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Abstract—Ultra-wide-band sensing is an important technol-
ogy for imaging in situations where conventional camera-based
systems are difficult to use because of dense smoke or steam.
Although many applications of such systems require real-time
operation, conventional imaging algorithms cannot satisfy this
demand, because most methods have focused on the imaging
quality alone. Recently, a fast imaging algorithm, called polar
revised range point migration (PRRPM), was developed that
enabled the target images to be obtained within a short time. The
PRRPM uses a closed-form transform called the polar inverse
boundary scattering transform (PIBST), which expresses the
relationship between the signal delay time and the target images.
Although the PIBST was shown to be capable of producing
images quickly, the images were degenerated because of wrongly
estimated delay times, especially if the fractional bandwidth
was narrow, and generated ringing waveforms with multiple
false peaks. In this paper, we propose a method to select the
correct delay times among multiple peaks that were estimated
using the conventional method, which suppresses the false images
caused by the ringing components. The proposed method is
applied to measurements with m-sequence radar to establish the
performance of the method.

I. INTRODUCTION

Ultra-wide-band (UWB) imaging technology has been at-
tracting increasing attention because it has immense potential
for security-related applications, such as surveillance systems
and autonomous rescue robotics. One necessary condition for
the imaging algorithms in such applications is fast computa-
tional speed, because real-time operation is required. Various
imaging methods for UWB radar have been developed [1]-[6].
However, many of the existing imaging methods do not fulfill
the fast computation requirements.

One method developed to meet this need was the revised
range point migration (RRPM) method [7], [8] for antennas
scanning along a straight line or on a plane. The RRPM
is based on a reversible transform, the inverse boundary
scattering transform (IBST) [9]-[12], and weighted averaging
of multiple signal peaks to estimate stable derivatives. The
RRPM was further extended to polar coordinates, to produce
the polar revised range point migration (PRRPM) method
[13]. The PRRPM also uses a closed-form transform, the

polar IBST (PIBST), which depicts the relationship between
the target shape and the received signals obtained with an
antenna scanning along a circle. Both the RRPM and PRRPM
methods can obtain images even for complex-shaped targets
under noisy conditions.

When using these transform-based imaging algorithms, it
is assumed that a single range is estimated for each target-
background interface. However, the conventional methods
give multiple ranges for signals with bandwidths narrower
than 100%, because the ringing waveforms have multiple
peaks, which degrades the image quality. Salman and Willms
proposed a method to estimate quasi-wavefronts by using
a matched filter with a synthetic waveform formed by the
summation of overlapping template waveforms [14]. Although
the method is effective for estimation of the correct quasi-
wavefronts, the method is based on repetitive filtering with
various combinations of multiple parameters, which increases
the computation load and degrades the fast computation capa-
bility of the PRRPM method.

In this paper, we propose a selection method for quasi-
wavefronts that gives the correct quasi-wavefronts for each
wave packet, resulting in a better quality imaging capability.
Because the method does not require repetitive computation,
the method maintains the fast computational speed of the
PRRPM method. We performed measurements using a maxi-
mum length binary sequence (m-sequence) UWB radar system
with a metallic target on a rotating platform to assess the
performance of the proposed method.

II. SYSTEM MODEL

We use two-dimensional polar coordinates in the imaging
plane for our UWB imaging system. Fig. 1 shows a schematic
of the system model. The device is a mono-static radar
system that uses a single antenna as both transmitter and
receiver. The antenna is positioned on a ring of radius R,
centered on the origin of the coordinate system. Based on the
azimuth angle θ, the location of the antenna is expressed as
(x, y) = (R cos θ,R sin θ). The targets are placed within the
circular trajectory of the scanning antenna. UWB pulses are
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Fig. 1. System model with a circular antenna array surrounding a target.

transmitted and the echoes are received. The received signals
contain not only the echoes from the target but also a coupling
signal and background clutter. To eliminate these unnecessary
signals, the background signal, measured without the target
prior to the actual measurements, can be subtracted from the
received signal. Given the antenna location corresponding to
the angle θ, the received signal after applying the matched
filter is then denoted by s(θ, r) with r = ct/2, where c is the
speed of the electromagnetic wave and t is the time interval
between transmission and reception.

