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ABSTRA CT

The Digital Imaging and Remote Sensinglmage Generation (DIRSIG) model is a synthetic imagery generation
model developed at the Center for Imaging Science(CIS) at the Rochester Institute of Technology (RIT). It is
a quarntitativ e ‘rst principle basedmodel that calculatesthe sensorreaching radiance from the visible through

to the long wave infrared on a spectral basis. DIRSIG generatesa very accurate represetiation of what a
sensorwould seeby modeling all the processesnvolved in the imaging chain. Currently, DIRSIG only models
passiwe sourcessuc asthe sun and blackbody radiation due to the temperature of an object. Activ e systems
have the benet of the userbeing able to cortrol the illumination sourceand tailor it for speci ¢ applications.
Remote sensingLaser Detection and Ranging (LAD AR) systemsthat utilize a laser as the active sourcehave
beenin existencefor over 30 years. Recert advancesin tunable lasersand infrared detectors have allowed
much more sophisticated and accurate work to be done, but a comprehensie spectral LAD AR model has yet
to be deweloped. In order to provide a tool to assistin LAD AR dewvelopmert, this researd incorporatesa rst

principle basedelastic LAD AR model into DIRSIG. It calculatesthe irradiance onto the focal plane on a spectral
basis for both the atmospheric and topographic return, basedon the system characteristics and the assumed
atmosphere. The geometricalform factor, a measureof the overlap betweenthe sensorand receiver “eld-of-view,

is carefully accourted for in both the monostatic and bistatic cases.The model includes the e®ectof multiple

bouncesfrom topographical targets. Currently, only direct detection systemswill be modeled. Seweral sources
of noise are extensively modeled, suc as spedle from rough surfaces. Additionally , atmospheric turbulence
e®ectsncluding scirtillation, beam e®ects,and image e®ectsare accourted for. To allow for future growth, the
model and coding are modular and anticipate the inclusion of advancedsensormodels and inelastic scattering.

Keyw ords: atmospheric turbulence, elastic scattering, geometrical form factor, hyperspectral, LAD AR, syn-
thetic image generation

1. INTR ODUCTION

Optical remote sensingcan be divided into two categories,passi\e or active, basedon the sourceof the optical
illuminate. Passiwe systemsusenatural sourcessud asthe sun or blackbody radiation due to the temperature
of an object asthe illuminate. Activ e systemsusean illuminate that can be controlled and varied by the user,
such asalaser. Various typesof Laser Detection and Ranging (LAD AR) systemsexist, ead basedon a di®eren
scattering processand spanfrom the ultraviolet through the infrared spectral regions. Thesesystemshave been
usedfor a variety of commercialand military applications suc as: pollution monitoring and tracing, forest re
detection, and agriculture monitoring.

The Digital Imaging and Remote Sensinglmage Generation (DIRSIG) model is a synthetic imagery gen-
eration model dewveloped at the Center for Imaging Scienceat the Rochester Institute of Technology.! It is a
quartitativ e ‘rst principle basedmodel that calculatesthe sensorreaching radiance from the visible through to
the long wave infrared on a spectral basis. DIRSIG generatesa very accurate represertation of what a sensor
would seeby modeling all the processesnvolved in the imaging chain. Currently, DIRSIG only models passive
sources. The model is an integrated collection of independert rst principles based submodels that work in
conjunction to produce radiance eld imageswith high radiometric “delity in the 0:3 j 30:0 * m region. In
order to provide a tool to assistin LAD AR dewvelopmert, this researt is the rst stage of a multipart e®ort
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Figure 1. This overview illustrates all of the physical processesncluded in the model. These processesnclude atmo-
spheric attenuation, atmospheric turbulence, spedle, and multiple bounce o® of top ographical targets. The atmosphere
and top ographical returns are modeled spatially, temporally, and spectrally.

to incorporate a rst principle basedLAD AR model into DIRSIG. The model considersonly elastic scattering
processeslt calculatesthe irradiance onto the focal plane basedon the system characteristics and the assumed
atmosphere.

