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INTRODUCTION

Current interests in the modeling of geodynamics phenomena include crustal movements

over a wide range of distances. At the long end, measurements are desired between tec-

tonic plates over intercontinental distances of up to about 10,000 km. On the other end

of the range scale, mea:._rements are desired within a few hundred kilometers of those

fault boundaries at which earthquakes are considered most likely to occur. For the

latter scale of monitoring, proposals have been made for space techniques bearing the

acronyms CLOGEOS (Mueller, at al., 1975; Smithsoniar. Astrophysical Observatory, 1977),

SPEAR (Vonbun et al., 1977), SGRS (Smith and Tapley, 1979), and simply Spaceborne Ranging

System (Smith, 1978; Kahn, et al., 1979). The basic concept includes a laser system

capable of accurate pointing carried on either a space shuttle or a free flying space-

craft, and making ranging measurements to ground based retro-reflectors deployed in sow.

array over an area for which crustal movements are desired to be monitored over a period

of years. It is required that the array extend into regions for which no motion is to

be expected, since only relative distances between reflectors are monitored. Studies

suggest that some eight to ten spaceborne flights over a retro-field are potentially

capable of estimating baseline distances up to several hundred kilometers, with accu-

racies at the 1-2 cm level (Kahn et al., 1979; Pavlis, 1979; Kumar and Mueller, 1978;

Smith, 1978). The frequency with which the set of passes would need to be repeated

depends, of course, on the expected level of tectonic activity, but repeats at intervals

of at least six to twelve months would be required for any relatively active region.



Although the spaceborne laser may be expensive to build, it is presently well within

the state-of-the-art to build an instrument with the required 1-2 cm ranging accuracy,

and to supply it with a sufficiently accurate pointing system. Ass ►iming the laser ranger

to be accurately calibrated, the major error source remaining has been found to be

geopotential model errors (Kahn et al., 1979). The continued development of new gravity

models suggests that the geopotential problem may not be severe for a spaceborne laser

launch in the mid to late 1960's. However, it is not presently clear whether the

meteorological problems can be solved without the uti Nation of a two color laser.

Due to the lack of experience with a speceborne laser tracking a ground network of

retro-reflectors, and availability of an airborne scanai •g laser on the NASA Wallops C-54

aircraft, an experiment was performed at Wallops Flight Center in May 1979 to attempt to

identify some of the problems likely to be encountered by a spaceborne laser. Although

the dimensions of the retro-reflector array utilized for the aircraft tests were much

smaller than those contemplated for tracking from space, the ratio of reflector separa-

tion to aircraft altitude was roughly comparable to those frequently proposed for a

spacecraft monitoring reflectors separated by 50 km from an altitude 3f 1000 km. Thus,

range measurement sensitivity to baseline errors should be similar for both the aircraft

and spaceborne situations. Of course, dynamic modeling of aircraft and spacecraft motions

are drastically different, so optimum schemes for tracking the retro-reflectors will also

be different.

In addition to its application for studying potential problems associated with

spaceborne laser ranging, laser ranging from aircraft is now of some interest in its own

right. Reasons for this include:

(1) The aircraft system and operation is potentially less expensive.

(2) An aircraft system could be developed and baseline monitoring initiated prior

to the launch of a spaceborne system, thus making available several years of

crustal movement data before beginning the long term monitoring by a spaceborne

system.

(3) Monitoring of relatively small areas (- 100 km) is of particular interest

(Kaula, 1978) at the current stage in the understanding of crustal motion.

(4) Some simulations have indicated (Kumar, 1976; Kumar and Mueller, 1978) that

aircraft ranging is very valuable in strengthening baseline determinations

based on spaceborne laser ranging.

In this paper, we will discuss first the laser system, the types of measurements it

is capable of making and the type of experiment planned for the spaceborne laser simula-

tion. Next, we consider some simulation results for baseline estimation using an air-

borne scanning laser system. Finally, we discuss the results from flight tests and

their implications for future spaceborne or aircraft laser tracking.
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INSTRUMENTATION AND EXPERIMENT DESCRIPTION

The laser used for the flight tests was the Airborne Oceanographic Lidar (AOL), a

conically scanning pulsed laser system designed primarily to perform field demonstration

and technology transfer experiments in the areas of airborne bathymetry and laser Induced

fluorescence. An outline drawing of the AOL installed in the Wallops C-54 aircraft used

for the experiment is shown in Figure 1. In both the bathymetry and fluorosensing modes,

the instrument operation includes precision ranging and this was the basic measurement

used for the retro-reflector tests discussed in this paper. However, operation was in

the nominal "bathymetry" mode, so that the backscattered return pulse waveform was re-

corded for post-flight analysis. The laser was operated at 400 pps, scanning at a 5 Hz

rate, thus providing -80 pulses per scan. The off-nadir scan angle was set at 150,

the maximum available for the AOL. The laser was operated in the UV (337.1 nm) with a

nominal beam width of 20 mr, and transmitted pulse width of 9 ns.

