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ABSTRACT

Several autonomous satellite navigation configurations were studied on
a common low-altitude basis with the emphasis on accuracy and convergence.
Analysis was performed by simulations using recursive filtering techniques.
Configurations investigated included horizon sensors, unknown landmark
tracking, known landmark tracking, and one-way doppler systems. Relevant
sensor combinations were analyzed to determine possible performance

augmentation.
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i{. INTRODUCTION

This report documents a four-month study on autonomous satellite navigation
in which various sensors were compared on a uniform basis. Special atten-
tion was given to possible hybrid configurations for optimizing autonomy,
accuracy, simplicity, and time of convergence. A special computer program
called SNAP (Space Navigation Analysis Program,; was developed for analysis
of the various systems. Comparisons were made on the basis of simulation
results for a low altitude satellite orbit. Among the sensor types considered
were unknown landmark tracking, known landmark tracking, horizon sensors
and one-way doppler systems. The work of previous investigators in these
areas (Refs. 1, 5, 6, 7, 20, 21, 22, 23, 24, 27, 33, 35, and 41) was used

in developing appropriate system models and in choosing the parameters for

the cases considered.

The conclusions obtained in this study are, of course, influenced by the specific
configurations analyzed and the low altitude orbit used. Hence, care should be

exercised in extrapolating the results reported herein to other situations.
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2. SIMULATION SOFTWARE

The various sensor configurations considered in this study were evaluated by
means of processing simulated sensor data via a suitable estimation algorithm.
The Aerospace Corporation has extensive software capabilities for performing
such analyses. Among the available programs are TRACE (Refs. 9 and 42),
MVS (Ref. 39), ONUMS (Ref. 1) and ONAP (Refs. 25, 26, and 36). The

latest program, SNAP, was specifically designed for this study to facilitate
simulation of hybrid sensor systems. The basic simulation logic used is
shown schematically in Fig. 2-1. Some of the principle features of this pro-

gram are highlighted below.

2.1 By means of a simple input flag, the user can choose between Standard
Kalman, Stabilized Kalman or Andrews square-root filtering algorithms
(Ref. 2 and 18). The Andrews filter is a generalization of an approach orig-
inally suggested by Potter (Ref. 3). Dynamic "forcing noise'' can be accom-
modated with square-root filtering by use of either a Cholesky or a House-
holder decomposition.

2.2 In order to simplify programming, all partial derivatives are computed
numerically. While analytic partials are generally more desirable in a specific
application, the numerical technique was used to provide flexibility as simu-
lation demands changed. In a limited number of test cases, the results obtained
using this approach compared quite well with the results of other software which

was based on the analytic approach to partial derivative computations.

2.3 The dynamic models to be used for any run can be chosen from any of the

following ''real world'" or '"filter world" optibns:

Real World Models (See Appendix A)

Keplerian, no atmosphere

Keplerian, U.S. Standard Atmosphere, 1962

APL "8-8" geopotential, no atmosphere

APL "8-8'" geopotential, U.S. Standard Atmosphere, 1962
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Filter World Models (See Appendix B)

Keplerian, no atmosphere

Keplerian, exponential atmosphere

p and Jz geopotential, no atmosphere

i and J 2 geopotential, exponential atmosphere

These models were chosen primarily to provide a reasonable mismatch
between the real world and filter world emphemeris (Refs. 5, 6, 21, 22,
23, 24). Extensive investigation would clearly be required to determine

optimum filter world models for an operational system.

2.4 A simple array of integers specified at execution time is used to establish

the elements of the state vector to be estimated for a particular case.

2.5 Configurations for autonomous navigation can be chosen from among the
sensor options listed below by an appropriate array of integers. Up to three
independent sensors of any specific type can be used simultaneously, with the
number of different types chosen for any configuration limited only by the
rationality of the final system. Furthermore, an independent measurement
schedule can be provided for each sensor chosen. As required, any sensor
observation can be biased with or without that quantity appearing in the state

vector.