III. CONVENTIONAL QUASI-WAVEFRONT EXTRACTION

To estimate the target shape, many conventional imaging
methods use back propagation to form the image. This is also
called migration. The processing is time-consuming because
the propagation paths must be calculated repeatedly. To over-
come this difficulty, we developed a closed-form transform that
is used to obtain images from the range as a function of the
angle of the antenna position that is called a quasi-wavefront.
The procedure begins with estimation of the quasi-wavefronts.

First, we extract the 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 by si = s(θi, ri). For a single target with a simple
shape, these points can easily be connected sequentially to
form the curved lines of r(θ). The resulting function is called
a quasi-wavefront. Ideally, the function r(θ) corresponds to the
actual range between the target and the antenna. However, for a
signal with a limited bandwidth, the resulting r(θ) has multiple
values for the same target boundary caused by the ringing
waveforms. This issue will be addressed in later sections.
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Fig. 2. Relationship betwen variables defined in the system model.

IV. POLAR INVERSE SCATTERING TRANSFORM FOR

IMAGING

We assume that the target has a clear boundary between the
background and the target medium. In the previous section, we
calculated the function r(θ) that gives the distance between the
antenna and the scattering point on the boundary. The target
boundary is then expressed in 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
viewpoint of the antenna. The actual target shape is expressed
as follows [13]:

φ = − sin−1

(
dr/dθ
R

)
+ θ. (4)

If r and dr/dθ are measured, the target image can then be
calculated using Eqs. (3) and (4). In this way, the target can be
imaged using this transform without any iteration, increasing
the image processing speed. We call the transform defined
by Eqs. (3) and (4) the PIBST. The relationship betwen the
variables defined above is shown in Fig. 4.

V. POLAR REVISED RANGE POINT MIGRATION

The most significant issue with the algorithm described in
the previous section is that the derivative dr/dθ is quite sensi-
tive to noise and interference. The whole process depends on
the assumption that the quasi-wavefront r(θ) can be estimated
accurately, while the actual measurement is prone to various
undesirable effects including noise, clutter, and overlapping
multiple scattering waves. This issue makes it difficult to apply
the PIBST alone to targets with complex shapes under noise-
and clutter-rich conditions.

Therefore, we use a stable method, the RRPM, to estimate
derivatives to mitigate the instability of the PIBST. Using a
weighted average function, the relative orientation of the peaks
around the i-th peak can be estimated as:

ψi =

∑
j �=iwi,j tan−1

(
ri−rj

θi−θj

)
∑

j �=iwi,j
, (5)
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Fig. 3. Schematic of the RRPM method.

where

wi,j = |sisj | exp
(
− (θi − θj)2

σ2
θ

− (ri − rj)2

σ2
r

)
(6)

and
∣∣∣tan−1

(
ri−rj

θi−θj

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

srr(θi, ri)srr(θj , rj) > 0, (7)

where srr = ∂2

∂r2 s. Figure 3 shows a schematic of the
procedure in the RRPM method. As shown in the figure, the
inclination of the 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 by using Eq. (5),
we obtain an estimate of the quasi-wavefront orientation. We
then calculate the derivative dr/dθ|θ=θi

= tan(ψi). Finally,
we substitute r and dr/dθ into the PIBST in Eqs. (3) and (4)
to obtain the target image.

VI. PROPOSED QUASI-WAVEFRONT SELECTION

The conventional method used to estimate the quasi-
wavefronts erroneously estimates multiple quasi-wavefronts
for each echo if the fractional bandwidth is narrow, which
results in ringing waveforms with multiple peak points. In this
section, we propose a method to select the correct wavefronts
from the wavefronts that were extracted in the previous
section. This method uses the fact that the dominant quasi-
wavefront has adjacent peaks with smaller absolute amplitudes
but the opposite sign. Also, these adjacent peaks must be
located at a specific distance from the main quasi-wavefront,
where the distance corresponds to half the wavelength of the
carrier frequency. If these conditions are satisfied, then the
quasi-wavefront can be used to form an image.

