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Laser ranging instruments placed on aircraft and spacecraft plat- 
forms are capable of high resolution altimetry measurements of 
the topography of earth, lunar, and planetary surfaces. The laser 
brings to altimetry a very high brightness source that can produce 
megawatts or greater peak power in a pulse of only nanoseconds 
duration. Pulse averaging is typically not required due to the high 
signal-to-noise ratio possible with individual laser pulse reflec- 
tions. The basis of laser altimetry is the timing of the short laser 
pulse for round-trip propagation between the aircraft or spacecraft 
and the surface to be measured. With gain-switched pulses from 
solid-state lasers and nsec-resolution timing electronics, meter or 
even sub-meter vertical range resolution is possible from aircraft 
altitudes of several kilometers to orbital altitudes of several 
hundred kilometers. The high degree of collimation of laser pulses 
results in laser footprints at the surface as small as tens-of-meters 
in size, even from orbital altitudes of several hundred kilometers. 
Laser altimetry can also provide measurements of the structure and 
albedo of the target surface. 

The techniques involved in the design and application of laser 
altimeter instruments are reviewed including a description of the 
instrument sub-systems required for the range and waveform mea- 
surements. Laser pulse transmitters based on the relatively new 
technology of diode-pumped solid-state lasers are considered. Var- 
ious factors affecting laser altimeter instrument performance are 
discussed. These include the receiver signal-to-noise ratio, atmo- 
spheric propagation, and altimeter platform effects. Some exam- 
ples of laser altimeter data are presented to illustrate the variety of 
possible instrument applications. 

I. INTRODUCTION 

The measurement of the topography of earth, lunar, and 
planetary surfaces can be performed at high resolution by 
the use of the technique of laser altimetry. The basis of the 
measurement i s  the timing of short pulses for round-trip 
propagation at the speed-of-light between the aircraft or 
spacecraft and the surface to be measured. Vertical (height) 
resolution of the altimetry measurement is determined pri- 
marily by laser pulsewidth and the timing precision of the 
altimeter electronics. With conventional gain-switched 
pulses from solid-state lasers and nanosecond-resolution 
timing electronics, meter or even sub-meter vertical range 
resolution i s  possible from aircraft altitudes of several ki- 
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lometers to orbital altitudes of several hundred kilometers. 
Horizontal resolution i s  a function of laser beam footprint 
size at the surface and the spacing between successive laser 
pulses. Laser divergence angle and altimeter platform 
height above the surface determine the laser footprint size 
at the surface; while repetition-rate and altimeter platform 
velocity determine the spacing between successive laser 
pulses. 

A very essential ingredient in measurement of surface 
topography by laser altimetry is an independent knowledge 
of altimetry platform pointing angle and motion. Variations 
in laser pointing angle can map directly into range biases 
and platform vertical motion can be confused with topog- 
raphy variability. In airborne laser altimetry, the dominant 
effect is aircraft vertical motion resulting from turbulence 
and altitude changes. In space-based laser altimetry, point- 
ing angle effects are usually dominant due to the several 
hundred kilometer lever arm of the spacecraft orbit that 
maps angle into range bias. 

Laser altimetry can provide measurements of the struc- 
ture and albedo of the target surface in addition to the 
straightforward range measurement. Surface structure (i.e., 
the height distribution or slope within the laser footprint) 
i s  determined by high-speed digitization of the backscat- 
tered laser pulse shape. The transmitted laser pulsewidth 
i s  typically optimized to be very short (1-10 ns or 0.3-3 m 
in length) for high-precision ranging. After interaction of 
the laser footprint with a rough or sloping surface, the back- 
scattered pulse may contain several nanoseconds or more 
of pulse spreading or distortion. The application of giga- 
hertz bandwidth digitization to this receiver pulse wave- 
form provides pulse shape data. The backscattered pulse 
width (or rms pulse spreading) that is derived from these 
data i s  usuallya sufficient measureof surface structure.The 
total area under the received pulse i s  proportional to the 
pulse energy and i s  a measure of surface albedo at the 
monochromatic laser wavelength. Effective use of this 
albedo data requires at least a relative calibration of laser 
backscatter from different surfaces and a normalization by 
laser transmitter energy. 

The most significant distinction of laser altimeters over 
existing radar altimeters is the orders-of-magnitude smaller 
footprint that results from the narrow beam of optical radia- 
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tion. Laser footprints at the surface can be as small as tens- 
of-meters in size, even from orbital altitudes of several 
hundred kilometers. These small footprints are a simple 
consequence of the sub-milliradian diffraction of optical 
fields from antenna apertures. By contrast the typical radar 
altimeter beamwidth i s  degrees in extent and the radar foot- 
print on the surface i s  an annulus that expands outward 
from the nadir position. This contrast i s  illustrated in Fig. 
1 for a I-pm optical wavelength and 2-cm radar wavelength. 
Note that the radar has a pulse-limited footprint that results 
from wavefront curvature and the length of the pulse. In 
laser altimetry, where milliradian beamwidths are typical, 
the pulse-limited and beam-limited footprints are essen- 
tially identical. The radar pulse always includes nadir in its 
beam-limited footprint, but has thedisadvantage that nadir 
i s  not necessarily the leading edge of the backscatter pulse 
if surface slopes are present. In addition, laser altimeter 
measurements complement the wide survey feature of 
imaging radar data by providing a high-resolution nadir 
ground track and by providing a series of calibrated grid 
points. They also can directly measure the surface micro- 
roughness which i s  the very quantity that causes the micro- 
wave backscatter intensity in the imaging radar data. 

The laser also brings to altimetry a very high brightness 
source that can produce megawatts or greater peak power 
in a pulse of only nanoseconds duration. When this source 
i s  transmitted from a relatively small aperture ( -2  cm) and 
received through larger optics ( -  1 m), the coherent fading 
that requires radar altimetry to average over many pulses 
in order to produce high quality range data i s  no longer a 
major factor. The result i s  a very high-quality measurement 
for individual laser pulses. No pulse averaging i s  required 
or in fact desired. Each pulse produces a unique measure- 
ment that defines the vertical and horizontal resolution of 
the laser altimeter. 

In contrast to other laser remote sensing applications, the 
field of laser altimetry had i ts  beginings in space-based 
observations. A laser altimeter instrument was included in 
the complement of instruments in the APOLLO Command 
and Service Module in lunar orbit in the early 1970s. Suc- 
cessful operation of this first space-based laser remote 
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sensing instrument was achieved on the three missions 
attempted;APOLLO 15,16, and 17. Laser rangingdata in the 
form of altimeter profilesofthe lunarsurfacewereacquired 
at a very successful rate of 99 percent for the 4000 laser 
pulses attempted in the APOLLO 17 mission. The data and 
its applications were examined by Kaula etal. [I]. This laser 
altimeter instrument was based on the solid-state, flash- 
lamp-pumped, Q-switched ruby laser that is the forerunner 
of present-day neodymium laser technology. 

In the intervening two decades since the APOLLO Lunar 
Laser Altimeter there has been significant progress in the 
application of laser altimetry to land processes and atmo- 
spheric science measurements from airborne platforms. 
Laser altimetry data have resulted in profiles and maps of 
surface topography, coastal water depth, forest canopies, 
sea ice distribution, volcanic landforms, impact craters, and 
ocean wave heights. There also has been significant prog- 
ress in solid-state laser technology. It now appears possible 
to construct airborne and space-based laser altimeters with 
a fraction of the size, weight, and power of APOLLO days, 
and yet performance and lifetime that exceed the original 
device by up to several orders-of-magnitude [2]. Most of this 
increase in capability i s  directly the result of recent break- 
throughs in diode-pumped solid-state laser technology [3]. 
In this technology, arrays of thousands of micron-size semi- 
conductor lasers with output power at near-infrared wave- 
lengths are used to excite conventional solid-state crystal 
laser materials. Pulsed laser transmitters based on this tech- 
nology are just now becoming available. 