Based on these parameters and referring to Figure 2 we see that for any height H,

the scan radius (for a circular scan) is H tan a. For 80 pulses per scan, the distance

between the center of adjacent illuminated areas is then approximately 2 wH tan a/80

or 0.021 H for a 15" scan angle. On the other hand, for a circular cross-section laser

beam pattern of 20 mr angular divergence, the laser terrestrial pulse pattern will be an

ellipse with minor diameter equal to (H/cos a)(0.020) . 0.021H. Thus, the footprint

pattern for an individual scan can be closely approximated by a set of 80 touching cir-

cles around the scan, as shown in Figure 3, independent of aircraft altitude. The actual

AOL footprint pattern is somewhat more complex (AVCO, 1975), but the above qualitative

conclusion 1s still valid.

Next, we consider the aircraft motion between scans. We would also like to have the

footprints from adjacent scans to at least touch. Thus, if we set the distance moved

between scans equal to footprint diameter, we obtain

V/5.06 scans/sec c 0.021H,

with v the aircraft speed. Substituting a nominal speed of 76 m/sec for the Wallops C-54

aircraft, we obtain

H), 715m.

For this altitude, the dimensions of the retro-reflector field then depend upon the

number of rows which it is desired to cover. However, because of the difficulty in

navigating an aircraft exactly down the middle of the array, it is desirable to have rows

3
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Figure 2. AOL scan geometry.

Figure 3. Laser footprints for an AOL scan from 150 m altitude showing near
total coverage of 400 m swath along flight path. Off nadir angle

of 150 and beam divergence of 20 mr assumed. Relative footprint
spacing is independent of altitude.
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positioned slightly within the nominal scan pattern. The scan pattern has a diameter of

2H tan a, or 383 m for the 715 m altitude. If a flight pass 1s to cover the entire

retro field, than we are led to a retro field width of 300-350 m, allowing for expected

aircraft errors in following a planned flight pass. Figure 4 shows a retro field based

on these dimensions which was used as a base field for performing error analyses.

ESTIMATION ALGORITHM

In some schemes which have been proposed and investigated for baseline estimation

using laser ranging from aircraft (Kumar, 1976; Kumar and Mueller, 1978), multiple ranges

(), 4) are considered to be made at each time point at which data is taken. Aircraft

position can thus be estimated simultaneously with the reflector positions and no aircraft

dynamics are necessary. In practice, particularly with centimeter level results desired,

simultaneous ranging to multiple reflectors cannot be achieved. Simultaneously trans-

mitted pulses will not be received simultaneously and aircraft motion between pulse

return times can approach the centimeter level for an aircraft flying at 10,000 m. For

the scanning AOL flying along an array of three rows of retros such as 1s shown in Figure

3, there will be a maximumm of four hits within one scan. Thus, for the C-54, there will

be a maximum of four reflector hits for an aircraft movement of 15 m, and some modeling

of aircraft motion during this time is required.

The model adopted is basically that which has been implemented in the KAPPA program

(Aldrich, 1970) which is presently used for estimating aircraft and rocket trajectories

from radar tracking data at NASA Wallops Flight Center. The state and measurement models

are taken to be

Xn ' On Xn-1 + qn	 (1)

mn ` An Xn + Bn k + En	 (2)

where

Xn is the aircraft state at time to

on is the state transition matrix transforming the state from time tn_i to time to

qn is the "state" noise at time to

6
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mn is the measurement (residual) at time to

An	 % is the partial of the measurement at time to with respect to the air-

"A craft state at time to

k 1s the vector of station position states which are to be estimated whenever all

data is available

an

en	
i	

is the partial of the measurement at time to with respect to the sta-
lk
	 tion position set

en 1s the measurement noise at time to .

