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An Imaging Algorithm of Objects
Embedded ina Lossy-Dispersive Medium for Subsurfac
Radar-Data Processing

Toru Sato Member, IEEEToshio Wakayama, and Kazuhisa Takemura

Abstract—A robust and high-resolution two-dimensional ~cessing. In recentyears, special techniques have been developed
(2-D) imaging algorithm is proposed for retrieving the shape to solve the inverse problems of subsurface-radar applications.
of conductive objects embedded in a uniform lossy and disper- ope group of studies aims to reconstruct the 2-D or three-di-
sive medium. The target is modeled in terms of the location of mensional (3-D) profile of the inhomogeneous ground. The it-
points that represents the outer contour of the object, together . p N . 9 . 9 o
with the parameters of the medium. A nonlinear |east-squares erative Born method is limited to a situation of a fa|r|y narrow
fitting is applied to the estimated scattered waveform to adjust range of the medium parameter, but provides a stable image with
the model parameters. The estimated waveform is computed the aid of a constrained optimization [3]. A nonlinear scattering
gz'”g_éir;ﬁai’t(itg;‘dvigvré‘"’}sy'tﬁ]cé”9 e”:f?)trrr‘ﬁ;ﬁc‘ghg’fh t'rr]‘:";ﬁ’oéﬁiﬁfn ”;S approximation was introduced to relax the restriction of the it-

9 y b 9 erative Born method [4], although it requires a wide angle of

examined with numerical simulations and test-site experiments. | ve = - ]
The simulation with clutters also revealed the robustness of the illumination, as is the case of crosswell borehole radar, in order

algorithm even under fairly strong clutter environments. to obtain a stable image.
Index Terms—Clutter rejection, radar imaging, subsurface Another group of study is motivated to locate and determine
radar data processing. the shape of a more high-contrasted targets such as metallic

objects. They include a model-based algorithm based on the
diffraction tomography [5] and a quasiexact active-imaging
method [6]. These methods do not require assumptions on the
n subsurface radar applications, it is often found that the newrget shape but are restricted to the case where the medium is
quirements for the resolution and the penetration depth camiform and nondispersive.

tradict each other. For example, preexcavation surveys of arAmong the features that specialize subsurface radar, the loss
chaeological sites may require the detection of buried objeeisd dispersion of the medium, together with the existence of
of the order of 10 cm at a depth of 1 m. In such a case, the costrong clutters, strictly limit the usefulness of these techniques.
promise will be the use of approximately 500 MHz, for whichFor an accurate imaging of subsurface objects, it is thus essential
the target is on the order of a radar wavelength. We refer to tltedevelop an algorithm that can handle these features. While it
target in such a situation as a “small object.” It is thus hard ie hard to include the effect of loss and dispersion directly in
identify the shape of the object with conventional signal-pranverse scattering problems, various numerical procedures have
cessing techniques. already been developed for the forward scattering cases.

Shape estimation is among the most important issues in radaDur approach has been to model the target with a limited
signal processing. A number of techniques have been developeghber of parameters and to recursively modify them so that
to retrieve the shape information from the received signal. Whete observed signal waveforms fit the estimated ones computed
the target can be observed from a wide angular range, the sfgr-the model [7], [8]. In this paper, we extend the algorithm to
thetic aperture radar (SAR) or the inverse SAR techniques [igndle a more realistic case of a conductive, finite-sized target
provide stable two-dimensional (2-D) images. The singularizmbedded in a 2-D homogeneous lossy and dispersive medium.
expansion method (SEM)[2] relates the target shape to the signal
waveform in a monostatic situation.

