiver. A range reading from
the fixed receiver and a range reading from the remote receiver are
required for the determination of an LOP.

THE GECMETRY OF THE LOP

The position of the remote receiver is defined by three guantities,
R, ¥ and A, where R is the radius of the Earth, and ¢ and A represent
the latitude and longitude, respectively. With one satellite avail-
able, only one of these unknowns can be determined. It is mathe-
matically convenient to select latitude and Earth radius as the

known gquantities and then calculate longitude. Latitude and radius
are determined from the international geoid model.

Since position on the Earth's surface is normally given in geodetic
coordinates, the position of the fixed receiver as well as the
geodetic latitude and Earth radius of the remote receiver are trans-
lated to the geocentric coordinates shown in Figure B-1.

If D is the distance between either receiver and the satellite, it
follows from spherical trigonometry that

D2 = R2 + R 2 2RR

g cos Y {B-1)

s
where

Cos ¥y = cos y cos Yo cos (Ag = A) + sin ¢ sin y (B-2)

s

B-1
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/ATS—S (Rg, VYg¢ 1g)

Figure B-l. Geocentric Coordinate System



In the sequel the subscript S refers to the satellite while sub-
-scripts A and B pertain to the fixed and movable receivers, respective-

iy.

The angle y defined in equation (B-2) is located at the center of the
Earth and between the rays to the satellite and receiver under con91d-
eration.

In this framework, the distances Dp and Dy are measured ambiguously
as Mp and Mg. The range readings M, and Mg are contaminated by
recelver nolse, atmospheric noise, éelays in the equipment and
atmosphere as well as the relative drift in phase and frequency be-
tween the two rubidium frequency standards used. In the absence of
these error sources, the range differences Dg - Da and Mg - Mp both
measure the distance between the two receivers. In the presence of
these error sources we still write

Dp - Da = Mp - M, (B-3)

where the equivalence is understood to be not mathematically exact.
Since the errors induced by the rubidium standards are correctable,
equation (B-3) may be rewritten as

Dp = Dp + Mg - M, + At + B o (B-4)
- where the linear function describes the correction factor to the
relative phase drift. The relative frequency drift, which would
introduce a correction term of the form Ct? , 18 negligible,

The determination of the longitude of the remote site proceeds

as follows. Since the latitude, longitude and geocentric range of

the fixed site are well known and the position of the satellite '
is available from NASA ephemeris predictions, cos vy can be calculated.
Hence, Dp can be calculated from equation (B-1) and the distance Dp
from the remote site to the satellite follows from equation (B-4).
Slnce the geocentric range of the remote site is assumed known,

- RB2 + RSZ _ DBZ
Cos yg = - ; (B-3)
2 RB RS
egquation (B-2) is used to determine cos (AS - AB)



cCos Yg - sin wB sin ws

cos (Ag = Ag) = {B-6)
cos wB cOS ws
Then,
' . _ _ _ 2 _ k _
sin (As AB) = #[1 cos (AS AB)] {(B-7)
and
7 sin (A, - AL)
Ag = AS + tan 1 S B (B-8)
- cos (AS - AB)

If west longitude is defined positive and increasing westward,
the upper (+) signs are used in equations (B-7) and (B-8).

Equation (B-8) shows that A, is completely determined in terms of
Yp and Rp. By changing yg and Rp correspondingly, a new longitude
can be calculated. The resulting point when connected to the first
point completely defines the LOP.

The LOP can also be specified by one of the points and the azimuth
heading, which is given by

Az = B + ' (B-9)
where : '
- sin (A - Ay) cos ¢
g = sin”t s __B S (B-10)
sin Yg
West longitude is taken to be positive in equation (B-10). In

either case, the line of position is completely determined.

The accuracy with which Ap is determined is a function of the

accuracy with which the satellite position is known. It is implicit

in the structure of the solution given here that any error in satellite
position appears as an error in Ap. Estimates of the effect of in-
accuraciles in satellite ephemeris are treated elsewhere.

The listing of the Lines of Position Program is given in Table B-1.



