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Abstract

We have implemented an approximate procedure fgsiphl-optics propagation, dubbed "Light
Tunneling”, within MZA's WaveTrain optical propagat code suite. Motivations for the proceduretare
speed up execution time for simulating the dynamiging through turbulence of extended, opticatlygh
scattering scenes, in particular when the illumémahas short temporal coherence length. The proeds
based on the physical propagation of a mesh ofithatl point sources, and a special interpolatimtedure
is used to interpolate between the physically-pgaped point-spread functions. We describe theeapiria
detail, and we give usage instructions for the Waam Light Tunneling modules. We also review issmues
that govern the validity of the Light Tunneling pealure.
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1 Introduction

The "Light Tunneling" method is an approximate gaare for the numerical simulation of physical-
optics propagation from extended, optically-rougfiecting (scattering) scenes. The model wouldyaimp
self-emission from extended scenes as well. Thegolure accounts for distributed atmospheric teré in
the path from reflector to imager, and the procedulows simulation of the image temporal dynamithe
procedure is particularly oriented to the treatnwdritighly anisoplanatic turbulence geometriese Th
procedure is most valid for illumination havingat@ely short temporal coherence length (relativalyad
optical spectrum). Certain elements of the appnation procedure are designed to significantly dpgethe
numerical computation, by comparison with previdifactive propagator approaches. The Light T uimge
method has been implemented in a set of new librengules in MZA's "WaveTrain" optical propagation
code.

Consider the sketch in Figure 1. An unspecifiets®illuminates a scene which acts as an optically
rough reflector. Light is scattered in accordarficedamentally, with the BRDF (Bi-directional Reftance
Distribution Function) map of the reflecting sugacThe reflected (scattered) light propagatesutiino
dynamic turbulence to an imaging system, and wé tdompute the irradiance in the image planeugatp
to the scattering surface. In the Light Tunnelimgthod, we explicitly model the light emanatingnfrareal
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Figurel: Imaging through turbulence of an extended reflecting (scattering) scene

patches of the reflector as a set of point sousgbigh are temporally incoherent relative to eattten
The beams from each point source to the planeeaftlger aperture are propagated separately (emagep
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numerical grids) according to standard wave-opgiceedures. That is, the turbulence is represdntedset
of phase screens, and each (initially) sphericalefvant is propagated from phase screen to phasersc
using Fresnel propagation between screens. Eactiqmurce field is then propagated from imagerilpiop
image plane using a single Fourier transform, aedrstantaneous image plane irradiance is computed
interpolation procedure is now defined so thath@ conventional Fresnel propagation procedurebean
restricted to a relatively sparse grid of pointrses, and (i) intensity point-spread function (P&sults for
intermediate point source locations can be estidnlagethe interpolation. Computational speed-uptiet to
previously-used diffractive propagator approackesxpected from several aspects of the new method:

() The interpolation concept allows us to minimthe number of point sources that need to be ghisi
propagated.

(i) The propagation grid for each point sourca ba substantially smaller than the grid required t
physically propagate the entire reflected complekif This assumes that the imaging aperture is
relatively small compared to the reflecting scemeich is in practice often true.

(iif) Other WaveTrain methods for modeling shortiecence light scattering from rough surfaces requir
the propagation of multiple monochromatic scattgrealizations, which then combine to reduce the
contrast of the rough-surface speckle (but stillirethe correct turbulence effects). The Light
Tunneling method does not use micro-roughnessegns at all, since the method simply adds
irradiances of all the interpolated PSFs. This precludesftinemation ofany image-plane speckle due
to surface micro-roughness, and so the methodmetescribe all image details in highly
monochromatic illumination. The method is intende@ccurately model situations where the
turbulence phase perturbations dominate the ir@taous image intensity pattern, without noticeable
rough-surface speckle structure. If the tempavakcence length of the illumination is short enqugh
then the superposed point sources can be legiliyrtadated as incoherent, and there is in reality n
appreciable rough-surface speckle. However, evifae iillumination is fairly monochromatic, there
are other mitigating factors that may allow Lightriheling to be applied; we discuss this further
below.

In Figure 1, the sketch is deliberately ambigualosut whether the model illuminatidmcident on
the reflector propagates through turbulence phase screenschiige of how to treat the incident illumination
will depend on the physical problem to be modeded] this is discussed further below. At presestjust
emphasize that the new WaveTrain Light Tunnelinglubes arenot used to generate the light incident on the
reflecting scene. An incident light field appras to the specific problem must be generated etitbr
existing WaveTrain modules.

Section 2 of the present document expresses tl Tighneling algorithm quantitatively, and gives
details of the critical PSF interpolation procedure

Section 3 discusses the domain of validity of tight. Tunneling approximations.

Section 4 briefly discusses potential modificationgxtensions of the Light Tunneling procedure.
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Section 5 explains the current WaveTrain implent@ntaof Light Tunneling. This section provides
the usage instructions needed to insert a Lighthé&limg calculation into a WaveTrain propagationsys

Section 6 is a follow-on to Section 5, giving a rarival example of the key parameter settings and
showing a sample of simulated imagery.

Section 7 explains some radiometry details of ttev&Train implementation.

For WaveTrain usage purposes, readers need onkgmn@ections 5 and 6 of the present document;
readers can skim Sections 2 and 3 to grasp the baiscept and domain of validity of the Light Tuling
method. The radiometry implementation detailseat®n 7 are principally for the benefit of desigheho
might need to modify the Light Tunneling modulescreate analogous new material. The WaveTrain use
need not follow these details to obtain radiomethjccorrect results.

2 Quantitative description of the "Light Tunneling" method

2.1 Basic concept

We are interested in the imaging through turbudesfcan extended, optically-rough reflecting
(scattering) surface that has been illuminateddmyesunspecified source. Figure 1 illustrates temario and
defines some variables.

If the scene is characterized fundamentally by BRIDE Bi-directional Reflectance Distribution
Function), then we can express the irradiancegunitnt) of a completely unaberrated ("ua”), incoherent
image by the expression

lifg(6) = F Dinc(0)B(p) . wher' =Mp (1)
where
Ii‘ﬁ?,g is the irradiance (W/fin the image plane

P is theobject-space position coordinate transverse to the optical akihe imager.
We assume that all parts of the reflecting sceaevithin the depth of focus; this condition shobédl
adequately obeyed in remote-sensing applications.

M is the image magnification (image height/objegight) for the conjugate distances in question.
In general, the sign &l may be positive or negative, depending on thegdesi the optical system;
in WaveTrain, all our imagers are just characterizg an effective (system) focal length, and we
assume tha¥l is negative (inverted image).

p' =Mp is the image-plane coordinate optically conjudat® .

B is the BRDF, which for interesting cases varigsssthe scene. For purposes of WaveTrain irfut,
must be expressed as a function of the coordigateansverse to the z-axis of the imager.

linc is the irradiance (W/Mincident on the scattering scene.