For each θ, peaks are extracted as r1(θ), r2(θ), · · · rN (θ),
where the range values are arranged in ascending order as
r1(θ) < r2(θ) < · · · < rN (θ). If the following conditions are
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Fig. 4. Peak points extracted from a signal using the conventional method.

0 1 2 3 4
−1

−0.5

0

0.5

1

Time [ns]

N
or

m
al

iz
ed

 A
m

pl
itu

de

Fig. 5. Selected peak points extracted using the proposed method.

satisfied, then rn(θ) is used for imaging.

|rn(θ) − rn−1(θ) − rc| < δ, (8)

|rn+1(θ) − rn(θ) − rc| < δ, (9)

(1 + ε)|s(θ)n| > |s(θ)n−1|, (10)

(1 + ε)|s(θ)n| > |s(θ)n+1|, (11)

s(θ)ns(θ)n−1 < 0, (12)

s(θ)ns(θ)n+1 < 0, (13)

where δ and ε are small numbers that were chosen empirically.
In the following applications, we assume that δ = 0.1 cm and
ε = 0.1. Please note that δ should be much smaller than the
wavelength of the central frequency. For larger δ and ε, the
noise tolerance of the proposed algorithm improves, while the
number of false images increases.

Figures 4 and 5 show examples of the conventional and pro-
posed methods for quasi-wavefront estimation, respectively.
For this comparison, we set the threshold Ts = 0 for simplic-
ity. In Fig. 4, all the local maxima and minima are estimated,
whereas in Fig. 5, only the dominant peak point is chosen for
each wave packet.

Figures 6 and 7 show the received signals at each antenna
position on a circle where 0 ≤ θ ≤ 360◦ and the quasi-
wavefronts extracted using the conventional method with
thresholds Ts = 0.1Amax and Ts = 0.3Amax, respectively,
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Fig. 6. Quasi-wavefronts extracted using the conventional method with Ts =
0.1Amax.
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Fig. 7. Quasi-wavefronts extracted using the conventional method with Ts =
0.3Amax.

where Amax is the maximum signal amplitude. As shown
in Fig. 6, the conventional method extracts multiple peaks
for a single target boundary. This is because the number of
cycles in the wave packet is approximately equal to the inverse
of the fractional band width. The actual waveforms in this
case have a fractional bandwidth of 69%, causing ringing and
multiple peaks in the waveforms. Figure 7 shows that the
conventional method still extracts multiple peaks even when
a higher threshold is set to prevent insignificant peaks from
being picked up. In this image, we see that the threshold
Ts = 0.3Amax is too high to extract edge diffraction waves,
while it is too low to prevent specular reflection waves. This is
because the echo intensities of the specular reflection and the
edge diffraction are quite different. It is therefore impossible
to filter out the ringing peaks by adjusting the threshold alone.

Figure 8 shows the same figure where the quasi-wavefronts
were extracted using the proposed method. The threshold
is set as Ts = 0.1Amax, which is the same as that in
Fig. 6. The figure clearly shows that the proposed method
is effective in preventing multiple peaks from being picked up
from a single waveform. Because of waveform distortion, the
proposed method can extract inconsistent range values in some
places. However, the proposed method generally estimates the
quasi-wavefronts successfully in most parts of the signals.
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Fig. 8. Quasi-wavefronts extracted using the proposed method with Ts =
0.1Amax.

