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ABSTRACT

The optical path length from a satellite to the earth's surface is
strongly dependent on the atmospheric pressure along the propagatiom path.
Surface pressure can be determined by measuring the difference between the
round-trip propagation times of laser pulses that are transmitted simulta-
neously at two wavelengths. Although pressure measurements can be made
over the ground and water, the application of this technique to pressure
meagsurements over the ocean is considered.

The statistical characteristics and the waveforms of the ocean-
reflected laser pulses are studied. The received signal is found to be
corrupted by shot noise and time-resolved speckle. The statistics of time-
resolved speckle and its effects on the timing accuracy of the receiver are
studied in the general context of laser altimetry.

For estimating the differential propagation time, various receiver
timing algorithms are proposed and their performances evaluated. The
results indicate that, with the parameters of a realistic altimeter, a
pressure measurement accuracy of a few millibars is feasible.

The data obtained from the first airborne two-color laser altimeter
experiment are processed and analyzed. The resu1t§ are used to verify the

pressure measurement coacept.



111
ACKNOWLEDGEMENTS

The authors would like to acknowledge Dr. James B. Abshire at
NASA-GSFC for his valuable help throughout the research, especially his
work on the experiments and computer simulation.

Many thanks are also owed to Mrs., Jan F., McGarry for her work on the
computer simulation and to Mr. H. Edward Rowe for his assistance throughout

the experiments.

This research was supported by the National Aeronautics and Space

Administration under the Grant NSG-5049.




INTRODUCTION.

TABLE OF CONTENTS

e & ® 8 @ o & o ©° 5 ¢ o s o

THEORY OF THE PRESSURE MEASUREMENT TECHNIQUE.

LASER BACKSCATTER FROM THE OCEAN. . . . .

TI}!E-RESOLVED SPECKLE e & o o s+ e e o

o« Introduction. . + ¢« ¢ + . &
. Statistics of the Detected Signal
. Estimation of Arrival Time. . . .
« Computer Simulation . . « « « « &
« Partially Developed Speckle . . .
« Summary . . .

e e o e @ @

® o o & o e 2 o s

ESTIMATION OF DIFFERENTIAL ARRIVAL TIME .

. Transmitter Effects . . . .
. Sampling Effects. « ¢ « ¢« ¢« o« & o &
L 2 smary - * . . - . - - . * L] L] L d -

1. Introduction. « ¢« ¢« ¢« o« o« o s o o o
2, Timing Algorithms . . . « ¢« &« & « &
3. Frequency Domain Representatfon of Timing
4. Comparison of the Correlation and
5
6
7

BANDWIDTH OF THE OCEAN REFLECTED PULSE. .

LINK EQUATIONS. . . « «

e o & & o o ¢ & o

AIRBORNE ALTIMETER EXPERIMENT DATA ANALYSIS

CONCLUSIONS

APPENDIX A:

APPENDIX B:

APPENDIX C:

APPENDIX D:

Introduction., « . . .
Data Analysis « ¢« ¢« o ¢ o s o s s ¢ o o o &
Altitude Dependence of the Received Signal Energy
Summary . + .

e & o e o o o o o

.

Error

-

.

Centroid Algori

[

thms

e o e o o o

EVALUATION OF THE PERFORMANCE OF THE CORRELATION

ALGORITHM FOR A GAUSSIAN MEAN RECEIVED PULSE

SHAPE.

DERIVATIONS LEADING TO THE FREQUENCY DOMAIN
REPRESENTATION OF TIMING ERROR .

.

EXPANSION OF EQUATION (5.46) « « « o « o o o

DERIVATIONS LEADING TO EQUATION (5.53) . . .

L] L] L] L] . L)

iv

Page

103
106
112
113
117
120
125
127
127
132
165
173

174

177

183
187

188




APPENDIX E: EXPECTED DIFFERENTIAL DELAY FOR THE AIRCRAFT
EXPERIMENT L] L] . . * * . L] L] L3 L] L] . L] L L] L] L] L]

APPENDIX F: EFFECTS OF TELESCOPE CENTRAL OBSTRUCTIONS ON
RECEIVED SIGNAL LEVEL. « o o« ¢ o o o s s s s o o

REFERENCE S a8 ® & ® & e e © & & 5 © 8 2 ¢ * @ o B * o s s & o o

CUMULATIVE LIST OF RADIO RESEARCH LABORATORY REPORTS PREPARED
UNDER NASA GRANT NSG-5049 @ ¢ o ¢ o * o s s © & o o & o s o o

PAPERS PUBLISHED ® @ ®» @ & @ ° & o e ¢ o e+ s © S 2 s " e & 2 o

Page

189

191

199

201

203




Figure

2.1.

3.1.

3.2.

3.4,

3'5.

3.6.

3.7.

4.1.

4.2,

4.3.

l‘o".

4.5,

4.6.

4.7.

LIST OF FIGURES

Pressure measurement sensitivity to differential pathlength
errors as a function of the satellite elevation angle. . . . . .

Mean received waveforms of the laser altimeter for different
wind speed and SWH. Gaussian ocean surface, normal incidence. .

Mean received waveforms for laser altimeters with different
beam divergence angles. Gaussian ocean surface, normal
incidenceoo.ooaooco-oo-voooouooooooco

Mean received pulse shape for reflection from an ocean wave
with a height of 2 m (trough-crest). The laser altimeter is

at an altitude of 400 km and the beam divergence is varied

from 100 prad to 900 urad. « « « o ¢ o o o o o o o s s o s s » o

Mean received pulse shape for reflection from ocean waves with
different wave heights. Normal incidence. « « « o+ o ¢ o o o o &«

Mean received pulse shape for reflection from an ocean wave
with a height of 2 m (trough-crest). The laser altimeter is
slightly off normal, with a nadir angle of 1% .« « ¢ o ¢ o o o @

Comparison of sinusoidal and trochoidal waves, . « s « o ¢ o o &
Mean received pulse shape from reflection from a trochoidal

wave with a height of 2 m (trough-crest). The laser altimeter .
is at an altitude of AOO km. * * . . L L] L) L] . L] * L] . L] L ] L] L L]

Example of time-resolved speckle « « « ¢ o o« « ¢ ¢ ¢ o o o o & o

Mean received pulse shape for reflection from an infinite flat
diffuse target. Normal incidence. Magnitude scale is relative,

Waveform of the variance for reflection from an infinite flat
diffuse target. Normal incidence. Magnitude scale is relative.

Number of speckle correlation cells for reflection from an -
infinite flat diffuse target. Normal incidence. « « ¢ ¢« + ¢ « &

Mean received pulse shape for reflection from an infinite
flat diffuse target. Non-normal incidence. Magnitude scale
is telative. L] L L] L * . . L] L] . L] L] L] * . * . L] ° L] - . L] * L] .

Waveform of the variance for reflection from an infinite flat
diffuse target. Non—normal incidence. Magnitude scale {s

I'EIaCive ® @ & & 0 ¢ 5 & 2 T ¢ * & = & S s S ¢ 6 O s O * 2 ¢ o o

Number of speckle correlation cells for reflection from an.-

infinite flat diffuse target. Non-normal incidence. « . « « o+ -

vi

Page

14

15

18

19

21

23

24

27

36

37

38

40

41

42




Figure
4.8,

4.9.

4.10.

4.11.

4.12.

4.13.

4.14.

4.15.

4.16.

4.17.

4.18.

4.19.

4.20.

4.21.

4,22a.

4.22b.

Geometry of the finite size plate target « « « ¢ « ¢ o o« o o &

Mean received pulse shape for reflection from a finite size
plate. Magnitude scale 1s relative. « « + ¢ ¢ o ¢ ¢ ¢ o o s o

Waveform of the variance for reflection from a finite size
plate. Magnitude scale is relative. « « ¢ « o o ¢ ¢ o o o o =«

Number of speckle correlation cells for reflection from a
finite Size platel . . L] L] L L] . L ] * L] L) * . L] L] . [ ] * L) L] 1 .

Mean received pulse shape for reflection from a finite size
plate., Magnitude scale is relative, . « ¢ + ¢ ¢ ¢ ¢ o o « o &

Waveform of the variance for reflection from a finite size
target., Magnitude scale is relative . o« o« ¢ ¢ ¢ ¢ o o ¢ o o &

Number of speckle correlation cells for reflection from a
finite size plate. @ 8 8 € 9o 0 0 e ¢ ® 6 o & o ° » s O e & e o

Timing performance for reflection from an infinite flat
diffuse target calculated using Eq. (4.63). Normal

incidence. Mean received pulse shape corresponds to that

in Figure 4.2. © ® o o o & o 0 e & 0 ® 5 8 6 e & & e o e e o o

Timing performance for reflection from an infinite flat
diffuse target calculated using Eq. (4.63). Non-normal
incidence. Mean received pulse shape corresponds to that

in Figure 4.5. ® & 8 o & 0 0 8 & 6 & & o e 8 8 8 o+ 4 o 2 e o o

Timing performance for reflection from a finite size plate
calculated using Eq. (4.63). Mean received pulse shape
corresponds to that in Figure 4.9, . « ¢ « 4 ¢ ¢ ¢ o o s o o &

Slope of the mean pulse shape shown in Figure 4.9. Magnitude
scale 1is relative. e & o 6 8 0 ® ® 6 & © o 6 6 o 8 ° & » s e o

Slope of the mean pulse shape shown in Figure 4.12. Magnitude
Scale 18 relative. . . L] L] L] L] L] . L) [ ] L] . L] L] L] L] L] L] L) L] L] L]

Timing performance for reflection from a finite size target.
Calculated using Eq. (4.63). Mean received pulse shape
corresponds to that in Plgure 4.12 . . & ¢ ¢ ¢ o o ¢ ¢ o o o &

Comparison of simulation and theory. . « ¢ ¢« ¢ ¢ ¢ ¢ o« o« o o @

Schematf{c diagram of the laser and the retroreflectors on
LAGEOS., Relative position in units of transmitted pulse width

Simulated results for reflection from LAGEOS . « « ¢ ¢ o o o &

vii

Page

43

45

46

48

49

50

51

59

60

61

62

64

65

69

80

81




4 .22‘:‘

4.22d'

4.,23a.

4.23"'

4,23¢c.

4.,23d.

4.,24a.

4.24]30

412‘“:'

4.24‘1-

5.1,

5.2

5.38-

5.3‘)0

5.69

5.50

Simulated results for reflection from LAGEOS for variance
due to shot noise. [ ] . L] L ] . L ] L] [ ] L] L] . L] * L] L] L] L ] L2 L . L ] -

Simulated results for reflection from LAGEOS for variance
due to speckle i ] * L] L] . L] * L] L ] L] [ ] L] L] . . [ 2 L ] L] -* [ ] L] * L ] L ]

Schematic diagram of the laser and the retroreflectors on
LAGEOS. Relative position in units of transmitted pulse

Width. ® ® o 6 S & 2 ¢ & 4+ 4 S 0 O e e 8 2 s o & s o o 5 2 2 o

Simulated results for reflection from LAGEOS ¢« v ¢ o o o o o &

Simulated results for reflection from LAGEOS for variance
due to shot noise. * L] . . . * L) L - * L] [ ] . L] [ ] . L ] L ] L] L d L] .

Simulated results for reflection from LAGEOS for variance
due t o s pe ckle . L L] ® [ ] * ° L] * L] L ] - L 2 * L] L ] [ ] . . L ] * L ] L ] L]

Schematic diagram of the laser and the retroreflector on
LAGEOS. Relative position in units of transmitted pulse

width. e e e ® 9% & 5 S e & 6 9 6 O e e & e ¢ & ° & o e ¢ ¢ o+ 9

Simulated results for reflection from LAGEOS ¢« &« ¢ ¢ ¢ « o o &

Simulated results for reflection from LAGEOS for variance
due o Shot NOLSE@:s ¢ ¢ o o o o o o o o ¢ o o o o o o s o o o &

Simulated results for reflection from LAGEOS for variance
due to 8peckle ¢« ¢« o o o = s ¢ o 2 0 s 6 06 0 s 0 6 6 s e s e e

Comparison of the correlation and centroid algorithms for a
simulated received pulse shape from a Gaussian ocean surface .

Comparison of the correlation and centroid algorithms for a
simulated received pulse shape from a sinusoidal ocean surface

Power spectra of the mean received pulse shape shown in
Figure 5 . 1 . L ] L] L] . L] L ] . L] L d L] L] L] L] L] . * * L4 L] L] . . L] L] -

Power spectra of the mean received pulse shape shown in
Figure 5 L 2 . * L] . L] * L L d L] L] . * L ] . . . L] L ] * . . L] * L] L L]

Effects of speckle averaging on the correlation algorithm.
The mean pulse shape corresponds to FPigure 5.2 . « o &+ o o o o

Performance of the correlation algorithm when the mean pulse
shapes at two wavelengths are different. One wavelength has
mean pulse shape corresponding to that in Figure 5.1. The
other wavelenegth has mean pulse shape corresponding to that
inFigureS.Z.-.......-...............

82

82

83

84

85

85

86

87

88

88

107

109

110

110

111

"114




Figure
8.1.
8.2.
8.3.

8.4.

8.5.

8.6.

8.7.

8.8.

8.9.

8.10.

8.11.

8.12.

8.13.

8.14.

8.15.

8.16.

A picture of the NASA electra alrplane. . + + ¢ &+ ¢ o o o o &«
A picture of the computer system on board the airplane. . . .
A picture of the equipment rack on board the airplané e s o @

A picture of the interior of the airplane showing the laser
power supply, the laser and the transmitting optics . . . . .

A waveform recorded at 305 m (1000 ft) altitude . « + o o o &
A waveform recorded at 305 m (1000 ft) altitude . + « o o o «

Timing history and timing histograms for the 305 m altitude
data, using the correlation algorithm, Correlation coef-.
ficient is curve fitted around its peak « « ¢« ¢ ¢« o ¢ o o &+ o

History plot and histogram of the correlation coefficient for
the 305 m altitude data. Correlation coefficient is curve
fitted around 1its peaks. « ¢ o o c o o o s 4 6 s s e s e 0 s o

Two recorded waveforms at 1219 a (4000 ft) altitude « « « « &

Timing history and timing histogram for the 1219 m altitude
data, using the correlation algorithm. Correlation coef-.
ficient 1s curve fitted around 1ts peak « o o + ¢« ¢ ¢ ¢ o » o

History plot and histogram of the correlation coefficient for
the 1219 @ altftude data. Correlation coefficient is curve
fitted around 1ts peak. L ] L] © L) * L] L] . L] . . L] . L) . . L[] L] .

Two recorded waveforms obtained from ranging to a white plate

Timing history and timing histogram for the data obtained
from ranging to a white plate, using the correlation
algorithm. Correlation coefficient is curve fitted around
1ts peak. L ] [ ] L ] . L] L] ° L] L] L] ° L] ° ° © o o © [ 2 ° ° . L] L) L] .

History plot and histogram of the correlation coefficient
for the data obtained from ranging to a white plate.
Correlation coefficlent is curve fitted around its peak . . .

Two recorded waveforms obtained from ranging to a cube corner
reflectot L ] L] L ] L] [ ] ] L] L] L] L] L] . L] L] L] . L] . L] L] . L] L] L . L ]

Timing history and timing histogram for the data obtained
from ranging to a cube corner reflector, using the correla-
tion algorithm, Correlation coefficient is curve fitted
around its peak . « &+ ¢ ¢ o ¢ 0 e 0 b 0 s e s e s e 0 e 0w

ix
Page
128
129

130

131
133
134

137

138

139

140

141

143

144

145

146

147




Figure

8.17.

8.18.

8.19.

8.20.

8.21.

8.22.

8.23.

8.24’

8.25.

8.26.

8.27.

8.28.

8.29.

History plot and histogram of the correlation coefficient
for the data obtained from ranging to a cube corner reflector.
Correlation coefficient is curve fitted around its peak . . . .

Timing history and timing histogram for the data obtained at
305 m altitude, using the separation between the two peaks .
as the differential arrival time estimate « ¢ « o o o o ¢ o o o

Timing history and timing histogram for the data obtained from
ranging to a cube corner reflector, using the separation
between the two peaks as the differential arrival time estimate

Timing history and timing histogram for the data collected at
305 m altitude. Results obtained by calculating the centroids
of 75 points around the peaks « « o« 4+ s s ¢ o s o ¢ o s s s s

Timing history and timing histogram for the data collected
from ranging to a cube corner reflector. Results obtained by
calculating the centroids of 75 points around the peaks . « . .

Timing history and timing histogram for the data collected
from ranging to a cube corner reflector. Results obtained
by calculating the centrolds of 50 points around the peaks. . .

Timing history and timing histogram for the data collected at
305 m altitude. Results obtained by correlating the UV pulse
with the logarithm of the green pulse « ¢« + ¢ ¢ o« ¢ ¢ o o ¢ o o

Two recorded waveforms and their logarithms. 305 m altitude

data. * @& 6 & o & ¢ o 8 O & & o 0 & 6 s e ©° & & e s O ° o s o @

Timing history and timing histogram for the data collected
from ranging to a cube corner reflector. Results obtained
by correlating the UV ‘pulse with the logarithm of the green

pulSe e e & o & & & 6 e ® & 0 e & ¢ ® °® & & O & ¢ s 2 5 " 0 ¢

Two recorded waveforms and their logarithms. Cube corner
reflector data' L] [ ] L] L] L] L] L] L] L] ° . . L ] o . * L] L) * L[] - L] L] .

Timing history and timing histogram for the data collected at
305 m altitude. Results obtained by correlating the logarithm
of the UV pulse with the green pulse. « . v ¢ s ¢ ¢ ¢ o o ¢ o &
Timing history and timing histogram for the data collected
from ranging to a cube corner reflector. Results obtained

by correlating the logarithm of the UV pulse with the green

p\llse ® @ & @ ® & & 9 ® & 4 ° s & & ¢ & e s & s o 9+ o s o ¢ s

Timing history and timing histogram for the data collected
at 305 m altitude. Results obtained by correlating the
logarithms of both pulses .« « ¢« ¢ ¢ 4 s ¢ ¢ ¢ ¢ ¢ o o ¢ o o o @

Page

148

151

152

154

155

156

157

158

160

161

162

163

164




Timing history and timing histogram for the data collected
from ranging to a cube corner reflector. Results obtained by
correlating the logarithms of both pulses . . . « ¢« &« & « & &

Recelved signal level versus altitude for a telescope with
central obstruction « « ¢ ¢ ¢ ¢ o 6 4 s e s s e s e 6 e e s .

Received signal level versus altitude for a telescope without
central obstructlon + « ¢ ¢ ¢ 4 4 o 0 4 e 0 s s e e s s e s e

Effects of telescope focusing on the received signal level.
Telescope has central obstruction . o ¢ ¢ ¢ ¢ ¢ s o o o o »

Effects of telescope focusing on the received signal level,
Telescope has no central obstruction. . . ¢ ¢ ¢ s ¢ o ¢ o &

Geometry of the optical Setup « « « ¢ &+ ¢ « o ¢ s o ¢ o o @

Ray tracling of the telescopes « « ¢ o o o o o o o o o s o ¢

Geometry of the detector plane and image plane. . . . . . .




1. INTRODUCTION

Global measurements of temperature and pressure are essential in all
weather and climate predictions. Forecasting and modeling have been ham-
pered by the lack of measurements in inaccessible regions of the earth's
surface, particularly over the oceans. Consequently, there is considerable
iaterest in developing remote-sensing techniques for measuring pressure and
temperature from satellites. Pressure is probably the most difficult para-
meter to measure accurately. Korb et al, [1] have proposed a differential
absorption (DIAL) technique for remote sensing of pressure and temperature
by observing the near-IR absorption in the oxygen A band. The feasibility
of their technique was demonstrated experimentally using CW lasers to make
measurements over the horizontal paths. Unfortunately, the technique
places severe constraints on the wavelength stability of the laser.

In a previous paper, Gardner [2] proposed a pressure measurement tech-
nique using a two-color short pulse laser altimeter. This technique was an:
extengion of NASA's ongoing two-color ranging program to measufe atmo-
spheric pressure [3]. The technique makes use of the fact that the
atmosphere is dispersive and the group refractivity 'is proportional to
pressure; therefore, the difference between the optical path lengths from a
satellite to the earth's surface is proportional to the surface pressure.
The altimeter uses fixed frequencies rather than tunable lasers and is
insensitive to laser wavelength changes. The theory on which the technique
is based is reviewed in Chapter 2.

