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Abstract—Near field radar employing UWB (Ultra Wideband)
signals with its high range resolution has great promise for
various sensing applications. It enables non-contact measurement
of precision devices with specular surfaces like an aircraft
fuselage and wing, or a robotic sensor that can identify a human
body in invisible situations. As one of the most promising radar
algorithms, the RPM (Range Points Migration) was proposed.
This achieves fast and accurate surface extraction, even for
complex-shaped objects, by eliminating the difficulty of connect-
ing 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 pro-
poses a novel range extraction algorithm by extending the Capon
method, known as FDI (Frequency Domain Interferometry).
This algorithm combines reference signal optimization with the
original Capon method to enhance the accuracy and resolution
for an observed range into which a deformed waveform model
is introduced. The results obtained from numerical simulations
and an experiment with bi-static extension of the RPM prove
that super-resolution UWB radar imaging is accomplished by the
combination between the RPM and the extended Capon methods,
even for an extremely complex-surface target including edges.

Index Terms—UWB radars, Frequency domain interferometry,
Capon method, Reference signal optimization, Super-resolution
imaging, Range Points Migration

I. I NTRODUCTION

UWB pulse radar with high range resolution has promise
for near field sensing techniques. It is applicable to non-
contact measurement for reflector antennas or aircraft bodies
and wings that have high-precision and specular surfaces,
or to robotic sensors that can identify a human body or
materials, even in a dark smog in disaster areas. While
various kinds of high-resolution radar algorithms have been
developed [1], [2], [3], they are not suitable for the above
applications because of the large amount of calculation burden
or inadequate image resolution. To overcome these problems,
we have already proposed some of imaging algorithms, which
accomplish a real-time and high resolution surface extraction
beyond wavelength [4], [5], [6]. As a high-speed and accurate
3-D imaging method applicable to various target shapes, the
RPM algorithm has been proposed [7]. This algorithm directly
estimates an accurate direction of arrival (DOA) with a global
characteristic of observed range points, instead of connecting
them. Then, it offers an accurate target surface, even if the
extremely complicated range map is given.

However, this method suffers from a serious image distor-
tion in the case of a more complicated target which has a
surface variation less than wavelength, or has many convex
and concave edges. This distortion is caused by the richly
interfered signals scattered from the multiple scattering centers
on the target surface. These components are received within a
range scale less than wavelength, and are hardly separated by
the former range extraction method, the Wiener filter.

To overcome this problem, this paper proposes a novel
range extraction algorithm by extending the Capon method.
While the Capon is useful for enhancing the range resolution
based on the frequency domain interferometry (FDI) [8], the
resolution and accuracy of this method significantly depend on
the reference waveform such as a transmitted one. In general,
the scattered waveform from the target with wavelength scale
differs from the transmitted one [9], and the range resolution
given by the original Capon method distorts due to this
deformation. To outperform the original Capon, this paper
extends the original Capon, which optimizes the reference
signal based on the simplified waveform model. The results
from numerical simulations and an experiment using the UWB
module prove that super-resolution imaging is accomplished
by the combination between the RPM and the proposed
method.

II. SYSTEM MODEL

Fig. 1 shows the system model. It assumes the mono-static
radar, and an omni-directional antenna is scanned on the plane,
z = 0. It is assumed that the target has an arbitrary shape with
a clear boundary. The propagation speed of the radio wave
c is assumed to be known constant. A mono-cycle pulse is
used as the transmitting current. The real space in which the
target and antenna are located, is expressed by the parameter
(x, y, z). It assumes a linear polarization in the direction of
the x-axis. We assumez ≥ 0 for simplicity. s′(X,Y, Z ′) is
defined as the received electric field at the antenna location
(x, y, z) = (X, Y, 0), whereZ ′ = ct/(2λ) is a function of
time t.

III. RPM A LGORITHM

As one of the most promising algorithms applicable to vari-
ous 3-D target shapes, the RPM algorithm which makes use of
a characteristic of global distribution of observed range maps,
has been proposed [7]. This assumes that a target boundary
point (x, y, z) exists on a sphere with center(X, Y, 0) and
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Fig. 1. System model.

radiusZ. It calculates(x, y, z) by investigating the distribution
of intersection circles between the spheres determined with
(X, Y, Z) and(Xi, Yi, Zi). Each intersection circle, projected
to z = 0 plane, becomes a line defined asLi. This method
determines the target location(x, y) as

(x(q), y(q)) = arg max
x,y∣∣∣∣∣∣

Nq∑

i=1

s(qi) exp

{
−d (x, y, q, qi)

2

2σ2
d

− D(q, qi)2

2σ2
D

}∣∣∣∣∣∣
,

(1)

where q = (X, Y, Z), qi = (Xi, Yi, Zi), and d (x, y, q, qi)
denotes the minimum distance between the projected line
Li and (x, y, 0). D (q, qi) =

√
(X − X2

i ) + (Y − Y 2
i ), σd

and σD are empirically determined. Under the assumption
z ≥ 0, the z coordinate of each target point is given by

z(q) =
√

Z2 − {x(q) − X}2 − {y(q) − Y }2 This algorithm
ignores the connecting procedures of a large number of range
points, and then, it produces accurate target points, even if
an extremely complicated range map is given. The detailed
characteristic is described in [7].