These techniques assume electrically large targets, and thus

have limited applicability to the subsurface radar signal pro- Our algorithm, which is called the discrete model fitting
(DMF) method [7], solves the inverse problem of imaging
_ _ , the subsurface object by iteratively comparing the estimated
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tion of the points representing the outer contour of the target and
the characteristics of the medium. Let the received-signal wave-
form at theith receiver position be;(¢), and let the estimated
waveform at the same position computed from the target model
beé;(¢; X). Our problem is to determin& by minimizing the
cost function

O Point to be estimated

N (variable)
F(X)= ei(t) — &t X))? 1
(X) ;{ it) — &t X)) (@) o Interpolated point
whereXV is the number of observation points. Fig. 1. Arrangements of the variable and interpolated points in modeling the

The cost functioré;(¢; X ) is generally nonlinear in terms of target shape.
X, so we linearize it by expanding it around a proper initial
guessX first step, and then the algorithm increases the number of points
9 in a stepwise manner. The second point is searched in the two
ei(t; Xo+ AX) ~é;(t; Xo) + AX - ﬁéi(t; X). (2) opposite transverse directions, among which, the direction that
gives a better fit is chosen. The extension is terminated when
We determineAX by the least-squares fitting and then iteratghe direction of the reflected ray from the extended surface falls
the process by usingo + AX as a new initial guess. Sinceaway from the receiving-antenna position. Extension of the sur-
this iterative procedure is not necessarily stable, we emplgyte more than this limit usually results in an expansion into
the modified Marquardt method [9], which combines thene direction from which no echo returns to the direction of an-
Gauss—Newton method with the steepest decent method i&$has.
that stability is assured while keeping the fast convergence.  These points are selected so that the distance between ad-
At the first step, outstanding targets are estimated as a grqigent points is on the order of/10, and they are connected
of point targets. The position of each target is estimated from tgoothly. Fig. 1 schematically shows the arrangements of these
peaks in the received-signal waveform, which gives the distanggints. Location of large circles are varied only in the radial di-
of the points from each antenna. All possible combinations giction from its virtual center, which is determined in each it-
these points determined from two received signals at differesfation, and the location of small circles are computed by La-
antenna locations are given as intersections of two circles, ajidngian interpolation. In this manner, the set of parameters
are plotted on a plane. that describes the model shape is minimize¢itg .) andr;
A consensus analysis [7] distinguishes the true points froqtp = 1,---, M), whereM is the number of variable points
spurious ones. In order to select correct positions of targef@hich is four in the case of Fig. 1).
we define the degree of concentration of the estimated pOintS]n generaL iterative-inversion procedures may have a prob|em
The degree of concentration is calculated by counting the neiglmverging to a local minimum rather than the desired solution.
boring intersections with Gaussian weight at grid points set jf order to prevent this problem, the proposed procedure always
the whole observational region, and is given by starts from a point target and expands the target size in a step-
N ) ) wise manner. At each step of this expansion, the shape of the ob-
C; = Z exp {_ (w — ;) Jg (i — v;) } (3) lIectis modified only in a radial direction from its virtual center,
1 7o which is the direction roughly perpendicular to the curve repre-
senting the shape of the object. The optimum size that gives the

Wh(ir? ) position of an intersection of two circles; !east _residual is thl_Js sought by a 1-D grid search taking the ob-
N“ ‘ number of intersections-: ' ject size as the variable. As far as the smooth shape treated here
(@) . fth id Doi . is concerned, we have not experienced the problem of false con-
s Ys) pgsmon ot the gri .pomt,_ . . vergence to a local minimum.

70 width of the Gaussian weighting function.

We empirically seto = A/4 so that it does not reduce the reso: The minimum size that can be estimated by this method is
P Y S€to = about) /2. Targets smaller than this size are expressed as round

. jects of roughly\/2 in diameter. The largest size is limited by
of the transmitted pulse. the number of variable points used to express the object shape.

Discontinuity in the medlum can .also t.)e estlmated based then the number of the points exceeds about 20, the computa-
the consensus analysis of the received time series at each pt<|3|nt

during the scan (although this is not examined in the curreh hal time becomes exceedingly large, although the exact upper

2T . . . ith ined. Th i ize is th
application, in which we assume a uniform medium). Then trrlémt as not been examined. The appropriate target size is thus

. N . . _Iess than abot) at the current parameter setting. A larger ob-
nonlinear least-squares fitting is used to improve the model in P 9 g

. . L . . t may be treated by enlarging the interval between the vari-
|[tle(;iat|ve manner by estimating the location of the point targéé%le points if its shape is smooth enough.