Although pressure measurements can be made over both the ground and
water, pressure measurement over the ocean is of greatest interest. 1In a

previous paper [4], we studied the statistics and waveforms of the ocean




2
reflected laser pulses, Parts of the results that are relevant to the pres-
sure measurement technique are reviewed in Chapter 3. 1In additiom, we also
study the reflection of laser pulses from sinusoidal and trochoidal waves,
because these waves give rise to glints that can improve the accuracies of
the pressure measurements.

When a short laser pulse is reflected from the ocean surface, the
reflected pulse will be broadened to about twice the width of the raage
spread of the wave height. Because the received pulse has a width longer
than the transmitted laser pulse, speckle will cause random small-scale
fluctuations within the received pulse which distort its shape. This
effect is referred to as time-resolved speckle. In Chapter 4, we derive
the statistics of time-resolved speckle. The problem of estimating the
arrival time of laser pulses in the presence of time-résolved speckle 1is
also considered. The results not only are important to the pressure
measurement technique, but also have applications in general laser radar
and ranging.

The pressure measurement technique requires accurate measurements of
the differential propagation time of laser pulses at two wavelengths. If
the altimeter uses the fundamental and tripled ND:YAG laser frequencies,
picosecond timing accuracies are required to make millibar—-level pressure
measurements. The timing problem is complicated by the fact that, due to
the random dynamic nature of the ocean, the mean reflected pulse shape can-
not be predicted a priori. This means optimal estimators such as the maxi-
mum likelihood estimator cannot be used. 1In Chapter 5, we propose and
study several suboptimal estimators that do not require knowledge of the
pulse shape.

The timing accuracy of the receiver depends on the bandwidth of the

received signal. The signal bandwidth is related to the surface profile




3
within the laser footprint., TIa Chapter 6, we investigate the relation be-
tween the surface profile and the bandwidth of the received signal.

In Chapter 7, we use the results obtained from previous chapters to
estimate the expected timing accuracies of realistic system designs and to
estimate the corresponding accuracies of the barometric measurements.

An airborne altimeter experiment was conducted by NASA personnel on
September 7 and 8, 1983. This initial experiment was basically a shakedown
flight for a series of more extensive flights to be conducted during the
late summer 1984, To verlfy the theory, the data collected .were processed

by different timing algorithms. The results are discussed in Chapter 8.




2. THEORY OF THE PRESSURE MEASUREMENT TECHNIQUE

The optical path length is defined as the integral of the group
refractive index along the ray path. Because the horizontal refractivity
gradients in the atmosphere are small, the two-way optical path length be-
tween a satellite and the earth's surface for a pulsed laser system is
given by [2]

r (1+10°% %)

sat g
o2/ sin 0 dr . (2.1)

r
ocean

Ng is the group refractivity, r is the geocentric altitude, and 8 is given
by Snell's law for a spherically stratified medium. It is convenient to
express Eq. (2.1) as the sum of the straight-line path length Ry and an

atmospheric correction AC:

Ro = ZRL + AC (2.2)
where
-6
r 10 N r
- sat g sat dr -
AC 2 fr sin 8 +2 f sin 8 RL ° (2.3)
ocean ocean |

The first term comprising AC is the velocity correction, while the second
term is the difference between the geometric lengths of the ray and
straight-line paths.

The atmospheric correction can be evaluated by using an appropriate
model for the group refractivity. Although AC depends on the atmospheric
pressure, temperature, and humidity along the propagation path, it is most

sensitive to pressure. In fact, when the laser is pointed at nadir, AC is
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5
approximately proportional to the atmospheric pressure at the earth's sur-
face. Therefore, surface pressure can be computed from measurements of AC.

A pulsed laser altimeter measures the round-trip optical path length
Ro. 1f the straight-line distance (RL) between the satellite and the laser
footprint on the earth's surface is known, AC can be calculated by using
Eq. (2.2). Because RL must be known to within a few centimeters for the
approach to be effective, it is probably not practical. As an alternative,
a multicolor altimeter can be used to determine AC by calculating the
difference between the round-trip optical path lengths measured at two dif-

ferent wavelengths:

AR = R, = R, = AC

1 2 1~ AC, . (2.4)

A theoretical expression for AR can be obtained by evaluating the integrals
in Eq. (2.3). This is done by using the perfect gas law, law of partial
pressure, and the hydrostatic equation to obtain a suitable refractivity
profile. Although the dominant variation of AR with respect to pressure is
linear, there is a small quadratic variation which cannot be neglected. If
Egs. (2.3) and (2.4) are evaluated and then solved for atmospheric pressure

at the earth's surface, we obtain {2]

2 1/2
-b + (b~ - 4ad)
P = 52 . (2.5)
_q ECX)) + £(X)
a=4.73 x 1070 —L 2 e (2.6)
T sia E
-8 -13 2 2

Y - »
t:an2 E sin4 E = K
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_F(8,H) AR sin E_ _ -
d TTE,) - £05)] 2.24 x 10 " e (2.8)
F(8,H) = 1 + 0.0026 cos (26) - 0.0003H |, (2.9) ]
K = 1.163 + 0.00968 cos (28) - 0.00104T + 0.00001435p (2.10)

£(\) = 0.9650 + 0'0564 + 0'002228 , (2.11)
X A

where

A = laser wavelength (im),

e = water vapor pressure at the laser footprint (mbar),

P = atmospheric pressure at the laser footprint (mbar),

T = temperature at the laser footprint (°K),

8 = colatitude of the laser footprint,

H = altitude of the laser footprint above sea level (km), and

E = satellite elevation angle. 1

The function f(1) accounts for atmospheric dispersion which is responsible
for the difference in the measured pathlengths at the two w;velengths.

To compute the surface pressure it is necessary to know AR, E, e and
T. Fortunately, only a crude estimate of the surface temperature is
required. An accuracy of 20-30° is easy to obtain and should be adequate.
A temperature error of 20°C would contribute less than a few tenths of a
millibar to the pressure error for an elevation angle above 30°. Errvors in

the measured values of E are also only significant at the lower elevation

angles. Above 50° elevation, the errors in E can be neglected provided




they are of the order of a millirad or less. The pressure sensitivity to
errors in water vapor is constant with respect to elevation angle. A
10 mbar error in water vapor pressure will contribute ~l mbar to the sur-
face pressure error {2]. Since water vapor pressure can approach 40 mbar
when the surface temperature and relative humidity are high, its effect
cannot be ignored. Currently, satellite-based microwave seansors can pro-
vide water vapor pressure information accurate to about 10% [5]. For a
maximum water vapor pressure of 40 mbar, a 10% error in water vapor
pressure measurement corresponds to about 0.4 mbar error in surface
pressure error, So, by using the information collected by the microwave
sensor or by installing a microwave sensor together with the laser
altimeter, the error due to water vapor can be reduced to an insignificant
amount.

In an actual system, the dominant error source is likely to be the
differential path-length measurement. The pressure sensitivity to differen-

tial path-length errors [2] is given by

3 _ _0.212 sin E
IAR f(kl) - f(kz)

(mbar/mm) . (2.12)

This sensitivity depends both oan the choice of wavelengths and on the ele-
vation angle. At low-elevation angles the laser pulses travel through
more of the atmosphere so the pressure effects are more significant. 1In
addition, AR is greater for larger wavelength differences because of
greater differences in group refractivity. oP/3AR is plotted vs. elevation
angle in Fig. 2.1 for three possible wavelength combinations of fundamen—
tal (1064 nm), doubled (532 nm), and tripled (355 nm) ND:YAG laser

frequencies. When rangihg at nadir using the 355 and 1064 nm wavelengths,
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the required differential path-length accuracy is 0.6 mm/mbar, which

requires a timing accuracy of 2 psec/mbar.

Although the pressure sensitivity to errors in AR decreases as the
elevation angle is decreased, other error factors become more significant.
The sensitivity to temperature and elevation—angle errors and the differen-
tial path-length errors increase as the elevation angle is decreased.
Consequently, the best performance will be obtained with the laser pointed
at nadir. When the laser is pointed to within a few degrees of nadir,

Eq. (2.5) can be.approximated by

2 F(8,H) sin E
£ - £(3,)

P = -'%'z 2.12 x 10 AR - 0.095e¢ . —(2.13)

In this case, the rms pressure error is approximately

o, = [(%%ﬁ OAR) + (%E- oe)z + (‘3‘% GE)Z]I/Z R (2.14)

g and o are the rms errors in AR, e, and E, respectively.

2

where Oar?

In Eq. (2.14),

% 2z 0.095 (mbar/mbar) |, (2.15)
) -1—0—-3—9 (mbar/mrad) ; - ~--{(2.,16)
3E T tan E ’ ®

and (3P)/(3AR) is given by Eq. (2.12).
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3. LASER BACKSCATTER FROM THE OCEAN

Although pressure measurements can be made over both the ground and
water, pressure measurement over the ocean is of greatest interest. In a
previous paper [4], we studied the statistics and waveforms of the ocean
reflected laser pulses, Parts of the results that are relevant to the
pressure measurement technique are reviewed in this chapter. In addition,
we also study the reflection of laser pulses from sinusoidal and trochoidal
waves, because these waves give rise to glints that can improve the accu-
racles of the pressure measurement,

For near normal incidence, the reflection of laser pulses from the
ocean 1s due mainly to scattering by randomly distributed specular points
on the surface. These specular points arise from ocean-wave structures
with slopes oriented to reflect the signal back to the receiving telescope.
Ocean waves are generated by the joint actlons of wind as a disturbing
force, and gravity and surface tension as restoring forces. The larger
waves, with wavelengths greater than ~2 cm, are gravity waves. The smaller
waves, for which surface tension is the restoring force, are capillary
waves. The wavelengths of capillary waves are bounded at the small-scale
end by viscous dissipation to ~l mm. Since the wavelengths of even the
smallest capillary waves are much larger than an optical wavelength,
diffraction is not important, and the laser backscatter can be analyzed
using geometric optics.

If the laser beam is pointed at nadir and the reflected pulses are
detected by a direct-detection receiver, the mean received signal con-

ditioned on a given ocean surface profile is given by [4], [6]
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E[S(6) [l = S(e) = < [ a%p by(p,2) [ECe = 9] % B(E) (3.1)

where
b (2:2) = la(e,2) | /%) [ dPplate,) |* 63 (3.2)

and
2
2z _ o~ _ 28(0)

w=?-+-c—z p - (303)

Here

<{N> = expected number of detected signal photons/pulse,

(x,y) = horizontal coordinate vector oan the ocean surface

lo
]

measured from the center of the footprint,
a(p,z) = complex amplitude cross section of the laser footprint,
8_(p) = power reflection coefficient of the ocean surface,
g(p) = ocean surface profile,
z = altitude of the laser altimeter,
¢ = velocity of light,

f(t) = transmitted pulse amplitude, and

h(t) impulse response of the receiver electrounics.

In this equation P is the delay of the reflected pulse. The first term in
Eq. (3.3) is the nominal distance of the target, the second term is the
additional delay due to the curvature of the laser wavefrout and the last
term is from the range spread of the target. The power-reflectioan coef-
ficient depends on the angle of incidence and sea state. For divergence
angles of a few milliradians or less, Bng) is essentially constant within

the footprint.
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The covariance function of the received signal, which describes the
fluctuation of the received signal due to shot noise and speckle, is given

by [4], [6]

C () ty) = <© [ d%p by(p,2) [ drliCr- w]? ne, = O nle, - O

2
+——<f§> fdz_o b,(0,2) glt; = ) gle, = ¥) (3.4)
where
a ] d*olate,2)|? 8 P
=237 ;2 G 2 (3.5)
A°z% [ d%pla(p,2)|” 8.(0)
and
g(t) = lf(t)lz * h(t) . (3.5)

In Eq. (3.4) K is the ratio of the receiver aperture area (AR) to the
speckle correlation area and g(t) is the point target response of the
system., The first term on the right-hand side of Eq. (3.4) is due to shot
noise, while the second term is due to speckle noise. For a Gaussian laser

cross section, K is given by [4], [6]

2 tan eT 2
k= “ﬁ("x— ' (-1

where aT is the beam divergence (half-angle measured at exp(-1/2) point).
For typical laser altimeter configurations, X is of the order of a few
thousand or larger.

The wave height at any given point on the ocean is the result of many
wave components that have been generated by the wind in different regions

and have propagated to the point of observation. Since the motions of dif-

ferent wave components are weakly correlated, the central limit theorem can
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be used to argue that the wave height (i.e., surface profile) is Gaussian
distributed. Therefore, over areas which are large compared to the loagest
waves on the ocean, &(p) is usually assumed to obey Gaussian statistics.
Experimental data tend to support this hypothesis. Consequently, the wave
slopes are also Gaussian distributed and independent of the wave height
{4]. Under these conditions, the power-reflection coefficient for normal
incidence is given by [4], (7]

[RC0) [2

B
z”r(s2 + 2 t:zm2 e,[.)

r

’ (3.8)

where R(0) is the Fresnel backscatter coefficient and 82 is the mean-square
{MS) value of the total slope. The factor 47 is needed to convert scat-
tering cross saction to reflection coefficient. An empirical relationmnship

between S2 and wind speed was derived by Cox and Munk [8]:

2 2
s? = <(%f—> > + <(%y§) > = 0.003 + 0.00512W (3.9)

where W is the average wind speed in m/sec measured at 12.5 m above the
mean sea level.

The expected received pulse can be calculated by taking the
expectation of Eq. (3.1) over the probability distribution of the surface
profile £. 1In Figs. 3.1 and 3.2, we show the mean recelved waveforms for a
laser altimeter that has a Gaussian-shape point—-target response g(t). The
point-target response is assumed to have a rms range width (cog) of 1 cm.
In Fig. 3.2, the mean waveforms are plotted for five different sea states.
These figures show that the larger the significant wave height (SWH), the
broader the return pulse. In Fig. 3.2, the sea state is fixed while the

beam divergence 1s varied. As the beam divergence increases, the trailing
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edge of the pulse is broadened by the wavefront curvature effects, and the
return pulse becomes asymmetric. To obtain the sharpest return pulses, it
is necessary to have a small beam divergence which can be achieved rela-
tively easily with laser altimeters. This 1is more difficult to achieve
with radar altimeters due to their limitation in the antenna size.

The pulse shapes computed using the above approach will accurately
predict the actual pulse shapes whenever the laser footprint is large com—
pared to the periods of the waves. However, if the footprint {is small,
the local probability distribution of the surface profile within the
footprint may be considerably different from Gaussian, For pressure-
measurement applications, a small beanm divergence angle is desired to mini-
mize pulse broadening due to beam-curvature effects. As a consequence,
the size of the footprint will be small and may not be significantly
larger than the wavelength of the long—-period ocean waves. Sea-wave
records often reveal a sinusoidal or trochoidal profile for the dominant
long-period waves which may extend over distances of a few hundred meters.
In these areas, the surface profile is more suitably modeled as a large
amplitude sinusoidal (or trochoidal) wave with superimposed small amplitude
disturbances (capillary waves or small gravity waves) of short correlation

length. For a sinusoidal wave model, we have
o) = £,(0) + (0

\
= Acos(%x + 8) + 51(_0) . (3.10)

where A is the amplitude of the sinusoidal wave, A is its wavelength, B
is the phase aangle and 51(£9 is the small-scale disturbance. Using this

model, the mean received signal can be expressed as
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E{S(t)} = | g, p(§)) E{s(c)(sl}

2 > 2z b . 2 2
- > [dobyem | ag pe) sl Bl 2y
The integration over El can be viewed as a convolution, so Eq. (3.11) can

also be written as
B(S(O)} = S EGS(O) |5 = 0} 4 p, (-5 ¢) (3.12)
2 1 51 2 °

This equation implies that we need only evaluate the mean waveform for the
51 equals zero case, i.e.,E{S(t)[E1 = 0}. The mean received waveform for
any distribution of 51 can be obained by convolving the probability density
function of £ with E(S(t)[&1 =0}.

Expected received pulse shapes were calculated for several values of
beam divergence using the sinusoidal model. The results which are plotted
in Fig. 3.3 show strong reflections from the wave crests and troughs.
These reflections or glints occur because of the relatively large surface
area at the crest and trough altitudes. The sharpness of the observed
gliats is directly related to the beam divergence. When the divergence is
large, beam-curvature effects broaden the reflected pulses. The rise time
of the crest reflection is limited only by the transmitted pulse width,
beam divergence, and the receiver bandwidth. The tail at the trough
reflections is primarily due to beam curvature effects. In Fig. 3.4, we
calculated the results for three different ocean-wave heights. The wave
height of the ocean can be inferred from the received pulse by measuring
the separation between the crest and trough returns.

When the laser is pointed slightly off nadir in a direction normal to

the wave fronts, the received pulse broadens, and multiple glints appear
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because of reflections from successive wave crests and troughs. This is
illustrated in Fig. 3.5 for a nadir angle of 1°. A sinusoidal wave model
was used with a wave height of 1 m (crest to trough) and a wave period of
10 m. Crest reflections are responsible for sharp peaks in the first half
of the pulse, while trough reflections are responsible for the structure in
the second half. At 1° off nadir for a 10-m wave period, the range dif-
ference between successive crests (or troughs) is ~17.5 cm. These results
suggest that it may be possible to measure the crest-to-trough wave height
and wave period as well as SWH using a short-pulse laser altimeter. This
is not possible using microwave altimeters because the curvature effects
due to the large beamwidths (~1-2°) obscure the crest and trough reflections.
In the actual ocean, the wave crests tend to be relatively high and
sharp, while the wave troughs are comparably smooth and shallow. In some

cases, the wave 1s more suitably modeled as a trochoid (9], i.e.,

82 = &x,y) = Acos(3 %, + 8) + £(@ (3.13)
and
- x, - asta(E <+ ) (3.14)
X xo sin A xo ° .

For a sinusoid the profile depends sinusoidally on x, while for a trochoid
the profile depends sinusoidally on X s which is related to x by Eq. (3.14),
a non-linear transformation. The difference between a trochoid and a
sinusoid can be seen from the following reasoning. For simplicity, let

B8 = 0, so the wave crest occurs at x = x, = 0. We have

xo>x -AM2 < x < N2
X =X x = A2, -A2 (3.15)

on<x “A< x < =A2, M2 < x <A .
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For points around the crest, X, > x, the decay of a trochoid from its peak
is faster than a sinusoid, so its peak is sharper. For points near the
trough, X, < x and the rise from the trough is slower, resulting in a
smoother trough. 1In Fig. 3.6, we plot sinusoidal and trochoidal waves
for a trough-crest wave height of 2 m and a wavelength of 10 m. Indeed,
the trochoid is sharper around the crests and smoother around the troughs.

Since trochoids have sharper crests and smoother troughs, we expect
the reflections from the crests to be weaker and the reflectlons from the
troughs to be stronger than in the case of sinusoids. This is born out by
the results shown in Fig. 3.7. For trocholdal waves, the reflections from
the troughs are enhanced. These results should be compared with Fig. 3.3.

Obviously, the ocean-surface profile is not a perfect sinusoid or
trochoid. The Gaussian model and the sinusoidal wave model can be viewed
as the two extremes. The actual received pulse shapes are likely to lie
somevhere between the broad smooth pulses, which result from the Gaussian
model, and the highly structured shapes, which arise from the sinusoidal
model. For the pressure-measurement application, a small laser beam
divergence angle is desired to minimize pulse broadening due to beam-—
curvature effects. Therefore, the received pulses are expected to exhibit
fine scale structure due to strong reflections within the laser footprint.
Later we will see that this fine structure is an important factor in
achieving the picosecond (i.e., millimeter) timing accuracies which are

required for measuring atmospheric pressure.
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4., TIME-RESOLVED SPECKLE

4.1. Introduction

For pressure measurements over the ocean, the ocean surface is the
ranging target. Since the ocean surface is rough on the optical scale, the
reflected laser pulses are corrupted by speckle. In this chapter, we study
the statistical properties of speckle and its effects on the ranging
accuracies of laser altimeters. The results not only are important to the
pressure measurement technique, but also have applications in general laser
radar and ranging.

Since the first discovery of the laser speckle phenomenon, there have
been many studies treating its statistical properties. However, these stu-
dies have been either for CW laser illumination [10], [ll], or for a pulsed
laser where the width of the received pulse 1is comparable to the correla-
tion length of the speckle-induced fluctuations [12]. This latter case
applies when the reflecting surface, or target, is rough on the optical
scale but has a range spread which is much smaller than the laser pulse
width., The speckle causes random fluctuations of the total received energy
and is an important noise phenomenon in target detection.