F is a radiometric factor that ensuréﬁg yields W/nf in the image plane.
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Equation (1) expresses the condition of completeiberrated imaging: that is, no path turbulenoe f
scatterer to imager, and no aperture diffractioth@imager. Sometimes we c&hﬁ‘g the "pristine" image: it
is simply a demagnified version of the (incidemadiancex reflectance) product.

Now suppose that a point sourceunft angular intensity (i.e., 1 W/sr), located @t is physically
propagated through the turbulence and the imagetiap, to the sensor plane of the imager. Leirttage-
plane irradiance pattern (units: Winalue to this point source be designated3fy'; ©). This point spread
function (PSF) incorporates both timstantaneous turbulence and aperture diffractios(0'; ©) is
concentrated aroung’ = Mg, but it has non-zero width in the' space. If we comput®for each point of a
mesh of o values that span the reflecting scene, weight 8dmhthe scene brightness at, and sum over the
source points, then we will have a representatfdheinstantaneous, extended image as distorted by
turbulence and aperture diffraction. We only swinpspreadrradiances, so this technique best models
illumination whose spectral bandwidth is sufficiémieliminate rough-surface speckle in the return
propagation path. Expressed algebraically, thgé¥zane irradiance at any image-plane coordipates
thus approximated by

m(8) =3 S8, lne(81,1) BB ) 2, ) @
I

The expression in square brackets in Equatiors(&)e weight factor that characterizes the streafithe
individual point sources. The strength is parainetrin terms of several key proportionalities.eTh
dependence on thk,,.B product is obvious. The need for explicitly indilng the area elemelzﬁz,qj is
perhaps less obvious, but the main reason is t@ medcise contact with continuum-space theoretical
formulas, in terms of limiting operations. Finaltite factor I will contain any remaining radiometric
normalizing factors that are needed to mbjig, emerge in image-plane irradiance units (Winsee Section
7 for details. The indicef, |) refer to the 2D mesh on which the unit-angularsisiy point sources exist. It
is important to understand that the instantane@$) has a functional form that may vary significantly
(due to turbulence anisoplanatism)(asj) varies across the scene. The variation may be argmall,
depending on the level of anisoplanatism that te$tdm the problem geometry.

2.2 Relation to convolution

If the instantaneous point spread functn were spatially invariant, i.e., expressible ia form
S(0'; i) =S(P' ~Mg,j ;0) 3
then the sum in Equation (2) would be a discrgteasentation of a convolution. However, the gdrease
that we want to consider in wave optics simulatias a wide enough scene so thatitis@ntaneous S is

spatially variant. In that case, Equation (2}t gerfectly valid, but itcannot be reduced to a convolution
kernel.
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2.3 Final form of the image computation: interpolation of the point spread functions

One key motivation behind the Light Tunneling metli®to speed up simulation execution time. In
the introduction, we listed three elements of trecpdure that tend to reduce the execution time. ndiv
discuss one of these, namely the interpolationegtncThe time required to evaluate Equation (2jently
will depend heavily on the number of poir(ts j) for which we physically propagate the model poourses
(using conventional screen-to-screen numericalrf@lggropagation for each point source separatey).
important time-saving element of the Light Tunnglinethod is the idea that the PSFs can be integubia
the following sense. Let the indicés j) represent a relatively sparse source-point meshytich PSFs are
computed by the standard, relatively time-intensimethod of numerical Fresnel propagation. Nowde#ne
an interpolation scheme by the following steps:

(a) We characterize each physically propagated PSHéy af its low-order moments. In particular, wélw
use: (i) the centroid shifts (with respect to timperturbed PSF centers); (ii) the x and y rms vgidémd an
x-y correlation factor; and (iii) the spatial intajof the PSF (the total power captured by theikes
aperture).

Note that the total power fluctuation correspormaperture-averaged scintillation: this may benalk
effect, even in strong turbulence, if the imagesrayre is large compared to the scintillation datien
length.

(b) Next, weestimate the PSFs due to intermediate source points tlapdee a mesh significantly finer than
the sparsdi, j) points. Let the mesh of interpolated source pdietslesignated by indicds,m) . We
begin by interpolating onto the fin€k, m) grid each of the six maps computed in step (hexfit j)
mesh points. These six maps were the x- and yaidrdisplacement maps, the thré&moment maps,
and the power map.

(The interpolation is only useful if the functiameérpolation method is faster than performing ptafsi
propagations for point sources at all the interq@alanesh points!)

(c) Next, we define interpolated PSFs resulting frorchef, m) source point as Gaussians whose parameters
match the interpolated moments computed in step (b)

(d) Finally, we weight each interpolated Gaussian Igyiticident irradiance and the reflectance maf ,a) ,
and sum all these overlapping interpolated Gauss@generate the final irradiance image. Thd fina
image will also be defined on thg,m) mesh.

Thus, modifying Equation (2) to use all the intdgbed PSFs, the final form of the instantaneous
image formula is

el 1 auUSS [ ~r - — —
limg (Pr11) = % SF=(B1 13 ,m) [lnc (B m) B(A m) (5°A1 m) (4)
I,m

The indices (I',m) refer to the same mesh as the dummy summatiocesli, m) . In Section 7, we will
derive a simple expression for the normalizationstant,N, to ensure that;,y has the correct overall
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radiometric scaling. We will call Equation (4) thight Tunneling Imaging Equation. We emphasizeeon
again that theS%9“> corresponding to different indicdk, m) are different functional shapes, so that Equation
(4) isnot a convolution.

2.4 Choice of meshes

The Light Tunneling method as defined above do¢prezisely identify the spacing required for the
physically-propagated point-source mesh. To mh&arethod practical in terms of computational time,
want to make that mesh as sparse as possiblgjlbdesse enough so that the PSF interpolatidairty
accurate. Evidently the allowed spacing of thd griproportional to the isoplanatic angle for pineblem’s
turbulence geometry, which can be estimated aaligi(i.e., without wave-optics simulation). Thsual
turbulence isoplanatic angle, denoilg refers to the exact PSF. Since we are using@@pussian match
up to second moments to do PSF interpolation,tibfged that the allowed physically-propagated psintrce
spacing can be substantially greater tifgn Quantitative investigation of this issue is tebe done.

We discuss the mesh choices further in Sectionl@vbted to the validity of the Light Tunneling
model, and in Section 5 on the WaveTrain implentamta

2.5 Nomenclature comments

Originally, the propagation concept described aheas called "Tilt Tunneling”. The "Tilt" referred
to the fact that only the centroid displacement mots (tilts) and powers were originally used. The
picturesque "Tunneling" refers to the way in whilsh shifted PSFs bleed into neighboring pixeldef t
pristine image. The name "Tilt Tunneling" mayldii found in older MZA documents on the propagatio
method.

Since the second-order moments are now used iti@uth the centroid shifts, MZA now refers to
the method as "Light Tunneling”. Perhaps a modaptc but descriptive name would be the "InteRBiSF
Interpolation Method".