There are seweral pre-existing LAD AR models. These models comein two types: those that calculate the
return or signal-to-noiseratio for a particular system without attempting to model the return from an actual
sceneand those that produce a synthetic image. Models of the st type include BACKSCAT,? the System
Optimization Numerics for DIAL 2 (SONDIAL), Lidar-PC,* and Atmospheric Lidar End-to-end Simulator®
(ALIENS). The only model that currently producesan actual synthetic image is the Infrared Modeling and
Analysis (IRMA) code. The IRMA model was deweloped for the Air Force Researty Laboratory Munitions
Directorate by CSC/Nichols® IRMA is a fully developed synthetic imagery generation model that can model
detailed sensore®ects.IRMA cortains a passiwe channel, an active millimeter channel, and a LAD AR channel.
Someof the advantagesof IRMA arethat it hasboth direct and coheren detection models. Additionally , IRMA
keepstrack of relative phasein order to model the spedle return from surfaces. IRMA currently has seweral
limitations that restrict its use. IRMA can model a spectral system, but each wavelength must be processed
separately Additionally , the LAD AR channelcannot model the aerosolreturn and doesnot include atmospheric
turbulence e®ects. Furthermore, it cannot model bistatic systems(i.e. the sourceand the receiver must be in
the sameposition). Finally, it doesnot accourt for multiple bounce. The model being developed for DIRSIG
addressessome of these de ciencies while giving up some of the advantages of IRMA. The phenomenology
included in the DIRSIG model is coveredin the next section and the implementation strategy in Section 3.

2. RELEV ANT PHYSICAL PR OCESSES

Figure 1 illustrates all the physical processesvhich the model takesinto accourt. The pulse beginsat some
user de ned point in the atmosphere, a certain height above the ground, and pointing in a certain direction.
The pulseitself has seweral dimensions,not only is it spreadout over space,it is spreadout over time and hasa
spectral distribution. The pulse then propagatesthrough the atmosphereand is attenuated by both molecular
absorption and Mie and Rayleigh scattering. The atmosphere also intro duces additional e®ectsbecauseof
turbulence, including a broadening of the pulse both spatially and temporally. Additionally , the beamwill be



randomly de’ected from its initial propagation direction. This de°ection will causethe position of the beam
certroid to vary from one pulse to the next. Atmospheric turbulence also causesrandom spatial and temporal

°uctuations in the beamintensity. These‘uctuations superimposea spedle type pattern onto the beam. Some
of the scattered energy will make it badk to the receiver and create an atmospheric return, referred to asthe

aerosolreturn. How much energy makesit back to the receiver dependsupon the volume badscatter coexcient

and the overlap of the beamand the receiver “eld-of-view. Part of the energywhich makesit to the ground will

re°ect in the direction of the receiver and create the topographical return. If the sceneis complicated, parts

of the beam may be re°ected by se\eral surfacesbefore being re°ected back in the direction of the receiwer.

Re°ection by a topographical surfacealsoimposesa spedle pattern onto the beamdueto the surfaceroughness.
As the beam propagatesto the receiwer, it experiencesthe sameatmospheric e®ectsas before. The broadening
of the beamresultsin a blur in the focal plane and the varying de°ection of the beamfrom pulseto pulse causes
the image to move about the focal plane. The receiver, as currently implemented, usesdirect detection and is
only sensitive to the intensity of the beam.

2.1. LAD AR Basics

This section introducesthe basic theory necessaryto create the core LAD AR model. The basic aerosoland
topographical LAD AR equations, introduced in Section 2.1.1, are the fundamertal equations implemerted in
the model. The next section, 2.1.2, introducesthe geometrical form factor. The geometrical form factor is an
essetial quantity and is carefully included in the model for both coaxial and biaxial systemswith and without
a certral obscuration. Finally, the model will calculate the basic equations on a spectral basis basedupon a
laser spectral distribution of power provided by the user and assumingno changein the laserlinewidth during
the scattering process.