With the advent of mode-locking and Q-switching technologies, laser
pulses of a few plcoseconds in durations are common today. The narrowness
of the transmitted pulse promises higher accuracies in applications like
remote sensing and ranging. 1In practice, most targets will have range
spreads that far exceed the width of the laser pulse. Such would be the
case for reflections of short laser pulses from airplanes, the ocean sur-
face and the ground. The received pulse will be broadened to about twice

the range spread of the target. The pulse shape is related to the geometry
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of the target. Inm this case, the received pulse has a width longer than
the correlation length of the speckle-induced fluctuations. As a con-
sequence, speckle will cause random small-scale fluctuations within the
received pulse which distort 1its shape. Similar phenomena can also occur
for extended flat diffused targets, where the broadening of the received
pulse is due to the wavefront curvature of the laser beam and for con-
tinuously distributed targets in the atmosphere. A computer-generated
example of a speckle distorted pulse is shown in Fig. 4.1. This phenomenon
-1s referred to as time-resolved speckle.

For applications like target identification and remote sensing of sea
states [4], the waveform of the received pulse is used to characterize the
target. Therefore, knowledge of the statistics of time-resolved speckle is
important. 1In some other applications such as laser ranging and the
pressure measurement technique considered in Chapter 2, estimation of the
arrival time of the returned pulse in the presence of time~resolved speckle
is the problem.

In this chapter, we first derive the statistics of the detected
signal. Then the problem of estimating the arrival time of laser pulse {n
the presence of time resolved speckle 1is considered. 1In Section 4.5, we
study partially developed time-resolved speckle. A specific example is
treated to {llustrate the approach taken in the analysis.

4.2, Statistics of the Detected Signal

In this section, the statistical properties of the detected signal for
laser pulses that have been reflected from a diffuse target are coasidered.
The results are derived for a direct detection-type receiver system, which

consists of a receiving telescope followed by a photodetector.
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Let the observation interval be (0,T) and the observations be the pho-
toelectron counts in N time bins each with width TO, The observations will

be denoted by the photoelectron couant vector ﬁ, and

-+

k = (kl,kz,-..,kN) ’ (4.1)
where ki is the photoelectron count within the LCh time bin.

The statistics of ki are related to the signal field as(sat) received

over the past T seconds. Within the ith time bin, the signal energy
received by the system is

17 2 2
W, = | dt [ drfa(r,0)|° , (4.2)

(1-1)1’° AR

where we have assumed a simple aperture weighting function, which takes on
the value 1 inside the aperture and 0 outside the aperture. AR is the
receiver aperture area. For reflections from a diffuse target, asﬁg,t)
follows circular complex Gaussian statistics [10].

We can also write W, as an infinite sum by performing a modal

i

decomposition on the received field as(g,t). Using the Karhunen-Loéve

expansion, we have

Z 0; \Pi(!_,t) s (i - l)ro < tiiro (4.3)
o=1

as(g,t) =
where {w;} form a complete orthonormal set of basis functions, and a;'s are
uncorrelated. Since asQE,t) has circular complex Gaussian statistics, the
coefficients a;'s are circular complex Gaussian variables, which implies

that they are independent.

By substituting Eq. (4.3) into Eq. (4.2) and making use of the ortho-

normal properties of g;'s, we have
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W= 1 e . (4.4)

This shows that the signal enerzgy received within the ith time bin consists
of contributions from infinitely many modes. The energy associated with
each mode obeys the negative exponential distribution and is independent of
the energies of the other modes. In the absence of photodetector satura-

tion, the following relation holds:

(4.5)

h th

bin due to the n mode.

The distribution of n; when conditioned on lﬁt 2 is Poisson, and since

where n; is the photoelectron count in the 1t

|a;{2 is negative exponentially distributed, n; is a Bose'-Einstein
variable. The probability density function of ki is then the infinite

convolution of the probability density functioans of ni, i.e.,
p(k;) = p(ni) * p(n;] k oo o (4.6)

Evaluation of Eq. (4.6) involves solving the eigen equation and carrying
out -the infinite convolution, Simplifications.are-possible with some
approximations.

For the ith time bin, the observation volume, which is the outer pro-
duct of the receiver aperture area with the time interval, can be regarded
as consisting of v, subvolumes or correlation cells [10], [13], with the
energy density being approximately counstant within each cell and statisti-
cally independent of the energy densities of all other cells. The energy
associated with each correlation cell is assumed to obey the negative expo-

nential distribution, with the mean energy in each subvolume taken to

be the same. This is equivalent to assuming the solutions of the eigen
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equation in the Karhunen-Loéve expansion have only Mi non-zero eigenvalues,
each of the same value [14], [15]. It turns out that for a simple aperture
weighting function, this is a reasonable assumption [10].

Under the above assumptions, the energy wi received duriang the

th
i time bin is gamma distributed, obeying the probability density function

M
P(Wi) a—I‘(le)_W Miz—i : exp 'Mi:—i ’ (4.7)
s R | W, W,
where W, is the mean value of the signal energy in the ith bin W, .

i i
Mathematically, this is nothing more than matching the actual probability

density function of W, with a gamma density function. Siace 1in practice,

i
we will only be able to calculate the first and second moments of the
intensity of the received signal, the most natural and simple way to choose
the parameters of the approximating gamma density function is to match the
mean and variance with the actual values.

The expressions for the mean and variance of W, can be obtained by

i
using Eq. (4.2) together with the properties of the circular complex

Gaussian fields; the results are. {4], [6]

_ it 2
W, = | ° de | dLJa(L't;L’t) (4.8)
(1--1)1° AR
and
iTo 1To 2 2 2
Var(wi) = ! dtl I : dtz ] dil f d£2 ‘Ja(il’tl;—r'Z’tz)‘ ’
(-1t (i~ Ay Ay
° ° (4.9)

where Ja is the mutual coherence function of the received field.

For reflections from diffuse targets, the mutual coherence function

can be calculated using the Fresnel reflection formula together with the
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properties of the circular complex Gaussian fields; the results are {[4], [6]

| &@ri(ete0 =a [ do b2t - (4.10)
Ar
and
2 2 ) 2
IA dx, fA dr, 13,0t 5m),0))]
R R
o | 2 2 2
=3 fd_gb4(_g,z)[f(tl - | [f(c2 -9, (4.11)

where Q@ is the expected received energy per pulse. The remaining variables

were defined previously in Chapter 3.

For a Gaussian shape transmitted pulse intensity with rms width O, We
have the following siamplified results,
| &r i (z,e5r,e) = Q F () (4.12)
AR
and
t, + t
2 2 2 _ 42~ _ 1 2
[ &y | a3,y im,6) | = K 602 op e -¢y) F2< 2 > ’
(4.13)
where
F (e) = Idz_o b,(0,2) Glog,t = ¥) (4.14)
2 %
F,(t) = fd_oba(_g_,z) G<7-2-,t - w) , (4.15)

G(o,t) = 1 exp --—Ei (4.16)
’ /E—TF ag 202 ’ )
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Fl(t) is the mean received pulse shape and Fz(t) is the waveform of the
variance of the received signal. Both are functions of the target.
By substituting Eq. (4.12) into Eq. (4.8) and making the assumption

that T, is much smaller than the width of Fl(t)’ we have

Wi = Q Fl(iro)ro . (4.17)
The variance of wi can be calculated from Eqs. (4.9) and (4.13)
2 it ir t, + ¢t
var®) =g [ ° ar [ O dr, 6(/Zag,e -t) F2("!_2—2')
(i-1) 7, (i-1)r
T
it - L
2| ¢ o 2
0
=33/ 4T, 6(/20,,T)) | T, dT,F,(T,)
° (i-1)t +
o 2
T
X 1
. 1To+~2—'
+_j dr, G(/20o,,T,) ](1—1) T dT, F(T,)¢ (4.18)
% To~ 2
where we made the following changes of variables:
Tl = tl - tz (4019)
and
= + . 4,20
TZ (t1 tz)/Z ( )

Assuming the width of Fz(t) is long compared with T and 1 is large com-

pared with ¢

£ we have

¢ "
var(W ) == Fy(it)) 2 jo dr 6, (Y2a,,T) (7, = T))

2
T
2 T T ¢ -2 QZ
= ° 2\ - - - .
X Fz(iro) 2 3 erf<2°f> ﬁ 1 e Ao% -TFZ(]“TO) T, e
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Finally, the parameter Mi of the gamma density function can he obtained by
matching the degree of freedom of the gamma density function with the

signal-to-noise ratio,

W KFz(ir )
R SUNPI. D i (4.22)
i Var(wi) Fz(iro) (o)

M

Mi will be referred to as the number of speckle correlation cells in the
ith time bin.

If the laser footprint is uniform, or if the target is small compared
to the laser footprint and the width of the transmitted laser pulse is

small compared to the range spread of the target, Fl(t) and Fz(t) given by

Eqs. (4.14) and (4.15) are approximately equal and we have

Mi z K Fl(iro)ro R (4.23)

Since Fl(iro)ro <1, M; is always smaller than K. Equation (4.23) is not a
good approximation of Equation (4.22) in the leading and trailing edges of
the received pulse where 1t could predict values of Mi smaller than one.

Mi should always be greater than one.

For the case when the receiver can not resolve the return waveform so
only the energy of the received pulse is observed, the number of speckle
correlation cells is simply K [12]. For a target with large-range spread,
only part of the target area is illuminated within one time bin and the
area available for interference is smaller. As a consequence, the size of
the speckle is larger and Mi is smaller than K.

Since W, is gamma distribtued with parameter M the distribution of

i i?

ki can be shown to have a probability density function given by [12]
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Mk, + M,) M, \-k *, \-M
p(k,) = 1 1 <1+_—i i <1+Fi-> o, (4.24)

FCk, + 1)T(M,)
Here

k1 = nWI/hv = <D Fl(iro)ro , (4.29)

n is the quantum efficiency of the photodetector and <N> is the expected
number of photoelectrons per pulse. When Mi is an integer, Eq. (4.24)
is the negative binomial density function.
For most laser receivers 1A is loanger than the transmitted pulse width.
For this case, the photoelectron counts from different time bins are
statistically independent. The joint density function of K is then
N

p(K) = 1 p(k) . (4.26)
i=]

This equation forms the basis for the analysis on receiver timing in
Section 4.3,

We will look at some specific target configurations. The first
example {s an extended flat diffuse target that covers the entire laser
footprint. For simplicity, we assume the target to have uniform reflec-
tivity. This is a good model for reflections from the grouand, sands or
walls of large buildings. 1In this case, the broadening of the received
pulse is due to the curvature effects of the laser beam.

Assuming a Gaussian laser cross section with a radius oi(exp(-l/z)

point), we have

Zoi 2
s K = "ARTZ—- . (4.27)

For normal incidence, the mean and variance of Wi can be calculated to give
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chro czz °f czirt czog ito
Wi = 5 exp e 5 erfc - (4.28)
401 8cz‘l1 20i 2,72_0% 2°f
and
Q2czr° czzzai cziro czg tto
var(W,) = exp - erfc -—] . (4.29)
i 2 4 2 2 g
ZKOi 401 o 20i f

Equations (4.28) and (4.29) are plotted in Figs. 4.2 and 4.3 for three dif-

ferent laser beam divergence angles. The number of speckle cells in the

ith time bin is given by

Kezt cz cf iro czgo i ro
M, = erfc - erfc - — (4.30)
i 2 /2. 2 a ’
801 2/2 oi 2°f 201 £

which is plotted in Fig. 4.4, The figure shows that M1 starts lacreasing
when the leading edge of the laser pulse illuminates the target; it remains
constant after the trailing edge of the pulse arrives at the target. This
can be seen from the formula of Mi shown in Eq. (4.30). When the entire
pulse illuminates the target, 1 is large and Mi is approximately given by

. nARcro
Xzz

M

{ s (4.31)

which is constant with time., Equation (4.31) does not depend on Iy so the
curves of Mi in Fig. 4.4 for three different beam divergence angles coin-
cide with each other.

For non-normal incidence, additional broadening due to the tilt of the
target dominates the pulse shape. Neglecting the curvature effects, we

find both the mean and variance of Wi to be Gaussian in shape; they are
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plotted in Figs. 4.5 and 4.6. Mi is plotted in Fig. 4.7, Mi is coastant
in time.

The next target we consider 1s a finite size flat plate. The
geometry of the target is shown in Fig. 4.8. The face of the plate is not
normal to the incident beam, instead, the plate is slanted with an angle 3
and, therefore, has a non-zero range spread equal to the length of the
plate times sin 8. This model can represent reflections from roofs,
billboards or one facet of a vehicle.

We shall assume the center of the plate is situated at the center of
the laser footprint. For a rectangular plate of size £ m long by h m wide,

the mean and variance of W, can be calculated to give

i
- cho
W, =
' c202
f cos 0 £
4Y/27 tan 0 9 erf|————m 1+ 3 3
2/2 9% 4 tan” 6 ¢
i
(112 .
oexp—___o___. 1...
202 c202
f £
1 +'-—-___§-__Tf
4 tan” 8 ¢
i
( 2 2
c g
£ sin 68 /1 +-—————Tz————?i
it 4 tan” 9 ¢
o i
<erf +
2 2 Y2co
c cf f
V2 af 1 + 5
4 tan 9 ¢
|
7 2 ]
c o
2 sin 8 /1 + —
iro 4 tan” 9 oi
- erf - - (4.32)
22 2ca
c cf £
Y2 af 1 + 5
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and
o’
var(W,) = 5
16 tan” 9
RYT o, g, erf|XC08 8 /4
i °f 2 2 c202
% % £
(1t) 1
i 2 1 - 22
£ 1+ zf >
4 tan” 8 ¢
i
-
-2 2
8 o
- erf X (4.33)
a R S 4
£ 4 tan2 e 02
1 J
with K given by N
2 2 cos 6 h 2
AR lnrvi erf erf
2Eq 26%
XZZZ erf £ cos 9 erf h
Zoi 20i

When the plate is small compared to the laser footprint, K is simplified to

A_ th cos 8

g =R (4.35)
22
Az

The mean and variance of Wi are plotted in Figs. 4.9 and 4.10 for three
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different slant angles of the plate. The number of speckle cells is
plotted in Fig. 4.11. The number of speckle cells starts increasing when
the leading edge of the laser pulse illuminates the plate; it reaches a
constant value when the trailing edge of the pulse arrives at the plate.
The number of speckle cells starts decreasing when the leading edge of the
pulse leaves the end of the plate. When the whole laser pulse illuminates

the plate, M, maintains a constant value given by

i
° 20
- i
M, =
1 2[ 2 cos 9
4/% tan 080, erf’|==S98 °
1 2/20
i
h 2
Ym A ct o, erf
R ol e
2/20i
= . \ (4.36)
Xzzz tan 6 erf(ih—j
%

For finlte~size targets, the relative sizes of the target and laser
footprint are important factors in determining the return pulse shape. For
example, if the length of the plate is increased from 1 meter, which is the
length of the plate used for Figs. 4.9, 4.10, and 4.11, to 3 meters, the
corresponding plots become Figs. 4.12, 4.13, and 4,14, which are similar to
the return waveforms from an infinite-size target.

Another target we consider is a Gaussian random surface. This is a
.good model for reflection of laser pulses from the ocean surface. For
negligible curvature effects, the expected received pulse shape i{s Gaussian
[4]. If the transmitted laser pulse 1s short compared to the surface

height variation, Fl(t) and Fz(t) will be approximately equal, and
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2
2 40E
Mi = KG L +:2— , iro Ty » (4.37)
where o_ is the rms height of the surface profile. In this case, M, is

£ i

roughly proportional to the pulse shape.
In summary, the received signal in the 1th tige bin is gamma distri-

buted with parameter Mi’ and when M, is an integer, the photoelectron count

i
i{s negative binomial distributed. M1 is the signal-to-noise ratio of the
recelved energy and is referred to as the number of speckle correlation
cells, From the examples considered, we find that the mean received wave-
form 1s closely related to the geometry of the target. The statistics of

time-resolved speckle also depend on target geometries.

4.3. Estimation of Arrival Time

In laser ranging and altimetry applications, the arrival time of the
returned pulse, denoted by t,, is of interest. 1In this case, Eq. (4.26)

can be written explicitly as

N Mk, + M,(1,)) M (T )\ -k k., (t)\-M. (1)
> 1 i+ 1*'d i N L s A
plkit,) = 1 1 + —— 1+ .
g g=1 (kg + 1) M, Cty)) ( ki(‘d)> ( My rd))

(4.38)

The Maximum Likelihood (ML) estimate of the arrival time is the value of
T4 that maximizes the likelihood function p(E{rd), i.e.,

Py

TdML = arg max [p(f(td)]
T4
= arg max [ %n p(£|td)] , (4.39)
T
d
where arg max[F(x)] denotes the argument x that maximizes F(x). By substi-

X
tuting Eqs. (4.38), (4.25) and (4.22) into Eq. (4.39), we have
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dML T, =1 i=1 i=1

. N N N
T, = arg max,:z al(ky + M (1)) - ) sar(k, +1) - ) (M, (1))
d

N KF. (it - t,) N KNDF. (it - t,)

1 o d 2 0 d
- ) k, m{l+ - - 7 M(t)em|l + — .
121 i <N>F2(iro rd) =1 it 'd KFl(iro rd)

(4.40)
Assuming that the received pulse always stays inside the observation inter-
val for all values of Ty» SO that there are no end effects, we obtain
N

N
: 1 1
T = arg max| ) (kM (1) - =) tn(k M (1)) = ] (M.(1) - )M, (1))
dg Td[ial(iid 2) R i=1<1d 2) 1'%

g KFl(iro - rd) N <N>F2(iro -y
- k,en|l + — - M (r)amil + — .
g 1 <N>F2(ir° rd) 1=1 it d KFl(i'r° Td)
(4.41)
where we have made use of the following relation
1 1
2ar(x) = {x --5-£nx - x +-§-2n2n . x> 1 (4.42)

Assuming the summations of Mi(rd) over i to be independent of Td’ we have

N
- 1
Ty = arg max[jg (ki + Mi(rd) --E) zn(ki + Mi(rd))
ML T4 i=1
N KF (it - T,)
-3 ky Q1Q + 1o d >} . (4.43)
i=1 F, (11, = 14)

When the footprint is approximately uniform over the target area and the
width of the laser pulse is short compared to the range spread of the

target, F1 and F2 are approximately equal. Equation (4.43) reduces to

N
- 1
T4 arg max[ ) (ki + Mi( 'l’d) ?) J?.n(ki + Mi( Td){'
ML L =1

arg max[H(rd)] . (4.44)

4
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The performance of Ty will be analyzed based on a procedure similar
ML
to that used by Bar-David [16].

If H(rd) is differentiable, we have

d 0
“—u(t)|. =81, )=0 . (4.45)
dry 47 7 e

4

If the actual arrival time of the pulse is denoted as T 0? then H(rd) can

be expanded using the Taylor series expansion centered around T4o 38

. - (14 - Tdo)z
H( Td) = H.( Tdo) + H( ‘l'do)(’l’d - Tdo) + H( Tdo) _T‘—"' soce ° (4046)
Differentiating Eq. (4.46) with respect to Yy and using Eq. (4.45) yield
B(t, )=0=H(t, )+ (1, = 1,30 Bty )+ oo , (4.47)
dML do dML do do

from which it follows that the error of the estimator is

. H( To)
e=1, -1, =z-—==% (4.48)
dyg do H( T, )

provided H(rdo) # 0. This constraint excludes strictly rectangular pulses

from this analysis,

The bias and variance of the estimator can be written as

E(el = -E[H( T, )/d(1; )] (4.49)
and
H(t, )]2
var[e] = B|=—3"\ - E2[¢] , (4.50)
H(rdo)

e
where the expectations are over the observatioan vector k.
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9 - - .
Assuning E [H(rdo)] >> var[H(rdo)], such that H(rdo) can be replaced
by its expected value, we have
E{H(rdo)}

Ele] 2 - —/7——— (4.51)
E{( T, )}

and

var[ﬁ(rdo)]

5 . (4.52)
{H(rdo)}

var(e] =

E
E[H(rdo)] is given by

. N, Nk1+Mi——;-.
E[H(rdo)] = 131 Mi(rdo) E{zn(ki + Mi(rdo)} + E 131-——EI—;-§I—— M,

N
I M (ty ) Bl + M,

£ .M} . (4.53)
i=1 do
To proceed further, we note that
— Aki
!.n(ki + Mi(rdo)) = R.n(ki + Mi(rdo)) + fnil +_E_ PV
i i ‘do
= zn(ki + Mi(rdo)) + = R (4.54)

ki + Mi(rdo)

where we have separated k, into a deterministic part'El and a zero mean

i
random part Aki' The validity of Eq. (4.54) requires

Aki <K k, + Mi('tdo) . (4.55)
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which is satisfied when the received signal level is high or when the
number of speckle cells is large.

