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PERFORMANCE OF A BORN-APPROXIMATION MICROWAVE TOMOGRAPHIC
TECHNIQUE UNDER NON-BORN CONDITIONS

Zar

Emanuele Salerno
Consiglio Nazionale delle Ricerche - [EI
Via Santa Maria, 46, [-56126 Pisa, Italy
email: salerno@iei.pi.cnr.it

Abstract-- A first-order Born approximation
tomographic technique from far-field backscat-
tering data, proposed and analyzed elsewhere,
is first introduced. The data model adopted is
linear, but the reconstruction algorithm is non-
linear, and its resolution power is not directly
related to the working frequencies. Some simu-
lated experimental results are then presented to
evaluate the performance of the technique in
the cases where the linear data model is not
strictly justified. '

[ INTRODUCTION

Microwave tomography is an interesting tool for
nondestructive diagnoesis of dielectric materials.
FHowever, rather expensive reconstruction algo-
rithms derive from realistic (i.e. nonlinear)
data models. The first-order Born approxima-
tion leads to a simple Fourier relationship be-
tween the measured data and the complex per-
mittivity of the object under test. A Fourier re-
construction, however, yields highly ambiguous
images, especially from data sets collected by a
monostatic system. In {1] and [2], we suggested to
adopt the first-order Bormn data model and a
nonlinear reconstruction’ algorithm, the pro-
jected Landweber method [3], that avoids some
of the problems related to linearization. This
approach has advantages over the fully linear
‘lpplO’lChEb, in that 1t vields better recon-
structed images, and over the fully nonlinear
approaches, in that it is much less expensive
computationally.

For perfectly lossless objects this aloonthm
yields quantitative images even in the cases
where Fourier techniques would only achieve
low-resolution or highly ambigtious images. To
reconstruct the complex object function for lossy
materials, a preprocessing strategy was pro-
posed in {2]. This strategy, along with the pro-
jected Landweber method, was experimented in
perfect Born conditions, and gave good results
for both the real and imaginary parts of the ob-
ject function. The next step in the validation of
this technique is to test it with non-Born data.
The key point to assess experimentally is the
maximum allowed deviation from the first-
order Born conditions that still permits the
reconstruction of readable images. The algo-
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rithm proposed in [1] for lossless objects is fairly
robust against the distortions of the backscat-
tered field with respect to the Fourier transform
of the object function. The experimental
evidence drawn from the preliminary tests
presented here leads us to conclude that the
algorithm for lossy objects is much less tolerant
with respect to non-Born conditions if compared
with the previous algorithm.

This paper is organized as follows. Section II
briefly presents the simpie multifrequency, far-
field, monostatic measurement procedure and
the reconstruction technique proposed in [2]. In
Section III some experimental results from syn-
thetic data calculated by a moment method [4]
are shown. These results enable us to make the
remarks reported in the concluding Section IV.

. All the details on the technique presented here

and on previous experiments from real and simu-
lated data can be found in {1] and {2}, and in the
references therein,

II. THE TOMOGRAPHIC TECHNIQUE

Figure 1 schematically shows the illumination-
measurement system from which the backscat-
tering data are collected. The object under test is
placed on a rotating pedestal in the far-field
zone of the antenna. The microwave source sends
a signal at any frequency in the antenna band-
width. The antenna illuminates the object, and
receives the backscattered field. The complex
envelope of the received signal is measured in
ampiitude and phase by the coherent receiver.

Let us now introduce the notation used in this
paper, directly assuming a two-dimensional

—_
Microwave

T/R Antenna = Source.

OO —

Coherent

Receiver

Object under test

Fig. 1. llumination-measuremnent system




geometry. The original 3D framework is de-
scribed in [1]. The 2D dielectric contrast of the
object under test is a complex function, whose
imaginary part depends on the frequency, f, of
the exploring radiation [2]:

¢ (ry) = Hxy) - f Exy) (1)

where yand & are real positive functions, re-
lated to the relative permittivity and the con-
ductivity of the object, respectively. Let us as-
sume that the conditions to apply the first-or-
der Born approximation are perfectly satisfied.
If the backscattered field is measured for all
the incidence angles @ between 0 and 2r, and for
all frequencies in a certain passband fy— -
the data set available will be a sampled
version of the following function:

W, 8)= [{~psinf,—pcos) - }E{ﬂpsin&—pcos@) (2)
where " and Z are the Fourier transforms of y
and & respectively, and p=2f/, ¢ being the ve-
locity of light in the medium where the object
under test is immersed. A strategy to eliminate f
from Equation (2) is suggested in [2]. This strat-
egy leads to the definition of a new object func-
tion, g=y + /& The data function W is modified
as follows:

Gplspsy) =

a% W(l‘)@)-ﬁ-;\f’(ﬁedfan) 9 W(ﬁ@)mpi;\/(f,mn) .