TABLE B-l. LINES OF POSITION PROGRAM (PAGE 1 OF 3)

DIMENSTON STOYG) STTCOIAY STLATCLA)Y STLHGCIR) LSTGRACIRY R(PY AL(2),
CSLT(2),SNLT(2) SLT(A) SLG(n) QRﬂ(d) CALPAP(a) CALTN(IHFQ) CpLDR(lBBB)
FRCL) F#N(A) FPM(&} ALOPI(I”") ﬂLDP“(lﬁP) ﬁVC(IVP) LORC100) TNFS(]?%)
CLUL(!HH)

* COFVERSICE COMSTANTS

+ FIXED SITE DENOTED RPY TERMINMEL F IN VARIABLE NAMES
* PEFERENCE LATITUDES DENOTED PY TERMINMAL | QR 2
DRAD z.A1745302925

FTOM z&7TR.1154R8

FLATF=DRAD®3IT7, Q38409

ALMGF=NRAT®TS ,AT73052

CALL CONVI{ALATF ALTF ,RF)

RF-PF+R%,61/FTNM

FLATI-DRADXIT [ B64253

ALAT?-DPRANX3IT , RE4300

CalL CONMUCRLATI ALTI R O1)

CeLL CONMVI(RLRAT? ﬂLT° P 2}

CSLTF=COS(ALTF?

CSLTC1}=COS(ALT I

CELT(2¥=COS(ALTD)

SPLTF=SIF(RLTF)

SHLTLI ST NCELT )

SPLT(2)=CI M (ALT2)

* ACCESS FPHEMFRIS ANMD CALIPRFATION DATA

* TITLF STORPED £S5 FaN

* CALIPRATION DATA STORED 2S5 Fa

187 WRITF (1 (&% TFTT MUMRER AMD DATE:$,7))

QFAD (1, CApR)Y) FaN

WRITE (},(3% DPEN FILE:%,7))

READ O} {3RE)) FR

OPER (3, INPUT Fp)

I READ (3,(I5)) NSAT

2 D03 Tz} MeeT

REAT (3, (aF? .2 “T(I)_STL#T(I) “TLPF(I) r‘TP
fTCPn(!) STP/FTN

3 CALL TCORV(EST (1) STT(I))

* FIT EPHEMERIS DATA TO PARAROLAS

CALL LSTSQ (NSAT, 2, 5TT ,STLAT SLT)

CALL LETS®(MRAT 2 STT ,STLNG,SLG)Y

CoLL LETSQ(MELT 2,877 ,STGRA,5FE)

x DETERMIMNATION FF THE RMS OF THE EPHEMERIS PRINTS AEOUT THE IMRIVIDUAL
* PARARDL AS

K=}

CeLL PPEAC(MSAT,STT STLAT,SLT,ALAT KD

CALL PREAC (MSAT STT STLFG ,SLG,ALNG ¥)

CALL PPEAC (NSAT GTT ,STGRe ,SR& AGRA KD

& PEAD (3,(153) NCAL

ne 5 Izl MCAL

READ (3, (P2F20.0)) CALT ,CALDR (1)

5 CalL TCONV(CALT CALTM{I))

* FIT CALIFRATION DATA TO p STRAITGHT LINF

CALL LETSO(NCAL, ! ,CALTM CALDR CALFAR)

CLOSF (3>

* DETERMIKATION OF THE RMS 0F THE CAL POIMTS ARQUT THE LINE
K=2




TABLE B-l. LINES OF POSITION PROGRAM (PAGE 2 OF 3)

CALL PPFAC(NC#L,CALTM,C#LDP.C#LPnR,ACAL,K)

€& JJ=@;

CHNTR =P,

* ACCESS SATELLITE MEARUREMENT DATE, FILE NMAMF Fpt
WRITE (1,(% OPFM DATA FILE:%,72)) ‘

READ (1 ,(an86)) Fph

OPEN (3, THPUT,FaAM)

T JI=Jdd+]

PEAD (3, (2F20.0)) TMES (M), DR (0D

IF (TMES(ITY.EQ.0,) GO TO &

CALL TCONV(TMES(J)) ,TFERS)

