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A MULTIPLE MEASUREMENT VECTOR APPROACH TO SYNTHETIC APERTURE
RADAR IMAGING

LILIANA BORCEA AND ILKER KOCYIGIT *

Abstract. We study a multiple measurement vector (MMYV) approach to synthetic aperture radar (SAR) imaging of scenes
with direction dependent reflectivity and with polarization diverse measurements. The data are gathered by a moving transmit-
receive platform which probes the imaging scene with signals and records the backscattered waves. The unknown reflectivity is
represented by a matrix with row support corresponding to the location of the scatterers in the scene, and columns corresponding
to measurements gathered from different sub-apertures, or different polarization of the waves. The MMV methodology is used
to estimate the reflectivity matrix by inverting in an appropriate sense the linear system of equations that models the SAR
data. We obtain a resolution analysis of SAR imaging with MMV, which takes into account the sparsity of the imaging scene,
the separation of the scatterers and the diversity of the measurements. The results of the analysis are illustrated with some
numerical simulations.
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1. Introduction. Sparsity promoting optimization [26] 25| 22| 0] [TT], T0, 12] is an important method-
ology for imaging applications where scenes that are sparse in some representation can be reconstructed
with high resolution. There is a large body of literature on this topic in synthetic aperture radar imaging
[4, [32] 28], sensor array imaging [I3] 14} [7], medical imaging [30], astronomy [6], geophysics [33], and so on.

We are interested in the application of synthetic aperture radar (SAR) imaging, where a transmit-receive
antenna mounted on a moving platform probes an imaging scene with waves and records the scattered returns
[20, I7]. This is a particular inverse problem for the wave equation, where the waves propagate through
a homogeneous medium, back and forth between the platform and the imaging scene, and the unknown
is modeled as a two-dimensional reflectivity function of location on a known imaging surface. Most SAR
imaging is based on a linear model of the data, where the unknown reflectivity is represented by a collection
of independent point scatterers [I7]. The image is then formed by inverting approximately this linear
relation, using filtered backprojection or matched filtering [I7], also known as Kirchhoff migration [5]. Such
imaging is popular because it is robust to noise, it is simple and works well when the linear model is a good
approximation of the data. However, the resolution is limited by the extent of the aperture, the frequency
and the bandwidth of the probing signals emitted by the moving platform [20, [I7]. The promise of sparsity
promoting optimization is that these resolution limits can be overcome when the unknown reflectivity has
sparse support [4}, 32] 28].

The modeling of the reflectivity as a collection of points that scatter the waves isotropically may lead
to image artifacts. It is known that even if the scatterers are small, so that their support may be repre-
sented by a point and the single scattering approximation (i.e., the linear data model) can be used, their
reflectivity may depend on the frequency and the direction of illumination [2, Chapters 3, 5]. Moreover, the
scatterers have an effective polarization tensor that describes their response to different polarizations of the
probing electromagnetic waves [2, B]. Thus, the reflectivity function depends on more variables than the two
dimensional location vector assumed in conventional SAR, and depending on how strong this dependence
is, the resulting images may be worse than expected. For example, a scatterer that reflects only within a
narrow cone of incident angles cannot be sensed over most of the synthetic aperture, so its reconstruction
with filtered backprojection will have low resolution. Direct application of sparse optimization methods does
not give good results either, because of the large systematic error in the linear data model that assumes a
scalar, constant reflectivity over the entire aperture.

SAR imaging of frequency-dependent reflectivities has been studied in [16] B3], 34], using either Doppler
effects, or data segmentation over frequency sub-bands. Data segmentation is a natural idea for imaging both
frequency and direction dependent reflectivities that are regular enough so that they can be approximated as
piecewise constant functions over properly chosen frequency sub-bands and cones of angles of incidence (i.e.,
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sub-apertures). Images can be obtained separately from each data segment, but the question is how to fuse
the information to achieve better resolution. The study in [§] uses the multiple measurement vector (MMYV)
methodology [31] 15 B9, also known as simultaneously sparse approximation [38] B7], for this purpose.
The MMV framework fits here because the reflectivity is supported at the same locations in the imaging
scene, for each data set. Only the values of the reflectivity change. In the discrete setting, this means
that the unknown is represented by a matrix X with row support corresponding to the pixels in the image
that contain scatterers, and with columns corresponding to the different values of the reflectivity for each
frequency band and sub-aperture. The MMV methodology is used in [8] to reconstruct this unknown matrix
under the assumption of sparse row support.

In this paper we pursue the ideas in [8] further, by studying the resolution of the MMV reconstructions
and analyzing conditions under which the multiple views of the imaging scene improve the results. We also
discuss the application of the MMV methodology to SAR imaging with polarization diverse measurements.

The paper is organized as follows: We begin in section [2] with the theoretical results, stated for a general
linear system with unknown matrix X. They consist of a resolution theory of imaging with MMV, that
takes into account the separation of the points in the support of the reflectivity. We also show that if the
rows of X are almost orthogonal, we can expect better reconstructions than with sparsity promoting ¢,
optimization applied separately to each data set. This orthogonality condition may arise in SAR imaging,
as explained in section [3] in the context of imaging direction dependent reflectivities. SAR with polarization
diverse measurements is discussed in section [} The proofs of the results are in section [f] We end with a
summary in section [0

2. Theory. We state here our main results on the resolution of imaging with MMV. We begin in section
with a brief discussion on MMV, and then give the results in section

We use throughout the following notation convention: Bold uppercase letters, as in X € CNv*N

v denote

matrices, and bold lowercase letters denote vectors. We also use an arrow index, as in x;_, € C™*Nv to
distinguish the rows of X from its column vectors denoted by x; € CNv*1,
2.1. Preliminaries. Consider a general linear model of a data matrix D € CN»*Nv,
GX =D, (2.1)

where the unknown matrix X € CN+*™v is mapped to D by a given sensing matrix G € CN~*Nv. In the

context of SAR imaging, X represents the unknown reflectivity discretize at N, points {y;}i1<;<n, in
the imaging region €2, a bounded set on a known surface. The matrix D is an aggregate of N, data sets
or views, each consisting of N, measurements of the wave field at the moving radar antenna. A column of
X, denoted generically by x, for 1 < v < N, represents the reflectivity for a given view, and it is mapped
to the corresponding column d, of D by the sensing matrix G. This G is the discretization of the kernel
of the linear integral operator that defines the single scattering (Born) approximation of the solution of the
wave equation, as described in section |3] Its entries are given by Green’s functions which model the wave
propagation between the imaging points in ) and the locations of the antenna in the synthetic aperture.
When N, = 1, the linear model corresponds to the single measurement vector (SMV) problem,

Gz =d, (2.2)

with unknown vector & € CNv*! and data vector d € CN=*!, where we dropped the column index 1. The
SMYV problem has been studied extensively in the context of compressed sensing [26, 25}, 22} @ 1T, 10, 12}, 29]
for the undetermined case N, < N,. In particular, it is known [23], Corollary 1] that ilﬂ

spark(G
|0 < pT()7

where ||x||o equals the number of nonzero entries in @, then (2.2)) has a unique solution satisfying (2.3)), given
by the minimizer of the combinatorial optimization problem

(2.3)

minimize ||z||o subject to Gz =d. (2.4)

*We assume that the Ny points define a fine mesh in 2, so we can neglect errors due to scatterer locations off the mesh.
TRecall from [23] that spark(G) is the smallest number of linearly dependent columns of G.

2



This result is generalized in [I5, Theorem 2.4] to the MMV problem (2.1 for N, > 1. It states that
when the number of nonzero rows in X, denoted by || X||o, satisfies
spark(G) + rank(D) — 1

2 )

1 Xljo < (2.5)

the linear system (2.1) has a unique solution satisfying (2.5]), given by the minimizer of the combinatorial
optimization problem

minimize || Z||p subject to GZ = D. (2.6)

Thus, if the different data sets bring new information, so that D has large rank, the MMV problem is
uniquely solvable for less stringent conditions on the row support of X i.e., for less sparse imaging scenes.

The combinatorial problems and are not computationally tractable, so they are replaced by
convex relaxations. The minimizer of the convex problem

&1 : minimize ||z||; subject to Gz =d, (2.7)

where | - |1 is the ¢; norm, is known to give the exact solution « of the SMV problem (2.2]) under various
conditions satisfied by G and @, like the null space property [18], the restricted isometry property [10],
conditions based on the mutual coherence [24] and the cumulative coherence [36]. Relaxations of (2.6) of
the form

P14 minimize || Z];, subject to GZ = D, (2.8)

are studied in [19] 311 [15] 27, 38| 37, [39] using the ¢; 4 norm

N’U
1Z1g =D lzims Do, (2.9)
j=1

defined by the sum of the ¢; norms of the rows of Z, for ¢ > 1. Conditions of recoverability of the solution X
of by the minimizer of the convex optimization problem are established in [I5, Theorem 3.1] and
[38, Theorem 5.1]. However, there are no conclusive results that demonstrate the advantage of the MMV
formulation over the SMV one in the convex relaxation form, as discussed for example in [I5, Section D],
[38, Section 5.2] and [39], Section 3.2].

These studies make no assumption on the structure of the unknown matrix X, except for sparsity of
its row support. As shown in section [3] we can write the problem of SAR imaging of direction dependent
reflectivities in MMV form, for an unknown matrix X that has almost orthogonal rows. With this assumption
on X we prove in the next section that the MMV formulation may have an advantage over SMV.

