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THE AIRBORNE LASER RANGING SYSTEM,

ITS CAPABILITIES AND APPLICATIONS

By

W. D. Kahn
J. J. Degnan
Goddard Space Flight Center
Greenbelt, MD 20771

T. S. Englar, Jr.
Business and Technological Systems, Inc.
Seabrook, MD 20801

ABSTRACT

The Airborne Laser Ranging System is a propbsed multibeam short pulse laser ranging system
on board an aircraft. It simultancously measures the distances between the aircraft and six laser
retroreflectors (targets) deployed on the Earth’s surface (Figure 1). The system can interrogate
over 100 targets distributed over an area of 2.5 X 10* sq. kilometers in a matter of hours. Poten-
tially, a total of 1.3 million individual range measurements can be made in a six hour flight. The
precision of these range measurements is appro.\'imatei)" .+_l cm (1). These measurements are then -
used in a procedure which is basically an extension of trilateration techniques to derive the intersite
vector between the laser ground targets. By repeating the estimation of the intersite vector, strain
and strain rate errors can be estimated. These quantities are essential for crustal dynamic studics
which include determination and monitoring of regional strain in the vicinity of active fault zones,

land subsidence, and edifice building preceding volcanic cruptions.
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Figure 1. Airborne Laser Ranging System Concept
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THE AIRBORNE LASER RANGING SYSTEM,

ITS CAPABILITIES AND APPLICATIONS

1.0 INTRODUCTION

Recent experience with laser and Very Long Baseline Interferometer (VLBD measurements iﬁ
Southern California reveal that large scale crustal motions can occur in time scales of a few weeks
and months, To adequately monitor such motion, techniques are rcquﬁcd to map the position of
grid points over a region in a few days and at repeat frequencies of a few weeks. In addition,
maps of crustal deformation rates encompassing 20 to 40 locations are required within several
days of the observations. The monitoring of relative motions in the Earth's upper crust in tens
to sub-centimeter rate per year can be accomplished by a palsed laser ranging svstem carried on-

board an aircraft, making rapid range measurements to passive reflectors distributed on the ground.

- By developing and interpreting this system’s ability to detect motions of the Earth's upper crust,

a model of the strain accwnulation compatible with observations of crustal motion and tectonics
of a region within the experimental data collection arca can be derived.  Furthermore, an Air-
borne Laser Ranging System (ALRS) can survey an area in a very short period of time (hrs.) and

resurvey the arcas as required,

' 'l'hc'lmsic.pi\ik)ﬁ)pli)’ of ihc ':\iflv().rxlc l;ascr Ranging System is to invert the usual laser rang-
ing configuration by placing the ranging and pointing hardware in an aircraft such as NASA's
NP3A Lockheed Orion Research Aireraft, and replacing the expensive laser ground stations by
low cost (< $1000) passive retroreflectors. The system is necessarily multibeam since the loca-
tion of the aircraft is not known with cm precision at cach point where a set of range measure-
ments are made, Thus, a minimum of four simultancous range measurements are required, i.c.,
three to resolve the new coordinates of the aircraft and one to acquire information on the rela-
tive locations of the ground targets. The ALRS system will be capable of ranging simultancously

to six retroretlectors. At a laser repetition rate of [Qpps, a potential 1.3 million individual range
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measurements can be made and an area as large as 60,000 sq. km can be surveyed during one six
hour flight. The latter coverage applies to a high altitude research aircraft such as an RB-§7 or U2
which can operate at altitudes above 18km and is reduced for aircraft having lower operational

altitudes.

Computer simulations have shown that in the presence of measurement noisc and bias coupled
with tropospheric refraction effects, an aircraft operating at a morc modest maximum altitude of
6km, can determine intersite distances to a precision of 0.4 cmat Skm and 1.4 cmat 30km baseline
distances. The error growth rate per unit bascline varies inversely with aircraft altitude. Further-
more, the data reduction ;cthniquc simultancously resolves the aircraft position to the cm level at
cach point in the flight path where a laser pulse is transmitted. The ALRS system is expected to be
a powerful new rescarch tool for monitoring regional crustal motion, land management applications,
and general surveying beeause it will provide a “snapshot™ of the target positions over an extended