WS +W(,0+R -~ W{L8)=W(f,8+T
o BT | WESIG0R),
with s, = —psing, and s, = -pcosé . {3)

Symbols 9% and § denote real and imaginary
parts, respectively. It can be shown that Gy is
related to ¢ through the following operatorial
equation

Gplsusy) = TpETpg(x.y) (4)

where Tj, is a space limiting operator that sets
to zero any function outside a domain D entirely
containing the object under test, F is the Fourier
transform operator, and Ty is a band limiting
aperator that sets to zero any function outside
the annulus centered in the origin of the Fourier
plane, with inner and outer radii p,u,=2fuin/c
and px=2fue/c, tespectively. The tomographic
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reconstruction problem consists in solving Equa-
tion (4) from knowledge of B, D and Gg. The re-
construction algorithm adopted in [2] is the it-
erative projected Landweber method, whose
scheme is in this case

gp+]=5up {‘Ji [g,,+ rTD(F'lGB—F'1TBFg.;)],O } +

+ sup{S [g,,+TTD(F"“GB—F‘TTBFS,;)IO} . (5}

with an initial guess, g, equal to zero every-
where, and a relaxation parameter, 7, chosen
within an appropriate interval [3].

The validity of the preprocessing formula (3)
can easily be verified by exploiting (1), (2) and
the reality of functions yand &, which implies
that I" and = are Hermitian symumetric.
However, if the Born approximation is not
strictly justified, Equations {2) and (4) do not
hold true, and thus the iterative procedure (5)
is not valid anymore. It is to note that the Born
conditions can be enforced by suitably tuning the
working frequencies of the measurement system;
on the other hand, it is interesting to see to
what extent Procedure (5) can give useful results
in non perfect Born conditions. Indeed, unlike
the Fourier reconstruction techniques, the algo-
rithm presented here has a resolution power
that does not depend directly on the frequencies
adopted, thus, lowering the frequency values do
not necessarily imply a loss of resolution. The
presence of distortion and noise, however, limits
the resolving power achievable, and this makes
interesting to know the allowed deviation from
the Born conditions.

The algorithm proposed in [1], which does not
consider the imaginary part of the contrast, is
able to yield useful qualitative images even
with considerable mismatches between the ob-
ject and the background medium. This insensi-
tivity to nonideal conditions is still to be
demonstrated for the algorithm presented here.
The procedure implemented by Equations (3)
and (5) has been experimented with perfect
Born data and with real measurements on very
low-loss objects, giving encouraging results [2]. In
Section III, we report the first results obtained
by using a moment-method simulation code to
generate the data sets to be processed.

[I. EXPERIMENTAL RESULTS

To test the real feasibility of the method de-
scribed above, we designed a synthetic phan-
tom, whose shape is shown in Figure 2a. From
this 2D structure, we calculated the backscat-
tered field for a sufficient number of incidence
angles and working frequencies, assuming a uni-
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form, plane-wave incident field. After dis-
cretizing the phantom in square cells with edges
of about 0.94 c¢m, the simulated backscattered
data were obtained through the moment-
method algerithm introduced in [4]. These data
were then input to the reconstruction procedure,
and the quality of the resulting images was
evaluated.

The permittivity and the conductivity of each
discretization cell can be set at any value
within the range allowed by the simulation
code. For these first experiments, however, we
only chose to assign two values to these quanti-
ties, one for the black region and one for the
shaded region shown in Figure 2a. In any case,
we assumed that the body is immersed in air,
that the D domain (see discussion after
Equation 4} is a circle with a diameter of 22 cm,
that 10 iterations of Scheme {5) are performed,
and that the relaxation parameter 7 is fixed at
1. As a first llustration of the methed, we show
the difference between the Fourier and the
Landweber reconstructions in a case where the
Born cenditions are not satisfied. We assumed a
uniform relative permittivity £=1.8 and a uni-
formly zero conductivity. In Figure 2b, the
Fourier reconstruction, with frequencies ranging
from 1.5 GHz to 3 GHz is shown. A Landweber
reconstruction of the same object is shown in
Figure 2¢. It is easy to observe that the second
image has less artifacts than the Fourier recon-
struction, but some distortions still remain, since
the object is too mismatched with respect to the
background. Just for comparison, in Figure 2d we
show the Landweber reconstruction on a data set
obtained from measurements in the range 1-2
GHz. Inn this case we are closer to Bern condi-
tions, and the image has less artifacts if com-
pared to the previous one. However, the resolu-
tion is slightly worsened.

[n the next example, we use again the working
passband between 1.5 and 3 GHz, and give the
phantom a uniform relative permittivity e=1.1,
and a conductivity g=0.001 -'m-1in the black
region and =001 Q~'m-1 in the shaded region.
The results, for real and imaginary parts are
shown in Figure 3. It can be seen that the shape
of the phantom has been reconstructed fairly
well, and, in the imaginary part, the spot with
higher conductivity can be clearly distin-
guished from the rest of the abject.