2.1.1. Basic Equation
The foundation of the model is the basic LAD AR equation as formulated by Measureg
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whereP (, | ;R) is the total scatteredlaserpower received in watts at a time corresponding to the leading edge
of the laser pulse propagating to a range R, , | is the wavelength of the transmitted light, R is the distance of
the scattering volume from the transmitter-receiver, P, is the averagepower in the laser pulse, c is the speed
of light, ¢, is the e®ectie pulse duration, c¢ is the e®ectiwe laser pulse length, Ag is the area of the objective
lens or mirror (i.e., the active area of the receiver telescope), and »(, ) is the receiver's spectral transmission
factor at wavelength , . The geometricalform factor, »(R), is a function of the geometrical probability factor,

»(R;r). The geometrical probability factor or overlap is the probability of radiation from position r in the

target plane at range R reaching the detector basedon geometrical considerations. In this equation, the overlap
is assumedto be unity wherethe "eld of view of the receiver optics overlapsthe laser beamand zero elsewhere.
“(, L;R) is the volume badkscatter coexcient at distance R and - (, _;R) is the total atmospheric extinction

including molecular absorption and Mie and Rayleigh scattering. When working with a topographical re°ector,

Measure$ modi es the basic LAD AR equation to the form
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where Rt is the range to the topographical target and 2 is the topographical target's scattering exciency.

The aerosolreturn calculated from Equation 1, the upper curve in Figure 2, is equal to the summation of
the return from the leading edgeof the pulse at eat distance convolved with the temporal shape of the pulse.
Therefore, the aerosolequation already accourts for the temporal shape of the pulse. Sincethe topographic
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Figure 2. The illustration on the left shows that the aerosolequation is the summation of the return from ead distance
and already accourts for the temporal shape of the pulse. The graph on the right is of the Hufnagel-Valley Model and
shows the dependenceof the model on the parameter A, the value of C? one meter above the ground. The upper curve
has A = 1¢10' * and the lower curve has A = 1¢10' 2,

equation has not been corvolved with the temporal shape of the pulse, the convolution must be performed
before adding it to the modeled aerosolreturn. As the pulse re°ects from a topographical surface, part of
the pulse is generating a topographical return while the portion of the pulse still in the air is generating an
aerosolreturn. Care must be taken in the model to step down the cortribution from the aerosolreturn asthe
topographic return is added in becauseEquation 1 assumeshat the entire pulseis cortributing to the aerosol
return.

2.1.2. Geometrical Form Factor
The geometrical form factor is de'ned by Measureg as

2% Zr
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whereF (R;r; A) is the distribution of laser power over the target plane and W2 (R) = W¢ + #R? is the radius
of the laser pulse in the target plane; here, Wy is the laser output aperture radius and p is the laser's half
divergenceangle. The geometrical probability factor is one where the receiver optics “eld-of-view overlaps the
laser beam and zero everywhere else. For a coaxial LAD AR system where the laser beam divergenceis less
than the acceptanceangle of the telescope the geometrical form factor is one. For a biaxial LAD AR without
any obscuration that has an even illumination acrossthe target plane the geometrical form factor becomes

Afrr (R);W (R)g.
YAV Z? (R) '
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where Afrr (R) ;W (R)g is the area overlap function and rt (R) = ro + AR is the radius of the receiver “eld
of view in the target plane wherer is the e®ectie radius of the telescope lens and A is the receiver-optics half
acceptanceangle. The area overlap function is equal to zero when there is no overlap and equal to one when
the receiver "eld of view or the areaof illumination encloseghe other in the target plane. When there is partial
overlap the area overlap function must be evaluated.



2.1.3. Spectral Distribution

The basic LAD AR equation introducedin section 2.1.1assumeghat the laser emissionis monochromatic and
that it elastically scatterswith no changein wavelength. The output of any laserhas somespectral distribution

I(,). The laserlinewidth is often as large as the vibrational-rotational absorption bands in the infrared and
monochromaticity cannot be assumed. We followed the approach by M&gi€® who simply multiplied the basic
LAD AR equation by | (, ) and integrated over , . This approac assumesghat the spectral distribution doesnot
changeduring the scattering process.

