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Abstract—Short-range imaging technology using ultra wide-
band radar is increasingly seen as an essential modality in a
variety of applications. Of those, security-related systems require
fast computation and real-time operation. Many conventional
radar imaging methods trade-off computational speed and imag-
ing quality. The revised range point migration method is known
to be both fast and accurate, resolving the issues associated
with trade-off. However, this method can be applied only to
an antenna scanning along a straight line or in a plane. For
various applications it is more practical to assume a circular
scanning trajectory, a circular antenna array, or a rotating
target. For that development, we derive a new transform in
polar coordinates for ultra wide-band radar imaging and create
a corresponding fast imaging algorithm that processes received
signals into target shapes. The performance of this imaging
algorithm is demonstrated in an application to measurement
data. The fast and accurate imaging capability is established
by the experimental results.

I. INTRODUCTION

To complement existing camera-based systems, ultra-wide-
band (UWB) radar imaging technology has been widely used
in security-related applications, such as concealed weapon
detection and surveillance systems, and in autonomous rescue
robotics. One necessary feature for UWB radar imaging in
such applications is computational speed because real-time
operations are needed with a high frame-rate to capture fast
moving targets and changing situations. A variety of imaging
methods for UWB radars have been developed [1], [2], [3],
[4], [5], [6]. However, many of these existing imaging methods
do not fulfill fast computing criteria.

One proposal developed to meet this need was SEABED
(shape estimation algorithm based on the boundary scattering
transform (BST) and extraction of directly scattered waves)
[7], [8], [9], [10], which uses a reversible transform, BST
(inverse boundary scattering transform) that depicts the re-
lationship between target shape and received signals obtained
with an antenna scanning along a straight line or flat plane.
The revised range point migration (RRPM) method, which is
an extension of the SEABED method, can obtain images even
for complex-shaped targets under noisy condition [11], [12].
However, in practice, antennas scanning on a circle, circular
sensor arrays or a fixed antenna with rotating targets are more
commonly used because such systems can cover the whole
target surface.

To apply the SEABED method to circular antenna scan-
ning scenarios, Helbig et al. proposed another transform for
imaging with arbitrary scanning trajectories by approximating
the scanning surface with a tangent plane [13]. However, an
accurate transform without approximation is indispensable if
it is to be applied in the RRPM with circular coordinates
because the RRPM method calculates derivatives of the quasi-
wavefronts using multiple peak points in the neighborhood of
a point of interest.

Below, we report about a new transform that maps received
signals into the target shapes from a circular antenna scanning
trajectory. Incorporating the modified RRPM for the polar
coordinates, we develop a new algorithm that is capable of
obtaining images even for complex-shaped targets. We con-
ducted measurements using maximum length binary sequence
(m-sequence) UWB radar system and a metallic target on a
rotating platform to assess the performance of the proposed
method.

II. SYSTEM MODEL

We employ 2-dimensional polar coordinates in the imaging
plane for our UWB radar system. Fig. 1 shows a schematic
of the system model. The radar is a mono-static system
that has only a single antenna used as both transmitter and
receiver. The antenna is positioned on a ring of radius R,
centered on the origin of the coordinate system. With az-
imuth angle θ, the location of the antenna is expressed as
(x, y) = (R cos θ,R sin θ). Targets are placed within this
circular trajectory of the scanning antenna. UWB pulses are
transmitted and echoes are received. The received signals
contain not only echoes from the target but also a coupling
signal and background clutter. To eliminate these unnecessary
signals, the background signal, measured without a target prior
to actual measurement, can be subtracted from the received
signal. Given the antenna location corresponding to the angle
θ, the received signal is denoted by s(θ, r) with r = ct/2,
where c is the speed of the electromagnetic wave and t the
time interval between transmission and reception.