3 Comments on the domain of validity of the model

Light Tunneling invokes two types of approximationig) the shape and interpolation of the point-
spread functions (PSFs), and (b) the addition &f ir&nsities (i.e., incoherent addition).

3.1 The moments and interpolation approximation

The instantaneous PSF is characterized as desdmils=ttion 2 by a few low-order moments (x and y
centroid displacements, x and y widths and colimiatoefficient, and total power), and then a Geunsshape
is defined having matching moments. Admittedlgpiection of instantaneous turbulent PSFs certalmbyvs
large deviations from a Gaussian shape. Howelemnotivation for the approximation is that thetpdyed
image of an extended scene is probably dominateéteblow-order moments. Use of the moments replace
the PSF function by a small, finite set of paramgetdach parameter, e.g., the x-centroid displacgnthen
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constitutes a discrete function on the mesh ofiphifg-propagated point sources, and allows an mlwi
spatial interpolation scheme. Once we acceptdbiction to a few moments, the choice of a Gausshape
when constructing the image sum is convenient éetylas good as any other choice. Use of theethre
second-order moments accounts for any low-ordenasmtry in the PSF, including an arbitrary oriertatof
the 2-D Gaussian with respect to x and y.

A critical parameter choice that the user facekdsspecification of the grid on which the phydigal
propagated point sources reside. Supposing thdotirorder moments approximation is acceptablemust
still obtain the physically-propagated moments aufficiently fine grid so that interpolation beterethem
makes sense. A guideline for choosing this gratsm is as follows. The angular separation of@®points
over which the PSF remains substantially constatitd isoplanatic angle, denotégl. A known closed-form
integral estimates this number as a functionahef@? distribution along the propagation path. Howetlee,
standard isoplanatic angle refers to the full, eR&F, while the low-order moments actually arecissed
with larger isoplanatic angles. For example, thiertroid deviation (x-tilt) should be substangiatbnstant
over an angle larger tha},. Therefore, the point-source grid spacing shbelduided by formulas for the
"relaxed" isoplanatic angles. Just how much relaracan be tolerated for accurate results musbsti
investigated. As discussed somewhat further iti@e8.3, the accuracy requirements undoubtedly wéth
the type of subsequent processing that is attempteche simulated imagery.

3.2 The incoherent sum approximation

The second type of approximation in Light Tunnelimghat we add the irradiances of the propagated
and interpolated PSFs (incoherent addition of tBESP. This has the effect admpletely eliminating any
rough-surface-speckle irradiance fluctuations aithage plane. If the illumination incident on geattering
surface is temporally sufficiently incoherent (lsafficient optical bandwidth), then this is an diemt
approximation. That is, if the illumination hasoshtemporal coherence, then the light reflectednfr
neighboring point sources on the rough reflectonldidypically travel sufficiently-different pathgths that
the superposition at the receiver is no longer mftdor typical sensor integration times. Thimiting case
was a principal motivation for the developmentha# Light Tunneling approach: simulating the scattgof
relatively broadband illumination with previouslyadlable WaveTrain techniques was very time-intessi
because of the large number of realizations reduifiéhe latter difficulty exists in both the Wavain
IncoherentReflector andPartiallyCoherentReflector models: in the first case, propagation is donénaga
multiple realizations of the rough surface, whilalie second case multiple realizations of illurtiora
temporal phase are required. By contrast, thetldighneling method does not use a roughness raatizaf
the surface as such. The tradeoff is that sepprafmgations are done for each of many point &surc
(Further discussion of the modeling concepts in 8Va&in's other rough reflector modules can be faartte
WaveTrain User Guid®).
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The question of what scenarios qualify as suffityeimcoherent to make Light Tunneling useful is a
rather complicated one. To form an initial impiessconsider the image-formation concept sketéhed
Figure 2. The rough scattering surface is visedlias a dense, discrete set of scattering poihtssevsurface
heights constitute a random process whose stad@aidtion is at least several wavelengths, and &hos
transverse correlation length is very small. Letansider the diffraction-limited case (no turlmgle). The
imaging optics have a finite pupil sizB),,,, and hence a finite resolution cell. The diametehe resolution

cell in the object space is approximatély o = (4 zo)/D where Z5 is the object distance. Now at a

pup -
fixed transverse position in the image plane, tecomplex field is the superposition of many Adligk
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Figure2: Superposition of PSFsin theimage plane

cores: in fact, roughly as many as there are ggowints within one resolution cellf the large majority of
these Airy cores are temporally incoherent withheaiber, then the net irradiance will be esseptidlé sum
of the individual irradiances. This condition &tisfied if, over the transverse distantgs o , the rms surface
height variation,gy, , is large compared to the illumination tempordi@@nce length{ ., . Note in
particular that any tilt or large-scale structuféhe scattering object contributes to the relevant To
estimate the numbers involved, consider a simfiletaf /s o values, assuming = 1zm and Dy, = 1m:

Zo gres,o
10 km lcm
40 km 4cm

200 km 20 cm

Table 1: Resolution cell width, object space, for A=1zm and Dy, = 1m.

Now consider an illuminator coherence lendtlg, = 1 mm. Although many laboratory lasers have gdon
coherence length, others of interest (e.g., tygig-power diode lasers) have a shorter one; déuantlore,
special external modulation techniques can be tesegoil the coherence of the "better” lasersat th
desirable. Now the question is, over the tabulti@tsverse/ s o spans, is it likely thaty, >> ({on=1
mm)? For natural scenes, particularly if viewedreslightly off normal, the condition is probabbtisfied
for all the cases in the table. On the other hdmwdg have an illuminator withf .o, = 50 cm or something in
that ballpark, then the answer is no for all casdke table. In sum, the above order-of-magnitiedesoning
demonstrates that:
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(a) There is definitely a practically accessible reginteere the imaging behavior is sufficiently incadrto
satisfy the requirements of Light Tunneling. Oticse, "sufficiently” incoherent is a relative terome
may still have, say, a few percent speckle contratste physical situation, but one must hope #fitcts
of this magnitude are negligible for the applicatin question.

(b) There are also practical cases where the incoherexcirement is definitely not satisfied.

Users of Light Tunneling must apply the above datilie analysis to determine whether the propagatio
method suits their application.

While the Light Tunneling approach is good for theoherent limit, it lackany of the rough-surface-
speckle irradiance fluctuations that are physicathsent, whatever the contrast level may be tatrirediate
levels of coherence. If the amount of contrastehamgnificant effect on the measured quantityaetad from
simulated imagery, then Light Tunneling is an irgute model. However, depending on certain agjgica
details, the domain of validity may actually exténdcases wheré .y, is longer than the criterion discussed
above. To examine this issue a little more clgdetyus consider the transverse coherence leridgtieo
irradiance speckle fluctuations in the image plaGensider again the imaging concept sketchedgarEi2.