Sensor Options in SNAP

1% Azimuth and elevation to unknown landmark

2. Horizon sensor (direction to center of earth, angle
subtended by disk of earth)

3. Azimuth and elevation to known landmark

4. Range, azimuth, and elevation to known landmark

5. Range to known landmark

6. Range rate to known landmark

. One-way doppler to known landmark

8. Star elevation above earth horizon

2-3



9.
10.
11.
12.
13.
14.
15.
16.
17.

Range to satellite

Azimuth and elevation to satellite

Range, azimuth, and elevation to satellite

Range rate to satellite

Range difference between two satellites

Range rate difference between two satellites

Range difference between two known landmarks
Range rate difference between two known landmarks
Radar altimeter

Since the total time available for this study was quite limited, no attempt

was made to evaluate all of the above sensor systems. Specifically, only

options { through 7 were examined in this study.
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3. BASIC ASSUMPTIONS AND PROCEDURES

In order to provide a uniform basis of comparison for the systems considered,
the following basic assumptions and procedures were used in all the simulation

studies:

3.1 The basic simulation procedure used for all studies is shown schematically
in F‘iga 2-1.

3.2 A reference orbit having a nominal 80 n mi perigee and a 200 n mi apogee
was used. This orbit was arbitrarily chosen as typical of low-altitude orbits.

Detailed orbital conditions are given in Appendix C.

3.3 Unless otherwise specified, real world data were generated using the APL
""8-8'" geopotential and the 1962 U.S. Standard Atmosphere models described in
Appendix A. All filter calculations were based on the p - J, geopotential and

the exponential atmosphere models described in Appendix B.

3.4 Since the total time available for the study was quite limited, no attempt
was made to compensate for dynamic model errors. Where possible, however,
an approximate point of divergence was identified. Note that the basic problem
of compensating for model mismatches has been shown to be solvable empiri-
cally (Refs. 6, 22), generally requiring extensive analysis and simulation

for a specific configuration.

3.5 Because of recent advances in attitude reference systems (Refs. 10 and
11), attitude errors were assumed to be negligible compared to navigation

sensor errors.
3.6 A spherical earth was used for all geometric calculations.

3.7 Unless otherwise specified, the Andrews square-root filter was used for

data processing to reduce possible roundoff errors.



3.8 A specific format for presenting the results of each system studied was
used. First, a detailed description of a baseline configuration is presented in
tabular form. Then results of simulating the given system are discussed.
Deviations from the baseline configuration are explicitly noted and the corres-
ponding simulation results are discussed in turn. The systems are evaluated
in terms of a root-sum-squared (RSS) position error; graphical time histories
of position errors are given for several key cases. Most of the data obtained,

however, are summarized in tabular form.
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4. UNKNOWN LANDMARK TRACKING

With an unknown landmark tracking system, satellite navigation is accomplished
by making repeated measurements of the inertial direction from the satellite to
a point of unknown location on the earth's surface. This so-called '""unknown
landmark, "' is visible to the satellite for only a relatively short time. After
visibility is lost, another suitable unknown landmark is selected to provide

additional navigation information.

This type of system has been extensively investigated in the past (Refs. 4, 5,
12, 14, 21, 22, 23, and 32). The most recent study, by Hendrickson, shows
that, in spite of certain numerical problems, long term stable operation can
be achieved if the data is processed with either a square root algorithm or
with the usual Kalman filter using guaranteed symmetry of the covariance
matrix. Hendrickson reports steady state nc.vigation accuracies whi.-h vary
between 1000 ft in the vicinity of the landmark to 3000 ft during landmark

voids.

Because of the comprehensiveness of the above mentioned studies, no attempt
was made in the current effort to analyze unknown landmark tracking unless it

is part of a hybrid system.