For each prominent target found in the first step, the shape-es-
timation procedure is applied. The shape of the target is ex-
pressed in terms of the points that represent its outer boundary-or each trial in this recursive model fitting process, the entire
The shape estimation starts from the single point found in th@award-scattering problem should be solved. Use of the finite

IIl. EXTENDED RAY TRACING
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difference time domain (FDTD) method is too time consuming
for this purpose. In order to save the machine time, we compute
the estimated scattered wave by using an extended ray-tracing
method that includes the effect of diffraction. Unlike conven-
tional ray tracing, in which an individual ray is traced indepen-
dently, the rays are treated as groups, each of which represents
a wave front.
When aray group reaches a conductive object, individual rays Diffrachon
are reflected according to the simple geometrical optics (GO), Wave Target
as is the case for the conventional ray tracing. Since the surface
of the object can be determined at any desired point by the LF%- 2. Scattering of rays in the extended ray-tracing method from a finite
L . . . . . . object. Rays denoted by arrows constitute a ray group, and a diffraction wave is
grangian interpolation described in the previous section, its [0¢@herated when the ray group intersects an edge of the target.
inclination, and thus the direction of each reflected ray, can be
readily determined. . .
The magnitude of the reflected rays is determined using thhee table of the weights of the two reference waveforms is inde-

. . . éndent of the actual incident waveform. A change of the inci-
physical optics (PO) [11]. The PO field at the center frequen.%?ntwaveform due to dispersion or frequency-dependent reflec-

of the reflected pulse is computed at a sufficiently distant POIbN is realized by applying a filter function, as explained later.

from the object, which is defined here &8\ away, and the ! .
. . . . . he same filter then must be applied to the two reference wave-
energy associated with a ray is determined according to the . .
. . f ) .. forms, but the weights of the waveforms remain unchanged for
distance between adjacent rays at this point. By this “calibra- : . .
any desired diffraction wave.

tion” procedure, the magnitude of the reflected rays is accu- . ; . . . .
rately computed within about 5% of that computed by the FDTD As described in the previous section, the shape of objects is

method even for a small object of the size of the ordek.of expressed as a smooth curve connecting discrete points that are

: . Ipcated at an interval of abou/10. If the object has a sharp
The diffraction rays from an edge are generated and appen%%ﬁer in the midst of its surface, additional diffracted waves

to the outer limits of a ray group each time the ray group tha ould be generated at that point in order to represent the scat-

represents a wave front passes the edge. The magnitude Offer?gd wave properly. Although in principle it is possible to intro-
diffracted rays is also computed by using PO so that they con- property. ghinp P P

nect smoothly to the reflected wave at the reflection bound diice such components, the current program simply neglects its

a?ﬁect As a result, the reflected rays are directed to two widel
Although the accuracy of the PO deteriorates for the rays far ~ o Y Y

. . Separated directions around the corner, and the scattered field
from the reflection boundary, it does not largely affect the en- N : L .
. o . . intensity is estimated as zero. The lower limit of the radius of
tire estimation procedure, since the magnitude of such rays is : . .
small cUrvature, for which the curren_t algorithm works properly, is
' found to be about/10 and has little dependence on the angle

Fig. 2 shows an example of the rays thus generated. In the 5 %\pex for the region of less than I5G was also found that re-

tr.acmg, qnly the location of the wavefront and the energy assc?t]cing the interval between the variable points that describe the
ciated with it is computed at each time step. In order to gen;

. ; . object shape does not help in improving this lower limit, since

erate the estimated signal waveform at the location of the 18 waveform of the diffraction com G bstantially dif-
- : ponent is substantially di

ceiving antennas, the waveform for the reflected waves is COML .+ from that of the reflection component

puted once using the FDTD method and convolved with the im- '

pulses that represent individual rays corresponding to various

scattering paths.

