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Abstract—This paper presents human imaging using ultra-
wideband (UWB) Doppler radar. Our proposed method estimates
three-dimensional human images using interferometry and, from
velocity information, rejects false images created by the interfer-
ence of body parts. Experiments show that our proposed method
achieves high-resolution imaging of a variety of pedestrians in a
realistic situation, and their motion features are confirmed with
the estimated images.

I. INTRODUCTION

Human imaging using radar has great potential for use in
surveillance and monitoring systems in towns, houses, shops,
and hospitals. A number of radar localization and imaging
methods have been proposed and applied to detect human
bodies [1]-[3]. However, most of these methods need large
antenna arrays or many radars placed at various locations,
therefore the size of the system and cost have increased.
For human tracking with a small number of antennas, Lin
and Ling [4], [5] proposed a continuous wave (CW) Doppler
radar interferometric imaging method. However, this method
generates many false images because of interference from
multiple targets, and has insufficient resolution.

To resolve these problems, this study applies an Ultra Wide-
Band (UWB) Doppler radar interferometric imaging method
[6], [7] to human imaging. To reduce the occurrence of
false images in the interferometry process, we introduced a
false image detection and rejection method based on velocity
information [7]. In this paper, we show experimentally that the
proposed rejection method reduces false images, and realizes
satisfactory human imaging. Moreover, applications in a real-
istic environment showed that our proposed method achieved
high-resolution imaging of pedestrians moving in various
directions and with various types of gait. In addition, their
motion features were confirmed with the estimated images.

II. PROPOSED UWB DOPPLER RADAR IMAGING METHOD

A. System Configuration

Fig. 1 is a schematic of the setup for the UWB Doppler
radar. We assumed that the target would be a pedestrian.
Transmitting antenna Tx and receiving antennas Rx1, 2, and
3 are set up in the y = 0 plane. The positions of antennas Tx,
Rx1, Rx2, and Rx3 are expressed as (x, z) = (d/2, d/2+zc),(-
d/2, -d/2+zc), (d/2, -d/2+zc), and (-d/2, d/2+zc). The pair

of receiving antennas Rx1 and Rx2 forms a horizontal in-
terferometer and the pair of Rx1 and Rx3 forms a vertical
interferometer. Measurements are conducted in various an-
tenna positions and imaging results are acquired by super-
positioning the results from each position zc. The transmitting
signal is a continuous wave (CW) signal with a frequency of f0
modulated with an m-sequence of chip width tC, which gives
a range resolution of ∆R = ctC/2 [8], [9], where c is the
speed of light. The received signal waveform sik(t) in range
k using receiver i is acquired by taking a cross-correlation of
raw received signals with a time-shifted m-sequence [8].

B. UWB Doppler Radar Interferometry

The UWB Doppler radar imager separates multiple scatter-
ing centers in the time-frequency distribution and estimates the
positions of the extracted scattering centers using interferom-
etry [6] [7]. If different scattering centers have different radial
velocities, we can separate these using the differences in their
Doppler frequencies. The Doppler frequency is expressed as:

fd =
2vd
λ

, (1)

where vd is the radial velocity and λ is the wavelength.
The fd for each instance in time is determined by time-
frequency analysis of the received signals. The time-frequency
distribution Sik(t, vd) in this study was obtained by using
a sliding-window discrete Fourier transform (SDFT) [10] of
sik(t). Sik(t, vd) is calculated by:

Sik(t, vd) =

∫ ∞

−∞
sik(τ)wH(τ − t)e−j4πvdτ/λdτ, (2)

where j =
√
−1 and wH(t) is the Hamming window function.

The SDFT calculates Eq.(2) for all the time bins. We extract
significant peaks of Sik(t, vd), which correspond to the scat-
tering centers.

We then estimate the position of each extracted scattering
center. The direction-of-arrival (DOA) is estimated by means
of interferometry. Elevation DOA θELn and azimuth DOA
θAZn of the n-th scattering center are calculated by:

θEL(t, vdn) = sin−1

[
6 S1k′(t, vdn)− 6 S3k′(t, vdn)

(2πd/λ)

]
, (3)
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Fig. 1. Schematic of setup for UWB Doppler radar.

