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ABSTRACT In this paper, the problem of how to spatially sample the scattered field in microwave
through-the wall imaging is addressed. To this end, a two-dimensional scalar configuration for a three-
layered back-ground medium is considered under a linearized scattering model. The aim is to collect as
low as possible measurements by maintaining the same performance in the reconstructions. Accordingly,
the number and the positions of the spatial measurement points are determined so that the point-spread
function of the resulting semi-discrete problem approximates well the one of the ideal continuous case
(i.e., when data space is not sampled at all). It is shown that the resulting measurement spatial positions
must be non-uniformly arranged across the measurement domain and their number is generally much
lower than the one returned by some literature sampling criteria. Also, the measurement points can be
analytically determined by taking into account the geometrical parameters as well as the wall features.
Numerical examples are included to check the theoretical arguments.

INDEX TERMS Through-the wall radar imaging, nonuniform sampling, sampling methods, migration

inversion.

. INTRODUCTION

ROUGH wall radar imaging (TWRI) exploits the

electromagnetic wave capability to penetrate through
non-metallic obstacles to detect and localize targets hid-
den behind them. This kind of problems find application
in both military and civilian contexts and hence has recently
triggered a great deal of research efforts [1]. Many recon-
struction algorithms have been developed in literature, such
as inverse filtering [2], delay-and-sum beam-forming [3], [4],
back-projection [5], contrast source inversion [6], and diffrac-
tion tomography (DT) [7], [8]. They mainly differ for the
computational effort, processing speed, stability against the
noise and also the presence of possible spurious targets inside
the image region.

Usually, high-resolution reconstructions require wide-band
(UWB) signals and large measurement apertures [9]. This
can lead to long data collection time and a huge amount
of data. Therefore, if targets move during the acquisi-
tion/processing stages blurred reconstructions are obtained.

Accordingly, reducing the number of measurements, by
possibly maintaining the achievable performance, is of great
importance and a number of strategies have been proposed
in literature. In [10]-[12] data reduction is achieved by
exploiting a priori information concerning the sparsity of
the scattering scene and the consequent application of com-
pressive sensing (CS) based algorithms. In fact, under certain
conditions, CS works fine by using a number of data which
is below the Nyquist limit [13], [14]. However, a /; norm
minimization must be run and, what is more, the sampling
strategy to ensure the strict validity of the CS paradigm is not
often easy to find [15]. Other approaches cast the problem
as a sensor’ selection problem [16]. The latter requires
an exhaustive exploration among all possible measurement
point arrangements and is therefore combinatorial in nature.
To overcome the related huge computational burden, many
methods, based on convex optimization, greedy methods and
heuristics, have been proposed [17], [18]. However, such
methods select the measurement points by running iterative
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procedures and generally require a priori information on the
problem number of degrees of freedom (NDF) [19]-[22].

Recently, we have introduced a sampling strategy which
relies on the mathematical properties of the linearized scat-
tering operator [24], [25] and is conceived to approximate
the ideal point-spread function, that is the one obtained in
the case the data are continuously collected, corresponding
to a migration-like inversion method [26]. The main merit
of such an approach is that the sampling points are ana-
lytically determined and shows a clear dependence on the
configuration parameters. Hence, as opposed to approaches
mentioned above, the proposed sampling strategy does not
require information concerning the sparsity of the solution
and NDF, and does not require to run iterative procedures.

In the previous contributions, under a mono-static/multi-
frequency scalar 2D scattering configuration, we considered
the cases of homogeneous and two half-space back-ground
media [24], [25]. However, the method is general and can
be adapted to a more complex back-ground medium. Here,
we just extend the analysis to a three-layered background
medium, which is relevant in TWRI applications. In particu-
lar, we focus in reducing the number of spatial measurements
(which generally represents the bulk of measurement time),
but the method can be applied to reduce both spatial
and frequency measurements [27], although the resulting
spatial-frequency measurement grid can be not necessarily
convenient.

The main drawback while considering a three-layered
back-ground medium is the need to compute the two
refractive points occurring a the wall interfaces. To over-
come this issue, an equivalent two-layered model is
employed [28]-[29], which allows to resort to the same
results derived in [25].

Eventually, the spatial sampling points have to be non-
uniformly deployed across the measurement aperture accord-
ing to a law which depends on the geometrical parameters
of the configuration and the wall features. This, in partic-
ular, allows to highlight the role of the wall thickness and
refractive index on the number and distribution of the spatial
sampling points.

The rest of the paper is organized as follows. In Section II,
in order to make the paper self-contained we briefly report
the sampling approach for a general back-ground medium. In
Section III, the case of a three-layered medium is considered
and the equivalent two.layered medium is employed to quan-
titatively estimate the spatial sampling points. Section IV
to numerically check the sampling scheme. In this sec-
tion we consider the effect of the wall parameters. Finally,
conclusions are briefly summarize the paper.