The performance example of RPM is presented here, where
the received electric field is calculated by the FDTD (Finite
Difference Time Domain) method. The former study [7]
employs the Wiener filter and the range points(X, Y, Z) are
extracted from the local maxima of the output of this filter,
which are beyond the determined threshold [7]. Fig. 2 shows
the target points obtained with this method for the region
−1.0 ≤ x ≤ 1.0, where the target boundary is assumed
as in Fig. 1. Noiseless environment is assumed. The mono-
static antenna is scanned for−2.5 ≤ x, y ≤ 2.5, where the
number of locations on each axis are 51.σd = 0.1λ and
σD = 0.6λ are set. This figure shows that the estimated target
points suffers from a severe inaccuracy, and the produced
target boundary is far from the actual one. This is because
the obtained image with the RPM seriously depends on the
accuracy for range points, which have non-negligible errors
due to multiple interfered signals in the same range gate, or
a scattered waveform deformation [9]. Then, an accurate and
high resolution range extraction is imperative especially for
the complex-shaped target imaging.
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Fig. 2. Estimated target points with RPM and the Wiener filter for−1.0 ≤
x ≤ 1.0.

IV. PROPOSEDRANGE EXTRACTION ALGORITHM

To overcome the difficulty described above, this paper
proposes a novel algorithm for range points extraction, by
extending the Capon method. The Capon algorithm is one of
the most powerful tools for enhancing range resolution based
on frequency domain interferometry (FDI). It is confirmed,
however, that the scattered waveform 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
simplified waveform model, based on the fractional derivative
of the transmitted waveform as,

Sref(ω, α) = (jω)αStr(ω)∗, (2)

whereStr(ω) is the transmitted signal in the angular frequency
domain and∗ denotes a complex conjugate.α is a variable
which satisfies|α| ≤ 1. It is confirmed that this simplified
waveform model offers an accurate approximation to actual
scattered one, where the range accuracy is estimated to be of
the order of 0.01λ in using the matched filter.

Based on this waveform model, the observed vector
V n(α, L) is defined as,

V n(α, L) =
[

S(ωn,L)
Sref(ωn, α)

, · · · ,
S(ωn+M−1,L)

Sref(ωn+M−1, α)

]T

, (3)

where S(ω, L) denotes the received signal in angular fre-
quency domain atL = (X, Y, 0), andM denotes the dimen-
sion ofV n(α,L). Here, in order to suppress a range sidelobe
caused by the coherent interference signal, the frequency
averaging is applied. The averaged correlation matrixR(α,L)
is defined as,

R(α,L) =
N−M+1∑

n=1

znV n(α, L)V H
n (α,L), (4)

whereH denotes the Hermitian transpose.N is the total num-
ber of the frequency points, and determined by the maximum
frequency band of the transmitted signal.M ≤ N holds. zn

is defined aszn = 1/(N −M +1), for simplicity. The output
of the extended Caponscp(α, Z ′,L) is defined as,

scp(α, Z ′, L) =
S−1

0

aH(Z ′)R(α, L)−1a(Z ′)
, (5)
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Fig. 3. Estimated target points with RPM and the extended Capon method
for −1.0 ≤ x ≤ 1.0.
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Fig. 4. Number of the target points for eachε.

wherea(Z ′) denotes the steering vector ofZ ′ as,

a(Z ′) =
[
e−jω12Z′λ/c, e−jω22Z′λ/c, ..., e−jωM2Z′λ/c

]T

. (6)

S0 is defined as

S0 =

√∫
{aH(Z ′)R(α,L)−1a(Z ′)}−2 dZ ′. (7)

The normalization withS0 enables us to compare the ampli-
tude ofscp(α, Z ′, L) respect toα. Then, the local maximum
of scp(α,Z ′, L) for α andZ ′ offers an optimized range res-
olution in the Capon method. Finally, it determines the range
points (X,Y, Z), which satisfies the following conditions,

∂scp(α,Z ′, L)/∂α = 0
∂scp(α,Z ′, L)/∂Z ′ = 0

scp(α, Z ′, L) ≥ max
Z′

βscp(α,Z ′, L)



 , (8)

whereβ is empirically determined. This algorithm selects an
accurate range point by enhancing the range resolution of the
Capon method with the optimized reference signal. Each target
point (x, y, z) is calculated from the group of range points in
Eq. (1), that is the RPM.