Substituting Eq. (4.54) into Eq. (4.53) ylelds

N
E[H(Tdo)] =K To 121 Fl(ito - Tdo) %n Fl(iro - Tdo)
- -]
= K1, ]_a F @ F =0 ; (4.56)
therefore, the estimator is unbiased. The variance of ﬁ(rdo) is
. N Mi(rdo) 2
var[H(t, )] = I l= var(ak,;) . (4.57)
=1k * Mi(rdo)

From the probability density function of k1 shown in Eq. (4.24), we have

.
var[Aki] = ki.+ir- .

e

(4.58)

[y

By substituting Eqs. (4.58), (4.25) and (4.23) into Eq. (4.57), we obtain

var[ﬁ(rdo)] = (2%;

E[H(rdo)] is given by

N

N
<)
+=) 1
K/ =1

- N

. (4.59)

m' e
o
-

2
“ - _ N M (1, )
BlHCT )] = ) M(ry) gl + M, (1)) +E 1:21 k, + o (T )

i=1

o2
% . _ % M ()
= M, (1, ) n(k, + M. (1,)) + =
121 1* 'do i i 'do 11 ki(rdo) + Mi(rdo)
iy R
1
(<N> +K> I = , (4.60)

[y
]

—

—
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where use has been made of Eq. (4.54). Finally, by substituting these

results into Eq. (4.50), we have for the ML estimator

var[e] = (Li-—l-)—l—- . (4.61)

As a comparison, the ML estimator derived for the case of negligible

speckle noise is [13], [16],

N
= arg max| ) k; &n k (rd| - (4.62)

n Td i=1

It will be interesting to see how this estimator performs in the presence

T4

of speckle. Employing the same procedure used above, we find it to be

unbiased and the varlance of its error is given by

NI512
var(e] = 1 1 +‘l- 1=1 Fl ?
<N> N §2 K -2 2
1
Tt (14

1 1

(4.63)

»

i

o

which reduces to Eq. (4.61) when Fl and F2 are equal. This indicates that,
under the assumptions made in analyzing the two estimators, i.e., shot
noise and speckle noise are not severe, their performances are
indistinguishable.

It can be seen from Eq. (4.63) that the timing error is smaller for
waveforms with larger first derivative. The effects of signal bandwidth on
the timing performance will be further discussed in Chapter 5.

We shall use Eq. (4.63) to calculate the timing performances for the

target geometries considered in Section 4.2. For normal incidence from an

infinite flat target, the mean received waveform corresponds to Fig. 4.2.
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The ranging accuracy is calculated and plotted in Fig. 4.15 versus the
average number of photoelectrous. From the figure, we see that in the
limit of high signal energy all three curves have the same accuracy limit
set by speckle. This is expected because they have the same number of
speckle cells as shown in Fig. 4.4. For non-normal incidence, the mean
waveform was shown previously in Fig. 4.5 and the ranging accuracy is
plotted in Fig. 4.16. For both normal and non-normal incidence cases,
geometries that give rise to sharper received pulses result in better
timing accuracies.

For the finite~size plate target considered in Section 4.2, the return
waveform was found to depend on the relative sizes of the plate and the
laser footprint. Therefore, we expect the ranging performance will also
depend on the size of the plate. For a plate length of 1 meter, the mean
waveform corresponds to Fig. 4.9; the ranging performance is calculated and
plotted in Figure 4.17, It is interesting to note that, although for a
slant angle of 60°, the return pulse Is broader than that of a slant angle
of 35°, the ranging performance is actually better for the same signal
level., This can be explained by examining the slopes of the return
waveforms shown in Fig. 4.18. For the 60° case, the ends of the plate are
located closer to the center of the footprint, so when the laser pulse
first hits the front end of the plate, the increase of the reflected energzgy
is larger. Therefore, the slope of the leading edge of the reflected pulse
is larger. For the 35° case, the eads of the plate are farther away from
the center of the footprint, so the slope of the leading edge of the
reflected pulse is smaller., From Eq. (4.63), we see that waveforms with
larger slopes or bandwidths result in better timing accuracy. We need to

keep in mind that in Fig. 4.16 the performance is plotted versus the
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average number of photoelectrous. For a fixed laser output energy and
fixed plate size, the average number of photoelectrons will decrease as the
slant angle increases. In practice, this has to be taken into account in
comparing the timing performance.

For a 3 m long plate, the return waveform is shown in Fig. 4.12, and
the slope of the waveform is plotted in Fig. 4.19. The ranging perfor—
mance is shown in Fig. 4.20. 1In this case, a 45° slant angle results in
the worst timing performance. Again Figs. 4.21 and 4.22 clearly show that
waveforms with larger derivatives permit better timing accuracy.

For a Gaussian received pulse shape with rms width Ips Eq. (4.63) can

be evaluated to give

varfel = <—<-T1V->—+Tl<-)c§ , \ (4.64)

where we have approximated the summation by an integral., 1If <N> >> K, then
the timing accuracy is limited by speckle; on the other hand, if K >> <N>,
the timing accuracy of the receiver is shot noise limited.

A suboptimal estimator that could be simpler to implement is

R N _
T, = arg max E ky ki(Td) R (4.65)
c Td i=1

which 1s the discrete time analog of the correlation receiver or matched
filter. Again, the estimator can be analyzed by Bar-David's [16] method.
It is easy to show that the estimator is unbiased, and its error has a
variance given by

N N
1 =2 1 22
) g FIF i1, +% 2‘ FiFpTy (5.66)

varfe] =
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When both F, and F2 are equal to a Gaussian pulse shape with rms width Op»

1
we have
1 1 8 2
var{[e] = (zﬁ;-+ K) 35 ap . _ (4.67)

Comparing Eq. (4.64) with Eq. (4.67), we find that Y has a rms
c

timing error which is about 25% greater. 1In critical timing applications,

it may be necessary to use the better estimator ;d£n°

From the above results, we can see the effects of speckle on the
receiver timing performance. When speckle is present, the mean-square
timing error is increased by a factor of <N>/K. If K is much larger than
<N>, the effects of speckle on timing are negligible. But {if <N> is
comparable to or even greater than K, speckle will degrade the timing

performance significantly.

4.4, Computer Simulation

Since Eqs. (4.63) and (4.66) were derived under the high signal-to-
noise assumption, they are not accurate for low signal levels; other
methods must be used to determine the estimators' performances for weak
signal returns. A computer simulation of maximum likelihood estimators has
been developed by J. B. Abshire and J. F. McGarry at NASA Goddard Space
Flight Center (GSFC) for this purpose. This simulator was an extension of
earlier work {17] used to evaluate the low-level timing performance of
estimators with shot noise only. A summary of simulation results was

recently presented [18].

The simulation is performed by dividing the observation interval into
512 time bins and using the computer to generate the photoelectron counts

in each time bin., The probability density function of the photoelectron
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h

count ia the 1" time bin p(ki) was given previously in Eq. (4.24). For an

integer value of Mi, p(ki) becomes

ko + M -1 I3 k M M
p(ki) = — — , (4.68)
ki ki+M k. + M

which is the negative binomial or Pascal probability density function.

The negative binomial distribution originates from a sequence of inde-
pendent Bernoulli trials. 1In such trials, each trial has a fixed proba-
bility of success, p, and fixed probability of failure, q. The probability
of k failures prior to the rth success [19] is given by

p(k) = N (-)* p*

k
ST pTd* . (4.69)
k

This probability density is called negative binomial. The derivation of
this formula is straightforward after observing that the rth success
occurs on the (r + k)th trial if and only if (r - 1) successes and k
failures occurred in the first (r + k - 1) trials and they are followed by
a single success.

Comparing Eq. (4.68) and (4.69), Abshire and McGarry found that the

probability of observing ki photoelectrons in the ith

th
i

of Bernoulli trials with probability of success equal to Mi/(Mi +'E;).

time bin was equal

to the probability of ki failures prior to the M success in a sequence

Using this analogy, they generated k1 by conducting a sequence of Bernoulli

trials and counting the number of failures which occurred before the

h
Mit success occurs. The advantage of this approach is that the Bernoulli

trial can be lmplemented easily and efficiently on a computer. The computer
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generates uniform random anumbers between 0 and 1. Whenever the generated
number is less than a threshold, the trial is classified as a success. The

threshold is chosen to be the same as the probability of success, which is

-— th
+
Mi/(Mi ki) for the i time bia.

In general situations, M, may not be an integer and Eq. (4.24) does

i
not reduce to the negative binomial distribution. 1In these cases the simu-
lator rounds Mi to the nearest ianteger value. This quantization of Mi only
introduces small errors if Mi is large.

The simulator was run for a raised cosine waveform, which can be

expressed as

1 27 D D
F(t) B—<l+cosD—t) ; -?_<_t_§_-2— o (4.70)

Mi is calculated using Eq. (4.23) and rounded to the nearest integer. If
Mi falls below 1, it will be replaced by 1. The results of the simulator
are compared with the theory in Fig. 4.21. The agreement between the
theory and simulatioan is better for high-signal level and for large K.
This 1s expected, because in deriving the theory, we have assumed a high
signal-to-noise ratio, so that the approximation that leads to Eq. (4.63)
is valid.

For K equal to 5040, the transition occurs at signal energy about 1000
photoelectrons, where the simulation and the theory come into agreement.
At this signal level, the average aumber of photoelectrons in each time bin
is only about 2. 1In practice, the signal level is usually higher and the
theory is expected to predict the timing performance accurately.

The simulator has two limitations. The first is that in its present

form it can only work with integer values of Mi. In principle, we can
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generate the counts for a non—integer Mi by first generating a gamma
distributed variable, then use it as the mean function in a Poisson randonm
variable generator, and generate the desired variable. Although this
approach requires more computer time, it gives more accurate results for
low values of Mi' This extension of the simulator is presently underway at
GSFC. The second limitation is that the timing resolution is limited by
the finite number of time bins (presently 512) in the simulator.

Therefore, the arrival time of each simulated waveform can only be an
integer multiple of .the width of a time bin.

The error introduced by the timing quantization can be calculated by
using the fact that it is uniformly distributed over one time bin.
Therefore it has a standard deviation of 0.29 (1//12) time bin. This is
equivalent to an error of 5.6 x 10_4(0.29/512) when normalized by the pulse
width. The quantization noise is not important for the results shown in
Fig. 4.21, but it is the limiting factor when the timing error is small.
Therefore, 1f the simulator 1is to be used for waveforms that result in a
normalized timing accuracy beCCer‘than 0.0005, more time bins are required.
Uanfortunately, an increase in the number of time bins is usually accom-
panied by a quadratic increase in the computer execution time. This execu-
tion time is the limiting factor with the present simulator. i

Since the computer simulation results aad the theory are ia good
agreement for high signal levels, this verifies the theory's validity in
that region. The simulator establishes the ML algorithm performance at low
signal levels.

4.5. Partially Developed Speckle

In previous treatments of the time resolved speckle, we have assumed a

fully developed speckle, i.e,, the speckle follows the circular complex
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Gaussian statistics, which 1s generally true for diffuse targets or for
targets with many reflection centers. For some targets, the speckle is
only partially developed, and the distribution of the speckle {s not
Gaussian. An example of the partially developed speckle is laser reflec-
tions from the LAGEOS.

The Lagser Geodynamic Satellite (LAGEOS) was launched in May 1976 and
was designed as a passive loang-lived target with a well-defined orbit [20].
As such, it functions as a reference point in the inertial space and by
ranging to it, sets of ground-based laser systems may recover their indivi-
dual geometry, their positions with respect to the earth's center of mass,
or thelr positions with réspect to an inertial reference, 1In order to
enhance its reflectivity as a laser target, the satellite is covered with
optical cube cormers which retroreflect any incident optical signal. There
are a total of 426 cube corner reflectors. The LAGEOS has a diameter of
60 cm and is orbiting at an altitude of 5000 km. Simple calculations show
that, even for a reasonably large receiving telescope, say 1 meter in
diameter, the individual retroreflector on the LAGEOS can not be resolved.

During the prelaunch testing at the NASA-GSFC in December 1975 and
January 1976, there had been concerns about the pulse-shape fluctuations
due to the coherency effects [20]. This is due to the fact that there is a
random phase associated with the optical field reflected from each
retroreflector. When the reflected fields overlap in time at the receiver,
interference causes the returned power to vary randomly., However,
recelvers with enough resolution to experimentally observe this pulse-shape
fluctuation or time-resolved speckle were not available at the time of the
prelaunch testing. The purpose of the work here is to prﬁvide a theoretical

analysis of the statistics of this partially developed time-resolved speckle.
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Using the Fresnel diffraction formula, the optical field on the plane

of the receiving telescope is

-tk 2| Ve ik_p or
ap(r,z,t) = ¢ expl—y— 121 A, (t) exp|———— exp[icti] ,  (4.71)
where
c, = (Talkoz) exp[-iZkoz] (4.72)
and

2 o2 2§ o2
Ai(t) = Bi/z a,r(_g_i,z) f(t _?z__?:_+_c_i_> exp -iko<2—:- 2Ei> , (4.73)
where aTQE,z) is the complex amplitude cross section of the laser foot-
print, Ta is the intensity transmittance of the atmosphere, ko is the
wave aumber, and Xo is the wavelength of the laser. Nr is the total number
of retroreflectors, Bi is the effective reflecting area of the

th

i retroreflector, which is related to the angle of the incident laser

beam and the orientation of the retroreflector. In practice, most of the
Bi's are zero due to the shadowing effects. ¢i is the random phase angle

associated with the reflection from the ith

reflector; we assume ¢i's to be
statistically independent of each other and uniformly distributed between 0
and 2w, 2 is the transverse coordinate of the ith reflector and 51 is its
displacement relative to the reference plane.

For a direct detection receiver, the received power is given by

N N
r r *

p(t) = |c°|2 131 kgl Ai(t)AK(t) exp[i(¢i-¢k)] / d%sy(g) exp(1k0£~(giﬁgx)/z]
N N

r T k
= le ‘2 ) kil Ai(t)A;(t) e:q)[i(cbi-d:k)l%,(z—o l_9_1°_g‘]) , (4.74)
i=] k=

N
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where‘z%(g) is the two-dimensional Fourier transform of W(r), the aperture
function.

Since the individual reflectors on the LAGEOS cannot be spatially
resolved, Eq. (4.74) can be simplified to

N
r 2
I A;(t) explig] , (4.75)
i=1

P(t) = icolz AR

where we have made use of the following relatioaship,

U2 o -8 @ -y .79
Since ¢i's are random, P(t) is also random. This fluctuation of the
received power is due to the coherent additions of éields with random pha-
ses. Because the number of components is not large enough to warraant the
use of the cencra} limit theorem, the statistics are different from that of
a fully developed speckle. The probability density function of P(t) 1is
derived in the following.

Let the dummy variables gi, ;l, X and Y be defined by the following

equations,

(0) = (e |2 a2 4 (e) cos b, (4.77)

5,00 = (e 1> apt? 8 (0) sta gy, (4.78)
Nr

XK= ] x (6.79)
1=1

and

NT:

Y= 1y - (4.80)
1=1




Without loss of generality, we shall assume all Ai

be obtained by a simple change of variable. The results are

1/2

ICARSIAEY

~y 1 2, 2 ~2,-1/2
P~ (xp) =5 [legl™ ag Aj(0) - =]

i

2 0 ; otherwise,

the correspoanding characteristic function {is

$_ (w) = )] di; p; (E;) exp[-iuﬁl] = JO(ICO{A

X ~o

i i

1/2

R A9

Using the fact that ¢1's are independent, we have
N N

£ d 1/2 -
p(w = T ¢ ()= T J (| [AR A (e .
g i=1 X i=1 ° °
i
Similarly, we have
Nl‘
1/2
$ (w) = T J (|e] A, (B)w) .
7 1=1 o o AR i

The joint characteristic function of X and Y is defined as

- -] - -]
$_ (u,v) = [ & [ dY p_ (X,Y) exp[-1(uX + vD)] .
X,Y T I X,Y

Making the following changes of variables

r = (i2 + ?2)1/2 i

9 = arctan(Y/X) s

c = (a2 4 B2

and

's(t) to be real.

where Jo(a) is the Bessel function of the first kind, zeroth order.
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Since

~

¢i's are uniformly distributed, the probability density function of x

can
i

fa (e

(4.81)

(4.82)

(4.83)

(4.84)

(4.85)

(4.86)

(4.87)

(4.88)




B8 = arctan(v/u) ,

we have

w 27
¢_(u,v) = [ dr [ dse P, o{r,8) expl-irg cos(8 - 0)] . (4.90)
Xy o o ’

Since X and Y have the same distribution, it is reasonable to assume that r

and 9 are circularly symmetric, so that r is independent of 8 and § is uni-

formly distributed between O and 27, Under this assumption, we have

o (a,v) = [ drp (r) J(gr) = [ .dr p (r) J (e ++v%) . (4.91)
i‘?’ r o o r Q

o}

Letting v equal 0 in Eq. (4.91), we obtain

¢ (u,0) = ¢ (u) = [ dr p (r) J (ur)
¢ )¢ o r °

= | drr[pr(r)/r]Jo(ut) . (4.92)
o

$ (u) is recognized to be the Hankel transform of pr(r)/r. Using the
X
inverse Hankel transform, we get

:Qt(r) =r [ duu .¢_(u) Jo(ur) 5 20
o X

=0; r<0 . (4.93)

Finally, since P(t) is the square of r(t), we have

pP(P) ="%' / duu ¢ (u) Jo(uPUZ) , P>0
o X
=0 ;P<O , (4.94)

which is equivalent to Eq. (63) of Barakat [21]}.
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Using Eq. (4.83), the probability deasity function of optical power

can be written explicitly as
N
T

1/2
1 3Cle,| a2 (oyw) [u I (uP

po(P) = (1/2) [ du
P o i

12y | 550

=0; P<O0. (4.95)

In principle, Pp can be calculated for all t and for all possible ranging
geometries, although the computation can be complicated. In practice, we
are interested in the statistical properties of the detected signal, and
usually knowing the first- and second-order moments of P(t) is sufficient.
In this case, it is not necessary to evaluate Eq. (4.95).

The mean power can be obtained from Eq. (4.75) directly:
N
2 r 2
E[P(t)] = lcol Ay 121 ‘Ai(t” . (4.96)

The autocovariance function of P(t) is given by

4 Nr ?r * * 42 ko
Cp(tl,tz) = lcO( 1=21 k=)-'1 A () A () A (e) A (e) Al— (g - 8))"

k Nr
%("z—o(ﬂi ‘&))J - A12< 121 lAi(tl)lZ IAi(tz)lz

N_ N 3
4 2 3 * 2 o 2 2
z e | A [ 3_ A, () Ai(tz)l -1£1 [Ai(tl)l la, ()] } ,(4.97)
where we have made use of the fact that the retroreflectors cannot be

spatially resolved by the telescope.

Let the impulse response of the photodetector be h(t) and its quantum

efficiency by n; the mean and covariance functions of the output S(t) are

given by




E[S(t)] = 75~ E[P()] % h(t)
o]

n
cs(cl,cz) =Ff_o__jo. dt E{P(1)] h(:1 - 1) h(t2 - 1)
n 2 o ©
+ [EJ _jw dr, L dr, CP(rl,rz) h(c1 - 1'1) h(t, - 1'2) .