2.2. Resolution theory. Let us consider the following modification of the linear system (2.1)
Dyw =GX +W, (2.10)

which accounts for data Dy € CN~*Mv contaminated by the noise matrix W € CNr*Nv  We estimate the
unknown X by the minimizer X¢ of the convex problem

P, minimize [|Z]|; 2 subject to [|[GZ — Dw||r <e, (2.11)
where || - ||r is the Frobenius norm and ¢ is a chosen tolerance, satisfying
IWlF <e. (2.12)

Denote by S C {1,..., Ny} the set of indexes of the nonzero rows of X, and suppose that its cardinality
|S] is small with respect to N,. We call S the row support of X and let Qs = {y,, ¢ € S} be the set of
locations in 2 that support the unknowns modeled by X. With our notation convention, the rows of X are
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denoted by x,_,, and the columns of the sensing matrix G are denoted by g,. We use these vectors to define
the “multiple view interaction coefficient”

Sy, = max o oswp Y |ulgy go)l (v @), (2.13)
SIS €ETTR e\ (n()}

which is a measure of how the unknowns influence each other in imaging. The terms in (2.13)) involve the
correlation of the columns of G,

1(95:9¢) = (95:94)» 1 <7J,q < Ny, (2.14)

where (g;,94) = g79q is the Hermitian inner product, and x denotes complex conjugate and transpose.
These columns are normalized, so that

lgillz = (g;.9))"* =1, 1<) <N, (2.15)

and we suppose that

l1(gj 99l <1, Vj#q 1<j,g< Ny (2.16)

This assumption holds in the SAR imaging application and it allows us to quantify the distance between the
points in € using the semimetric

DL Ny x (L Ny} = 0.1 D(ig) = 1 (g9, (2.17)

This semimetric was introduced in [7, Section 4] for the related problem of sensor array imaging of sparse
scenes, using ¢; minimization. We will see in sectionthat |1(g;,9q)| is approximately a function of y; —yq,
which peaks at the origin i.e., for y; = y,, and decreases monotonically in the vicinity of the peak. Thus,
points at small distance with respect to © are also close in the Euclidian distance.

We use the semimetric © in definition to select the closestﬂ point to y; in Qg, indexed by n(j).
In an abuse of notation, we also let u(-,-) be the correlation of the rows of X with v_,, defined by

(v, wq%>
vy ) = —orTar) 2.18
HO=202) = o ol s (2.18)
where (v_,, x,) = v_,x;_, is the Hermitian inner product of row vectors and I - ||2 is the induced ¢5 norm.

Note that the correlation has absolute value equal to 1 in the SMV setting, where N, = 1 and v_,
and x;_, are complex numbers. Then, reduces to .1, the interaction coefficient used in [7, Section 4]
to quantify the quality of imaging reconstructions with ¢; optimization. Here we consider N, > 1, and note
that since |u(v—, k)| < 1, the multiple view interaction coefficient satisfies Z, < 4.

The results in sections show that the smaller .#y, and noise level ¢ are, the better the
reconstruction X< of X. We do not pursue the question of exact recovery, but seek instead to estimate the
neighborhood of the support S of X, where the largest entries in X°¢ lie. The size of this neighborhood may
be thought of as the resolution limit. If there are only a few unknowns supported at far apart points, then
N, < SF1 < 1, and the neighborhood will be very small, depending on €. Moreover, the reconstruction
X< will be almost exact. Otherwise, .#; will not be small but, depending on the rows of X, the multiple
interaction coefficient may satisfy #y, < #;. If this is the case, then the results of our analysis show that
there is an advantage in using the MMV methodology.

2.2.1. Estimation of the support of X. The next theorem, proved in section quantifies the
support of the reconstruction X°¢ in terms of .#y, and the noise level ¢.

THEOREM 2.1. Consider the matric W& = G(X¢ — X)), defined in terms of the unknown solution X
and its reconstruction X¢, the minimizer of (2.11). This matriz cannot be computed but is guaranteed to
satisfy the bound

W= r < 2. (2.19)

If there are more than one such points, we just pick one and let n(j) be its index.
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Suppose that there exists r € (0,1) so that 2.9, <1 < 1, and define the set
B, (S) ={1 < j < Ny such that 3¢ € S satisfying D(j,q) < r},
called the r—vicinity of S with respect to the semimetric ®. If we decompose the reconstruction in two parts
Xc=X""+E°", (2.20)
where X" has row support in B, (S) and E=" has row support in {1,..., Ny} \ B,.(S), we have

2.7,

r

1
I1E=" 1,2 < 1X I+ — [ (G*W) (2.21)

S—)Hl,2’

where G* € CNv*Nr s the Hermitian adjoint of G and (G’*WE)S_> € CISIXNv s the restriction of the
matric G*WE to the rows indexed by the entries in S.

We may think of the matrix E=" as an error in the reconstruction, because its rows are supported
away from §. The theorem says that this error depends on the multiple view interaction coefficient. In the
special case N, = 1 (i.e., the SMV formulation) and for £ = 0, the result is precisely [7, Theorem 4.1], which
bounds the error in terms of the interaction coefficient .#;. Here we have N, noisy data sets, and in the
case Sy, < J1, we expect a better estimate of the support & with MMV than with SMV, because we can
choose a smaller r—vicinity of S that supports the largest entries in the reconstruction X¢.

The noise level ¢ appears in the last term of (2.21). With the definition of the norm || - ||1,2, the
normalization of the columns of G and the bound we conclude that this term is at most of order &,

N, 1/2 N, 1/2
HE W) =S lg Wl = [Z |g;wi|2] <3 [Z IWH] = IS < 225,
JjES je€S Lv=1 j€S Lv=1

where w{ are the columns of W¢. This is a pessimistic estimate. In the numerical simulations we found

that || (G*WE)SHH1 , is typically much smaller than 2¢[S|.

2.2.2. Quantitative estimation of X. Now that we have quantified the error E%" in Theorem [2.1
it remains to study the approximation of the unknown X by X" = X¢ — E" which is supported in a set
8¢ C B,.(S). Because S and S¢ are different sets in general, we decompose X" in two parts: one supported
in § that we compare with X, and a residual. We describe first the decomposition and then state the result.

Let us denote by Gs = (g;)jes the N, x |S| matrix obtained by restricting the columns of G to the
indexes in S. Suppose that Gs has linearly independent columns, as otherwise it is impossible to recover X
even with noiseless data, and introduce its pseudoinverse

Gl = (G5Gs) 'G5, (2.22)
We decompose X*" in two parts

X =x5"+ &7, (2.23)
where X°" has row support in S and its restriction to the rows indexed by S satisfies

x5 = GLexer. (2.24)
This definition gives that

GLGX*" = (G5Gs)'G% (Gsxg’; + Gé’“) = X5+ (G5Gs) \GLGE™,

so the residual £5" satisfies

G5GES = 0. (2.25)
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That is to say, the columns of GE*" are orthogonal to the range of Gs. Note that £ has row support in
S USe. If 8¢ were the same as S, then would imply that £5" = 0. Thus, we may think of £€" as a
residual that accounts for X" not having the exact support S.

The matrix X*", which is row supported in S by definition, is compared to the unknown X in the next
theorem. However, since X" cannot be computed directly, we also need to relate it to the reconstruction
X" supported near S, in the set S°. The next theorem relates X" to the “effective matrix” X&" obtained
by local aggregation of the rows of X", To define this aggregation, let us decompose the set S¢ in |S|
disjoint partsﬂ each corresponding to a point in S,

s =J6®;, &;={qeS suchthat D(q,j) <D(q,j'), Vj' €8}, j€S. (2.26)
JjES

The effective matrix X" € CNvXNo is defined entry wise by
Z X (g 91), if j €8,

X;; =1 lce, for 1 <j< Ny, 1<v<N,. (2.27)
0, otherwise,

Note that p(gj,g:) is complex valued. However, when the set &; is small, so that ©(j,{) < 1 for | € &;,
w(g;,91) = 1 and (2.27) is approximately the local sum of the entries of X7,

THEOREM 2.2. Let X=" and X°" be be defined as in (2.20) and (2.23). Then, X" approzimates the
unknown X with the error estimate

%" — X (2.28)

29N, 3
o < 220X+ 2@ W) g
where W€ 1is the matriz defined in Theorem . Moreover, if the support of X" is decomposed in |S]

disjoint parts as in (2.26]), X°" is approzimated by the effective matriz X7 with entries (2.27)), as follows

(1= X7

1 < 29 X5 11 (2.29)

This theorem, proved in section [5.3] shows that under the same conditions as in Theorem [2:I} which
guarantee that the minimizer X¢ of (2.11)) has support near S, the matrix X°" is a good approximation
of the unknown X . If the right hand side in is small, which occurs when the points in 25 are well
separated [7], then X" is close to the effective matrix X=7”. The bound in involves the interaction
coefficient .#; for the SMV problem, which in our setting may be much larger than .y, . This means that
while a small .#y, may guarantee a good estimate of the support of X per Theorem the estimate of the
entries in X by the local sum in , which is close to the sum of the entries of X ¢, may not be accurate
when the unknowns are supported at nearby points.

2.2.3. Matrices X with orthogonal rows. We now show that if the unknown matrix X has or-
thogonal rows, then the multiple view interaction coefficient .#, may be much smaller than the interaction
coefficient .#;. In light of the results in Theorem this means that the MMV approach can give improved
estimates of the support S of X, under less stringent conditions on the separation between the points in S,
than in the SMV formulation.