* TNTERPOLATE ATS-5 EPMEMERIS AT TIME=TMFAS

SLATD=SLT I+ (SLT(2)45LT (I )*TMELS )*xTMEAS
SLEGD=SLGC1)+(SLG(2)4SLG (3 )«TMEAS )4THEAS
CPANG-SRA(] I+ (SRA (214SRA (3)XTMEAS Y ATHFAS
CLETR=SLATD%DPRAD

SLMCR-SLNGD*DFAD

CSSAT=COS(SLATR

SHNSAT=STN(SLATR)
CSFSzCSLTF*CSSAT#C DS (SLNGR= ALNGF Y +SNLTF*SNSAT

* FVALUATE CALIPRATIOM LIME AT TIMF-TMFAS

CLVL GIII=CALPARCIIHCELPRAR (P)*TMFAS

RPSzRF/SRANG

DFS=SPANG*SORT(PRS %% 2+ 1 ,-2,%RRES*CSFS )

NREZNFS= (DR (JJI-CLVL (L) )Y /FTMIM+45 /FTHM .

* DETERMINE LOMGITUDES FOR THE GIVEM LATITUDES

no g 1:4,2

RO-R (T} /SFANG

DE-DRS /SRANG

COST —(RO&2+L =D %%2) /(2 *R0O)
COSDL=(CNS1-SNLT (I IRSNSAT) /(CSLT (] )*CSSAT)

FINDL=SORT (1 .-COSDL**2) '

PoALLI ) (SLMGR-ATAN(SINDL /COSDL Y Y /DRAD

ALOP IOz AL O

ALOP2(JJI=AL(2)

CMTR=CMTR+AL (1)

AUG(IIIZCNTR /LI

GO0 T0 7

* GO TQ 7 FOR MORE MFASUREMEMNT DATA

ap CLOSE (3D

* CUTPUT

IPG:1

WRITE (1,R13 FAN,IPG

Rl FORMAT (™ /20X 4A6,20%x  SPAGES,12/)

WRTTE (1,82}

g FORMATCIOX SATS-5 EPNEMFRISS/IPY STIMES, 3¥ , 852 T RANGE LATI
TUDE LONGITUDE S/ 12X % GHMT%,6X, 3Aml $ £X, tDEGS, 9%, SDEGY)
WPITE (1,®1) (ST(I) STGRAC(CI) STLATC(I) STLNGCIY T=z] KSAT)
ol FORMAT(EX Fe.)l Ax FR,2 F11.3,F12.3)

WRITE (1 ,92) (SLT(])_I:l,3),ALAT,(SLG(I),I:1,SJ_ALNG,(SRA(I),I:I,SJ,AGPA
LCALPAR(E)Y CALPAR(Z2) ,ACAEL

92 FORMATC(//5Y,% PARACOLIC FIT TO EPHEMERIS-LINFAR T0 CAL DATE S/
23X, SCONSTANTE, 7%, SLINFARS 4%, SQUADRATICS, 5%, SFMS S/
€X,SLATITUDES, 24X, 3F 13,7 FR,5/6Y , SLONGITUDE %, 3¥ ,3F13,7 Fg,5/
€%, $GEOC RANGES2X ,3F13,7,FR ,5/6x, 5L ALIB LINES IX F14,7,F13.7, 13v Fa,5)
WRITE 1,932




TABLE B-1. LINES OF POSITION PROGRAM (PAGE 3 OF 3)