Il. SAMPLING STRATEGY

Consider a 2D scalar geometry invariant along the y-axis. For
example look at the one sketched in Fig. 1, which refers to
a usual (though simplified) through the wall imaging scene
with a three layered background medium.
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FIGURE 1. Geometry of the problem.

The incident field is radiated by an y-polarized line source
at different frequencies; say i = [kmin, kmax] the corre-
sponding band within which the free-space wavenumber ko
varies. A monostatic configuration is considered, so that the
scattered field is collected at the same position as the source
while the latter moves (or is deployed) along the segment
OD = [—Xop, Xo] of the x-axis located at z, in the first layer.
The targets are assumed to reside within a rectangular region
SD = [—X;, Xs] X [Zmins Zmax]-

Under the Born approximation, the mathematical relation-
ship linking the scattered field £ and the unknown object is
given by the following linearized scattering operator

E(x,, ko) = jkwpio /S drG?(x,, r, ko) x (r) (1)
D

with (x,, kg) € ¥ = Qi xOD and r = (x, z) € SD. The func-
tion x (r) = (€5(r) —e€o)/€o is the so-called contrast function,
with €, being the dielectric permittivity of the unknown scat-
terer. The function G(x,, r, ko) is the Green function pertinent
to the considered background medium.

When the observation domain and the target domain are
sufficiently separated (few wavelenghts), than G(x,,r, ko)
can be asymptotically approximated as

G(Xo, 1, ko) & /I(xp, 1, kg)e 0P Cor) )

where /h(x,,r, ko) is the relevant amplitude factor, and
¢ (x,,r) is the phase term that takes into account the prop-
agation path the wave experiences from the target point
r = (x,z) to the field point r, = (x,, z,). Accordingly, the
scattering model can be rewritten as

E(xo. ko) = jkgopo / drh(x. r, ko)e 70000y () (3)
SD
which in operator notation is written as
A: x € L’(SD) > E € L*(X) 4)

where A is the integral operator in (3) assumed to act
between Hilbert spaces of square integrable functions.

In order to devise a sampling scheme for the scattered
field a couple of crucial points need to be first addressed.
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First, it is noted that A is not a band-limiting projector.
However, it exhibits a well-behaved kernel function which,
far from its singularity (which here does not occur because
SD and OD are disjoint), is analytic. This, along with SD is
bounded, entails that A is compact. Hence, its range (i.e.,
the set of possible scattered fields) has an “effective” finite
dimension [30]. Accordingly, a finite semi-discrete (where
discretization is achieved only for the scattered field space)
approximation of (3) can be looked for.

Second, a suitable criterion has to be chosen to guide
the sampling scheme that at the same time can be used
to assess how the resulting discrete problem approximates
the original (continuous) one. For an imaging problem, it is
natural to set the sampling scheme so to have (if possible)
the same performance in the reconstruction as in the contin-
uous case. Of course, this is in principle possible because
the properties of the scattering operator mentioned above
and the unavoidable presence of noise that corrupts field
measurements.

Here we exploit the same approach as developed in [24]
and [25]. More in detail, say

B:EeLl*X)— % € L*(SD) (5)

a reconstruction operator, that starting from data returns an
estimation of the unknown contrast

X (r) = (BE)(r) (6)

Since, the imaging problem is cast as an inverse linear
problem, the unknown x and its reconstructed version X
results linked as

20 = / dr'psf (r. ') x () ™
SD

where psf (r, 1) is the inversion scheme point-spread function
(psf), i.e., the kernel function of B.4. Equation (7) highlights
that the contrast function, during the reconstruction pro-
cess, undergoes a filtering dictated by the psf, a well known
fact. Accordingly, the sampling scheme is looked for as the
one which allows to approximate the “ideal” point-spread
function, i.e., the one obtained when data are continuously
collected over the frequency band and the measurement
domain.

In general, the point-spread function depends on the
scheme adopted to achieve the inversion of the scattering
operator. Most inversion operators are in a form of weighted
adjoint of the scattering operator. Indeed, they attempt to
achieve focusing in the scatterer region by compensat-
ing the phase term and possibly equalizing the amplitude
term [31]-[33]. Here, we just consider the actual adjoint,
A", of the scattering operator, that is

AT Ee () > % € LX(SD) (8)
so that the reconstruction is obtained as
70 = (AE)@) ©)
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which yields the psf as

psf(r,r) ~ /E dkodx,A(xo, 7, 7, ko)

X erko[¢(xn,r)f¢(xn,r’)] (10)
where A(xo,r,r, ko) = [KGwpol*h* (o, r, ko)h(xo, 1, ko),
with * denoting conjugation operator.