The techniques involved in the design and application of 
laser altimeter instruments will be reviewed in the follow- 
ingsection.Thiswil1 includeadescriptionof the instrument 
sub-systems required for the range measurement and the 
waveform measurements. Then the various factors affect- 
ing laser altimeter performance will be considered. These 
include the receiver signal-to-noise ratio (SNR), atmo- 
spheric propagation, and altimeter platform effects. Var- 
ious examples of laser altimeter data will be presented to 
illustrate the variety of possible instrument applications. 
The paper will conclude with a review of possible space- 
based laser altimeter applications. 

RADAR 

Fig. 1. Comparison of laser and radar altimetry. 
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I I .  LASER ALTIMETRY TECHNIQUES AND MEASUREMENTS 

Fig. 2 illustrates the measurement possibilities in laser 
altimetry by providing the time varying amplitude of an 
altimeter detector that observes both the transmitted and 

C ' WAVEFORM I '  RANGE SAMPLES 

Fig. 2. Laser pulse waveforms for range measurement and 
waveform digitization. 

backscattered laser pulse. The series of regularly-spaced 
marks along the base of the received pulse indicates the 
location of waveform digitization samples. Note that the 
received pulse i s  generally spread and distorted by inter- 
action with the target surface. Data quality is directly 
affected bythe pulse spreading encountered in backscatter 
from rough or sloping surface targets and clouds. Pulse 
spreading, by re-distributing the available pulse energy into 
a larger time interval, acts to reduce the peak-power SNR, 
thus increasing the probability of error for the range mea- 
surement. Pulse spreading also adds timing uncertainty by 
slowing the rise time of the return signal and thus increas- 
ingthedependenceofthethresholdcrossingtimeon pulse 
amplitude. The time interval data, waveform digitizer data, 
and pulse energy data form the basic laser altimeter dataset 
for each laser pulse. These data points are accumulated in 
a buffer in digital form, formatted into data blocks or files, 
and then enter the altimeter platform data stream for 
recording or telemetry. 

High-resolution laser altimetry requires some pointing 
control of the laser beam to maintain alignment near nadir 
and requires extremely accurate knowledge of altimeter 
attitude in order to compute angular offset from nadir and 
preserve range measurement accuracy. The interaction of 
a finite laser beamwidth A+, an angular offset + from nadir, 
and a surface slope S can produce significant spread AT, 
beyond the nominal laser pulse width AT. This concept is 
illustrated in Fig. 3 with a surface slope of the same polarity 

Fig. 3. Concept of laser altimetry with off-nadir pointing 
angle @ and surface slope S. 

as the pointing angle offset from nadir. Pulse spread can 
be determined from the derivativeof laser propagation time 
to the surface with the result that 

(1 ) AT, = (2k )  tan (+ + S ) Z  A+ 

where c i s  the speed of light, Z i s  the slant range to the sur- 
face, and we have made the assumption that surface reflec- 
tivity i s  uniform throughout the laser footprint on the sur- 
face. This i s  essentially the result quoted by Cardner [4] and 
Im and Gardner 151. The parameter A+ can be interpreted 
as either the laser divergence angle or the uncertainty in 
altimeter pointing angle. When A+ i s  laser divergence, (1) 
can be used to compute the time spread across the laser 
footprint. When rms pointing uncertainty i s  substituted for 
A+ in (1) the result i s  a computation of rms pulsewidth 
uncertainty or range error AZ = cAT,12. Note that surface 
slope can either add a pulse spread or reduce it depending 
on slope polarity with-respect-to the angular offset from 
nadir. For example, assume for a laser altimeter in lunar- 
orbit the values of Z = 100 km, A+ = rad, and + = O.Io. 
For a surface slope of S = lo, then AT, = 12.8 ns. An original 
laser pulse of 5 ns width i s  spread by a factor of about 2.5. 
Timing accuracy is obviously degraded for this wide pulse 
and there is also a question as to interpretation of the range 
measurement at the sub-meter level. 

Fig. 4 i s  a plot of AZ as a function of surface slope for a 
100 km orbital altitude and 9 = O.Io for several values of A+. 

1 
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Fig. 4. Laser altimetry range error A Z  versus surface slope 
S for several laser divergence angles (or pointing angle 
uncertainties) A@ at 0.1' off-nadir for an altimeter platform 
altitude of 100 km. 

Slopingtarget surfaces aggravatetheeffect of pointingerror 
on altimetry accuracy since they act in the same way as a 
nadir offset angle. Attitude must be measured to the 20 arc- 
sec level (100 prad) for each laser pulse for any appreciable 
pointing offset from nadir if sub-meter ranging precision 
is to be maintained. Even with accurate pointing and point- 
ing angle knowledge, the presence of surface slopes will 
unavoidably degrade laser altimetry range accuracy. Range 
error, AZ, can be substantial at an 800 km orbital altitude 
for even modest surface slopes if A+ i s  not at the few arcsec 
level. The scale factor relating altimetry range error to laser 
pointing uncertainty for a flat target surface at one degree 
off-nadir i s  7 cmlarcsec at this altitude. 

The concept of a laser altimeter instrument appears in 
Fig. 5. This view illustrates the laser transmitter module, 
receiver telescope, detector package, ranging and wave- 
form electronics, and pointing attitude measurement com- 
ponents that form the major instrument subsystems. These 
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Fig. 5. Laser altimeter sub-system components. 

subsystems are packaged intoacommon structurethat pro- 
vides a rigid platform for the laser transmitter and receiver 
optical components. The size of this structure i s  primarily 
dependent on telescope aperture,which in turn is sized for 
the particular propagation pathlength to the target surface. 

The pulsed transmitter i s  based on the high-power, neo- 
dymium yttrium aluminum garnet (Nd:YAG) solid-state 
laser. The conventional flashlamp-pumped Nd:YAG has an 
electrical-to-optical efficiency of 1-2 percent and a typical 
lifetime of at least IO’ pulses. At this level-of-performance 
it is the leading laser for ground-based and airborne laser 
ranging applications, either at the fundamental wavelength 
of 1.06pm or the frequency-doubled wavelength of 532 nm. 
These wavelengths match respectively with silicon ava- 
lanche photodiode detector sand photomultiplier tubesfor 
efficient laser ranging system operation. 

Recent improvements in the peak power, brightness, and 
availability of semiconductor laser diodes and arrays are 

now making practical diode-pumped Nd:YAG lasers a real- 
ity [6]. Researchers currently report one order-of-magni- 
tude improvement in pumping efficiency and two-orders- 
of-magnitude improvement in laser lifetime (i.e., 10 percent 
efficiencyand IO9 pulses) when the Nd:YAG laser pumping 
i s  provided by aluminum gallium arsenide ((AI Ga)As) semi- 
conductor laser diodes whose output near 808 nm matches 
strong Nd:YAG absorption lines. This synergism of solid- 
state lasers appears to offer all the features of efficiency, 
lifetime, solid-state reliability, and compactness that are 
very useful in airborne instrumentation systems and abso- 
lutelyessential on spacecraft. It should be noted that a vari- 
etyof solid-state materials in addition to Nd:YAG are under 
investigation for diode-pumped laser construction in an 
effort to optimize the efficiency and the output wavelength 
of this device. 

Fig. 6 illustrates the construction of a diode-pumped 
Nd:YAG 1aserosciIlator.The optical coupling of laser diode 
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Fig. 6.  Diode-pumped Nd :YAG laser oscillator. 
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emission to the laser host material involves side-pumping 
by multiple two-dimensional laser diode arrays in an effort 
to force as much pump energy as possible into the laser 
host material as described by Hanson and Haddock [q. In 
Nd:YAG the lines from 806 nm to 809 nm yield absorption 
coefficients of 3-6 mm-’, with conventional 1 percent Nd 
doping to 10 mm-’  for 1.6 percent doping. As a result the 
laser crystal need only be a few millimeters thick. Tem- 
perature stabilization with thermo-electric coolers removes 
waste heat from the laser diode arrays and brings their out- 
put wavelength to the 808 nm optimum pumping wave- 
length for Nd:YAG at a rate of 0.3 nm/C. Cooling shortens 
the laser diode array output wavelength. The laser crystal 
in the illustration i s  a small slab (platelet) only 1 cm long. 
A hemispherical cavity is  formed between the 100 percent 
reflectivity of the far end of the Nd:YAG platelet and the 
70-90 percent reflectivity of the concave output coupler. 
Optical plates inserted into the cavity at the Brewster angle 
(angle-of-incidence for maximum polarization of the trans- 
mitted ray)of the plate material establish high transmission 
along the laser cavity axis for horizontal linear polarization. 
A25 mJ pulseof energyfromeachoffour,3-bardiode-arrays, 
separately temperature-tuned to 808.5 nm, is the pump 
source. This i s  a 4-fold expansion of the diode-pumped 
Nd :YAG oscillator configuration described by Cersten- 
berger etal. [8]. Each 3-bar diode array is composed of three 
I-cm-long linear arrays of 1000 separate laser diodes [9] with 
0.3 mm spacing between bars. 