PROPOSITION 2.3. Suppose that the unknown matriz X € CNv*Nv has row support in the set S with
cardinality 1 < |S| < N,, and that its nonzero rows are orthogonal. Then, the multiple view interaction

coefficient (2.13)) is given by

— . 2
Iy, = max Y li(gg0)l (2.30)
48\ (n()

81f more than one point in & is at the same distance to Yq, With ¢ € 8%, we pick any one of them so that &; are disjoints.
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This proposition, proved in section gives a simpler expression of .#,, which we can compare with
the interaction coeflicient

J1 = max Z 195941, (2.31)

1<G<N,

a€S\{n(5)}

to understand when £y, < .#;. For this purpose, let us define the vector V) € R (SI=1) with entries
l(gj,9q)|, for ¢ € S\ {n(j)}, which is a set with cardinality |S| — 1, and rewrite (2.30) and (2.31) as

- () - ()
v = mac vl A= ma [y (2.32)

using the ¢ and ¢, vector norms. Suppose that the maximizer in the definition of .y, is at index j = m.
Basic vector norm inequalities give the general relation

In, = Y™z < v < A,

which is nothing new than was discussed previously. However, if we assume further that the entries in (™
are of the same order, meaning that there exist positive numbers 3~ and ST, ordered as 8~ < 8T and
satisfying 3% /8~ = O(1), such that

B” <|ulgm:gq)| < BT, Vqe8\{n(m)}, (2.33)

then we have

BE[B=(SI- 1] _ g™ gt ( 7 )
Iy < BTV/IS|—1= < < =0 ———|. 2.34
v, < FTVI8 R R S e Tl /e B B e (234)

Recalling the discussion below definition of the semimetric © and that |u(gm,g4)| =1 —D(m,q),
we can interpret the condition as having points in the support Qs of the unknown evenly distributed, at
similar spacing in the imaging region 2. If this condition holds, then the multiple view interaction coefficient
is smaller than the single view coefficient .#;, by order \/E We illustrate this further with numerical
simulations in section Bl

2.2.4. Clusters of unknowns. For general distributions of the points in {25, the multiple view interac-
tion coefficient £, may be large, so we cannot conclude from Theorems and that the reconstruction
X¢ approximates X. Here we consider an extension of the results to the case of points in Qs that are
clustered around a few locations, indexed by the elements in the set C C {1,..., Ny} of cardinality |C| < |S].

We decompose the set S in |C| disjoint parts, called “cluster sets”,

S=J, # ={qe S suchthat D(q,j) < D(q,4'), Vj' €C.j' #j}. jeC, (2.35)
jec
where j € C indexes the centers of the clusters and we assume that the distance (measured by ©) between

these centers is larger than the radius of each cluster set. We also define the “effective cluster matrix” X by
aggregating the rows of X over the cluster sets. Explicitly, X € CNv*Nv is row supported in C, with entries

> Xioplga),  JEC,
jv = ey for 1 S] < Ny; 1<v< Nv- (236)

0, otherwise,

If the radius of the cluster sets .} is small, we have u(g;,g;) =~ 1 and the aggregation in (2.36]) is approxi-
mately the sum of the rows of X. Our goal in this section is to study in what sense the reconstruction X*¢,
the solution of the optimization problem (2.11), approximates X.
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Let G¢ = (g;)jec be the restriction of the sensing matrix to the columns indexed in C, and suppose that
G has independent columns, so that we can define its pseudoinverse by

Gl = (G:Ge) ' G (2.37)

Then, we can rewrite the data model ([2.10) in terms of a new unknown matrix U € EN vw*Nv for the cluster,
with row support in C. This matrix is not the same as the effective cluster matrix X, but is defined by the
projection of X on C, such that its restriction to the rows indexed by C satisfies

Uec, = GLGX. (2.38)
We write in the form
GU +W = Dw, (2.39)
where R = X — U is the residual after the projection, and
W =W +GR, (2.40)

is the new “noise matrix”, consisting of the actual noise W and the systematic error term G R. The next
lemma, proved in section [5.5] quantifies this error in terms of the radius of the row support of X around the
cluster centers indexed by C.

LEMMA 2.4. Suppose that each cluster set .7; in the decomposition (2.35) is supported within a ball of
radius r, around the point j € C, with respect to the semimetric ©, for all j € C. Then,

IGR||F < /21| X" |2,1, (2.41)

where the index T denotes the transpose.

Assuming that 7, is small, we introduce a new “noise level” ¢, so that
IWlr =W+ GR|F <e. (2.42)

We also define the multiple view interaction coefficient as in (2.13]), with the set S replaced by the smaller
set C and the row vectors &, replaced by the rows u,_, of U,

SN, = max  sup > 1nlgs.90) (v, ug-)]. (2.43)
<J<Ny v_, ECIXNy .
- 4€C\{n(i)}

The next theorem, proved in section [5.5] is the extension of Theorem for the cluster.

THEOREM 2.5. Let X© be the minimizer of (2.11), with € chosen large enough to satisfy (2.42). De-
compose it in two parts

X =U"" + E°", (2.44)

where U™ is row supported in the set B,.(C), the r vicinity of C with respect to the semimetric ©, and E*"
is the error supported in the complement {1,..., Ny} \ B, (C). This satisfies the estimate

277 1
1B 2 < =S 1X 1 + || (GTW) (2.45)

r C—>||1,2’

with W¢ = G(X® — X)) defined as in Theorem [2.1]

This result quantifies the error E=" that is supported away from the center points of the clusters in
terms of the multiple view interaction coefficient . If these center points are sufficiently far apart, then
54 ]E,]v < Sy, and the estimate (2.45)) is an improvement over that in Theorem Note that the same matrix
WE enters these estimates, except that in the row restriction is on the smaller set C. However, the
“noise level” £ may be larger than in Theorem [2.I] in order to accommodate the systematic error estimated
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in . If the radius 7, is so small that this estimate is of the order of |[W ||, then the theorem says that
the optimization approximates the set C with the same accuracy as if we had single unknowns located at y;,
for j € C, and not clusters of points.

Finally, we state the analogue of Theorem [2.2] for the cluster, proved in section [5.5] This quantifies the
approximation of the effective cluster matrix by the part U®" of the minimizer X°©.

THEOREM 2.6. Let U*" be decomposed in two parts
Us" ="+ &7, (2.46)
where % =" € CNv>*Nv s the matriz with row support in C, satisfying
5T =GLGUE". (2.47)

This matrixz approzimates the cluster unknown matriz U as

jU
N, ||Xs|
r

e,r 2 3 * 1>
%" — Ul < 12+ ;||(G W), e (2.48)

Moreover, if we let U™ be the effective reconstruction matriz with rows supported in C, the analogue of
(12.27) with X=" replaced by U= and S replaced by C, then we have

1= IONw=" U7 |a <27 |U" |11 (2.49)
Finally, the matriz U is related to the effective cluster matriz X defined in (2.36) by

(1= AU = X|11 < 277X |11 (2.50)

This result says that if the center points of the clusters are sufficiently far apart, so the single view
interaction coefficient .#U is smaller than .#, the estimates (2.49)—(2.50) are an improvement over those in
Theorem However, the reconstruction is not an approximation of X, but of the effective matrix X.

3. SAR imaging of direction dependent reflectivity. In this section we consider the application
of SAR imaging of direction dependent reflectivities. We begin with the data model in section and then
derive in section the linear system . The discussion in these two sections is very similar to that in
[8], so we keep it short and give only the information that is needed to connect to the theory in section
We explore in section the condition of orthogonality of the rows of X, assumed in Proposition and
use numerical simulations in section [3.4] to illustrate the theoretical results.

3.1. The SAR data model. Consider the set-up illustrated in Figure where we display a piece
of the synthetic aperture spanned by the moving transmit-receive antenna, called a sub-aperture. We
approximate the sub-aperture by a line segment along the unit vector 7, with center at location 7, and
length a. The imaging region (2 lies on a plane surface, and is centered at location ¥, at distance L = |7 — |
from the center of the aperture. The antenna probes the imaging region by emitting periodically the signal
f(t), and measuring the back-scattered waves. The waves propagate much faster than the antenna, so we
assume that the emission and reception occur at the same location. The antenna moves by a small increment
Ar = (Nfi_l)‘r between two emissions, so the measurements are made at the IV,. locations

S T @

In the single scattering (Born) approximation, and neglecting for now polarization effects, the scattered
wave field measured at 7; is given by

N,
oy = [ i Y exp [2ik(w)|r; — y4l]
pestm8) = | e R S ot

™

. (3.2)

9



FiG. 3.1. Setup for SAR imaging using a linear synthetic aperture centered at ¥, at distance L from the center § of
the imaging region 2. The antenna locations ™ span the aperture of length a, and y denotes a point in Q. The unit vector
m = (¥ —Y)/L pointing from Y to T defines the range direction.

Here the hat denotes Fourier transform with respect to time, w is the frequency, p,(7,®) is the reﬂectivitym
of the scatterer at y, € Q, as viewed from the aperture centered at ¥ and at the central frequency @ of f(¢).
The propagation of the waves between the antenna location r; and y, is modeled with the Green’s function
for Helmoltz’s equation in the medium with constant wave speed ¢, and the wavenumber is k(w) = w/ec.