area with high spatial resolution,

2.0 SYSTEM DESCRIPTION
2.1 Laser Ranging Subsystem

Figure 2 is block diagram of the ALRS. The system computer enables the firing of a sub-
nunosccon.d laser transmitter at a nominal rate of 10pps. The transmitter is a modelocked, PTM
Q-switched Nd: YAG laser oscillator followed by a double-pass Nd:YAG laser amplifier and a
KD*P frequency doubler. On cach firing, the transmitter generates a single 150 psec (FWHM)
pulse containing several millijoules of energy at the 0.532 micrometer green wavelength. A beam-
splitter reflects a very small fraction (< 10 of the outgoing energy into a series of six beamsplit-
ters which divide and direct the low-level energy into cach of six receiver channels. The remain-
ing energy is divided into approximately six cqual parts by a second set of beamsplitters which
directs the energy 1o six independently controlled pointing systems. The six outgoing pulses pass

through the atmosphere to illuminate six ground target retroreflectors. The reflected energy
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Figure 2. Block Diagram of the Airbome Laser Ranging System

3



e s ey

ORIGINAL PAGE 13

OF POOR QUALITY
from cach target travels back through the atmos_phere to the ALRS and is imaged onto the corres-
ponding high speed photomultiplicr tube (PMT). Thus, a pair of start and stop pulses, indicating
the times at which a given pulse leaves and returns to the instrument, are recorded by each of
the six rcceivef channels. The use of common start/stop recciver components climinates a poten-
tial source of time-dependent range bias which might be introduced by changes in the thermal en-

vironment, voltage condition, or other nonstationary processes during flight.

The output of cach PMT is split inside the signal processor. One port is input to a low time
walk constant fraction discriminator. The discriminator provides a NIM logic pulsc to both start,
and later stop, one channel of a multichanne! time interval unit. The latter device measures the
time-of-flight for cach of the six laser pulses. The six channels in the TIU share a common clock
input. The range to each target is calculated from time-of-flight with suitable corrections being
made for instrument biases, pulse amplitude effects, and atmospheric refraction delays. A charge
digitizer at the second port of the PMT output records the encrgies of the outgoing (START) and
incoming (STOP) pulses thereby enabling the system computer to correct for timing biases due to
pulse amplitude (dynamic range) effects. The measurement data is transferred to the system

computer for storage and use by the navigational subsystem as described in Section 2.3. Nominal

atmospheric refraction corrections are made inflight for use by the navigation computer. More

exact corrections are made during the post-flight data reduction phase.

Instrument related single-shot range uncertaintics are about Smm RMS (one sigma) with an
average received signal level of 200 photoelectrons. This is the signal level calculated for a worst-
casc link which assumes 1mJ of laser encrgy per channel, a 0.5° beam divergence, and a min-
imum aircraft elevation angle of 20° as viewed by a ground ta'rgcl with a modest cross-section of

106m2. The aircraft is assumed to be at its maximum altitude of 6km.
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The laser transmitter, beam splitting optics, receiver optics, and photomultiplier tebes are
mounted on an optical baseplate which is isolated vibrationally from the aircraft fusclage. Six
azimuth-clevation pointing mounts with § em receive apertures are rigidly attached to the bottom
of the optical bed, Each pointing system consists of a four mirror coclostat mounted on an
azimuthally rotating stage as in Figure 3. The laser beam cntérﬁ the pointing system through a
hole in the optical baseplate and the rotation stage. The final mirror rotates about an axis paral-
lel to the optical beneh to point to a given clevation angle.  This particular configuration was

chosen because it can be placed very close to the aireraft window to provide ncar hemispherical
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viewing capability. A sccond advantage is that all light beams reflect at a 45° incidence angle
independent of the AZ/EL pointing angles. This allows the use of high efficiency dielectric coatings
on the mirrors &35 maximum receiver sensitivity and potential upgrade of the system to two colors

for making direct measurements of the atmospheric refraction correction. (1)

Each pointing mount is equipped with two servo systems (azimuth and clevation). In the
present concept, these systems are digital controllers that drive precision stepping motors and con-
tain optical encoders to measure angular position. The commands sent to the controller are in
the form of anguhr position, velocity, and acceleration referred to the optical bench. The con-
troller performs the usual loop closure tasks to control the individual servos as dirvcted and to
relay information back to the command'imcrfacc. Command angles and predicted range gates
are generated by the system computer using aircraft navigation solutions provided by the naviga-

tion and attitude determination subsystem.