To complete the model, we make the assumptions that the state and measurement noise are

zero mean and uncorrelated in time or with each other:

E(qn) a E(en) a 0	 (3)

E (gngn)	 Qn	 (4)

E(gngT)	 E(enCT) - 0, son	 (S)

E(gnCT) • O	 (6)

E(cncn) • Mnl	(7)

The total state includes the aircraft position and velocity and the coordinates of the

retro-reflectors, with non-zero state noise considered only for aircraft position and

velocity. Due to the high measurement frequency, and the assumption of aircraft flight

paths with low dynamics (i.e., near straight line), the state transition model includes

only constant velocity motion between measurements. Radar tracking of the aircraft

(range, azimuth, and elevation) and laser ranging to the retro-reflectors constitute the

measurement set. In addition, each aircraft pass has a starting vector with associated

state covariance. In general, a priori information will be used for each retro-reflector,

with the objective being to at least constrain the orientation of the retro array.

The desired solution for the station coordinates k 1s the one with minimum variance,

allowing for the uncertainties in the aircraft trajectory model and the measurement
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errors. A Kaman filter solution for the above equations could be developed, with

incremental adjustments to the station coordinates made with the addition of each new

measurement. However, since only small adjustments to station coordinates are expected

in geodynamic applications, we consider an implementation of an equivalent minimum vari-

ance estimation in which the solution is partitioned as suggested by Equation (2) into

aircraft states and station position states. In this procedure the aircraft state is

sequentially estimated with fixed reflector positions, but the normal e r .ations are

simultaneously accumulated so that adjustments can later be computed, based on the tam-

bined measurements from any number of passes. Except for the lnclusi Ni of aircraft

dynamics, this is the same partitioning procedure one would expect to use for multiple

()- 4) simultaneous aircraft range measurements to retro-reflectors. If there are a

total of M aircraft passes, the combined adjustment for the station positions is

M	 -1 -1	 M

k . 1 
An . yko	

hn	 (e)

	

nn 1	 n•1

where Vko is the variance covariance matrix of the a priori coordinates. Assuming there

to be N measurements for the n'th pass. u_ An and hn are defined by

fA
T 	 ll?

An 	 i pi B i -	 i Mi BiJ
•1

•	 1

X it + oi• 1 Q i
1
1 Bi•1)
	 (.AT

i Wi Bi i

N	 T

hA ^i^ 
Bi wimi - {^i xi Bi 	 (yi l	 ^i • 1 Qi+l ^i•1 ),

I

X(Ai Simi)

(9)

(10)

with the quantities to braces defined by the recursion relations
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•1
AT 

Ni ai
	 AT 

Ni Bi ♦ (Qi ♦ *i Vi-1 Oi

X • V1 i-1 { Ai-1 M1-1 I i 	(11)

•1
Ai 

Ni •i
	 AT 

Mi mi 
♦ ( Qi

  ♦ • i Vi-1 •i 1

X 
0i Vi-1 

j ATj_j Mi • 1 Mi•1	
(12)

These recursion relations are initialized by

Ao V  So	 0	 (13)

Ao V0 % 	 0	 (14)

Vi is also obtained via a recursion relation

?	 ?	 •1
Vi i . 

Ai Vi 
Ai ♦ #i Vi-1 # i ♦ Qi	 (1;)

with Vo the a priori covariance matrix of the aircraft state. Since the M + 1 state for

a pass is not defined, we must have

1	 T	 -1	 1V ♦ ^N♦1 QN+1 ON01	 VN	 (16)

Finally, for computations in which Qi 1 does not always exist, we make the substitution
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1	 1
^i • 4iT•1 Q-1i •1 4i•1 1.

-1
V
-I 4-I	 T

^i • 1 Qi•1	 i	 i • 1 Qi • 1 • 'i • 1	 17^

The inverse of the state transition matrix •1 always exists.

SIMULATION RESULTS

Groundtracks for eight passes across a field of 30 retro- reflectors are shown in

Figure 4, along with the reflector locations. Several different attitudes are assumed,

as indicated in Table I which also shows the number of reflector hits for each pass. All

passes parallel to the rows of reflectors were at an altitude of 750 m, allowing the

footprint pattern to intersect all rows even with the aircraft considerably off the center

of the array field. The passes across the rows were all at higher altitudes in order to

increase the probability of obtaining hits from all three rows on a single scan.

