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Abstract

This paper develops a method for making an image of an object when there
are extra point-like scatterers in the environment. Once the location of these
scatterers is known, they can be exploited in the imaging process. Here the
extra point scatterers are assumed to lie between the sensor and the object
of interest. A single-scattering model is used for the object itself. Detailed
analysis is carried out for the case of a single extra scatterer in the foreground;
the extension to the case of many scatterers is expected to be similar.

1. Introduction

Standard linear imaging methods [2, 3, 6, 22, 26] often treat the object to be imaged as a
singular feature in a smooth known background. However, when the known background also
contains singular features, the extra reflections can give more information about the region of
interest [14, 18, 19]. This is because the extra reflections give rise to waves that probe the
region from different directions.

In this paper we consider the case in which extra point-like reflectors are present in the
area between the sensor and the region of interest. We develop an imaging method that exploits
scattering from these extra reflectors. We find that artefacts can arise in certain situations; we
show how to avoid them and analyse the improvement in resolution due to the presence of
waves reflected from the extra scatterers into the region of interest. We carry out the details
of the analysis explicitly for the case of a single extra point reflector; the extension to more
reflectors is expected to follow along similar lines.

For the scattering from point reflectors, we use an exact closed-form scattering solution
[30]. For scattering from the region of interest, we use the Born (single-scattering)
approximation. This approximation neglects multiple scattering within the region or object
and multiple scattering between the object and its environment.

The paper is organized as follows. In section 2 we develop a mathematical model for the
measured signal. We show that this signal is of the form of a Fourier integral operator applied
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to a function describing the object. In section 3 we give a method for producing an image,
and show that the image has the desired properties. In section 4 we discuss the fidelity of the
image obtained from this method.

2. The mathematical model

The mathematical model involves a number of ingredients: (1) a model for wave propagation
in free space, (2) a model for the sources and receivers, (3) exact solution for scattering from
point scatterers in the foreground and (4) a (linearized) model for scattering from the scene.

2.1. A model for the wave propagation

We assume that the propagation of waves is governed by the scalar wave equation
Viu—c2i=0, (1)

where the dots denote differentiation with respect to ¢ and where c(x) denotes the speed of
wave propagation at . We consider the case in which objects composed of materials with
varying propagation speeds are imbedded in a background medium of speed cy.

We will use capital letters for frequency-domain quantities, which are related to time-
domain quantities by the Fourier transform

Uw, x) = %/eiw'u(t,x) dr. )

We write k = w/cy.

We consider the case in which N scattering ‘centres’ are present in the foreground
of the scene we wish to image. These scattering centres we model as point scatterers
8,i(x) = 8(x —=z/),j =1,2,...,N. If we define the field gy to be the field due to an
isotropic point source at position y and time ¢t = 0, the corresponding differential equation is

N
Vien(t @, y) — ¢ En(t @, y) — Y i (@)gn (t, @, y) = —8,()8(0). 3)
i=1
Here the p are the strengths of the point scatterers. An explicit expression for gy is given in
the next section.

Behind the cloud of scattering centres is the region or object we wish to image (see
figure 1). Its propagation speed is different from cy; we write the perturbation in wave speed
asg(x) = ¢ 2(x) — ¢y .

Whether we can form a two-dimensional or three-dimensional image of the object is
determined by the number of degrees of freedom in our measured data. If the data depend
only on two dimensions, we expect to make only a two-dimensional image. In this case,
we assume that the wave speed varies only on a known surface; we denote this known
surface by {x = ¥ (xr) : ©7 € Rz}), where 7 = (xy, x2), and we write the wave speed
perturbation as g(x7)8(x — ¥ (xr)). In what follows we consider for simplicity the three-
dimensional case; for the two-dimensional case we would simply replace « by 7 and g(x)
by q(@1)3y (@ — (@),

The equation we consider can thus be written as

N
V2u—c52il—2y,,~82fu—qu' =0, 4)
i=1

where ¢ is the quantity we wish to reconstruct.
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Figure 1. Scattering geometry.

2.2. A model for the sources and receivers

We model the sources and receivers as isotropic radiators. At frequency w, the field at
emanating from the source at y is Go(w, | — y|), where Go(w, r) = @mr)~! exp(ikr).

2.3. Multiple scattering from point scatterers

For a time-harmonic incident wave U™, the frequency-domain field U scattered from N
‘point’ scatterers can be obtained from the Foldy-Lax [20] or T-matrix [11, 34, 36, 37]
equations together with the assumption that the scattered field from an individual ‘point’
scatterer is proportional to the free-space Green’s function G [30]:

N

U, 2) =Y Golo, | — 2/ )u;Uj(, 27) 5)
j=1

U, @) = U".2)+)_ Go. |z — 2Dl z),  j=12....N. (©)

i#]

Equation (5) says that the scattered field is the sum of the fields scattered from each scatterer;
moreover, the field scattered from the jth scatterer is proportional to the field U; that is
incident upon the jth scatterer. Equations (6) say that the jth local incident field is the overall
incident field plus the field scattered from all the other scatterers. If the scattering strengths
Ui, L2, ..., iy and positions 2! 22 ..., 2N are known, equations (6) can be solved for the
U;; then the total field U = U inc 1 /5¢ can be found from (5).

