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Experimental verification of super resolution in nonlinear inverse
scattering
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This letter presents an experimental verification of the super-resolution phenomenon in a nonlinear
inverse scattering algorithm, namely the distorted Born iterative method, by using an experimental
setup based on a recently developed time-domain ultra-wide-band radar imaging system at the
University of Illinois at Urbana-Champaign. The experimental result also demonstrates that the
distorted Born iterative method can recover information on the backside of a penetrable scatterer
even though scattering data are collected only from limited viewing angles on the front side of the
scatterer. ©1998 American Institute of Physics.@S0003-6951~98!04423-4#
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Super resolution refers to the resolution which is be
than the Rayleigh resolution. Tomographic techniques
provide super resolution from a full viewing angle of targ
data collection. However, resolution tends to degrade to
Rayleigh resolution with the limited viewing angles da
collection.1 Spectral estimation is another method by whi
super resolution can be achieved.2 The spectral estimation
and tomographic techniques produce super resolution b
on the spatial-frequency bandwidth. However, they do
take multiple scattering effects into account.

Recently, a nonlinear inverse scattering imaging al
rithm, namely the distorted Born iterative method~DBIM !,
which accounts for both diffraction and multiple scatteri
effects has been developed.3–5 DBIM is similar to the
Newton-type method where the gradient of a nonlinear c
function is sought in order to minimize the cost functio
Such a gradient method can be found by invoking a forw
scattering solver. DBIM has been implemented for both
and transient excitations. For the cw case, fast forward s
tering solvers like the recursive aggregate T matrix algorit
~RATMA !6 and CG-FFT method7,8 can be used to reduce th
computational time and memory requirement. For the tr
sient case, a finite difference time domain~FDTD!9 algo-
rithm is used as the forward solver. In DBIM, the bac
ground medium is not constrained to be homogeneous an
updated at each iteration. DBIM has second-order con
gence and hence is better for objects with large contrast

The super-resolution phenomenon in nonlinear inve
scattering has been reported previously using numeric
simulated data.10,11 What was shown was the ability of
nonlinear inverse scattering method to resolve features
are much less than half a wavelength, the criterion dicta
by the Rayleigh criterion. The phenomenon has been at
uted to the multiple scattering effect within an inhomog
neous body. The high spatial frequency~high resolution! in-
formation of the object is usually contained in the evanesc
waves when only single scattering physics is conside
Multiple scattering converts evanescent waves into propa
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ing waves and vice versa. Hence, in an inverse scatte
experiment, even though an object is interrogated with
propagating wave, and that only scattered waves corresp
ing to propagating waves can be measured, the scatt
waves contain high resolution information about the scatte
because of the evanescent-propagating waves conversion
multiply scattered field. Therefore, an inverse scatter
method which unravels multiple scattering effects can extr
the high resolution information on a scatterer.

The inverse scattering experimental setup is based o
time-domain ultra-wide-band radar imaging system recen
developed at the University of Illinois at Urbana
Champaign.12 Figure 1~a! shows the system block diagram
of the system. The system consists of a Hewlett-Pack

FIG. 1. ~a! The time-domain ultra-wide-band imaging radar system bloc
diagram.~b! The experimental setup of the switched Vivaldi antenna arr
The eleven Vivaldi antennas are focused at the range of 40 cm.
0 © 1998 American Institute of Physics
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FIG. 2. ~a! The DBIM permittivity reconstructed image of a plastic pipe~4.8 cm in outer diameter, 3.7 cm in inner diameter!. ~b! The reconstruction image
of the same plastic pipe using the first-order Born approximation.
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~HP! 54120B digitizing oscilloscope mainframe, an H
54121A 20 GHz four-channel test set, a Picosecond P
Lab ~PSPL! 4050B step generator, a PSPL 4050RPH rem
pulse head, two PSPL 5210 impulse forming networks
switched Vivaldi antenna13,14array, two ultra-wide-band am
plifiers, and two microwave switches. The Vivaldi anten
array consists of five transmitting antennas and six receiv
antennas. The Vivaldi antenna array is controlled by t
microwave switches. The system is automated and contro
by a computer via the IEEE-488 bus.