With laser beam divergences on the order of several milliradians, absolute pointing accuracies
at the mrad level are adequate. This performance is a factor 10 to 20 times less stringent than

typically required for ground-based satellite laser ranging systems.

2.2 Target Deployment
A number of geodetic monuments will be erected in the region of interest. The “grapefruit-

sized™ targets, studded with about six optical cube comers, can be mounted directly on the
monuments prior to the survey flight. These can be either permancnt installations or the targets
can be removed and reused at other locations. In 6rdcr to tic the target grid accurately to a
reference coonldinate system targets would be placed at three or more fiducial points. To sim-
plify the target aqquisition sequence, it is desirable that thp position of cach target be known
apriofi to approximately S0 meters but this is not a hard requirement.  The apriori knowledge

of target position does not impact the aposterion grid resolution achieved by the ALRS. In

6
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general, apriori location can be read from a surveyors map or obtained using radio navigation
receivers such as Loran C, the TRANSIT Satellite System, or the future Global Positioning

System (GPS).

V2.3 Target Acquisition and Tracking

The a priori target positions discussed in the previous section will be stored in the ALRS sys-
tem computer memory as latitude, longitude, and altitude above sca level, Successful acquisition
and tracking of the targets during flight requires an adequate knowledge of the aircraft position,
velocity, and attitude. The positional crmrAin a modermn inertial navigation system (INS) typically
grows at a rate of 0.4 to $.0km/hour. In such a system, vehicle accelerations and attitude are

measured by an inertial measurement unit (IMU) consisting of three orthogonal aceclerometers

and a gyro trind. The navigational computer (NC) performs coordinate transformations and inte-

: - grates the equations of motion to provide estimates of velocity and position refative to a set of

i

: . initial conditions. The errors in these estimates have many contributing sources including sensor
calibration limitations and inaccuracies, computational errors, and sensor-error-propagation effects,
: The performance of an INS can be improved significantly by incorporating additional inde-
pendent sensors which periodically check and update the navigation solutions.  Radio navigation

: aids (such as OMEGA, LORAN C, and the future GPS system) are particularly well suited to the

role of auniliary sensor because of lhu;ir global or near global coverage. In the ALRS, latitude
and longitude information from a LORAN C receiver is utilized to update and stabilize the cor-
responding INS solutions via a Kalman filter algorithm in the NC (2). Similarly, barometric altim-
cter measurements of altitude are processed in the NC to stabilize the equations for vertical velo-
city and altitude. The Kalman filter also updates attitude information and provides best estimates
of sensor errors such as misaligniments, accelerometer biases and scale factors, gyro drift rates, cte.

The INS velocity solution assists the LORAN C receiver in the acquisition of Doppler—shifted

2 o
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signals from the LORAN ground network. In the cvent of certain types of failure, the proposed

navigational system can be restarted and calibrated in flight.

Flight tests of 2 LORAN-aided INS (3) performed for the U.S. Air Force have demonstrated

a 60 meter absolute position accuracy (one sigma) and a 15 meter RMS random noise error (one

sigma) and angular accuracies of a few tenths of a milliradian.  LORAN C was chosen for the

ALRS because it is significantly more accurate than OMEGA (2925 meters) and, unlike GPS, is .

alrcady available in most regions of the world. The Global Positioning System will cventually

provide more accurate dynamic fixes in all three coordinates (5 meters) and global coverage, but

the system is urlikely to become fully operational before 1988.