93 FORMAT(//I0X, $TIME RANGE DIF. CAL. VAL.S,oY SLOMGITUDRES (DEGIS$/ 1@y,
$ GMTS,5x%, RCFTI%, 7X, $(FTI5, @X, SPOINTIS, 5Y , SPOINT2Y, 1X, SCUMUL. AVG.$)
LINzNEATH1S
oo a7 ¥=l ,thl‘ l
WRITE (1,953 TRES (V) ,DRCK) ,CLVL (MY ALOPI(K) ALOP2(¥ Y ,BVG(X)
o5 FORMAT(SX,F9.1,F12.2,Fi1.2,2F11.7,F12.7)
LYNzLIN+1
TF (LIN-53@) 97 97 96
a6 TPGzIPG+]
WPTTE (1,R1) FEM,IPG
WPITE (1,93)
LiNz4
97 CONTINUE
WRITE €1,(°)
SO TC 100
aToP
E¥D
SIRROUTINE  CONvVira BE RO
* THIS SURROUTINE CALCULATES GEQCEMTRIC LATITUDE AND EART'S RADIUS
FTUM=6RTE.1 15486
PAZ2R025T41 ,AR/FTHNW
RR=2A95559] . AR/FTHM
Pzly-(RP/RE)*xD
g zFE2/(2.-E2)
TIzAXSTR(Z2,.%p8)
T2-AXPICTN(AXRR) /2,
ThzAxp ARSI N(R, LAY /2,
PPopa-TI+T2-T3
© RR/SORT(L.-F2«COS(FP)%%2)
RETURN
ENMD
SUFRQCUTIME TCORV(TIME TMD) .
* THIS SUEBRQUTINE CONVERTE INPUT TIMF TO DECIMAL TINME
11 =TIMEZIQPEC,
RES=TIME~-T 1= |RCPA.
12 =REE/1P4,
RET=FES-12%x]10AR,
TMD=T L+ (I 24RET /6, ) /60,
RETURM
END
SUPROUTINE PRFAC (NPNTS TIME ,OPSUEL FIT,0UT,L)
* THFE RMS ARQUT THE FOVING MEAN 1S CALCULATED IM THIS SUBRROUTIMNE
DIMERSION TIMECAPR) ,DFSVAL (A42) FIT(5)

DIF=D.

na 2 1= MPNTE
VAL,

ne 1 J=1,L

1 VALZUVAL+FITCI % (TIME (I ykx{J=-1)) -
o DIF=DTF+(VAL=~DRSVAL (1)) 4%

OUT =809 T(NI F/MPNTS)

RETUPN

D

B~7/B-8




APPENDIX C

SIGNAL DESIGN

The ALPHA II receiver uses correlation between the received

signal and a locally generated signal replica in order to reject
the noise on the signal and enhance the accuracy of the range
determination. The correlator has excellent noise characteristics,
as developed in Appendix D. The signal design is therefore
dedicated to the rejection of multipath while retaining the
inherent characteristics of the correlator-receiver.

For these reasons pseudo-random codes were selected as signal
candidates. The most important properties of these codes* are:

(1) The number of positive bits in one length of the periodic
sequence exceeds the number of negative bits by exactly
one;

(2) A code sequence multiplied by a shifted replica of itself
is the same code seguence shifted to a further location;

{3) Pseudo-random {PRN) codes are conveniently generated
by a linear shift register. If the shift register is N
stages long, codes of length 2N-1 can be generated.

Since the essential difference between the various pseudo-random
codes is the number of bits L (= 2N-1) before the code repeats,
time sidelobe rejection can be obtained by selecting a code of
sufficient length.

The autocorrelation function of some function £(t) is defined by

T ; ' -
e 1 ;- £(t) £ (t-1) dt (C-1)
R{1) = ;‘ﬂ: 2T -T

Relétion (C-1) can be written as

L

I f(t) £ (t-1) dt {(C-2)

R(T) = 0

e

*For these and the subsequent discussion reference, e.qg., Berkowitz,
Modern Radar, Analysis, Evaluation and System Design, Wiley, 1965.



for maximum length codes, since these codes are periodic. The
value of the autocorrelation function when T equals zero, and the
two sequences are aligned bit by bit is thus

R(0) = %' 5 £2(t) at
L
.1 1 -
=T ;o at (c-3)
= 1

The amplitude £2(t) equals unity for all times t since it is the
pbit-by-bit products of +1 and +1 or -1 and -1 amplitudes. If t
is not egqual to zero

L

R(T) = % of(n) £ (e-1) at
1 b
= § 5 flerm) at (C-4)

by the second property. Property one states that there is one
more positive bit than there are negative bits. Hence, the time
sidelobes described by R(T) are the residual of this one positive
bit over the total number of bits in the code, or

. | |
R(T) = = —ie (C-5)
2N

The autocorrelation function is as follows:

& R(1)

.
/0
-Ty Ty T1/L

The value 1/L is assumed at T3, the length of a single hit, and .
will remain at this level through the (2N-2)-th bit. If the code
is infinitely long, the autocorrelation function will begin to-
repeat itself assuming the value unity at the (2N-1)-th bit. If

the code is one code length long, R(t) is zero beyond the (2N-2)-th
bit.




sin® wTy 2
The power spectrum, S{w), has the form — T and is shown
schematically in the figure il

AS(m)r

21
T

HF}
i

It may be observed that the autocorrelation function and power
spectrum are identical to those of a pulse of width Tj.