The total field U satisfies the ‘background’ differential equation
N
v2U+k2U+ZM,-5Z,U =0. (7
i=1
Here k = w/co. We note that the sense in which a field of the form (5) satisfies (7) requires
an extension of the traditional distributional definition of the delta function; its domain must
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be extended to include functions with 1/r singularities. A thorough discussion of this issue
can be found in [1]; the basic ideas are outlined in appendix A.
We will write Gy for the total field U in the case when U™ = G,.

2.3.1. Example: a single point scatterer. For a single point scatterer of strength p located at
position z, the scattered field of (5) is simply
U*(@) = Go(lz — z)uU™ (2). )

The corresponding time-domain scattered field is
W, x) = / e Go(, |z — 2DpU" (@, 2) do. ©)

In the case when U™ = G, we denote U*® of (8) by Gi°. The one-point-scatterer
‘background’ Green’s function G is defined as G; = G + GY":

Gi(w,z,y) = Go(w, |z —y|) + Go(w, |& — 2DuGo(w, |z — y'|)
eiklz—y'| eik(lz—zl+lz—y/])

= +u .

drlz —y'|  @n)le —zllz — Y]
We note that G{° can be written in the form expliwt(x, y)]A(w, x, y'), where the travel
time 7 is given by T = (Jx — z| + |z — ¥Y/|)/co and the amplitude A is given by
A = u/[(4m)*|x — z||z — y'|]. We see from (10) that G, is the sum of two terms, the
first corresponding to a direct path between ¥y’ and @, and the second corresponding to a path
in which the wave travels from y’ to z and thence to .

(10)

2.3.2. Example: a pair of point scatterers. In the case of two point scatterers, equations (6)
are
Ui(@) = UM(@) + Go(lz — 2! DaUa(2%) (11)
Usr(@) = UM (@) + Go(lz — 2° )i Ui (z)). (12)

Evaluating (11) at 2! and (12) at z? gives rise to the system of equations

1 —maGo(L) (Ui(z")) _ (U™ (z") (13)
—m1Go(L) 1 Uy(z%)) — \U™(=H))”

where L = |z? — z!|. These equations have the solutions
U™+ pupGo(L)U™ (2
U,z = (27) + 0(2) (z ), =12 (14)
I — pip2Gg(L)
where j’ =2if j =l and j' = 1if j = 2. Using (14) in (5) yields
U™ (2)) + py Go(L)U™ (=)
1 — 12 G(L) .
Equation (15) has a clear physical interpretation in the ‘well-separated’ case when

|u1u2G(2)(L)| < 1, when we can consider the denominator to be the sum of a geometric
series:

2
U@ =Y Gollz — 2/ hu;
j=1

5)

2

U@ =Y [Gouw — 2D Y [mpaGHL)] U™ ()

j=1 n=0

+Go(l@ — 2/ Go(L) Y [mmcﬁ(u]”ui“(zf’)]. (16)
n=0
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Figure 2. Paths for two point scatterers. The path O (corresponding to travel time r(())) is shown as
a solid line, path 1 as a dashed line, path 2 as a dashed-dotted line, and path 3 as a dotted line.

The n = 0 term on the first line of (16) corresponds to the incident wave scattering once from
2/; the n = 0 term on the second line corresponds to the incident wave scattering once from z/
and then once from z/. The n = 1 term on the first line corresponds to initial scattering from z/,
then from z/ and then from z/ again. The n = 1 term on the second line corresponds to
initial scattering from z/" and two bounces off z/. The terms corresponding to larger values
of n have similar interpretations.

In any physical problem, some energy loss occurs with each bounce (modelled by the 1
being less than one), so that only a few terms in the series are relevant.

If L is small enough so that |/L1/L2G(2)(L)| > 1, (15) can no longer be interpreted as a
series. The situation in which ¢, G%(L) ~ 1 evidently corresponds to a resonance.

The two-point-scatterer ‘background’ Green’s function G, is found by taking U™ = G:

2
Go(w. z,y) = Go(w, z,y) + Y _ Golw, [& — 2/ Dy,
j=1
 Go@, 12/ — ') + 1y Go(@, L)Go(@, |2 —y'l)
1 — pipaGi(w, L)
We note that when the scatterers are well separated, the interpretation (16) shows that G, can
be written in the form

Galw, @, y) = Y TV A (0, x,y) (18)

Jj €paths

7)

where er denotes the travel time along path j (see figure 2) and A is an amplitude that includes
the geometrical spreading factors and factors of 4, | and u,. In particular, we have

w0 = (lz —y'])/co

= (z— 2 +Iz' =y /o

0 i (19)
= (lz — 22| + |22 — ') /co

o =(z—z'|+L+]2" —y'D/co

etc.
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2.3.3. N point scatterers. When N scatterers are present, (6) is a system of N equations that
can be solved by Cramer’s rule, which results in a complicated but closed-form expression for
the solution. This expression has a denominator containing the determinant of coefficients;
this determinant has an expansion that allows for a multipath interpretation similar to that
above. As before, only a limited number of terms need to be retained.