Short pulse generation in the laser oscillator is based on 
the use of conventional Q-switching to generate several 
nanosecond duration pulses [8]. This Q-switch configura- 
tion is refered to as the pulse reflection mode (PRM). High 
voltage applied to the nonlinear electro-optical Q-switch 
crystal i s  used to block the linear polarization produced by 
the Brewster plates in order to hold off laser action until the 
diode laser pumping builds an optimum energy storage in 
the laser crystal. When the Q-switch voltage is suddenly 
reduced, the laser pulse builds up between the cavity end 
mirrors and a burst of laser radiation i s  emitted along the 
axis of the cavity. Chan [IO] discusses the use of PRM and 
PTM (pulse transmission mode) switching for the produc- 
tion of short pulses in diode-pumped Nd:YAG lasers. The 
later mode is  capable of the production of shorter pulses, 
but does so at the expense of increased reliance on high- 
speed optical switching techniques. 

Consideration must also be given to the duration of the 
pump light. In the simplest case of continuous-wave (CW) 
pumping the laser-diode emission i s  on continuously and 
the laser host output can be continuous or gain-switched 
at various repetition-rates. In Nd :YAG the fluorescence life- 
time (exponential time constant for spontaneous emission) 
of 230 ps results in an optimum switching time of 150-200 
ps, permitting pulse outputs at rates up to 5 kHz for CW 
pumping. The new 1-5 W CW laser diodes are excellent 
pump sources, but do not match the powedcost perfor- 
mance of pulsed laser diode arrays. Pulse-pumping, often 
referred to as quasi-CW pumping, permits matching of the 
pump-pulse duration with the fluorescence time-constant 
of the material for the greatest efficiency. The 1 cm inco- 
herent, linear-array diode-bars consisting of up to 1000 indi- 
vidual laser diode elements with aggregate peak-power 
outputs up to 80 W and 8 mJ of pulse energy are the basic 
building-block for this type of pumping [9]. The 1 cm bars 

can also be combined in 2-dimensional arrays to achieve 
pumping powerdensitiesabovel kW/cm*.The present limit 
on performance is cost of the diode array bars at about $1400 
per millijoule of pump energy. 

When the high voltage applied to the E - 0  crystal i s  
abruptly switched off, laser radiation circulates between 
the laser end mirrors, extracts the stored optical energy ( E ) ,  
and i s  emitted in a short pulse through the partially reflec- 
tive output coupler. Pulse width i s  determined by laser cav- 
ity length (L  in cm) and reflectivity ( R )  of the output coupler 
according to the formula [ I l l  

n L/c 
- In ( R )  + a 

A T =  {I - (l/r)[I + In ( r )  + a]} -’ (2) 

where 

n = effective refractive-index of the laser cavity, 
c = 3 x 10’Ocm/s, 
a = laser material scattering and absorption losses, 
r = ratio of single pass cavity gain to cavity loss 

g = sN(hvA), 
h = Planck‘s constant, 
v = laser optical frequency, 
s = stimulated emission cross section (cm2), and 

A = gain medium cross-sectional area. 

= exp @$)/[-In ( R )  + a], 

The Q-switch switching time is effectively included in the 
loss factor a. Switching times on the order of a few nano- 
seconds can be routinely achieved, very small pathlengths 
can be employed for the laser cavity, and theoutput coupler 
reflectivity can be chosen to simultaneously minimize AT 
and maximize output pulse energy. The laser oscillator 
illustrated in Fig. 6 i s  designed to produce a pulse of 5 ns 
widthandapulseenergyof lOmJ usingan LiNb0,Q-switch. 

In laser diode-pumping the electrical current input to the 
diode must first reach the lasing threshold and then the 
laser diode optical input must reach the lasing threshold 
of the laser host material. Above threshold the slope effi- 
ciency i s  the relevant figure-of-merit. The overall electrical- 
to-optical pumping efficiency can be computed by consid- 
ering the following efficiency factors: 1) diode efficiency, 
2) optical coupling efficiency, 3) absorption efficiency, 4) 
photon-energy ratio (0.76 for Nd:YAG), and 5) pulse-pump- 
ing efficiency (0.67 for 200 ps in Nd:YAG). The high-power 
I-cm arrays recently have been reported by at least two 
manufacturers to have an electrical-to-optical efficiency of 
about 40 percent [12]. If both coupling and absorption 
approach 100 percent, the remaining factors yield an opti- 
cal slope efficiency as high as 50 percent in Nd:YAG. Thus 
for Nd:YAG the total laser slope efficiency (electrical-to- 
optical) can reach 20 percent. The laser oscillator illustrated 
in Fig. 6 is pumped well below saturation in the laser plate- 
let, so that threshold effects are still important. The result 
should be an optical-to-optical efficiency of about 10 per- 
cent and an electrical-to-optical efficiency of about 5 per- 
cent. 

The laser diode-pumped Nd:YAG oscillator can be fol- 
lowed by a diode-pumped laser amplifier. In this concept, 
multiple laser diode array pumps, each capable of 25” 
pump energy, are used to store energy in a Nd:YAG slab. 
A zigzag slab geometry i s  typically used to maximize the 
optical gain length in the slab and pumping can be con- 
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centrated at the reflection points in order to maximize 
pump-to-beam coupling. The oscillator amplifier combi- 
nation should be capable of >30-mJ output pulse energy 
with only minor stretching of the original 5 ns pulsewidth. 
The major challenge in amplifier design i s  efficient extrac- 
tion of the stored energy. Extraction is proportional to input 
pulse energy density (fluence) and to optical gain length. 
Multi-pass diode-pumped Nd:YAC amplifier schemes, as 
described by Chan [13], can improve on extraction effi- 
ciency for the typical low fluence input from a diode- 
pumped oscillator. 

The optical system of the laser altimeter, as illustrated in 
Fig. 5, i s  composed of the diode-pumped laser, transmitter 
optics, and a relatively large diameter receiver telescope. 
Thetransmitteroptical system usesonlyoneturning mirror 
todirecttheoutput laser pulses parallel to the receiveropti- 
cal axis. All transmitter-to-receiver boresight in the altim- 
eter instrument i s  accomplished by the two-axis gimbal 
mount that holds this turning mirror. A variable beam 
expander telescope controls laser divergence angle in order 
to achieve the desired laser footprint size in the altimetry 
application. The beam expander telescope also reduces 
boresight errors in the turning mirror by the beam expan- 
sion ratio. Output for the beam expander can provide a 
transmitter beam divergenceas lowasO.l mrad with a beam 
diameter of about 5 cm after expansion of the typical low- 
order transverse-mode pattern of the Nd:YAC laser. This 
requires approximately lox expansion (collimation). Bore- 
sight between transmitter and receiver must be maintained 
to a fraction of the divergence in order to ensure that the 
entire laser footprint is seen by the detector. 

If the required laser beam divergence is  on the order of 
0.1 mrad, afurther refinement of the transmitter optics may 
be needed. Beam angle sensors may be necessaryto sample 
laser pointing attitude for each pulse. A beam angle sensor 
can be implemented with a quadrant photodiode and 
appropriate focusing optics to achieve an angular sensitiv- 
ity of arc seconds. A silicon p-i-n diode could also be 
mounted at the location of the beam angle sensors and 
turning mirrors to sample the time dependent signal char- 
acteristics of the output laser pulse for the altimetry data 
stream.Alternately,afiberoptic bundlecan be used to relay 
a small fraction of the transmitted laser pulse to the receiver 
optical detector. This method is particularly useful in min- 
imizing the range meausrement bias in the altimeter, since 
both transmitter and receiver pulse waveforms follow the 
same electronic path. 