The codes shown in Table C-1 are maximum length pseudo-random
codes generated from a l4-bit shift register. Of course only the
first 9 stages are used in feedback connections in order to
generate the code of 511 bits in length.

TABLE C~1. CHARACTERISTICS OF MAXIMUM LENGTH
PSEUDO~RANDOM CODES

ATS-5 *Multipath
Code Length Search Time Reajection Comments

511 35 secs -54 dB
1023 65 secs -60 dB

2047** 135 secs ~-66 dB Fundamental ambiguous

‘ search code
16,383*%* 17.4 min -70 dB Code for unambiguous
motion of satellite

*Multipath rejection obtainable on the basis of the codes
structure only and in a 50 Hz bandwidth

*%2047 or 16,383 are available in ALPHA II system

C~3/C-4



APPENDIX D

CORRELATOR ANALYSIS

A matched filter is a device which treats a signal immersed in
noise in such a way as to maximize the output signal with respect
to a fixed output noise level,

A correlation system acts as a matched filter. If the modulation
signal for navigation is matched and the modulations due to path
length dynamics and for communications are not matched because
they are not known a priori, then these modulations remain at the
output of the matched filter and the effectlve bandwidth should
be made to satisfy the relation

5(w)

B (w) ] = S{w) + N{w)

(b-1)

where |H(iw)| is the magnitude of the filter characteristic, S(w)
is the power spectral density of the signal including modulation
due to path dynamics and the communication 51gna1 and N{(w) is the.
noise power spectral density. The expression glves minimum error
in reproduction of the residual modulation with noise present.

In the AII ALPHA II receiver, the response approaches the opti-
mization criteria and, hence, has optlmum signal~to-noise behavior.
The correlator functlonal block diagram is shown in Figure D-1.

I-Channel
' v
BALANCED BANDPASS 6
*4 MODULATOR [~ °] FILTER
T
v, 2
' | MODULATED BALANCED § V8 | Low pass v
SIGNAL MODULATORF—— FILTER |remiion
T GENERATOR '
V3
BALANCED v, BANDPASS
MODULATOR |e—ieeid  FILTER
p_—
7

Figure D-1. Correlator Functional Block Diagram



The basic correlation system is a matched filter for the incoming
signal. The transmitted bi-phase PSK signal is given by

Vo = B £(t) cos wg t (D~2)

where B is the signal magnitude at the source, f(t) is the ‘
modulation and has values of +1 only, and wo is the radian
carrier frequency.

This signal is delayed by the propagation time, reduced in
amplitude during transmission and is translated in the receiver
to the intermediate frequency u;.

The signal applied to the correlator is
Vl = A f{t - 1) cos (wl t - w, T) {D-3)

This signal is contaminated by noise, n(t), which may be written
with in-phase and quadrature components as

n(t) = n, cos (uy t - uy 1) + ng sin (W] t - wg T) (D-4)

The n. and ng components are independent variables of time and may
be assumed t6 be normally distributed with spectral density

Without change in potation, the signal plus noise will also be
denoted by Vji.