III. QUASI-WAVEFRONT EXTRACTION

To estimate the target shape, many of the conventional imag-
ing methods use back propagation to form an image. These
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Fig. 1. System model with a circular antenna array surrounding a target.

are also called migration. Its processing is time-consuming
because the propagation paths need to be calculated repeatedly.
To overcome this difficulty, we developed a fast imaging
algorithm using the reversible boundary scattering transform
(BST) between target shape and received signals. To apply
it to circular antenna scanning trajectory, below this BST is
adapted to the polar coordinates of the imaging plane.

First, we extract peaks of the received signals, which satisfy

∂

∂r
s(θ, r) = 0, (1)

|s(θ, r)| > Ts, (2)

where Ts is a constant threshold introduced to filter out noise.
These peaks are indexed as (θi, ri) for (i = 1, 2, · · · , N). The
corresponding amplitudes of these peaks are, for simplicity,
denoted si = s(θi, ri). For a single simple-shaped target, these
points are easily connected sequentially to form curved lines
r(θ). The resulting function is called a quasi-wavefront.

IV. NOVEL TRANSFORM FOR POLAR COORDINATES

We assume a metallic target that has a clear boundary
between background and target media. In this case, scattering
occurs on this boundary. Our purpose in this paper is to
estimate the shape of the boundary, not the permittivity of
the target.

In the previous section, we calculated a function r(θ) that
gives the distance between the antenna and the scattering point
on the boundary. The target boundary is expressed in the polar
coordinates as(

x
y

)
= R

(
cos θ
sin θ

)
+ r(θ)

(
cosφ
sinφ

)
, (3)

where φ is the angle of the scattering point as seen from
the antenna. For simplicity, we rotate the coordinates by −θ to
set the antenna position at (x, y) = (R, 0). The actual target
boundary satisfies the condition

d
dθ

(
x(θ)
y(θ)

)
= 0. (4)

Therefore, the following equations must be satisfied simulta-
neously:
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(
cosφ
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where φ is a function of θ chosen so that the point expressed
in Eq. (3) is on the target boundary.

By deleting dφ/dθ from these equations, we obtain

sinφ = −dr/dθ
R

, (6)

or equivalently

cosφ = −
√

1 −
(

dr/dθ
R

)2

. (7)

Note that the negative sign cosφ = −
√

1 − sin2 φ is adopted
because the target is placed within the antenna scanning circle,
as discussed in the system model above. Therefore, cosφ for
θ � 0 must be negative.

For general θ, φ is expressed as

φ = − sin−1

(
dr/dθ
R

)
+ θ. (8)

As a result, if r and dr/dθ are measured, the target image can
be calculated using Eqs. (3) and (8). In this way, the target can
be imaged with this transform without any iteration, quicking
image processing. We call the transform defined by Eqs. (3)
and (8) the polar IBST (PIBST).

V. REVISED RANGE POINT MIGRATION

The procedure described above is a polar coordinate version
of the SEABED algorithm [7]. The significant issue of the
SEABED algorithm is that the derivative dr/dθ is too sensitive
to noise and interference. The whole process depends on
the assumption that the quasi-wavefront r(θ) can be clearly
estimated, while the actual measurement is prone to various
undesirable effects such as noise, clutter, and interference
between multiple scattering waves. This issue makes it difficult
to apply the SEABED algorithm to complex-shaped targets
under noisy conditions.

These difficulties are, however, inevitable in practical sce-
narios of security-related applications. Therefore, we devel-
oped a revised range point migration (RRPM) method to
mitigate the instability of the SEABED method [11], [12].
In this section, we propose a modified RRPM for polar
coordinates.

With a weighted average function, the relative orientation
of the peaks around the i-th peak is estimated as:

ψi =

∑
j �=iwi,j tan−1

(
ri−rj

θi−θj

)
∑

j �=iwi,j
, (9)

where

wi,j = |sisj | exp
(
− (θi − θj)2

σ2
θ

− (ri − rj)2

σ2
r

)
(10)
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Fig. 2. Schematic of fast RPM method.

and
∣∣∣tan−1

(
ri−rj

θi−θj

)∣∣∣ < π/4, and the summations are over
pairs of peaks with the same sign in the 2nd derivative i. e.

srr(θi, ri)srr(θj , rj) > 0, (11)

where srr = ∂2

∂r2 s. Figure 2 shows the schematic of the pro-
cedure in the RRPM method. As in this figure, the inclination
of points around the i-th point is calculated by averaging the
angle between the i-th and j-th points over all j close to the
i-th point. By finding ψi using Eq. (9), we obtain an estimate
of the quasi-wavefront orientation. We calculate the derivative
dr/dθ|θ=θi

= tan(ψi). Finally, we substitute r and dr/dθ to
PIBST in Eqs. (3) and (8) to obtain the target image.

