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Abstract—Lower band ultra-wideband (UWB) radar is promis-
ing for through-wall imaging application owing to higher range
resolution and deeper penetration depth. Various studies revealed
that Doppler signature is indispensable for human detection,
where so-called micro-Doppler component of legs or arms should
be correctly estimated or separated. However, the traditional
Fourier transform based Doppler analysis suffers from an in-
herent trade-off between Doppler and temporal resolution. In
addition, the higher fractional bandwidth incurs range walk
problem, which make worse for the above resolution problem.
This paper focuses on the recently proposed super-resolution
Doppler velocity estimation by Gaussian kernel estimator, and
investigates the experimentally test, using the X-band UWB
radar, whether the proposed method retains its superiority.

Index Terms—Microwave ultra wide-band(UWB) radar,
Micro-Doppler velocity estimation, Pulse Doppler radar.

I. INTRODUCTION

Ultra-wideband (UWB) microwave radar attains both a high
range resolution and deep penetration in low-loss materials
like concrete materials and soil, and is promising for three-
dimensional (3-D) imaging sensor, such as through-the-wall
imaging (TWI) scenario, or human body detection buried
under collapsed structures in rescue scene and identifying
hostages and terrorists in security operations. Many studies
reported that the micro-Doppler components generated by
several movements of human body parts is useful for distin-
guishing the human body from surrounding objects, which is
required for safety system in self-driving.

In the case of high-frequency radar systems, such as
millimeter-wave radar, the Fourier-transform-based Doppler
processing could provide a sufficiently higher Doppler velocity
resolution. On the other hand, assuming the TWI applica-
tions, the center frequency of the pulse should be lower in
order to guarantee a sufficient penetration depth in concrete
materials. In addition, the fractional bandwidth of a UWB
signal generally goes beyond more than 20%, so that high
range resolution incurs shorter pulse overlapping time along
slow time direction, and effective observation time is further
limited. The above limitation is recognized as the range walk
(RW) [1] or across range unit (ARU) problem. Many studies
tackling with the above RW effect have been proposed, as
well, including Radon-Fourier transform [2], Hilbert-Huang
transform [3], or keystone transform [4]. However, any method
has inherent problem that there is a trade-off between temporal
and velocity resolution due to coherent integration process.

Fig. 1. Observation model.

To overcome the traditional limitation for both temporal
and Doppler velocity resolution with lower complexity, the
Gaussian kernel based Doppler velocity estimation based on
range- τ points conversion has been recently developed [5].
This method focuses on the discretely measured responses
in the range-τ profile, and calculating a Doppler velocity
for each range-τ point by considering surrounding profiles
of range-τ points, the basic idea of which is inspired by
the range points migration (RPM) method [6]. As a notable
feature of this method, it retains an instantaneous Doppler
velocity for each slow time without limitation of the Doppler
velocity resolution being inherent in the Fourier transform
based method, that is, the trade-off between the temporary
and Doppler velocity resolution is substantially resolved. The
literature [5] demonstrated its effectiveness of the simple 2-
D FDTD scenario, then, this paper presents the experimental
validations for this method using X-band radar system.

II. OBSERVATION MODEL

Figure 1 shows the observation model. Multiple targets
with arbitrary shapes and motions are assumed, while their
locations, shapes and velocities are not given. It assumes that
for the k-th target with an arbitrary boundary shape and the
velocity vector vk(τ) of the moving target is variant in terms
of the slow time denoting τ . A single set of transmitting and
receiving antenna is set at the origin. A number of pulses are
transmitted from the transmitting antenna with the fixed PRI.

The output of a filter (e.g. a matched, Wiener or CS filters)
of each recorded signal is denoted as s(R′, τ ′), where τ ′

denotes a slow time sampled by the PRI. R′ = ct/2 denotes
the measured range, where c is the speed of radio wave in
air and t denotes the fast time. The range-τ point, defined as
q ≡ (R, τ), is extracted from the local maxima of s(R′, τ ′).
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Fig. 2. Range-τ points profile and Doppler velocity estimation basis.

III. GAUSSIAN KERNEL BASED DOPPLER VELOCITY
ESTIMATION

To address with the trade-off between temporal and Doppler
velocity resolution in the Fourier-transform-based analysis,
the method [5] proposed the novel algorithm based on the
Gaussian kernel estimator, where the discrete range-τ points
are incoherently converted to its associated Doppler velocity.

