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1.0 INTRODUCTION

The Airborne Laser Ranging System has been proposed as an effort
whereby measurements of the earth's crustal shift can be detected to
within centimeters over a region of approximately 200 x 400 km. Hope-
fully by gaining an understanding of this shift, scientists will be able
to more accurately comprehend and predict earthquakes.

Previous analyses have employed spaceborne laser ranging systems.
Because of obvious problems arising in the use of spacecraft, this task
is devoted to determining the requirements and limitations of employing
an airborne system.

Essentially the §ystem consists of an aircraft which flies over a
grid of ground deployed retroreflectors. The aircraft flies at two alti-
tudes and presently makes six passes over the grid.

The retroreflector baseline errors are assumed to result from
measurement noise, a priori errors on the aircraft and retrorefiector

positions, tropospheric refraction, and sensor biases.

1.1 Experiment Description

Figure 1.1-1 shows the configuration of the present grid system of
retroreflectors. There are currently 15 retros in an area of 40 x 80 km.

The ajrcraft position is determined by interpo]éting between the
position of the aircraft at the beginning of a pass over the grid and the
end of the pass. The aircraft passes start and end 5 km on either side
of the grid and the A/C usually flies in the lengthwise direction of the
grid at a constant speed of 800 km/hr. Pulses are attempted at a con-
stant time interval.

At each pulse time, a test is performed to select all of the sta-
tions in view (those above the 20° elevation cutoff angle), and of
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these, the stations upon which measurements will be taken, are chasen.
At this point, the sensitivity matrix is computed and the Kalman filter

updates are performed. |

This process repeats until all passes have been completed. Then the }
RSS errors are computed in cartesian and haseline coordinates between
each station and the master station, which is currently station 1. If at
any time, not enough stations are visible, the aircraft simply moves on

to the next time.

11,12,13 14 15

7 .8 ,9 .10

o e g -t p s tesa i,

Figure 1.1-1
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2.0 Error Analysis

2.1 Error Models

2.1.1 A Priori Station Errors and Constraints

The station positions are assumed to be known in an earth~fixed
coordinate system to a level of 100 m (1¢), independent errors in each
coordinate direction.

Because the multiple laser measurements from aircraft (geometric
measurements) are incapable of determining the global location of this
grid, certain station coordinates are assumed to be perfectly known, thus
providing the basis for a well-posed problem. The station 1 position is
assumed, thus holding the grid in translation. Then the y and 2z
coordinates of station 5§ are fixed. This fixes the direction (though not
the length) of the 1-5 baseline. In effect, the x-axis of the coordinate
system has been defined. Finally, the z component of station 13 is
assumed known. These mathematical constraints do not afivect the inter-
station baseline lengths.

2.1.2 A Priori Aircraft Errors

It is assumed that the A/C position is a gaussian random variable
with a standard deviation of 6.3 m in each coordinate direction.

Currently, all runs are made with this error holding every time a
pulse is taken. A procedure has been implemented in the Kalman filter
for estimating A/C position and velocity in the presence of process noise
(see Appendix A). This option, which could significantly improve base-
line estimation accuracies at realistic sampling intervals (~0.2 sec) has
not been exercised because it has not been possible to obtain realistic
estimates of the process noise variance and time constants.

2-1
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2,1.3 Measurement Noise and Bias

The laser range measurements are assumed to be corrupted by & bias
and a mean-zero, white sequence. The bias is selected from a mean-zero 5
distribution having standard deviation of 1 cm. Each beam has an
independent bias and these are solved for in the Kalman filter. The
white sequences added to the range measurements are independent on each
beam and are gaussian with standard deviation of 1 cm.

2.1.4 Refraction Errors

The model for tropospheric refraction is summarized in [Error
Analysis of the Spacelab Geodynamics Laser Ranging System, B. P. Gibbs ]
and E. M. Haley, BTS-TR-78-52, February, 1978]. It appears that the
dominant cause of residual refraction error (after range correction for
refraction) is errors in the pressure and the gradient of PTK at the
retroreflector sites. The procedure hypothesized is to take readings of %
temperature and pressure at various sites in and around the grid and then t
fit this data with a polynomial fit to pressure and PTK. This has been |
done with standard deyiations of 1.4° on temperature measurements and 1 f
mbar on pressure measurements at each of 15 meteorological sites. This ;
data was used to fit pressure and PTK with quadratic polynomials (6
coefficients in each approximation) modeling the horizontal variation and
a Tinear polynomial modeling the horizontal variation of the altitude
dependence.

This regression Jeads to a covariance matrix for errors at the i
retroreflectors and this is used in the error analysis.

3
|
i
1
4
4
'
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2.2 Sequential Error Analysis

Define:
6a = §(0|0) - x(0) , total error in the prior estimate.

sx(k|a) = X(k|8) - x(k) Kk >4a.

sp = 6 - p , total error in a set of parameters affecting
the measurements.

sx.(k{e) = S (k|z)sa: Error in estimate caused by error in
prior estimate.

sx,(k|2) = S (k|g)y: Error in estimate caused by measurement

noise.
axw(klz) = Sw(k|2)w: Error in estimate caused by process noise.
6xp(k\z) = Sp(klz)ép: Error in estimate caused by parameter
errors.

6x(k[a) = &xy + 6x, * X, * 6x,

i(klz): Error in estimate caused by modeled effects. In the
ABLRS X = GXa + éxv + wa . '
Let us suppose that we have measurements {zk} y k=1, see
z) = H(k)x(k) + B(Kk)sp + Vi

and an estimate §(zlz) of x(&) based on {zk}z , and §(0|0) .
Then

2-3
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sx(2]e) = x(2]2) + S,(]2)6p .
The propagation of x(&) 1is given by

x(241) = ¢x(2) + u(e) ,

where
Eu(e) = 0
Eu(2)ulk) = Qs
Therefore,
x(141]2) =dx(e]s)
so that
= |
sp(z+1lz) ¢sp(z,z)
\\:\L
and 19§ﬁ~rﬁ“
by 4 - v
P(at+1]8) = E§(£+1‘£)XT(£+1I£) = ¢P(2|£)¢T + Q. e

Now when a measurement update takes place,
X(0+1]24+1) = §(2+1|z) + K(z£+1-H§(z+1|z)},,

then

sx(2+1]2+1) = 8x(2+1[2) - KHox(2+1]s)

+

KBép + Kv ,

(T-KH)[X (241 ] 2)+S_(2+1]2)8p]

P

+

KBép + Kv .
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Using this, we can calculate that

T T Q:f“’(\
Par1[241) = (I-KH)P(e+1[2)(1-KH)" + KRK' Q"

and
sp(z+1lz+1) = (I-KH)sp(mlz) + KB .

To obtajn these results, we have assumed that sa , Ve 0 W and &p
are uncorrelated random variablezs.

Finally, the errors caused by the upadjusted parameters, &p , are
obtained from

P = S,(TITIEEBSR)S, T (TIT) .

[N
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3.0 RESULTS

The results presented in this section have all been obtained from
computer runs implementing a 15 station grid. 1In base run the stations
were placed in a 40 x 80 km area, with 20 km separation. In subsejuent
runs, grid size was varied, amd the results of this variation will be
discussed later in this section. We have concentrated on ten specific
effects and each is described separately. Tables have been included as
an aid to understanding the results. A brief explanation of the tables
follows.