In SAR imaging, the wave-field is convolved with the time reversed emitted pulse, delayed by the
round trip travel time of the waves between the antenna and the center point g in 2. This data processing
is called down-ramping [20] and we denote the result by

d(rj, t;7,0) = p(rj, t;7,W) * f*( —t—2|r; — §|/c)7 (3.3)

where f* denotes the complex conjugate of f. Writing the time convolution in terms of the Fourier transform,
and letting

Far=2(252). (3.0

with @ a non-negative, smooth function of dimensionless argument and support in the interval (—m,7), so
that b denotes the bandwidth of the signal, we obtain the data model

N,
d - Y exp |2ik(w + =Ygl — P — Y
d(r;, t;7,@) = / 2i” i@V (%) @+ w)Y pgr,m) 2 [2ik(@ + w) (Jr; qu s~ )] (3.5)
T q=1 (47r|7'j - yq‘)
3.1.1. Scaling regime and simplification of data model. We define the unit vector m = (¥ —y)/L
which determines the so-called range direction in imaging, and introduce the length scales

Y =sup|(y—y) -m|, Y =sup|Ply—7), (3.6)
yeQ yeN

where P = I — mm? is the orthogonal projection in the cross-range plane, orthogonal to m. These length
scales quantify the range and cross-range size of the imaging region 2.
We consider as in [§] a Fresnel diffraction regime, with L > a > Y+ >> X and Fresnel numbers satisfying

(l2 ayL (YL)Q

> >l (3.7)
AL AL

>|
]

I The reflectivity is assumed slowly changing so it can be approximated by a constant over this sub-aperture and bandwidth.
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where A\ = 27 /k is the central wavelength and k = k(@) = w/c. The cross-range resolution of SAR imaging
is of the order A L/a, so the middle inequality in ensures that the cross-range size Y+ of the imaging
region is large with respect to this resolution limit. The other inequalities in mean physically that
the wave front observed at the sub-aperture or in €2 is not planar. If this were not the case, it would be
impossible to localize the scatterers in cross-range.

The range resolution of SAR imaging is determined by the accuracy of travel time estimation from the
down-ramped data . It is of the order ¢/b, so we let the range scale Y of the imaging region be larger

Y > ¢/b. (3.8)

Typically b < w, especially when imaging frequency dependent reflectivities. To simplify the data model,
we assume that b is small enough so that

bayt
5‘31 <1 (3.9)

This can be arranged by division of a larger bandwidth in smaller sub-bands. Similarly, we can ensure a
synthetic aperture segmentation in sub-aperture sizes a satisfying

QY 2yl
% <1, 6172 <1 (3.10)
AL AL

Under the scaling assumptions (3.7)—(3.10)) the data model (3.5)) takes the simpler form [8, Section 3.1]

— (2N
d(r;, t;7,W) = <47rkL> ipq(iw)w{b(t + W)} L
q=1

exp [— QiE(m Ay, + AT ;]Pqu e T Pqu)};

— 3.11
L 2L ( )

where we introduced the notation

A’r‘j:’l"j—F, qu:yq—y.
Note that by varying ¢ in (3.11)), we can limit the sum to the set of points with range coordinates satisfying
m - Ay, = —t + O(c/b). This set is called a range bin in the SAR literature [20].

We consider a single range bin, for fixed time ¢ = ¢, and study the estimation in the cross-range direction
of the reflectivity, for the single frequency sub-band centered at @w. Then, the model (3.11) takes the form

,() = — Lam, (3.12)
q=1 Ny
with the notation
_ _ _ 2m-A - Ay, - PA
Z,(7) = pq(r,w)\/N,,ga[bG + fyq)] exp [f 2zk(m Ay, — %)}, (3.13)
and
zi (AnD\”

2;(7) = d(r;, t;7,w)e* <7;> . (3.14)

Here we suppressed the constant variables in the notation and assume that all the /V,, points in the sum are
in the same range bin, determined by .
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3.2. The MMYV formulation. The multiple views in the MMV formulation correspond to different
sub-apertures, with centers at 7, for v =1,..., N,. The noiseless data model for the v—th view is given by
(3-12), with 7 replaced by 7, and L replaced by L, = |7, — y|. We also let m,, = |[F, — y|/L, and denote
the unit tangent vector to the aperture by 7,.

To fuse all the views in a linear system of the form (2.1), we suppose as in [§] that
b

< 1, max f‘ my, —mq) - A
1§v§NU,1§q§Nyc( ! ) A,

a (Tv - P,

max = — )qu
IS’USNﬂvléqSNy )\ L’U Ll

<1. (3.15)

Physically, this means that the imaging points remain within the classic SAR resolution limits for all the
views. With (3.15)) we derive from (3.12)) the linear system (2.1)), for matrices D, X and G with entries

—Ar; - Plqu}

T (3.16)

_ _ 1
Djw=2iT), Xgv=Z4(Tj), Gjq= \/T exp {_ 2ik
-
where P; = I — mym7.
Note that the sensing matrix G is defined relative to the first sub-aperture, the line segment centered

at 71, along the unit vector 7. Its columns g, have norm one, as assumed in (2.15)), and their correlation

Ly

N,
11(94>91) ZGJ,qGﬂ : A DD [— pif AT P1lya yl)] (3.17)
r =

is a function of y, — yi, as stated below equation (2.17). We can approximate further this correlation by
replacing the sum with the integral over the sub-aperture,

1 [? — Py, — kary - P
1(ge g1) ~ 7/ dr exp [— Qikrw} — sinc ( ot - Py = yl)). (3.18)
aJ_q/2 L Ll

This attains its maximum, equal to 1, when ¢ = [, and satisfies |u(gq,g:) < 1 for all ¢ # [, as assumed in
(2.16). Moreover, |u(gq,g9:)| decays monotonically in the vicinity of its peak, so we can relate the Euclidian
distance between the points to the semimetric ©(g, 1), as pointed out below equation (2.17)).

3.3. Orthogonality of the rows. We now study under which conditions the rows x4, of X are
orthogonal, as assumed in section |2.2.3
Let us introduce the notation

o= oo 20 R BB

with the approximation due to assumption (3.15)) and the smoothness of ¢. Definitions (3.13)), (3.16) give

Ny
Z&q,v&f,u exp {22%’”’1@ . (yq - yl)} ‘

|<wq~>a wl%” ~ lv=1
|[Zg— 2/l |2

g @) = , (3.20)

N,
D gl
v=1

where the quadratic terms in the phase in , which are approximately independent of the view index v
by assumption , do not contribute to the absolute value.

There are various possibilities for achieving a small right hand side in (3.20), depending on how rapidly
(3.19) changes with the view index v. Consistent with our approximation of the reflectivity by a constant
over each sub-aperture, we assume that py(%,,w) changes slowly with 7, on a length scale larger than a. We
also suppose that all the sub-apertures have the same direction 7 and they overlap, with two consecutive
centers separated by a small distance

|rv+1 - Tvl = N, —1
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This allows us to approximate the sum over v in (3.20)) by the integral over the large aperture A > a,
centered at 7,

A2 ~ro+rm1—yY
/ dr tg,1(r) exp {%lfw (yq — yl):|

(g, miss)| = 7 (3.21)

2
|L1(7A/2,A/2)

1/2
||1/)q7q||L/l(fA/27A/2) le,l

Here we parametrize the large aperture by the arclength r € [-A/2, A/2], and ), ,;(r) is the smooth kernel
satisfying the interpolation conditions

-1 1
Y (r (v -1~ 2)A) = Eankiv (3.22)

at the arclength r corresponding to the v—th sub-aperture center 7, = r,+ (13_}1 — %) Ay, forv=1,...,N,.

PROPOSITION 3.1. There exists a constant Cy; that depends on how fast the reflectivities at points y,
and y; change with direction, such that

|ﬂ($q—>aml—>)| <min{l,Cqi/Q|}, forq#1l, ql=gq,...,Ny, (3.23)
where
A 'Po - o -y
Q =4r (A (yqi yl), P, =I—-m,m., m,= 7(71 2) (3.24)
Aro — 7 To — 1|

This proposition, proved in Appendix [A] shows that the correlation of the rows of the unknown matrix
X is large for points that are separated in cross-range by at most order A|r, — y|/A. This length scale
is the cross-range resolution of SAR imaging over the large aperture A. It is also the distance at which
isotropic scatterers must be separated in order to guarantee unique recovery of their reflectivity with ¢,
(SMV) optimization over the large aperture, as follows from [28| 13}, [14} [7].

In the linear system with matrices (3.16]), we use multiple views from sub-apertures of size a < A.
A single view corresponds to an SMV problem, and the condition of unique recovery would be that the points
should be much further apart, at distance of order A|r, — gy|/a. In MMV we use the entire large aperture,
segmented in NV, smaller sub-apertures.

When the scatterers are approximately isotropic, the constant in is Cy,; ~ 2. In this case there is
no need to segment the aperture, so it is natural to ask if the MMV reconstruction is similar to the SMV
one, over the large aperture. This is a difficult question, but we can say from the results in section [2:2.3] that
MMV will work betterm then SMV over one sub-aperture, because the rows of the unknown matrix X are
approximately orthogonal when the points in its support are at distances of order A|r, —g|/A < A|r, —7|/a.

When the scatterers have a stronger dependence on direction, the SMV approach over the large aperture
does not work well. Aperture segmentation is needed to avoid systematic modeling errors in the optimization.
While we may apply the SMV approach for a single sub-aperture, Proposition [3.1] and the results in section
show that the MMV method performs better.