The primary mirror of the receiver telescope is sized to 
achieve a desired signal collection area for laser radiation 
backscattered from the target surface. It is this mirror size 
that largely determines the size and weight of the receiver 
telescope. The use of modern lightweight mirror technol- 
ogy can result in significant reductions in the overall size 
and weight of the telescope assembly. In addition, the pro- 
cess of diamond-turning can be employed to achieve the 
final optical figure of the primary mirror. Diamond-turning 
i s  a practical choice since the optical quality of the primary 
mirror can be less than diffraction-limited. In contrast to 
conventional high-resolution imaging in astronomy, the 
role of the laser altimeter telescope is  only the collection 
of photons from the extended object of the laser beam foot- 
print on the target surface. For example, an acceptable 
image blur circle (of a point source) for a 0.5-m-diameter 

f l l  altimeter mirrorcan bea100-pm spotatlpmwavelength 
versus a diffraction-limited 2.5-pm spot. The diamond-turn- 
ing process i s  particularly well suited to aluminum sub- 
strates which are easily machined for light-weighting. After 
fabrication of the aluminum substrate, the final optical sur- 
face of the primary mirror i s  obtained by electrode-less 
nickel coating(- 1 mm thick), diamond-turning of the nickel 
surface, and then evaporative coating with gold [14]. 

Although detection can take place at the prime focus of 
the primary mirror, it i s  often more desirable to use a sec- 
ondary mirror to fold the receiver optics and locate the 
detection plane behind the primary mirror, as illustrated in 
Fig. 5. This method has the added advantage of reducing 
the length of the telescope tube. If both primary and sec- 
ondary mirrors are constructed with on-axis parabolas, a 
beam-condenser design results. For example, a0.5-m-diam- 
eter concave, parabolic primary mirror togetherwith a0.025- 
m-diameter convex, parabolic secondary mirror results in 
a 15:l  beam condenser. An optical bandpass filter 2 nm 
wide, centered on the transmitted laser wavelength is 
placed in the collimated ray bundle produced by the beam 
condenser. This filter is designed to reject solar backscatter 
for daytime altimetry operations with a bandpass filter 
transmission of 0.70. This combination i s  followed by 
refractive optics to concentrate received optical energy on 
the detector. Receiver optical train efficiency should be 
about 0.5. 

The silicon avalanche photodiode (Si  APD) reported by 
Webb and Mclntyre [I51 with sufficient bandwidth (-50- 
100 MHz) for short-pulse detection, has an active area of 0.8 
mm diameter. It makes use of a double-diffused “reach- 
through” structure for enhanced responsivity of 36 N W  at 
1.06pm.TheSiAPD is  biasedat a highvoltage(-300V)and 
is  connected to a GaAs FET low-noise pre-amplifier to form 
the altimetry detector for operation at 1 pm. All these elec- 
tronics [I61 operate from + I 2  V dc input power. The com- 
bination of S i  APD and the pre-amplifier yields a detection 
sensitivity near 3 x 10-’oW. This is about oneorder-of-mag- 
nitude greater than the photon-noise limit at 1 pm wave- 
length calculated for a time duration equal to the reciprocal 
of the bandwidth. If frequency doubling i s  used, the laser 
output wavelength of 532 nm is detected most efficiently 
with a photon-noise-limited photomultiplier tube (PMT). 
Quantum efficiencies are respectively 40 percent at 1 pm,  
and 25 percent at 532 nm for the Si  APD and the PMT. 

The field-of-view for the receiver system is typically set 
to about 1.5-2 times the angular subtense of the laser beam 
footprint. Both receiver optical bandpass and field-of-view 
are detection parameters that should be reduced to the 
smallest values that are practical in consideration of the 
competing processes of maintaining a high level of detec- 
tion optics thoughput, operating under conditions of solar 
backscatter, and ensuring that radiation from the entire 
laser footprint i s  focused onto the detector. 

The altimeter electronics are used to process the pulse 
waveforms from the detector(s1 to arrive at measurements 
of range-to-the-surface, surface reflectance, and surface 
vertical structure within the laser footprint. A detailed block 
diagram of these electronics appears in Fig. 7. The analog 
pulsewaveformsare split tostart and stop thetime-interval- 
unit, measure pulse energy, pulse power, and pulse width, 
and provide input to the waveform digitizer. Note that Fig. 
7 illustrates the preferred method of using a single detector 
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COMPUTER 3 INTERFACE 

Fig. 7. Laser altimeter receiver and processing electronics. 

for transmitted and received pulses, so that all pulse mea- 
surements are made with the same electronics. The time- 
interval-unit (TIU) i s  a time-to-digital-converter of at least 1 
ns time-interval resolution (corresponding to 15 cm range 
precision). It i s  based on a high-frequency oscillator, 
counter, and interpolation circuitry. Pulses input to theTIU 
are first processed by threshold-detection discriminators 
whose outputs are fast risetime pulses of standard ampli- 
tude and width. The front-end circuitryof the discriminator 
and TIU are based on ECL logic and GaAs logic [I61 in order 
to achieve the nanosecond-level of resolution. 

The waveform digitizer performs high-speed waveform 
sampling that operates continuously with a re-circulating 
memory. The output of the receive pulse discriminator is 
used as a stop pulse for the digitizer, thus providing self- 
gating capability. The received pulse amplitude i s  digitized 
into 50-100 waveform slices. Each slice is on the order of 
1 ns in duration for sub-meter-level resolution of pulse 
spreading. The number of channels is selected to permit 
digitization over a time interval that includes the entire 
receive pulse while still retaining the self-gating feature. 
Any pulse spreading induced by the target’s surface slope 
or roughness acts to re-distribute laser pulse energy into 
a broadened waveform. It may be desirable to provide mul- 
tiple TIU electronics in order to handle the wide dynamic 
range of pulse spreading that is  likely to occur with actual 
target surfaces and large laser footprints. For example, the 
1 nanosecond-resolution amplifier, discriminator, and TIU 
described above could be supplemented by a 10 ns reso- 
lution channel that would improve the signal-to-noise of 
the range measurement for situations in which target- 
induced spreading isattheseveral meter level. Both theTlU 
and waveform digitizer electronics are connected through 
a digital command and data interface to the altimeter com- 
puter. 

One of the power splitter outputs for the receive channel 
can be directed into a separate threshold-discriminator and 
counter circuit for the purpose of assessing the average 
background-noise level. Detector output noise pulses due 
to solar background or internal noise are counted over a 
relatively large fraction of a second and the result used to 

adjust the programmable attenuator that acts on the receive 
pulse. The resultant servo-loop acts to maintain a near opti- 
mum electronic gain in the receiver pulse circuitry. Thus 
under high background conditions gain i s  reduced to pre- 
vent false triggering while under low background condi- 
tions gain i s  increased to provide a maximum probability- 
of-detection. This adaptive threshold i s  potentially quite 
important in altimetry observations of the earth’s surface 
where rapid, large albedo variations are common due to 
laser backscatter from clouds and bodies of water. The elec- 
tronic filter preceeding the ranging discriminator can have 
a programmable bandpass in order to improve the SNR for 
backscatter pulses that are spread (thus lower bandwidth) 
by interaction with the target surface. Alternately, a second 
or third time-interval channel acting in parallel to the first 
channelcan beimplementedwithadifferentelectrical filter 
bandwidth. 

Control of laser operation, acquisition of altimetry data, 
maintenance of an updated pointing attitude and position 
estimate, sequencing of altimeter instrument operations, 
and measurement of payload temperatures, voltages, and 
other housekeeping data are all duties of the altimeter pay- 
load computer. This device i s  typically based on a micro- 
processor that optimizes processing and data transfer 
speeds with the requirement for reliable, low-power oper- 
ation. On-board data buffering i s  provided by solid-state 
memory electronics. A master software program steps 
sequentiallythrough various loops to firethe laser, read the 
TIU, digitizer, pulse measurement electronics, position and 
pointing attitude electronics and acquire housekeeping 
data. During theseoperations the program must verify data 
quality as it i s  being acquired. A major function of the com- 
puter program isalso theformattingof altimetryand house- 
keeping data and the control of data transfer to the telem- 
etry system or a master computer. 