2.2. Atmospheric Propagation

In order to model the e®ectsof turbulence, one must “rst model the index-of-refraction structure constart as
a function of altitude. The index-of-refraction structure constart is a measureof the strength of the changes
in the refractive index due to turbulence. There are seweral models for this constart. The models range from
no-parameter models, which represert averagepro les, to parametric models, which can incorporate measured
radiosondedata. Beland® compiled a description of these various models, how they were developed, and their
limitations. Since we need a model that extends all the way to the ground and can be calculated easily, the
model incorporated into our LAD AR simulation is the Hufnagel-Valley Model as formulated by Schmitt et al.S:
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where h is the height in kilometers, A is the value of C2 one meter above the ground, and W is the root-mean-
square wind speed between v e and twenty kilometers above the ground in m/s. Equation 5 is graphed in
Figure 2 for W = 2Im=s, A = 1¢10 * and W = 21m=s, A = 1¢10 13,

2.2.1. Atmospheric Turbulence

Now that we have a model for the index-of-refraction structure constart, we are ready to intro ducethe statistics

which usethis quartity: scirtillation, beam e®ects,and image e®ects. The spatial and temporal variation in

intensity causedby atmosphericturbulence is called scirtillation and resenblesa spedle pattern. The statistics

of scirtillation can be found in seweral excellert texts including the treatments by Beland® and Goodman.'©

Unfortunately, these discussionsassume propagation through a turbulent atmosphere in one direction. In

many LAD AR systemsthe beam propagatesthrough a turbulent atmosphere,re°ects o® a surface, and then

propagatesbadk through e®ectiely the sameturbulent atmosphereto the receiver. This double passagecauses
Enhanced Backscatter (EBS) e®ects.These EBS e®ectsare discussedoy Andrews.!!

Scintillation is due to the e®ectof turbulence on the log amplitude of the wavefront. In cortrast, image
and beam e®ectsare due to atmospheric turbulence distorting the phaseof the wavefront and result in the loss
of higher spatial frequencies. The equations preseried in this section describing image and beam e®ectswere
taken from Beland® and Nelsonet al.}?> There are two typesof beam e®ects beam spreadand certroid wander.
Beam spread describes how the radius of the laser pulse in the target plane is a®ectedby turbulence. Large
scaleeddiescan de°ect the beamwhile small scaleeddiescan scatter it. There is both a long term and a short
term broadening e®ect. The long term beam radius, ¥ , is related to the short term beamradius, ¥z, and the
short term beam certroid, %2, by

<Y >S=<B>+ <> (6)

The short term beamradius is the sum of a term due to di®raction, a term due to focusing, and a term due to
turbulence and has the following form in the inertial range:
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where Y5 is the short-term transverse coherencelength, L is the propagation distance, k is the wavenumber,
D is the initial diameter of the beam, and f is the radius of curvature. The short-term transverse coherence
length for a gaussianwave is
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where the short-term transversecoherencelength for a plane wave is
’ 1/é'pl ane , 5
Yosplane = Yoplane 1+ 037 ——— : 9)
The long term transversecoherencelength for a plane wave is
2 2 32
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0

This equation is only valid within the inertial range.

Centroid wander, the motion of the beam certroid from pulse to pulse, is given by the short term beam
certroid and hasthe following form within the inertial range

2:97L.%
< Y >= e (11)
k21/g; D1=3

Equations 7 and 11 are valid only for Y55 ¢ D < L.

The beam e®ectsbeam spreadand certroid wander, e®ectthe beam on the way down to the ground while
the image e®ectsoccur on the path badk up. There are two types of image e®ects,image blurring and image
dancing. Beland® follows Fried'® and gives a modulation transfer function (MTF) in the focal plane due to
image blurring of the form

BTRR P

MTF (°) = exp i 3:44 fr ; (12)
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wherer is Fried's coherencelength. Fried's coherencelength is related to the long term transversecoherence
length by ro = 2:1%. Spatial coherencedescribesthe phasedi®erencebetweentwo points on the samewave
front. If the phase di®erencebetween these two points remains constart in time, then these two points are
coheren. If this is true for any two points, then the wave has perfect spatial coherence. Temporal coherence
describes the phase di®erenceof the same point at two di®erert momerts in time. If the phasedi®erenceis
constart over this time interval, then the wave is temporally coheren for that time interval. If this is true for
any time interval, then the wave hasperfect temporal coherence.The long term transversecoherencdength is a
measureof the spatial coherenceof the beam. Propagation through turbulence will reducethe spatial coherence
of any beam which has a large initial coherenceto the long term transversecoherencelength.