VI. APPLICATION TO MEASUREMENT DATA

We conduct measurements to investigate the performance
of the proposed imaging algorithm. We used an m-sequence
UWB radar [14], [15] with an operating band of DC-4.5 GHz.
We combined this system with a 9 GHz carrier signal generator
to up-convert and generate signals with a frequency band of
4.5 GHz to 13.5 GHz, with a bandwidth of 9 GHz giving
a fractional bandwidth of 100%. In assembling a bi-static
radar system, we mounted a pair of directive Teflon-embedded
tapered slot line Vivaldi antennas [14], [16] with 10 cm of
antenna separation to mitigate antenna cross-talk. The antenna
gain is 15 dBi and the beam width is 25 degrees.

The target objects are metallic pillars with uniform hor-
izontal cross-section (Fig. 3); the model is approximately
considered to be two dimensional. Each target is placed in
turn on a rotating platform whose axis is 100 cm away from
the midpoint of the antennas, giving R = 100.0 cm. The
table rotates 360 degrees in 1 degree steps, resulting in 360
measuring points. The rotation is electrically controlled with
an accurate step motor. The detail of the measurement setup is
given in [17] and [15]. The imaging has been performed for
the same measurement data set using conventional imaging
methods [14], [16], [17], [18]. We set the parameters for the
proposed method as Ts = 0.5Amax, σθ = 0.5◦ and σr = 0.05
cm, where Amax is the maximum amplitude of the signal. We
extracted 5 quasi-wavefronts for each measurement angle.

For comparison, we first generated images using the con-
ventional diffraction stack migration as in Figs. 4 and 5.
The computation of the migration method took 20.9 s on
average for these two targets. Figures 6 and 7 show the images
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Fig. 3. Target shapes used in our measurements.

x [cm]

y 
[c

m
]

−20 −10 0 10 20
−20

−10

0

10

20

Fig. 4. Estimated target shape using the conventional migration method for
target A.

generated using our proposed method. The results clearly show
the imaging capability of the proposed method in obtaining
imaging of these complex-shaped targets. The total imaging
process of the proposed method took only 1.05 s, which is
approximately 20 times shorter than using the conventional
migration method. For comparing the computational times,
we used a 64-bit Matlab 2012b running on a laptop with Intel
Core i7-3610QM CPU with 2.30 GHz clock speed and 4.0 GB
RAM. Although the imaging quality of the proposed method is
not as good as the migration method, the outline of the target
shapes are correctly estimated. Furthermore, the experimental
investigation demonstrated the fast computational capability of
the proposed method.

VII. CONCLUSION

In this paper, we proposed a new imaging algorithm for a
UWB radar with circularly scanning antenna. The algorithm
was developed by modifying the reversible transform IBST
and deriving a new transform PIBST in polar coordinates. The
transform requires the derivative of the delay time in terms
of antenna orientation, which is susceptible to interference
and noise. To resolve the instability associated with derivative
estimates, we employed a modified RRPM described by polar
coordinates to estimate a stable derivative. The performance
of the proposed method has been investigated with measure-
ments using a m-sequence radar system and metallic targets
positioned on a rotating platform. The imaging results show
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Fig. 5. Estimated target shape using the conventional migration method for
target B.
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Fig. 6. Estimated target shape using the proposed method for target A.

that the proposed method is capable of obtaining images 20
times faster than the conventional migration method, indicating
the immense potential of the proposed method in various
applications.
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Fig. 7. Estimated target shape using the proposed method for target B.
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