The first column of each table contains the station coordinates in
the baseline system. In this system, the axes are different for each
station. One axis is defined ac the vector between the reference sta-
tion, or master station, and a given station. 1In all of our examples,
station 1 is the master station. The component along this axis is the
“along® baseiine component, or the "L" component. Perpendicular to this
axis in'the ground plane is the second axis, where the cross component,
or "C" component, is measured. Orthogonal to these axes in the vertical
direction, is the height, or "H" component. Thus, the Lz notation, for
example, means the along baseline component between station 2 and the
master station.

Also in the first column are the system biases associated with laser
beams 1 through the number of beams.

The recovery errors listed in the tables are in units of centi-
meters: A zero in any component of a station signifies that a coordinate
system constraint was placed on that component. Coordinate system con-
straints are discussed in Section 2.1.1 of this report.

To the side of the table, other pertinent information is listed.

The number of measurements is given where measurement is taken to mean
the number of ajrcraft positions or the number of laser pulses. The

3-1
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actual number of measurements is this number times the number of beams.
Also given is the number of beams, the time fncrement between pulses, and
the aircraft low altitude.

3,1 Aircraft Altitude and Flight Path

One of the first priorities in the study ?s to determine optimal
afrcraft altitude and flight path. Early studies showed that it is
necessary to fly the aircraft at more than one altitude in order to
achizve good station recovery, especially in the "height" component. Two
altitudes seem to be sufficient in providing the necessary geometry for
acceptable recovery., The high altitude has been chosen as 19 km, which
is near the maximum ceiling of the aircraft. The aircraft flies faster
and for longer periods of time at higher altitudes - two desirable traits
in a time and cost limiZ=d mission. The low altitude controls retro-
reflector separation - the lower the aircraft, the closer the stations.
Accuracy is improved at low altitudes. Several computer runs have been
made varying the low altitude of the aircraft to compute sensitivities.

Table 1 shows the comparison between low altitudes of 11, 13 and 15
km, with station separation of 20 km. If the results are compared
directly, the picture is very confusing. Consider the 11 km and 13 km
results for instance. For baselines closer than 45° to the flight path
results are improved at the higher altitude. This is anomalous for two
reasons: first, we anticipatt that distance accuracy §hou1d be {so-
tropic; second, we expect errors to increase as altit:de separation
decreases. The primary suspect for lack of symmetry jis the flight path
arrangement, particularly the lack of any A/C positions outside the long
boundaries of the grid.

While the higher altitude has more measurements (13 km has 440) than

the lower altitude (11 km has 370), the improvement seems to be somewhat
better than could be expected on this basis alone. We hypothesize that

3-2




*

ORIGINAL PR« 13

BUSINESS 43D TECHNOLOGICAL SYSTEMS, ING OF POOR QUALITY

this may be because of the increased number of measurements outside the
grid,

In comparing the results of the 15 km run with both the 11 km and 13
km results, it is obyjous that accuracy is lost as the two aircraft
passes are placed closer together,

The aircraft flies three passes at the low altitude and three passes
at the high altitude. It is planned that these passes should be directly
over the 1ine of retros. However, the low pass over the boundary 1ine
has some difficulty in seeing six stations at all times. For this
reason, the low passes over the boundaries were moved inside the grid.
Results showed, however, that good viewing geometry depended strongly
upon construction of a viewing triangle over the grid, requiring that the
passes 1ie in a plane containing the retros. Therefore, both the upper
and Tower passes were moved inside, as shown in Figure 3.1-1. Table 2
shows the comparison between flying directly over the retro line and
flying inside the boundaries. In general, recovery‘is‘improved when
flying inside and the improvement is probably caused by the increased
number of measurements. '
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3c2 Retro Separation

The problem of retro separation is closely related to A/C altitude, ke

At Tow altitudes, the retros must be closer together. Otherwise, visi-
bility problems occur. Costwise, fewer stations placed farthe» apart are
desirable. In Table 3, a comparison is made between two runs different k{
[}
1

i
i
H
i
[}
]

only in the retro separation. In both runs, the low A/C #l1tiiude was 15
km. In the first run the retros were 27.27 km apart (the largest accept-~
able separation) and in the second, they were 20 km apart. The results
i show clearly that the interstation baselines are more accurately deter-

i mined with the smaller spacing. However, it appears that the error in
determining a given baseline length, e.g.,, 80 km, is independent of
station spacing,

-

Examination of Tables 1 and 3 in the 1ight of this observation indi-
cates that a careful evaluation of A/C Jow altitude between 11 km and 15

km, together with maximized retro spacing may produce an optimized cost
f for a given area. This will be studied in the near future.
r 3.3 Number of Beams
i
Another area of interest is the effect of varying the number of
: beams on board the A/C and varying the minimum number of retros that must
be visible at each time for measurement processing to occur, Table 4
’ shows the results of this testing.
%
! In column 1, the base run, 6 beams were employeqd along with the
' criterion that at least 6 retros must be visible at all times. In this
; run 185 A/C positions were used. In comparing these results with column
L . 2, where there were 7 beams/6 required (185 A/C positions), we see that
. the results were somewhat better with seven beams - but improvements were
% Jess than 9% in baseline and generally less at long distances. In fact,
baselines 11, 12 and 13 deteriorated slightly, apparently a numerica)
problem. Improvement was uniform in height and cross.
‘4
5 3-4
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In column 3, where there were 7 beums/7 required (150 A/C positions)
results were worse, This 1s attributed to the fact that very few
measurements were taken at the low altitude because of severe visibility
problems.

In column 4 (216 A/C positions) with 5 beams/5 visible there was
considerable degradation, as much as 30% on baselines 6 and 11. While
this distinctive change in the 1, 6, 11 boundary is probably somehow
caused by the "choose" algorithm, it is fairly clear that the five beam
possibility 1s used at considerabie cost in accuracy.

Finally, column 5 employed * .eams/5 visible. In this run, 216 A/C
positions were used, and results were uniformly improved in baseline,
cross and height components. Ajthough the improvements were not great
(generally 5-8%), the addition of these extra measurements was made with
very little extra computational burden.

3.4 Choose Algorithm

The problem arises, when more 'stations are visible than there are
beams, of which stations to choose to take measurements on. Tests have
been performed on two methods of choosing these stations. In method 1,
the criterion for selection is distance from the A/C to the retro.
Presently, we choose the 2 closest and 4 farthest retros in the 6 beam
case. Method 2 utilizes a random choose algorithm, ‘

Contrary to initial speculation, using the random choose algorithm
in the base run produced slightly less accurate results in all baselines
except 7 and 12. The reason for this is not known and is thought to be
numerical. These results may be seen in the first 2 columns of Table 5.

In the five beam case (columns 4, 5 of Table 5) a majority of the
baseline recoveries were better using the random choose algorithm,
especially the longer baselines. The cross component of the longer



baselines scemed to improve with the random choose process, some as much
as 13% The height component of the interior retros improved with the
random choose, while the height recovery of the border retros deterjor-
ated with that method.

Additional runs to see what benefit is obtained from using random
choose will be performed,

The 2 closest, 4 farthest criterion was originally chosen in an
attempt to maximize geometric strength. Two characteristics of this pro-
cedure led to the random algorithm. Fivst, the closest always went to
beam #1, which we thought led to the poorer determination of bias one.
Inasmuch as the random choose corrects this inequality, the procedure is
effective. However, there is no significant improvement of the baseline
recovery. Second, in a time interval when more than six stations are
visible, the deterministic procedure will always select the same sta-
tions. It seemed that taking different combinations of stations might
strengthen the solution.

It appears, however, that any algorithm which takes both near and
far stations will produce quite similar results.

In an effort to support the theory of needing both close and far
stations, a computer run was made where the 6 closest stations were
always chosen. The results of this run can be seen in column 3 of Table
5. Clearly, the baseline recoveries have suffered as a result of poor
geometry.