(4.99)

For simplicity, we assume the transmitted laser pulse and the receiver
impulse response are both Gaussian in shape, with rms width e and 9
respectively. 1In this case, we have

hf
o

N
r

E{S(t)] =[—2-J [col2 Ay ) Bila.r(_pi,Z)lz G(/ci+ a%, t - wi)
1i=1

N
£ [T 2
= [32—0] lcolz AR[a,l.(_o‘,,.z)l2 y By G g + op, € - wi](ls.lOO)

i=1

N
n 2 i 2
Co(t,t,) = {E?;} fe I° ap G(v2 o tl-tz)izlei(aT(gi,z)[

)
% s n 1% 4
Gl /7 vt~ ¥ +[hfoJ leo ]

N N

/2. 2 LT 2 2

“r21+°f’ t1"2%21 131 B;8; lap(ey»2) |7 fap(ey,2) |
145

t,+t Py, +P,
gi-ﬁj])expl‘(¢i‘¢i)2/4 °§] G(/ q§+°§)/2, 12 2 _ 12 1)
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n 2 2 \F % 2 G*
=[Tl_f-;:l 'C°| ARG(/E °h’ )‘a'r-o’ )' 2’1 BG T+ cf' 2 - qu
N, N 2
) r (b,=-v,)
+[__f"_} ¢ c(./"/ o,t -t,) [ap (e, ,2) |2 AR Z ) B; By exp|~ - : 2
S j=1 4o
i#j £
2. 2
o, +0 t,.+t ‘J)‘*“p
" hz £ 12 2 _ 12 i) (4.101)
where
°i 28,
), - 22/c _?z_+__c_ . (4.102)

2, is the coordinate of the center of the satellite. The first term in
Eq. (4.101) is due to shot noise while the second term is due to speckle.
We see that shot noise has a correlation length of about 2v/2 g, and
speckle has a correlation length of about Z/EYci + f)1/2° Also, we fiand
that for the second term in Eq. (4.101) the terms inside the double sum-

mations are significant only when wi and *j satisfy

by = by < 2/2 o (4.103)
or
92 02
|- A e 2. -
(cz cz>+ = (g gj) < 2/2 LA (4.104)

Since pi/cz, the optical beam curvature term, is very small, we have

equivalently
(g - Ej) < V2 o - (4.105)
This shows that only the reflections from reflectors that are separated

vertically less than the width of the transmitted pulse will interfere with

each other. For a transmitted pulse width of 24 psec, oanly reflectors that
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are separated less than 2 cm will cause interfereace, but for a pulse width
of 2 nsec, reflections from reflectors as far as 42 cm apart will interfere.
Therefore, to minimize speckle, a shorter laser pulse should be used. 1In
this case, only when two or more retroreflectors happen to lie on the same
plane will there be intereference,

We plot the waveforms for two possible LAGEOS orientations and the
results are shown in Figs. 4.22 and 4.23. 1In the figure, the rms widths of
the transmitted pulse and receiver fmpulse response are both equal to 1 cm.
The time and the .magnitude scales in the figures are relative. From the
figures we see that, while the variance due to shot nolise is proportional
to the signal, the variance due to speckle may not be. For example, in
Fig. 4.23, the leading edge of the return pulse is caused by the reflection
from only the first reflector; no interference occurs so there is no
speckle. In Fig. 4.24, we show the results for the same geometry as in
Fig. 4.23, but both the widths of the transmitted pulse and receiver
impulse response are doubled. 1In this case, the long transmitted laser
<pulse smooths out the received pulse, and the return from the Individual
reflector cannot be temporally resolved.

4.,6. Summary

In this chapter, we studied the statistical properties of time-rasolved
speckle and the effects of time-resolved speckle on the timing performance
of the receiver., The results iandicate that, in general, the presence of
time-resolved speckle causes the mean square timing error to iacrease
roughly by a factor of <N)>/K. If K is smaller than <N>, the timing
accuracy is limited by speckle.

Since the theory is derived under the high signal-to—-noise ratio

assumption, the timing performance of the receiver in the low signal level
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Schematic diagram of the laser and the retroreflectors on

LAGEOS.

Relative position in units of transmitted pulse width.




[£1 N O B o

™

EI O I DR I s I ¢4 L

ke

poh FE ek A bh S R A

d U

1.3200012
D.ITLON0
€L F02000Q0
D,F000L00
Q.922C0000

« STQOQCD
0. EZT0000D
0. 8000000
D.7000000
NI 16 DR 1))

D&

01000

0, 2300000
0,30 0000
0, 2000000
Q. 1300000

17
2 Po:z:ision

L2 00000
1.50Q000
3.000000
S 000000
S.S00000
4.000009
4,2C2700
2.000000
8.240000
3.2CC00
20003670

Ph bt ba b bA ba
W4

-
-
..

.

b
—~

- ——— ——— T 1 = ——— = — — ———— i W —— D S ——— —— . —— o —— - — " — — —— o o——

1. Relativa 20%
- Cmme = emme =
- WQC3 38CL3

-
®

[~
<

i420n 1% units of transmat
13 velztive
—An mme—a

MEAN REZTIVED WEUESTRH

ted

Pulsa

<

N
)

%)

6'
Y4
@
.
L]

~d
+
T

.
-
LK

&

aEr |
WER

MAGNITUDE

[
[}

N
:
v

;\ +
.

2

S
Vs
[}~

Figure 4.22b.

TIME SCALE
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Figure 4.22c. Simulated results for reflection from LAGEOS for variance
due to shot noise. .
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Figure 4.23b. Simulated results for reflection from LAGEOS.
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case can be more accurately obtained by a computer simulation. The results
from the theory and simulation come into good agreement when the signal-to-
noise ratio is high.

There are targets that give rise to partially developed speckle. The
reflections of laser light from a specific target, the LAGEOS, are investi-
gated to illustrate the approach taken in analyzing partially developed

time-resolved speckle.




5. ESTIMATION OF DIFFERENTIAL ARRIVAL TIME

5.1. Introduction

To infer pressure, we need to measure the difference in the round-trip
propagation times between two pulses which were transmitted simultaneously
at two different wavelengths. 1In this chapter, we first evaluate and com-
pare the performances of various timing algorithms. The relation between
the timing accuracy and signal bandwidth is investigated in Section 5.3,

In Section 5.4, timing algorithms are compared for simulated ocean
reflected pulse shapes. 1In Section 5.5, the transmitter effects are con-
sidered. The effects of the sampling process are studied in Section 5.6.

5.2. Timing Algorithms

The Maximum Likelihood (ML) estimator for the differential delay can

be expressed as

A (/‘\)
T = (1, = T
12ML 2 1°ML
=1 -1
2 1
ML2 MLZ
= arg max[p(sl(t),sz(t)ltz)] - arg max[p(sl(t),sz(t)}rl)] ,
T T
2 1

(5.1)

where 1, and t, are the arrival times of the laser pulses at the two wave-

1 2
lengths. In Eq. (5.1) Sl(t) and Sz(t) are the received signals at wave-

~ -~

lengths Al and AZ’ rlMLz

Tl and 12 when both S1 and S2 are observed.

Since the two wavelengths are widely separated, the speckle-induced

respectively. and TZMLZ are the ML estimates of

fluctuations at the two channels are uncorrelated. Also, since the shot

noises of the two channels are independent, Eq. (5.1) can be simplified to
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T Nt
7 . (5.2)

where ;ZML and ;IML are the ML estimates of individual channels. Equation
(5.2) shows that the ML estimate of the differential delay is simply the
difference of the single channel ML estimates of the arrival times of the
two wavelengths,

The single channel ML estimate of the-arrival time when speckle is not
severe was given previously in Chapter 4; the integral version of the esti-
mator [13] is written here for convenience

. ®

TiqL = arg max [] de s, (¢) zn.gl(t + ri)] , i=1,2 (5.3)

I\ Ti -
where 3; is the expected value of Si‘ Unfortunately, implementation of the
ML estimator requires prior knowledge of the expected received pulse shape.
Because of the random and dynamic nature of the ocean surface, the received
pulse shapes will change randomly as the surface profile within the
footprint changes. Since it is not possible to predict the expected pulse
shapes a priori, a suboptimal estimator that does not require knowledge of
the pulse shape is needed.

If the laser beams at the two wavelengths are aligned so that their
footprints overlap, the reflected pulse shapes will be almost identical.

We can write 31 and'gé as

Sl(t) = <N1> F(t)

and
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Sz(t) = <N2> F(t - 1,.) , (5.5)

12

where F(t) 1is the normalized mean received waveform. One of the simplest
techniques for estimating the differential propagation time is to calculate

the peak of the correlation function of the two received pulses

;12 = arg mix [f de s (t) S, (¢ + r)]

= arg max [Rlz(r)] s (5.6)
T

where RIZ is the cross correlation function.

Assuming Rlz(r) to be differentiable, we have

Rlz(rlz) =0 . (5.7)
By expanding Rlz(t) in terms of the Taylor series expansion centered around

the actual differential delay t.,, we can write [16]

12
. R, (t..)
e= T _ =7 E-—_,u- , (5.8)
12 12 R..(1..)
127 12

where £ is the error of the estimator.
If the shot noise and speckle are not severe so that
.. 2 s
E{RIZ(TIZ)} > Var{RIZ(le)}, then the bias and Mean Square Error (MSE)

are given by

) E[Rlz(rlz)}

Bias = E{e} =
E{Rlz(tlz)}

22
E{R ., (1,,)}
MSE = E{ez} 1212

E{EIZ(TIZ)}Z
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The numerator on the right-hand side of Eq. (5.9) can be written
explicitly as

E(R (1)} = [ de () Fy(e+
e T2

= N >KN,> [ de F(e) F(t) . (5.11)

-
Equation (5.11) is zero if the entire return pulse always stays inside the
observation interval., Therefore, the correlation algorithm is unbiased.

The MSE given by Eq. (5.10) can be evaluated as follows:

[--] K- -]
.2 3
BR (1) = By ae [ de, 5,(e)) 8,(¢)) 3T, Sty + 1)
112
3
-——arz Sz(tz + 1'2) . -«
2 12
w ” 52
= -j'w dt:1 -]“ dt2 Rsl(tl,tz) .5_;].3_12-R52(t1 + Tl,tz + ‘l'z) s
1° %% 712
(5.12)
and
.. @® — 32 —
E{R(T,,)}= [ .dt 5 (t) =-S5 (t + ©) , (5.13)
12 1 22
- 3T =T
12
where _

Rsi(tl,cz) = B{Si(cl) Si(cz)} = CSi(tl’tZ) + Si(tl) Si(tz) . (5.14)
By substituting Eqs. (5.12) and (5.13) into Eq. (5.10), we have

@® <« 2

3
| de, [ de, R, (t,,t,) ==—=— R, (t, + 1. ,t, + 7))
1 2, 2 S1 1’2 3?1312 52 1 1’72 2 Tl:TZ:T

-

2
MSE = 12

[ de 5, (e) s,(t + 1.,)

-
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81' 3t {f at f dey 5(8)) 5)(8)) Syley + 1) Syley + Tz)}

T, 2 TH=T

= — 1 2 '12
* — = 2
_{,, dt §,(t) 5,(t + 7,,)
32 ® ®
m—f—{] dt, / de, §,(e) 8,(¢,) Co (g, + 7,t, + 12)}
1 2 -=» -0 2 T, =T,=T
+ _ 5 1 2 12
{j dtS(t)S(t+T)}
e 12
a2 en @®
W{f dt]dtzs(cl,t)s(t +T)S(t +r)}
1 2 - T,3T. =T
+ 12 12
*® — = 2
-]«. dt Sl(t) S,(t + le)
a2 @ oo
-a—t—l—ag{] dtl f dtz CS (tl'tz) CS (tl + Tl’tz + TZ)}
-m - 1 2 T, B TA=T
+ 1 2 '12 .
© — = 2
!G de 5, (t) S,(t + 1,)
(5.15)

The first term on the right-hand side of Eq. (5.15) equals the square
of the bias, which was shown previously to be zero. The second and third
terms are the first-order terms. They represent the errors from corre-
lating the received signals with their corresponding mean waveforms. The
last term is the second-order term. It is the additional error from corre-
lating two fluctuating pulses. T1f the mean pulse shape were known in
advance and each received pulse were correlated with its mean waveforn,

then the sum of the second and third terms would be the total error. Since
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we do not know the mean pulse shape, we correlate the two received pulses
with each other. 1In this case both pulses are distorted by speckle and
shot noise and correlating two distorted pulses gives rise to the addi-
tional second-order error term.

For a target that gives rise to a Gaussian shape mean received wave-
form, Eq. (5.15) can be evaluated in closed form. While the detailed

calculations are shown in Appendix A, the results are

2

2/-(0 UT)(O' +0‘f+0%)3

1 2 2 2. 23/2,2 .3 2 3 2.3/2
(2a, + o + o)™ " (o, +5 o + 5 ap)
2/2 ¢ (o + 02 + g )
+ (1 1 ) T % 7 %
<t
1 2 2.3/2 3 2 /2

(203‘+2o§+ar) (oh+—cf+2<xr)3

2 2 2 2 2.3

( 1 ) 2/2 (of + Zc,r)(ch+ ag + c,r)

<N pd. <N >K

2 (28 + & (& +-g-02+26r)3/2
2 2 2 2 2.3
1 2(og + ap)(op + & + ap)

(N1><W2> 03(0§ + 202 + 20%)3/57

1 Zcz(aiir- 02+ 02)3 (

+ 5.16)

k1%, (ci %)3/2 (dh + o + 20 )3/2

where e and q, are the rms widths of the transmitted pulse intensity and

recefver impulse respoase, respectively, and I is the rms time spread of

the target.
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For the case of reflection from a very small or point target, 9% =0,

Eq. (5.16) reduces to

2 3

MSE=<1 +1\ 2/—0 O'h+0

<Nl> <NZ>/(ZGh + 02)3/2 (aﬁ + 3 3 2 3]2
f

2/2 o 2 2 + 02)3

<N _OK oK 2 2
Pk, T WK e + f)3/ (°h é% 2)3/2
202(02 + 02)3
L £ £ (5.17)
KNS 3 2,2 3/2 . .
12 ooy + 20g)

Here we see that speckle does not contribute to the first-order timing-error
terms. In this case, the targec does not cause any broadening in the
return pulses. Therefore, the speckle-induced fluctuations have a correla-
tion length as wide as the received pulse. The effect of speckle is only to
cause the amplitude of the received pulse to fluctuate and not distort the
received pulse shape., Since the speckle only affects the amplitude of the
received pulse, it will not degrade the correlation. However, shot noise
still causes distortion of the received waveforms because it has a correla-
tion length which is smaller than the pulse width.

For reflections from the ocean, the most realistic case is o, >> o

T £
and OT >> ch. The MSE for this case 1is
1 1 1 1 2
MSE=154< —-—+—+—>
<> TR TR K, o
1 1 2'5“'%
+ (st + e
N
< 1>K2 <N2>K1 / °i 2\3/2
g b, %l
| & 2
% 9
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05 02
+ I + I . (5.18)
/2-<N1><N2>c§ 0,21 d§ 3/2
% %

Fgom this we see that the second-order terms are roughly proportional to
o)
—= . To prevent the second-order terms from becoming too large, % should

T
%
not be too small compared to O+ This means that the resolution of the
receiver should not exceed the bandwidth of the returned signal.

The ML estimator given in Eq. (5.3) correlates the received pulse with
the logarithm of the mean pulse shape. It is interesting to consider
correlating the received pulse at one wavelength with the logarithm of the

received pulse at the other wavelength, i.e.,

x
T, = 8T8 mix !m dt Sz(t + 1) 2n Sl(t{} . (5.19)

If S1 has a high signal-to-noise ratio, we have

g § () = 2nf§1(t) + 85, ()}
ASl(C)
= 20 S () += . (5.20)
Sl(c)

Using Eq. (5.20), we find the bias and MSE of the estimator are given by

- -) .
[ dt S,(t+ 1,,) 20 S, (¢)

Bias =

[ dt gé(t + tlz) ln'g}(t)

-]

/ dt F(t) ga F(t)
. (5.21)

= o = 0 ,

/] dt F(t) n F(t)




2 o
E{aa—j ]dcz S,(t; + 1)) S,(e, + 1)

E 2] dt S,(t + 1) 2a §,(t)

‘F‘l’lz

_ ASl(tI) 4s,(t,)
n Sl(tl) +""—'_S (t ) in S (tz) S (t ) I T =T2=T12

2
E—-—] dt 5,(t + 1) #n S, (t)

ar -

‘F‘le

[ ] ®»
3

[oae [ dr, 5=
e 1 Zg 231131'2 2

{] dtS(t+r )ZnS(t)}

- — Cs (t;,t,)
2n sl(cl) fn sl(tz) +
sl(tl) Sl(cz)

R (t:1 + Tl,tz + 1'2)

B Y,

(5.22)

| 4t S,(t + 1;,) s Sl(t)}

For a Gaussian return pulse shape, we have
02 02

1 L L 1 2 f f
MSE=(—+—+—-+-—)0 =t
<N1> <N2> Kl Kz <N1> <N2>

(g * @)
<N1>K2 <N2>K1 /3 (cz + 0}21>1/2 (20‘21 + o)3/2

06 06
I + T (5.23)

4 2 2.2
40h<N1><N2> 4( 9% + of) KIKZ

+

where we have assumed 9% to be large compared with o and % Comparing
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Eq. (5.23) with Eq. (5.16), we find correlating with the logarithm of the
other pulse has slightly smaller first-order terms, but it has second-order
terms that are proportional to q;/cﬁ, which can be much larger than those
of the correlation receiver, which are proportional to &g/oi.
One can also find the peaks of both return pulses and use the separa-

tion time between the peaks as the estimate, i.e.,

;12 = arg m:x {Sz(t)} - arg m:x {Sl(t)} . (5.24)

The estimator is unbiased because the mean positions of the peaks are iden-

tical at two wavelengths. The timing error can be found from Eq. (5.10) to

be 4 P
Varj4r S,(t) Va TESL(':)
t=t2max t=tlmax
MSE = +
2 2 2 2
E-‘i—?sz(t) E—d—Z'Sl(t)
dt t=t dt t=t
2max Imax
2 3
55— C. (t,,t) - C. (t.,t,)
3tlat2 S2 1’72 . =t st 3t13t2 S1 1’72 . =t =t
- 1 "2 "2max + 1 "2 "lmax ,
= 2 - 2
SZ(thax) Sl(tlmax)
(5.25)
where t and t are the locations of the peaks of 3, and §-, respec-
lmax 2max 1 2

tively. For a Gaussian return pulse shape, this equals

(02 + 02 + 02)3 (ag. + 02)
WSE = (—L— 4 _L h % % £ 1
<N.> <N.> 3,2 2 2.3/2
1 2 ch(oh+2cxf+20.r)




100

2, 2 2 2.3
+(1“*"1 ) Th el (5.26)
K K 2 2.3/2 2 2 2.3/2 ° °=
1 2 (ah+ of) (ah+ af+2a1.) .

For a target with negligible range spread so that ap = 0, the MSE reduces

to

2, 2 2.3
of(oh + Of)

3/2

1 1
MSE = (<N 5 + <N2>) (5.27)

3,2 2
1 ch(ch + Zuf)

which is iandependent of the speckle averaging. This is true because
speckle does not distort the received waveforms and, therefore, does not
change the positions of the peaks. Comparing Eq. (5.27) with Eq. (5.17),
we find the peak-detection algorithm performs about the same as the corre-
lation receiver for point targets. On the other hand, for a target with

. large-range spread, the performance of the peak detection algorithm is

5
g

1 | or 1 1 T
MSE = ( + ) + (— + -—) (5.28)
N> N2 e aa K %/ (cﬁ + o§>3/2

which when compared with Eq. (5.18) shows that peak detection is iaferior
to the correlation receiver. The difference is large when G is large.
This difference occurs because when Op is larger than %, and Te» shot noise
and speckle will cause fluctuations within the received pulse, which make
the peak position shift back and forth.

We can also use the separation between the centroids of the two pulses

as the estimate, i.e.,

-

T, = (Centroid of Sz(t)) - (Centroid of Sl(t))
[ dt e 5,(t) [ dt ¢t 5,(t)
= - = . (5.29)
] dt 5,(¢) [ dt s,(t)

- -0
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It can be shown that, under the assumption ‘that S1 and 52 have the same

waveform, the estimator is unbiased and has a MSE given by

_jm dcl -jc de, €€, csl(tl,tz) _f"’° de, L, de, t¢t, Csz(tl,tz)
MSE = +
2 ) ‘
(N1> <N2>
1 1 1 1 ) 2 ( 1 1 > 2
st v todl p V2 (s L V2, (5.30)
(<N1> N> TR KT TN Ty

which 18 true for general waveforms if is taken to be the rms width of

ot
the time spread of the target. The MSE of -the centroid algorithm depends
only on the time spread of the received pulse while the performance of the
correlation receiver depends on the slope of the received pulse. For a
given time spread of the received pulse, the correlation algorithm can be
better or worse depending on the bandwidth of the pulse, This will be
further discussed in Section 5.4,

In Table 5.1, we list the estimators considered above and their per—
forﬁances for the Gaussian mean pulse shape in the GT > 9 and o >>
o, case. Comparing the performances of these estimators for the Gaussian
‘mean 'pulse shape, we find computing the centroids performs best., The
correlation receiver follows. This is reasonable because for Gaussian
pulse shape, the ilmplementation of the ML estimator shown in Eq. (5.3)
reduces to calculating the centroids. This can be seen from the following
derivations:

~ ® —

T, = arg max~{] dt 5,(t) 0 S (& + ri{}

ML oL

= arg max{f dt Si(c) 2n G(o, t + Ti)}

Y

- a0




TABLE 5.1.