However, as a check on the SNAP software, several ONAP simulations identical
to those reported in the references were performed. Comparison of the results

showed good agreement.
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5. HORIZON SENSORS

524 DISCUSSION

Autonomous navigation with horizon sensors appears to be attractive for the

following reasons:

a. Complete Autonomy

Other than a knowledge of inertial attitude and time, no other
information is required for horizon sensors to provide complete
navigation information in three dimensions.

b. Low Cost

Compared to other space navigation sensors and/or systems,
the cost of horizon sensors is quite attractive since the total
system only requires horizon sensors, a clock, an attitude ref-
erence system, and a computer to process the measurements.

c. Deterministic Operation

If properly used, horizon sensors can yield a deterministic posi-
tion fix in three dimensions. Such information could be valuable
for bootstrap initialization of more sophisticated data processing
algorithms. This property can also be useful after dormant
navigation periods or for recovery from possible spacecraft
maneuvers.

d. Wide-Range Linear Operation

Recovery from large initial error is possible with straightforward
application of usual filter algorithms because large position dis-
placements result in only small measurement angle changes.
Unfortunately, these advantages are offset by the uncertainty in the
horizon definition at any particular time. This uncertainty is a dominant
error source during low-altitude operation. Currently, the lack of an ade-
quate model for this error source is a significant limiting factor in horizon

sensor navigation performance during low orbit operation.

The use of horizon sensors for navigation has received considerable attention
by others (Refs. 15, 20, 24, 28, 35, and 46). The most commonly used infor-
mation provided by horizon sensors is the measurement of the direction to the

center of the earth. Since this measurement by itself only provides position



information in the local horizontal plane, altitude can be deduced by processing
a time sequence of measurements with the known dynamical model. As a sec-
ond alternative, a radar altimeter can be used to directly measure the altitude.
This may not be desirable for autonomous navigation if it is preferable that

the navigator be passive. A third possible choice for determining altitude
involves the use of information inherently present in horizon sensor measure-
ments. Specifically, the angle subtended by the widest apparent diameter of
the earth's disk is readily computed from horizon sensor data and provides a
direct approach for determining altitude. This is referred to as a planet
diameter measurement in Ref, 3. If it were necessary, either the radar
altimeter or the angle subtended by the earth's disk could provide determinis-
tic position information in three dimensions when combined with the measure-
ment of the direction to the center of the earth. Although a precise knowledge
of the sensor orientation in inertial space is 1.ecded, no a priori position

information is strictly required.

The geometry of horizon sensor measurements is shown in Figure 5-1. The
right-handed cartesian coordinale system in Figure 5-1 is oriented such that
the z,-axis nominally points opposite to the direction of local vertical and zy
and z, are in the local horizontal plane. The inability of z, to point exactly
opposite to the local vertical direction is limited by the accuracy of the atti-
tude control system of the vehicle and has no particular bearing on the navi-
gation problem, providing the errors are not excessively large. Although the
z-coordinate system is only coarsely aligned with the local vertical, its atti-
tude in inertial space is assumed to be known by some precise attitude deter-
mination system such as SPARS (Refs. 10 and 11). Hence, the attitude errors

are assumed to be negligible compared to the errors in the horizon sensor.

The measurement of the direction to the center of the earth is defined

by two angles 01 and Oi which are shown in Figure 5-2a. These angles can

by expressed in terms of the ECI (see Appendix C) vehicle position coordinates,

1/2
8, = arc cos[s3/(s§ + sg) U ] (5-1)

5-2

Xy, X5, X3 as:




LOCAL
VERTICAL
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Figure 5-1.

Horizon Sensor Coordinate System
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9'1 = arc cou[sl/(s':‘ + 32)1/2] (5-2)

where
kY 1]
s,|=-B|x, (5-3)
" 3 %3

and the rotation matrix B is known from the assumed attitude reference
system. Figure 5-2b has been drawn to emphasize the angle definitions. In
reality, 91 and Oi should be very close to 90 deg if the attitude control system
is performing properly. The angle subtended by the widest diameter of the
earth's apparent disk is defined to be 92 and is shown in Figure 5-2b; 62 can

be expressed as

92 = 2 arc sin [Re/(Re + h)] (5-4)

where Re is the radius of the earth and h is the altitude of the navigator.