3.5 Basic Measurement Noise Variance Versus Number of Measurements

Computational burden is greatly increased by a decrease in time
between measurements. When the 4t {s halved, central processing unit
time is doubled. For this reason, we were interested in performing tests
to find out if a large number of measurements could be simulated by using

3-6
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a smaller basic measurement noise variance. The results of this test can
be seen in Table 6 where the baseline errors are virtually identical. In
column 1 these errors were achieved using a 4t = 2,5 and a basic
measurement noise variance = 1. In column 2, 4t = 5.0 and the basic
measurement noise variance = 0.5,

It is interesting to note in Table 7, columns 1, 2, 3 (At = 10, 5,
2.5) that behavior of the cross component is very well described by
N"l/2 . This same behavior is shown in columns 4 through 8 (measurement
¢ = 1,414, 1.0, 0,707, 0.5, 0.3). We see also that halving At is
equivalent to halving measurement noise variance.

This indicates that the observability problem, or a priori influ-
ence, which strongly affects baseline and height is not impacting the

cross component.

3.5 A Priori Variance

In Table 8 we decreased the a priori variance on the bias. In
column,l the variance was 1, in column 2 the variance was 0.25 and in
column 3 the variance was 0.09. These runs indicate that prior informa-
tion on bias is still strongly affecting height and baseline recovery.
The cross component, however, is independent of bias. Previous runs have
shown that recovery is independent of prior data on station and A/C - at
least while that prior is at the 10m - 30m level.

These results are consistent with those in Table 7 indicating that
the cross component is noise Timited and independent of bias. In order
to determine whether the difficulties in reaching the noise-limited con-
dition are because of marginal observability or the influence of prior
data, two runs were made with Targe prior variances on bias. These runs,
column 4 (obias = 1000 cm) and column 5 (sbias = 500 cm), show that
results are independent of prior variances when the biases are much
larger than the posterior estimates. This indicates that the system is

3-7
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compiately observable. However, it does not tell us when the system
becomes noise limited, In order to determine how large numbers of
measurements will affect the recovery, the simplest procedure is to
decrease the measurement noise and properly adjust the process noise.

3.7 Effect of Process Noise

The results presented in the previous sections have all assumed A/C
position uncertainty of 9.5 m in each axis at each measurement point.
Since the position of the A/C must be solved for and the uncertainty
cannot grow to this magnitude in the 0.1 - 0.2 second interval between
"shots", this uncertainty induces a very pessimistic estimate of recovery
errors. To provide a realistic evaluation, a process noise simulation
has been implemented and is described in Appendix A. In order to check
the implementation, unreasonably large values were used. These results
are shown in Table 9.

An estimate of how large the upcertainties should be is difficult to
obtain. However, using the parameters described in Appendix A and a 10
sec measurement interval, there is no improvement. However, if the
interval were reduced, as it is in the operational system, improvement
would show. It is difficult to evaluate this properly without actually
running at 0.2 sec. however, which is financially prohibitive.

In the operational data reduction, the process noise can be evalu-
ated, of course, so as to close the Joop on the numerical values.

3.8 Refraction

Since refraction is a very important error source, it is necessary
to consider its contribution to the errors in baseline recovery. Table
11, column 2 shows our first attempt at vefraction in the "consider"
mode, The noise only errors are identical to the base run errors in
column 1. The unadjusted errors are all .ess than 0.7 cm. Column 3

3-8



——n e e

BUSINESS 1D TECHNOLOGICAL SYSTEMS, ING

shows the results of th2 same run when the random choose algorithm {is
selecteds The noise only baseline errors exhibit the same character-
istics as previously discussed, while the unadjusted errors show "random"
improvement throughout the grid. Column 5 shows the results when the
time increment between measurements was reduced to 5 sec. The noise only
errors are identical to the errors in the base run for At = § sec.
(column 4).

3.9 Cross Passes

Four cross passes were added to the A/C flight path to see if the
geonetry would be improved enough for significant reductions in the base-
line recoveries. The results in Table 12 show that the baseline com-
ponent errors were slightly better than would have been expected given
the additional number of measurements and that the height component
errors were very close to the expected errors.

Therefore, it seems that there is no pronounced improvement in
recoveries as a result of adding cross passes to the flight plan.

3.10 Operational Projections

From Table 11, an accurate estimate of refraction errors is
obtained. From Table 7, the evolution of error can be traced as At
becomes smaller, and it appears that each halving of 4t {s accompaniid
by an error reduction of about 15% This reduction is'applied six times
to obtain the equivalent of a pulse interval of 0.156 sec. Although the
Taser pulses every 0.1 sec we anticipate a 33% signal loss and thus 0.15
sec seems a reasonable data interval. These results are multiplied by
vZ (to simulete the errors in baseline change obtained from two experi-
ments) and are shown in Figure 3.10-1,

In Figure 3.10-2 the afialogous baseline rate accuracy is shown.

3-9
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While larger grids have not been tested, these results will hold for
the same size subsections of larger grids, provided the number of
/ measurements and the geometry is preserved.
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Table 1 - Low Altitude Yarlation

11 %me 113 kme 115 kme

Statlions H2 1216 109 1436
L2 | 0,59 | 0,53 { 0,58 :
C2 | 0,36 ] 0,38 | 0,32 |

6 Booms
H3 W47 | .38 ] 1.76
L3 0,51 | 0,38 | 0,96 At = 5, sec,
C3 0,36 | 0.37 | 0,35

Number of i

Hy 1617 ] 1,09 | 1.36 Co lumn |Measurements i
Ly 1e28 | 1,15 | 1,35 Per Baem i
o 0:39 | 0,39 | 0.32 i
1 370 A

Hs | 0.00 | 0,00 | 0.00 (
Ls 1,68 | 1.50 | 1.80 2 440 i
Cs 0.00 { 0,00 | 0,00

fe151 1,291 1,65
0.61 ] 0,69 ] 0,80
0,52 | 0,52 | 0,60

H6

g

H7 0,80 } 0,87 | 1,06
Cc7

Hg

L8

Cg

0s53 § 0,57 | 0,75

0,91 | 0,92 | 1,17 i
0,97 | 0,52 | 1,08 , i
0,56 | 0,65 | 0.83

Hg 0682 | 0493 | 1615
Lg .28 | 1,16 | 1.38
Cq 0.59 | 0,69 | 0.86

Hio | 1,14 | 1.29 | 1,65
Lo | 1.65] 1,48 | 1,78
cio | 0.6t | 0.73 | o.88

HIY | 211 | 2.20 | 2,83
L1l | 0,94 | 1,19 ] 1.47
Cl1 { 0.86 | 0,88 | 1,06

Hi2 | 0,89 1 0,951 1,18
L12 | 0,99 | 1,16 | 1.40
Ci2 ] 0.81 ] 0,92 | 1,19

H13 | ¢.00 [ 0,00 | 0,00
L13 | 1.15 ] 1,20} 1,41
Ciz | 0,851 1.05 | 1.38

Hin | 0,87 | 0.92 | 1,14
Ciy | 0.88 | 1414 | 1.49

His | 2,04 | 2,10 | 2.66
Lis | 1.75 ) 1.63 | 1,92
Cls | 0.93 } 1,17 | 1,56

040 | Q.38 | 0.43
0:37 | 0036 | 0439
0,39 | 0,38 | 0.39
039 | 0,37 | 0.39
0,38 | 0,37 | 0,38
0e37 | 0,36} 0.37