2.4. The model for scattering from the object of interest

We assume that the total field G(w, y, y') at y due to the source at ' is equal to the sum
of the following fields: (a) the free-space field Go(w, |y — ¢'|) emanating from the source,
(b) the field G scattered from the N point scatterers in the foreground and (c) the field G** due
to an incident wave G y scattered from the object ¢ (x). By making this assumption, we are
neglecting multiple scattering between the object ¢ and the point scatterers in the foreground.
We note that neglecting multiple scattering between the object ¢ and its environment is
not necessarily a good approximation; in some cases this assumption leads to recognizable
artefacts in images.

For G*¢, we use the Born approximation or single-scattering approximation to model the
scattered field. The Born approximation in this case is

Gy(w,y,y) = —/ Gy(w,y, ©)g(x)Gy (0, z, y)w® de. (20)

The Born approximation makes the mapping from ¢ to #* linear, but it is not necessarily
a good approximation. Another linearizing approximation that can be used for reflection
from smooth surfaces is the Kirchhoff approximation, in which the scattered field is replaced
by its geometrical optics approximation [6, 21]. Here, however, we consider only the Born
approximation.

The corresponding time-domain field is

g5ty y) = / e ' Gy(w, ¥, )q (@)’ Gy (0, z, y) dz do. 1)
‘We note that this field is of the form
gty y)= Y  Filqlt.y.v) (22)
jelpaths)
where
Filql.y.y) = / OB (0 y. o @) do g () do 23)

where 7; denotes the travel time along path j and where a; contains the geometrical spreading
factors, scattering strengths w;, multiples of 4, and (the Fourier transform of) the incident
waveform. In particular,
0= (ly —xl+|z—y')/co
1 1
n=(y-—zl+lz—z|+|z —y'/co

n=(y—z|+|x—2°|+|2* —y])/co
24)

1 1

i =(y—z|+|z —zl+|z—y'D/co
2 2

v = (ly — 27|+ 2" —z|+]z —y'D/co
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In summary, we are approximating the total fieldby G = Go+Gy+G* ~ Go+Gy +G.

We note that some cases in which the background medium is attenuating can be handled
by the method of [10], where the attenuation appears in the amplitudes a;; here, however, we
consider only a homogeneous, non-attenuating background medium.

3. Image formation

We outline first the strategy for the general case of N point scatterers, then carry out the detailed
analysis for the case of a single point scatterer.

3.1. General strategy

We assume the source location y’ and receiver location y are known; thus Gy(w, y, y') can
be subtracted from the received field. This leaves G, = G — G, which we consider to be the
data in the image formation process.

The next step in the image formation process is to identify the foreground scatterers. This
can be done from the early-time part (G y) of the signal, because the scatterers are assumed
to be closer to the sensors than the object of interest. Identification of the locations z/ and
strengths i ; from Gy can be done in a number of ways. One approach is to use optimization,
in which one finds the z and p that minimize

. asured alculated
2112 ”Grlsedsure _ G([)\}i culate ” (25)

Another approach for finding the locations z/ is to use Devaney’s MUSIC algorithm [13].
Although the treatment in [13] is based on the Born approximation, in fact Devaney’s approach
applies also to the multiple-scattering case: determining the locations of the point scatterers
depends only on the fact that (5) is a linear combination of the functions Go(w, | — 2/]).
A closely related method that applies in the case when the point scatterers are embedded in
a weakly random medium was developed in [4, 8] and analysed in [7]. Here, however, we
consider only the case in which the ambient medium is homogeneous.

Once the locations and strengths of the foreground scatterers are known, then Gy is
known and can be subtracted out. This leaves G*¢, from which we form an image by filtered
backprojection:

I(p) = B[g“l(p) == Y _ / SN nWYPIb (0, p,y, y)g (1, y, ¥) dodi dy dy’ (26)
Jj€{paths}

where the filter b is determined below. We note that in (26), the paths are known because
the foreground scatterers are known. We see below that we must take precautions to avoid
artefacts in the image; in particular, we backproject only along paths that include a direct path
to (or from) the scatterer.

In (26) the integration over y and y’ indicates that we sum over all the data.

We illustrate the imaging process and its analysis for the case of one foreground point
scatterer.

3.2. Case of a single point scatterer

For the case of a single point scatterer at position z, the Born-approximated field G 3 is of the
form
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Figure 3. Geometry for forming the image. We attempt to form an image at p of the scatterer at
a. For an artefact-free image, we must have p = x.

gty y) =gty y)+ / e G (w,y, )q(x)G (0, T, y)w* do dx
=go+g°+ / e_i“”(Go + Gﬁc)q(Go + Gﬁc)a)2 dwdx
=g+ 8 +(Fi1+F+F+Fylgl (27)

where G is given by (10), where G{° = G| — Gy, and where the operators F; are

Filglt. y, y) = fefi“”Go(w,y, z)Go(o, z, y)q(x) dz

Blqlt, y,y) = /e’i“”Gﬁc(a), y, 2)Go(w, x, y)q(x) dz
' (28)
Flqlt, y,vy) = /e"“”GO(w, Yy, )G (0, z, y)q(x) dr

Filqlt, y. y) = /e_i“"Gﬁc(a),y, z)GY (0, z,y)q () dz.