For the edge-diffraction component, the waveform varies de-We first examine the characteristics of the algorithm for the
pending on the incident and diffracted directions. In the fresase of the conductive target embedded in a uniform lossless
guency domain, this variation of the waveform is interpreted asndispersive medium.
the frequency dependence of the phase of the diffracted waved/Me assume a case in which the radar sensor scans linearly
Here itis synthesized in the time domain from a table of possilddéong the ground surface and transmits a monocycle pulse at
combinations of these angles. Only two waveforms computadixed interval. We neglect the effect of the ground, since it
using the FDTD method are used as the reference waveformsdan be removed from the data fairly easily by subtracting the
the diffracted waves. These are: the full reflection from a plai2C component in the direction of the scan or by applying
(which is just an inverted waveform of the incidence wave) antie median filter to the data of the scan direction [8]. Fig. 3
the scattering from the top of a thin ridge. Then the edge-diffrashows the process of reconfiguring the shape of a perfectly
tion waveforms for various combinations of the incident and ditonducting cylinder. Squares indicate the location of antennas,
fracted waves are generated by using the FDTD method and eaeh of which is used for both transmission and reception and
fitted by a linear combination of the two reference waveformalternately in a monostatic operation. The abscissa and the
The best-fit amplitude weights of the reference waveforms aoedinate is expressed in the unit of the radar wavelength at the
stored in a matrix of the incident and diffracted angles and acenter frequency of the transmitted pulse. The shaded circle
used to synthesize the estimated diffraction waves. represents the cross section of the given cylinder, and the small

The advantage of this method is not only that it provides a fagtcles along its border indicate the reconstructed image. The
way of generating the desired diffraction waveform, but also thaimulated data is generated by using the FDTD method with the

Incident wave

IV. IMAGING IN A NONDISPERSIVEMEDIUM
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Fig. 3. Evolution of the model shape in the estimation process of a conducting cylinder.

Transition of the Residual
Cylinder

second-order absorbing boundary [12] and is compared with
the estimated received signal computed from the reconstructed
image using the extended ray-tracing algorithm. Fig. 4 shows
the residual of the fitting in each iteration. Similar results are
obtained for other simple shapes, such as a conducting plate.

V. TEST-SITE EXPERIMENTS

Residual

We also made test-site experiments, which confirmed the per-
formance of the proposed algorithm examined by this simula-
tion. Fig. 5 shows the configuration of the test site. The test site
is a wooden box of 90 cm x 90 cm x 180 cm filled with dry sand

of the dielectric constant = 1.8, which is determined by mea-
suring the delay of echoes from thin aluminum pipes embedded

L

|
l
|
]

4 [} 8
Number of the Points

at two known depths.
An aluminum pipe of 16.5 cm in diameter is embedded pelfjg. 4. Transition of the residual of fitting in each iteration of the imaging as
pendicular to the long axis of the test site at a depth of 23.5 ctrrr'f.3 humber of variable points is increased.
The surface of the sand is covered with a plate of acrylic resin of
5 mm thickness so that the scanning of the radar sensor cartiesensor unit. Two bowtie antennas of 20-cm length are stored
made smoothly. The radar used is a commercial model IRS-1%i6e-by-side in a shielded cavity filled with absorbing material
developed by Komatsu Co. for detecting iron reinforcement and are used for transmission and reception, respectively.
the concrete wall. It generates a monocycle pulse of 1-ns widthFig. 6 shows the result of the imaging. The abscissa and the
and oversamples the echo at 0.023-ns intervals up to 6 nsdmglinate are expressed in the unit of the wavelength (22 cm) of
staggering the sampling gate. The 10-dB bandwidth of the traise nominal center frequency of 1 GHz in the medium. Although
mitted pulse covers 0.5-2.0 GHz. the data are recorded over the entire scan length of 180 cm, only
The range profiles are averaged and recorded at every 5 mnthaf portion shown by squares in the figure (at which significant
horizontal scan, which is detected by the rotation of the wheel eoho from the pipe was identified) was used for the imaging.
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4] C
] N Fig. 7. Imaging of a slanted aluminum plate at the test site.
{3_: - conductivity of the medium, their frequency derivatives, and the
>~ ] r location of several points that characterize the outer contour of
2 - the object. Among the medium parameters, only the mean per-
] N mittivity is assumed to be known, as was the case in the previous
13 C section. Other parameters are set to zero in the initial guess and
are adjusted in the course of the recursive fitting.
0 - The performance of the developed algorithm is quantitatively
0 J 2 3 . examined by numerical simulations. The simulated data are gen-

erated using the frequency-dependent FDTD method [13]. In
this case, the complex permittivity of the medium is expressed

Fig. 6. Imaging of the cross section of an aluminum cylinder embedded in tm
test site.