Biases

[ X%, E SR N P

3-12
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Table 2 ~ Yariation In Alrcraft Filght Path

Directly
Over Inslide
Stations| Ha 1055 1s 51
L2 0,80 0,77 Low Altitude = 11 km,
C2 0,44 0, 51
6 Boams
H3 1699 189
L3 1,19 1.13 At = 10 soc,
1] 0.49 0, 51
Hy 1 56 1, 53 Number of
Ly 1, 65 1. 55 Column{Measurements
Cy 0.45 0, 55 Per Beam
Hs 0.00 0, 00 1 177
Ls 216 2,05
Cs 0,00 0,00 2 185
He 1. 74 1,62
Ls 0,84 0,82
Cs 0.77 0,73
H7 fo13 1,07
L7 1, 04 0,95
c7 0.82 0.75
Ha 1,22 1e15
La 1- 27 * '. 20
Cs 0, 90 0,79
Hg 1,18 111
L9 1. 63 1, 54
Co 0, 97 0,83
Hie 1. 72 1. 60
L10 2,08 1. 98
C10 0,95 0,87
H11 3,02 2,88
L1l 1.26 1.23
Ci1 1o 24 1. 20
H12 1,26 1. 24
L12 1e 31 1. 28
C12 .18 1613
Hi3 | 0.00 0,00 )
L13 1.47 1.43
C13 .25 1,21
Hyy .21 1621
Clu 1032 1.25
H1s 2,84 2,76
L1s 217 2,08
C1s 1.38 132
Bl ases 1 0.43 0.43
2 0.39 0. 40
3 0.42 0,42
4 0,42 0.41
5 0.40 0,40
6 0,40 0, 39
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Table 3 =~ Ratrorefiector Separation Varletlion

27.27 km 20 km
Separation)Saparation

H2 238 1. 36
L2 0.77 0. 58
C2 0,42 0,32
H3 315 1.76
L3 1.3 0. 96
C3 0. 51 0,35
Hy 2,40 1,36
Ly 1,83 1s35
&y 0.45 0. 32
Hs 0,00 0, 00
Ls 2,38 1,80
Cs 0,00 0. 00
Hg 2,53 14 65
s 0,82 0. 80
Ce 0. 77 0, 60
Hy 1. 52 1. 06
L 1,00 0.83
c7 ¢, 80 0.75
Hg 1.73 e 17
e 1, 38 1,05
o]} 0,89 0, 83
Ho 1e 59 1s15
Lg 1.81 1. 38
Cq 0, 91 0. 86
Hi0 2, 69 14 65
L19 2,33 1,78
Cloy 0. 94 0. 88
Hi11 4, 62 2,83
L1 1. 44 1. 47
C11 1,38 1. 06
Hi2 1. 92 1. 18
Li2 1,45 1440
Ci2 137 1. 19
Hi13 C. 00 0. 00
k13 1. 60 1. 41
G133 1.48 1,38
Hiy 1. 95 1o 14
L1y 1, 94 1, 58
Clu 1. 59 1. 49
His 4, 64 2, 66
L15 2,41 1. 92
C15 1. 68 1, 56
1 0,38 0.43
2 035 0.39
3 0, 37 0, 39
4 0.36 0. 39
5 0, 34 0, 38
6 0. 34 0,37

Low Altitude = 15 km.
6 Boams
At = 5 sec,

Number of
Column {Maasurements
Por Boeam

1 47

2 476
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Table 4 = Varlatlon In Numbar of Beams

‘6 boeams { 7 boams | 7 beams | 5 boums 6 boams
6 visiblel6 visiblel7 visiblel5 visible|5 visiblg
Statlons| H2 1 51 41 1, 68 1, 58 1,39
L2 0.77 0,71 0,83 0,85 0, 72 Low Altitude = 11 km,
2 0, 51 0,46 0 51 0. 71 0, 50 Bt = 10, soc
L .
™ 1,89 177 2,16 1,95 173 ;
L3 ‘. '3 ‘o 04 1| 26 io ‘9 l‘ 04 NUMbar Of
C3 O 51 0,49 0, 52 0 70 0 50 Co | umn Moggurgmonfs
r goam
Hy 1. 53 1 42 1, 69 1, 58 1, 40
Uy 1 55 1, 42 .75 1, 63 1,42 | 185
o 0, 55 0,46 0. 52 0,81 0, 54 . o5
{ Hs | 0.00 0. 00 0,00 0, 00 0,00 '
. Ls 2,05 .87 2,28 2,12 1,86 3 150
C5 0, 00 0,00 0, 00 0. 00 0, 00 . 216
! He 1, 62 1 59 .86 1,81 1, 50
‘ g 0. 82 0.79 0, 92 1.06 0,79 5 216
f Cs 0. 73 0, 70 0,81 0,86 0,70
. H7 1,07 1,12 1. 18 1,26 1,05
i L7 095 0. 91 0,97 1,09 0, 92
: 7 0,75 0, 68 0,92 0,89 0,70
Hg .15 L15 1.30 1,35 1,10
t3 20 116 1. 33 1,33 1. 14
Cg 0. 79 0, 74 0,97 0. 97 0. 74
Hg le 11 .01 1, 18 141 1,07
L9 1. 54 1,46 .73 1,66 " .45 |
C3 0.83 0. 78 0. 98 1,05 0,78
Mo | 1.60 1.48 1.83 1,92 1, 53
lio | 1.98 1,85 2,23 212 1.84
( cio | 87 0,87 1,02 .19 0, 83
iy | 288 265 3,32 3,27 265
uy | 123 1. 24 1,38 1, 65 1, 21
, ey [ .20 1 14 1,35 141 15
Hia | 1.24 .16 1,43 1,46 .16
tiz | 1,28 1,30 1,37 1, 63 1.26
’ Hia | 0,00 0, 00 0, 00 0, 00 0. 00
~ L3 | 1,43 1,44 1, 54 1,70 1.40
013 1.21 ‘. 10 ‘0‘?156‘ ‘.54 10 '4
o Wy | 21 119 1,46 1,42 115
g Lig | 170 1, 67 1,88 1.96 1. 63
: Ciy | 1.25 1,17 1. 54 1, 64 .19
Hs | 276 2,70 3,28 316 2, 62
s | 2.08 201 2,33 2,33 1.97
; G5 | 132 1.26 1, 66 1,74 1, 24
Blasas 1 0.43 0,41 0,43 0.49 0, 42
! 2 G, 40 0. 38 0 39 0,44 0, 40
3 G 42 0,29 0,41 0.48 0,41
4 O 41 0.38 0, 39 0.45 0. 40
5 0, 40 0,37 0, 38 0.45 0w 39
6 0. 39 0,37 0, 38 - 0,39
7 - 0,36 0,37 - -
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Table 5 ~ Choose Algorithm Compar!son
2 Closost 2 Closest
4 Farthost] PRandom |6 Closost 4 Farthest| Random