The delay, T t(t), contains the doppler terms. Let

R(t)
C

where R{t) is the distance the wave travels between transmitter
and receiver and C is the speed of light. Then,

T(t) =

(D~5)

[V
_ o] _ 27 -
®e {t) = < R(t) = T; R(t) (D-6)
Expanding,
. o 2

oy T(8) = 2L (r(0) + R(0) £+ REEEL 4L (D-7)

O
o T(t) = 2L r(0) + L& (0) £+ = R (0) ¢ (D-8)

O Q Q



The term %@ R{0) is the initial range, 2m

R(O)t-is the doﬁpler
o]

Ao
term whose corresponding frequency is E%QL, and %-'K(O)tz is the
acceleration term. o o

The signal is multiplied in the correlator I-channel balanced
modulated by the locally generated modulation function, F, = £(t-T).
The balanced modulator performs the function described by?

vy = V; £ (t-T) ' . | (D-9)

4
or

<
il

. A F(E-T)£(E-T) cos (w) t = w_ T) + ng £(t-T) x

cos (wl t - Wy ) + ng £(t-T) sin (wl t - w, T)
(D-10)

Similarly, the Q~-channel balanced modulatdr multiplies Vl with
V3, where

V3 = £ (6T + To/2)~f (£-T - T,/2) | (D-11)

The output becomes

Vs = vy LE(E-T + Ty/2) ~£(t-T -T,/2)) . (Dp-12)

or,

Vg = Af(t-1) [£(t-T + Ty/2) -£(t-T - T /2)] x

cos (wy t - w., 1) + [ng cos (wl t - w. T) +

o Lo/

ng sin (wy t - wo 1)1 x [£(E-T + T5/2)

£f{t-T - T0/2)] AD~13)

The output voltages (V4, Vg) from the balanced modulators are
filtered by the bandpass filters, whose outputs (Vg, V7) respectively
become approximately

Vg = A f(t-1) £(t-T) cos (wy t - wo T) + np (D-14)
‘Where the noise terms are

np = glR'cos (0 t = w 1) + gyp sin (0 t - wori (D-15)

dp = Bc E(E-TY, (D-16)

92r ©

ng f(t-T) ' (b-17)



In the difference channel, the signal plus noise assumes the
form

v, = A £(t-1) [E(t~T + To/2} - £(t-T = Ty/2)] cos
(wy £ - wy T) +ny | (D-18)
where
n, = d;, ©os (wy t - wy T) 4 dyp (m1 t - w, T) (D-19)
while |
ql6 = mn, [E(E-T + T6/2} —E(&-T - T,/2)] ' (D-20)
G,y = Ng WE(E-T + To/2) -FR=T = To/2)] (D-21)

Averages are indicated by superposed bars. Autocorrelation
functions R (1-T) and RA (tT-T) are

F(E-T) £ (t-T) ' (D=-22}

R (1-T)

R, (T-T) f(t—r)}f(t-T ¥ To/2) ~f(t-T - To/2)] (D-23) .

The noise and code are .independent. The spectrum of the code is
flat while £2 equals unity. The following spectral densities
result in the single sided IF bandwidth of Bi/2

G = G = 2N : (D~24)
QR 2R °

G = Gy. = 4N (D-25)
93 a4 ©

The expressions for Vg and V7 may be rewritten as

V¢ = AR (t - T) cos (wl't - wor) + n {(D-26)

R

vy

A RA (1-T) cos (wl t - Wy ) + ny (D-27)

Note that the cosine terms contain the received phase information
including doppler. .

The output available at point V. can be used to measure doppler
when lock-on occurs (1t = T). Tge error signal is Vg and is given

by
vg = Vg - V7 =22 R (1-T) R, (1-T) cos? (u) £ - w, ©) +
noise terms ' (D-28)



After filtering in the low pass filter the error voltage resulting
from the first term of Vg becomes
1.2

Vg = zA° R (1-T) + R, (T-T) (D-29)

This is used to control the phase of the tracking code generator.
Near lock-on, we have (T = T)
= 2+ a2 - -
Vg = 3 A" R, (7-T) A | (D-30)
for the error signal output and AR(0) for the doppler signal
output.

