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Super-Resolution UWB Radar Imaging Algorithm
Based on Extended Capon With Reference Signal
Optimization
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Abstract—Near Peld radar employing ultrawideband (UWB)
signals with its high range resolution has great promise for various
sensing applications. It enables non-contact measurement of pre-
cision devices with specular surfaces like an aircraft fuselage and
wing, or a robotic sensor that can identify a human body in invis-
ible situations. As one of the most promising radar algorithms, the
range points migration (RPM) was proposed. This achieves fast
and accurate surface extraction, even for complex-shaped objects,
by eliminating the difpculty of connecting range points. However,
in the case of a more complex shape whose variation scale is less
than a pulsewidth, it still suffers from image distortion caused
by multiple interference signals with different waveforms. As a
substantial solution, this paper proposes a novel range extraction
algorithm by extending the Capon method, known as frequency
domain interferometry (FDI). This algorithm combines reference
signal optimization with the original Capon method to enhance
the accuracy and resolution for an observed range into which a de-
formed waveform model is introduced. The results obtained from
numerical simulations and an experiment with bi-static extension
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tion beyond a pulsewidth [7], [8]. As a high-speed and accu-
rate 3-D imaging method applicable to various target shapes,
the range points migration (RPM) algorithm has been propesad-926x/$26.00 © 2011 IEEE
[9]. This algorithm directly estimates an accurate direction of
arrival (DOA) with the global characteristic of observed range
points, avoiding the difbculty in connecting them. The RPM is
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Fig. 4. Estimated target points with the RPM and the Wiener filter.

threshold. The procedure is detailed in [9]. The example of this
method for the target shape shown in Fig. 1 is presented. Fig. 3
shows the output of the Wiener filter, and the extracted range
points. The received signals are calculated at 101 locations be-
tween —2 5 < X < 2 5. A noiseless environment is assumed.
Fig. 4 presents the comparison between the true and extracted
range points in this case. It shows that the range points suffer
from the inaccuracy due to the multiple interference echoes
within a range scale of less than a pulsewidth. Fig. 5 shows the
target points, when the RPM is applied to the range points in
Fig. 4. This figure indicates that the inaccuracy of range points
distorts the target image, which is totally inadequate for identi-
fying its actual shape, especially for convex and concave edges.
Furthermore, this range map includes a small error caused
by scattered waveform deformation, whose characteristics are
detailed in [13].

To enhance the accuracy for range points extraction, the spec-
trum offset correction (SOC) algorithm has been developed
aiming at compensating the range shift due to the waveform de-
formation [8]. It is, however, confirmed that the range accuracy
of the SOC is entirely inadequate in such a richly interfered
situation. This is because the range errors in this case are
dominantly caused by the peak shift of the output of the Wiener
filter due to the interferences of multiple scattering echoes.
Furthermore, the SOC is based on the center periods estimation
of the scattered signal, when each signal should be correctly
resolved in the time domain. This is, however, difficult when
the multiple interfered signals are mixed together in a time
scale less than its center period.
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Fig. 5. Estimated target points with the RPM and the Wiener filter.

Fig. 6. Waveform comparisons for each antenna location at polygonal target.

D. Proposed Range Extraction Algorithm

To overcome the difficulty described above, this paper pro-
poses a novel algorithm for range points extraction by extending
the frequency domain Capon method. The Capon algorithm is
one of the most powerful tools for enhancing range resolution
based on FDI. It is confirmed, however, that the scattered wave-
form deformation distorts the range resolution and accuracy of
the original Capon method. As a solution for this, the proposed
method optimizes the reference signal used in the Capon. This
method introduces a reference waveform model, based on the
fractional derivative of the transmitted waveform as

S e ,0[) J )aSt ) (2)
where Sy ) is the angular frequency domain of the transmitted
signal and denotes a complex conjugate. « is a variable which
satisfies |a| < 1.

The waveform comparison using this simplified model is
demonstrated as follows. Fig. 6 shows the scattered waveform
from the polygonal target received at the different locations,
and the estimated waveforms with the optimized « in (2). This
figure indicates that a scattered waveform differs depending
on an antenna location, or a local shape around the scattering
center [13]. This deformation distorts the resolution and ac-
curacy of the original Capon method, because it employs a
phase and amplitude interferometry in each frequency between
the reference and scattered waveforms. It is confirmed that
an estimated waveform with the optimized « in the previous
model accurately approximates an actual deformed waveform,






KIDERA et al: SUPER-RESOLUTION UWB RADAR IMAGING ALGORITHM BASED ON EXTENDED CAPON

Fig. 15. Estimated target points with the RPM and the extended Capon method
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Fig. 17. Relationship between ~ and S/N for each method.

not detected in this case. Fig. 16 plots the number of the esti-
mated points for each value of ¢ in this noisy case. € for each
method are 6.00 x10  \ for the Wiener filter, 4.37 x10 ) for
the original Capon, and 4.44 x10 X for the extended Capon.
While the accuracy for the both original and extended Capon
methods deteriorates due to the noises, the superiority to the
Wiener filter is maintained. This is because the range resolution
of the Wiener filter also becomes more inadequate than that in
the noiseless case. In addition, it is a substantial characteristic
of the proposed method that the higher S/N provides the higher
resolution for the obtained images.

Fig. 17 illustrates the relationship between € and S/N for each
method. This figure shows that, in the case of S/N > 30 dB, the
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Fig. 18. System model in 3-dimensional problem.

proposed method accomplishes most accurate target imaging.
While this method requires a high S/N to hold the accuracy, the
actual UWB radar system can achieve this level of S/N. This
is because we assume the near field measurement, where each
receiver obtains an intensive echo from objects even under the
spectrum mask of the UWB signal [14], and random noises in
received signals can be considerably suppressed using coherent
averaging. In contrast, in the case of S/N < 22 dB, the con-
ventional Wiener filter holds its accuracy within 0.08 A, while
the both original and extended Capon methods deteriorate their
accuracies over 0.1 \. This is because these methods are based
on the inverse filtering in creating the observation subvector in
(3). It is our future work to enhance the accuracy in the noisy
situation to modify the definition of ,, «, L) regarding to the
S/N.

Moreover, the proposed method employs an optimization
process for each received signal and requires around 100 sec
for the range points extraction, whereas the algorithm with the
original Capon method requires only 5 sec. We need to select
an appropriate range extraction method for the different kinds
of applications, whether they require real-time operation or
extremely accurate surface extraction in the high S/N.

III. 3-D PROBLEM

A. System Model

Fig. 18 shows the system model in the 3-D problem. The
target model, antenna, and transmitted signal are the same as
those assumed in the 2-D problem. The antenna is scanned on
the plane, z 0. It assumes a linear polarization in the direction
of the z-axis. R-space is expressed by the parameter z, ,z).
We assume z > 0 for simplicity. ' X,Y, ') is defined as
the received electric field at the antenna location z, ,z)

X,Y,0).

B. Extension of Proposed Method to 3-D Model

The extension of the RPM to the 3-D model has been de-
rived in [9]. This assumes that a target boundary point z, ,z)
exists on a sphere with center X,Y,0) and radius . It cal-
culates z, ,z) by investigating the distribution of the inter-
section circles between the spheres determined with XY, )
and X ,Y, ). Each intersection circle projected to the z