L2 0. 77 0,79 1,00 0,85 0,84
C2 0, 51 0, 54 0. 68 0. 714 0s 66
H3 1,89 2,03 2,73 1,95 2,15
L3 113 117 1, 50 1,19 1,23
C3 0, 51 0. 59 0,78 0.70 0,74
Hy 14 53 1, 67 2,05 1, 58 1473
Ly 1, 55 1, 58 1284 1,63 1o 60
Cy 0. 55 0. 57 0. 64 0.81 0, 66
Hg 0,00 0,00 0,00 0.00 0:00
s 2,05 2.08 2,31 212 210
Cs 0.00 0. 00 0,00 0.00 0,00
Hg 1, 62 1. 62 12 82 1,81 1,83
7 0,82 0,82 0, 8% 1,06 0,93
Ce 0,73 0. 78 0,92 0,86 0. 90
Hy 1.07 1, 06 1442 1e 26 1,26
L7 0,95 0, 92 fe 19 1,09 1,09
o] 0.75 0. 74 0.87 0,89 0.81
Hg 115 1,22 1. 66 135 1. 34
L8 1420 1625 14 56 1,33 1, 34
o] 0.79 0.79 0. 95 0. 97 0.86
Hg fe 11 1.13 1428 led! 1. 30
L9 1. 54 1. 60 1087 1, 68 1, 66
of:) 0,83 0, 80 0,93 1,05 0, 90
Hy 0 1o 60 1. 69 1,95 1. 92 1,89
L1o 1498 2,06 231 2.12 2,09
Ci0 0,87 0.86 0. 98 1.19 0,98
H11 2,88 3. 00 3438 3¢ 27 3, 31
NG 1,23 1,27 1,40 1. 65 1e 57
C11 1,20 1e23 1,45 led ! 1,37
Hi2 1,24 135 1, 51 1.46 1e 51
L12 1,28 1,25 1, 44 1, 63 1,47
12 1,13 1,20 1632 1043 1,28
Hi3 0,00 0. 00 0.00 0.00 oﬂoo
L13 1443 1a46 1o 71 1,70 1,65
Hly 1,21 1e.34 1. 66 1,42 1,46
L1y 1,70 1. 77 2,06 1. 96 1,88
Ciy 1.25 16 28 1. 38 1. 64 1,42
Hi5 2,76 3,10 3,86 3. 16 3.25
Lis 2,08 2,21 2. 51 2,33 2.27
Ci5 1,32 1,38 1, 56 1,74 1 55

‘ 00 43 0.39 0.44 0;49 0.43

2 0,40 0.38 0,40 0. 44 0.42

3 0,42 0,39 0,40 0.48 0,43

4 0.41 0. 39 0.40 0,45 0,43

5 0, 40 0. 39 0,41 0.45 0,43

[ o. 39 00 39 0s 43 - -

3-16

Low Altitude » 11 km.
At = 10, sec,

Cols 1=3 = 6 boams
Col, 4=5 » 5 boams

Number of
Colunn|Measurements
Par Boam

1 185

185

185

216

216

LU RV
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Statlons

B} ases

Tabio 6 = Baslc Moasuremont Nolse Yarlance

bt w 2,5 (bt = 5,
Varlancesi, |Yariancos(,5

H2 0,90 0,91
L2 0,46 0. 46
C2 0,26 0,26
H3 1,16 1417
13 0,75 0,75
C3 0.26 026
Wy 0,91 0,92
Ly 1,06 1,07
o N 0. 27 0, 27
Hg 0,00 0,00
Ls 1+ 40 1,42
Cs 0. 00 0.00
Hg 0,83 0,84
5 0,46 0,46
(v 0.37 0,37
H? 0, 61 0, 61
c? 0. 38 0.38
H 0, 74 0,74
H 0.81 0, 8
v} G, 3% 0,40
Ha 0. 63 0. 63
Lg 1,07 1. 08
€9 0, 41 0,42
Hi0 0.82 0,82
L10 1,39 1,41
Cio0 0.43 0,43
i1 14 57 14 59
L 0.74 0,75
Ci1 0, 60 0, 61
Hl2 0. 64 0. 64
L12 0.79 0,80
Ci2 0, 57 0. 57
H13 0. 00 0, 00
L13 0,65 0. 96
Ci3 0. 60 0, 61
Hly 0. 63 0, 63
Ly 1e 19 14 20
Ciy 0. 62 0. 62
His 1e 53 1. 54
Lis 1,48 1. 49

1 0s36 0.36

2 0434 0.34

3 0,36 0,36

4 0,35 0.35

S 0,34 0.35

6 0. 34 0. 34

Low Altitude » {1 km,
6 Boams

Number of
Column|{Moasurements
Per Boam
| 738
2 370

3-17
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Table 7
maas, JImeas, Jlmess, C[meas, Timoas, O
Bt=10, (Atns, |Atn2, 5 w 14140 w1, w707 | = .5 | w3
Stations 1811 1,16 | 0,90 1, 51 1416 0,91 0.72 0, 50 Low Altitude = 1} km
L2 0s77 | 0439 | 0e4é 0. 78 0 59 0s46 0,36 0.29
' C2 0.51 | 0,36 | 0.26 0, 54 0. 36 0,26 0.18 0,11 6 Boams
Ha 1.89 1. 47 1 16 1,89 1.47 1s17 0, 94 0. 65 AT = 5, $0C,
L3 ‘D,S 009‘ 0075 ‘o 13 0091 0.75 V.62 °a44 {CQh 4"8)
c3 0.51 | 0,36 [ 0,26 0. 51 0,36 0. 26 0. 18 0,11
H{ 1s 53 e 17 0. 91 14 52 fa17 0,92 0s73 0. 50 Number of
UQ 1« 55 1,28 1. 06 1, 55 1,28 1. 07 0.89 0, 64 Column|Measurements
Cy 055 ] 0,39 | 0,27 055 | 0,39 | 0,27 | 0,19 | 0,12 Por Beam
! HS 0.00 | 0.00 | 0,00 0,00 0. 00 0, 00 0. 00 0. 00 ] 185
i Cs 0.00 | 0,001 0,00 0.00 0. 00 0,00 0. 00 0. 00 2 370
| Hs 1,621 1,151 0,83 1. 61 118 0.84 0. 61 0,38 3 738
: 15 0.82 1 0,61 | 0,46 0,87 0. 61 0,46 0.35 0. 24
: Cs 0,731 0,52 | 0,37 0474 0. 52 0. 37 0. 26 0. 16 4 370
Hy 107 | 0,80 | 0,6! 1.06 0. 80 0. 61 0:47 0, 32 5 370
! L7 0,951 0,73 } 0.58 0.95 0.73 0, 58 0.46 0, 32
: o7/ 0.78 | 0,55 | 0,38 0,75 0. 53 0. 38 0,27 D 16 6 370
Hg 1e15 | 0091 | 074 115 0. 91 0,74 0. 60 0.43 7 370
Lg 1.20 | 0,97 | O,81 14 20 0. 97 0. 81 0. 67 0,48
{ ca 0:79 1 0,56 | 0,30 0;7¢ 0; 56 0:40 0; 28 0:17 8 370
) ) Hg Te11 ] 0,82 | 0.63 1. 10 0,82 0, 63 0,49 0,33
- L9 1e54 | 1268 | 1,07 1e 55 1428 1,08 0, 91 0. 66
L Ca 0.83 1 0,59 | Q.41 0. 83 0. 59 0. 42 0,30~ 0. 18
o Hio | .60 1,14 | 0,82 14 59 1s 14 0, 82 0, 60 0,37
Lio | 1,98 | 1.65 | 1.39 1,98 1e 65 1o 41 1. 18 0,86
[ Clo | 0.87 | 0.61 ] 0,43 0,87 0. 61 0.43 0. 31 0,19
{ .
Hll1 | 2.88 | 2,1 1. 57 2,85 2. 11 1, 59 1,21 0,80
L11 1623 | 0,94 | 074 1422 0, 94 0.75 0. 59 0. 41
: Ci1 ] 1,20 | 0,86 | 0,60 121 0.86 0, 61 0s 4.5 0.26
! Hi2 | 124 | 0,89 { 0,64 1,24 0,89 0, 64 0,47 0,29
) L1z | 14281 0,99 | 0,79 1427 0. 99 0,80 0. 64 0,45
Ci2 1e 13 . 0.81 | 0.57 1614 0,81 0. 57 0.40 0. 24
' H3 ! 06,001 0,00 | 0,00 0,00 0,00 0,00 0,00 0. 00
L3 1643 | 1,151 0,95 1,43 1.15 0.96 0.79 0s 57
C13 121} 0,85 | 0,60 121 0,85 0,6! 0,43 0,26
; Hiy fe21 | 0.87 | 0,63 1.21 8,87 0: 63 0. 46 0, 29
; L1y 170 | 1,42 ] 1,19 fa 71 1e42 14 20 1,01 0,73
: His [ 2,76 | 2,04 | 1.53 2.76 2, 04 1a 54 1617 0.77
o L1s | 2.08 | 1,75 | 1.48 2,09 te75 1449 1425 0. 914
! Cis | 1.32 | 063 { 0,66 1431 0,93 0. 66 0. 47 0, 28
Blaseos 1 0:43 | 0.40 | 0.36 0,43 0. 40 0. 36 0.32 0. 24
; 2 0,40 | 0,37 | 0.34 0, 40 0, 37 0, 34 0, 30 0.2z
3 | 0,42 | 0.39 | 0,36 0,42 | 0,39 | 0.36 | 0.32 | 0,24
4 0,411 0,39 | 0,35 0,41 0.39 0,35 0. 31 0,23
5 0.40 } 0.38 | 0.34 0, 40 0.8 0,35 0, 30 0, 23
6 0,39 | 0,37 | 0.34 0,39 0. 37 0. 34 0, 30 0s22