3.4. Numerical results. We present here numerical results that illustrate the theory presented in
section [2.2] We begin in section with a computational assessment of the reduction of the multiple view
interaction coefficient with respect to the single view one, in the case of orthogonal rows of the unknown
matrix X. Then we present in section [3.4.2) imaging results, using the parameters of the X-band GOTCHA
SAR data set [I]: The receive-transmit platform moves on a linear aperture A = 1.5km at altitude 8km,
and with center 7, at Tkm west of y. The platform emits and receives signals every meter. The central
frequency is 10GHz and since we only present imaging in cross-range, the bandwidth plays no role. The
waves propagate at speed ¢ = 3 - 108m/s.

The data are generated numerically using the single scattering approximation. The additive noise matrix
W has mean zero and independent complex Gaussian entries with standard deviation o given as a percent
of the largest entry in D. The optimization problem is solved using the software package CVX [21].

I As shown in section , the improvement is dependent on the distribution of the scatterers in the imaging region.
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Fic. 3.2. Left plot: The ratio #\1/@ vs. |S| in the abscissa. The other plots: Histograms of the ratio S /%y, for 2500
Ny
realizations of the imaging scene. From left to right |S| equals 9, 16 and 36. The ordinate shows the number of realizations
and the abscissa is the value of 91/ 9N, .

3.4.1. Numerical illustration of effects of orthogonality of rows of X. The discussion in section
says that if the points in Qg are distributed evenly in the imaging window 2, and the rows of X are
orthogonal, then the multiple view interaction coefficient %, is smaller than .#;, by a factor of order m .
Here we focus attention on imaging in the cross-range direction, so the imaging region is reduced to a line
segment. We cannot have a large number of points with similar mutual separation on a line. Nevertheless,
we show here that the numerically computed ratio .# /. #y, increases with | S|, at a rate that is slightly slower
than \/E .

We display in Figure the ratio .# /.y, computed for imaging scenes with |S| ranging from 4 to
50, and cross-range separation of nearby neighbors chosen randomly, uniformly distributed in the interval
[AL,/A,3X Lo/A], where L, = [T, —¥|. The large aperture A is divided in sub-apertures of size a = A/20.
The rows of X have length 50 and are orthogonal™] to stay within the setting of section [2.2.3

The left plot in Figure shows the ratio .#; /(A \/E) computed for one realization of the imaging
scene. We note that the increase of .#1 /#y, with |S] is slightly slower than \/@ . The histograms in Figure
computed for 2500 realizations of the imaging scene, also show that the ratio is slightly less than \/E .

3.4.2. Imaging results. We begin with a comparison of imaging results obtained with the MMV
optimization formulation for N, = 24, the SMV formulation for N, = 1, and the conventional SAR
image. The latter is given by the superposition of the down-ramped data , synchronized using the
round-trip travel time of the waves from the radar platform to the imaging point

N,
194 (y;7) = 3 d(rj.t = 2fr; —yl/e:7.@). (3.25)

Jj=1

The superposition may be over the entire aperture centered at ¥ = 7,, in which case IV, = 1500, or over
a sub-aperture, centered at ¥ = 7, for v = 1,..., N,, in which case N, = 300. The sub-aperture length is
a = A/6 = 300m, and the spacing between the sub-apertures is 50m, center to center. The results in Figures
are for noiseless data and in Figure we consider noise with standard deviation o = 10%.

We display in the left plot of Figure[3.3|the reflectivity to be reconstructed. It consists of 6 small scatterers
at cross-range locations spaced by distances of order A L,/A. The conventional SAR image computed over
the entire aperture A = 1.5km is shown in the middle plot. It does not resolve well the location of the
five scatterers that are visible only on about a sixth of A, but it obtains a large peak for the one scatterer
with reflectivity that varies less with direction. In the right plot of Figure we display the average of the
images (3.25|) obtained over the N, sub-apertures. This does have peaks near the scatterers, for example
the rightmost scatterer is better seen. However, since the resolution is A L,/a, the image appears blurry at
the cross-range scale A L,/A in the figure.

__**As shown in section the rows of X are almost orthogonal when its support points are spaced at distances larger than
ALo/A. Thus, the ratio 1 /%y, is expected to be roughly like in the figures for any reflectivity function that varies smoothly
with the direction of illumination.
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Fia. 3.3. Left plot: Ezact reflectivity function as viewed from the location on the flight path (ordinate, in meters) vs.
the cross-range location in the imaging scene (abscissa, in units X\ Lo/A). Middle plot: The conventional SAR image
calculated over the entire aperture. This assumes that the reflectivity is isotropic (does not change along the ordinate). Right
plot: The average of the conventional SAR images calculated over the N, = 24 sub-apertures.
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FiG. 3.4. Left plot: The MMV reconstruction of the reflectivity shown in the left plot in Figure@ Right plot: The SMV
reconstruction. The azes are as in Figure

-2 0 2 4

In Figure [3.:4] we compare the results obtained with the MMV and SMV approach. We note that the
MMV method recovers exactly the support of the scatterers, whereas the SMV method has many spurious
peaks. This result is an illustration of the conclusion reached at the end of section which says that
MMV may give a better estimate of the support of the scatterers. However, the estimate of the value of the
reflectivity is not accurate, unless the scatterers are further apart.

In Figure [3.5] we consider reflectivities that vary more rapidly over directions, and compare the effect
of the size of the sub-aperture on the quality of the reconstructions with the MMV approach. The images
show that the best reconstruction is for a = 70m, which corresponds roughly with the scale of variation of
the true reflectivity in the top plot. For the smaller aperture a = 40m (left, bottom plot) the reconstructed
support is close but not exact, whereas for the larger aperture a = 100m (right, bottom plot) the image
has spurious peaks caused by the systematic error due to the reflectivity varying on a smaller scale than the
sub-aperture. Thus, we conclude that in order to image successfully direction dependent reflectivities, it is
necessary to have a good estimate of their scale of variation, so that the aperture is properly segmented.

In Figure we display the effect of additive noise with standard deviation o = 10% on the MMV
reconstruction of the reflectivity, for sub-aperture size a = 70m. We note that for such noise the support
of the reconstruction is basically unchanged and the values of the reflectivity are only slightly different.
Naturally, at higher noise levels, the reconstruction will be worse.

4. SAR imaging with polarization diverse measurements. In this section we describe briefly the
application of the MMV methodology to SAR imaging with polarization diverse measurements. We begin in
section with the derivation of the data model used in the MMV method, and then show numerical
results in section [£2
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FiG. 3.5. Left plot: Exact reflectivity function as viewed from the location on the flight path (ordinate, in meters), vs.
the cross-range location in the imaging scene (abscissa, in units A Lo/A). Other plots: The MMV reconstruction for apertures
a = 50m, 7T0m and 100m, from left to right.
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Fic. 3.6. Comparison of MMV reconstructions with noiseless data (left plot) and noisy data (right plot). The noise is
additive, complex Gaussian, with mean zero independent entries and standard deviation o = 10% of the largest entry in D.
The azes are as in Figure @

5  -10 5 0 5 10 15

4.1. Data model. We consider as in the previous section a collection of |S| scatterers at locations

Yq € Q, for ¢ € S. The scatterers are penetrable, with volume smaller than Xg by a factor a < 1, so that
the scattered electric field at the SAR platform can be modeled by [3]

~

E(ry, 67, f) = / ;lj:e_i”tikg(w)\/6252(%rj,yq)pq(r)@(w,yq,rj)f(w) +0(a%), (4.1)

qeS

where ) is the central wavelength and p and e are the magnetic permeability and the electric permittivity
in the medium. These define the wave speed ¢ = 1/,/p€ and the wavenumber k(w) = w/c. The scatterers
are represented in by their center location y, and their reflectivity tensor assumed constant over the
sub-aperture centered at 7,

pu(r) = a® (= 1) M, (7), (4.2)
where ¢, is the electric permittivity in the scatterer and M, is its a—independent polarization tensor. We
refer to [2] for details on M, which depends on the shape of the scatterer. Here we assume that it is a real
valued 3 x 3 symmetric matrix. Since we consider a fixed central frequency @, we suppress in the notation
the dependence of p, on w. We also neglect the variation of the magnetic permeability in the scatterer,
although this can be taken into account, as shown in [2].

The wave propagation from the radar platform to the scatterers and back is modeled in by the
dyadic Green’s tensor

~ TN explik(w)|r —
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FiG. 4.1. Geometry of the data acquisition. The radar platform flies at elevation h from the plane surface containing the
imaging region ), centered at y. The distance L from the center T of the aperture to y is order h. The drawing is not up to
scale, as the aperture a and side Y+ of the imaging region are much smaller than L.

~

where I is the 3 x 3 identity matrix. The wave excitation is modeled by the vector f(w). To avoid a lengthy
discussio@ we assume that the radar platform can emit and receive all possible polarizations, so that we
have access to the 3 x 3 frequency dependent data matrix

N’U

D(rj,w;T) ~ Z%(w, 7. Yq)Pq(T)Y (W, Yq, Tj), (4.4)
qg=1

with the approximation due to the neglected O(a?) residual. Note that in we sum over all the Ny

points in the imaging region, with the convention that p, = 0 for g ¢ S.

As in the previous section, we focus attention on imaging in the cross-range direction, so it is sufficient
to consider a single frequency, equal to the central one . The wave number at this frequency is denoted by
k, as in the previous section.

The sub-aperture centered at 7 is linear, of length a, like before, and we assume for simplicity that it is
at constant altitude h, as shown in Figure We let uz be the unit vector in the vertical direction, and
introduce the unit vector w; = 7 X ug, where 7 is the unit tangent to the aperture, orthogonal to us. The
imaging region 2 is in the plane spanned by w; and 7. We are interested in its cross-section in the direction
of the aperture, which is the cross-range interval centered at @, of length Y +.