These measurements are corrupted by both sensor noise and horizon definition
errors. The former is due to the inability of the sensor to perfectly discern

the 14 - 16 p COZ
mance sensors such as Quantic Mod IV) (Ref, 46). The magnitude of this

absorption layer (the phenomena detected by high perfor-

error is on the order of 0.01 deg (10) and is assumed to be white noise in
this study. The dominant error source, however, is not in the sensors
themselves, but in the uncertainty of the altitude of the CO2 absorption layer.
It can be shown that these horizon errors are time- and space-correlated
(Refs. 16 and 34). Thus they can be modeled as Markov processes (Ref. 28).

The derivation of the appropriate relationships describing the effect of these

5-5
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Figure 5-2b. Angle Subtended by Disk of Earth
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errors on the observations is somewhat involved and only the key results are
given here. It is shown in Appendix D that the horizon errors in 61, 6'1, and

62, represented by the state variables Xy Xgy Xgs respectively, propagate in
time according to the differential equations

5.
-J
i

= -x8/625 + ug (5-5)

.
oo
!

= -x9/625 +u

.
N1
1

9

where

e[x:’;(O)] 0. 014852 deg?

(0)] 0. 014852 deg? (5-6)

(0)] = 0.05145% deg?

and u,, ug, and u9 are white noise defined by

€ [u,(t)u,(r)] = 7.05 X 10'76(t - 1) degZ/secz
7(thug
[ug(t)ug(r)] = 7. 05 X 10™ '8(t - 1) deg?/sec? (5-7)
gltlug
Elug(tyuglr)] = 8. 47 1070 (t - 1) deg?/sec?
5.2 BASELINE CONFIGURATION AND ASSOCIATED RESULTS

The system discussed in Sect. 5.1 was analyzed in a series of simulations.
. The baseline configuration is described in Table 5-1.
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Table 5-1. Baseline Horizon Sensor Configuration

Key Parameters

Measurement Model 1. Angle subtended by disk of earth
2. Two angles to apparent center of earth
Gravity Model Real World: APL "8-8"
Filter World: p and Jz
Atmosphere Model Real World: U.S. Standard 1962
Filter World: Exponential
Data Rate 1 Sample/30 sec
Measurement Noise 0.01 deg (10) random noise
and Biases Markov biases (see Sect. 5.1)
Forcing Noise None except for noise on Markov processes

(see Eqs. (5-5), (5-6), (5-17))

Initial Conditions

Filter World

States Real World (all states gtar}da_rd
. eviation
estimated)
Xy» Xp) Xq (inertial Reference 6700 ft offset 10000 ft
position) Orbit (in each direction)

X 40 Xg1 Xg (inertial Reference 6.7 ft/sec offset 10 ft/sec

velocity) Orbit (in each direction)
Xq1 Xg (Markov 0 deg 0.01485 deg 0.01485 deg
biases)
Xgq (Markov bias) 0 deg 0.05145 deg 0.05145 deg
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5.2.1 The results of simulating the baseline configuration are shown
graphically in Figure 5-3 and are indicated below. After about one-half
orbit the steady state condition is reached. The position standard deviations

converge to

1400 ft Radial

4500 ft Intrack
2800 ft Crosstrack
5500 ft RSS

5.2.2 Model errors do not appear to have an effect until the second orbit.

5.2.3 The Markov biases in the sensor measurements are weakly observable.
The standard deviations of the bias in the angles defining the direction to the
center of the earth were reduced to 2/3 of their a prio.ri values after half an
orbit, while the standard deviation for the bias in the angle subtended by the

earth's disk was reduced by 1/2 in that same time interval,

5.2.4 The basic performance of the horizon sensor is limited by the error

model used for the altitude of the COZ absorption layer.