The navigational data is combined with the stored a priori target positions to compute the

estimated range gates and the pointing mount command angles. As the targets come

‘the laser is activated and the presence or absence of range returns is noted. If no returns are de-

tected, a scarch pattern is executed until range data is acquired. Selected range data is then

passed to the navigation Kalman filter to update the estimate of aircraft position. The ALRS

then shifts from the acquisition to the tracking mode,

In the tracking mode, triangulation on the highly accurate laser returns results in an aircraft

position cstimate which is virtually error free (better than a meter standard deviation) so that.

except for aircraft attitude estimation errors contributed by the gyros, the computed command

angles and range gates are essentially correct. The instrument remains in the tracking mode as

long as sufficient range data is available to maintain an accurate estimate of aircraft position. In

making the transition to a new set of six targets, the system triangulates on Jaser returns which

are common to the new and the previous set,

In this way, the aircraft position is known with

better than meter accuracy during the transition. The design of the system computer and a

description of the inflight operational software is given clsewhere. (4)

within range,
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3.0 MATHEMATICAL MODELS AND ALGORITHMS

The mathematical model associated with the data gencrated by the ALRS system will be

given in this section. This model will lead to the definition of an estimation algorithm for the

coordinates of the retroreflector positions.

3.1 Range Data Model
Ideally, the ranging system measures the distance (range) between the airborne laser and

several retroreflectors deployed on the Earth's surface.

Let Z(3x ;)(t) and 2(3,( 1)(t) be the 3-dimensional vectors describing the position and velo-

city of the aircraft at time t,

2, (1) , R
Ziax () = | 2a(0) and Ziy () = | 25(0) (1.0)
- v 23 jox 23(1) J3x 1y

The vector components are expressed in some convenient. coordinate system.

Also let,
0,0
ulkd,, = [uf® (.n
(k)
3
(3Xn

be the 3-dimensional vector describing the position of the kM retroreflector in the same coordi-

nate system.
The distance between the k% retroreflector and the airborne Yaser at time t ic:
dit, k) = [ZT () Z(t) + UK) TU(k) - 27Ty ptk)H2 (1.2)

. ' Equation (1.2) does not completely represent the model for the ALRS measurements since the

_ accuracy goals specified for the system require that this model be considerably refined.

The principal difference between d(1, k) and the ALRS measurement is the refraction incte-
ment r(t, k): however the model used for ALRS also includes a measurement bias, bi' on the ith

AR "9
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beam, and a random crror, v, which is uncorrelated in time or between beams. Thus the ALRS

range measurement model is given by

plt. K, i) = d(t, K) + o(t, K) + by + vt K, i) (1.3)

where

If

time that measurement is made
k = retroreflector illuminated at time t

beam used.

i

The purpose of the ALRS measurement algorithm is to process the range data (PLaPyecenns Py)
and produce an estimate of the retroretlector positions U(_‘N'x”. It is clear that this must be
accompanied, at least implicitly, by estimates of the aircraft positions Z(tg) at the measurement
times, te. Furthermore, the refraction and the biases must be modelled, and their eftects

compensated.

The biases are modelled as stationary constants to be estimated.  The refraction increment
f(t. k) is more difficult to analyze. However, the basic model for rit, K} is that previously used

for analysis of satellite laser ranging (5) which was derived by Gardner in (6) and (7).

Fbr ALRS purposes, the aireraft height has been included in the models but since more re-
cent studies by Gardner (8) have-indicated that errors in rt, k) do not depend upon azimuth,
the existing formulation shows refraction compensation errors to depend upon barometric pres-
sure and the gradient of PTK (i.¢., pressure X temperature X coetticient related to lapse time)

9. 10).

Variables which appear in the estimation process are collectively reterred to as the estima-

tion state, denoted by X, that is

10
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LN
Z(1)
(1)
3 —-— bl

Nnx1 = , : _ (1.4)
N
Dy

er
4

L TrdNX1
where
N = SNr + Nn +6

and
= respectively, the pressure and gradient PTK at the k'™ retroreflector site

-
»
Z o
I
M |

the number of independent laser beams

Z
I

R = the number of retroreflector sites
The inclusion of Z(1) will be explained below.

3.2 The Estimation Process

An enormous quantity of data c_uln be acqpirpd during an ALRS aircraft flight. For a six
hour flight, the system can operate at a repetition rate of 10pps and receive return pulses on six
(Ng) beams to register nearly 1.3 million range measurements, This aspect alone rules out any
“Batch Processing™ technique in which a lanze information matrix is invcricd to estimate all
parameters at once. A sequential estimation process (minimum variance/Kalman filter) has there-
fore been developed, in which cach return, or the Ny returns from a single pulse, are used to
modify the existing estimate of X y,. This approach has been assumed in the definition
of Xnx 1y above, where a time-varying aircraft position appears in the state, rather than a se-

quence of independent aircraft positions, In addition, it is assumed explicitly that during a single

R
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ALRS flight, the other components of the state are constant; i.e., no crustal motion takes place,
the beam biases remain the same, and the error in knowledge of atmospheric conditions at each

retroreflector position remains unchanged.