To test the capability of discriminating differ-
ent conductivity values in non-Born conditions,
we tried to reconstruct the phantom with the
same conductivity values as before and a rela-
tive permittivity £=1.5. The result is shown in
Figure 4. Let us observe that the imaginary part
should be the similar to the one in Figure 3b, but
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Fig. 2. a) Synthetic phantom used for the numerical
simulations. b) Fourier reconstruction, £=1.8, 0=0, fre-
quency range 1.5-3.0 GHz. ¢} Landwelser reconstruc-
tion, frequency range 1.5-3.0 GHz. d) Landweber
reconstruction, frequency range 1.0-2.0 GHz.

a) b}

Fig. 3. Landweber reconsiruction of the phantom with
e=1.1, 0=0.001 Q7 'm~! in the black region, and £=1.1,
0=0.01 Q7 'm} in the shaded region. Frequency range
1.5-3.0 GHz. a) Real part. b} [maginary part.

the higher mismatch in this case caused a
degradation in the reconstructed image, espe-
cially as far as the fidelity in the relative val-
ues of the conductivity is concerned. The real
part still shows a good agreement with the
overall shape of the phantom and with the uni-
form permittivity value assumed, but it also
shows a degradation with respect to the result
in Figure 3a.

As a last example (Figure 5), we report the re-
sult obtained by fixing a uniform relative per-
mittivity £=1.5, and multiplying the previous
conductivity values by a factor of 10. In this
case, the phantom shape can still be recognized,
but the presence of the highly lossy spot de-
grades the reconstruction of the real part of the
object function, where an erroneous white area
appears in the upper left corner.




a) b)

Fig. 4. Landweber reconstruction of the phantom with
£=1.5, ¢=0.001 Q" 'm! in the black region, and e=1.3,
0=0.01 @~'m™! in the shaded region. Frequency range
1.5-3.0 GHz. a) Real part. b) Imaginary part.

Fig. 5. Landweber reconstruction of the phantom with
£=1.5, 0=0.01 Q7'm~" in the black region, and £=1.5,
g=0.1 @'m-! in the shadad region. Frequency range
1.5-3.0 GHz. a) Real part. b) Imaginary part.

IV. CONCLUDING REMARKS

In the linear tomographic reconstruction tech-
niques based on the first-order Born approxima-
tion it is possible to extract Fourier data from
the measured scattered field. If the measure-
ments ave not performed in Born conditions, some
distortions are introduced in these Fourier data.
This effect severely limits the usefulness of
linear diffraction tomography.

The satisfaction of the Born conditions can be
improved by lowering the working frequencies
of the measurement system. By so doing, how-
ever, the passband of the Fourier data is re-
duced, and the spatial resolution of the recon-
structed images is worsened proportionally to
the reduction in the maximum frequency
adopted. This drawback becomes important es-
pecially with large objects, even if their mis-
matches are not particularly strong.

Provided that a domain D, entirely contaming
the object function support is known, a strategy
to partly recover the resclution lost by lowering
the frequencies is to adopt a nonlinear recon-
struction algerithm, such as the projected
Landweber method described here.

The reconstruction of the imaginary part of the
contrast function of a lossy object is another
problem, arising when multifrequency data

340

have to be used, as in all the cases where 2
monostatic measurement system is available. In
these cases, applying Equation (3) to the mea-
sured data eliminates the frequency dependence
from the functions to be reconstructed, but only if
the Born conditions are verified. Even a slight
distortion in the Fourier data can produce very
distorted reconstructed images. What is the
maximum deviation allowed from the Born con-
diticns is still to be found, however, we can say
that the capability of getting a good image de-
pends not only on the complex permittivity of
the object under test, but also on its shape. Due
to the passband limitations, a complicated
shape should be more difficult to reconstruct
than a simple one, even in the same mismatch
conditiens. For our purposes, an image can be con-
sidered complicated when it has considerable
high spatial-frequency components.

The experimentation reported here should stil
be completed for a number of configurations, ob-
ject function values, and frequency ranges
adopted. Experiments from real measurements
are also expacted.

To draw a conclusion, at least on the basis of the
particular results reported here, the Landweber
method is able to extend the usefulness of Born
approximation tomographic algorithms, but it
also has its limits, caused by the low frequen-
cles to be used with strongly scattering and/or
very large objects. When these limits are ex-
ceeded, the only thing we can say so far is that
more adequate data models must be used in de-
vising the reconstruction algorithms. Appropri-
ate data models, though scalar, should at least
be nonlinear, and this implies using reconstruc-
tion algorithms that are normally very compli-
cated and expensive computationally. For some
examples of this kind of algorithms, the reader
is referred to the bibliography in [1]. A major
breakthrough in computing strategies and in
hardware is needed to bring these techniques to
real-world applications.
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