5.3 INITIAL CONVERGENCE ANALYSIS

5.3.1 The baseline case was compared to cases with initial position errors
and corresponding standard deviations of 5, 10, and 20 miles. Table 5-2 gives
the position errors obtained after the angle subtended by the earth disk and two
angles defining the directicn to the center of the earth have been processed by
the filter. The agreement between the state residuals and the corresponding
standard deviations indicates that a linear algorithm is sufficient for initiali-
zation for position offset as large as 20 miles. With errors this large, the
effect of the a priori covariance is negligible. Thus a deterministic solution

should give comparable errors.
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5.3.2 Convergence to the values given in Sect. 5.2.1 occurs in about
1/2 orbit and is apparently independent of the magnitude of the initial errors
for the particular orbit studied.

5.3.3 Removal of the information provided by the measurement of the angle
subtended by the earth's disk resulted in a delay of convergence until the end
of the first orbit. Furthermore, such a system does not provide the capa-

bility for deterministic operation.

5.3.4 Although the accuracy attainable with horizon sensors is limited, the
advantages gained by their convergence properties suggest their use as auxil-

iary sensors in a general autonomous navigation system.



6. UNKNOWN LANDMARK TRACKER WITH HORIZON SENSORS

Upon examining the results on both unknown landmark tracking and horizon
sensors, it is natural to consider a hybrid configuration containing both
sensors, The properties of these sensors certainly appear to complement
each other quite well. Accurate navigation information could be supplied by
the unknown landmark tracker while initialization and error bounding during
landmark voids could easily be accornmodated by the horizon sensor., In

addition, both sensors are highly autonomous.

6.1 BASE LINE CONFIGURATION AND ASSOCIATED
RESULTS

The baseline configuration used is described in detail in Table 6-1.

6.1.1 The results obtained by simulating the baseline case are indicated graph-
ically in Figure 6-1 and summarized in Table 6-2. Although the performance
is about three times better than with the horizon sensor alone, the system

does not appear capable of producing accuracies much better than 2000 ft.

6. 1.2 Removal of the horizon sensors from the baseline configuration yields
the results shown in Figure 6-2 and Table 6-3, Comparison of Tables 6-2
and 6-3 shows how valuable horizon sensors can be for initialization and for

bounding error growth during landmark voids.

6.2 EFFECT OF INCREASED LANDMARK
VISIBILITY TIME

As a possible improvement to the baseline performance, the line of sight-
nadir angle was increased from 45 to 60 deg to allow longer visibility times
for each landmark. Atmospheric refraction was ignored to simplify the
analysis. A comparison of the results displayed in Table 6-4 with those of
Table 6-2 shows the effect is relatively marginal. Indeed, since the hard-
ware problem associated with landmark definition near the horizon is quite

formidable, there is little reason to consider the approach any further.
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Table 6-1. Baseline Unknown Landmark Tracker-Horizon
Sensor Configuration

Key Parameters

Measurement Set

1. Two anglas to an unknown landmark.

2. Two angles to the apparent center of the earth
(bisectu . angles),

3. Angle wu.btended by carth's disk

Gravity Model

Real World: APL 8-8
Filter World: pand Jz

Atmosphere Model

Real World: U,S, Standard 1962
Filter World: exponential

Data Rate

Unknown landmark tracker: Landmarks were ''generated"
in the orbit plane 45 deg from nadir at 120, 450, 1140,
1620, 3360, and 3900 sec from epoch. Observations
were taken every 10 sec until the line of sight to the
landmark was more than 45 deg from nadir,

Horizon sensors: { sample 30/sec (continuously)

Measurement Noise and Biases

Unknown landmark tracker: 10 arc sec random (1o},
30 arc sec bias

Horizon sensor: 0,01 degree random (i¢)
Markov biases (see Sect, 5.1)

Forcing Noise

None except for Markov biases.