The different F' correspond to different scattering paths: F; corresponds to the direct path t;
from y’ to the object to y; F, corresponds to the path 7, for which a wave leaves vy, scatters
directly from the object, then scatters off the foreground scatterer at z on its way back to y;
etc. (See figure 4.) Explicitly, when the F are put in the form (23), we have

.y, o) =(y—z|+|z—y'|/co
nw.y. ) =(y—zl+|lz—z/+|x—y'/co

/ , (29)
u.y.x)=(y—z|+|r—z[+|z—9y|)/co

u(y, Y. x) = (y —z|+2]z — z|+ |z — y'])/co.
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Figure 4. Paths involved in the analysis of the imaging operator. Path 1 (corresponding to travel
time 71) is shown as a solid line, path 2 as a dashed line and path 3 as a dotted line.

3.2.1. Identification of scatterer in the foreground. ~We assume that the foreground point
scatterers are closer to the sensor than the object ¢ and that therefore the early-time part of
(27) consists only of the term g; (¢, y, y’). Since we know y and y’, we can subtract gy from
g1, leaving

gic(t’ Y, y/) = /e_ileO(w» |y - z|)/.LG()(CU, |Z - y/|) do
e—ioli—(ly—zl-lz—y/)/co]

dow.
(@m)?ly — zllz — y/|
In the case of a single point scatterer, there can be no multiple scattering, which implies that
the field g, is the same as its Born approximation. We can thus form an image of the scatterer
z by backprojection as described below for the i = 1 case.

3.2.2. Backprojection. 'We form the image / by means of (26). In the analysis below, we
replace g% by g% . If, in (26), we naively backproject along all possible paths, we will see that
some paths cause artefacts in the image.

Using g% ~ ) j Fj[q] (from (23)) in (26) results in an equation of the form

4 4
10~ 33" BiFIale) = [ K(po)@) de. G31)
i=1 j=I

where the kernel K is the imaging point-spread function. If we had K (p, ) = (p — x), then
the image / would be perfect; we want to determine the b; of (26) so that K comes as close as
possible to being a delta function.

The contribution to K from B; F; is

Kijp.w) = [ 709D 0. p.y.y)

x e T WY D g (o y, Y, x) do do dt dy dy. (32)
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In (32) we carry out the ¢ and ' integrations, obtaining
K;j(p,x)=2m / el@ (T Wy )T (y.y".p) bi(w,p,y,y) aj(w,y, vy, ) do dy dy'. (33)

In order for K to be a close approximation to a delta function, we would like each diagonal
term K;; to be a good approximation to a scalar multiple of a delta function, and we would
like the off-diagonal terms K; ;, i # j, to be zero or to contribute only higher order terms. To
determine whether this is the case, we analyse each term.

In each case, the analysis is similar: we use the method of stationary phase (see
appendix B) to determine the leading-order contributions. Analysis of the critical points
of the phase determines the locus of points p that will appear in the image due to a scatterer
located at x (see figure 3). We would like the critical conditions to imply that p = «; if this
is not the case, the other possible solutions p tell us which artefacts will appear in the image
due to a scatterer at .

The detailed analysis of the K; ; is carried out in appendix C. We find that for i < 3, the
diagonal (i = j) terms give rise to the desired result that p = a; this corresponds to image
points that are correctly located. Some of the off-diagonal (i # j) terms can give rise to
artefacts located behind the point scatterer z when viewed from either y or y'. Artefacts at
these locations are deemed unimportant. The term K4 4, however, produces spherical artefacts
centred at z. This is because the scatterer at z is isotropic, and once a wave scatters from such
a point scatterer, it loses all information about the direction from which it came. Consequently
we omit the term B, from our backprojection operator.

Analysis of the critical conditions determines where in the image a scatterer at x is
positioned; the coefficients b; determine the amplitude of the image at . The coefficients b;
we determine from the diagonal terms K; ;. In these diagonal terms, we make a change of
variables so that the phase of K, ; is the phase of a delta function. Then, we determine b; by
the criterion that in order for K; ; to best approximate a delta function, its amplitude should be
a; such that " a; = (27)7>.

3.2.3. Determination of the b;. 'We have found that the imaging operator should be composed
of three terms:

3 3 4
I(p)=) Bl lp~)_ Y / Ki j(p, x)q(x) dw (34)

i=1 i=1 j=1
and that moreover, if we restrict our attention to the region of interest (avoiding areas behind
the scatterer at z), only the diagonal terms K; ; contribute (to leading order) to the image. We
have shown above that this imaging operator correctly positions scatterers in the region of
interest.