The lock-on point is chosen such that the autocorrelation function
nulls at T = T and is linear. With pseudo-random code modulation,
two decoders are required in the Q-channel. '

The receiver noise results from the neoise terms indicated in the
expression for Vg. These noise terms are

Vlo =3 RA {t~T) 4y r + 5 R (1~T) dyp t

The bar now indicates averaging in the low pass filter bandwidth
Bs. In order to determine the error induced by the noise, the
noise power must be determined. Since the g parameters are normal,
zero mean and each is assumed independent of the other three,
equivalently to the determination of power, the variances are to
be determined. ‘ '

-— —

The guantities g R and are both flat over the IF bandwidth

By, hence over t%e bandw}éth B, they contribute 2 N, B, and

4 Ny By, respectively. ‘

The power associated with d;5 93g CaR° be determined by convoluting
the power spectral densities of q5 and A5 Since both are flat
over the same bandwidth B;, the result is a triangle with base-
width 2B,
variance of dqp qu/2 {and because of symmetry also O qu/Z) is

and magnitude at zero frequency of B8 N02 By. Thus, the

8N02 B1B2/4. Those two terms together thus contribute 4N02 BBy



The wvariance of Vl0 becomes thus

2 2 '
2 A _ 2 ,— A _ 2,
010 = [2 R, (r.Tﬂ 0" (g, p) + {7 R(T Tﬂ RCITY
d,, d + d,, g
+ 62 [ 14 1R 24 2R]
. 2
= [5 R, (t-T) 2 2N B, + |2 R(1-T) i 4N _B
= [z R oB2 T [T RUT ] 0"2
y
+ 4N_“B, B, (D-32)

The noise voltage Avlo will cause a timing error AT as can be

seen from the figure (Z-curve) shown below.

Since near lock-on (1=T}, R(7-T) =1 while RA(T—T) is equal to
unity when the error correcting signal has to correct for a 50
nsec shift '

AT _ 50
AV 2272
Hence,
AVB
AT = 100 _i—
A

The variance is then

2 _ 2 .
OT = (100) ;I_ {D 33}



Substituting the expression of 0102 into this result and taking
the square root

2 2 1/2

R,° (1-T) N B, . 4N “ B.B |
o = 100 A NoB, + 022 —2 12 (D-34)
aa2 A A

near lock-on. Introducing the bitwidth W, which is 100 nsec, i.e.,
twice the 50-nsec shift corresponding to maximum signal ‘error
voltage, then

,

2N B 4N B, 16N _“ k.B
il © 2 g2 (q-p) 4 02, 0 7172 (D-35)
2 22 A 2 :

A . a4

O'T =

The signal power, S, is A2/2, The noise power N depends upon the
way bandwidth is defined. 1In terms of the audio bandwidth

N = NOB2
Hence, .
1/2
2 4B
= W (N .2 - 2N N 1 -
oT = 3 [S R A {t-T) + Z + (S) B2 ] {D-36)

Under the assumption of a sufficiently large signal-to-noise ratio
in the IF bandwidth B, (considered subsequently), the third term
under the square root may be neglected. '

The magnitude of the first term would be 50% the magnitude of the
second term if the maximum error voltage, AZ2/2, were permitted,
corresponding to a displacement of 50 nsec.

‘N 2 _ N _ _ : _
g R A {(1-T) = g at 1T = 50 nsec {(D~37)

In actual operations, a four phase clock is used. The effect of
this clock is that range measurements are only made when the
signal plus noise voltage is within + 12.5 nsec of the nulling
point, O, along the slanted line. Heénce,

) |
12.5\ N _ 1 N \ _
-(——) S T (D-38)

RY, (1-T) 50 S

N2
s T a




The maximum value assumed by this term is 1/32th that of the
second term and is thus neglected. Hence,

N 1/2 -
2 4B
2_“ [2_1*1 + N ____l] (D-39)

o
S S B,

T"n"’.,
W

in
242N

if this second term is negligible.

ot
o~

This is so when

16 N_° BB, B 4N_B, (D-40)
a* a2 '

which results from equation (D-35). Simplifying,

4N Bl
g << 1
A
or
%— >> 2
1

This is the signal-to-noise in the IF bandwidth B;. The measured
S/N in the 1600 Hz IF bandwidth at NASA Wallops was 6 to 10 dB or
4 to 10 numerically. The indicated assumption is thus justified.