At least four distinct concepts are involved in using a sequential algorithm:
(i) How to change a vector estimate, given a scalar measurement;

(i) Modify (i) to include statistical error concepts;

(iii) How is the process to be inﬁi;hcd:

(iv) How are the time-varying aircraft positions handled.

These concepts are treated exhaustively in the literature, ( 11) among others: thus only a brief

analysis will be discussed here.

The approach is fundamentally based on lincarization. Because a prior estimate exists, an
. . A . .
estimated or predicted range measurement p(t, K, i) can be computed, based on the estimated

variables. The actual measurement is then represented in a truncated Taylor's series as:

2
pL K i) = ALk i)+ —= (N-R1 4w (1.5)
X | x.%-

" where a minus or phis superscript réfers to instant, just before or just after the processing of
data, respectively.
This now has the form,

y = hT(X - :\\") + v, (1.6)

One important estimator is the Kalman filter, for which the optimum estimate is expressed
by
S+ 0 .
(XT=-XN") = Ky (1.7

K being the optimum filter gain. The error, ¢, in the estimate is

l‘!
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A 7 Vol
€ = (X-X)-Ky = (X-XH (1.8)
and the covariance of this error is the expectation of ee¥:
P* = E(eeT) (1.9)
Since the variances of the crror components are given by the diagonal elements of P,

. . - 3 A - . 3
a minimum variance estimate is obtained by solving for those components of (X - X) which mini-

mize tr(P) that is:

tr(PY) = tr[E(ee™)}

= tr {E(X - X7) (X -X7)T = 26X - &) yTKT + KE(yyT) KT} (110
and
d—(;{—m— = {-ZE(X Ry + 2Kli(yy‘)} = 0. (1.11)
Then ,
K = E(X-R") yT EyyT)! oy
where
E(X - X)yT = Ph
E(yyT) = [hTP-h +R]
E(wT) = R
Thus . ‘
K = P-h{hTP-h + R} (1.13)

The matrix P~ is used in (1.13) to obtain the optimum filter gain. which in turn, is used to
caleulate the optimum estimate of the state from (1.7). A new value for this matrix is computed

from

Pt = (1 - KnT)p- (1.14)

where T is a unit matrix of proper dimensionality.

[T, ]
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Then

X* = K-+ Pn(hTP-h + R)~'hTP~(p - D) (1.15)

The measurement, p, is not exact. There are inaccuracies involved in the pulse timing, model-

ling errors, etc. All of these error sources are lumped into the uncorrelated noise term (1.5)
v(t, k, i). On the basis that the primary source of this error is truncation noise in the clock and

that biktakcs up the constant components, the statistical model for v introduced in (1.5) was

E {v(t. k, i)} =0

B {Mto k. D ¥ty LD} = RER BF 5] (1.16)

selected with

where

and R is the scalar appearing in (1.12).

We have shown how a measurement modifics the estimate and its statistics. It is thus ap-
parent, that it is necessary to provide a starting estimate, and an associated covariance, to initiate
the process. This has been donc by‘ using numl;crs which can be expected when performing the
actual ALRS process. The apriori positions of the retroreflectors will have errors in cach com-

ponent which are dependent on the care taken in the process of target deployment.

The aircraft position may have an error standard deviation of 30 to 100 meters because of
uncertainties in the LORAN/INS position location. Velocity estimates also have @ random

component,

The estimates of beam biases are zero: preliminary data show that the standard deviation

about zero s less than 1cm.

14
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The estimates of atmospheric parameters have been made by assuming a monitoring station at
a few retroreflector sites. A standard deviation of 1 mbar is used at the station, 100 mbar elsewhere.

(i.c., tantamount to no knowledge of the meteorological information at the unmonitored site).

Extremely large prior covariances could be used, of course, implying heavier weighting of
the ALRS data. One of the aspects of the data reduction which serves most to increase confi- i
dence in the ALRS approach is that estimation error variances are essentially independent of

prior variances, provided that a one or more I mbar weather stations are used.