Next we turn our attention to the scatterers’ strengths, which are controlled by the factors
b; appearing in B;. To determine the b;, we attempt to transform each K;; into a delta
function. We recall that a delta function can be written as an oscillatory integral in the form
S(p—z) = 2n)~3 f expli(p — x) - £] d€. Since p and x are three dimensional, we are trying
to express K;; as a three-dimensional integral. This means that our measured data should
depend on at least three variables. This would be the case, for example, for data from an
array of transducers that serve as both sources and receivers. In this case the data depend on
t and two array coordinates y. If more data are available, for example in the case in which
we have a separate transmitting and receiving arrays, we carry out the analysis below for a
three-dimensional subset of the data (say, ¢ and the transmitter coordinates y) and then simply
integrate over the remaining variables.
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In the exponent of (33), we use the identity

1 d 1
f@) — f(p) =/ af(p+)»($—p))dk = (ﬂc—p)'/ VH+i(x—p)dr (35)
0 0
to write
olt(y. vy, ) —t(y, ¥y, p)l = (@ —p) Epzyy, 0); (36)

explicitly, the B are given by

da; (37)

x'=p+i(x—p)

1
E(p.x,yy, 0 =w/ VotTi(y, y', )
0

on the right-hand side of (37), we compute the gradients of the t; from (29). When p = x,
we have

E(p.py.y.0)=kip—y+p—y] (38)
EXp.p.y.w) =klp—y+p— 2 (39)
2 (p.py.w)=kip—z+p—yl. (40)

We note that for p = x, E! depends on both y and 3, E? is independent of 4 and &3 is
independent of y.
In the integral (33) for K |, we can make either the change of variables

@, 9) > €' =8 (p.z.y.y. v (41
or

@,9) > ¢ =8'(p.z.y.y o) (42)
in the integral (33) for K, », we make the change of variables

(@, 9) > € =8(p,z.y o) (43)
in K33 we make the change of variables

(@,9) > &€ =E(p.z.y. 0. (44)

The changes of variables (41) and (43) transform expression (33) for K ; and K, into
Kii(p,x) =27 f P b (0, p,y, y)a (0. y. Y, )

‘ ( I, y)
X :

ag'
where y = y(§) and w = w(§); K33 is transformed under (44) into a similar expression
except that the integral is over y instead of y'. (This would also be the case for K ; if we had
used (42) instead of (41).)

Equation (45) exhibits the point-spread function K as the kernel of a pseudodifferential
operator. Pseudodifferential operators have the pseudolocal property [33], i.e., they do not
move singularities or change their orientation. It is immediately clear from (45) that provided
the Jacobian |d(w, y)/0€'| is nonzero, the leading-order contribution to the image comes from
the points p = «.

We see from (45) that the backprojection weighting functions b; should be chosen as

|(2e2)(p, p, v, v )| xi (P, ¥, ¥, ©)

Q2m)ai(w,y,y', p)

d¢' dy/, (45)

) (p.z, Y.y,

bi(a)v P, Y, y/) = (46)
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where x; is a smooth cut-off function that prevents division by zero in (46) and that is chosen
so that
/ / / 1

xilp, (&), y, 0©]+ x2[p, y(&), ¥y, 0] + x3[p, y, y (£), 0(€)] = @y (47)
in as large a region of £-space (i.e., (w, y)-space) as possible. We note that in (46), p has
been substituted for x in @; and in the Jacobian determinant. This substitution results in only
a lower-order (smoother) error in (45) because the leading-order contribution is from p = .

The Jacobian determinants |3 (w, y)/3&' | are called the Beylkin determinants [3, 6]. They
are computed from (36)—(40) as follows:

1 o
a(if 5= det (%Op—y’ —kP—e! —k Pp/\yez) (48)
where Pp is the projection operator that projects a vector onto the plane perpendicular to R:
Prv = v— R(R-v) (49)
IR

and where e! and e? denote unit vectors tangent to the surface of receivers. Similarly,

852 —
= P—yYy+p—2 i p 1 _ip 2)
o ) det ( = kP—e' —kP—e (50)
A&’ .
=det(P=2*P=Y _;p ! _jp—¢? GD
3((1)’ y’) Co Py -y

where €'' and > denote vectors tangent to the transmitting array.

The determinants of (48), (50) and (51) can be calculated easily. These determinants
are nonzero because their column vectors are linearly independent: for example, the vector
p/—\y + p/—\y’ points from the sensors towards the object, whereas Pp/,? ¢! and Pp/,? e are
roughly tangent to the sensor surface.

Summary. For the case of a single point scatterer in the foreground, the imaging operator
should be

3 3
I(p)=) Bjlg“lp) =) / TPl (w0, p,y, y) g€0, y, y) dodt dydy’ (52)
j=1 j=1
where the 7; are given in (29), the b; are chosen as in (46) and where the Jacobian determinants
are given by (48), (50) and (51). We note that imaging does not require a lot of bookkeeping
in the sense that different operators do not need to be applied to different parts of the data.
Formation of the imaging operator does, however, require knowledge of the foreground
scatterer and does require that the backprojection be done only along round-trip paths that
include a direct one-way path between sensor and object of interest.

4. Image fidelity

With the b; chosen as in (46), K is as close to a delta function as possible for the measurement
geometry. The degree to which its leading-order term approximates a delta function is
determined by the support of the y;, which are in turn determined through (38)—(40) by the
overall size of the measurement aperture.