+

If instead of the audio bandwidth, a double-sided bandwidth is
used in tracing the S/N from IF to the filter in which the
measurements are made, egquation (D-39) assumes the form

B 1/2 :
LW |x By _



APPENDIX E

(W

EFFECTS OF BAND LIMITING ON CORRELATION RECEIVER PERFORMANCE

A signal of the type
T(t) = A £(t) cos w t ' ’ (E-1)

is transmitted through the satellite transponder which band limits
the signal. The consequence of this limiting is a modified signal
defined by :

T (t) = A g(t) cos w, t | | (E-2)

where f(t) is the original code and g(t) is the modified code
due to bandwidth restraints. The received signal, after dslay of
T seconds, is

CR(t) = g(t - 1) cos mo'(t - 1) | (E-3).

The correlation receiver provides an output amplitude of

|S| = f (t—T)g{t-T) : (E-4)
where the bar over the product of code and bandwidth-modified

code implies averaging over some time interval (integration time).

The frequency transform of the product, £{t-T}g(t-t1), is the
convolution of the two signals in the frequency domain. Setting

T = 1 and transforming f(t-T) = F(w) and transforming g{t-1) = G (w),
Pliw) = _ P(V) * G(w-Vv) av (E-5)
G(w) = H{w) F(w) - (E-6)

where H(w) is the band characteristic function of the satellite
transponder. Hence,

P(iw) =_) F(V) * F(w-V) H(w-V) aV O E=T)



The average signal amplitude output, equation E-4, is the D-C

{w=0) spectrum of eguation E-7.

[s| = 2(0) = _[" F(v) * F(-V) H(-V) aVv

[+ +]

F(w) is symmetrical for a maximum length PN code and

|s] = p(0) = _I7 F(v)]% H(V) av

The 1argeét value |S]| can take is for H(V) = 1, then,

= % 2
|s|max = _1I" |rp(v)|© av

If H{(Vv) = 1, when V > 0 and H(V) = 0 otherwise, then

§® 2 =
Is| = o P % av =172 |s| .

(E~-8)

(E~9)

(E-10)

(E-11)

A loss of half the spectrum results in a signal amplitude reduction
to half its value and the signal output power is reduced by 6 dB.
This is the case for the ATS-5 C-band to L-band cross- strap mode

and the 10 megabit ALPHA II PN code.



APPENDIX F

AN ALTERNATE METHOD OF LOP COMPUTATION

An alternate method of computing relative position is described
here.

-3
The gquantity AR is the magnitude of the vector AR which is
directed from the fixed receiver to the satellite. The geometry
involved may be understood by referring to Figure F-1. The
distances Ry and Rp are radii of concentric spheres Sp and Sg.
If the elevation and azimuth of the satellite are known as
functions of time, the line of sight (LOS) from the fixed re-
ceiver A to the satellite can be established. The distance R
is measured along the LOS and the surface through the end point
C perpendicular. to the LOS is established. To a first order
approximation, this surface is the sphere Sp since the radii of
curvatures are extremely large, and thus, virtually planar. The
line CD may be drawn in the "plane" Sp locating D on the surface
of the Earth. The perpendicular to AD on the surface of the
Earth is then the LOP containing B. The origin of some x-y
coordinate system may be placed at the fixed site and the observed
LOP's described in this coordinate system.

One could then introduce the known location of the fixed receiver
on the surface of the Earth which implies a transformation of
coordinates from the fixed site to the center of the Earth. If
the azimuth and elevation of the satellite at the fixed site are
known AR can be determined in this Farth-centered coordinate
system. The terminus of AR can then be expressed in longitude
and latitude.

Knowledge of the satellite position and the location of the fixed
site is equivalent to knowledge of the azimuth, elevation and
geocentric coordinates of the fixed site. Using spherical trigo-
nometry, equations can be determined relating these two sets of L
parameters. In either case the LOP's are determined relative to
the fixed site. 1In both cases satellite position error is present
either directly or indirectly.

Since the purpose of the relative ranging tests at Wallops was to
determine range and thereby to accurately measure position, the
relative separation between the two sites had to be known precisely
as a check on the LCOP calculations. Therefore, sites were selected
for which a first order survey was available, In addition, the
orientation of the range difference vector in three dimensicnal
space needed to be known with high precision. This information

can only be obtained from measured elevation and azimuth angles

or equivalently from satellite ephemeris and fixed site coordinates.
This information permitted determination of the LOP's for the
remote site. :
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