If the illumination has a long temporal cohererntben, at a given point in the image plane, thalienace is

the magnitude-squared of the sum of a large nuwioemdom phasors, and therefore the point irragidras

the probability density function (PDF) charactécistf laser speckle. The speckle irradiance cshtra

(standard deviation / mean) is 1 if the illuminatie highly monochromatic, but tails off from 1Q@s ¢ ¢

decreases relative i@, . An important property for present purposes ésttansverse spatial correlation

length of the irradiance in the image plane. Gaersjust the diffraction-limited case (zero turinde) for

simplicity. Qualitatively, we can see that if wensider two image points separated by roughly aimg A

width, then for practical purposes a differentafediry disks contribute to the net field and irfadce at the

two points. It follows that the transverse cortielalength of irradiance must be roughly equahi Airy
disk width. This claim can be demonstrated magerdusly by using the detailed formulas of Fresnel
propagatioﬁz). Now there are two factors that may reduce thmiance of the speckle structure, thus
allowing Light Tunneling to be a reasonable apphoagen when the illumination has substantial terapor
coherence. First, depending on the applicatianstnsor pixel in the image plane may be signifigdarger
than the Airy disk size: in that case, we woultbgbextra spatial averaging of the speckle cotiteasl the
results would tend further towards the incoherinit! Second, it is possible that the image featfrinterest
is relatively insensitive to the presence of supsegl fine-scale speckle. A possible example istheslation
tracking of an image feature like a corner: as lasghe feature is defined over a span signifigdather than
the speckle, the superposed fine-grained speckjehanze a small effect on the key correlations. iQimsly,
the second mitigating factor that we list hereosiewhat vague, and highly scenario-dependent.

There is another aspect of Light Tunneling wheraesconceptual difficulty exists: this is the
guestion of consistency between the propagatioreingkd to simulate the incident illumination, dhe
propagation calculation from reflector to imagean®. The Light Tunneling propagation model onlglgle
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with the reflector-to-imager leg. The light incideon the reflector must be modeled by other exgsti
WaveTrain methods. None of these methods is péatiy well adapted to the completely incoheremit)
which is where the Light Tunneling method is omiist ground. For example, suppose we wanted t@lmod
the imaging of a complex scene illuminated by spdigtfiltered solar and sky light. In this caskee incident
irradiance would likely be highly uniform, so thedt WaveTrain model would be to illuminate theeaetibr
with a monochromatit/niformWave, at a wavelength near the band cemntéhout propagating through any
turbulence. When Light Tunneling is then usedrtippgate through the atmospheric turbulence from
reflector to imager, we assume that a single wangleis adequate to generate the PSF parameterfagn

of rough-surface speckle) associated with a phiybeadwidth of, say, 50-100 nm.

3.3 Summary remarks on model validity

We have seen that the Light Tunneling method insdi® types of approximations, namely the
restriction to low-order PSF moments with spatiétipolation, and the incoherent PSF sum. From the
preceding discussion, we have seen that the wabdlitight Tunneling may depend in rather complécht
ways on details of the application. We have notgsted the domain of validity, nor indeed thecei®n
time improvement, in a detailed, quantitative wasting of the Light Tunneling procedure has haaited
to qualitative inspection of perturbed imagery, anthe qualitative comparison with field data. by the
judgment has been that reasonable agreement besimeelated and field imagery can be obtained. iSe&
shows an example. More detailed testing is netmledtablish the degree of validity of the Lightnfeling
procedure, and to document the execution time irgment. The issue is complicated by the fact that
"validity" can depend on the type of subsequent@ssing attempted with the simulated imagery, ashras
on the propagation parameters per se. For exampla;ea of particular interest is the opticalkirag of
features in a complex scene. A relevant fact feorelated but somewhat different problem is thivtahg.
From past experience with other numerical propagatiethods for coherent light, we know that centroi
tracking performance against the image of an ex@ndniformly illuminated rough reflector can bearlg as
good as tracking against a point beacon at theateil center. The only difference is some extgh-i
frequency noise observed in the rough-reflectotroahsignal, due to the fine-grained speckle stneecin the
image plane. We speculate on this basis thatitjte [unneling restriction to the low-order moments
coupled with the incoherent PSF sum may be a redsémapproach for such applications even in highly
coherent illumination.

4 Possible modifications of Light Tunneling

Motivated in part by aspects of the validity dissios in Section 3, we briefly mention a few potahti
modifications or extensions of the Light Tunnelsaheme. None of these features are present outhent
WaveTrain implementation, but some are under cuinmestigation. Each of the following paragraphs
briefly discusses one possible modification.

10
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It may be possible to create a different versiohight Tunneling that is better adapted to the
perfectly coherent limit, but which would run almas fast as the incoherent Light Tunneling. Thig o
change this would require is to additionally assigimandom overall phasor to each propagated and
interpolated PSF (to represent the random surfaight). The phasor would be completely uncorreldtem
PSF to PSF, and would have a uniform phase disiibover (modulo) 2 This would be consistent with
the physical fact that the surface height distidouts uncorrelated on the distance scale of tterpolated
PSF grid. In contrast to the PSF moments, nopotation would be required for this overall phaseperty,
because of the complete lack of spatial correlaticthe height phasors. Then, the net irradianw@ge would
be computed by first adding the PSF complex figldbe image plane (NOTE: the only phase assatiate
with each Gaussian-fitted PSF would be from theall/eource-height phasor). As long as the sarnusgr
could be used, this modified procedure would regassentially no extra time compared with the prese
Light Tunneling. In order to produce the corrgmckle contrast, some minimal number (perhaps 209
of PSFs must substantially contribute at any inqagjet: this may require a higher density for the
interpolated-PSF grid than before, but that dogsffect the physically-propagated PSF grid soithigact on
execution time may be minimal.

In the current WaveTrain implementation, only disteeflector scene is allowed, although the
turbulence disturbance can of course be dynamég(drd phase screens). The static-reflector riéstribas
nothing to do with the Light Tunneling approximaticoncepts. It would be a simple matter to repthee
static parameter that currently specifies the ctdlece (BRDF) map with an input map that is allowete
time-varying. This change would allow the usemimdel, for example, a time-varying pristine scene/hich
the track feature is momentarily obscured by samtervening object.

The current Light Tunneling procedure obtains tB& Phoments by first physically propagating a
sparse set of point sources, using numerical Frgsopagation. It may be possible to obtain redions of
the moments without requiring any Fresnel propagatiby using further analytical results for progiémn
through turbulence to statistically characterizeioments. One approach is currently under iryetsbin.

The current assumption of Gaussian PSFs fitteddpggation-derived low-order moments allows for
different x-y asymmetries in each PSF, but theltieguPSFs still have some symmetries that arepregent
in the true PSFs. We conjecture that this is restreous issue for the turbulence disturbance tereled
scenes, but it may be more serious for disturbatiegave a deterministic asymmetry component) agc
thermal blooming. In the blooming case, all threutbed PSFs have a common crescent-shaped asymmetr
that may be poorly modeled by the Light Tunnelirau€sians. One should be able to use theoretical
knowledge of this particular type of disturbance#dine a more correct fitted PSF.