Since the planned tests at Wallops included radar tracking of the aircraft, the

simulated data included radar range, azimuth, and elevation information with accuracies

approximately equivalent to observed noise levels at a 10 pps data rate. To reduce

computer time requirements for the simulations, the radar data rate was decreased by a

factor of five, with noise levels reduced by /r. Table II summarizes the data and

accuracies simulated.

In addition to being a function of the assumed data and its accuracy, the simulated

reflector position accuracies are also dependent on the aircraft state noise. For the

simulations performed, the assumed state noise covariance was

0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0 'T

sn 0 0 0 V2 0 0 n
qX

0 0 0 0 Yq2y 0

0 0 0 0 0 V2
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With Vqx - Vqy - Vqz a 1 m/sec. This choice has the effect, as it oust for the scanning

mode of reflector tracking, of providing soot dynamic constraints between laser measure-

ments while allowing for the inability to adequately model the aircraft motion for a

complete pass across the reflector field. As in all such applications of a sequential

filter, however, the choice of numerical values for Qn is largely empirical, and the

above choice made may not be completely optimal.

Figures 5-7 summarize some of the simulation results for baseline accuracy, with the

four corner reflectors constrained with standard deviation (one sigma) of 1 ce in each

coordinate. Figure 5 thaws the sigmas for the baselines relative to one of the con-

strained reflectors, and the sigmas for baselines relative to the other constrained

reflectors are similar in magnitude and beMvlor. The sigmas lie generally within a

band between 20 and 30 cm and, in some cases, slightly decrease with increasing baseline

distance. The anomalous behavior at the shorter baseline is reasonable on the basis of

the scanning geometry and the associated characteristic of adjacent (in time) hits of

reflectors on the same raw.

Figure 6 shows baseline sigmas between unconstrained reflectors with most of the

numbers between 30 and 40 cm. The baselines between the first and third rows are less

well determined than those between the other rows for a given baseline distance, for

reasons that are not immediately obvious. However, the midJle row of reflectors is, in

general, better determined than the outer two rows, as will be more clearly demonstrated

by the height accuracies discussed below.

Figure 7 shows the baseline sigmas for the total set of baselines within the second

row, no reflectors of which are constrained. Hen, the sigmas are around 30 cm, and the

lowest sigmas are for the shorter baselines. This characteristic must be due to the use

of relatively low aircraft state noise, since a high percentage of the passes are along

the rows and only dynamics can provide strength between adjdcant reflectors within a row.

Finally, Figure 8 shows the sigmas for the reflector hei ghts relative to the plane

determined by constrained reflectors on the corners of the array. The sigmas are 5-6 cm

for the row one and row three, and about 4 cm for row two.

It will be noted that the height sigmas are much smaller than the baseline sigmas,

which can be attributed to the scan geometry as shown in Figure 2. With the 15 0 scan

angle, the ranging measurements are much more sensitive to height than to horizontal

positioning. For example, the laser range from the aircraft to reflector i can be written

R '	 (xa - x1) 2 + (Ya - Yi ) 2 + (za
 - =i)2

where (xa, ya, za) are the aircraft coordinates and (xi, yi, zi) are the reflector

coordinates. Then

14
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ORR"	 - (xa . xi)/R
i

Iy n . (ya - yi)/Ri

OR 
n •(za - si)/RTt'i

For simplicity choosing a point for which ya • yi, then from Figure 2,

3xi n - s ing

3i- cos0i
The ratio of these sensitivities is then

OR	 OR
ri ^i • Cot4

For # n 150 , this ratio is 3.7. From Figure 5, we find an average sigma for baselines

relative to a constrained reflector of about 25 cm, and from Figure 8 we have an average

height sigma of about 5 cm. The height sigma is thus greater than the baseline sigma by

about a factor of five, in order of magnitude quite close to 3.7. It follows from the

above range partials that equivalent height and baseline sigmas would be expected for an

off-nadir scan angle of 45 0 . For the same number of measurements given in Table I and

the same measurement accuracy given in Table II, the sigmas in Figures 5-7 would be

reduced by a factor of sin 45°/sin 15° n 1.4. It should also be noted, however, that

with the 450 scan angle, the aircraft altitude should be reduced by a factor of tan 450/

tan 15° • 3.7. Alternatively, the dimensions for the array field, and the abscissa scale
in Figures 5-7 could be increased by the some factor.

k,

.
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EXPERINENTAL RESULTS

A series of flights over a retro-reflector field, similar to that described above,

was performed at Wallops Flight Center, Wallops Island, Virginia, on Nay 1, 1979.