A 10 V, 45 ps rise-time pulse is generated by the PS
4050B step generator with the PSPL 4050RPH remote p
head. The timing jitter is only 1.5 ps rms. A 2.5 V, 50 p
impulse, and a 1.5 V, 10 GHz monocycle pulse are gener
by attaching one or two PSPL 5210 impulse forming n
works to the output of the 4050RPH remote pulse head.
monocycle pulse is chosen as the transmitting signa
match the operating bandwidth of the Vivaldi antenna arr

Figure 1~b! shows the experimental setup of th
switched Vivaldi antenna array. The distance between
transmitting antenna and receiving antenna is 8 cm. All
11 antennas of the array are focused at the range of 40
The test scatterers are placed close to the focused zone
distance between the scatterer and the antenna array is
enough so that only propagating waves are collected.

The collected 30 sets measurement data from the
transmitting and six receiving antennas in the switch
Vivaldi antenna array are processed by DBIM to reconstr
the test scatterer.

Figure 2~a! shows the reconstructed image of a plas
pipe using DBIM permittivity reconstruction. The outer d
ameter of the plastic pipe is 4.8 cm. The inner diameter
the pipe is 3.7 cm. From the reconstruction result, the cir
lar shape of the plastic pipe can be clearly observed and
reconstructed permittivity value of the plastic pipe is close
the actual value of 2.5. Figure 2~b! shows the reconstructio
using first-order Born approximation. The reconstruc
shape and the permittivity value are not correct because
Born approximation does not account for multiple scatter
effect. The reconstruction results of Fig. 2 demonstrate
Downloaded 26 Jun 2003 to 128.2.11.50. Redistribution subject to AIP
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DBIM provides a much better result than the first-order Bo
approximation algorithm when multiple scattering pheno
enon is significant.

The frequency spectrum of the scattered field from
plastic pipe is shown in Fig. 3~a!. The half-wavelength cor-
responding to the frequency spectrum of the scattered fie
shown in Fig. 3~b!. From Fig. 3~a!, it is seen that the scat
tered field is shown in Fig. 3~b!. From Fig. 3~a!, it is seen
that the scattered field predominantly lies between 3 an
GHz. In addition, the magnitude of the spectrum at the h
end frequency, 10 GHz, is about 40 dB lower than the p
value. From Figs. 2 and 3 we observe that DBIM achieve
7.5 mm resolution which is better than quarter-wavelen
for a high contrast scatterer. However, the first-order B
approximation reconstruction result is incorrect becaus
does not account for multiple scattering effects. In additi
the experiment demonstrates that DBIM can recover inf
mation on the backside of the scatterer even though sca
ing data are collected only from limited viewing angles
the front side of the scatterer. The reconstruction result a
demonstrates that we are able to surpass the maximum
trast recovered by the first-order Born inversion15 by a factor
of about 25. Note that noa priori information about the
object is needed in the reconstruction.

Figure 4~a! shows the reconstructed image of two plas
rods using DBIM permittivity reconstruction. The diamet
of the plastic rods is 2 cm. The two rods are separated by
mm. This is much finer than the experimental setu

FIG. 3. ~a! The frequency spectrum of the scattered field from the pla
pipe; ~b! the half-wavelength corresponding to the frequency spectrum.
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FIG. 4. ~a! The DBIM permittivity reconstructed image of two plastic rods~2 cm in diameter, separated by 2.5 mm!; ~b! the reconstruction image of the sam
objects using the first-order Born approximation.
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Rayleigh resolution of 1.5 cm for 10 GHz rf bandwidth
1.875 cm for 8 GHz rf bandwidth. Figure 4~b! shows the
reconstruction using first-order Born approximation. The
constructed shape and the permittivity value are not cor
because the Born approximation does not account for m
tiple scattering effect.

An experimental verification of the super-resolution ph
nomenon in nonlinear inverse scattering imaging is p
sented. The inverse scattering experimental setup is base
a recently developed time-domain ultra-wide-band.
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