The pointing-attitude measurement sub-system, as illus- 
trated in Fig. 5, depends on the altimetry application for its 
composition. In a full-performance space-based laser altim- 
eter, an inertial reference unit and two star trackers would 
be used to make available an absolute attitude estimate for 
precise knowledge of the angular offset from nadir [Iq. An 
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additional part of this sub-system would be a Kalman filter 
software package in the instrument computer. This soft- 
ware processes star tracker data for frequent up-dating of 
the inertial reference unit. The reference platform is  the 
surface of the optical bench. Bufton etal. [17] reported the 
resultsof acomputer-simulation of the accuracywith which 
standard star trackers and inertial reference unit can esti- 
mate instrument attitude. The results were about 10 arcsec 
rms and were limited primarily by star tracker data quality. 
Recent improvements in star tracker data quality have 
resulted from the upgradingof devicedigital electronics so 
that 5 arcsec rms attitude determination i s  possible. The 
beam angle sensors measure the angular orientation of each 
laser output pulse with-respect-to the inertial reference 
unit. This type of system is appropriate for a spacecraft plat- 
form,which dueto i ts  high altitude(-800 km in earth-orbit) 
above the target surface, has the most stringent require- 
ment (-25 prad) on pointing attitude knowledge. Laser 
altimeters in lower orbits can use horizon sensors and gyros 
to measure pointing angles. An aircraft platform at several 
kilometer altitude, requires only mrad knowledge of point- 
ing attitude. This can readily be achieved by conventional 
roll and pitch gyro sensors. 

In addition to instrument attitude it is very important to 
know altimeter platform position. Knowledge of horizontal 
position to dimensions on the order of the laser footprint 
size is importantfor locatingthealtimetergroundtrackand 
relating data between successive tracks over specific target 
areas. Knowledge of vertical motion of the altimeter plat- 
form must be at the sub-meter level, since this has an 
obvious effect on the measured altimeter range. Data from 
a sensitive vertical accelerometer can be twice integrated 
to remove altimetry platform vertical motion from a short 
segment of laser data. The monitoring of position in three- 
dimensions can be accomplished by including a Global 
Positioning System (CPS) receiver on the platform and con- 
tinuously recording position data. When the GPS satellite 
network i s  fully operational, the precision of aircraft and 
spacecraft position determination i s  on the order of 1 meter. 
The GPS technique of altimeter platform position deter- 
mination has been verified by Krabill and Martin [I81 from 
an aircraft platform. 

The use of a laser altimeter for data collection over spe- 
cific target sites, imposes constraints on design of the 
instrument, i t s  operational use, and the need for auxiliary 
data sets. First, the desire for contiguous nadir profiles over 
relatively small targets requires high-quality data for each 
laser pulse. There i s  noopportunityfor multiple pulseaver- 
aging. Second, there i s  usually a need for a small footprint 
on the target surface. Typical values are a few tens-of-meters 
to a hundred meters. For example, analysis by Zwally et al. 
[I91 has shown that the optimum laser altimeter footprint 
size on an ice-sheet surface is only 70 m. This footprint size 
i s  determined by the need to average over small-scale ice- 
sheet roughness while fully resolving the major compo- 
nents of ice-sheet surface height variability. The operation 
of the laser altimeter on an 800 km altitude polar platform 
results in a0.09 milliradian divergenceangle in orderto pro- 
duce the desired footprint. When these two requirements 
are combined, the result i s  a requirement for high repe- 
tition-rate acquisition of altimetry data. 

High repetition-rate operation i s  quite demanding in 
terms of laser lifetime, power consumption, thermal dis- 

sipation, and telemetry data rate. It i s  not too severe a prob- 
lem on aircraft or a large polar platform spacecraft, since 
the laser altimeter occupies a small percentage of the total 
platform capacities. But it may be very critical on a small 
one-instrument spacecraft in earth orbit, or a small 
observer-class spacecraft in lunar or Martian orbit. One way 
the demands of high repetition-rate operation can be more 
easily accommodated is  through the use of a burst mode 
of laser operation. For example, nominal operation of a 
Lunar laser altimeter could be set at a rate of 10-20 Hz with 
100-300 m footprints on the lunar surface. This would pro- 
vide wide area profiling of the lunar surface. Instrument 
average power, equilibrium temperature, and nominal data 
rate would be determined by th is  low-to-moderate pulse- 
rate operation and the interface limitations set by the host 
spacecraft. Then for selected study sites or short periods 
of time, the laser repetition-rate could be increased to 50 
Hz and the footprint narrowed (by reduction of transmitted 
laser divergence angle) for a burst-mode of operation that 
would provide higher-resolution altimetry data. 

I I I. LASER ALTIMETRY PERFORMANCE 

The laser altimeter concept we have described is based 
on a high signal-to-noise environment in which each laser 
pulse can be used for a unique range measurement. For 
terrain profiles it i s  most important to preserve the inde- 
pendent data of each successive pulse in order to maximize 
horizontal resolution while simultaneously minimizing 
laser pulse rates. Altimetry performance analysis requires 
verification that an adequate detection SNR is  present and 
quantification of the relationship between SNR and the 
altimetry data products. 

Laser altimeter signal strength depends on laser pulse 
power backscattered from the target surface and collected 
by the receiver telescope. Competing processes are optical 
shot noise, background noise, detector noise, and pre- 
amplifier noise. Calculations of thesequantities can be used 
to establish a detection SNR for comparison with mea- 
surements of SNR in altimeter field tests. Furthermore, the 
time-interval (i.e., range) measurement i s  based on timing 
of pulses that exceed a threshold. Only those pulses which 
exceed the threshold enter into the data stream. This 
threshold circuit helps suppress the effect of background 
and detector noise, thus minimizingthe probabilityof false 
alarm P(FA), but also reduces the probability of detection 
of laser pulses. For a given altimeter electronic configu- 
ration there i s  a unique relationship between detection SNR 
and probability of detection or the related quantity prob- 
ability of error P(E). 

For nadir-viewing altimetry operation the lidar or link 
equation for received laser pulse power PR can be written 
as 

p R z Z  E T A R  T 0 T 2  C T2(r / f l )  A (3) 

where 

ET = transmitted laser energy (J), 
AT = laser pulse width (s) 
A, = receiver area (m2), 
Z = range to the surface (m), 
To = optical system transmission, 
Tc = cirrus cloud transmission, 
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TA = atmospheric aerosol transmission, and 
r/Q = target backscatter (sr-’). 

The value of To is  dominated by the 70 percent transmission 
of the20 A bandpassoptical filter in the receiver.This band- 
width i s  near optimum in terms of providing the maximum 
reduction in solar background flux, while maintaining a 
high throughput. The result i s  an overall value of To = 0.50 
for transmitter and receiver. The value of r/Q varies over an 
order-of-magnitude dependent on the spectral reflectance 
and angular scattering properties of the target. At 1.06 pm 
on earth r/Q ranges from 0.05/~-0.8/s sr-’. For instance, ter- 
rain and ice have values from 0.21s-0.81s sr-’ [20], [21], and 
the ocean surface near nadir ranges from 0.05/~-0.3/~ sr-I  
P21. 

The inverse square-lawdependenceof PRon Zis thedom- 
inant factor in determining the size and power consump- 
tion of the laser altimeter payload. The designer must com- 
pensatefor IargeZby increases in PrandAR, wheretheterm 
P, is the peak power of the transmitted laser pulse. Its exact 
value depends on pulse shape, but i s  essentially equal to 
ET/AT. Altimeters in aircraft, earth-orbit, or Martian-orbit 
must also contend with atmospheric-induced signal deg- 
radation, represented in (3) by the terms Tc and TA. Typical 
values for aerosols at 1.06pm wavelength reported by Shet- 
tle and Fenn [23] and for cirrus clouds by Kneizys etal. [24] 
combine to produce a multiplicative factor of 0.25-0.5 in (3). 