V. PERFORMANCEEVALUATION

A. Numerical Simulation

Fig. 3 shows the estimated target points with RPM, when the
extended Capon method is used for range extraction. The same

Fig. 5. Arrangement for multiple targets and UWB microstrip patch antennas.
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Fig. 6. Estimated target points obtained by RPM and the Wiener filter in
the experiment for−1.0 ≤ y ≤ 1.0.

data in Fig. 2 is used. Here,N = 100, M = 20 andβ = 0.3
are set. It is confirmed that this method remarkably enhances
the accuracy of the target points extraction especially for the
convex edge region. This is because the output of the extended
Capon offers a higher range resolution by suppressing the
range sidelobe caused in using the Wiener filter, and enhances
the accuracy by optimizing the reference waveform. Here, the
deep-set concave boundary is not reconstructed, because the
direct scattered signal from this region cannot be received at
any antenna location. This is an inherent problem of RPM as
far as a single scattered signal is used for imaging.

For the quantitatively analysis of each method,ε is intro-
duced as

ε(xi
e) = min

xtrue
‖xtrue − xi

e‖, (i = 1, 2, ..., NT), (9)

where xtrue and xi
e express the location of the true target

point and that of the estimated point, respectively.NT is the
total number ofxi

e. Fig. 4 plots the number of the estimated
points for each value ofε. This figure proves that the proposed
method enhances the number of accurate target points around
ε = 0.04λ. The mean value ofε is 7.0×10−2λ for the Wiener
filter and 3.5 × 10−2λ for the extended Capon. This result
quantitatively proves that the proposed method accomplishes a
super-resolution imaging beyond wavelength in terms of clear
surface extraction.

B. Experiment

This section investigates the experimental study of the
proposed algorithm. We utilize a UWB pulse with a center
frequency of 3.3GHz and a10dB-bandwidth of 3.0GHz. The
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Fig. 7. Estimated target points obtained by RPM and the extended Capon
method in the experiment for−1.0 ≤ y ≤ 1.0.
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Fig. 8. Number of the target points for eachε in the experiment.

center wavelength,λ, of the pulse is91 mm. The antenna has
an elliptic polarization, of which the ratio of major to minor
axes is about 17 dB, and the direction of the polarimetry axis
of the antenna is along they-axis. One trapezoid and two
triangle prismatic targets are set, and are covered with0.2
mm thick aluminum sheet. Fig. 5 illustrates the arrangement
of antennas with respect to the the multiple targets. The
transmitting and receiving antennas are scanned on thez = 0
plane, for−3.3 ≤ x ≤ 3.3 and−1.1 ≤ y ≤ 1.1, respectively,
with both sampling intervals set to0.11λ. The separation
between the transmitting and receiving antennas is1.4λ in the
y-direction. The direct scattered signal from the targets can be
obtained by eliminating the direct signal from the transmitting
antenna.

Fig. 6 shows the extracted target points using the RPM for
−2.0 ≤ y ≤ 2.0, when the Wiener filter is used for range
extraction. The mean S/N is around 30 dB. Here, the bi-
static extension of RPM is applied, where the target points
are determined by the group of the intersection curves between
ellipsoids whose foci are the locations of the transmitting and
receiving antennas. This figure proves that the target points
have non-negligible errors, especially around the trapezoid
edge region. In addition, the unnecessary image appears above
the actual boundary which is due to the range sidelobe of
the Wiener filter. Fig. 7 shows the same view as in Fig. 6,
when the extended Capon is applied for the range extraction.
N = 50, M = 10 and β = 0.3 are set in this case. In
this figure, it is confirmed that the target points accurately
express a true target surface, including the edge region, and

the false image due to the range sidelobe in the Wiener filter
is significantly suppressed. This proves that the frequency
domain interferometry using the Capon with the reference
signal optimization enhances the accuracy and resolution for
ranges, where the RPM offers an utmost performance and
achieves super-resolution image even for complex-shaped 3-D
objects. Fig. 8 shows the number of the target points with the
sampledε defined in Eq. (9) for each method. The method with
the extended Capon increases the number of points with the
accuracy around0.05λ. The mean values ofε for each method
are1.49 × 10−1λ for the Wiener filter and5.55 × 10−2λ for
the extended Capon.

VI. CONCLUSION

This paper proposes a novel range extraction algorithm as
the extended Capon method, known as the frequency domain
interferometry. To enhance the image quality of the RPM, in-
cluding the case for complicated shaped objects with concave
or convex edges, this method optimizes the reference signal
employing a simplified waveform model. It has a substantial
advantage that the range resolution is remarkably enhanced,
even if the different scattered waves are mixed together within
the range scale less than wavelength. The results from numer-
ical simulation and an experiment employing UWB modules
verify that the combination with the extended Capon and
RPM remarkably improves the accuracy for the target surface
extraction, even for a complicated 3-D object including edges.
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