5 WaveTrain implementation and usage instructions

The WaveTrain implementation of Light Tunneling qartes instantaneous images according to the
discrete sum defined in Equation (4), given megh,daflectance map data, and incident irradiaridee
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special modules created to implement Light TunigeiinWaveTrain are gathered into the two top-level

modulesExtendedPointSour ceReflector andExtendedimager. Each of these is a composite WaveTrain

system, i.e., each is composed of other WaveTitaiarly modules. For most Light Tunneling usagersis

need only insert the two top-level systems intouser system, and connect and set those inpufsjtswnd

parameters. Users who wish to learn more abouhtbmal workings of Light Tunneling, or who wish

create specialized variants of Light Tunneling, aae the WaveTrain System Editor to open the tywedduel

systems and study the structure and parametdrns &iwer hierarchy levels.

(a)

(b)

(c)

(d)

To construct a WaveTrain system that uses Lighth&ling, the user must:
Propagate light to the reflectance scene usingathe usual WaveTrain methods and modules.
As discussed in Sections 1 and 3, the new Lighné&limg modules are not used in any way in geneagatin
the incident light. This must be done in a comsistashion using other existing WaveTrain modules.
Represent the reflectance scene using the new WaiveTioduleExtendedPointSourceReflector. The
key input parameter is a reflectance map that segmts the BDRF of the scene.
Propagate the light scattered BytendedPointSour ceReflector through the desired atmosphere, using any
of the usual WaveTrain modules suchArsoPath. In order to carry out this propagation efficignit is
particularly important that the user not overspettie span of the propagation mesh: special
considerations that apply to the propagation meshifjht Tunneling are discussed in Section 5.2.
Use the new WaveTrain moduistendedimager as the detector for light scattered by
ExtendedPointSourceReflector. Physically Extendedimager represents the same type of imaging detector
as WaveTrain's basfcamera module. The difference is thBktendedimager contains code that
specifically works together witBxtendedPointSourceReflector. As in the case damera, any type of
aperture and extra focus may be placed in frofixandedimager: a common WaveTrain usage is to
insert aTelescope system for this purpose. (NOTExtendedimager by itself, just likeCamera, does not
define the imager aperture size; the user unfamilith this procedure should consult the WaveT taéer
Guide® section on th€amera module).

Figure 3 shows an example of a simple, completedWain system that uses Light Tunneling. In

this example, we have illuminated the reflectart@ne with a monochromatic, uniform plane wave tizat
not been propagated through turbulence. As discuas@dre detail in Section 3, this would be a reatde
representation of solar illumination seen, for eglanthrough a 50- or 100-nm wide spectral filt&his light
illuminates theExtendedPointSour ceReflector module, which creates the initial grid of poinusmes that
model the reflector. The light that exits from tedlector module is labeled the "transmitted" tighccording
to the WaveTrain convention for any exiting ligfithe AtmoPath module contains phase screens and
performs physical (diffractive) propagation on gant-source fields set up IxtendedPointSourceReflector.
After AtmoPath, we have the aperture/refocusing sysiehescope, followed by the special Light Tunneling

receiver systerxtendedl mager.
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Figure3: A WaveTrain example system that usesLight Tunneling

In the following sections, we explain usage anapuater details of the top-level Light Tunneling
modules. There are numerous spatial sampling fagaans in the module parameters, which are eelab
each other in rather complicated ways. In theofuihg subsections, we discuss each parameter, amult
output in turn, and in Section 6 we give a compietmerical example of key parameter settings aei th
interplay.

5.1 Parameters and I/O of ExtendedPointSourceReflector

5.1.1 Parameters of ExtendedPointSourceReflector

wavel engt h: incident wavelength (meters) to which the refiesthould respond. Although the
illumination must be modeled in terms of a singkekte wavelength, the physical illumination being

modeled frequently has non-zero bandwidth (sedigmission in Sections 2 and 3). The wavelenglh wi
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affect the diffracted width of PSFs generated atltight Tunneling receiver, and will affect the
interaction of the propagating light with the phaseeens imtmoPath.

xPoi nt Sour ces and yPoi nt Sour ces: two vectors that specify the (x[k],y[K]) coordites (in meters)
of the k'th point source that will kgiysically propagated in the Light Tunneling algorithm. (Recall that
other point-spread functions will be computed keiipolation from the physically propagated ones).
Specification of the physically propagated pointse coordinates will dominate the execution sped
the propagation calculation.
NOTE: The physically-propagated point-source coatgs aranot required to be on a uniform
rectangular mesh: in some applications, it wagghtreasonable to use a mesh that is more densely
spaced in a region of high interest. Consequethtéyx[k] and y[k] vectors must always have lengths
equal to theotal number of point sources, even if a uniform mesh of sosiisalesired. If a uniform mesh
of (nx)x(ny) point sources is desired, spaced by dx antheye are two special WaveTrain/tempus library
functions that can be used to define the settipgessions for x[k] and y[k]: these are, respetyive

MeshXVecF(nx, ny, dx) to create the x[k] vector
MeshYVecF(nx, ny, dy) to create the y[k] vector.

If a non-uniform mesh is desired, then a custonstantion must be done: one way of accomplishing
that would be to create the vectors in Matlab aadithem in using thaliLoad(...) function (see the
WaveTrain User Guid®).

nxy and dxy: linear point dimension and spacing (meterspeesvely, of the square, uniform mesh on
which the incident illumination is sampled. Weastnend setting these parameters equal to the imcide
propagation mesh dimension and spacing. No péaticegistration is required betweerxy , dxy ) and
(xPointSources  , yPointSources ): WaveTrain will interpolate as needed.

The following four timing inputs may seem peculiiathe context of a reflector module: it may seatogical

for a reflector module to require timing specifioas, and indeed WaveTrain's other reflector masldiznot.

However, the internal programming logic of Lightnheling modules is somewhat outside the WaveTrain

norm, and this accounts for the presence of tirpergmeters here (in addition to t&dendedlmager, where

one expects timing parameters). The timing pararadtave the same names and general significanige as

any WaveTrain sensor (see the WaveTrain User GHislection on Sensor Timing and Triggering for a

general review).

startTi me: simulation time (sec) at which the reflector sgacting. This should be set to account for
the propagation delay relative to tBetendedimager, in accordance with the usual WaveTrain delay
patterns.

exposurel nterval ,exposurelLengt h: the usual exposure window timing parameters yn an
WaveTrain sensor system (see the WaveTrain UseteGUsection on Sensor Timing and Triggering for
review of the details). In the present contexa,tifpical setting would be to assign values equhée
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exposurelnterval andexposureLength  desired for the "physical” sensor, i.e., the
ExtendedI mager.

sanpl el nterval : typically, samplelnterval = 0. Recall (see thaw&'Train User Guid®) that non-zero
values ofsamplelnterval are only used in WaveTrain to cause multiple pgatians within one
exposureLength  window.

refl ectance: the BRDF map of the scene, with respect to testrerseo = (X, y) coordinates. For
input convenience, the sample points at wheftectance specifies the BRDF need not register with
the propagation mesh, nor with thmxy , dxy ) or (xPointSources ,yPointSources ) meshes.
WaveTrain will interpolate the data as needed. eNloaitreflectance must be supplied as a
"Grid<float>" data type: see the WaveTrain Useid8{P section on data types for further explanation.
If the reflectance map is not normalized to BRDRgyrthe consequence is that the final Light Tuimggl
image will not be normalized to Jnhowever the spatial distribution of irradiance! wiill be correct.