Initial Conditions

Filter World Standard
States Real World (all states cstimated) Deviation
Xy X501 Xg (Inertial position) Reference Orbit 6700 ft offset 10, 000 {t
in each direction
Xgr Xgo Xg (Inertial velocity) Reference Orbit 6.7 ft/sec offset 10 ft/sec
in each direction
X9, Xg (Markov biases) 0 deg 0,01485 deg 0. 01485 deg
Xg (Markov bias) 0 deg 0. 05145 deg 0.05145 deg
X00 X4q (Landmark latitude, longitude) Computed Computed Computed
X¢y (Landmark altitude) 3000 ft Random offset 1500 ft (i0)
1500 ft (10)
Xy3r Xgg (Landmark angle biases) 0 deg 0.0083 deg 0, 0083 deg
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Table 6-2. RSS Position Error for Baseline Unknown

Landmark Tracker-Horizon Sensor

RSS
Time of Acquisition RSS Standard
and Termination of Landmark Error Deviation
Landmark (sec) Number (ft) (ft)
0 - 11, 640 17, 321
120 q 13,230 7,570
210 14, 391 6, 722
450 2 13,914 6, 006
540 6, 893 4, 195
1140 3 3, 682 3.251
1200 1, 822 2,437
1620 ” 1,701 2,586
1680 1, 309 2,184
3360 - 4, 356 4, 038
3450 2,546 2, 143
3900 6 1,614 2,295
4020 1, 124 1, 663
5400 - 2,123 2,560
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Table 6-3. RSS Position Error for Baseline Unknown Landmark
Tracker without Horizon Sensor

RSS
Time of Acquisition RSS Standard
and Termination of Landmark Error Deviation
Landmark (sec) Number (ft) (ft)
0 - 11, 640 17, 321
120 q 10, 204 17, 446
210 9,748 13, 888
450 5 7,851 13, 448
540 2, 392 5, 656
1140 . 4,201 6, 291
1200 3,503 2,732
1620 4 6, 181 3,539
1680 5,190 2, 699
3360 : 24, 814 13, 115
3450 2,911 2,452
3900 6 2,431 2, 647
4020 2,096 1,817
5400 - 972 3,178
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Table 6-4, Effect of 60 Deg Maximum Line of Sight-Nadir
g Angle on Unknown Landmark Tracker-Horizon
Sensor RSS Position Error

e RSS
Time of Acquisition RSS Standard
and Termination of Landmark Error Deviation

Landmark (sec) Number (ft) (ft)

0 - 11, 604 17, 321

120 g 13,230 7,570

210% 14, 319 6, 766

450 5 12,293 5, 884

540% 5,871 3,853

1140 . 2,950 2,823

* 1200%* 1, 322 2, 117

1620 4 1,567 2,225

1680%* 706 1,903

3360 : 2,429 3, 650

3450% 1, 661 1,719

3900 6 1,591 1,538

4020%* 2,092 1,285

- 5400 - 1,459 2, 082
. *Theoe entries are not landmark termination times.
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6.3 EFFECT OF LANDMARK DENSITY

6.3.1 Inorder to determine the effect of increasing the landmark density,
several two-orbit computer runs were made. First, the baseline simulation
was extended to the end of the second orbit; then, a similar configuration
with twelve more or less uniformly distributed landmarks per orbit was
simulated; and, finally, the hypothetical situation of unlimited landmark
availability was considered. In all cases, the actual RSS error became
meaningless in the second orbit because of uncompensated model errors.
Thus only the RSS standard deviations were reported. The results, displayed
in Table 6-5, represent a lower bound since the effect of model error is not

included.

6.3.2 Basically, the results show that a major increase in landmark density
is required to bring about a significant decrease in error. It is doubtful that
a sufficient increase in landmarks could be obtained in practical situations to

warrant the effort.

6.4 EFFECT OF LANDMARK DISTRIBUTION

The baseline landrnark acquisition schedule chosen did not allow for possible
voids due to operation over cloud-covered or night areas. In Refs. 5, 12,
and 16, the day-night problem was considered using five landmarks per
orbit, all concentrated on the ''day' side. The results reported showed
oscillations in accuracy from 1000 to 3000 ft, As shown in Table 6-5, use

of a similar number of landmarks distributed more evenly prevents such
large variations with very little degradation in maximum attainable accuracy.
Thus, landmark distribution is critical for bounding errors, but is not very

effective for improving the navigation accuracy.