PERFORMANCES OF TIMING ALGORITHMS FOR GAUSSIAN MEAN PULSE SHAPE, ASSUMING

oT >> oh AND U'I' >> of.

Timing Algorithm

Mean~Square Timing Error

Correlation Alzorithm

-1 .~1 -1, -1, 2
1.56(<N1> ﬂ(l +<N‘2> +K2 ) )

4 <

+ +

1

. \ - 3 2. 2.3/2
Ty = arg max[[ dt 5,(0)5,(t+0)] TP 2R Ky (G o)
T =
5
27
-1, -l -1, -l o
+ (RN T, N D) s
1 N> ) (2{*’0:)3 3
Correlation Algorithm
(pulse shape known a priori)
3, = arg max [[ 4t 5,605, (c+0)] Lsa(en > kT >l &2
12 R At AR} 172 2’ %
L J
- arg max [[ dt §,(e)s (t+1) ]
T -- l
i -1, -1 -1,.-1, 2
(<N1> +K1 +<N2> +K2 ) %
Corralation with Log Waveform ag, a?-
+— + I
. - 4e<N >N, G ran) R K,
T, = arg max [ de sy(e#D) 20 Sl(t)] 6
e o T T G et
+ (¥, Ny> THK, KN > ) —————
.’2_(20i+o§)2

Correlation with log pulse shape (Optimum)
(pulse shape known a priort)

-
s, - -1y -t -1 -1y 2
T, = arg ln::x [Ld: S,(c) s, (e + V] QN P+ HND> TR, ) ap
-»
- arg max [[de s (t)lnSI(:-O-t)]
T ~= L
5
Peak Detection (<Nl>-l + <.‘l.,>-1) i}-
- b 2/2q
T, = arg max [Sz(t)] - arg max [Sl(t)l h
t 4
o
-1 -1
+ (K + g ) ———r
L
1 2 24/3¢ 0‘214'0:)2/3

;12 = (Centroid of 32) - {Centroid of Sl)

- -

Jdtes () [dtes (e)

- 2 == ! G -1, ol 2
- —~ N, KD K, ) ar
! de $,(2) [ dc 5,(0)

102
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= arg max< | dt[-(t + rifz Si(t)/ZGZ{} s (5.31)
T -0
i
which means 7 satisfies
jm de(e + 102 s, (t)/26% =0 (5.32)
dr i i T =; ’ )

i iWL
which is equivalent to calculating the centroid,

<«

!w dt tSi(t)

T = . (5.33)

| dt s, (t)

-
However, for general waveforms, calculating the centroids could be far from
optimal.

5.3. Frequency Domain Representation of Timing Error

From the above results, we restrict our attention to the correlation
and centroid algorithms. For general waveforms, the performance of the
correlation recelver has to be calculated aumerically. The MSE can be
expressed in terms of the bandwidth of the received signal, Equation (5.13)

can be written as

2 . .
[ ae S s Sz(t + 1) == | dw G0 |Gy + o)l

-® T=T12

N,OKN,> =
<, 2 2
= __77——-!wdmcu]%(wﬂ ,

(5.34)

where

-]

-i
8, (w = [ duwF(e) ® “

[ W2, 2
= ﬁbz(_p,z) exp|= 5~ (o + o) expliwy] . (5.35)
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¢s(m) is the Fourier transform of the mean received pulse shape., For aay
function a(t) we useég{a(t)} to denote its Fourier transform. In arriving
at Eq. (5.34), we have made use of the following Fourier transform rela-
tiounship

® 1 ® %

[ dt a(e)b(e) = 5= fo. dwd{a(t) Y4 (o)} . (5.36)

Equation (5.12) can be written as

® © 2

3
J de, [ ode, Ry (t,,t)) ==—=— R (t, + 7,,t, + ©,) ____
te L o2 78071072 Bnan, s, T 1t T2 r=ymg,

© 2
3
1 2w ’r’{Rsl“vtz)}‘f’{‘a—rﬁ R, (81 + Ty + )

- T,=T,=T
1

2 12

I oy LU T2 LT
3 | duw, f dw, Ry R Cwpswy) o @, RS (ayprw)) e e
47" == 1 2
(5.37)
where
- *® *® -{imt, =it
= 171 )
Rsi(mlmz) .f,, cu;1 L’ dtz Rsi(tl,tz) e e . (5.38)

R. (w,,w,) is the two-dimensional Fourier transform of R, (t,,t,). In
Si 1772 Si 1’72
arriving at Eq. (5.37), we have made use of the following Fourler traunsform

relatioanship,

[ dey [ ode, ale,ey) bl ,ty) == [ dw [ dw, Zlale,e) [ bt e |
- -0 L = -0
(5.39)

which is the two-dimensional version of Eq. (5.36). Using Eqs. (5.34) and

(5.37), we have
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* ® fw T i, T
J dw ] dw, w RS N ) R (m wz) e 1712 12712
MSE = - == —= . (5.40)
f do o cp(w){}

The Fourier transform can be calculated using the FFT algorithm and the
integrations can be done digitally, although the computation time can be
substantial due to the presence of two—dimensional transforms and integra-
tions. However, by considering Eq. (5.40) alone, it is not clear what is
the relationship between the timing error and the characteristics of the
received signal. By substituting the explicit expressions for Rs, we can
express the timing error in terms of the bandwidth of the received signal.

The intermediate steps are shown in Appendix B; the results are

PR L N T 8
2

<N1> <N2> Kl K 232
1 2 1 2
<8 7.1 °
. /7 % Tk
<N ><N,>¢ /2 2
4Y7 f de) (U’)Iz 4 1 2°"h K1K2 4 cf
¥y [ | (Y e
Zch + ¢ 2°h + ¢
+ + s (5.41)
NK 2+ o NOK V202 + o
17%2% T % 27%17 % T 9%
where

] dw w?f¢s(m){2

B2 = 22 (5.42)
[ aufo (w]?

and
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I doa gr@la () & o]

a=— — . ' (5.43)
| do o (® [ duls (wi?

B is the RMS bandwidth of the received pulses, and a is a dimensionless
factor which typically varies between ! and 2, depending on the surface
profile. For Gaussian-pulse shape, a equals 1.54. Since the secoand-order
terms are roughly proportional to (l/ch)3, to keep the second-order terms
from becoming very large, the resolution of the receiver (lloh) should not
be too large. Equation (5.4) shows that timing error is inversely propor-
tional to the signal bandwidth. This is expected since high-bandwidth
signals will coatain fine strgctures which improve the performance of the
correlation timing algorithm.

5.4, Comparison of the Correlation and Centroid Algorithms

We will evaluate the performance of the correlation and centroid
algorithms numerically for a set of simulated ocean return waveforms. The
waveforms we use are a raised cosine superimposed with smaller scale modu-

lations. That is
F(t) = (1 + cos (27t/D)) + A(l - cos (Zm:/d))n , -D/2<t<D/2, (5.44)

where d is smaller than D. Here the varlable n is used to control the
sharpness of the modulation. The larger the value of n, the sharper the
peaks. This approximates the ocean return signal plotted in Fig. 3.5 for
off-nadir pointing.

We first compute the results for a smooth raised cosine, which 1s
obtained by letting A equal zero. The rms timing error is plotted versus

expected photocounts in Fig. 5.1 for a speckle number Kl = K2 = 50,000.
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Comparison of the correlation and centroid algorithms for a
simulated received pulse shape from a Gaussian ocean surface.
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The centroid algorithm perforas better in this case, which 1s expected
because the centroid algorithm performs better for the Gaussian pulse shape
and the raised cosine resembles the Gaussian.

Next, we use a waveform that approximates the return from a sinusoidal
ocean shown previously in Fig. 3.5. The approximation is done by letting n
equal 4, A equal 0.94 and D/d equal 12, The results are shown in Pig. 5.2;
the performance of the correlation receiver is significantly better,
because the waveform has a relatively large bandwidth due to the presence
of the sharp structures. The rms bandwidths of the waveforms shown in
Figs. 5.1 and 5.2 are calculated to be 0.272 and 2.717 GHz, respectively.
In Fig. 5.3, the power spectra of the two waveforms are plotted. Indeed,
the waveforms shown in Fig. 5.2 have more high-frequency energy. While the
performance of the centroid algorithm remains nearly the same for both
waveforms, because the mean square widths of both waveforms are approxima-
tely equal, the performance of the correlation algoritham improves signifi-
cantly with the increase of the signal bandwidth. From the above results,
we conclude that, to achieve picosecond timing accuracy with ocean
reflected pulses, the correlation algorithm should be used. 1In Chapter 6,
we coasider the effects of the footprint on the bandwidth of the received
signal.

Ia Fig. 5.4, we show the performance of the correlation receiver for
three different values of gpeckle number. At the stroang signal limit, the
performance is limited by speckle., The amount of speckle averaging deter-
aines the timing error. At the weak signal limit, the performance is
limited by shot noise and the timing error is less sensitive to the number
of speckle cells. 1In all cases, the timing accuracy improves as the signal

strength and speckle number increase. Single shot accuracies of ~l0 psec
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Figure 5.4. Effects of speckle averaging on the correlation algzorithm.

The mean pulse shape corresponds to Figure 5.2,
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appear to be feasible with ocean surface targets when the expected photo-
counts for both pulses approach a few thousand. The timing accuracy can be
improved further by averaging the measurements from many shots.

5.5. Transmitter Effects

In practice, the expected waveforms at the two wavelengths may not be
exactly the same. This can be due to misalignment of the transmitted
laser beams and different beam divergence due to the diffraction effects or
due to turbulence. When the mean waveforms at the two wavelengths are not

the same, the correlation receiver can become biased, with a bias given by

- d < :-
Bias = - == ™
ERplrp ) [ 450 Fyle + 1)

[ doto g (w) bg(w)
a = , (5.45)
2 %
_f@ du w ¢sl(m) q;sz(m)

and the MSE given previously by Eq. (5.40) becomes

® ® . R tw T 1w, T
1712 o~ “2712
{m dml ;(Q dmz ) @, Rsl(wlmz) RSz(ml,mz) e e
MSE = - . (5.46)

= 2
[ do o ¢§1(m) 35, (W)

This result is expanded into a form suitable for numerical computation in
Appendix C. As an example, suppose one channel has a very large footprint,
so that it has a mean pulse shape which looks like Fig. 5.l. Suppose the
other channel has a small footprint and a mean pulse shape that looks like

Fig. 5.2. The bias of the correlation algoritha is fouad to be zero
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because although the waveforms are different they are not shifted with
respect to each other. The timing ervor can be evaluated and the results
are shown in Fig. 5.5. Comparad with Figs. 5.1 and 5.2, we see a degrada-
tion in the performance, which 1s expected, because the correlation between
the two waveforms has decreased.

5.6. Sampling Effects

In practice, the output of the receiver or photodetector is usually
sent into a waveform digitizer and the sampled and digitized data are
recorded by a computer for future processing. If the waveforms are sampled
at a fixed interval, Tys then the output of the waveform digitizer can be

modeled as
it

o
= / de s(t) +n, (5.47)
(i~
o
and
E{ninj} = Var{ni} Gij , (5.48)
whera Yi is the i-th sampled data point, n, is the additive noise
introduced in the sampling and digitizing processes. Here n, i3 due to the

i

quantization in the digitizing process and the noise of the waveform digi-
tizer. To avoid losses in the high frequency content of the signal,
usually T 13 chosen to be short compared to the Impulse response of the

receiver. In this case, we have

Y, = S(iro) T, +n (5.49)

i i -

Next, we consider the effects of n, on various timing algorithams.

i

Since the analyses of timing algorithms usually ianvolve differentiations, a

discrete process like Yi can not be readily analyzed. To overcome this
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difficulty, we can approximate Yi with a continuous process Y(t),

Y(t) = s(t) + n(t) (5.50)

and

&1(cl,t2) = Rs(cl,tz) + Rn(cl,:z)

qty
= R (t;,t) + N G(a),t; - t,) G<02, ——2-—) , (5.51)

where 01 is the correlation length of the noise, which is on the order of

the width of the .digitizer element spacing To’No'is the noise energy. The
t, + ¢t

function G(oz,-—l—i——g] is introduced to keep the total noise energy

finite in the correlation process, and o, is chosen to be large compared

to the support of S(t), so that the noise power is essentially uniform.
By substituting Rs(tl,tz) with RY(tl,tz) into the previous equations,
we find additional error terms are introduced. The MSE of the correlation

receiver, given previously in Eq. (5.15), 1is increased by an additional

amount MSE', which 1is given by

oo -]

3T, 3T !w dtl !m at; Sl(tl) Sl(tZ) Rn(tl oIty ¥ T2)

© . 2
{] dt 5, (£) S,(t + le)}

-

+ Rn(tl,tz) Sz(t1 + Tl) Sz(t2 + 12)

17592712

(5.52)

- - 2
{f de S,(t) Sy(e + ‘12)}
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In Eq. (5.52), we have neglected the higher-order terms which are generally

very small. By substituting the expression for Rn into Bq. (5.52), we

obtain
- ) 27 N )
MSE' = 5+ 5| —— . (5.53)
NP Ny 2 [ 4o w2|¢s(w)|2

The computation leading to Eq. (53) is given in Appendix D. For a

Gaussian-pulse shape, MSE' becomes

1 1 2/§'No(o§ + cﬁ + o§)3/2
MSE' = + 5 . (5.54)

2 g
<N1> <N2>

2
From Eq. (5.54), we see that for the correlation receiver the additioanal
timing error introduced by the sampling-digitizing process is usually
small, because it 1is proportional to No/02 and ay is very large.

For the peak detection algorithm, the additional error can be found

from Eq. (5.25) to be

32 82
3¢, 3t Rn(f1r%p) _ 3t 5t Ralf10t2)
1772 tlatZ—thax 172 tl=c2=tlmax
MSE' = + «(5.55)
— 2 - 2
182(t2max)} (gl(tlmax)}
For a Gaussian received pulse shape, Eq. (5.55) becomes
N (l;cx2 - 02)(02 + 02 + 02)
. ' 1 1 0o 2 1 f h T
MSE' = 7 + 3 33
<N1> <N2> 401 9
3
2 2 2
1 1\ Nol% + o + op)
<Nl> <N2> 9,9

which is proportional to No/oio,. Noloi can be large and the additional
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error for the peak detection algorithm can be significant when the signal
levels <N1> and <N2> are not very large. 1If peak detection is to be used,

it is advisable to make the correlation length of the noise 9

can be done by smoothing or low-pass filtering the sampled sequence.

larger.

This
For the centroid algorithm, we find the sampling-digitizing process

introduces an additional timing error which can be found from Eq. (5.30) to

be given by

-] -] -]
_Iadtl -]m de, t;t, R (t,t,) L de, L dt, t;ty R (t;,t,)
MSE' = 5 + 3

<N1> <N2>

=< 5+ 12>No<°§_—
>

This value 1s usually small for a reasonable signal strength.

The effects of sampling on the timing accuracy for a Gausslan mean

pulse shape are summarized in Table 5.2. We conclude that correlation and
centroid algorithms are not sensitive to the noise introduced by the
sampling-digitizing process, but peak detection is more sensitive., For
peak detection, it is advantageous to first smooth the sampled data.
5.7. .,Summary

The ML estimator for differential arrival time cannot be implemented
due to the lack of prior knowledge of the mean pulse shape. Among the
suboptimal estimators investigated, the correlation aigorithm can achieve a
signal shot accuracy of ~ 10 psec 1f the reflected pulse has time structure
or glints. The performance of the correlation algorithm is found ti
miprove with the bandwidth of the received pulse.

If the mean received pulse shape at the two wavelengths is not the

same, bias and additional error are introduced into the correlation
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TABLE 5.2.

ADDITIONAL TIMING ERROR DUE TO SAMPLING NOISE

Timing Algorithm Additional .Mean-Square Timing Error
-2 -2 2 2 2,3/2
Correlation Algorithm (<Nl> + <N2> )Z/Z_No( o * o + o,r) /a2
-2 -2 2 2
Centroid Algorithm (<N1> + <N2> ) No( g, - 0.25 ol)
2 2

- -2 2 2.3, 3
Peak Detection (<N1> + <N2> ) No( o + o + o,r) /0102




algorithm. Therefore, the laser beams at the two wavelengths should be

carefully aligned.
The sampling of the receiver output can introduce additional noise.

The correlation algorithm i1s found to be less sensitive to the sampling

noise than the peak detection algorithm.

119
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6. BANDWIDTH OF THE OCEAN REFLECTED PULSE

From Chapter 5 we found that the timing accuracy of the receiver
depends on the bandwidth of the received signal. 1Imn this chapter, we study
the effects of the surface profile and altimeter parameters on the band-.
width of the received signal. The expected bandwidth of the received pulse
that has been reflected by a Gaussian distributed ocean surface is eva-
luated under the conditions that the profile correlatfon length is much
less or amuch greater than the footprint radius.

The bandwidth of the received signal defined previously in Chapter 5
has an expected value given by,

] do “’zlfbs(m)lz
£ (82} ==

E

| awls (w}?

[ dw of E{Ms(m)‘z}

n

o » (601)
| du E(I¢s(w)[2}

-0

where the expectation is with respect to the Gaussian surface profile.
From Eq. (5.35), we have s 2 2

-w (Gh+of) E{eiw( ‘pl"‘pz)}

2, 2

2, 2 2 __ Ceytey) CoZ-od)
-m(ch+af) 2 2 1w ————
- _e 2 2 2z" tan” § cz
Z % [ d 2 [ d 2, e T e
4m z° tan 9
T
2.
-if (&, )-5(p,)]
e [ (6.2)

where we have assumed a Gaussian laser footprint with a radius of z tan eT

at the exp(~1/2) point. For a Gaussian surface profile with rms surface
height o_, we have
3

-8 2l-
-122 [5(p,)-2(p,)] 7 ¢ el1R (g 0)]
Ele } = @ (6.3)
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where R§(21”22) is the normalized autocorrelation function of the surface

profile £,
We first assume L >> z tan BT and a quadratic autocorrelation function
with RE(-O-I ’—92) given by
2
8 ° &l (6.4)
Rg(ih.uﬂz) =1- -_-_—;:E_-_- ’ .

where 1| is the correlation length of the surface profile. The case of
L << z tan GT is treated later.
By.substituting Eqs. (6.3) and (6.4) into (6.2) .and making the

following changes of varlables

L8 T8 (6.5)
and
g, + p
- =2
LT (6.6)
we have ) 1
205 + 5 03
"“2(°ﬁ+“2) i 22 tan® 8
E{{s (w]?} = =2 ! [d%p [d%s. e T
‘g 4 4 -— =4
4n(z  tan ST)
Zmz 0%
- p 2w
2L2 5 iczﬁs—d
e e e
2 2
Y2 w (°f+°h) 6.7
2 2, 2 * *
Y + (°§ + cf)w
Here
c(cﬁ + 02)1/2
Y= Zz tan Qr <KL (6.8)

20% 9 1/2 '
—_
2z tan T + tan eT

LZ
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By substituting Eq. (6.7) into Eq. (6.1), we obtain

2
-y 2
£{8} = = -5 .  ztama «L (6.9)

/?Koﬁ + oi) erfely] % + 9

For the case when L <K z tan Qr, the autocorrelation functioa can be

approximated by a delta function. Therefore,

2 1 2
5 2ps"-?pd
-w (g + o +=—5 d;) = 5,2 2 20
E{I ()i2}=e ch £ Cz 3 fd jdz 2z tan eT iczp —pd
AL — o [ deg e
mz tan 6
T
2 2 4 2
- + —_—
, o (dp + 0+ ;)
=J_8 . . (6.10)
2 2
Y +(of+ah+c2 Gg)w
where
2 2 2,1/2
c(uh'l- O'f+ > GE)
Y= ; . L << z tan & (6.11)
2z tan §
T
In this case, the expected bandwidth is
2
E{Bz}= Ye - Y ° (6012)
2 2 .4 2 2 2 4 2
f;(ah + o + 7 og) erfely] (oh + d +-:E GE)
L << z tan ar
Combining the results for both L >> z tan eT and L < z tan eT, we can

write
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-
A L >> z tan &T
% * o
E{B%} =< (6.13)
A L << z tan Qr
2. 2ed 2
T % 777 %

where

2
=Y
Ye 2
A=y ’ (6.14)
/1 erfely)
and
rc(oﬁ + 52)1/2 202 -1/2
+ tan 6 L >> z tan §
2 T T
2z tan § L
T
Yy =% (6.15)
1/2
——c—z-——(02+ 02+—2-02) L <€ z tan eT .
\Zz tan” § h £ c &

The results for a flat surface can be computed by letting og equal zero.
When L >> 2z tan OT, if the received pulse shapes are dominated by beam cur-
vature (tan Qr is large) or surface effects (og'is large), y will be small.
If the curvature and surface effects are negligible, y will be large. On
the other hand, when L < z tan eT, v will be large when cE is large. 1In

these two limiting cases, A simplifies to

\
<

y<<1

al

A ={ (6.16)

Yy>>1 .