VII. APPLICATION TO MEASUREMENT DATA

We conducted measurements to investigate the performance
of the proposed imaging algorithm. We used an m-sequence
UWB radar system [15], [16] with a DC-4.5 GHz operating
band. We combined this system with a 9 GHz carrier signal
generator to up-convert and generate signals with a frequency
band from 4.5 GHz to 13.5 GHz, with a bandwidth of 9 GHz
giving a maximum fractional bandwidth of 100%. It should
be noted that the actual fractional bandwidth of the received
signals is 69% which is narrower than that of the original
waveform generated by the pulse generator, because of the
frequency characteristics of the antennas and the circuits, in-
cluding the matching of the antennas and cables. In assembling
a bi-static radar system, we mounted a pair of directive Teflon-
embedded tapered slot line Vivaldi antennas [15], [17] with 10
cm antenna separation to mitigate the antenna cross-talk. The
antenna gain is 15 dBi, and the beam width is 25 degrees.

The target objects are metallic pillars with uniform hori-
zontal cross-sections (Fig. 9); the model is considered to be
approximately two-dimensional. Each target is placed in turn
on a rotating platform with an axis that is 100 cm away from
the midpoint of the antennas, giving R = 100.0 cm. The
table rotates through 360 degrees in 1-degree steps, giving 360
measuring points. The rotation is electrically controlled with
an accurate stepping motor. The details of the measurement
setup are given in [18] and [16]. The imaging was performed
for the same measurement data set using conventional imaging
methods [15], [17], [18], [19]. We set the parameters for
the proposed method to be Ts = 0.1Amax, σθ = 0.5◦

and σr = 0.05 cm. We first extracted 15 quasi-wavefronts
for each measurement angle using the conventional quasi-
wavefront extraction method. Then, we applied the proposed
quasi-wavefront selection method.

For comparison, we first generated images using the con-
ventional diffraction stack migration as shown in Figs. 10 and
11. To make the comparison fair, we calculated the image
only if the signal amplitude was larger than the threshold
Ts = 0.1Amax which is the value used for the proposed
method. The computation using the migration method took
18.6 s and 19.4 s for targets A and B respectively. Figures 12
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Fig. 9. Target shapes used in the measurements.

and 13 show the images generated using the PRRPM method
with a conventional quasi-wavefront extraction method. The
results show that the PRRPM method can also generate target
images, although they are blurred because of the multiple
peaks caused by the ringing components in the received
signals.

Figures 14 and 15 show the images generated using the
PRRPM with the proposed quasi-wavefront selection method.
It is shown that the image degradation is suppressed by the
proposed method, giving clearer and more accurate images
compared with those of the conventional migration or PRRPM
methods. The total imaging process using the proposed method
took only 0.57 s and 0.75 s for targets A and B respectively;
these times are 32 and 25 times shorter than those achieved
using the conventional migration method for targets A and B
respectively. To compare the computation times, we used a
64-bit version of Matlab 2012b running on a laptop with an
Intel Core i7-3610QM CPU with 2.30 GHz clock speed and
4.0 GB of RAM.

VIII. DISCUSSION

The proposed method can be applied to dielectric objects
as well as metallic objects. In this case, however, the resulting
image in general will contain artifacts caused by multiple re-
flections between the interface between the dielectric material
and air. If the conductivity and permittivity of the material are
large enough, this multiple reflection effect is negligible. It is
an important task to revise the proposed method to mitigate
this kind of false image.

IX. CONCLUSION

In this paper, we proposed a selection method for quasi-
wavefronts, which are functions that express the relationship
between range and antenna motion, which is important for
imaging with UWB sensing systems. The complete algo-
rithm consists of the proposed method used together with
the PRRPM method, which is known to be able to generate
images quickly for radar with a circularly scanning antenna.
The proposed method chooses quasi-wavefronts that have
adjacent peaks with a lower and opposite amplitude, giving
a single quasi-wavefront for a single echo. The performance
of the proposed method incorporated into the PRRPM method
has been investigated experimentally using an m-sequence
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Fig. 10. Estimated target shape using the conventional migration method for
target A.
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Fig. 11. Estimated target shape using the conventional migration method for
target B.

radar system and metallic targets on a rotating platform. The
imaging results show that the proposed method can generate
clear images; while maintaining fast computation speeds. The
computation times of the proposed method were found to be 32
and 25 times shorter than those for the conventional migration
method for two test measurements.
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