The MTF given in Equation 12 assumedong time averages.Long term image blurring is causedby small-
scaleeddiesthat move or "dance" around the focal plane. This movemert is causedby the advection of large
eddiesthat tilt the wavefront. Beland® assertsthat time scaleslessthan 0:01 secondscorrespond to the short
term caseand have a MTF of
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whereb= 1 in the near- eld and b= 0:5 in the far "eld, D is the diameter of the aperture, and f is the focal
length.

The wavefront tilt can be characterized by calculating the mean-squaredisplacemen in the focal plane.
Beland® givesthe expressionfor the mean-squaredisplacemer in the focal plane for a plane wave

s
< #>= 2:91f2Di ¥ C2 (x) dx (14)
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The equationspreseried in this sectionare usedto incorporate the image and beame®ectsinto the LAD AR
model. Sincewe are assumingthat LAD AR systemswill have pulse lengths of lessthan 0:01 secondsthe short
term equationswill be used. Now that we have the image and beame®ectghe review of atmosphericturbulence
is complete. In order to complete the description of the properties of the medium through which the wave is
propagating, we now turn our attention to atmospheric transmission.

2.2.2. Atmospheric Transmission

Atmospheric attenuation is causedby molecular absorption and scattering. Absorption at a particular wave-
length dependsupon numerousconditions such asthe moleculespresen, their relative absorption strength, tem-
perature, and pressure. The HITRAN (high-resolution transmission molecular absorption) database cortains
detailed spectral-line parameters and is used by the atmospheric transmission codes MODTRAN (Moderate
Resolution Transmittance Code) and FASTCODE (Fast Atmospheric Signature Code). Currently, DIRSIG uses
either MODTRAN or FASTCODE, depending on the resolution needed,to calculate atmospherictransmission.!
The MODTRAN Code calculatesatmospherictransmittance and radiancefor frequenciesfrom 0 to 50,000cm-1
at 2 cm-1resolution. FASCODE is similar to MODTRAN exceptit hashigher resolution and doesnot calculate
scattering coetcients. Due to the resolution needed,FASTCODE will be usedin the normal fashionto calculate
the atmospheric absorptance. Since resolution is not an issuewith scattering becausethe scattering functions
are assumedto be spectrally °at, a modi ed version of MODTRAN will be usedto calculate the transmission,
re°ectance, as well asthe angular scattering coezcients. Consenation of energy requires that

®+ ¢+ Y= 1 (15)

where®is the absorptance,, is the transmission, and %4s the re°ectance. Sincewe are usingboth FASCODE and
MODTRAN it is possibleto violate this relationship if working right on an absorption line. When that occurs,
the atmospheric absorptancefrom FASCODE is the trusted quartity and the transmission and re°ectance are
adjusted sothat the relationship is no longer violated.

2.3. Speckle

A spedle pattern is producedin an image when coherer light scatters o®a surfacethat is rough on the order
of a wavelength. Imagesthat exhibit speckle e®ectshave a grainy appearance. This granular appearanceis due
to the wavelets that make up the wavefront travelling varying distancesbefore re°ecting o® the surface. The
coheren, but now dephased,wavelets then interfere to produce the spedle pattern. The statistical properties
of speckle can be found in the work by J.W. Goodman in the text by Dainty.* By deweloping the probability
density functions, Goodman shows that the meanvalue of the intensity is equalto the standard deviation. Since
the contrast, C, is the ratio of the standard deviation to the mean value, it is always equal to one.

In addition to the rst-order statistics which describe spedkle measuredat a single point, we also needthe
second-orderstatistics to describe the spatial structure of the spedkle pattern. The width of the autocorre-
lation function gives a reasonableestimate of the average width of a spedkle. Goodman'* also derives the
autocorrelation of the spedle intensity:
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and | (»;") is the spatial intensity pro le acrossthe target. When working with an imaging systemthe equation
for the autocorrelation needsto be modi ed. The intensity pro Te acrossthe target is replacedwith the intensity
transmittance of the aperture. In summary, the size of the spedle pattern before the aperture is determined
by the size of the beam while the size of the spedle pattern on the focal plane is determined by the size of the
aperture.