In the system of coordinates with center at 7 and orthonormal basis {’U,j}lgjgg,, with uy = 7, we have

T =7riu) + reus + hus, Y = youUo, (4.5)

for all r in the aperture and y in the cross-range imaging interval. We also represent the symmetric 3 x 3
reflectivity tensor pq(7) by the 1 x 6 row-vector formed with the entries in its upper-tridiagonal part

Pg— = (Pq,11,0q722, Pq,33; Pq,12,Pq,137Pq,23), Pq,jl = U?Pq’ul- (4.6)
The scaling regime is as in the previous section, with length scales ordered as A < Y+ < a < h and
L=[r|=0(), Irl=0@T), j=12 (4.7)
The Green tensor (4.3)) has the following approximation in this regime

explik|r; —y,|] I— (rj —yg)(rj —yg)"

g(wa Tj, yq) ~

Anl |7 — yql?
— L—ni —mn2 —mp
explik|r; — y = T 4 T
~ % —mna 1—n5 —mB |, n;=7/L, j=1,2, B=h/L (4.8)
-mB  —mB 1-p?

tIn fact, only the transverse components of the electric field, in the plane orthogonal to the range direction 7 — g, play a
role in the end, as discussed at the end of this section.
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Fic. 4.2. Top line: From left to right we display all six components of the row vector xq— (T) defined in (4.10)), as a
function of location along the aperture (the ordinate in meters) and cross-range location indeved by q in the imaging region
(the abscissa, in units of XLo/A). Bottom line: The MMV reconstruction.

Substituting it in ([4.4), and representing the symmetric matrix (47 L)?/+/ Nr@(rj,w; 7) by the 1 x 6 row
vector formed with the entries in its upper triangular part, we obtain the data model

Ny Tl .
djs(m) = exp[?zf)}% yqupq_,(F)I‘(F), j=1,...,N,, (4.9)

q=1

with ¥ = Fyu; 4+ Toug + hus and constant matrix I'(7) given in Appendix This is a linear system of form
1)), for N, = 6, data matrix D € CVr*6 with rows d;_,, unknown matrix X € CVv*% with rows

Tg = pgT, (4.10)
and sensing matrix G with normalized columns g, = ﬁ ( exp[2ik|r1 — y,l], - . ., exp[2ik|ry, — yq|])

The system is for a single sub-aperture. More sub-apertures, centered at 7,, can be taken into
account as explained in the previous section, with the only difference being that instead of having a scalar
unknown, we now have the unknown 1 x 6 row vector p,(7,)I'(%,). The linear system that fuses the data
from all the sub-apertures is obtained as in section [3.2] and the unknown matrix X has six times more
columns than in the acoustic case. N

Note that the approximation of the Green’s tensor ¢ (w,r;,y,) for the sub-aperture centered at
7 has the one dimensional null space span{7}. This implies that the matrix I'(7) is also singular, so we
cannot determine uniquely the reflectivity vectors p,—, from equation . To be more explicit, we can
represent the reflectivity tensor p, in in the sub-aperture dependent orthonormal basis {v;};—1 23 of
eigenvectors of the matrix in (4.8, with v3 = 7/|F|. Then, we obtain that the components {'U;rpqvg}j:LQ,g
play no role in the data model 7 so we can only estimate (’UJqu’Ul)j’lzl’g. This ambiguity is due to the
scaling relation a/|F| < 1 and it implies that only the transverse components of the electric field are needed
in imaging, as the longitudinal component along vs adds no information. If the reflectivity tensor does not
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F1a. 4.3. Top line: The components vJquvl of the reflectivity matriz, for j =1 =1 (left plot), j =1 =2 (middle plot) and
j = 1,1 =2 (right plot). The orthonormal basis (v;)j=1,2,3 depends on the center location T of the sub-aperture (the ordinate
in meters). The abscissa is the cross-range location indexed by q, in units of X Lo/A. Bottom line: The reconstruction.

change over directions, or it changes slowly, then the ambiguity can be overcome by taking into consideration
the multiple sub-apertures, because 7 changes orientation from one sub-aperture to another.

4.2. Numerical results. The setup for the numerical results is the same as the one used in section
to obtain Figures (3.3 The data are generated using the single scattering model , for a reflectivity
function that changes with the direction of illumination and is supported at two points at distance of order
AL,/A, where L, = |7, — Y.

We display in Figure the six entries of the row vectors x,_, defined in 7 as 7 varies in the
large aperture, and for points in € indexed by ¢, separated by distances A L,/A in cross-range. The plots in
the bottom line of Figure [£:2] show that the MMV method gives a good estimate of these row vectors, for
noiseless data.

In Figurewe display the components (’U;‘F PqV1);j1=1,2 of the reflectivity matrix p, and its reconstruc-
tion, for each sub-aperture centered at 7. As in the note at the end of the previous section, we let {v;};=1,2.3
be the orthonormal basis of eigenvectors of the approximation of the Green’s tensor, with v along 7.
The reconstruction displayed in Figure@is calculated as follows: With the estimated vectors x4, displayed
in Figurewe calculate the minimum ¢5 norm solution of , using the truncated SVD of the singular
matrix I'(7). This corresponds to setting to zero the components v;frpqvl of the estimated p,, for either j
or [ equal to 3. The other components are displayed in the figure, and they are well reconstructed.

5. Proofs. Here we prove the results stated in section 2.2} We begin with a Lemma, in section
which we then use in sections[5.2] and [5.3] to prove Theorems[2.1]and 2.2} Proposition [2:3]is proved in section
and the results for the clusters are proved in section [5.5)

5.1. A basic lemma. Let us denote by X the matrix obtained by normalizing the nonzero rows in X,
the unknown in the inverse problem,

By = 12 4eS, (5.1)
|zq— |2
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where || - || is the norm induced by the usual Hermitian inner product. Introduce the linear operator

£: CNrxNo _ C defined by
V) = tr[(Gf(\)*V}, YV e CNoNy,

where tr[-] denotes the trace. We have the following result:
LEMMA 5.1. The linear operator £ defined in (5.2) satisfies the inequality

1£(V)| < (G*V)ss 1,2,

for any V€ CN»*Nv_ The matriz X satisfies the inequality

a(1- ) <

and with r, X=" and E*" defined as in Theorem[2-1], we have

|ILGX™")| < (1+ In, ) I X5 |12,
|S(GE=")| < (L =7+ N, ) | B |12

(5.2)

Proof. We start with definition (5.2)), and use the invariance of the trace under cyclic permutations, and

the row support S of X, to obtain
LGX) = tr [(G)?)*GX]

= tr [A*G*GX]
[

= (®j, Tys) (9q:95) -
J,a€S

We rewrite this further with the normalization condition (2.15)) and definition (2.13)), and use the triangle

inequality to obtain the bound

G| = |3 | @ Bam) 90+ D (@i Bam) (90950 |

q€S jeS\{qa}
=Yl L+ > @i )ilga95)] |
q€S jes\{q}

>3 el L= Y @i @) lnlga 9,)l]|

qeS jeS\{q}
>3 s 21— Av,).
qeS

The result (5.4) follows from definition (2.9) of the matrix norm || X |1 2.
Similarly,

GX™") ZZ J—“i\qﬁ gq’gJ ZH:B HQZM j—w{iq% (QQ7gj)7

JESE qeS JES® qeS
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where :13 " denotes the j—th row of X=". Using the decomposition (2 of the row support §¢ of X7,

‘2 Xar ‘Z Z ||:1: HQZIJJ j_w{l:\q% (g(I?gj)‘

€S jEG; q€S
=303 I e [ @ g g+ Y wla B dilga 95)]|
i€S jeB; qeS\{i}

By the construction in (2.26)), for any j € &;, the index n(j) € S of the nearest point to y; is n(j) = i, so
the sum in ¢ is over the set S\ {n(j)}. Using the triangle inequality and the definition (2.13)) of Zy,, we get

E(e> SOlES DD DN LN [ SURETRO TN | B S TICOURE I )|

i€ES jEG; q€S\{n(5)}
<33 a1+ )

€S jJEG;

Z 25" l2(1 + Fn,).

JES®

Since S¢ is the row support of X7, we can extend the sum to 1 < j < N, and the result (5.5)) follows from
the definition of the || - ||1,2 norm.
To prove (j5.6)), recall that E=" is supported by definition outside the r—vicinity of S, in the set
BI(S) =A{1,..., Ny} \ B.(S).