6.5 USE OF LANDMARKS WITH KNOWN ALTITUDES

6.5.1 If landmarks were restricted to the coastline, the uncertainty in
landmark altitude would become extremely small. The effect is essentially

equivalent to the removal of landmark altitude from the state vector. The
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results obtained from simulating such a situation are sumarized in Table 6-6.
Comparison with Table 6-2 shows that a 50 percent improvement can be

obtained by the suggested technique.

6.5.2 As might be expected, the use of landmarks with known altitudes
reduces the radial error drastically. An order of magnitude reduction

in this error was observed,

6.6 PERFORMANCE WITH A HIGH ACCURACY
SENSOR

6.6.1 In order to assess the 'ultimate' performance of an unknown land -
mark tracker, a high accuracy sensor with 2 arc sec of random noise (10)
and 4 arc sec of bias was considered. The results of using this configura-
tion are shown in Column A of Table 6-7, While the errors are considerably
less than those observed for the baseline case, they were not significantly
different from those using the baseline sensor with coastline landmarks.

6.6.2 The effect of assuming coastline landmark with the high accuracy
sensors is shown in Column B of Table 6-7. A considerable improvement
in performance of the error analysis is clearly obtained. Note, however,
that model errors now become quite significant by the end of the first orbit.

6.6.3 The effect of removal of both atmosphere and geopotential model
errors is shown in Column C of Table 6-7. These results indicate that
improved geopotential models and the possible use of accelerometers for

drag measurement could provide a significant increase in accuracy.

6.6.4 It should be noted that although high accuracy navigation with unknown
landmark trackers is indicated by these results, the underlying assumptions
are not realistic. The feasibility of building a sensor with the required
accuracy and the ability to distinguish coastlines from other landmarks has,
by no means, been demonstrated. Furthermore, the results obtained were
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Table 6-6. RSS Position Errors for Baseline Unknown Landmark
Tracker and Horizon Sensor with Coastline Landmarks

RSS
Time of Acquisition RSS Standard
and Termination of Landmark Error Deviation

Landmark (sec) Number (ft) (ft)

0 - 11, 640 1732

120 . 13,230 7570

210 14, 646 6638

450 ; 13,677 5834

540 5,475 2856

1140 3 3, 729 2738

1200 1,530 1320

1620 " 119 1095

1680 328 974

3360 e 2,574 1349

3450 1,937 1189

3900 6 1,192 1047

4020 763 914

5400 - 2, 061 964

6-11




192 ¥61 91L 62¥ ‘1 22L 00¥S

0ze S81 L€9 €19 269 020%

L62 1R ¥4 voL SL6 699 006¢€

20% 8€¢ 2¢6 026 1472 0S¥HE

1414 862 890 ‘1 022t ¥10°3 09¢€€

¥01 961 L0¢ 20€ ‘1 0Ly 0891

L 522 1447 2sL ‘1 261 ‘) 0291

SLE 292 62¢ 09 ‘1 bL6 0021

28L 00 ‘3 €28 86¥% ‘2 1€2°1 141
6211 889 SS0 ‘¥ 150 ‘€ 618°¢ ovs
SiI8‘tl 1 4 £ BLLTI €EvL’S 112°€} osy

695 ‘€1 €€E ‘9 886 ‘€1 172 ) 91 ‘%1 012
12¢°2) 69s ‘L 81€°2) 0Ls ‘L 0€2°€El 0zl

$09 ‘11 12€ ‘LY S09 ‘11 12g ‘2t S09 ‘11 (1]

(33) (1) 33) () (33) (298) jaewpue]
(g s® awes uonelaaqg uonewnag 1011y uoneAdQg 0319 JOo uotjrulWIII] pue
paepuwis) 101173 SGY plepuelg ssyY piepuels ssY uontstnboy jo awng
SsyH SSY
101173 [dPOW S$)IvwWpuUR] JUI[ISROD) YItm Alup aosudg
ON ‘S)yIvwipue] Josuag Ad>ewanddoy ydiy Adeandoy y8iy
aut[iseo)) ‘IosuIg
Aowandoy ydwy
o \ 4