5.1.2 Inputs of ExtendedPointSourceReflector
i nci dent: physically-propagated light that illuminatéstendedPointSour ceReflector.
5.1.3 Outputs of ExtendedPointSourceReflector

transm tted: lightthat exitsExtendedPointSourceReflector from the model point sources. Typically this
light is input to an atmospheric propagation modatein Figure 3.

reflectedl ntensity: the product of the incident illumination map @ahd BRDF map, denotel,.B
in the previous theory sections. Figure 3 showséguired connection to pass this informationatliyeto
the Extendedimager module. Notice that this connectidoes not go through an atmospheric path module.

5.2 Parameters and I/O of AtmoPath

AtmoPath is a general WaveTrain system, not specific tdit.igunneling. When used with Light
Tunneling,AtmoPath serves to define the turbulence screens and tsiqaily propagate the point sources
specified on thexPointSources  , yPointSources ) mesh. Other, analogous WaveTrain propagation
modules could be used insteadMrioPath. In order to carry out these propagations effittie it is
particularly important that the user not overspettie span of the propagation mesh. The key point
understand is that the mesh need only be largegbntouallow for the physical propagation ofiagle point
source from the reflector plane to the imager apertIn particular, the propagation mesh neadspan the
entire reflector scene. It is vital to remembés,teince the reflector scene is frequently muathewthan the
aperture for Light Tunneling applications. Thepstaperture” method should be used to propagatpdimt
sources, so the super-aperture parameter in Atthefthbe the key value that limits how small orenanake
the span of the propagation mesh.

In contrast to the propagation mesh, the phasenssrevhich are also specified in AtmoPath, must be
large enough to span the entire reflector sceng ifaore, to accommodate the desired relative matidine
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simulation). Fortunately, large phase screensisually not a dominant factor in determining sintioka
execution time.

The above considerations regarding required sphtine propagation mesh and the phase screens are
consistent with the way WaveTrain meshes are hdrfdheall off-axis WaveTrain sources and sensces (he
WaveTrain User Guid® for a general discussion).

Section 6 gives a numerical example of Light Tuimgeinesh parameters to clarify the preceding
statements.

5.3 Parameters and I/O of Telescope

Telescope is a general WaveTrain system, not specific tditibunneling. When used with Light
Tunneling, Telescope has exactly the same functions as it would ifohattd by aCamera module (see the
WaveTrain User Guid® section on th€amera module):

(a) Telescope applies an annular (possibly unobstructed) apettuthe incident beams.

(b) Telescope applies a focus adjustment (viarigmge parameter), so that the focal plane of
Extendedimager (or Camera) is the optical image plane exactly conjugaténtoreflector scene. As
always in WaveTrain, if an aperture shape othen traular is desired, thfielescope can be replaced by
separate aperture aRdcus modules.

5.4 Parameters and I/O of Extendedimager

5.4.1 Parameters of Extendedimager

f ocal Lengt h, mi nWavel engt h, naxWavel engt h, nxyPupi |, dxyPupi | : these have functions
identical to their functions in WaveTrairCamera sensor system (see the WaveTrain User Gllide
section on th€amera module). Recall in particular thakyPupil — anddxyPupil areonly used if we
explicitly invoke WaveTrain's specialized "wave-shg" procedure. Normally, these two parameter
values haveo effect whatsoever in the WaveTrain simulationh@ligh they must be assigned numerical
values to allow compilation). In particular, nobat these two parameters mia define the aperture size
of the imager.

The presence ohinWavelength andmaxWavelength parameters may seem pointless here, since
ExtendedPointSour ceReflector only reflects at one discrete model wavelengthe fieason for this min-
max parametrization is that ultimately the Exteridejer is based on WaveTrain's fundameGtathera
module, which was set up to sense a range of wagyihis.

nxyDet ect or, dxyDet ect or: the linear point dimension and mesh spacing (regteespectively, of
the image-plane mesh on which each physically-pratesl PSF is evaluateprior to the moments
calculation). We recommend thdtyDetector  always be set equal {@ f)/(nxyprop Cdxyprop) ,
wheref isfocalLength , and (nxypropldxyprop) is the full width of the propagation mesh, in mtle
pupil plane of the receiver. This is the same skifing as the one recommended for WaveTrain's basi
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Camera system: the motivation can be reviewed by reatfieg/VaveTrain User Guid® discussion of
the Camera system. With this spacing, the maximum usefulgafnxyDetector is thenxyprop.
setting of theAtmoPath module.
NOTE 1: inExtendedimager, the productrixyDetector  x dxyDetector) only needs to span
sufficient area to contain am-axis PSF; i.e., this mesh neadt span the whole array of displaced PSFs.
NOTE 2: fixyDetector , dxyDetector ) specifies the mesh on which the point-sourcesR8&
computed.However, the mesh on which the final extended image isnted is determined by
(nxyInterpPSF , dxyinterpPSF ) and the imaging magnification: see the discussifthose
parameters below.

ext endedThr esh: relative threshold (0 to 1) for PSF irradianagplied prior to computing the moments
of the physically-propagated point-spread functiofs= use entire PSF).

xPoi nt Sour ces, yPoi nt Sour ces: the values assigned should be identical to thready assigned in
ExtendedPointSour ceRefl ector.

range:. propagation distance (meters) fr@xtendedPointSourceReflector to Extendedimager.

nxyl nt er pPSF, dxyl nt er pPSF. linear point dimension and mesh spacing (metegspactively, of
thereflector-plane mesh on which the interpolating point sosiia® placed. That is, an interpolated PSF
is generated for each of these intermediate sqoites: this is the mesh denoted by the indigem) in
the theory sections, and it should span the reftesttene.
NOTE: thedxylnterpPSF  spacing is specified in object space, i.e., thrsverse space of the
reflector. The corresponding spatial mesh cootdian the imager sensor space can be determined by
scaling with the imager magnificatioM (= -focalLength/range), but that is not what muesentered here.
Still, the principal significance of (nxyinterpPSF , dxylnterpPSF ) is that, afteM scaling, they
determine the mesh on which the final output im@igelmage below) exists.