For the case of a single point scatterer, we determine as follows the regions in &-space
over which we have data. The image we obtain from K ; is determined by the region €2 in
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Figure 5. Region €2 in Fourier space obtained from K j.

vy [, v[]

Figure 6. Region €2, in Fourier space obtained from K> 5.

Fourier space covered by the right-hand side of (38) as y and ¢’ range over the sensors and as
o varies over the bandwidth of the transmitted waveform. This region is sketched in figure 5.
The region €2, we obtain from K » (sketched in figure 6) is determined by the right-hand side
of (39), and the region 23 obtained from K3 3 (figure 7) is determined by the right-hand side
of (40).
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Figure 7. Region Q23 in Fourier space obtained from K3 3.

The fidelity of the image obtained from the leading-order terms of the sum K ;+ K5 »+K3 3
can be analysed by considering the mean-square difference between a low-pass-filtered version
of the true scene ¢ and the image I:

llgs — 11~ || 2m) ™ / et P dgq(x) d’x (53)
By\U_, @
where g, denotes the low-pass-filtered version of ¢:
antp) = 0 [ 0@ (54)
By

where M = wp,y 1s the upper limit of the frequency band of the radar system, and where B,
denotes the ball {¢ : |£| < M}. To the right-hand side of (53) we apply the Cauchy—Schwartz
inequality: when the 2; are disjoint, for example, we obtain

1 (anm® <
I 5= |—F— E Q 55
llgm — 11l ) ( 3 2 | |> gl (55

where |2;| denotes the volume of the set €2;. We see that the error (53) is decreased by
subtracting the volumes of the additional sets €2, and €23, which are due to the multipath
scattering. The precise volumes depend on the geometry, but can be obtained from (38)—(40).

We see that the L? notion of image fidelity depends on the size of the set US;; this
is in general agreement with the notion of resolution introduced in [35] for ultrawideband,
wide-beam synthetic-aperture radar.

Similar analysis, with ‘volume’ replaced by ‘area’, applies to the case of two-dimensional
imaging.

5. Conclusions

We have exhibited a backprojection imaging method that makes use of multipath scattering
data from point scatterers assumed to be in the foreground of the object. We find that in order
to avoid artefacts, we must backproject only along those round-trip paths that involve a direct
path from object to sensor. The use of such multipath scattering improves the resulting image
because it incorporates views from extra directions.
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Many questions remain to be investigated. First, is it possible to apply the methods of
this paper to a mathematical model that includes multiple scattering between the object and its
environment [29]? What are the effects of errors in identifying the foreground point scatterers?
How can the imaging algorithm best be implemented numerically?
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Appendix A. Distributional interpretation of point scatterers

We expect the differential equation

(V2412 +p8)U =0 (A.1)
to have solutions of the form

U(x) = ¢(x) +aGo(|lx — z), (A2)

for some constant a, where ¢ is smooth at x = z. However, it is not obvious how the term 6, U
of (A.1) is to be interpreted, since this is not a well-defined product in the usual distribution
sense. Instead, the approach of [1] is to interpret this term as §,U = §,(8., U), where the
brackets denote the distributional action of the delta function. The key is then to extend the
domain of the delta function so that it acts on functions of the form (A.2); a natural definition
is for the delta function to simply ignore the singularity, so that (5., ¢ +aGo(|- — z|)) = ¢ (2).

This definition results in a solution of (A.1) that is consistent with our expectations: if we
use the ansatz (A.2) in (A.1), we find

0= (V>+k>(p+aGo) + 18,85, ¢ +aGy)
= (V2 +k>)p — as, + ug(2)8.. (A.3)

Equating the coefficients of 6, on both sides of (A.3), we find that a = pé(z) and
(V2 +k*)¢ = 0. We find that the solution U is made up of a solution ¢ = U™ to the
free-space wave equation plus a scattered solution that is given by the Born approximation (8).

Appendix B. The stationary-phase theorem

The stationary-phase theorem states [5, 15, 16].

Theorem B.1. If a is a smooth function of compact support on R", and ¢ has only non-
degenerate critical points, then as w — 00,

3 Consequently the US Government is authorized to reproduce and distribute reprints for Governmental purposes
notwithstanding any copyright notation thereon. The views and conclusions contained herein are those of the authors
and should not be interpreted as necessarily representing the official policies or endorsements, either expressed or
implied, of the Air Force Research Laboratory or the US Government.
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] 27T n/2 eimp(mﬂ) elT/4) sgnD?¢ (")
felw¢(w)a(m) d'z = Z (_) a(wo) + 0(0)7”/271)_
{x”:D¢(m“)=0} @ |det D2¢ (ZBO)|

(B.1)

Here D¢ denotes the gradient of ¢, D?¢ denotes the Hessian and sgn denotes the signature of
a matrix, i.e., the number of positive eigenvalues minus the number of negative ones.