The laser altimeter receiver noise analysis and subse- 
quent calculation of SNR must consider solar background 
irradiance, detector noise, and pre-amplifier noise as well 
as signal-induced quantum noise. In the case of an earth- 
orbiting or airborne laser altimeter the solar background 
irradiance reflected from the terrestrial surface and clouds 
can produce the optical noise power 

(4) PE = I S A R  Ti(rIQ) R+ TR FE 

where 

I ,  = exo-atmospheric solar spectral irradiance 

Rm = receiver field-of-view (sr), 
TR = receiver optical transmission, 
F E  = filter bandpass (A),  and 

AR, TA, and (r /Q) are as given before. 

= 6.6 x W/m2 A at 1.06 pm wavelength, 

The value of R, is set at about 1 mrad in order to ensure 
collection of laser backscatter from the entire footprint and 
compensate for transmitterheceiver boresight errors. With 

a filter bandpass of 20 A the worst-case (r/Q = 0.8 sr- ‘1 solar 
background power i s  about 5 x 10-’W for a0.5-m-diameter 
receiver telescope. The effective lower limit on daytime 
solar background is  achieved with nadir viewing of the 
ocean surface, where we estimate a PE of 2 x IO-’’ W for 
the few percent albedo of the ocean. In Martian orbit the 
greater distance from the sun reduces I s  to 2.8 x 
W/m2 A, T i  i s  variable but generally higher than on earth, 
and surface reflectance rlQ is within the range of variability 
found on earth. In lunar orbit I s  i s  the same as for earth, but 
there is, of course, no atmosphere and r/Q is in the range 
of 0.05/~-0.4/s sr-’. 

The Si  APD contributes both dark current and multipli- 
cative excess noise to the detection process. Thermal noise 
atthe pre-amplifier input must also be included. Theoverall 
SNR for detection of the backscattered laser pulse can be 
written after Mclntyre [25], Webb et al. [26], Trakalo et a/. 
[27l, and Helstrom [28] 

(5) 

where 

M = Si APD gain ( -  120), 
F = Si APD excess noise factor (-4.3, 
B = detection bandwidth ( -  50 MHz), 

RO = Si APD responsivity at unity gain (-0.3 A/W), 
4 = 1.6 X IO-”A * S ,  
id = Si APD dark current that undergoes amplification, 

= pre-amplifier input current noise ( - 6  x I O - ”  A). 
and 

The typical values indicated in (5) for M, F, B, Ro, and id per- 
tain to the RCA Model C30954E SiAPD and Analog Modules 
LNVA pre-amplifier with GaAsFET input stage that are rep- 
resentative of the state of the art in silicon APD receiver 
technology. Equation (5) also includes the effect of signal 
quantum-noise by the presence of PR in the denominator. 
The 50-MHz detection bandwidth is appropriate for max- 
imizing SNR in a low-pass filter receiver for a 5 ns pulse- 
width [29]. 

The results presented in Table 1 summarize the instru- 
ment parameters and the calculations of PR and PE based 
on (3)-(5) for five laser altimeter applications: 1) a geosci- 
ence laser altimeter in an 800-km earth orbit; 2) a lunar laser 

Table 1 Summary of Airborne and Space-Based Laser Altimeter Parameters 

Earth Moon Mars NC#1 A/C#2 

Output laser energy (mJ) 40 4 40 2 0.02 

Range to the surface (km) 300 100 360 3 1 
Atmospheric transmission (2-way) 0.25-0.5 1 0.3-0.7 0.8 0.9 

Pulse repetition-rate (pps) 50 50 20 50 40 

Laser footprint at the surface (m) 75-150 30-100 100 3-7 0.5-3 
Surface albedo 0.02-0.8 0.1-0.4 0.1-0.7 0.02-0.8 0.02-0.8 
Receiver telescope diameter (m) 0.5 0.25 0.5 0.25-0.38 0.35 

Optical signal power* (AT = 5 ns) 
Optical signal power* (AT = 50 ns) 1.4-112 6-30 4-80 

Receiver field-of-view (mrad) 0.5 1 0.5 2.5 3 
14-1120 60-300 120-480 3 x 103-2 X IO5 103-3 X IO4 

300-2 X IO4 100-3000 
Optical background power* 0.1-5 0.8-4 0.3-2 1-50 2-60 
Volume (m3) 0.2 0.05 0.2 1 2 
Mass (kg) 50 15 25 300 350 
Power (W) 100 15 28 2650 3000 

*In units of W. 
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altimeter in a 100-km orbit; 3) a Martian laser altimeter in 
a 360-km orbit; 4) a high-resolution airborne system in oper- 
ation at altitudes up to 12 km; and 5) a very high-resolution 
airborne system for operation at about 1 km altitude. In each 
case the propagation pathlength Z is  combined with the 
specific mission requirements on size, weight, power, foot- 
print size, and repetition-rate to arrive at the primary design 
choices of AT, and AR. Table 1 includes calculations of 
PR and PE for AT = 5 ns and receiver bandwidth of 50 MHz 
and the corresponding values for the case of 10 times pulse 
spreading (AT = 50 ns) calculated for a corresponding 10 
times reduction in receiver bandwidth (B = 5 MHz). Note 
that the computer values of PR that result are in the range 
of to 5 x I O - ’  W. These contrast with optical back- 
ground power levels Ps of 10-’oto 5 x I O - ’  W. 

The SNR results of (5) are plotted in Fig. 8 as a function 
of PR. The family of three curves covers the expected range 
of solar background power up to I O - ’  W, as well as the 
expected range of PR for the various applications in Table 
1. I t  appears that SNR values in excess of 30 dB are achiev- 
able in these applications when PR exceeds IO-’W. In fact, 
with the receive signal power PR exceeding PE, the major 
noise term i s  signal-induced quantum noise, multiplied by 
the S i  APD excess noise factor F (detector noise). It i s  very 
important to understand thatthecalculations plotted in Fig. 
8 are for undistorted receiver pulse waveforms (i.e., the 
pulsewidth, AT = 5 ns, is preserved upon reflection of the 
laser pulse from the target footprint). Actual sensor foot- 
prints are likely to involve significant surface texture and 
have a nonzero slope. The result i s  degradation of the value 
of PR by the pulsewidth expansion ratio. Fortunately, the 
SNR does not suffer a proportional degradation under 
pulse-spreading conditions, if a corresponding reduction 
in receiver bandwidth i s  used to match the wider pulse. 

Distance measurement precision i s  inversely propor- 
tional toSNRduetothetiminguncertaintythat resultsfrom 
signal amplitude variations combined with a fixed thresh- 
old level. The signal variation results in an rms range error 
AZ that can be estimated from the expression quoted by 
Salwen [30] 

AZ = c . ATI2- (6) 

40 

30 
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20 
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where AT is the laser pulse width. The result for a 5 ns-wide 
laser altimeter pulse is a AZ of 0.25 m for a SNR of 5 dB 
improving to 0.05 m for a SNR of 20 dB. Even for relatively 
lowSNR,theerrorin rangeissmallfora5nspulse. Wemust 
remember, however, that a typical backscattered pulse will 
be spread up to oneorder-of-magnitude or more. The range 
measurement precision AZ is  directly proportional to this 
spreading so that a 50-ns-wide pulse requires SNR = 18 dB 
to keep AZ < 1 m. When PR drops below W, the SNR 
analysis should be cast in terms of photo-electron statistics 
as discussed by Abshire [31], e.g., the 40 percent quantum 
efficiency of the Si  APD results in only 11 photo-electrons 
for PR = W at 1.06 pm for the basic 5 ns pulsewidth. 