Using A" to approximate the inverse operator has the
merit that the corresponding psf actually coincides with
the kernel function of A'A, and hence can be used to
numerically compute the singular spectrum of the scattering
operator. The latter, in turns, is of crucial importance while
adopting a regularized inverse filtering scheme to achieve
the reconstruction. Moreover, since the singular value of A
presents an abrupt decay beyond a critical index (the so-
called number of degrees of freedom, NDF [19]-[22]), (10)
generally returns a good approximation of the psf that a
regularized inverse filtering method would yield (unless
a very high unfeasible signal to noise ratio is available).
Indeed, the number of sampling points is actually linked to
the NDF.

In this paper we are mainly concerned with the spatial
sampling. Therefore, wavenumber is sampled by employing
standard arguments based on the range extent of the area to
be imaged, that is Ako = 7/ (Zmax — Zmin); denote as ko; =
komin + (I — 1)Akg the corresponding sampled frequencies.
Hence, (10) is approximated as

psf(r, r’) ~ Aky Z /;D don(xo, rr, kOl)
l

x 82./1(0/[¢(Xo,r)—¢(Xo,l")] (11)

Thus, determining the spatial sampling is equivalent
to finding the spatial positions over OD that allows to
approximate the spatial integral appearing in (11). In par-
ticular, we consider such an integral for ko = komax
and z = zp, which is expected to be more critical to
approximate. This can be roughly justified by observing
that the exponential term becomes more oscillating as k
increases, while for z = zui, the angular sector under
which an observation point is “seen” from the investiga-
tion domain (which affects the local bandwidth) is larger
(see Fig. 2).

Accordingly, we focus on

p‘sfk()max (’x’ xl) = \/(.)D d‘on (’xo’ X, 'xl’ kOmax)

X erkomaX[qS(xo,x)—¢(x,,,x’)] (12)
where the subscript in the right-hand term means that ko =
komax and the integrand depends only on x and x’ since
Z = Zmin- Now, by introducing the monotonic increasing
transformation

n(x) = ¢(=Xo, x) — ¢(Xo, x) 13)
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FIGURE 2. Pictorial view on how the local band changes in terms of the depth z.

that maps the interval [—X;, X;] into [n(—X;), n(Xs)], the
phase term can be written as

2komax[d (xo, 12) — & (X0, N1)1komax(M2 — n1)w(nz, 01, Xo)
(14)

with

19
w(n2, N1, Xo) = 2/ 990, x(n))

dv (15
0 an

n=n1+v(m—ni)

and 1o = n(x), m = n(x'). As shown in [25], w(n2, n1, xo)
is a continuous monotonic decreasing function with respect
to x, V12, n1. Thus, upon defyining

w(n, ni, —Xo) —w(n2, m, Xo)

Qw(n2s 771) = 5 1
(16)
w(n2, n1, —Xo) + w(mn2, N, Xo)
Wayg (M2, 111, X0) = (17)

2
and w = w + wgyg, (12) can be rewritten as

1
psfk0/11ax(n27 r’l) ~ e]kOmuxWavg[n27nl] / K(V_V, nlv kOmax)

% eKomaxWlnz—ml gy, (18)

where  K(W,m2,m.ko) = —AG®(W), 2, M1, ko) Gt
and in (18) we approximated K(w,nz,n1,ky) =
Kw,n,m,ky)) = Kw,ni,ky), because the leading
order contribution occurs for 7, — n; = 0 [34].

It is assumed to collect the data over a set of spatial
positions so that w results uniformly sampled. Say Aw =
Aw = wy — Wy1 = w2, N1, Xon) — wW(n2, N1, Xon+1) the
corresponding sampling step, with x,, being the sampling
point in the original observation variable x,. Then,

Psfig(n2, m) A Fomasti=ml Ay
X Y K (i, 1, ko)elomAtm=ml - (19)
n
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Now, according to the arguments reported in the Appendix,
the sampling in w which allows to approximate the point-
spread function corresponds to collect the data with a
uniform step of 7 in the variable

¢ (x0) = komax[®(xon, —X5) — & (xon, X5)].

In particular, eq. (20) entails to non-uniformly sample the
observation variable x,.