3-18
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Statlons

Blases

Table 8 = A Priorl Yarliance on Blas

Varlance |Yarlance |Varlance g = g .
= i, ® 25 = ,09 {1000 cm. 500 ¢m,

H2 1. 16 1o 01 0, 97 271 A
L2 0. 59 0, 53 0, 51 1, 34 1,34
C2 0. 36 0,36 0. 36 0. 51 0. 51
H3 1. 47 1. 26 1. 20 3, 57 557
L3 , 0,91 0,73 0, 68 2,46 2,46
C3 0, 36 0, 36 0. 36 0 51 0, 51
Hy .17 1,02 0, 98 2,71 271
Ly 1426 0,98 0.89 3. 61 3. 61
Cy 0, 39 0, 39 0.39 0, 5% 0. 55
Hg 0. 00 0,00 0,00 0, 00 0,00
L 1. €8 1,29 s 16 4,79 4,79
Cs 0. 00 0,00 0, 00 0 00 0. 00
H6 115 1o 13 .12 1. 90 1. 90
Ls 0. 61 0. 56 0, 55 1,24 1,24
Ce 0, 52 0, 52 0, 52 0,73 0,73
H7 0, 80 0,73 0,70 1. 70 1. 70
L7 0. 73 0, 635 0,61 1.74 1.74
c7 0. 53 0. 53 0, 53 0,76 676
Hg 0. 91 0,75 0670 2,35 2,35
(5] 0, 97 0. 77 0.71 2, 65 2,65
g 0 56 0 56 0 56 0.81 0,81
Ha 0. 82 0.75 0.73 1.74 1. 74
L9 1428 0, 97 0. 88 3, 67 3, 67
Cq 0. 59 0, 59 0. 59 0.85 0.85
H10 1.14 1. 11 1. 10 1485 1,85
L10 1. 65 1,23 1. 10 4,81 4,81
Cio | 06! 0, 61 0, 61 0.89 0.89
H11 21N 1,96 1. 92 4,23 4,253,
L 0, 54 ‘0.82 0,78 2.23 2,23
c11 | o.86 .85 0.85 1,20 1. 20
Hi2 .89 C.86 0,86 1.47 1, 47
L12 0, 99 0. 84 0. 80 2,46 2,46
2 | o081 0,80 0. 80 .15 .15
H1 3 0. 00 0,00 0. 00 0. 00 0, 00
L1 3 .15 0. 91 0.84 3 14 314
C12 0,85 0.85 0.85 123 1.23
Hiy 0.87 0.85 0.84 1,43 143
Ly 1. 42 1. 07 0. 96 4, 09 4,09
Hi s 2,04 1,90 1.86 4,03 4,03
L1s 1,75 1. 30 .16 5% 08 5% 08
C1s | &93 0. 93 0, 92 1e34 1, %4

1 0.40 0,23 0. 16 1.35 1. 35

2 0. 37 0,21 0. 14 1. 28 1. 28
3 0.39 0, 22 015 1. 36 1e36

& G 39 0. 22 0. 14 1433 1. 33

5 C, 38 0, 21 0,14 e 30 1. 30

6 037 0. 21 0. 14 1. 28 1.28

3-19

Low Altitude = {1 km,
6 Beams

Colse 1~3 At = 5 sec,
Cols, 4~5 Ot = 10 sac,

Number of
Column{Measurements
Por Baam

i 370
370
370

185

185
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Table 9 -« Procoss Nolso Checkout

Procoss Nolso [Modelled With Un-
Not Mode!lled roasonable Valuos
Statlons| Ha 1, 51 | 1, 51
L2 0,77 0,77 Low Altitudo = 11 kine
C2 0. 5 0. 51
4 Booms
H3 1,89 1.90
L3 113 .13 At = 10 soc,
C3 0. 51 0. 51
Hy 1o 53 1, 53 Number of
Ly 1. 55 1, 55 Column|Measuremonts
o} 0. 55 0. 55 Per Boam
Hg 0,00 v 00 1 i85
Ls 2,05 2.05
Cs 0.00 0. 00 2 185
He 1. 62 1. 62
ls 0.82 ‘ 0.82
o 0,73 0.73
W7 1. 07 1. 07
: L7 0.95 0,95
} 0.75 0.75
Hg 1e15 1615
ig 1. 20 1, 20
Ca 0.79 0.79
Ho i fo 11
lg 10 54 1. 54
3 0.83 0.83
o H10 1, 60 1, 60
Lio 1, 98 1. 98
Cio 0.87° 0. 87
' Hi1 2.88 2. 88
L1 1,23 1.23
11 1. 20 1,20
Hy2 1. 24 1o 24
Li2 1,28 1. 28
C12 1e13 1. 14
|
| Hi3 0,00 0, 00
i L13 1,43 1,43
C13 1o 21 1. 21
i Hiy e 21 1. 21
; L1y 1. 70 1. 70
Cly 1,25 1,25
Hy 5 2.76 2,76
L1s 2,08 2,09
Cis 1, 32 1. 32
Blases | 0.43 0. 43
2 0,40 0.40
3 0.42 0,42
4 0,41 0,41
5 0. 40 0. 40
6 0. 39 0. 39

P
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Statlons

Biases

Table 10 - Process Nolse

Process Nolso Process Nolse
Not Model led Mode ! led
H2 1. 51 1e 51
L2 0,77 0,77 Low Altitude = 11 km.
6 Boams