The expression for AZ applies only to the case where a 
successful range measurement is made. A low and variable 
SNR also produces a significant probability of error P(€ ) ,  
and probability of false alarm P(FA). These parameters are 
frequently used for characterizing radar performance and 
are potentially much more important than the degradation 
in ranging precision due to pulse spreading or low SNR. 
Under the assumption of Gaussian statistics for the detec- 
tion noise processes, Fried and Schneltzer [32] have applied 
communication theory to the calculation of P(€) ,  the prob- 
ability of missing detection of the backscatter pulse (error) 
in a laser range measurement 

P ( € )  = - s‘ exp [ - ( t  - s ) ~ / ~ N ~ ]  dt m - m  

(7) = erf {TIN - SIN } + erf {SIN }, 

where Tis the threshold value (in signal units) set in the 
receive pulse discriminator, N i s  the rms detection noise 
(in signal units), TIN is  the threshold-to-noise ratio, and 
SIN is the square root of SNR in (5). Likewise P(FA), the prob- 
ability of triggering the range measurement on some form 
of detection noise is given by 

P(FA) = - sa exp ( -t2/2N2) dt 
m T  

= erf {TIN} - 112. 
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Fig. 8. Optical signal-to-noise ratio (SNR) versus received laser power ( P R )  for various lev- 
els of received solar-background power (PB) .  
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A P(€) of 10-30r less should be acceptable in laser altimetry 
operations. This level of RE) can be achieved at ever lower 
values of SIN as T is  reduced. But from (8), low values of 
threshold T evidently cause higher RFA). Referring again 
to Fig. 8, it appears that for T = 5 X 10-’W we can maintain 
f(FA) at an acceptable level of or lower as long as fs  
< W. From (7) the simultaneous requirements for RE) 
of or lower requires an SIN of greater than 4 (i.e., an 
SNR of at least 12 dB) and thus a fR > 

This simpleanalysis should be improved in at several ways 
in order to accurately describe the performance of laser 
altimeter receivers. The first improvement is in the descrip- 
tion of receiver noise with an APD detector. As noted above 
there is an excess noise factor F that must be included in 
the calculation of SNR in APD detection. While the factor 
Faccounts for effects of APD noise in an rms sense, a main 
characteristic of this noise is  rare, large amplitude bursts 
that are not predicted in the assumption of Gaussian sta- 
tistics. Thus the results of (11) for RFA) must be considered 
as somewhat optimistic. The strength and frequency of 
occurrence of these bursts are dependent on the particular 
APD and on i t s  high-voltage bias point. Each APD receiver 
will require testing to determine RFA) as a function of 
threshold setting. The second improvement concerns the 
signal statistics. 

Pulse-to-pulse variability in the received signal strength 
results in considerablevariation in SNR. The received signal 
fluctuates due to multiplicative factors of surface albedo, 
pointing-angle and target-induced pulse spreading, and 
atmospheric transmission variability due to aerosol and cir- 
rus cloud scattering processes. The combination of effects 
can be modeled by a log-normal probability distribution for 
the received signal; once again a departure from Gaussian 
statistics. Fried and Schnetzer [32] have derived a result for 
f ( € )  for this more complex distribution and expressed the 
answer in terms of the additional link margin in decibels 
required to compensate for a fluctuating signal. They show 
that 6dB more signal is  required for a36 percent signal mod- 
ulation (i.e., when SNR = 8.9 dB) and 10 dB for a 52 percent 
signal modulation (i.e., when SNR = 5.7 dB). The combi- 
nation of these results argues for maintenance of an SNR 
> 15dB. 

Another process with potential for modulation of 
detected signal strength is  speckle noise. This process is a 
major limitation to radar altimetry that necessitates aver- 
aging over 10-100 radar pulses in order to achieve adequate 
SNR. Speckle noise, sometimes called coherent fading, is 
produced by interferenceof electromagnetic (radar or laser) 
radiation reflected from various portions of the altimeter 
footprint during the pulse duration at the target surface. 
Interference results from coherence in the backscattered 
radiation and phase differences produced by variation in 
the backscatter propagation distance across the footprint. 

If the spatial scale of the speckle pattern in the receiver 
plane is  smaller than the size of the receiver aperture, the 
contrast of the speckle interference pattern will be reduced 
as will the overall signal modulation due to speckle. This 
process i s  called aperture-averaging. The speckle spatial 
scale i s  proportional to XZ and inversely proportional to 
footprint size d. For example at X = 1 pm, a transmitter beam 
divergence of BT = 1 mrad yields a spatial scale of speckle 
of only 1 mm. As a result, any conventional size telescope 
aperture (i.e., 0.5 m) contains 103-104 speckle scales and 

W. 

there is negligible modulation. The same cannot be said for 
radaraltimetrywhereone largeantennaisused asthetrans- 
mitter and the receiver. This maximizes speckle modulation 
because d = BTZ and only one speckle scale is  contained 
in the receiver aperture. The result is  near unity SNR, inde- 
pendent of the strength of the return signal. Degradation 
in either the temporal or spatial coherence of the radiation 
will also act to reduce the speckle modulation. In laser 
altimetry the multiple longitudinal (temporal) modes and 
sometimes multiple transverse (spatial) modes of the laser 
transmitter produce additional averaging. 

Analysis of speckle fading has been developed in detail 
by Goodman [33]-[351. A further treatment by Gardner [36], 
[4] puts speckle analysis in parametric form for analysis of 
laser altimeter systems. He computes the normalized vari- 
ance NVAR, for speckle where 

NVAR, = IIMSMT (9) 

and Ms and MT are respectively the spatial and temporal 
speckle correlation scale numbers averaged bythe receiver 
aperture. The maximum modulation of unity, NVARs = 1, 
occursonlyin diffraction-limited laser radarsof equal trans- 
mitter and receiver aperture sizeswhere single mode lasers 
are used. Otherwise 

Ms = 1 + (rlpc)2, and 

MT = (1 + B - 2 ( ~ g c  + 7;)-’)’”, 

where 

r = receiver aperture radius, 
pc = transmitter transverse spatial coherence length 

BT = laser divergence, 
X = laser wavelength, 
B = detector bandwidth, 

7p = laser pulse width. 

G NeT, 

T~~ = laser source coherence time, and 

These equations can be used to compute the magnitude of 
the speckle modulation for a particular laser source, laser 
altimeter instrument, and altimetry application. 

Optical wavefront distortion caused by the refractive- 
index fluctuations associated with atmospheric turbulence 
leads to a number of potential problems for the general case 
of vertical laser beam propagation through the atmo- 
sphere. Chief among these problems is  scintillation, the 
rapid modulation of laser beam irradiance. Narrow laser 
beams also suffer in general from beam wander and dis- 
tortion as they propagate through turbulence. The partic- 
ular geometry of laser altimetry, however, works to reduce 
all these effects to small levels. Beam wander and beam 
spreading on vertical propagation paths through the atmo- 
sphere are negligible for the mrad-scale beam divergences 
used in laser altirqetry and are also negligible due to the 
large distances between the turbulence layers and the 
receiver aperture. 

Scintillation for a downward propagating laser beam is  
very similar to that for the case of the familiar phenomena 
of stellar scintillation [371. In both cases the optical wave- 
front is nearly a plane wave at the top of the atmosphere. 
Optical phase distortions in the upper atmosphere result 
in a fluctuating irradiance pattern at the earth‘s surface. This 
pattern has a typical depth of modulation of 60 percent at 
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any point on the surface and a characteristic scale size of 
approximately 10 cm. Thus even a 10-m footprint will con- 
tain IO'or so independently fluctuatingcells with the result 
that overall amplitude modulation on the backscattered 
beam i s  negligible. Upward propagation of the backscat- 
tered laser radiation also encounters turbulence-included 
scattering, but the same averaging over the independently 
fluctuating portions of the laser footprint and further aver- 
aging in the receiver telescope aperture, reduce any sub 
stantive effects to essentially zero. 

Atmospheric refractivity also produces a range bias or 
offset in the laser altimetry measurement. The range mea- 
sured to the earth's surface from a space-based laser altim- 
eter exceeds theactual rangedue toa slowing (propagating 
delay) of the optical pulse by the refractive-index of the 
atmosphere. The amount of this delay depends on mete- 
orological conditions and i s  about 2.4 mat nadir for the two- 
way atmospheric path from space to sea-level and return. 
The delay is also an inverse function of wavelength. Hop 
field138lpointsoutthatthepropagationdelayissimplythe 
integral over (n - 1) along the propagation path where n 
i s  the local atmospheric refractive-index and is propor- 
tional to atmospheric density. For vertical observations the 
integral over atmospheric density is just the surface pres- 
sure. Thus at nadir the propagation delay i s  independent 
of surface temperature and temperature structure in the 
atmosphere. Abshire and Cardner [39] review the formu- 
lation for range correction to account for the propagation 
delay. It i s  given approximately by 

(11) 
where X i s  laser wavelength in microns, P, i s  surface pres- 
sure in millibars, and AZ i s  range correction in meters. At 
0.5 pm wavelength A 2  i s  2.46 m and decreases to 2.34 m at 
1.0 pm. The derivative of (11) with-respect-to surface pres- 
sure yields a range correction sensitivity of 2.3 mm/ mbar. 
Thus a 43 mbar uncertainty in P, would result in a l k m  
range error. This illustrates that P, must be known or mod- 
eled to about 2.5 percent in order to keep the uncertainty 
in atmospheric propagation delay to a low level. 