5.4.2 Inputs of Extendedimager

i nci dent: physically-propagated point-source light origingtfrom theExtendedPointSour ceReflector.

on: the usual start-trigger input for any WaveTransor system. As usual, this can be triggered avith
square wave module to specify an arbitrary stare tior the sensor.

exposur el nt erval , exposur eLengt h: the usual exposure window timing parameters in any
WaveTrain sensor system (see the WaveTrain UseteSusection on Sensor Timing and Triggering for
review of the details).

sanpl el nterval : typically, samplelnterval = 0. Recall (see thaw&Train User Guid®) that non-zero
values ofsamplelnterval are only used in WaveTrain to cause multiple pgatians within one
exposureLength  window.

reflectedlntensity: thel;,.B product map, obtained by connecting to the comegimg output of
ExtendedPointSour ceReflector, as shown in Figure 3.
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5.4.3 Outputs of Extendedimager

f pal mage: the final image of thExtendedPointSourceReflector scene, as computed by Light Tunneling. If
the reflectance map was specified in BRDF unitsnttihe image units will be Jfrim the image plane of
Extendedimager. (The units and radiometry conventions are coesisvith the other principal
WaveTrain reflector modules and sensors. Notetkimatheory background was phrased in terms of
W/m?, but the WaveTrain implementation follows the pijite that all sensors are temporally-integrating
sensors.)

The mesh coordinates on whififalmage exists are determined by scalimxyInterpPSF
dxylnterpPSF ) by the imager magnificatiodA = -focalLength/range): see the above discussion o
parametersnxylnterpPSF , dxyInterpPSF ).

5.5 Miscellaneous usage and implementation comments

By splitting and combining wavetrains, Light Turinglcan be combined with other types of
propagation methods in the same WaveTrain sysfgme. principal constraint is that
ExtendedPointSour ceReflector andExtendedimager must usually be used as a pair. Other WaveTeie@'s
are not designed to work wittxtendedPointSour ceReflector, and other WaveTrain sources are not designed
to work with Extendedimager. Section 5.5.2 gives some further details oreotdir-sensor pairing options.

5.5.1 Diagnostics

A useful diagnostic for investigating the perforroarof Light Tunneling would be the recording and
inspection of the physically propagated PSFs. rasent, the user interface to thdendedimager does not
have the option to record individual PSFs. Howewdtat can be recorded are 2-D maps of all the mdsref
the interpolated PSFs that arise in the Light Tlinggrocedure. This allows the user to verify, éxample,
that the tilts and standard deviations of the P8Edehaving in a plausible manner with plausibégmitudes.
From inspection of Figure 3, we see that the PSFembs are not provided as outputsriendedi mager.
However, the momentre still available for recording in the "Recorded puis" dialog box of the
WaveTrain Run Set Editor (becausdendedimager is a "composite" system). In the list of avaibltputs
under subsystems &ktendedimager, the user will see the 2D arrays "interpintensitifiterpRho",
"interpXblur”, "interpXtilt", “interpYBlur", and "nterpYTilt". "interp{X,Y}Blur" are the standard dations
of all the PSFs used to construct the final imagenits of meters in the object (reflector) spa&milarly,
"interp{X,Y}Tilt" are the displacements of the P8Entroids from their unaberrated positions, againriits
of meters in the object (reflector) space. Imalgéspof these 2D arrays with a color-bar will shite
magnitudes and distribution of the standard desmatiand centroid displacements over the refleciemes
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5.5.2 Composition of ExtendedPointSourceReflector and Extendedimager

In the WaveTrain System Editor, we can view therimal composition of
ExtendedPointSourceReflector. The subsysterxtendedPointSource is the key new component of the
composite reflector system. Likewise, by viewihg tnternal composition dixtendedimager, we see that the
subsystentextendedCamera is the key sensor component of the imager systeon.customized work or
testing purposes, users can construct new systieatslyl from ExtendedPointSour ce andExtendedCamer a,
which are separately available in the WaveTrainmament library: thé&xtendedPointSource -
ExtendedCamera pair is designed to work together, but generakiendedPointSource cannot feed other
WaveTrain sensors, nor camtendedCamera handle light from other WaveTrain sources.

5.5.3 Interpolation algorithm

If the physically-propagated point sources lie aroa-uniform mesh, then the interpolation of thé&-PS
moments is done using a Fortran library subroutibBVIP() , which uses triangulation and bivariate quintic
polynomial fitting. However, if the code detectardform mesh, then a faster interpolation algonitls used.
The choice of interpolation algorithm is signifitabecause initial testing suggests that a subatdraction
of the Light Tunneling execution time can be takerby the interpolation calculations.

5.5.4 Parallel processing

For users who can run WaveTrain parallelized cada multi-processor system, Light Tunneling
execution time benefits greatly from parallel pgiag. The algorithm parallelizes simply, sincehepoint-
source propagation is entirely independent: thallghimplementation assigns the propagation ef th
different point sources to different processors.

6 Example parameter settings and imagery

The numerous spatial sampling specifications imtbbelule parameters listed above may seem
confusing. In the present section, we give a nigakexample of key parameter settings; we hopewfll
clarify some aspects of the interplay between geeifications.

6.1 Example system — numerical values of key parameters

Consider the viewing of an extended scatteringese@éong a roughly horizontal line of sight, with
illumination having broad enough bandwidth to efiate rough-surface speckle. Suppose we have the
following scenario parameters:

» Nominal imaging wavelength = 0/8n

» Propagation distande= 5 km

» 8 equal-strength phase screens, uniformly dis&itbatong the path
* Uniform Cr% strength profile, values given in Table 2.
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» Reflecting scene 2 x 1.95 m, given on mesh spacidd cm
» Imager aperture diameter = 30 cm
For general orientation, we derive integrated tletce strength parameters for the above scenario
from the usual analytic approximationsg, (is the Fried coherence length, afiglis the isoplanatic angle):

CF (™) | roem) | A\ (cm) | L6o (cm)
(sphwav) |

1E-16 27 1.1 8.6

1E-15 6.9 4.4 2.2

5E-15 2.6 11 0.82

Table 2: Integrated turbulence parametersfor Light Tunneling example

With the tabulated parameters in mind, we spetiéyfollowing key propagation, phase screen and

imaging parameters in the WaveTrain Light Tunnetioghponents:

[llumination incident on reflector scene:  we illuminate the reflectance scene with a monauiatic,
uniform plane wave that hast been propagated through turbulence. We use fif@mmintensity wave
to represent the essentially unscintillated unifdhamination that would be obtained from ambieolas
light. We assume that a single wavelength is aaleqgun the present model to represent the PSF svidth
(and lack of rough-surface speckle) obtained wigihgsical bandwidth of, say, 50-100 nm.

ref | ect ance (in ExtendedPointSourceReflector): the scene of dimensions (Wx, Wy) = (2.00, 1.95pm
a mesh spacing of (0.5, 0.5) cm

nxy, dxy (in ExtendedPointSourceReflector): mesh on which the incident illumination is sanapléet
dxy = 0.5 cm, nxy = 400. (Note thatdky were different than the reflectance map mesh, Vaie
would interpolate as needed.)

xPoi nt Sour ces and yPoi nt Sour ces (in ExtendedPointSourceReflector): the physically-propagated
point sources: let us use a uniform mesh of 20 gdint sources, with uniform spacing 9.75 cm.