Reflectors were deployed in three rows along one of the Wallops aircraft runways, as

shown in Figure 9. The area and retro configuration were chosen because of the existence

of a number of surveyed markers along the runway, and the convenience of the area for

missions utilizing Wallops Flight Center aircraft.

The retro array shown in Figure 9 was optimum for an aircraft pass at approximately

750 m altitude, based on the scan pattern discussion above and the desire for the scan

pattern diameter to slightly exceed the width of the array. Flights were also flown at

several higher altitudes in order to determine the variations with altitude of ground

return signals as well as return signals from the retros. Two types of reflectors were

included: (1) open-faced 25 mm nominal Oiameter reflectors with 1 mr beam divergence,

elevated approximately i m above ground level, and (2) solid Quartz 50 mm diameter retro

reflectors with 0.1 mr beam divergence. The latter reflectors were at ground level.

Each pass of the aircraft across the retro field was tracked by an FPS-16 C-Band

radar located near the runway along which the retros were deployed. The aircraft trajec-

tory determined from this radar tracking, along with the AOL scan azimuth and aircraft

orientation (pitch, roll, heading as measured by the aircraft LTH-51 Inertial Navigation

System), were sufficient to position the laser footprint with an accuracy of 10-20 m.

Return pulses of large amplitude and having a footprint center within 20 m of a retro

were thus readily identifiable as being due to, or at least including, a retro return.

For the elevated reflectors, confirmation of retro hits is also possible on the basis of

the shorter measured ranges.

Table III summarizes the total number of identified retro hits across the 32 reflec-

tor array, with typically 6-10 hits per pass. This is a much smaller number than that

obtained in the simulations summarized in Table I, and has been attributed to a highly

elliptical laser cross-sectional beam pattern. The measured N 2 laser beam pattern has

an eccentricity of approximately 0.9, with the major axis of the ellipse rotated -150

counter clockwise from the aircraft wing axis. Simulations accounting for the elliptical

beam pattern have confirmed that the number of hits obtained is consistent with the

reflectors expected to be included in footprints.

Although the two types of retros used differ substantially in area, return beam

divergence and cost, there were no discernible differences in the return pulse amplitude

or shape that could be reasonably attributed to retro type. There were, however,

significant variations in return pulse amplitude that .ould be attributed to the retro

being in the center of the laser beam.
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Figure 10 shows the aircraft path for one of the passes, and identifies the retros

conclusively hit during the pass, based on return pulse amplitude. The figure also shows

a location from which a large amplitude return was obtained, but which definitely did not

include any of the retros. This problem suggested that the intensity of return pulses be

examined in the runway area to determine strongly reflecting regions that could cause

difficulties in identifying true reflector hits. The contour in Figure 11, based on the

intensities of the 400/sec return pulses from pass 3C/5 on May 1, shows not only the

high intensities obtained from the reflectors, but also the high intensities obtained

from the concrete portions of the aircraft runway itself. In this figure the sizes of

the retro-reflectors appear somewhat enlarged due to the particular technique used for

enhancement of the contoured projection.

CONCLUSIONS

The simulation results have shown that a set of ranging measurements from an air-

craft to an array of reflectors, such as would be obtained from a scanning pattern, can

provide strong recovery of both baselines and relative reflector heights. Extensive

further analysis is, however, needed to determine the optimum parameters for both posi-

tioning the reflectors and in processing the data collected.

The experimental results demonstrated laser ranging measurements from an aircraft to

ground based reflectors, with recorded hits consistent with that expected on the basis of

the number of reflectors covered by laser footprints. However, it is noted that "normal"

ground returns can, for certain types of terrain, be as strong as reflector returns.

Thus, future tests and operational systems must be able to discriminate against ground

returns, on the basis of range gating, pulse shape, or some other scheme. Such discrimi-

nation is simplified if the geographical region in which the retros are deployed contains

only terrain with low, monotonous reflectivities. Unfortunately, fault boundary regions

do not always possess such characteristics.

An additional spin-off result of this project is displayed in Figure 11. The infor-

mation contained therein shows promise for the utilization of an airborne laser system in

other remote sensing data collection activities, such as land use.
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