H3 1. 89 14 90
L3 1,13 1013 At » 10 sac.
C3 0. 51 0. 51
H{ e 53 1s 53 Number of
Ly 1e 55 1,55 Co |l umn {Moasurements
Sy 0. 55 0, 55 Per Beam
Hs 0, 00 0,00 1 185
Ls 2.05 2,05 v
Cs 0. 00 0. 00 2 164
He fo 62 1. 62
5 0. 82 0. 82
Cs 0,73 0.73
Hy 1,07 1.07
7 0.95 0. 9%
C7 0,75 0.75
Hg 1s15 1,15
L8 1o 20 1. 20
Ca 0.79 0.75
Hg 1e 11 te 11
L9 1. 54 1. 54
Cg 0.83 0.€3 !
H1 0 1. 60 1, 60
L1o 1 98 1. 98
Clo 0.87 0.87
H11 2,88 2. 88
L11 1,23 1423
C11 1. 20 14 20
Hi2 10 24 1. 24
Li2 1, 28 1. 28
C12 113 1. 14
Hi13 0. 00 0. 00
L13 1,43 1,43
C13 1. 21 1e 21
Hly 1. 21 1. 21
Ciy 1625 1e 25
His 2,76 2,76
L1s 2,08 2,09
Cis 1.32 1e 32

1 0,43 0,43

2 0.40 0.40

3 0.42 0.42

4 0,41 0,41

3 0.40 0.40

6 0. 39 0,39

3-21
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Statlons

Blases

Table 11 - Rofraction

B 1» o I
Nolso |Uncd~ [Nolse |Unad-
Only {Justed| Only {Justed
H2 151 1 L,51 f 0,28 1.62 1 0.18
L2 077 | 0,77 | 0014 1 0,79 [ 0412
c2 J 0.5 | 0,5 | 0.03| 0.5 | 0,04
H3 1489 ] 1290 | 0,39 ] 2,03 | 0,31
L3 113 ] 1,13 ] 0,291 1,18 | 0,27
C3 0.5V | 0,51 | 0,02 | 0.59 | 0,03
Ly 1085 1 1655 0,451 1.58 | 0.44
Cy 0,551 0,55 0,02 0.57 | 0,02
Hs 0,00 { 0,00 { Q.00 [ 0,00 { 0,00
Ls 2,051 2,05 | 0,60 | 2,08 | 0,61
Ho 1,621 1,62 [ 0,231 1.62 | 0.19
Lg 0,82 0. 82 0. 1! 0.82 | 0,13
6 0.73 0. 73 0. 04 0.78 0,04
H7 1,07 1 1.07 | 0.10 | 1,06 | 0,07
L7 0,951 0,95 0. 12 ] 0,92 | 0,18
C7 0. 75 00 75 000" °l 74 0.04
Be .| 1.15] 115 0,27 | 1,22 | 0,22
Lg 1420 § 1,201 0,29 { 1,25 { 0.30
Cs 0679 | 0e79 | 0,03 | 0,79 | 0,02
H9 1 11 le11 ] 0,161 1,131 0,16
L9 1o 54 le 54 0. 47 1460 { 0,46
Cq 0s83 | 0s83 | 0,04 { 0,80 | 0,01
Hio | 1,60 { 1.6 | 0,16 | 1,69 | 0.05
L10 1. 98 1, 98 0. 63 2,06 1 0.61
Cl0 | 0.87 | 0,87 | 0.0V | 0,86 | 0,02
HI) | 2.88 ) 2,88 | 0.55 | 3,00 | 0,44
L1Y | 123 | 1,23 | 0,22 | 1,27 | 0,27
C1) 1..20 1,20 0. 08 .23 | 0,07
Hi2 1,24 1424 0. 16 135 1 0. 14
tiz | 1,28 | 1,28 { 0,23 | 1.25 | 0,30
Cl2 | 1131 Y141 0,05 1.20{ 0,07
Hi3 0. 00 0, 00 0. 00 0,00 } 0.00
L13 | 143 | 143 ) 0,33 | 1,46 | 0,39
C13 .21 1o 21 0,03 1426 | 0,06
L1y 1. 70 1,70 0. 50 1.78 | 0. 52
Ciy 1225 1e25 | 0,04 1.28 | 0,04
HIs | 2,76 | 2,76 | 0.37 | 3,10 | 0.24
L1s 2,08 2,09 | 0.63 2,21 0. 68
Cis 132 | 1.32 ] 0,04 | 1,38 | 0,04
| 0.43 | 0.43 0.02 | 439 | 0.00
2 0. 40 0.40 0. 10 0. 38 0, 00
3 0.42 | 0,42 | 0,01 | 039 | 0,00
4 Cudl | 0,41 ) 0,01 | 0,33} 0,00
H] 0,40 | 0,40 | 0,01 | 0.39 } Q.01
6 0.39 | 0,39 0. 00 0.39 | 0.00
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A% 3
Nolse |Unad-
Oniy {Justed
1.16 | 1.16 | 0,31
0,59 § 0,59 | 0418
0s36 ] 0,36 | 0,02
147 | 1.47 ] 0,43
0,911 0,91 1 0,32
0,361 0,36 | 0,02
117 § 117 | 0.34
1.28 | 1,28 | 0.49
0,391 0,39 | 0,02
0.00{ 0,00 | 0,00
168 | 1.68 | 0,65
2:00 4 0,00 | 0.00
1651 1,15 ] 0,23
00 61 0| 61 o. 12
0,52 | 0.52 | 0,04
0,80 | o,8¢ | 0,12
0,731 0,73 | 0,14
0,53 | 0.53 { 0,02
051 | 0,91 | 0,30
0,97 { 0,97 e 32
0.56 | 0,56 | 0,03
0.82 10,82} 0,19
1,28 | 1,28 { 0,51
0.59 | 0.59 | 0,04
114 | 1,14 | 0,16
1,65 1 1,65 | 0,67
0.61 | 0.61 | 0,02
2’ l ‘ 2. i ‘ 00 55
0,94 | 0,94 | 0,24
0,86 | 0,86 | 0,07
0,89 | 0,89 | 0.16
0.99 | 0,99 | 0.27
0.81 ] 0.81 | 0.04
0.00 | 0,00 { 0,00
1151 w151 0.37
0,851 0,85 | 0,04
0.87 | 0.87 | 0.10
1.42 | 1,42 | 0,54
0.88 | 0,88 | 0.04
2,04 | 2,04 | 0,38
14751 1.75 | 0.68
0,93 | 0,93 | 0.04
0,40 | 0,40 | 0.03
0.37 § 0.37 ) 0uit
0,39 | 0,39} 0,02
0,391 0.39 { 0.01
0.38 | 0.38 } 0.00
0‘ x7 0. 37 1 0,01

Low Altitudo = {1 km,
6 Boams
Colses 1-3 At = 10 soc,
Colss 4~5 At = 5 sec,

Co

Number of
lumiiMoasyremants
Pe/ Boam

1 185
185
185
370
370

»

w s W

IR

2%

i

4%

5k

Baso Run -
Refract!ion
Constdered

Baso Run -
Raefraction
Consldored

Not

Random Choose =

Re fraction
Considered

Baso Run =
Refraction
Considered

Base Run =
Refractlion
Consldered

Not
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Table 12 - Effect of Cross Passes

No Cross 4 Cross
Passes Passes
Stations Hz 1, 51 1«3
L2 0.77 0, 69 Low Altitude = 11 km,
6 Beams
H3 1. 90 1465
L3 1,13 1,00 At = 10 soec,
C3 0. 51 0. 44
Hy 1. 53 1635 Number of
Ly 1s 55 1. 38 Column{Moasurements
Cy 0. 55 0. 46 Par Boam
H5 0,00 0. 00 1 185
Lg 2,05 1.81
Cs 0. 00 0. 00 2 272
He 1. 62 14 38
5 0,82 0,73
Cs 0.73 0, 62
H7 1. 07 0. 90
L7 0.95 0.81
7 0.75 0, 63
Hg fa15 0.99
T' g «20 1508
| Cs * 079 0. 68
: Ho 111 0, 94
- Lo 1. 54 1e 38
E Cg - 0.83 0. 68
- H10 1. 60 1,39
L10 1,98 1.76
l Cio 0.87 0.75
H11 2,88 2.43
L11 1,23 1. 08
{ C11 1e 20 0, 98
H12 1424 1. 04
L12 1,28 1,09
12 1,14 0, 96
H13 0. 00 0. 00
L13 1,43 1s24
C13 1.21 1,02
Hit 1.21 1. 01
L1y 1470 Te 51
C1y 1.25 1. 06
H1S 2,76 2. 34
: L1s 2,09 1,85
; C1s 1.32 1. 13
Blases ! 0,43 0.41
p 0.40 0, 38
3 0.42 0,40
4 0.4 0,40
5 0. 40 0, 39
6 0. 39 0,38
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4,0 Conclusions

Figure 3,10-1 shows clearly that centimeter accuracy is achieved
over 80 km baselines, even without exotic refraction equipment - such as
two-color lasers.