(20)

lll. SAMPLING FOR A TWI SCENARIO

Previous arguments are completely general. Here, we par-
ticularize them to the case of a TWI scenario characterized
by a three-layered background medium (see Fig. 1). In this
case, the targets are hidden behind a wall represented by a
layer having thickness L and relative dielectric permittivity
€., which are assumed known. The first and third layers
are instead free-space with dielectric permittivity denoted
as €g. The magnetic permeability is everywhere the one of
the free-space wo. While kg is the free-space wavenumber,
kp = nko, with n = /€, being the refractive index, denotes
the wavenumber in the wall layer. For the case at hand, the
Green function enjoys the following spectral representation

_j oo
G(xo, 1, ko) = o f dk, T (ky)

—00

x eIk gka0(L+20—2) p=jk (¥o—) 1)
with k, being the spectral variable,
L N if ke <ko
0 =
—j\JKE =K if ke > ko
L K — k2 if ke <k
b =
K2 =k if ke > kp
and the transmission coefficient 7'(k,) given by
1-T.2
T(ky) = . 22
() ko(1 — D.2e=%kabl) 22
with
kp —k
— b~ *0 (23)
kzb + kz0

This expression is used to compute the synthetic data.
However, for the sampling scheme derivation purposes
the Green function asymptotic expression is employed. In
particular, for the case at hand the phase term is given by

$ (50 7) = Roy + Rop + nR 24)
with
Rot =/ Gon Giou 1) — 50 + L4207 (25)
Ro> =y (= X (i 1) + 22 (26)

being the two paths traveled by the waves in free-space
whereas

R = /oG 1) — ot G0 M+ 12 27)
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FIGURE 3. Equivalent two-layer model.

takes into account the propagation inside the wall (see
Fig. 1), and x,,,1 (x,, ) and x,,2(x,, r) are the refraction points
which, according to the Snell’s law, are given by

Xm2 — Xml X = Xm2

X, — X,
m — Yo _p = . (28)
Ro1 R Ro>

The sampling points can then be determined by solving
for eq. (20) once the previous phase function is considered.
However, while doing this, one has to compute and to take
into account for two refractive points in the phase term of (2).
In order to avoid this drawback, an equivalent two-layered
model (see (3)) can be employed [28]. This allows to re-
express the phase term in (2) in terms of only one refraction
point x,,,3 that is

¢(xo,r) = nR+ Ro 29)
where
R =1/ (xm3 — x0)* + 2
Ry = \/<x — xm3)* + Gmin — L — 20)*.
and x,,,;3 fulfills
: _Rz“ - nx’"3R_ o (30)

By introducing this equivalent two-layered re-formulation,
the phase term is clearly the same as the three-layered
Green function, but the amplitude term is not. However,
as discussed above, what matters in determining the sam-
pling point distribution is just the phase term; the amplitude
term introduces a different weighing on the spectral com-
ponent of the actual contrast function x (#’) resulting in
a different structure of the psf’s lobes. Accordingly, the
same approach developed in [25] can be pursued. Then,
it follows that in order to approximate psf(r,r’), the
spatial measurement positions arise by uniformly sam-
pling the new variable ¢, depending on the configuration
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FIGURE 4. Non-uniform distribution of xo. The configuration parameters are set to
Xs = 0.7m, Zpjp, = 0.2m, Zmax = 1.2m, Kppjp, = 6.67xm™1, kmax = 10.67xm™1,
Xg =1m, 2o = —0.5m, L = 20cmand n = 3.

parameters,

0 = e 755
+ \/(fl + Xs)2 + (Zmin —L— 20)2

— ny) (xo —2)* + 12

- \/(fZ - Xs)2 + @min — L — Zo)z:| (31)

where f1 and f is the refraction point, obtained by the Snell’s
law, corresponding to extreme points in the investigation
domain, that is

S1 = xm3(x0, —Xy)
= xm3(x0, Xy).

Since the non-linear relationship between ¢ and x,, uni-
form sampling in ¢ becomes non-uniform in x,. Accordingly,
let Ax, be the sampling step in x,, its expression in terms of
configuration parameters is given by solving the following
equation

£(x0) — £ (X + Ax,) = g (32)

in terms of Ax,, with 7 the sampling step in ¢ and o > 1
a slight oversampling factor which according to [25] can be
chosen equal to o = 1.1. Hence, the required number of non
uniform spatial samples falling within OD (which, since the
mapping in (31) corresponds to the interval [—¢ (Xo), ¢ (Xo)])
turns to be

. 2kmaxc’[ ¢ (XO)
= - .

N

In Fig. 4, an example of the measurement points returned
by applying the proposed approach is shown. As can be seen,
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the points are non-uniformly arranged across the measure-
ment domain; the sampling step is quite constant and lower
at the center of the measurement domain and it increases as
the observation point approaches the edges. What is more,
as shown in [25], the number of sampling points is much
lower than the one returned by a half-wavelength sampling
or other approaches present in literature [35].