IV. EXAMPLES OF LASER ALTIMETRY DATA 

A 2  = 0.002357(0.9650 + 0.0164/h2)P, 

An example of space-based laser altimeter data i s  pre- 
sented in Fig. 9. These data from the APOLLO 17 mission 
147lwere acquired for the entire circumference of the Moon 

12 

at a horizontal spacing of approximately one pulse every 
32 km and a vertical resolution of 1 m. Despite the low duty 
cycle of measurement, these data and similar data from 
APOLLO 15 and 16 represent a significant technological 
achievement and provide substantial science benefits [I]. 

Aircraft-based laser altimetry provides high-resolution 
topographic profiling of earth-surface landforms for geo- 
logic research. Data are typically acquired for horizontal 
baselinesof 1-30 km,and require removalofaircraft motion. 
Four examples of topographic profiles acquired from a jet 
aircraft at a3 km altitude above terrain are presented in Fig. 
10. These data sets were acquired for desert, volcanic, and 
impact landforms in the western US. during 1986-1987 by 
a prototype of a space-based laser altimeter instrument 
package[40].Aircraftspeed wasapproximatelylOOm/s, laser 
footprint size was 3 m, and the laser pulse repetition-rate 
was 15 Hz. Each data profile is a composite line of the 500- 
1500 individual range measurements recorded by the laser 
altimeterdata system on-board theaircraft. Fig. 1O(a) reveals 
thecomplexvertical structureofafieldof sanddunes. Note 
the presenceof several periodic oscillations that result from 
wind-blown sand dune formation. The volcanic buttes in 
Fig.IO(b) havedifferent shapeswhich areindicativeof their 
different compositions and exhibit side slopes as great as 
30°. Profile data in Fig. 1O(c) indicate the very rough terrain 
of the SP Lava Flow in northern Arizona. The Lava Flow i s  
elevated some 15m abovethe surrounding smooth terrain. 
Roughness of the Flow indicated by the jagged range profile 
was confirmed by laser pulse spreading measurements of 
1-2 m rmsand separateground-based field survey data.The 
sloping range profile has been corrected foraircraft motion 
by use of vertical accelerometer data. The upward slope 
from left to right in the figure is a real effect produced by 
sloping terrain leading to the volcanic vent. 

Fig. 10(d) is an east-to-west traverse of Meteor Crater in 
Arizona.Thedatashow thecharacteristic shapeofan impact 
crater and have meter or better vertical precision. Wall 
slopes on the west side of the Crater are as high as 60°, yet 
caused no loss of laser range data. The data in Fig. 11 are 
also a traverse of Meteor Crater and include the corre- 
sponding profiles of backscattered laser pulse amplitude 
and pulse spreading. The rms pulse spreading that i s  plot- 
ted isacombination of the laser pulsewidth, surface slope, 
andvertical roughnesswithin thelaserfootprint.Atthecra- 
ter rim pulseamplitude increases byafactorofl.5and there 
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Fig. 9. Circum-Lunar altimetry data acquired during the APOLLO 17 mission with the 
APOLLO Lunar Laser Altimeter from an orbital height of approximately 1W km [47J. 
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Fig. 11. Laser altimetry data products for a traverse of 
Meteor Crater, AZ, acquired from the NASA Wallops Flight 
Facility T-39 aircraft during October 1986 at an altitude of 4 
km. 

isasmall reduction in pulsespreading. Both effectsare likely 
the result of the smooth, high-reflectance ejecta blanket for 
impact craters. 

Fig. 12 i s  an example of aircraft laser altimetry data [41] 
on a profile transecting the California coast just south of 
Big Sur. In this case the laser altimeter instrument was a 

pulsed Nd:YAG system constructed for cloud lidar obser- 
vations and operated on the NASA ER-2 aircraft in 1983. The 
significance of this data set i s  the 10 cm resolution in range 
measurement with over 1000 m change in surface topog- 
raphy as the aircraft flight-track crossed the coastal moun- 
tain range. Over the ice-sheets the same vertical resolution 
is required and total vertical excursions can reach several 
kilometers. During this laser profile the altimeter instru- 
ment maintained a high S/N measurement on each laser 
pulse as it constantly followed large excursions in the mean 
surface height. All data were acquired from an aircraft alti- 
tude of 20 km, beyond a significant portion of the earth's 
atmosphere. The NASA ER-2 cloud lidar system that made 
these measurements i s  a forerunner of laser altimeters on 
space platforms by virtue of i t s  autonomous operation, 
compact size, and abilityto withstand reduced atmospheric 
pressure and wide variations in the thermal and vibration 
environment. This cloud lidar is functionally identical to the 
instrument required for ice-sheet measurements with the 
exception of no correction for platform pointing angles or 
position. 

V. PROSPECTS FOR LASER ALTIMETRY IN SPACE 

Laser altimeter instruments can make a contribution to 
the science of remote sensing in a variety of space-based 
applications. The role of a laser altimeter in lunar orbit to 
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Fig. 12. 
NASA ER-2 Cloud Lidar System on October IO, 1983 at an altitude of 20 km 1411. 

Laser altimeter transect of the California coast near Big Sur acquired from the 

measure topography is a particularly important example 
[43]. Understanding the global topography of the Moon i s  
essential for answering questions concerning lunar origin 
and evolution. Some of these questions relate to the precise 
figureof the Moon, the natureof gravityanomalies, and the 
thermal and loading histories of major impact basins. Oth- 
ers are the styles and volumes of volcanic eruptions, mea- 
surements of modification processes, and problems asso- 
ciated with impact cratering. The correlation of lunar sur- 
face geochemical processes and topography requires fur- 
ther assessment. Finally, information necessary for the 
optimal placement of lunar bases will require accurate 
knowledgeofthelocal reliefofthelunarsurfaceatthesmall 
scale sizes most appropriate for laser measurements [44]. 
Many of the same words describing laser altimetry science 
applications in lunar orbit can be used for an instrument 
in Mars orbit. Here there is strong justification, since less 
i s  known of Martian topography. Topographic data are 
required in preparation for the eventual deployment of 
rover vehicles and establishment of Martian bases. 

Another major application i s  a laser altimeter in earth 
orbit. If this orbit is polar there are significant contributions 
that can be achieved in the high-resolution measurement 
of ice sheet topography, sea-ice distribution, landform 
topography, and cloud-top heights on a global basis. Ice 
and terrain topography can be measured at sub-meter ver- 
tical resolution and approximately 100 m horizontal sep- 
aration with a 50-100 m diameter laser footprint. Ice and 
terrain roughness at tens-of-centimeter-scales can be mea- 
sured via laser pulsewaveform analysis. In geologythe laser 
altimeter offers the possibility of studies of volcanic, erro- 
sional, and tectonic landforms on a global basis. Examples 
of study areas might include the Himalayas, Tibetian pla- 
teau, equatorial sand sheets, polar landforms, and coastal 
errosion zones. It should also be possible to study meteoric 
impact landforms in remote locations. Further details of the 
laser altimeter in earth science applications can be found 
in a series of recent publications [17], [19], [411, [451, [461. 

When terrestrial observations are obscurred by cloud 
cover the laser altimeter measurements of cloud-top height 
provide a very significant auxiliary data set for comparison 
with and interpretation of passive electro-optical and 
microwave radiometer data sets used to study the earth’s 
atmospheric processes. Although laser altimeter pulses are 
lengthened by at least an order-of-magnitude in reflection 
from the cloud-tops, the backscatter pulse should have suf- 
ficient intensity for coarse range and amplitude measure- 
ments. This application bridges the gap between short- 
pulse, high-resolution laser altimetry data and the longer- 
pulse, lower-resolution data of lidar measurements in the 
earth’s atmosphere. 
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