Then, if we denote by e8 " the rows of E=", we have

GE®") = Z Z j*>7iq4) gq’gj>

JEBE(S) g€S

= Z ”22/1’ ]_>7£q~> (gqagj)

jé%ﬁ(S) q€S

= > el e By gy 9+ D (e B )nlge 95)].
jEBE(S) q€S\{n(5)}

Taking the absolute value and using the triangle inequality and definition (2.13)) of .y, , we obtain the bound

SGE) < 3 N5 [I0€S s Fa ) l1a(gnry- 95)] + v, -

JEBL(S)

But |pu(€]%, Zn()-)| < 1 and [u(gng), g5)1 = 1 = D(4,n(j)), with D(j,n(j)) > r for any j € B(S), so the
bound becomes

ISGE™)| < Y e lla(1 —r+ Sn,).
JEBC(S)

We can extend the sum to 1 < j < NNV, because E=" is supported in B%(S), and the result (5.6 follows from
the definition of the || - ||1,2 norm.
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Finally, for any V' € CN»*Nv | we obtain using the invariance of the trace to cyclic permutations that
V) = tr{(Gf(\)*V}
=tr [3(\ *G* V}
— tr[GVX]

N,

=Y {(G'V),2504)

j=1

JjES
where the last equality is because X is row supported in S. Taking the absolute value and using the triangle
and Cauchy-Schwartz inequalities we get

LWV <D (G V), &55) |
JES
< NG V)l
JjES
= (G"V)s= 12
This is the result in the lemma. 0

5.2. Proof of Theorem The bound (2.19)) follows from the definition of W¢ and the triangle
inequality,

IWer = [[Dw — GX® = W|r <[ Dw - GX[|r + [[W]F < 2¢,

where we used the assumption (2.12)) and that X¢ is the minimizer of :2.11.
Using again the definition of W€ and the linearity of the operator (5.2)), we write

L(GX)+ (W) =L£(GX +W?) = L£(GX®) =L(GX"") + £(GE®"),
where the last equality is by the decomposition (2.20). The result in Lemma [5.1] gives
X201 = Ay,) < [E&(GX)] = [&(GX™") + L(GE™") — L(WF)
and using the triangle inequality and the estimates , and , we get
1 X[[12(1 — Ay,) < |SGXE")| + |SGE=")| + |[&(W?)|
S A+ ININX e+ @ —r+ In)IE 12 + [(GWF)so 1 2. (5.7)

Note that by (2.10) and (2.12]),

)

IGX — Dwllr = [[W]r <e,
so since X ¢ is the minimizer of (2.11)), we must have
[ X2 < 1 X[1,2- (5.8)

We also have from the decomposition (2.20)) of X¢ in the matrices X=" and E*" with disjoint row support
that

[X 12 =1 X"+ E" |12 = [ X" [l1,2 + [ EZ|
Substituting in (5.7) we get

[ X121 = #n,) < T+ IN)UIX 12 = [EF [l12) + (1 =7+ IN)IE" |12 + [(G*WE) s |
=1+ IN )X 12 = 7| E=" 12 + (G*WE) s 1.2,

and the result (2.21)) stated in the theorem follows. [
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5.3. Proof of Theorem Let us start with the definition of the matrices W*¢, X*" and E*" given
in Theorem [2.1] and write

GX*=G(X*""+E°")=GX +W*.
With the decomposition ([2.23)) of X" we get
GX-X")=GE*"+ GE*" —W?, (5.10)

and we prove next the analogue of the result (5.7)) for X replaced by the matrix X —X*" and X" replaced
by 0. Looking at the proof of (5.4)) in section we note that we only used that X has row support in S.
The same holds for the matrix X — X", so we can write directly the analogue of (5.4)

HX _ %E,’I‘

lia(1— In,) < ‘S(G(X - x=) ’ (5.11)
The right hand side in this equation can be estimated using (5.10) and the linearity of the operator £,

l2(G(x —x) ] — |S(GE") + 2(GE™ — W)

< |e(em)

+ ‘S)(GE” — W)

Substituting in (5.11)) and using the estimates (5.6) and (5.3), with V" replaced by GE=" — W<, we obtain

X = %1 = ) < (1= r+ ) [ B | (G (GE> = w)) |

But, by equation ([2.25)),
(67Ge™)s, = G5GE™ =0,
and the desired estimate is

IX = %77 i2(1 = Av,) < (1= 74+ 20| Bz + || (62 W9)) (5.12)

S—)Hl,Q.

Next, we substitute the bound (2.21]) on the error term E*" in ([5.12)), and obtain after simple algebraic
manipulations that

2,]]\[,0(1 —-r—+ jN,U)
?”(1 - jN,,)

(1 (AL FRRE

X = X712 < X

The assumption 2.y, < r < 1 implies that
1—7“+jNv < ].—QjNu—f—jNv ::l—ef]\{ﬂ7

and moreover

1+ I, 1+ N,
1— Iy, - 1-1/2

Substituting in (5.13) we obtain the result (2.28)) of Theorem
It remains to prove the estimate ([2.29). We begin with the identity

<2(14 An,) < 3.

xEJ‘ _ Xs,r — XE”" _ Xs,r _ ge,r’
and use equation ([2.25) to conclude that

G4G(x°" — Xo7) = G3G(X"" — Xo).
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By construction, both X" and X7 are row supported in S, so we can rewrite this equation as
(X" = Xo")sy — (I — GsGs) (X5 — Xom)s, = GEG(X®" — Xem), (5.14)

where I is the |S| x |S| identity matrix. We now estimate each term in this equation.
For the right hand side in (5.14)) we have

(GsG(x* - X))

Ny
|G5GX =X 1 =33

geS v=1
N, Ny

=D D D (G5G) (X7 = X57);,

geSv=1 j=1

=S S lge g (X - XE),

geSv=1 jESUS*

q,v

N,
=200 X meng) (X =X S plge9) (X7 X)), (5.15)
gESv=1 jeSUS\&, JE(SUSE)NG,

where the first two equalities are by the definition of the norm and of the matrix product, and the third
equality uses the definition (2.14) and the row support SUS® of X" — X 7. Now let us recall the definition
(2.27) of X7, and the decomposition (2.26|) of the support ¢ of X", to obtain

> gy g) X5 = > wlge,9) X5 = Xan,

JE(SUSE)NG, JES,
and

X, =Xqv 0j.q» VJE Gy,

7,V

where §; 4 is the Kronecker delta symbol. Since u(gq,g4) = 1, we conclude that the second term in (5.15)
vanishes and the result becomes

N,
||G3G(X€,T _ XE,T)”Ll = Z Z ’ Z u,(gq’gj)(XE,T _ X‘S’T)j,v
geESv=1 jFeSUS=\G,

N,
<D > nlge gn)||[(XFT = XE0);

v=1q€S jESUS\G,

. (5.16)

Note that the set {(j,q) : j € SUS®\ &, ¢ € S} is the same as the set {(j,q) : j € SUS®, g € S\ {n(j)}},
so we can rewrite (5.16) as

N,
IG5GX =X <Y 3 (X=X Y lulgna)l
v=1jESUS*® q€S\{n(4)}

The last sum in this equation is bounded above by the interaction coefficient .#;, and using the definition of
the || - [l1,1 norm we get

IGSG(X®" — X&r) |10 < A|| X5 — X&7||11. (5.17)
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With a similar calculation we obtain

|- G5Gs)xe - X77)

N,

geSv=1 jeS

N,
SN NET = X)0] > 1(gq, 95) — 044

jES v=1 q€S
Ny
- ZZK%E’T_X&T)J'M Z 1(9q, 95)1;
JES v=1 qeS\ {5}

where we used the triangle inequality, the identity (G5Gs)q,; = 1(9q,9;) and 1(gq,gq) = 1. The last sum
is bounded above by the interaction coefficient .#;, and using that X*" — X&" is row supported in S, and
the definition of the || - |11 norm, we get

|1 -ases)E -x=)

< 7|xT - X
1,1

L (5.18)

)

Gathering the results (5.14), (5.17)—(5.18), and using the triangle inequality, we obtain the bound

(1- )2 - X7

11 < AXST =X < A (||X8’T l11+ ||X€’T||1,1)- (5.19)

We also have from the definition (2.27)) and the inequality |(g;,9:)| <1 for all j,l =1,..., Ny, that

[ X < [ X

1,1-

The estimate (2.29)) in Theorem follows by substituting this in (5.19). O

5.4. Proof of Proposition Recall the definition (5.1)) of the unit row vectors Z,—,. Because the
rows of X are assumed orthogonal in the proposition, {Z,_,,q € S} is an orthonormal subset of C1*Nv and
we conclude from Bessel’s inequality that

Z | <’U%7{B\qa> |2 < HvH”%a Vo, € CPNe and J=1,...,Ny.
q€S\{n(4)}

Dividing both sides in this equation by ||v_||2 and recalling definition (2.18]), we obtain

S uvs, )P <1, Vo, eC*oand j=1,..., N, (5.20)
g€8\{n(j)}

For a given j and v, we define the vector vv=) € R (USI=1) with entries |u(v_,,Z,)|. Recall also from
section the vector v\9) € R¥*(SI=1) with entries |u(g;,g,)|, for ¢ € S\ {n(j)}, which is a set with
cardinality |S| — 1. Using these vectors, we have

sup 30 |l 90l (v 8| = sup (v0),90) = D,

vL €C Ny ST ) pw—) @RIXISI-1 || Gvs) || <1

where (-,-) denotes the Euclidian inner product in R*ISI=1 and we used inequality (5.20) to conclude that
v) must lie in the unit ball in R*ISI=1, The last equality is because the sup is achieved for

pvs) — 7(]’)/“7(]’) 2

Substituting in the definition (2.13)), we obtain the result (2.30). O
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5.5. Proof of cluster results. The proof of Theorem [2.5]is the same as in section[5.2} with X replaced
by U, S replaced by C and W replaced by W. This leads to the estimate

E,T 2jjy € 1 * €
[E= |12 < - X¢12+ ;H(G G(X*-X +R))C%H172, (5.21)
where we used that U = X — R in the last term. But equation (2.38)) implies that
GLGR=G\G(X ~U) = G.GX — GLGU._, =0, (5.22)
where the second equality is because U is row supported in C. Thus, we have
G.GR = (G:Ge) 'GEGR =0 and therefore GEGR = 0. (5.23)
This shows that the residual R plays no role in the last term in (5.21)),
H(G*G(‘X8 - X+ R))c—>H1,2 = H(G*G(XE - X))c—>H1,2 = ||(G*W€)C—>||1,2’ (5.24)

as stated in Theorem O

The proof of Theorem is exactly the same as in section Note that the estimate applies
to the matrix X and its projection U and aggregation X defined relative to the set C, instead of S. Thus,
follows directly from (2.29)). O