This non-uniform distribution is typical for near field
configuration and has already been observed for the homo-
geneous case. However, compared to the homogeneous case,
the way in which the number of sampling points and their
non-uniform distribution is affected by the configuration
parameters is different. In particular, they are affected by the
wall parameters L and €,. In the next section, an analysis
on how the wall affects the sampling grid is performed.

IV. NUMERICAL ANALYSIS

In this section, in order to check the capability of the
proposed sampling scheme in approximating the exact point
spread function psf, some numerical examples are consid-
ered. In each example, the exact point spread function psf
and the one obtained by the proposed sampling scheme are
compared. The exact point spread function psf is evaluated
numerically with a very fine and uniform grid of spatial
points within OD. Instead, when the proposed non-uniform
sampling strategy is considered, the point-spread function is
evaluated by

Ny N

psfe(r,r) = Z Z Ako [k%lwl,uo]sz (Xom. ¥, kor)

=1 m=1

X G o k) 22 A (33)
d¢

with Nj the number of frequencies within 2 collected with
an uniform step equal to Aky = 7/ (Zimax —Zmin)» A = 7w and
where ‘% is due to the change of variable from x, to ¢, intro-
duced in order to approximate the integral in x, of (10). In
particular, while computing both the point-spread functions,
the exact spectral Green function expression (reported in
the previous section) is employed. The approximated Green
function introduced in (2) has been employed only to derive
the sampling scheme.

Now, in order to appreciate the role of the wall parame-
ters, L and ¢,, three representative numerical examples are
reported. In particular, they are addresses as

e case 1, L=20cm and n =3

e case 2, L=50cm and n =3

e case 3, L=20cm and n = 4

Note that in passing from case 1 to 2, the wall thickness
increases, instead from case 1 to 3 the relative dielectric
constant increases. For all these examples, the other con-
figuration parameters are set to Xy = 0.7m, zuin, = 0.2m,
Zmax = 1.2m, kpin = 6.67T7m™", kpax = 10.677m™!,
Xo = 1m and z, = —0.5m. Finally, the point-spread
function corresponding to a point-like target located at
r = (0.5,0.5)m is considered.
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FIGURE 5. lllustrating the normalized point-spread function amplitudes for case 1.
Panel a) shows the normalized psf and the spatial sampling strategy exploited to
achieve its estimation; panel b) the normalized psfe and the non uniform spatial
sampling strategy exploited to achieve its estimation; panel c) and d) the cut-views
along x and z, in particular the blue and red lines refer psf and psfe, respectively.
|C(¢’)| =0.98 and N = 28.
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FIGURE 6. lllustrating the normalized point-spread function amplitudes for case 2.
Panel a) shows the normalized psf and the spatial sampling strategy exploited to
achieve its estimation; panel b) the normalized psfe and the non uniform spatial
sampling strategy exploited to achieve its estimation; panel c) and d) the cut-views
along x and z, in particular the blue and red lines refer psf and psfe, respectively.
|C(”)] = 0.98 and N = 31.

The corresponding normalized point-spread functions are
shown in Figs. 5-7. In each figure, it is shown: the nor-
malized psf and the spatial sampling strategy exploited to
achieve its estimation (panel a); the normalized psf, and the
non-uniform spatial sampling strategy exploited to achieve its
estimation (panel b); the cut-views along x and z, in particu-
lar the blue and red lines refer to psf and psf,, respectively.
Moreover, in order to quantify how psf, is close to psf,
in each figure we report the value of the the correlation
coefficient given by

) = fSDpsfe(r, Y )psf*(r,r)dr
lpsfell G lIpsf 1l )

where ||psf,||(*") and ||psf||(#') are the norms computed with
respect to r and hence remain function of 7. As can be seen,

(34)
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FIGURE 7. lllustrating the normalized point-spread function amplitudes for case 3.
Panel a) shows the normalized psf and the spatial sampling strategy exploited to
achieve its estimation; panel b) the normalized psfe and the non uniform spatial
sampling strategy exploited to achieve its estimation; panel c) and d) the cut-views
along x and z, in particular the blue and red lines refer psf and psfe, respectively.
|C(’) =0.98 and N = 28.
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FIGURE 8. lllustration of the wall thickness impact on sampling step (panel a)) and
on the number of samples (panel b)). The parameters are Xs = 0.7m, z,i, = 0.2m,
Zmax = 1.2m, kppjp, = 6.67xm™1, kmax = 10.67xm=1, Xg = 1m, zo = —-0.5m, n =3
and L € {0.1,0.2,0.3, 0.4, 0.5}m.

psf and psf, practically always overlap, in fact, the value
of C is always very high (i.e., & 0.98). This means that
the proposed spatial sampling strategy works very well in
estimating the point-spread function for all the considered
wall parameters (indeed, this always holds true also for other
wall parameters, not reported herein).