Figure 2 depicts the principle of this method, by focusing
one range-point qi and others in the range-τ space. The all
possible inclinations defined between the focused range-point
as qi and the neighboring range-points as qj are investigated
by the Gaussian kernel estimator after converting the Doppler
velocity as
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where vd,i,j is defined as vd,i,j ≡ Rj−Ri

τj−τi
. σs, στ , and σvd are

constants, and s is the signal strength of range-τ point q. Note
that, Eq. (1) assesses the accumlation degree for the Doppler
velocities, which are calculated from all possible combinations
of range-τ points, in considering the slow time separation, and
the signal strength difference as a weighting functions. This
method has the outstanding feature that there is no lower limit
on the Doppler velocity resolution, and the temporal resolution
is determined by the PRI. Furthermore, it does not require any
connection or tracking processing among the range–τ points,
which leads to considerably lower complexity, compared with
other tracking based algorithm.

IV. EXPERIMENTAL TEST

This section describes the experimental verification using
UWB radar equipment. Here, we assume 2 types of target
models, one is two spherical targets, and the other is three
spherical targets, where each spherical object has 100 mm di-
ameter with metallic material. Figure 3 shows the experimental
scenes among Tx, Rx and targets. Each target is rotated by
the azimuth table with 0.1◦ accuracy. We assume the PRI as
156.25 ms, for each rotation angle interval, then, the target
rotating speed is estimated as 0.5 π m/s, which corresponds
to human walking velocity.

(a) (b)

Fig. 3. Experimental setup. (a): Two spherical targets. (b): Three
spherical targets.

The impulse UWB radar with 8.5 GHz center frequency,
and 1.5 GHz 10-dB bandwidth (and the range resolution is 100
mm) is used, which is designed and produced by the Sakura
Tech Corp. The transmitting and receiving wideband Fermi
antennas are arranged vertically with 100 mm separation. Both
E- and H-plane 3-dB beam widths of the Fermi antennas are
40◦. Stop-and-go observations for each rotation angle were
performed to obtain an accurate profile of the actual range and
Doppler velocity, where the angle of rotation θ is assumed to
be range of [0,π] with π /36 spacing, such that 37 observations
(pulse hits) are acquired. The number of pulse hits is 37, also
that the total observation time is 5.625 s.

Figure 5 (a) and (d) show the geometrical arrangement for
two and three target cases, respectively. Figure 5 (b) and (e)
illustrate the received data after applying matched filter, the
extracted range-τ points. These figures show some parts of
the response are missed because one object goes to shadow
area of other objects.

As a comparison for the traditional Fourier transform anal-
ysis, we introduce the short-time Fourier transform (STFT)
approach in this test. Figure 4 shows the results of the STFT
analysis for each time window, and it demonstrated that the
STFT based method could not attain the accurate Doppler
velocity estimation due to lower Doppler velocity resolution
or RW effect. The width of the temporal window is 1.25 s,
and the theoretical Doppler velocity resolution is 0.1 m/s.

On the contrary, Fig. 5 (c) and (f) shows the results obtained
by the Gaussian kernel estimator. Here, the parameters are
set to σs = 0.7, στ = 312.5 ms, and σvd

= 0.04 m/s. And
these figures demonstrate that our proposed method provides
almost accurate Doppler velocity for each slow time moment,
which is hardly achieved by the STFT method, in principle.
The cumulative probabilities satisfying e(vd) ≤ 0.05 m/s are
74.5% for Case 1, and 75% for Case 2, respectively. Note that,
there are some deviations from the actual Doppler velocity for
this method, because of interference of multiple echoes, which
could be resolved by higher range resolution technique, e.g.,
compressed sensing filter [7].
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(a) 0.15s ≤ τ ≤ 1.40s (b) 2.03s ≤ τ ≤ 3.28s (c) 3.90s ≤ τ ≤ 5.15s

(d) 0.15s ≤ τ ≤ 1.40s (e) 2.03s ≤ τ ≤ 3.28s (f) 3.90s ≤ τ ≤ 5.15s

Fig. 4. Range-Doppler velocity responses by the STFT based analysis of each temporal window with the width of 0.9375 s in each case.
(a)-(c): Case 1 (2targets), (d)-(f): Case 2 (3 targets).

(a)
(b) (c)

(d)
(e) (f)

Fig. 5. (a)-(c): Case 1. (d)-(f): Case 2. (a) and (d) Geometrical arrangement in each case.(b) and (e) Responses of filter and extracted range-τ
points in each case. (c) and (f) Estimated Doppler velocities (red solid circles) by the proposed method at each case.
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