It remains to prove Lem Recall that U is defined via the projection . This induces a linear
operator T : CVr*Ne 5 CN»*Nv that maps GX to GU,

GU =3GX. (5.25)
Note that GU = TGU and since ([5.23)) gives
0=G;GR=G;G(X -U) =G;(GX —TGX), (5.26)

% is the orthogonal projection onto the range of G¢.
Our goal is to estimate

N, N,
IGR|% = |G(X —U)[I7 =Y _ IG(@, — w,) |3 =) _ [|G®, — TG, |3, (5.27)
v=1 v=1
where we note that since T is the orthogonal projection on range(Gc),

|Gz, — TGy |2 < |Gy — 2)||2, V2 € range(Ge). (5.28)

We use this inequality for z = GX = G¢Xc_s, and obtain

(5.29)

’
2

|G, ~ TG,z < |Gy~ GElle = || D Xjugs = Y Kiugi|
JjES jec

because X is row supported in S and X is row supported in C. Next, using the decomposition ([2.35) of S
and the definition (2.36]) of X, we have

H > Xiwgi =Y X0
JjES jec

= H SN Xig =0 | Y Xionlgs o)

2

JjeCles; jeC e
= H D> Xiolgr - n(g;.909] H2 (5.30)
jec IGyj

We can bound this using the triangle inequality and

2 . .
llgi — (g5, 90)g5; = (g — (95,9095, 91 — 1(g;,90)9;) =1 — (G, D <290, 1), (5.31)
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where we used the definition of the semimetric ® and of p. Since .} is contained within a ball of radius 7,

centered at j € C, we have ©(j,1) < r, in (5.31), and gathering the results (5.29)—(5.31)), we get
|G,y — TGxy |2 < /21, Z Z | X1 0] = /21 || @01 (5.32)

jecles;
Finally, substituting in (5.27)),
NU
IGRIE < 21 Y (l2olh)? = 2 | XT13,1, (5.33)
v=1

as stated in the Lemma. O

6. Summary. We presented a resolution theory for synthetic aperture radar (SAR) imaging using the
multiple measurement vector (MMV) approach, also known as simultaneously sparse optimization. This
seeks to find an unknown matrix X with sparse row support, by inverting a linear system of equations
using sparsity promoting convex optimization. In the SAR imaging application, X models the unknown
reflectivity of a scattering scene. The rows of X are indexed by the points in the imaging region, and the
columns correspond to its values for multiple views of the imaging scene, from different sub-apertures and
polarization diverse measurements.

The resolution theory does not pursue the question of exact recovery, but seeks to estimate the neighbor-
hood of the support of X where the largest entries in the reconstruction lie. The radius of this neighborhood
represents the resolution limit and it depends on the noise level. We introduced a quantifier of how the
unknowns influence each other in imaging, called the multiple view interaction coefficient, and showed that
the smaller this is and the weaker the noise, the better the estimate of the support of X. We also quantified
the error of the reconstruction and studied the advantage of having multiple views. The existing literature
shows that the MMV method does not always perform better than sparsity promoting optimization with a
single view, the so-called single measurement vector (SMV) formulation. We showed that if the rows of X
are orthogonal, then the MMV approach is expected to perform better, depending on how the unknowns
are distributed in the imaging scene. We quantified this advantage and explained how the condition of
orthogonality of the rows of X arises in the application of SAR imaging of direction dependent reflectivity.

We also studied imaging of well-separated clusters of scatterers and showed that the MMV approach
gives a reconstruction supported near these clusters, with values near the net reflectivity of the clusters.

Acknowledgments. This material is based upon work supported by the Air Force Office of Scientific
Research under award number FA9550-15-1-0118.

Appendix A. Proof of Proposition We begin with the Taylor expansion of the exponent in
(3-21)) with respect to the arclength r

E('ro +7r71 —Y) 7 = 11 Po(y, — 1)

7o +r7m1 — 7| (Y — i) =kmo - (yq —y1) + kr LPT] teen (A1)

with m, and P, defined in (3.24). We suppose that the aperture A and the cross-range offset between y,
and y; are small enough so we can neglect the higher termﬁ in (A.1). Then, (3.21) may be estimated by

) i A ir
» | A‘%,Z(A/z)e@/?—W(—A/Q)e Q2 — (A2 dr gy (r)e Q/A‘
l’(‘ wq—)aml—> ~ 1/2 1/2
|Q|||1/’q,q |L1(_A/2,A/2)||¢l,l||L1(_A/27A/2)

(A.2)

If the reflectivities are independent of direction, (A.2)) becomes |p(xq—, %1 )| & [sinc(Q/2)|. This attains
its maximum at @ = 0 i.e., at ¢ = I, and decays as 1/|Q)|, as stated in the proposition. It remains to show

#The results are qualitatively the same if we include quadratic terms in 7 and neglect cubic and higher order terms. The
discussion is simpler if we consider only the shown terms in (A.1).
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that the result extends to reflectivities that vary smoothly with direction. We obtain from (A.2]), using the
triangle inequality, that

< Allg1(A/2)] + [aa(—A/2)| + Iy illLi—as2,4/2)]

[(@gs, 21| < : ; (A.3)
/2 1/2
|Q||||1/’q,q |L1(_A/2,A/2)|||7/’l,l||L1(_A/2,A/2)
and we estimate next the three terms in the numerator.
We begin with [),,;(A/2), which satisfies
A/2
A/ < Woa)+ | [ g )] (A4)
by the fundamental theorem of calculus and the triangle inequality. Therefore,
A/2
ARai(42) = [ dsliuataf2)
A/2 A/2 A/2
< [ skl + [ as| [ drug0)
—A/2 —A/2 s
A/2 A/2
< g illz,(—ay2,a/2) + dS/ dr|g,(r)]
—A)2 —A/2
= 1WqullLy(-as2,a/2) + AlVg il (- a/2,4/2)- (A.5)

The first term in this equation can be bound using the Cauchy-Schwartz inequality, once we recall the
definition (3.22)) of 1, ;. We rewrite this definition as

wq,l(r) = fq(?"o + TTl)gl*(To + 7“‘1'1)7 (A'G)
in an abuse of notation, so that
v—1 1
Ego = &g(T), To =70+ (m B i)ATL

Then, we have

A)2
Lol il (- /2,472 = / o 0 a7 (o )

A V21 s 1/2
< VA ar |€q(ro+m)l21 [/ dr|sl<ro+m>|2]

_ —A/2
= [ all om0l a2 (A7)
We also have from that
VYo (r) =71 - V(o +r11)E (10 + 771) 4 &y (10 + 771)T1 - VE (10 +771), (A.8)

and obtain using the Cauchy-Schwartz and triangle inequalities that

145,11

Li(=A/2,472) <71 VI a—ay2,a/2) 1€l o= ay2,472) + 1€allLa—a/2,4/2) 171 - VI Lo(—a/2,4/2)
<NV La—as2,a/) & La—ay2,4/2) F 16l a(—a/2,4/2) IV & Lo (—a/2,4/2)- (A.9)

To estimate this further, let us introduce the constant K, which depends on the scale of variation of the
reflectivity £,, such that

K
V€l La(—ay2,a/2) < angqulzz(*A/Q,A/z)' (A.10)
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Since [|€gllL,(—a/2,4/2) = ||1pq,q||1L/12(_A/27A/2)7 by definition (A.6)), we obtain from (A.9)—(A.10) that

1/2 1/2
A||¢¢/;,l||L1(—A/2,A/2) < (Kg+ Kl)qu,q”L/l(fA/ZA/Q)||¢Z,IHL/1(,A/2,A/2)' (A.11)

The estimate (A.5)) becomes

Algi(A/2)] < (14 Kq+ K8l amasm 100llE 5 a/s a2 (A.12)

and a similar bound applies to Ay, (—A/2)].
Gathering the results (A.11)—(A.12]) and substituting in (A.3)), we obtain the statement of the proposition,
with Cy; = 12n(1 + K, + K,). O

Appendix B. Expression of matrix I'(7). The 6 x 6 matrix I'(¥) that enters the data model (4.9)
can be written as

L'(7) = Tgiag(T) + Toff-diag ()
where
T giag(7) = diagonal ((1 = )2, (1= n)?, (1= B2, (1 = 2)(1 = 13) + (mma)?,
(L=} = 8% + (A% (1 —nd) (1 = %) + (mB)?).

is the diagonal part of T'(7) and

0 (mn2)? (mB)? mn2(nf —1)  mpBni—-1) nineB

(mm2)? 0 (n128)* mnz2(nz — 1) mn3f8 m2B(n5 — 1)

T - (F) = (mB)? (128)? 0 mn282 mB(B*—1)  mB(B*—1)
off-diag\"™/ = f2mno(nf — 1) 2mmae(m3 —1)  2mn2p? 0 mB(2ni —1)  mpB(2n3 —1)
2mB(ni — 1) 2mn5 8 2mB(B% —1) mB(2n3 — 1) 0 mn2(26% — 1)

2n?na28 2m2B(n3 — 1) 2m2B8(8% —1) mpB(2n; —1) mn2(28% - 1) 0
is its off-diagonal part.
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