1
2

~
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To evaluate the expression for the bandwidth and timing error, we

assumed c(ci + cs%)]'/2 144 0E < z tan BT. This means that the surface rms

height is large compared to the point target response width but small com~
pared to the radius of the footprint. For small footprints, the solution

for L >> z tan ST is probably the most applicable so that

/2n a(cﬁ + 02)1/2 OE z tan Qr

cL

8

1 1 1 1
= (<N1> Ayt Y E‘)

L >> z tan QT (6.17)

For large footprints the solution for L << z tan eT is the most applicable,

and
4a02
L(L .t 1 1\_ &
MSE=(<N1>+<N2>+K1+K2) cz . L << z tan 6, (6.18)

where we have given only the first-order terms of Eq. (5.41) for simplicity.
Because the wave height is typically of the order of tens of cen-
timeters, og/c will usually be a few nanoseconds or larger. Picosecond
time resolution is probably not feasible when the footprint is large.
However, when the footprint is small and the surface correlation length 1is
large, picosecond accuracy 1is possible if the system parameters are pro-

perly chosen. The requirement for a large correlation length is equivalent

to requiring a glint within the footprint.




7. LINK EQUATIONS

In this chapter, we use the results obtained from previous chapters to
estimate the expected timing accuracies of realistic system designs aand to
estimate the corresponding accuracles of the barometric measurements.

The expected number of received signal photons was calculated in

Ref. 4 for Gaussian ocean wave statistics:

2 [r(0) |?
a 22 4n(52 + 2 tan

D =-t-‘—2—Q T (7.1)
[o]

2 eT)
n is the receiving system efficiency, hfo is the signal photon energy, Q is
the total transmitted energy, and Ti is the two-way atmospheric transmit-
tance. The ocean reflectance [R(O)I2 depends on wavelength and water com—
position. From the near IR to the near UV, the ocean reflectance 1s ~2 7%
[22]). The factor (S + 2 tan2 ST) in Eq. (1) is related to the solid angle
of the reflected signal., 1In a perfectly calm sea S2 =z 0, so the solid
angle of the back-scattered signal is equal to the solid angle of the laser

beam. For an isotropic surface, 82 is related to the MS surface roughness

and profile correlation length (L):

s% = 2 OZE/LZ ] (7.2)

Bufton et al. [23] recently reported measurements of Br = [R(O)]2/4n52
for a variety of sea states, nadir angles, and laser wavelengths. Their
measurements were obtained at wavelengths of 337 nm, 532 nm, and 9.5 um
usiang an airborne lidar. At the visible and near UV wavelengths, the ocean
reflectance (Br) for low wind speeds was ~6%. Equations (3.8) and (3.9) of
Chapter 3 are consistent with these results.

If we use this value for Br in Eq. (7.1) and the parameters listed in

Table 7.1 for a satellite-based altimeter, the expected signal photocount
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is <N> = 1300. The speckle number calculated using Eq. (3.17) is

K = 50,000. 1In this case, speckle is negligible, and the shot noise is the

dominant source of timing error. From the data plotted in Fig. 5.4, we see

that the single shot timing error for this case i3 ~18 psec.

The error can

be reduced to ~2 psec by averaging the timing measurements from 100 shots.

I1f the fundamental (1064 nm) and tripled (353 nm) YAG laser frequencies are

used, a 2 psec timing error results in a prassure ervor of ~1 mbar (see

Figo an)o

TABLE 7.1.

PARAMETERS OF A SATELLITE-BASED LASER ALTIMETER

Receiving System Efficiency :
Receiver Aperture Area :
Two-way Atmospheric Transmittance:
Altitude of the Satellite :

Laser Beam Divergence Angle :

Total Transmitted Energy

10%

0.1 m
0.5

400 km
100 urad

250 wJ




127

8. AIRBORNE ALTIMETER EXPERIMENT DATA ANALYSIS

8§.1. Introduction

An aircraft experiment was conducted on September 7 and 9, 1983, at
the NASA facility. on Vallops Island, VA. The experiment was to test the
flight performance of the instrumentation and to measure the correlation
properties of the multiwavelength ocean reflected return pulses. GSFC per-—
sonnel includiag Abshire, McGarry and Rowe conducted the flight experiment,
while the data reduction and analysis were performed at the University of
Illinois,

The experiment was performed on board the NASA WFF Electra airplane.

A picture of the airplane is shown in Fig. 8.1. The laser ranging system
used in this experiment, including the laser, coamputer, waveform digitizer
and other electronics, is the same equipment used in previous horizontal-
path experiments [24], [25], [26]. TFigure 8.2 is a picture of the computer
system on board the aircraft. Figure 8.3 is a picture of the equipment
rack on the aircraft. Figure 8.4 is a plcture of the arrangement of the
equipment on the aircraft.

On September 7, before the flight, the altimeter was first tested by
ranging horizontally to a cube corner reflector. The system worked well on
the ground. However, after the alrcraft took off and ascended to the
ranging altitude, the receiver did not detect any reflected laser pulses,
After the flight, the ranging system was carefully examined. The problem
was caused by the vibrations that occurred during the flight which caused
a misalignment between the receiving telescope and the detector.

On September 8, before the aircraft took off, two ground calibration
data sets data were collected by ranging to a white plate. Then the

aircraft took off, headed east over the ocean, and the altimeter started




Figure 8.1. A picture of the NASA Electra airplane. :




Figure 8.2. A picture of the computer system on board the airplane.




Figute 803.

A picture of the equipment rack on board the airplane,
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Figure 8.4. A picture of the interior of the airplane showing the laser
power supply, the laser and the transmitting optics.




collecting data. During the three-hour flight, the system operated
smoothly except for a temporary computer failure due to a loose circuit
board. The problem was fixed during the flight. 1In this flight, data were
taken over the ocean at both 305 m (1000 ft) and 1219 a (4000 ft) altitudes.
They are the first data that furnish information on ocean reflection pro-
perties with 8 cm height resolution [27].

8.2. Data Analysis

A typical recorded waveform collected at 305 m altitude is shown in

Fig. 8.5. The pulse on the left corresponds to the return at 355 nm (UV),

and the pulse on the right is the return at 532 nm (Green). The time scale
in the plot is the number of digitizer elements. The temporal spacing
between the elements is 39 picoseconds so that the full scale range is

20 nsec. The actual flight time of the green pulse is shorter, but it is
passed through an electrical delay line so that both pulses can be recorded
on the waveform digitizer side by side. Due to this arrangement, the

separation time between the two pulses will decrease with altitude, instead

of increase.

On some of the recorded waveforms, double peaks in both return pulses
were observed. An example is shown in Fig. 8.6. This occurred in some of
the returns from the ocean at both 305 m and 1219 m altitude and also in
some of the returns from the white plate. The separation between the
closely spaced two peaks exceeds 1 nsec in some returms.

Because a separation of 1 nsec is equivalent to a target range spread
of 15 cm, which is not the case for the white plate target, and unlikely
for the ocean target. The laser has a beam divergence angle of approximately
500 prad (full width at 10%Z points); therefore, the footprint has a size

of ~15 cm at 305 m altitude and ~60 cm at 1219 m altitude. An ocean-wave
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Figure 8.5. A waveform recorded at 305 m (1000 ft) altitude.
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Figure 8.6. A waveform recorded at 305 m (1000 ft) altitude.




height difference of 15 cm within a 60 cm footprint is possible, but is

much less likely within a 15 cm footprint. We conclude that double pulsing
of the laser is probably the cause of the double peaks In the return pulse.
In future experiments, the resolution of the receiver will be increased so

that this ambiguity will no longer exist.

After the flight, the collected data were first ruan through a sorting
program, in which every waveform was scrutinized to reject unsatisfactory
ones. A waveforam 1s rejected if any of the following conditions occur:
signal level too low (no energy detected at one or two wavelengths), signal
level too large (outside the dynamic range of the wavefoym digitizer), and
signal not recorded completely due to a triggering problem. The good wave-
forms are then processed to extract the differential arrival time between
the two pulses.

The first technique used for timing was the correlation technique.
This was done by first calculating the correlation coefficient of the two
return pulses. The correlation coefficient p is defined as

% x(1) x(i + j)

i=]
o(3) = , (8.1)

N 2 1/2 [ j+N 2 1/2
Y x(4) Yy ox(1)
i=1 i=§+1 h

where x(1) represeats the output of the 1t digitizer element and N is the

number of points used in the correlation. p(j) is normalized so that Lf
the two pulses have exactly the same shape it achieves its maximum value of
one. We calculated the correlation coefficient instead of just the corre=-
lation function because the correlation coefficient also furnishes infor-
mation on the degree of similarity of the pulse shapes at two wavelengths.

The delay value that maximizes p was then used as the differential arrival

time estimate. That is,
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a

t., = [arg max p(j)] T, (8.2)

b

where To is the temporal spacing of the digitizer elements. For this

12

-~

experiment T i1s 39 picoseconds for all the data. Therefore, T1,, can only

12
assume quantized values in integer multiples of T In retrospect, the
experiment could have been improved by using a faster digitizer sweep
speed. However, at the time of the experiment, there was no way of knowing
how wide the return pulse would be. Therefore, a slower sweep speed was
used to make sure the entire return waveform could be recorded.

The quantization problem can be partially remedied by fitting a curve
through the correlation function and finding the peak of the fitted curve.
A second-order polynomial was chosen as the fitting curve, because most
return pulses resemble Gaussian pulses and a Gaussian is well approximated
by a quadratic near its peak. We first'tried using 5 or more points to
perform the least square curve fitting. However, because the fitted curve
did not pass through all data points, there were cases when the peak of the
fitted curve was smaller than the original correlation peak. Therefore, we
decided to use only 3 points around the correlation peaks for curve
ficting. 1In this case, the fitted parabola will pass through all 3 points.
The success of the 3-point curve fitting requires a high signal-to-noise
ratio for the data points used. This requirement holds for the points near
the correlation peaks.

A history plot and histogram of the timing and the correlation coef-
ficient are shown in Figs. 8.7 and 8.8 for the 305 m altitude data.

In Fig. 8.9, two recorded waveforms collected at 1219 m altitude are
shown. The timing results are shown in Fig. 8.10. Statistics of the

correlation coefficient are shown in Fig. 8.l1ll1.
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For both 305 m and 1219 m altitude data, the correlation coefficient
has average values approaching 0.99. This high average value of the
correlation coefficient indicates that the pulse shapes at the two wave-
lengths are very similar even on the pulse-to-pulse basis. This is
encouraging for the pressure measurement technique because similar wave-
forms are essential.

In Fig. 8.12, two recorded waveforms from a white plate target are
shown. The corresponding timing and correlation coefficient results are
given in Figs. 8.13 and 8.14. In Fig. 8.15, we plot two recorded waveforms
from a cube corner reflector. The timing results are shown in Fig. 8.16
and the results for the correlation coefficient are given in Fig. 8.17.

In Table 8.1, we summarize the above results. From the results, we
find the data obtained from ranging to the white plate have the smallest
timing fluctuations, the highest mean correlation coefficient and also the
smallest standard deviation of the correlation coefficient. It is reason-
able that the returns from the white plate would have a higher signal-to-
noise ratio than the returns from the ocean, but it seems that the returns
from the cube corner reflector should have an even higher signal-to-noise
ratio. This was not the case, probably because the ranging to the cube
corner reflector was performed in daytime with the presence of a stroang
turbulence during the experiment.

The data obtained at 305 m and 1219 m altitudes can be used to verify
the pressure measurement concept. From Appendix E, the differential arri-
val time measured at 1219 m and 305 am should differ approximately by

-305/hs —1219/hs)

At = 1326(e -e

= 126.6 psec , ' (8.3)
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TABLE 8.1.
SUMMARY OF THE RESULTS OBTAINED FROM THE CORRELATION TECHNIQUE. THE

90 7 CONFIDENCE INTERVALS OF MEAN AND STANDARD DEVIATIONS ARE SHOWN.

Data Set Separation Time Correlation Coefficient
Mean STD Mean STD

305m 7995 psec 63 psec 0.986 0.023

altitude

data {7989,8001] [60,67] (.984,.988] [.022,.025]

1219 m 7888 psec 91 psec 0.989 0.010

altitude

data [7877,7899] [84,101] [.988,.990] {.009,.011]

White 8093 psec 40 psec 0.991 0.007

plate

target {8089,8097] [38,43] {.990,.992] {.006,.008]

Cube 8094 psec 43.95 psec 0.979 0.008

corner

target [8090,8098] [41,47] {.978,.980] [.007,.009]
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where hs is the atmospheric scale height, taken to be 8787 m. From the
experimental data, the difference in differential arrival time is 106
picoseconds. Taking into account the fluctuations in the aircraft altitude
and the quantization in the waveform digitizer, the 20 psec difference bet-
ween the theory and the experiment 1is considered to be within the accuracy
of the experiment.

For comparison, we processed the data collected at 305 m altitude and
the data collected from ranging to a cube corner reflector using other
estimation schemes. These two sets of data are chosen for comparison
because the ocean is an example of a target with range spread, while the
cube corner reflector is an example of a point target.

From Chapter 5, we know one of the simplest techniques for estimating
differential arrival time i3 to find the separation time between the peaks
of the two pulses. For the 305 m altitude data, the results are shown in
Fig. 8.18. The standard deviation of timing 1is 176 picoseconds, much
larger than that of the correlation algorithm. For the cube corner reflec-
tor data, the results are shown in Fig. 8.19. The peak detection yields a
timing error of 49 picoseconds, which is not far from the 44 picoseconds of
the correlation algorithm. This is counsistent with the theory derived in
Chapter 5, which states that, for range spread targets, the peak detection
performs significantly worse than the correlation algorithm, while for
point targets, the performances of the two estimators are close. Also,
from Chapter 5, we know that the peak detection algorithm is more sensitive
to noise introduced by the waveform digitizer than the correlation
algorithm. This partially explains the slightly inferior performance of

the .peak detection algorithm for the cube corner reflector data.
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Figure 8.18. Timing history and timing histogram for the data obtained at

305 m altitude, using the separation between the two peaks

as the differential arrival time estimate.
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The centroid detection algorithm was also used to calculate the dif-
ferential delay. We used a total of 75 points around the peaks to calcu-
late the centroids, and the timing results for the 305 m altitude data are
shown in Figure 8.20., Compared to peak detection, the timing error is
improved; it is 118.7 picoseconds. The correspondiag results for the cube
cotner reflector are shown in Fig. 8.21. The timing error is 50 picosec-
onds, which is slightly larger than the 49.1 plcoseconds of the peak
detection algorithm. This is recoganized to be caused by the inclusion of
the ringing noise of the waveform digitizer in calculating the centroids.
The return pulse from the cube corner reflector occupied a width narrower
than 75 points, so using 75 points in calculating the centroids includes
the undesirable data points that correspond to the ringing of the digi-
tizer. We then used only 50 points in calculating the ceﬂtroids. The
results are shown in Fig. 8.22; the timing performance is improved to
46 picoseconds.

From Chapter 5, we know that the ML estimator correlates the received
pulse with the logarithm of its mean pulse shape. Because the mean pulse
shape i3 not available, the ML estimator can not be implemented.
Correlating one return pulse with the logarithm of the other return pulse
will not be optimum, but it is interesting to see how it performs, We
first correlated the UV pulse with the logarithm of the green pulse. The
results are shown in Fig. 8.23 for the 305 m altitude data. The standard
deviation of timing is 84 picoseconds, which is not as good as the 63 pico-
seconds of the correlation algorithm. 1In Fig. 8,24, two recorded waveforms
and their logarithms are shown. Taking the logarithm enhances the small
amplitude fluctuations, which are mostly due to ringing and digitizer

noise., The quantization effects also become more apparent after taking the
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logarithm., The corresponding results for the cube corner reflector data
are shown in Fig. 8.25; the timing error is a large 105 picoseconds.
Looking at the timing histogram in Fig. 8.25, we find the poor timing per—
formance 1s caused by the presence of a few estimates that are signifi-
cantly below mean. Two recorded waveforms and their logarithms are shown
in Fig. 8.26. Again, we find ringing becomes very pronounced after taking
the logarithm.

We then correlated the logarithm of the UV pulse with the green pulse;
the results :are .shown in Fig. 8.27 for the 305 m.altitude data. The timing
error 1s 68 picoseconds, better than the previous case, but still not as
good as the correlation algorithm. The results for the cube corner reflec-
tor data are shown in Fig. 8.28; the timing error is reduced to only
43 picoseconds, which is close to the 44 picoseconds of the correlation
algorithm. This can be explained by noting the fact that, for a point
target, the individual received pulse has the same shape as the mean pulse
shape, which is just the impulse response of the system. The difference 1is
that the individual return is corrupted by ringing and noise of the digi-
tizer. Therefore, for .a point .target, if-ringing is.not severe, corre-
lating one received pulse with the logarithm of the other pulse is a good
approximation of the ML estimator. This explains why it performs quite
well, For both data sets, we find the algorithm that takes the logarithm
of the UV pulse performs better than those taking the log of the green
pulse, probably because the UV pulse has less of a ringing problem than the
green pulse.

Finally, we correlated the logarithms of both received pulses. The

results for the 305 m altitude data are shown in Fig. 29; the timing error
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1s 104 picoseconds. The corresponding results for the cube corner reflec-
tor are shown in Fig. 8.30; the timing error is 100 picoseconds. After
taking the logarithms, the correlation between the two pulses decreases,
because the uncorrelated nolses are emphasized by the logarithm. From the
above results, we conclude that the logarithm algorithms should be applied
only to mean waveforms, or signals with very high signal-to-noise ratios.
The results from the different algorithms are summarized in Table 8.2.

8.3. Altitude Dependence of the Received Signal Energy

During the experiment, it .was found .that the return signal level
remained about the same when the altitude of the aircraft was increased
from 305 m (1000 ft) to 1219 m (4000 ft). According to the link equation,
the signal level should vary inversely with the altitude squared (z-z).
Therefore, the signal level at the 305 m altitude should be 16 times the
signal level at 1219 m.

This deviation of the signal level in lidar systems from z"2 dependence
has been studied by Harms (28], [29]. He found there are two mechanisms
that cause power loss at small-to-medium target distances. First, in a
system with shadowing of the main mirror by a central obstruction, such as
a secondary mirror, the overlap of the transmitted beam with the receiver
field of view is often incomplete. Second, because the telescope is
usually focused at infinity, the light backscattered from a target at
small-to-medium distances is not completely focused onto the detector.
Both effects cause power losses that can be significant at small target
distances.

In Appendix F, the recelved signal level 1is derived taking iato

account both effects. In Fig. 8.31, the relative signal level is plotted

versus altitude for four different detector sizes. The detector 1is assumed
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TABLE 8.2.

COMPARISON OF THE RESULTS FROM DIFFERENT TIMING ALGORITHMS. THE 90 %

CONFIDENCE INTERVALS OF THE TIMING ERRORS OF THE ALGORITHMS ARE SHOWN.

Algorithm Timing .Accuracy
305 m Altitude Data Cube Corner Data
Correlation 63 psec 44 psec
[60,67] [41,47]
Peak detection 176 psec 49 psec
[166,188] [46,53]
Calculate 118 psec 46 psec
centroid [111,126] [44,50]
Correlate the
UV pulse with 84 psec 105 psec
log of the [80,90] [99,114]
green pulse
Correlate log
of the UV pulse 69 psec 43 psec
with the green [65,74] [40,46]
pulse
Correlate log 104 psec 100 psec

of both pulses

{98,111] [94,108]
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Telescope Focal Length =14.47m (570 inch)
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Figure 8.31. Received signal level versus altitude for a telescope with

central obstruction.
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to be at the focal plane, or the telescope is focused at infinity. From
the figure we see that, if the detector is very large, the z-2 dependence
is maintained, because all the energy collected by the telescope is
detected and the assumption behind the link equation 1s valid. For the
alrcraft experiment, the detector is situated at the focal point of a
telescope with an effective focal length of 14.47 m., The detector of
interest has a 3.175 mm (1/8 iach) radius. From Fig. 8.31, we see the
theory does predict a nearly equal signal strength at 305 m (1000 ft) and
1219 m (4000 ft) altitudes. When calculating the .maximum allowable alti-
tude based on ground-based tests over short paths, the effects must be
taken into accouat,

In Fig. 8.32 we show the results for the case of no ceatral obstruc-
tion. 1In this case, light loss at close distances is due to the fact that
the target i{s not focused onto the detector. The out-of-focus intensity
pattern spreads out over a larger area, and only a portion of it is sensed
by the detector. In Fig. 8.33, we show the ;ffects of the telescope
focusing on the relative signal level. In the figures, when the telescope
is focused at 305 m, the detector is.the position where the image of a
target 305 m away will form. In the figure, we see that the maximun
received energy is obtained at a given altitude when the target is focused
onto the detector. As a comparison, in Fig. 8.34, we plot the results for
a telescope without the central obstruction.