I08uUdS Adeinddy Y31 YIatm waysig
UOZIIOH-I3{Dea ] MIBWIPUR] UMOWU[ IO SIOIIF UOININEOd SSYH

‘L9 d1qel

6-12



based on a relatively uniform landmark distribution, whereas a real system
must allow for sizable landmark voids during operation at night or under

conditions with heavy cloud cover.



M ioves Wy "

7. RANGE RATE TO KNOWN GROUND STATIONS

Although the configuration considered in the previous section was highly
autonomous, certain rather optimistic assumptions were required to obtain
high accuracy navigation performance. In an attempt to meet such a goal
more realistically, the autonomy requirement was relaxed and navigation by

means of range rate to known ground stations was considered.

;.1 BASELINE CONFIGURATION AND ASSOCIATED
. RESULTS

The baseline configuration described in Table 7-1 used 21 ground stations
which were chosen at locations near existing doppler installations. The

assumed coordinates are given in Appendix F.

7.1.1 The ground trace of the first orbit for the reference ephemeris of
Appendix C is shown in Fig. 7-1. Those ground stations visible to the satellite

are also indicated on that diagram.

7.1.2 The time history of the RSS position errors for the baseline case is shown
graphically in Figure 7-2. The results before and after acquisition of each
ground station are summarized in Table 7-2. Although the errors decrease
after each ground station acquisition, they grow quite rapidly when no
measurements are taken. By the second orbit, however, this pattern of

wild error fluctuation appears to stabilize.

7.1.3 Unmodeled dynamic errors do not become significant until well into the
second orbit.

7.2 EFFECT OF INCREASING NUMBER OF
GROUND STATIONS

7.2.1 It was hypothesized that the relative instability noted in the first orbit of
. the baseline case can be attributed to an insufficient number of ground station
acquisitions. In order to test this hypothesis, additional stations were

assumed. In choosing the locations, an attempt was made to provide as
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Table 7-1. Baseline Configuration for Range Rate to Known Ground Stations

Key Parameters

Measurement Model

Instantaneous range rate

Number of Stations

21

Gravity Mo-el

Real World: 8-8
Filter World: p and JZ

Atmosphere Model

Filter World: exponential

Data Rate

1 sample/10 sec

Measurement Noise

1.67 ft/sec (1o)

Forcing Noise

None

Minimum Elevation Angle
for ground station visibility

5 deg

Initial Conditions

State Real World

Filter World
(all states estimated)

EpEapets

(inertial position)

Reference Orbit

6700 ft offset

(in each direction)

x4. x5, x6

(inertial velocity)

Reference Orbit

6.7 ft/sec offset

(in each direction)

7-2

Real World: U.S. Standard 1962

Standard Deviation

10,000 ft/sec

10 ft/sec
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Table 7-2. RSS Position Errors for Baseline
Range Rate Configuration

RSS
Time of Acquisition Standard
and Termination of Station RSS Deviation

Ground Station (sec) Number Error (ft) (ft)

0 -- 11605 17321

930 19 6045 28938

990 6502 12772

1170 4 10159 16092

1320 8788 5665

1590 3 13307 8759

1800 144 1865

3180 715 8824

10
3390 299 469
5400 -- 1473 2798

7-6




B e T TR N e X
¥

near worldwide coverage as possible, without, of course, utilizing any
politically excluded territory. Island installations were used extensively

to avoid large gaps in ocean coverage. The final list contains 104 stations,
including the 21 used for the baseline case (see Appendix F). The coordinates
of stations 22 through 104 were rounded to the nearest 5 deg to facilitate
program input and graphical work. The first orbit ground trace with the
associated visible stations using the complete list is shown in Figure 7-3.

7.2.2 The results of a ran<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>