Appendix C. Analysis of the K; ;

The term K, ;. The phase of K ; is
pr1(w,y.y.p.x) =0y, x) -1y y.p)

=kl(ly—zl+lz -y —(y —pl+Ip—y'DI (C.1)
By a stationary-phase calculation, the leading-order contribution to K;; comes from the
stationary points at which 0 = 9,¢1,1 = 9y¢1,1 = 9, ¢1,1. These stationary points satisfy

0=0,¢11 x[(Jly —zl+lz—y'D) — (y—pl+Ip—yD]

0=Vyp1x(y—z)—(y—p) (C.2)

0=Vyd1x(x—-y)—(p—-y)
where the hats denote unit vectors. The first equation of (C.2) says that p must lie on the same
equal-travel-time ellipse as x; the second and third equations say that the directions from y to
x and p must be the same. Clearly the only point satisifying all these conditions is p = .

We note that the form taken by the critical conditions depends on the measurement

geometry. The above analysis assumes a rather unusual situation, namely that the transmitters
vy and receivers y are spread continuously over a three-dimensional region. A more common
arrangement is for the sources and receivers to be spread out on a two-dimensional surface;
in this case the integration in (33) is only over the two-dimensional surface of sources, and
the differentiations to determine the critical points are only two dimensional. For a surface of
sources and receivers, the second line of (C.2) is replaced by (y/—\m)r = (y/—\p)r where the
subscripts T denote the projection onto the two-dimensional surface of receivers. Similarly
the third line of (C.2) is replaced by a projection onto the surface of transmitters. We note that
the two-dimensional projection of a unit vector determines the unit vector in the case we have
here, in which we know the unit vector is pointing downwards. (Physically the fact that the
two-dimensional projection determines the unit vector corresponds to the fact that an array
of sources can produce a steered beam.) Thus the critical equations for the two-dimensional
array configuration imply the equations for the three-dimensional measurement geometry.
For simplicity of notation, we write simply y and y’ for the positions of the array elements,
keeping in mind that these might vary over only a two-dimensional surface.

The term K . The phase of K|, is
b2, y.y.p.x) =0ny. vy, ) — 1y, y. p)
=kl(ly —z|+|z —z|+ |z —y') — (y —pl+|p —y'D]. (C.3)
The stationary points satisfy
0=0,0120x(y—zl+lz—z[+|lz—y'D—(y—pl+Ip—y'D
0= Vypro o (y —2) — (y —p) (C4)
0=Vypiox (@—y)— (-
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The second equation of (C.4) says that p must lie along the line joining z and y. If this is the
case, then |y — z| — |y — p| = |z — p|. The first equation of (C.4) then becomes

lz—z|+|lx—y|=|z—pl+Ip— (C.5)

which shows that p must lie on the same ellipsoid as . The third equation of (C.4) specifies
that p must be in the same direction from vy’ as x; thus p = . in other words, all conditions
of (C.4) are satisfied when p = « and « lies directly behind z when viewed from the position
y. This situation produces an image p of the point x in the correct position, but, because K »
is an off-diagonal term, the strength of the image may be incorrect at such a location.

The term K, 3. The phase of K 3 is
3. 9.9.p.®) =0(®@.y. ) — 1. y.p)
=kl(ly —zl+ |z —2[+|z—y') — (y —pl+Ip—y'D]. (C.6)

Arguments similar to those for K, show that the only critical point occurs in the case when
x is directly behind z as seen from ¥’; in this case, the point p = x is a critical point.

The term K 4. The phase of K| 4 is
praw,y.y.p.x) =0y, x) -1y y.p)

=k[(ly—zl+lz—z|+|z—z|+|z—y ) —(y —pl+Ip—y'D]
(C.7)

The stationary points satisfy
0=0,014x(y—zl+lz—z[+|z—2|+|z -y )~ (y—pl+Ip—y)
0=Vyprsx(y—2)—(y—p (C.8)
0=Vyprsx(z—y)—@—-y).

The last two conditions of (C.8) say that p must lie on the lines joining y to z and y’ to z.
Unless y = v/, this implies that p = z; the first condition of (C.8) can then be satisfied only
if x = z. In other words, this term can produce an artefact at the location of the foreground
scatterer, which is not a location in which we are interested.

The term K, 1. The phase of K, ; is the phase of K, with y and y’ interchanged.
The term K, ». The phase of K5, is
Poo(w,y,y . p.x) =0y, ¥, ) -0y, y.p)

=kl(ly—zl+lz—zl+lz—y') — (y —z[+]z —pl+Ip— y'D].
(C.9)

The stationary points satisty

0=0upr2 x (ly—zl+lz—zl+|lz -y —(y—zl+|z—pl+Ip—y]
0=Vyprrx(y—2) —(y—2) (C.10)
0=Vypro x(x—y)—(p—vy).

The second condition of (C.10) is vacuous; the third condition says that p lies on the line
joining y’ with @. The first condition (in which the term |y — z| cancels) says that p must lie
on the same ellipsoid as . The only such point is p = x.
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The term K, 3. The phase of K> 3 is

P, y, Y. p.x) =06y, Y, x) — 0y Yy, p)
=kl(ly—xl+|lx—z|+|z—Y' ) —(y—zl+|z—pl+Ip— Y]]
(C.11)

The stationary points satisfy

0= 8,23  (|y — | +|x — 2|+ |z —y) — (ly — 2| + |z — pl +|p — ¥/

0=Vyprs x (y — ) — (y — 2) (C.12)
0=Vydr3x(z—y)— (- y).