In the application of Kalman filtering to systems in which data is taken at discrete time
points, processing is in two steps: incorporation of the new measurement data and propagation e

of the estimate between measurement points.,

The discussion above hias covered how the measurements are »uscd. Between measurements '
all estimates (and true quantities) remain constant except for the aircraft. The aircraft position
estimate is updated by applying the velocity over the time interval. For propagation of the co-
variance, the studies reported here have taken the consenvative stand that cach new ;lin:r.uft posi-
tion has the same large error variance as does the initial position; thus assuming that the aircraft
position deterined by ALRS cannot be propagated.  In actual data reduction, the estimated -
aircraft position may be used, thus improving accuracy. the difficulty of properly evaluating and
modeling aircraft disturbances has led us to adopt a more conservative approach for analysis

purposcs.

3.3 Coordinates and Constraints

It is well known (12) that the multilateration problem, of which ALRS is an example, is
not completely observable; that is, not all of the unknowns in the problem can be determined
from the ALRS data. The stimplest example of this is the fact that the same set of observations

could be obtained if the complete set of aircraft and retroreflector positions were translated and

15 . : i
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rotated as a rigid body. Thus there is a six-fold degeneracy in the problem. To avoid‘ having
some large variances in the covariance matrix while internal estimates become very accurate - a
situation leading to numerical problems - an internal coordinate system has been defined for the
estimation process. In this coordinate system, one retroreflector is chosen for the origin: one
fctrorcﬂcctor defines the x-axis and therefore only its distance from the origin (its x-component)
is estimated: and finally one retroreflector is taken to define the x-y plane. The variances are
appropriately modified so that six components are perfectly known. It is important to note that
the estimates, and variances of the estimates, of bascline length are independent of what coordi-
nate system is chosen and, except for the numerical problem previously noted, no local coordinate

system need be chosen.

These local estimates can be tied back to a larger coordinate system provided independently

obtained coordinates in the larger system are available for at least three retroreflectors.

Bascline data (distance between retroreflectors) is intrinsically local data. When attempting
to infer subsidence or expansion information it is necessary to define a plane with respect to
which vertical motion can be measured. The ALRS local coordinate system defines this plane

with the three “master” retroreflector locations. -

4.0 RESULTS OF SIMULATION STUDIES

Simulations have shown that rangc measurements must be taken at two widely separated
altitudes in order to strengthen the geometry sufliciently to recover basclines at the centimeter
level. Thus, in a typical mission. the aireraft approaches the target grid at an altitude of 3.9km
as in Figure 4. After acquiring the first fow targets, the instrument shifts to the tracking mode
for the remainder of the mission. After overflying the rows of targets at 3.9km, the aircraft
climbs to its maximum cruise altitude (say 6km) for a second set of passes over the target grid.

The turmning mancuvers between passes can be used to calibrate the on board attitude sensors.

16
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Figure 4. Typical ALRS Mission Scenario Perspective Showing Ranging from Two Different Altitudes
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The spacing between targets will depend on several factors including the scientific objectives
of the mission, the aircraft altitude, and terrain limitations. For the NP3A aircraft, the spacing
is nominally taken to be 7km. At typical cruise velocities (i.c., 200 knots), and at the most
favorable aspect angle, laser range data to a given target is taken for approximately 300 seconds

" before the pointing system is commanded to acquire a new target. For a laser repetition rate of

10pps, this corresponds to 3000 range measurements per target. Since a given target is common

- s

to a number of six target scts, and data are collected at two altitudes, over 6500 range measurc-

ments arc typically made to cach target.

Figure § illustrates the performance of the ALRS evaluated from crror analyses. The base-
line precision vs. baseline distance from an arbitrary origin is shown. The baseline precision de-
creases with increasing bascline length. For instance, in the absence of atmospheric refraction, 1
the baseline precision is 0.65¢m for a 20km baseline. The simulation was performed for a 15

target grid (3 by 5) under the assumption that the single shot laser range measurenient uncer-

tainty was +1cm RMS and the uncorrelated biases were on the order of t1cm. The total number

of range measurements is 97,959 corresponding to the amount of data collected in approximately

27 minutes of flight time over the grid assuming no data dropout.