It appears (Section 3.3) that the laser must be provided with six
independent beams. Current investigations assume these to be indi-
vidually steerable,

To minimize retroraflector cost while obtaining maximum grid extent,
there appears to be an optimum aircraft low altitude between 11 km and 15
km and an associated retro spacing between 20 km and 27 km.
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Appendix A OF POOR QUALITY

COMPUTATION OF A/C STATISTICS

The aircraft is assumed to be moving in a straight Tine during each
pass, this {s the reference trajectory. However, there are perturbations
in the flight path which cannot be obtained from the onboard navigation
or from GPS; these constitute the uncertainties in the aircraft position
and velocity., We assume that these perturbations are generated by a
second order system forced by white noise. Because these perturbations
are deviations from the reference path, we assume that there {s some con-
trol system which drives the aircraft back to the reference path. This
provides a ratijonale for making the linear system asymptotically stable
and chereby making the perturbation sequence stationary.

The model we have chosen is

p+2ap+ (A2 p=u

with

Eu = 0, Eu{t) u(t) = q8(t-1) .

This model is physically inaccurate, since the perturbing accelerations,
u , will not be white. However, we expect this to portray a satisfactory
representation, on the basis that the combination of pilot/aircraft
dynamics and atmospheric turbulence will generate a position sequence
having this kind of correlation.

Initially, we shall zresume that there are three independent Markov
processes (X,y,z) with identicai characteristics, while this may be
unrealistic, it will be more realistic than the current procedure and
will enable us to evaluate the benefits of this approach. In any case
the program can be modified easily to provide for different character-
istics.,

A-1
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The program currently propagates the A/C covariance via the usual
P(t+t) = oP(t) ¢7 + 0 , (1)

when A # 0. When X =0 , however,

P are = Poac

where PoA/C is the initial aircraft covariance. In order to change
this, we assume that x, y, and z each obeys a system

d Tx 0 17 [x 0
# 3] Lo o] (1] 1]+

so that
cos Vvt + élsin vt Eiﬂvﬁﬁ
0 = A24v? A
- ~—— sin vVt cos Vt - = sin vVt
and
q q
Q= q11 q12 q
12 22
where
- 1 e""v"t 1 A cos 2Vt - V sin 2vt
91 © 2492y 492 | X7 7 2 )
A (A°Hve) 4v AC4v
e-zlr
4,y = " (1 - cos 2vt) |




i ko

—

BUSINESS AND TECHNOLOGICAL SYSTEMS, INC

1

92 * 3% * I

and q 1s the spectral density of u.

In equilibrium

e-:ZMr [ Azwz

(t = =) , we have

A

1

ORIGINAL PAGE I3
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qll = 4>‘ (A2+\’2)

92 ©

1
92 "%

These values are derived in the appendix.

The parameter values have been selected to approximate A/C dynamic

characteristics with

and

which gives

10

sec

27

1 (=)
92 (=) =

o (=)

We want the equilibrium value to have

30 sec °’

46.41

= 2.5

911

= 9Ef cm2 .

o 5 c0s 2VT + sin ZW:] ’

Therefore
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2 2
q = 194000 ffzg and q,, = 485000 if;; (696 cm/sec)* , a very large

uncertainty.

The way this is handled ir the computer, is that Q 1s computed for
each step and the A/C uncertainty updated according to equation (1).
Whenever a new track is started, however, the A/C uncertainty returns to
P0 . To complicate matters, we have noticed in the past that when
station uncertainties are small and A/C uncertainties are large then the

matrix

[HPHT + R] ,

appearing in the covarjance update, is numerically singular. This occurs
when the uncertaintie¢ in A/C position are so much larger than noise or
station uncertainties that the matrix appears to have rank less than the
number of beams. This difficulty has been handled by processing the
measurements one at a time.

[
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Appendix B
Covariance Matrix of a Second Order Markov Process

Consider the system

. 0 1 0
X = [_(Azwz) -2*:] X + [:1] u

associated with the equation

X+ 2% X+ (A2+v2) X = U .

The zolution of this system {is
t 0
x(t) = ¢(t)x(0) + [ ®(t-s) , u(s)ds ,
0

x(t) = ¢(t) x (0) + w.

If we take u to be a Gaussian random process, then it is
reasonable to discuss the covariance of x . Let

Eu(t) =0, Eu(t)u(r) = q8(t-r)

where q 1s the (constant) spectral density of u , and define

Then

P(t+t) = &(t) P(t) 87(7) + Q(7) q .

B-1
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Explicitly,
Cos At -t- sin vt -S-j—'l\-,-\-’-t-
o(t) = et | . (8)
22402 A
- —— sin vt cos t - = sin vt
We now need to compute Q(t) ,
Q(v) = E w() W' (v)/q . (9)
This can be obtained directly from
sin v(TfS!
l" -
w(t) = [ e”)‘(r's) u(s)ds ; (10)

cos V(T-s) - & sin V(tus)

which comes from equation (3). Using (1) and (5) it is clear that
E w(t) = 0y and

T '

9y (7) = l? é e PMT=5) Gin? u(eus) ds (11)

\Y

1 7 _-2M(t-s)
A0 (t) = = ée' "S) sin v(t-s) cos V(T~s) ds - Aqll('t) ,  (12)

and

T N N

Ayp (T) = é e 2M™-5) ¢os? v(1-5) ds - 2Aq;,(7) - Aqul(r) . (13)

These can be rewritten as

e"?ks l_zqsgé.gﬁi ds ,

O

» 1
T T e
qll ( ) vz

B -t A o+t e e o bt i

o
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o—

-2A v
ap (1) = & [ B ELEE g5 - gy (1)

and

T .2hs 1 + cos 2Vs 2
ag (¥) = [ & g s - 2hq (1) = Mapy(7)

from which the values can be calculated:

g, (7) = 1 . e 27 1 _ ) cos 2vT -V sin 2VT
1~ an (N 24v?) I 22 4 V2

=221 ,
1 e A sin 2vT + vV cos 2VT
) = - - A T
912(7) s02?) | 4 I a11(™)
e-zxr

Q0 (t) =

TEn?y G

2X2+v2 e"‘?)‘T 1 + A cos 2Vt - V sin 2VT
) A2 4 VR

2

- 2hayy ~Aayy
1 e'sz A2 4v2 A vr 4 Sin zvrj
..Z.x. ._...../-‘—-- “7‘?C052 +_._..T)...._—- N

These formulae have been checked by verifying that

qll(o)

i
11

0 qlz(o) = q22(0)

and

i
o

511(0) = U= 512(0) ’ 522(0) =1,
which agrees with equations (11) - (13).
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