How this description of spedkle is incorporated into the model is explainedin section 3.2, but we will address
its limiting assumptionsnow. The statistics preserned are basedon the assumptionthat all surfacesare rough
on the order of a wavelength and that fully developed spedle results. Theseassumptionsshould be valid, even
for most manmade objects, throughout the visible and long wave infrared. It is alsoassumedthat the sourceis
coheren. It doesnot take into accourt relationships betweenthe spedle pattern as a function of wavelength.
The DIRSIG model will apply the samespedle pattern at eat wavelength regardlessof the spectral line shape
given to the beam. As long as the user is modeling systemswhich have a narrow line shape, this assumption
should not intro duce much error.

3. METHODOLOGY
3.1. Photon Mapping

The initial work to include a LAD AR model into DIRSIG usedthe typical ray tracing approadc. Using this
technique, the biggest problem was the numerical integration of the overlap region in the GFF calculation.
The GFF must be computed many times, ideally for ead pixel at every range. The numerical integration was
slow and possibly a source of systematic error. One solution that decreasedthe computational burden was to
precompute a large databaseand use interpolation. Additional ray tracing would then be neededto compute
any shadaving and/or absorption of the beam becausethe GFF calculation assumesthat the object plane
within the overlap region is uniform. When the ray tracer sendsout a ray and hits object A, it is assumed
that the overlap areais Tled with object A and it might not be. Another question arosein how to calculate
the GFF for multiply bouncedphotons. Multiply bounced photons can hit seweral targets and the return from
ead target must be addedinto the overall return at the correct time asshown in Figure 3. This motivated the
seart for another method and led to replacing DIRISG's traditional raytracer with photon mapping.

A photon map is a three-dimensionaldata structure that storesphotons that have beenforward propagated
from sourcesin the scene. Photons start at the sourcesand are bounced around the scene. At ead bounce,
the energy direction, and time of incidence are stored in the map. The direct and indirect load at a location
and time are computed by querying the map for photons that are nearby. The map can be queried for either
those photons within a certain distance or for the N closest. Then the query result can be tested to 'nd only
the photons within the desiredtime window. The return for any time window requires the integration of all
surfacesalong the path. The major advantages of the photon map implemertation are that it automatically
incorporatesthe GFF and givesus a method to accourt for multiplied bounced photons.
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Figure 3. In a three dimensional scenephotons can bounce multiple times. For example, the beam might rst hit a
leaf where part of the beam is re°ected back to the sensorwhile the rest is transmitted and contin ueson to the ground.
At the ground, part of the beam is again re°ected back to the sensorwhile part of the beam is scattered and hits a tree
before heading back to the sensor. The travel time must be accourted for in order to add the return from ead surface
into the overall return at the correct time.

3.2. Speckle

There are seweral methods to model spedkle. IRMA includes spedle by using Fourier optics to de ne a transfer
function and then performs a numerical complex cornvolution. Another method is to do a full beam propagation
as outlined by Nelsont? that accourts for both turbulence and spedle. To create a model that accourts for
turbulence e®ectsspedle, and complexthree-dimensionalscenesa full beampropagation model is not practical
nor is its implemenrtation path clear. Additionally , beam propagation programs experienceditculties with the
discrete nature of the Fourier transform. Therefore, it is desirable to create a texture pattern that can be
applied to the geometrical optic solution and produce an image with the correct statistics. The systemwe are
trying to model consistsof a beamre®ecting from a rough surface, propagating to the aperture/lens, and then
propagating to the focal plane as shavn in Figure 4. Using the Fraunhofer approximation, the propagation step
from one plane to the next as given by Goodman?® is

21()() Ll-
g(x; y)—.ze 77 (18)
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wherex and y are tfﬂe coordinates |n¢the plane, B Z 2 % is the Fourier transform of the beam at the starting
plane evaluated at ' »! 2-;" ! Z , k is the waverumber of the light, , is the wavelength of the light, and
z is the distance between the planes. We are interested in the |rrad|ance, which is the squared magnitude of

Equation 18 such that
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where" (x;y) is the total energycontained in the beam at the starting plane.
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Figure 4. After re°ection from a rough surface, the beamis propagated twice. The “rst propagation distance, from the
point of re°ection to the aperture/lens system, is z; and the second, from the aperture/lens system to the focal plane,
is z,. The act of propagation in the Fraunhofer region is proportional to the Fourier transform.