The bascline precision is degraded slightly in the presence of atmospheric refraction. The
“with refraction” curve in the figure was determined under the assumption that surface pressure

and temperature in the target region could be modelled by quadratic polynomials in the two sur-

e s o v a o R P o e @504

face coordinates and that the cocfficients in the polynomials were determined by ground-based
measurements of pressure and temperature at 15 locations (not coinciding with the target loca-
tions). It was further assumed that the surface measurements of pressure and temperature were
accmxra(é to 1 mbar and *1.4°C respectively. The vertical variation in pressure was assumed to

be determined by the hydrostatic equation (13).

18
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Figure 6 shows the importance of refraction errors and also illustrates that an cxtensive
network of meteorological sensors is not required, Atmospheric measurements made at a single
site co~located with a laser target within the ALRS grid, will significantly reduce the effects of
atmospheric refraction upon ALRS baseline precision. In the estimation process described in
Section 3, if the information from that singlg' “met sensor™ is used and the atmospheric param-
cters for the other ALRS targets are made part of the set of estimated parameters, a factor of
about 7 improvement in bascline precision is achieved. The figure also shows that the inclusion
of additional meteorological sensors within the ALRS target area does not significantly improve
baseline prcéision. It should be emphasized that Figure § assumes an extensive meteorological
sensing network in the neighborhood of the target region whc;cas Figure 6 utilizes meteorological

sensors collocated at onc or more target sites.

Figure 7 shows the evolution of baseline precision as a function of baseline distance for a
fegion 14km X 1 2km in which ST laser retroretlectors are deployed. 1t can be seen that the
bascline precision s degraded at the rate of about L.7¢m/100km. This result compares very

closely with that obtained for smaller target grid areas,

In Figure 8 the evolution of baseline precision is given for a series of randmnly deployed
laser targets. These targets are distributed (as shown in the inset) in a potential ALRS flight test
region in the vicinity of Shenandoah, VA, The targets were located at approximately 17 first
order survey monuments currently maintained by the US. Geological Sunvey. The simulation
indicates that the random target pattern does not significantly affect the baseline precision rela-
tive to that presented in Figs. 5, 6. and 7. For the simulqtion. one meteorological sensor was
located in the middle of the grid and the meteorological parameters at other sites were determined

in the estimation process.
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Oné of the principal applications anticipated for the ALRS surveying system is monitoring
relative motion in the Earth's upper crust at the sub-centimeter/yr. rate. By developing and
interpreting the system’s ability to detect motions of the Farth's upper crust, a model of the
strain accumulation compatible with observations of crustal motion and tectonics of a region

within the experimental data collection arca can be derived.

For example, for a target dislrihuiion as shown in Figure 7, baseline rate :\ccubr:wics can be
obtained from the bascline precision, By msul‘l‘\‘ill:g flmt the basclines are i\\cusun‘.d (;\’cr a one
day period and by repeating the measurements every ninety days, then as shown in Figure 9,
bascline rate accuracies at the end of a ten year observation period can be determined for § km
baselines to better than 0.02 em/yr and for 100 km basclines to about 0.1 cw/yr. These b:m‘clinc
rates correspond to strain rates of 4 X 10} strain/yr and 1 X 10* strain/yr. With the bascline
rate accuracies indicated, the ALRS could provide a capability to obsenve the precursory geodetic
motions believed to occur l)cl’urc larpe carthquakes. Indeed within a regional scale, the ALRS |

could provide the first real possibility of “capturing™ a magnitude 7.5 and above carthquake.

CONCLUSIONS

The Airborne Laser Ranging System is a unique instrument capable of rapidly performing
dense, lanee séale geodetic and-eagindéering sunveys with subeentimeter accuracies over long base-
lines. Since all data s initiated, received, and processed at the ;lircrul'l. thete is no aeed tor a
complex data collection network, absolute time information, or skilled pensonnel in the tichl
It therefore promises to be a highly cost effective device for geophysics studies, large seale
surveying, and Land management applications, especially when combined with photogrammetric
instrumentation. This system can detect strain rates to an accuracy of about § X 10°% strain
per year over a measuring period of 4 years, Such a system can theretore provide the capability

to obsene on a regional scale the precunory cnintal motions believed to oceur betore large

carthquakes.
Al
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