4)

er:a—i_l—i—jwb

In order to measure the overall impulse response of the system ) _
including the transmit and receive antennas and the charactéperea, b, andc are the constants representing the medium
istics of the medium, the echo waveform from a thin aluminuf&racteristics, and is the angular frequency. The phase ve-
pipe, whose cross section can be safely regarded as a point clfily v, attenuation constait, and conductivityr are approx-
pared to the radar wavelength, was first measured and used@@iely expressed in terms of these constants as
the reference waveform for the echo from a point target. The ex-

tension of the target image was terminated on both sides of the v = co/ a+ Tiﬂlﬁ (5)
apex of the pipe when it exceeds 1/4 wavelength over the reflec- )
tion boundary along the surface of the target. It is clearly shown 8 = 607 —2% be / o+ —FC (6)
that the upper surface of the pipe is precisely reconstructed. 1+ w?b? 1+ w?b?

Fig. 7 shows the result of an alternate experiment using an eow?be
aluminum plate of 200-mm width. The plate was embedded at 771 + Ww2b2? )

various inclination angles. It was found that the shape was a reen is the speed of the radio wave. ands the permittivit
curately reconstructed as far as the specular-reflection echoW}‘% ol P lowave, ady permittivity

received by the antenna. When the inclination angle beconfes € free space.

{
exceedingly large, the reconstructed image approaches that o[?:y the extended ray tracing, the recgwed waygform 'S gener-
point target. ated when a ray group passes a receiver position. Then the at-

tenuation is computed as a function of frequency according to
the estimated medium parameters, their frequency derivatives,
and the distance the ray group traveled in the medium. The filter
Next, we examine the performance of the proposed algoritfimction is generated from these frequency characteristics, con-
for the case of a conductive object embedded in a uniform brdrted to the time domain, and applied to the reference wave-
lossy and dispersive medium. The attenuation and dispersiorfain.
the transmitted waveform is taken care of by applying proper Target shapes assumed are conductive cylinders and plates
filter functions, which are synthesized in the frequency domaiwhose size is a few wavelengths at the center frequency of the
The model parameters to be determined are the permittivity gmase, as was the case in previous sections. Fig. 8 compares

VI. IMAGING IN A DISPERSIVEMEDIUM
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Fig. 8. Simulated received waveform by FD-FDTD method (solid line) and l}( 9 Estimati . linder in al di . di
the extended ray-tracing method (dot-dashed line) from a conductive cylin gf- 9 Estimation ora cylinder In a lossy-dispersive medium.
embedded in a lossy-dispersive medium.

obsv.dat, g

[=}

the scattered waveform of the FD-FDTD method and the devt__
oped ray-tracing method. The signal is computed for the ca 4
of a monocycle pulse scattered from a conductive cylinder er—
bedded in a lossy-dispersive medium. The medium paramet g
used are for typical dry rock, namely :

-

1

v =136 x 10° (m/s)
5 =233 (dB/m)
0 =316 x 1072 (S/m).

The phase velocity is roughly constant in the frequency bai =
of 0.5-2 GHz, while the attenuation has a gradient of 2
dB/m/GHz. The developed ray-tracing algorithm generates t
estimated scattered wave roughly 100 times faster than 1
FD-FDTD method.

Fig. 9 shows the result of reconstruction of the same cof9: 10. Simulated echo from a cylinder in a lossy-dispersive medium with

; . . . . strong clutters (S/C= 4 dB).

ducting cylinder as treated in Fig. 3 but embedded in the lossy-
dispersive medium. This figure clearly shows that the devel-
oped model-fitting algorithm works almost equally well as for
the case of nondispersive medium, and the shape of the uppdn order to examine the tolerance of the algorithm against
surface of the targets is precisely reconstructed. The prograhtters, 200 point targets with various permittivity are randomly
was run on a UNIX workstation (SUN SPARCstation 20 witembedded in the simulated medium. The background medium
a single HyperSPARC 200 MHz CPU), and it took 580 s df the same lossy-dispersive medium as assumed in the previous
CPU time. Since the fastest workstation currently available gection.
the market is already several times faster than this machine, th&ig. 10 shows the simulated echoes from a cylindéx.®k in
analysis of this level of complexity will become considered asdiameter in a strong clutter environment. The hyperbola peaked
quasirealtime job in a very near future. atx = 2.5, the delay of 2.5 ns is the reflection from the