Now it interesting to establish how the wall parameters
affect the non-uniform sampling point distribution. To this
end, Fig. 8 shows the impact of the wall thickness L on the
sampling step Ax, (panel a) and on the number of samples N,
by considering a fixed wall refractive index n = 3. In the first
panel, Ax, is shown as a function of the observation variable
X, as L ranges among {0.1, 0.2, 0.3, 0.4, 0.5} m. As expected,
according to the non-uniform observation point distribution,
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FIGURE 9. lllustration of the wall refractive index impact on sampling step (panel a))
and on the number of samples (panel b)). The parameters are Xg = 0.7m,

Zpin = 0.2m, Zmax = 1.2m, Ky = 6.67xm™", kmax = 10.67zm=1, Xg = 1m,

20 =—0.5m, n={+/6,3,+/12,4} and L = 0.5m.

Ax, is not constant with x,, but it is smaller at the center and
increases at the edges of the observation domain. Moreover,
while passing from low to large value of L, the gap between
Ax, at the center and at the edges increases. Moreover,
as L increases, the distribution of sampling points tend to
become more uniform at the center and more non-uniform at
the edges. By considering, the panel (b) of the same figure,
it is evident that the number of sampling points increases as
L increases.

Fig. 9 shows instead the impact of the wall refractive
indexes n having fixed the wall thickness at L = 0.5m.
As can be seen, the trend is similar to the previous case.
However, compared to the thickness, the refractive index
affect is much more weak.

Eventually, it can be concluded that the sampling points
are non-uniformly arranged across the measurement domain.
The sampling step is quite constant and lower at the center of
the measurement domain and it increases as the observation
point approaches the edges. This trend is enhanced as the
wall thickness and/or n increase. What is more, the derived
analytical results works well in predicting the number and
the locations of the measurement point according to the wall
features.

V. CONCLUSION
In this paper, a strategy to spatially sample the scattered field
data in the framework of through-the wall radar imaging
has been presented. The approach is conceived so that the
point-spread function of the corresponding to semi-discrete
problem approximates well the ideal one, that is the one
obtained in the case data are continuously collected over the
measurement domain. The approach presented in [25] has
been followed and adapted to the TWI scenario.

It was shown that the spatial measurements should be
deployed non-uniformly across the measurement domain.
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More in detail, the obtained analytic results highlight the
role of the geometrical parameters of the configuration as
well as of the wall thickness L and refractive index n. on the
sampling point distribution and on number of samples N has
been analyzed. In particular, the refractive index affects less
significantly the sampling point distribution. In any case, a
further numerical analysis (do not shown here, for brevity)
was performed. Basically, the psf at different n belonged to
the interval [2.8 — 3.2] was obtained by retaining the sam-
pling corresponding to n = 3. The results confirmed that the
sampling strategy weakly depends on n. Summarizing, if
the electromagnetic features of the wall are not known, they
can be estimated someway, and in any case the proposed
sampling scheme weakly depends on the wall dielectric per-
mittivity. In this paper, the sampling strategy was derived
under the hypothesis of lossless walls. However, if walls with
losses are considered, it is expected that the proposed sam-
pling scheme still works in approximating the point-spread
function. This is because losses tend to reduce the data
spatial bandwidth and hence, the present sampling in some
sense oversamples the data. Note that considering losses in
the derivation of the sampling scheme would lead to fur-
ther reduction in the required data. In fact, they require to
slightly modify the derivation of the variable parametrization
(upon which the sampling is based) and to deal with some
related math difficulties. This will be addressed in a future
contribution.

APPENDIX

In this Appendix, we establish how to choose the sampling
step Aw and the corresponding sampling in x,. To this end,
re-write (19) as

PSfrgna (12, M) = Y AWK (W, 11, komar)e™ ) (35)
n

with u(n2, 11) = komaxAwl[n2—n1]. Equation (35) is periodic
u(n2, n1) with period 2. Hence, Aw should be chosen so
that psf,... runs over one single period when 7, and n; vary
in [n(—Xs), n(X;)]. These are the same arguments invoked
for avoiding greeting lobes in array antenna theory [36].
Note that the most critical situation occurs for 7, = n(X;)
and 71 = n(—X;) = —n(X;). Hence,

u(n(Xy), n(=Xy)) = 2nXy)komaxAw < 27 (36)
from which results
Aw = w(n(Xs), —n(Xy), Xon)
— w(nXy), —n(Xs), Xony1) < 21 37)

with Xx,; < Xony1 being two consecutive sampling points in
Xo. Now, by using (15) to express w(n(X), —1(X;), Xon) and
W(’?(Xv), _n(XY)v -xon-l,-l) y161ds

kOmax[[¢(xozz» X5) — ¢ (Xon, —X5)

= (Xon+1, Xs) + ¢ (Xont1, _XY)]] <m (38)
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so that, eventually, the equation for finding the sampling
points x,, is

komax[@ Xon, —Xs) — ¢ (Xon, Xs)] = nm. (39)

The latter suggests to collect the data with a uniform
step equal to m in the variable ¢(x,) = komax[® (Xon, —Xs) —

& (Xon, X5)].