The desired discrete texture map can be generatedby propagating a beam without a random phase (NR)
through the systemto the focal plane, propagating the beam with a random phase (R) through the system,
and then ewaluating the ratio.

The texture map can be generatedin a simpler way if the mean, variance, and autocorrelation of the pattern
are known. The mean of the texture map can be approximated by taking the ratio of the total intensity of
the random and nonrandom beam after propagation through the aperture. To prove this result, we must rst
de ne the mean of the texture map, t, as
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Sincethe act of propagation in the Fraunhofer region is proportional to the FT, the total energy contained in
the beam at the focal plane is equal to the product of the total energy contained in the initial beam and the
aperture. By badpropagating the beam, one can show that the ratio of the total energyin the random and
non-random beamsat the focal plane (f ) is given by
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the beam at the output side of the aperture. Parse\al's theorem states that

i ¢ [ ¢ : . [ ¢
where A "x(,y? is the aperture, bsa x{;y) is the beamat the input side of the aperture, and baa  x(;yp is
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The ratio becomes



o calculated a simulation
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Figure 5. The graph on the left shows the mean as a function of aperture size using the approximation technique (blue
diamonds) versus actually generating the texture map image using beam propagation and calculating the mean of the
texture map image (red triangles). The image on the right is a sample texture map.
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If the irradiance is approximately constart over the aperture, we can replacejb .y r (xfj;y,o)j2 with a constan,
C, which results in
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where N is the total number of points in the array. Figure 5 shows the mean calculated using a full beam
propagation versusthe mean calculated using the approximation technique. The meansare essetially identical
even though the beamtook up only a small portion of the array and varied quite a bit over the aperture. This

indicates that the condition of the beam being approximately constart is not that hard to meet.

To generatea texture map with the correct statistics, we alsoneedto know the signal-to-noiseratio. If the
beamis approximately constart over the aperture, the signal-to-noiseratio is given by

to = o ynclhw“y%z _ bR (Y12 _
S=N — 3/ ——————— = =

1; 25
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where % is the standard deviation of the texture map. Finally, the generation of a new random texture map for
ead pulsereducesto taking the aperture times a new random phaseand propagating a distance z, not related
to z; or z,, such that the texture map hasthe required mean. The resulting signal-to-noiseof the texture map
will be one and the autocorrelation will depend on the aperture size as described by Equation 16. A sample
texture map is shown in Figure 5.

3.3. Scintillation

A similar approacd to the spedle solution is being investigated for scirtillation. The full beam propagation by
Nelsont? includes phasescreensto simulate turbulence e®ects.This technique is being examinedto seeif it can
be usedto generatea texture pattern with the correct statistics and if any shortcuts can be used. An advantage
of this technique is that the samephasescreenscan be usedfor both the down and up path allowing simulation
of enhancedbadkscatter e®ects.



4. CONCLUSIONS AND RECOMMEND ATIONS

The model as outlined in this proposalwill provide the user community with a neededmodeling capability not
currently available. BesidesIRMA, this work will be the only simulation code capable of producing synthetic
imagery. While both models model the spedle return from surfaces,the DIRSIG model will add signi cant
capability. IRMA doesnot model the aerosolreturn. Without this capability, IRMA cannot model LAD AR
systemsthat detect, track, and quartify gasesn the atmosphere.IRMA doesnot include atmosphericturbulence
e®ects.Furthermore, it cannot model bistatic systems. Additionally , IRMA's LAD AR channel doesnot accourt
for multiple bounce. Finally, unlike DIRSIG, IRMA is not inherertly a spectral model, eath wavelength must be
run separately On the other hand, IRMA doesmodel phenomenologythat this work will not, such ascoheren
detection.

As stated previously, this work is meart to be the rst stepin the developmen of a comprehensive LAD AR
model. Raman scattering and °uorescencecould be added to the model with a moderate amount of e®ort. By
keepingtrack of relative phase,a coheren detection model could be developed with a fairly substartial amourt
of e®ort. Finally, the spedle model could be improved by accourting for partially developed spedle, spedle
due to partially coheren light, and the relationship betweenthe spedle pattern as a function of wavelength.
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