The second equation of (C.12) says that x lies directly behind z when viewed from y; this
implies that |x — y| — |y — z| = |z — x|; similarly the third equation of (C.12) says that p lies

directly behind z when viewed from 3’, which implies that |z — y'| — |p — ¥/| = —|z — p|.
Thus the second and third equations of (C.12) imply that the first equation reduces to
2|z —x| =2|z — p|. (C.13)

This means that points « lying along the line joining y and z can produce artefacts along the
line joining y’ and z. The artefact at p is at the same distance from z as the scatterer at x.

The term K; 4. The phase of K, 4 is
Pra(@,y, Y, p, ) =0y, y, ) -y, y,p)
=kl(ly —zl+|z —z|+ |z —2z[+]z2 = y])

—(y—zl+lz—pl+Ip—y'D] (C.14)
The stationary points satisfy
0=08uprax(ly—zl+lz—zl+]z—zl+|z -y —(y—zl+|z—pl+Ip—y)
0=Vyhos o (y—2) — (y - 2) (C.15)
0=Vypra o (z—y)— -y
The last equation of (C.15) says that p lies directly behind z when viewed from y’. For such

a point, we have |z — y'| — |[p — ¥'| = —|z — p| , which converts the first equation of (C.15)
into

2z — 2| = 2|z — pl. (C.16)

Thus every scatterer « produces an artefact lying directly behind z when seen from y’. This
artefact is at the same distance from z as is .

The term K3 ;. The phase of K3 ; is
p31(w,y.y.p.x) =0y, x) -1y, y.p)
=kl(ly—zl+|x—y') — (y —pl+Ip—z|+]z —y'D]. (C.17)

This is the negative of the phase of K| 3 with & and p interchanged. Again the strength of
scatterers directly behind z can be incorrectly reconstructed.

The term K3 ;. The phase of K3, is

Pip(w,y.y . p.x) =0y, ¥, x) -1y, Y. p)
=kl(ly—z|+|z—z|+|x— Y]

—(ly—pl+lp—zl+1z—y'D] (C.18)
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Again this is the negative of the phase of K, 3 with « and p interchanged; this term can cause
scatterers lying behind =z from y to appear behind = when viewed from y'.
The term K3 3. The phase of K3 3 is
¢33, 9,9, p. ) = 0(r3(y, ¥, ) — 3y, ¥y, p))
=kl(ly —z|+|z -2+ —y])

—(y—pl+lp—zl+lz —yDI (C.19)
The stationary points satisfy
0=0u¢33 x (ly—z|+|z—zl+|z—y') = (y—pl+Ip—zl+|z -y
0=Vyps3x(y—x)—(y—p) (C.20)
0=Vyds3x(z—-y)—(z—y).
In the first equation of (C.20), the term |z — /| cancels; we see that p must lie on the same
ellipsoid as & and must lie in the same direction as « from y. The only such pointis p = .
The term K3 4. The phase of K3 4 is
$34(@, ¥, ¥, P, x) = 0(u(y, ¥, ) — 5y, ¥, p)

=kl(ly — zl+2]z — z|+|z2 —y'D) — (y —pl +|p — 2| + |z — y'D].
(C.21)

The stationary points satisfy
0=0,¢34 x (ly—zl+2lz — 2| +|z =y ) = (y —pl+Ip— 2zl + ]z —y']
0=Vyps4sx(y—2)—(y—p) (C.22)
0=Vyps4x(z—-y)—(2—9y).
From the second equation of (C.22), we see that y, z and p all lie on the same line, which
implies that [y — z| — |y — p| = —|z — p|. The first equation of (C.22) then reduces to
2l — z| =2|p — z|.

Thus we see that this term can give rise to artefacts directly behind z as viewed from y.

The term K4 4.
P14, Y.y, p. @) = 0(uy. ¥y, ) — 1y .y, p)
=kl(ly — z|+2]z —z| + |z — ¥']
= ((ly —z[+2|z —pl+ ]z —y' D] (C.23)
The stationary points satisfy
0=0u¢ps4 x ((ly —2l+]z —z|+]x—2]+]z2 —y])
—(ly—zl+]z—pl+lp—z[+]z —¥]
0=Vypspsx(y—2)—(y—2)
0=Vypss x(z—9y)—(z—9y).

The last two equations of (C.24) are vacuous; the first equation reduces to |z —z| = |p—z]|,
which says merely that p must lie on the same travel-time sphere about z as does . In other
words, backprojection of a path in which both the incident and scattered wave bounce off of
z cannot be used to determine the location of a scatterer at . This is because the scatterer
at z is isotropic: after a wave scatters from a point scatterer, it loses all information about the
direction from which it came. In the image, this term causes spherical artefacts around z;

consequently we omit the term By from our imaging operator, and we do not consider terms
of the form K, ;.

(C.24)
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