REFERENCES

[1] M. G. Amin, Through-the-Wall Radar Imaging. Boca Raton, FL, USA:
CRC Press, 2017.

[2] R. Solimene, A. Brancaccio, R. Pierri, and F. Soldovieri, “TWI
experimental results by a linear inverse scattering approach,” Progr.
Electrom. Res., vol. 91, pp. 259-272, Jan. 2009.

[3] F. Ahmad, Y. Zhang, and M. G. Amin, “Three-dimensional wideband
beamforming for imaging through a single wall,” IEEE Geosci. Remote
Sens. Lett., vol. 5, no. 2, pp. 176-179, Apr. 2008.

[4] F. Ahmad, M. G. Amin, and S. A. Kassam, “Synthetic aperture beam-
former for imaging through a dielectric wall,” IEEE Trans. Aerosp.
Electron. Syst., vol. 41, no. 1, pp. 271-283, Jan. 2005.

[5] D. Oloumi and K. Rambabu, “Metal-cased oil well inspection using
near-field UWB radar imaging,” IEEE Trans. Geosci. Remote Sens.,
vol. 56, no. 10, pp. 5884-5892, Oct. 2018.

[6] L.-P. Song, C. Yu, and Q. H. Liu, “Through-wall imaging (TWI) by
radar: 2-D tomographic results and analyses,” IEEE Trans. Geosci.
Remote Sens., vol. 43, no. 12, pp. 2793-2798, Dec. 2005.

[71 W. Zhang and A. Hoorfar, “Three-dimensional real-time through-
thewall radar imaging with diffraction tomographic algorithm,” IEEE
Trans. Geosci. Remote Sens., vol. 51, no. 7, pp. 4155-4163, Jul. 2013.

[8] A. Salehi-Barzegar, A. Cheldavi, V. Nayyeri, and A. Abdolali, “A
fast diffraction tomography algorithm for 3-D through-the- wall radar
imaging using nonuniform fast Fourier transform,” IEEE Geosci.
Remote Sens. Lett., vol. 19, pp. 1-5, 2022.

[9] F. Ahmad and M. G. Amin, “A noncoherent approach to radar local-

ization through unknown walls,” in Proc. IEEE Conf. Radar, 2006,

p- 7.

Q. Huang, L. Qu, B. Wu, and G. Fang, “UWB through-wall imaging

based on compressive sensing,” IEEE Trans. Geosci. Remote Sens.,

vol. 48, no. 3, pp. 1408-1415, Mar. 2010.

M. A. Herman and T. Strohmer, “High-resolution radar via com-

pressive sensing,” IEEE Trans. Signal Process., vol. 57, no. 6,

pp. 2275-2284, Jun. 2009.

A. S. Barzegar, A. Cheldavi, S. H. Sedighy, and V. Nayyeri, “3-D

through-the-wall radar imaging using compressed sensing,” [EEE

Geosci. Remote Sens. Lett., vol. 19, pp. 1-5, 2022.

E. Candes, J. Romberg, and T. Tao, “Robust uncertainty princi-

ples: Exact signal reconstruction from highly incomplete frequency

information,” IEEE Trans. Inf. Theory, vol. 52, no. 2, pp. 489-509,

Feb. 2006.

E. J. Candes and M. B. Wakin, “An introduction to compressive

sampling,” IEEE Signal Process. Mag., vol. 25, no. 2, pp. 21-30,

Mar. 2008.

R. Obermeier and J. A. Martinez-Lorenzo, “Sensing matrix design

via mutual coherence minimization for electromagnetic compressive

imaging applications,” IEEE Trans. Comput. Imag., vol. 3, no. 2,

pp. 217-229, Jun. 2017.

S. J. Reeves and L. P. Heck, “Selection of observations in signal recon-

struction,” IEEE Trans. Signal Process., vol. 43, no. 3, pp. 788-791,

Mar. 1995.

C. Jiang, Y. C. Soh, and H. Li, “Sensor placement by maximal pro-

jection on minimum eigenspace for linear inverse problems,” IEEE

Trans. Signal Process., vol. 64, no. 21, pp. 5595-5610, Nov. 2016.

J. Wang and A. Yarovoy, “Sampling design of synthetic volume arrays

for three-dimensional microwave imaging,” IEEE Trans. Comput.