Propagation mesh in AtmoPath (from reflector toimager): let use a mesh with equal spacing at reflector
and receiver, and let us choose Fresnel spaciag:wie obey the constraints
nxyprop:/lL/dxyprop2 = (nxyprop MXyprop)z//lL. Since the imager aperture is 30 cm, let us chaos
mesh width(nxyprop Ceixyprop) of at least 60 cm. From the Fresnel constraiig, requires at least
nxyprop = 120, so we choose 128 as the next power offi& Fresnel constraint then requidsgprop =
0.484 cm. The resulting mesh widfiyprop Cxyprop) = 61.95 cm.
NOTE: the propagation mesh width does NOT spar2thereflectance map, BUT it is sufficient to
accurately represent any single point-source prapay as discussed in Section 5.4.1.

f ocal Lengt h (in Extendedimager): suppose the effective focal length of the imagér5 m.
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nxyDet ect or, dxyDet ect or (in Extendedimager): recall this is the sensor-plane mesh on which the
physically-propagated point-source PSFs are ihit@dmputed. As discussed in Section 5.4.1, we set
these parameters tixyDetector = (A f)/(nxypropéixyprop) = 1.454m, andnxyDetector =
nxyprop = 128
NOTE: the smallery from Table 2 is 6.9 cm, ar(di/ro)D‘ = 13um. Therefore, the sensor-plane span
(128*1.45m) = 186um is decidedly sufficient to capture the PSF.

nxyl nt er pPSF, dxyl nt er pPSF (in Extendedimager): recall that this specifies the mesh on which the
extended image is finally generated, but that tispees are to be givenabject-space coordinates, i.e., in
the plane of the reflector map. Let us spedifyinterpPSF = 0.5 cmnxylnterpPSF = 390 (this
spans 1.9851.95 m, which is essentially all of the input scene

6.2 Example system — sample output

The upper left panel of Figure 4 shows a pristtens used as reflectance map. The other pandis eac
show one instantaneous realization of the scengdrparturbed by turbulence, for each of @
(equivalently,rg) strengths, as computed by Light Tunneling with plarameters in Section 6.1. The Light
TunnelingExtendedl mager module actually produces an inverted image, cterdisvith WaveTrain'€amera
module, but we have erected the image for easimahiconsumption.

21



MZA Associates Corporation Technical Memorandum
The "Light Tunneling" Optical Propagation Method in WaveTrain

reflectedIntensity (400x400 pix = 2x2 m)

Cn2 = 1E-16; fpalmage (inner 390x390 pix)
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Figure4. Light Tunneling sampleimages. Upper left: Pristineimage.
Upper right: Sensor imagefor Cn2 = 1076 23 (ro =27 cm), rotated to match source orientation.
L ower left: Sensor imagefor Cn2 = 10 m?3 (ro=6.9cm), rotated to match source orientation.
Lower right: Sensor imagefor Cn2 = 500 m23 (ro=2.6cm), rotated to match source orientation.
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7 Radiometry details of the WaveTrain implementation

7.1 The normalization factor N in the Light Tunneling Image Equation

The usage instructions and example in Sectionsi®arovide the WaveTrain user all the
information that is necessary to generate LightriEling propagation results in well-defined physigaits. It
is not necessary for the user to digest the cantefrthe present section. The present sectioroisged
mainly as documentation for WaveTrain developeus gtso for users who desire more information altioeit
theoretical background of the Light Tunneling fotasu The main purpose of the present sectiontamthe
radiometric normalization fact® that appears in the final Light Tunneling Imageu&ipn (4).

To obtainN, we compare Equation (4) with a correspondingltésuthe unaberrated image, where
all the factors are known from basic radiative sfantheory. To make this comparison, we needtagrate
out the PSF, which plays no role in the unaberrategie. To do this, we compute the long-time ayeef
Equation (4) and then integrate over the entirgggnalane:

% = Lodzp' limg (O )
5)

= ﬁlZm 11,820 S™=(Grmt: ) |1 1,m) BLm) (8201,

where the overbar denotes long-time average. ‘¥esalppose thdg,c is constant in time (we can consider
any special case that makes it convenient to ohvile single unknown scalll). Now the key observation
is that the integral of thiéme average PSF in Equation (5) is independent of source indem) , so that the
integral can be moved outside the summation. Besedtle definition of, this integral is the time-average
total power in the image plane due to a 1W/sr fpsirce, or equivalently the time-average totalgro
intercepted by the receiver aperture from suchuacgo Therefore we can write

Ay =AY [ln(,m) BB (2201,

I,m

:%(% aaz_;j 3 [line(2.m) B(2m) @20
I,m

(6)

where app is the area of the receiver aperture, aigithe receiver-to-reflector distance.

The last line of Equation (6) is ready to be corefawith radiative transfer formulas that govern the

unaberrated image. A formula fcﬂiﬂ% , the unaberratedid) total scattered power captured by the imager

aperture, can be obtained using the concepts ®atnhi-igure 5. Starting from the definitions afliance
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Figure5: Incoherent radiativetransfer relevant to Light Tunneling nor malization
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and BRDF, we consider the power scattered fronptbgected area elememarmﬂ into the solid angle
subtended by the imager pupil. That power is

a a
ORRG = Lo 5> Bay = lincB=22 2% ()

The intermediate quantity. is the reflected radiance (units: W/sr), apup is the area of the receiver
aperturez is the receiver-to-reflector distance, ahgt = 1o C0S8inc is the power per unit area in the plane of
the surface. Equation (7) assumes that the raeceiy@l is nominally perpendicular to the line ddl#, but the
reflector surface may be generally tilted and cdrv8umming over all the area elements of the sarféelds
the total power:

a - -
Rmg = Y AR = ;’;" > Ninc(B,m) B(A m) 220 m ®)
I,m I,m

This result forPi,”T% must equal the earlier expression Rg given by Equation (6), which yields the
following very simple result for the normalizingctar N:

N=1 W )
Sr

This completes the definition of the Light Tunngliimage Equation (4).

7.2 Irradiance versus energy density in the WaveTrain implementation

The Light Tunneling Imaging Equation (4), and thdiometry details were developed in terms of
irradiance (units: W/R). This is the usual quantity to use for theosdtitlevelopment. A slight complication
in the WaveTrain implementation is that all Wavefsensors actually output the energy density,Jrhich
is the irradiance, W/ftimes theexposureLength  parameter of the sensor. To make Light Tunneling
consistent with this principle, WaveTrain actuaialuates the Jhequivalent of Equation (4). The
intermediate PSF quantitie§, are evaluated by WaveTrain in J/rand then the final image in the sensor
plane ofExtendedimager , fpalmage (see Section 5.4.3), also emerges irf.J/m
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