Current simulations assume that the electric field is perpetylinder, and other echoes are from the point scatterers repre-
dicular to the plane of interest for the transmitted and receivednting the clutter. The signal-to-clutter (S/C) ratio is controlled
waves, so the creeping wave which may contain the informatibg adjusting the standard deviation of the distribution of the per-
of the lower side of the target is very weak compared with thmittivity of random points and is set to 4 dB for this case.
direct scattering from the upper surface. Fig. 11 shows the simulated waveform at a pointef 1.5).

Here we treated the case in which the dispersion is mosiiye desired echo from the cylinder shows up from about 250
that of the attenuation and the phase velocity is roughly cotime steps, but the clutters at shallower locations appear stronger
stant over the considered frequency range. If the medium hathan the desired echo. The clutter echoes at deeper locations are
strong dispersion in the phase velocity, it will become harder twt only suppressed by the attenuation, but also low-pass filtered
synthesize the desired waveform from the reference waveforrdse to the dispersion of the medium.

Fortunately, however, most types of rock have almost constaniThe same model-fitting algorithm was applied to the cases
phase velocity in 200 MHz-1 GHz frequency range [14], so thwith various magnitude of the clutter. No special means were
present assumption can be made safely. taken to remove clutter echoes in the first and the second step

Turn around t
8 © o -2 = (9] o W (&)

VII. EFFECT OFCLUTTERS
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Fig. 11. Signal waveform at = 1.5\ in Fig. 10.

of the algorithm. It was found that the algorithm can accurate%
reconstruct the target shape for an S/C ratio of larger than ab d
10 dB. The reason that fairly strong clutters do not affect t
estimate is because the nonlinear least squares fitting findsé
local minimum around the initial guess, which is affected only
by clutters that occurs at the same time window as the desi
echo.

The shape estimation gradually deteriorates when the clut(t’%r

contour of the target start to deviate from the true location
However, the size of the target can be still correctly estimate
with S/C of up to about 4 dB. Fig. 12 shows the estimated shape
of the cylinder for the S/C of 4 dB. The shaded circle indicates
the given shape of the target, and small circles shows the estill]
mated outer contour. Compared to Fig. 9 for the same mediunyy)
without clutter, The right-most point of the estimated shape does
not agree with the given contour, but the horizontal extent of the !
points well represents the target size. This overall agreemen&
keeps unchanged for different random numbers for the clutter
distribution as far as the S/C ratio is the same. It confirms the!*!
robustness of the proposed algorithm against disturbances.

When the clutter level exceeds this threshold, the algorithmis]
mistakes the strongest clutter point for the target. For a higher
clutter level, itis necessary to take care of strong individual clut- g]
ters. We have separately developed an algorithm that considers]
the target to be a group of point targets [7]. Although it is in
principle possible to combine this method with the current al- (g
gorithms, the number of parameters may become too large to
make a stable estimate.

level is further increased, and the points that represent the oug r

(9]
VIIl. SUMMARY 10
A 2-D shape-estimation algorithm was developed for the sit—[
uation of a solid conductive target embedded in a Iossy—dispeiil]
sive medium. An extended ray-tracing method is developed fo
fast estimation of the scattering from an object approximately12]
the size of the radar wavelength. Its accuracy and its range of
applicability has been examined. [13]
The performance of the algorithm has been tested first for
nondispersive cases with numerical simulations and test-site
experiments. Numerical simulations for the lossy and disperp 4
sive medium confirmed the capability of the algorithm, which
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Fig. 12. Same akig. 9 but in a strong clutter environment (S£€4 dB).

wed equally good performance in the case of the nondis-
sive medium. The simulation with clutters also revealed the
bustness of the algorithm even under a fairly strong clutter
AVironment.

; he major limitation of the algorithm is that we have to model
h given situation precisely. The current model assumes a uni-
form medium, which is still too simple to deal with realistic
ses of field excavations. We are currently extending the al-
Sfithm to fit the medium consisting of multiple layers with ar-
(l}rary boundaries.
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