From the above results, we see that the altitude dependence of the
received signal energy observed in the experiment can be accounted for by
the central obstruction of the telescope and the finite size of the detec-—
tor. For future experiments, these results can be used to more accurately

predict the received signal level.
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8.4, Summary

In this chapter, we analyzed the data obtained from the first airborne
multiwavelength altimeter experiment. The data were processed with dif-
ferent timing algorithms. Taking into account the confidence intervals of
the results obtained, we found that the correlation algorithm probably has
the best timing accuracy.

A study was done on the altitude dependence of the received signal
level. The results obtained explained the signal level observed during the

experiment.




9. CONCLUSIONS

Atmospheric pressure can be measured from a satellite by observing the
change with frequency in the optical path length from the satellite to the
earth's surface. Because the optical path-length difference is relatively
insensitive to surface temperature and water vapor pressure, only rough
estimates of these parameters are required. Therefore, the major error
gsource 1s likely to be the differential path-length measurement. For a
nadir viewing altimeter using the fundamental and tripled YAG laser fre-
quencies, the differential propagation delay is approximately 52 cm. For a
pressure accuracy of 1 mbar the differential delay must be measured with an
accuracy of 0.5 mm or 2 psec. Instrumentation such as the streak tube
camera which 1is capable of meeting these timing requirements is curreantly
available.

To achieve the high timing accuracy needed, the receiver has to cope
with not only shot noise but also time-resolved speckle. Time-resolved
speckle causes fluctuation of the received energy, distorts the received
pulse shape and degrades the timing performance. This study showed that
generally the mean square timing error is increased by a factor of <N>/XK,
due to the presence of time-resolved speckle. Fortunately, for realistic
altimeter systems, K is usually very large (~50,000).

Among the timing algorithms considered, we found the correlation
algorithm to be most promising. The accuracy of the correlation technique
improves as the bandwidth of the received signal increases. The success of
the technique depends on the presence of specular reflections or “glints”
within the footprint which preserve the high-frequency content of the
transmitted pulses., Under this condition, we found that, by using the

correlation algorithm to determine the differential propagation delay,
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single shot accuracles of ~l0 picoseconds can be achieved when the expected
signal photocount approaches a few thousand.

As for the surface profile, we found that for glints to occur within
the footprint, the profile should have a long correlation length, so there
will be large areas where the surface elevation remains nearly coastant.
The condition is satisfied by sinusoidal and trochoidal waves.

Experimental results from the first airborne altimeter experiment con-
ducted at Goddard's Wallop Flight Facility show a high degree of correla-
tion between the received pulse shapes at the visible and UV wavelengths.
This is essential to the success of the pressure measurement technique.
Although this initial experiment was not designed to provide data of suf-
ficient accuracy to per@it actual barometric measurements, they were used
to verify the concept of the pressure measurement technique. We processed
the data with various timing algorithms. The results show a general
agreement with the theoretical performances of these algorithms., The
results also indicate the superiority of the correlation technique.

Currently, work is underway at NASA-Goddard to upgrade the altimeter
system, An image intensified streak tube camera with timing resolution of
~2 picoseconds will be used to replace the waveform digitizer used in the
initial experiments. Extensive airborne experiments using the new systenm
are scheduled for the summer of 1984. With the much higher timing accuracy
of the new system, the data collected will be used to demonstrate the
feasibility of the technique for the pressure measurement over the ocean.

This dissertation work began with the study of the statistics and
waveforms of the ocean reflected laser pulses. The results are not only

essential to the pressure measurement technique, but also have applications
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in remote sensing of sea states. Then, the statistical properties of time-
resolved speckle and estimation of arrival times in the presence of both
shot noise and speckle were studied. The study was done in the general
context of laser altimetry and the results obtained are new in the area.
For completeness, an example of partially developed time-resolved speckle
was also studied.

The central problem of the dissertation work is the estimation of dif-
ferential arrival time. Various algorithms were proposed and studied. The
relation between timing accuracy and bandwidth of the received signal was
established. These results enable the prediction of the accuracy of a
realistic pressure measurement system.

Data analysis was also a major part of the dissertation work. The
data were processed with different timing algorithms and the results were

compared with the theory.
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APPENDIX A

EVALUATION OF THE PERFORMANCE OF THE CORRELATION ALGORITHM
FOR A GAUSSIAN MEAN RECEIVED PULSE SHAPE

From Chapter 4, the mean and covariance functions of the received

signal can be written explicitly as

S =apc(lid+rd+d, o, (A.1)

S,y(t) = <N, c;(»/cxfl + org td,t- T, (A.2)
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The numerators of the four terms on the right-hand side of Eq. (5.15)

are evaluated as follows:
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Following the same derivations, we have
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The results are used in Chapter 5.




APPENDIX B

DERIVATIONS LEADING TO THE FREQUENCY DOMAIN REPRESENTATION OF TIMING ERROR

From Chapter 4, for a general mean waveform F(t), we have
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5,(£) = N> F(t - 1.,) , (B.2)
/5 ty v g
csl(tl,cz) = N> c(v/2 9t = ty) Fl——
i /T, 1t Y
+ ) ¢(V2fo, + ozt - t,) Fl—5— (B.3)

and

thth
csz(tl,tz) = <N,> G(Y2 Opst) = ty) Fl———= - T,

2

<N >2 t, + ¢t
2 ~/7 . 2 1 vt
+ Kz G( 2 ah + cf’tl - tz) F<—.——_— T12> , (B.l;)

where we have assumed the width of F(t) to be much larger thah % and Oge

The mean square error is written here for convenience:

2 < w0
3 —_ —
TT—Q—TZ{Ldtl -f-“dtz (Sl(tl) Sl(tz) + Csl(tl.tz))

(N > <N > 2
-——————-{f dw w”|¢ (w)l}

MSE =

(Sz(tl + 1:1) Sz(t:2 + 12) Csz(t1 Tt * 12))}

(B.5)

< %, >2

——Z—{f do w? | (w)l

4w
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The numerator on the right-hand side is calculated as follows:

< [ -]
[ty | de, G5, (f10%2) Sple + 1) Sp(5 + 1)
- - 7% N2

3
arlarz

2 -] -] tl + tz . ]
= <N ><N,> Icfcl !m de, G(/2 o.,t, - t,)) Fl——75—=] F(t)) F(t,)
iyt o - — g L
+ = L’ de, _Ldtz G(72/q + dp.ty - t,) Fl=—5—=] F(t)) F(t,) .
(B.6)

By assuming % and g to be small, we have

3 — _
37,87, !a e, [uftz Csl(‘l’tz) Sp(ey + 17) Sy(ty + 1)

Ry

) ) <N1>2<N2>2 w . \
N WD+ = J dr, Fo(r,) F(t))

1}

2 K1

2, .2
a>Zn >\ o = a
5 <<N1><N2>2 +—1-——2—-> {F(t) Pi(e) - J dt F(t) cmc)}

Kl L - b - ]
. 2 <N1>2<N2>2 o - % 9
= - TN AN +-——§1—-— LM,Z{N:)} GF (t)}

<N >2<N )2 o

1 2 1 2 2 % 1
= <N1><N2> +——:K—1——-—- L{.,, do w ¢s(w)-2—n- {cbs(m) * ¢s(m)} . (B.7)

By the same reasoning, we have

2 @ @
37Tac, | 9ty dty 5,(e) §,(8)) Cg (&) + 158y + 1)
1 2 - - 2 T, 2 T,=T
17 %Y
. ) <N1>2<N2>2 ° e
= <N1> <N2> +T L’dm w ¢s(w) o {q‘as(m) * ¢S(m)} . (B.8)

The other non-zero term is
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2 © )
(]
5T 3% / de, / dr, € (t,,t,) Cg (£, + 71,8, + T,
1 2 = -0 1 2 ‘tl=1'2=1'12

32

—_— ” Tt
- R <N OKN,> (20,7 = T,) {., dT F(T) F(T + —5—— =~ 1,

Ky 1
L Tl+12
«f 4T F(T) FIT + =5~ 1,

2 2
<N, >7KN,D> —— w T+ 1
2 c(z\/oz + 02,11 - rz) [ 4T F(T) F<T P12 112>}

2 2
<N, >SN, <N >7KN,>
. < 12 ,_1 - 2 > c(/i?oi + cg,rl - 1,)

KK, hf L 2 T et =t

1 "2 12

- <N1><N2>{}E(20h,0) {OdT F(T) + 4 6(26,,0) [ dT F(t) E(r{}

5 S

2 2

NS> v >an >\ (. -
+< L2, L 2 ){—G(F2/20i+a§,0)f ar ¥ (1)
+ % 6(/2/20% + 2,0) [ a1 F(T) ;(T{}

2, .2

<N 2>t (. -

v {-c(z‘/af1 +62,0) [ a1 FA(D)
152 o

-

<N, ><N,> ® ®

1 2 1 2 2 2

) 16—72——;{—2 I, aolog@1" =] do olegw)] }
h

1 2, 2oy [ F
+ 7 6(2/0 + a7,0) [ 4T F(D) F(T{}

<N1>2<N2
+

1
+
/ K K
8r /m ZUﬁ + Og < 1 2 /

1 - 2 ®o2
.{é-i————i / dm|¢s(w)| --% {m dw w |¢S(m)|%}

oy + 9.~

2
> <N1><N2> )




2 2
<N1> <N2>

+
16m/§r'./c:lz1 + og' KK,

-0

By substituting Eqs. (B.6-B.9) into Eq. (B.5), we obtain Eq. (5.41).

< 3 1 5 [ des(m)l2 - [ dw m2|¢s(m)|2 .
o + 9g -

(B.9)
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APPENDIX C

EXPANSION OF EQUATION (5.46)

Following the same derivations shown in Appendix B, and making changes

for the difference in mean waveforms, we have

fwt 1un:2

]dwl fdmz w @, Rsl(wl,mz) R (wl,mz) e le
vyt e

2
= ..—.....__ ] duw w ¢, (w) (b (w)
4"2 S S

. ) anpiay?) e
+ KN DTN, +——-§——- j dm (1w¢s (w) = (im¢s (w)) (m)

1 2 <N1> <N,> ® *
+ 5 (<N > +—T(-1—-——- f dm {[itmbs (D] « [im¢32(m)l} ¢sl(w)

<N ><N2> 1 2
+m—-o— ah_{” dw rbs (w 4’3 () = f dw o ¢S (w) ¢Sl(w)

AN KND>E N>, -
1 1”<N, 1”7 <N 1 *
* K TR 7 2 40t (W ¢ (w
3/ /20}?; + oi 2 1 20, + o — 2 1
1 2 &
- -Z_L. dw w ¢sz(w) ¢Sl(m)

<N><N >2 .

16rrf—/ +02KK c|21+o§

[ dw q); (w) ¢g (w) = [ dw wz ¢; (w) bg (w)y . (C.1)
- 2 1 - 2 1

This result is used in Chapter 5.




APPENDIX D

DERIVATIONS LEADING TO EQUATION (5.53)

-] [- -]
3 _ -
7,57, Ldtl L,dt?- $;(t;) 8, () R (¢t + 1,,t, + 1))
- _ 2 _ 2
[ dt 5 (¢t) — S (t + 1)
il R 2
T
T=T12

+8,(t; + 1)) S,(t, + ) R (t),¢t, )
1772712

° 52 _ 2
{f dt s, (t) —5 S,(t + r)}
- 3t

T=le

@ - -]
2 2 ° .
N (KN DT+ <N,>9) { de, / dt, F(t;) F(t,) Glo ,t; -~ t,) G

L] -—0
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. Gt *thH
2* T2

2,2 " = 2
N >N, [ dt F(r) F(t)

—

2 20 . =2
N (<> + N9 [ de FO(t) G(a,,t)

-0

\ ® - 2
<N1>2<N2>2{f dt F(t) F(ti}

-]
2 2 1 2 2
N (<N >T + <N,>%)6(0,,0) 5;—{°dm w |¢s(m)l

® 2
2 21 2 2
<N >N {—Zn de w |¢s(m)|}

Ny2m [ 1 1
e 7 * 2 .
2 \ap? it/ e

2 [ dw w2|¢s(m)|2

(n.1)

where we have made use of the fact that 01 is very small and 9, is large

compared to the width of the received waveform.
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APPENDIX E

EXPECTED DIFFERENTIAL DELAY FOR THE AIRCRAFT EXPERIMENT

For the aircraft experiment, we can write the atmopsheric correction
as

taircraft 10.6 N
—_—

AC = 2 ] dr , (E.1)
rocean sin E

where we have neglected the term due to the difference between the
geometric lengths of the ray and straight—-line path.

From Ref. [30], the group refractivity is given by
N = 80.363 £()) = (E.2)
g T °

If a zero temperature lapse rate is assumed [31] the pressure P will vary

exponentially with altitude:

h
P =Pg exp[—i;-J R (E.3)
s
where
RTS
hS =FG_- (E-ll)

hs is the atmospheric scale height and

Ps = surface pressure,

h = altitude of the aircraft,
M = molecular weight of air,
R = universal gas constant,

T = surface temperature (°K),

G = acceleration of gravity.
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By substituting Eqs (E.2) and (E.3) into Eq. (E.4), we have

-6
L2 %10 - -h
AC = s Vs hs<l exp[ hs]) . — (E.5)
where
Ps
Ns = 80,343 £()) T—- . (E.6)

For E = 90°, P = 1010 mb and T = 300°K, the scale height equals 8787 m

and the difference of the atmopsheric correction at two wavelengths is
AAC = 4.76(m)(1 - exp[—h/hs])(f(ll) - f(Xz)) o (E.7)

For the aircraft experiment, Xl = 0,532 um and 12 = 0,355 um which results

in
AC = 0.3978(m) (1 - exp[-h/hs])

= 1326(ps) (1 - exp[-h/hs]) . (E.8)

The results are used in Chapter 8.




APPENDIX F

EFFECTS OF TELESCOPE CENTRAL OBSTRUCTIONS ON RECEIVED SIGNAL LEVEL

To study the effects of the central obstruction of the telescope on
the received signal level, we assume a target with uniform reflectivity and
negligible range sptead.\ The analyses here closely follow that of Refs.
[28] and [29].

Let rp and Ty be the radius of the primary mirror and central obstruc-
tion (secondary mirror), respectively. Referring to Fig. F.l, the detector
is situated on the optical axis, at a distance D behind the primary lens,
while the obstruction or secondary mirror of the telescope is located at a
distance Sb in front of the lens. The primary lens forms an image of the
target on to the image plane. For a target at distance z, if the lens has

a focal length f, the image is located at distance I(z) behind the lens,

where I(z) is related to £ and z by the thin lens formula:
1/1(z) + 1/z = 1/f . (F.1)

The 1light back scattered from a point T, of the target is focused onto

the image plane and causes an irradiance dS(ri,z) at point r

I(z)
ri = ro z

T where
« A pencil of light back scattered to a surface element dA
around ry will {lluminate an annulus in the detector plane around L with

an 1irradiance of

dS(ri,z)dA
ds(rd,z) =———§—' , (F.2)

r

b

LN R )
r
P
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Figure F.l.
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Geometry of the optical setup.
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where S(rd,z) and S(ri,z) are the irradiances in the detector and image

D
plane, respectively. T4 is related to r, by T4 ) Ty T, is the outer

radius of the annulus, which is related to rp by
I(z) - D

rc = rp—I(?)-_- . (F.3)

Equation (F.3) can be obtained from observing the geometry shown in Fig.
F.2. Equation (F,3) is still valid when D > I(2) 1f we repalce (I(z) - D)
by its absolute value.

The total irradiance at r, is provided by all the pencils of rays for

d
which the principal rays intersect the detector plane within a circle

around Ty with radius r. excluding those rays within a circle with radius

r
rc-;ka The corresponding marginal points in the image plane form an annu~-

P
lus with an outer radius T given by

I(z)
T = . , (F.4)
b
and an inner radius equal to T This can be seen from the geometry
P

shown in Fig. F.3.
Assuming a Gaussian footprint with a radius at exp(-1/2) point equal

to z tan 6, the irradiance at the image plane is given by

T’
r2

-1

w(e? - 2 . 20
s(r,,z) = R > s e , (F.5)

z 21rcI
where
] o)

o =z tan eT > I(z) tan BT . (F.6)

Since we are only interested in the relative signal level, in Eq. (F.5)
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Figure F.2.

Ray tracing of the telescope.

I(2) —o

Detector
Plane




Detector Plane

Image Plane

T ]

2re 2rm

- 1@2)

Fignre F.3. Geometry of the detector plane and image plane.
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we have omitted a proportional constant for simplicity. The constant takes
into account transmitted laser power, reflectivity of the target and
atmospheric transmittance.

By making use of Eqs. (F.5) and (F.2), we can express the irradiance

at the detector plane as

1
s(r,,z) = ———— | r
i 2 1 b 1
2 T\ Alrg pr)/alr, + 7 ry)
o[l - — P
c 2
r 2
P -
2 2 2
w(xl - ) 20
d%r 14 LA . 1 , (F.7)
- z2 21r<:'2
1
I b I
where A(rmfﬁ'rd)/A(rm'§75 T rd) denotes thi integration region, an annulus
with outer radius Tho and inner radius rm-;g centered around<%-rd.
P

By making changes of variables, we can write

2 r-—r |2
s(r ,z)=—L—L—-f r d°r exp|- D
d r22% 2nd® ACr ,0)/A(r =2, 0) 242
c 1 Tm? m rp’ I
2.2
Jl i
2 2 2 2
T 20:D T 24 Irr
= —3-5—5 e 1 [ r,drre I Io(——fﬂ> R (F.8)
T.Z2 o rm-;-p- DoI

where Io is the modified Bessel function of the first kind, zeroth order.
The total power received by the detector E(z) can be obtained by

integrating S(td,z) over the detector area,
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R
d
E(z) = 27 | drd Ty S(rd,z) 2 2
o I"r 2
- d -
2.2
2nr Rd ZoID L 201 Irrd
=——2—2220§ fo drjr, e ]r i dr r e I°Do]2: .
@ rp (F.9)
Again by making changes of variables, we can write E(z) as
z 2 2
R, = 2z" tan 8
E(z) = 2n / 4D grre T
z Z 2 2 0
(1—-f-+-g> z tan GT
2
z z p
r |1 - =+ - —
P p D 222 tan2 eT r
’] dppe I ——_E'—— . (F.IO)
ol 2 2
z z z- tan QT
il - F* 5l

If the radius of the detector Rd is very large, i.e., Rd >> z tan ST,
Eq. (F.10) can be simplified to

rf1-%+2
P

£ D
E(z) = 21 . g.d0 0P
Loz, z)2 Bl TErS
t¥ %
n(r - ri)
a—Bp b’ (F.11)
22

which is inversely prportional to the distance squared. This functional
dependence 1s expected when all the energy collected by the telescope is
intercepted by the detector. On the other hand, if the detector 1is very

small so that Rd < z tan GT, Io ian Eq. (F.10) can be approximated by 1 and

E(z) simplifies to
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2
2 2 z z
X _ B l"Ftyp
2w tan2 OT 2 tan2 BTD2 222 t:an2 QT
E(z) = 5 1 ~-e e
z z
(l 'f'*v)
z z 2
_rpl—_f-+_6
222 tan2 Qr
- e P (F.IZ)

When the detector is situated at the image plane, i.e., when the

target is focused onto the detector, the power received by the detector is

R4
E(z) = 2n | dr, r, s(r,,2)
0
R2
- d
w(rz - ri) 26% 12(2)
Q—L?—. 1l - e » (F.13)
z

which 1{s generally larger than the power obtained when the detector is at

any other positioan.
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