Imag., vol. 4, no. 4, pp. 648660, Dec. 2018.

R. Piestun and D. A. B. Miller, “Electromagnetic degrees of free-

dom ofan optical system,” J. Opt. Soc. America A, vol. 17, no. 5,

pp- 892-902, 2000.

R. Solimene, M. A. Maisto, G. Romeo, and R. Pierri, “On the

singular spectrum of the radiation operator for multiple and extended

observation domains,” Int. J. Antennas Propag., vol. 2013, Jul. 2013,

Art. no. 585238.

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

VOLUME 3, 2022



IEEE Open Journal of

Antennas and Propagation

[21]

[22]
[23]

[24]

[25]

[26]

(27]

[28]

R. Solimene, M. A. Maisto, and R. Pierri, “Inverse scattering in
the presence of a reflecting plane,” J. Opt., vol. 18 no. 2, 2015,
Art. no. 025603.

M. A. Maisto, R. Solimene, and R. Pierri, “Metric entropy in linear
inverse scattering,” Adv. Electromagn. vol. 5, no. 2, pp. 46-52, 2016.
M. Bertero, Linear Inverse and Ill-Posed Problems. New York, NY,
USA: Academic, 1989.

M. A. Maisto, R. Pierri, and R. Solimene, “Spatial sampling in
monostatic radar imaging,” IEEE Geosci. Remote Sens. Lett., vol. 19,
pp. 1-5, 2022.

M. A. Maisto, R. Pierri, and R. Solimene, “Sensor arrangement
in monostatic subsurface radar imaging,” IEEE Open J. Antennas
Propag., vol. 2, pp. 3-13, 2021.

T. Sakamoto, T. Sato, P. J. Aubry, and A. G. Yarovoy, “Ultra-
wideband radar imaging using a hybrid of Kirchhoff migration
and Stolt F-K migration with an inverse boundary scattering trans-
form,” IEEE Trans. Antennas Propag., vol. 63, no. 8, pp. 3502-3512,

Aug. 2015.

M. A. Maisto, M. Masoodi, G. Leone, R. Solimene, and
R. Pierri, “Scattered far-field sampling in multi-static multi-
frequency configuration,” Sensors, vol. 21, no. 14, p. 4724,
2021.

M. Aftanas, J. Rovnakova, M. Drutarovsky, and D. Kocur,

“Efficient method of TOA estimation for through wall imag-
ing by UWB radar,” in Proc. Int. Conf. Ultrawideband, 2008,
pp- 101-104.

VOLUME 3, 2022

[29]

[30]

[31]

[32]

(33]

[34]

[35]

[36]

T. Jin, B. Chen, and Z. Zhou, “Image-domain estimation of wall
parameters for autofocusing of through-the-wall SAR imagery,”
IEEE Trans. Geosci. Remote Sens., vol. 51, no. 3, pp. 1836-1843,
Mar. 2013.

G. Newsam, and R. Barakat, “Essential dimension as a well-defined
number of degrees of freedom of finite-convolution operators appear-
ing in optics,” J. Opt. Soc. America A, vol. 2, no. 11, pp. 2040-2045,
1985.

M. A. Maisto, R. Solimene, and R. Pierri, “Depth resolution in
stripcurrent reconstructions in near non-reactive zone,” J. Opt. Soc.
America A, vol. 36, no. 6, pp. 975-982, 2019.

M. T. Bevacqua, T. Isernia, R. Palmeri, M. N. Akinci, and L. Crocco,
“Physical insight unveils new imaging capabilities of orthogonality
sampling method,” IEEE Trans. Antennas Propag., vol. 68, no. 5,
pp. 4014-4021, May 2020.

G. Ruvio, R. Solimene, A. D’Alterio, M. J. Ammann, and R. Pierri,
“RF breast cancer detection employing a noncharacterized vivaldi
antenna and a MUSIC-inspired algorithm,” Int. J. RF Microw. Comput.
Aided Eng., vol. 23, no. 5, pp. 598-609, 2013.

M. Cheney and R. J. Bonneau, “Imaging that exploits multipath
scattering from point scatterers,” Inverse Problems, vol. 20, no. 5,
pp. 1691-1711, 2004.

M. Soumekh, “A system model and inversion for synthetic aperture
radar imaging,” IEEE Trans. Imag. Process., vol. 1, pp. 64-76, 1992.
C. A. Balanis, Antenna Theory: Analysis and Design. New York, NY,
USA: Wiley, 2016.

341




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Helvetica
    /Helvetica-Bold
    /HelveticaBolditalic-BoldOblique
    /Helvetica-BoldOblique
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryITCbyBT-MediumItal
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Recommended"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