θAZ(t, vdn) = sin−1

[
6 S1k′(t, vdn)− 6 S2k′(t, vdn)

{2πd cos θEL(t, vdn)/λ)}
,

]
, (4)

where k′ is the range bin where target n is detected. Distance
R(t, vdn) is estimated by finding the range that maximizes the
echo intensity with the method of range interpolation [6]. The
positions of scattering centers xs(t, vdn) are determined by:

xs(t, vdn) = R(t, vdn) cos θEL(t, vdn) sin θAZ(t, vdn)
R(t, vdn) cos θEL(t, vdn) cos θAZ(t, vdn)
R(t, vdn) sin θEL(t, vdn) + zc

 . (5)

C. False Image Rejection Method

The UWB Doppler radar interferometry described in the
previous section, however, generates many false images. This
is because this method assumes all scattering centers have dif-
ferent radial velocities. To resolve this problem, we proposed
a false image detection and rejection method using velocity
information [7]. The properties of this type of false image are
[7]:

• Most false images have a relatively high apparent velocity
because temporal phase continuity is not guaranteed for
false images.

• Some false images are generated as an isolated point
group.

Based on these, we remove the image that satisfies vmax <
|v(t, vd)|, where v(t, vd) = dxs(t, vd)/dt is the velocity
of the estimated scattering center, and vmax is the assumed
maximum speed. Next, we remove the isolated points. We
assume a sphere with radius RF whose center for each point
is xs(t, vd), and count the number of points NF within this
sphere. If NF/NA < α, we rejecte these scattering centers,
where NA is the number of all estimated points and α(< 1)
is empirically determined.

III. IMAGING EXAMPLES FOR A VARIETY OF
PEDESTRIANS IN A REALISTIC SITUATION

A. Experimental Setup

In this section, examples of applications of the proposed
UWB Doppler radar imaging method for various types of

(a) Experimental site (b) Summation of the spectrograms for range bins

Fig. 2. Experimental setup and spectrogram at zc = 0.36 m of a pedestrian.

pedestrians are shown with experiments. The radar parameters
were d=3.5 cm, f0=26.4 GHz, and tC=2 ns, which corre-
sponded to ∆R=30 cm. Horn antennas with −3dB beamwidth
of ± 11◦ on both the E- and H-planes were used. We took
measurements at four antenna positions for the acquisition of
data that corresponded to the whole body: zc= 0.36, 0.83, 1.3,
and 1.5 m. The interpulse period was 1.29 ms, and the window
size for SDFT was 165 ms. The parameters for the false image
rejection method were vmax=2.5 m/s, RF = ∆R/10 = 3 cm,
and α=1/400.

B. Imaging of a Pedestrian Walking toward the Radar

In this subsection, we show the imaging example of a pedes-
trian target and the effectiveness of the proposed false image
rejection method. The target walked from (x, y) = (0, 3.9 m)
to (0, 1.5 m) with a step of 0.6 m and a mean speed of 0.86
m/s. The height of the examinee was 1.75 m. Figs. 2(a) and (b)
show the experimental site and summation of the spectrograms
for all range bins at zc = 0.36 m. The radial velocity variations
of his legs were confirmed in the spectrogram, and the offset
of the spectrogram corresponded to the mean walking speed.

Fig. 3 shows the frontal views of the image estimated
using only the UWB Doppler radar interferometry (left panel)
and the estimated image after applying the proposed false
image rejection method (right panel). We can see that the
proposed method rejects almost all the false images, and
estimates scattering centers for each of the body parts. An
outline of the human shape was accurately extracted. Fig. 4
shows the side view of the estimated image with the false
image rejection method. In z < 0.8 m, the scattering centers
with relatively large velocities correspond to the swinging
leg, and the scattering centers with small vd correspond to
the leg in contact with the ground. Moreover, the swinging
motion of the arm was detected as relatively large velocities
over about 0.8 m < z < 1.3 m. These results mean that we
can confirm the walking motion features, and verify that the
proposed imaging algorithm achieves adequate human imaging
in a realistic environment.

C. Application to Pedestrians Moving in Various Directions

This subsection shows imaging examples of pedestrian
targets moving in a variety of directions. First, we assumed
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Fig. 3. Frontal views of the estimated image without (left) and with (right)
the false image rejection method.

Fig. 4. Side views of the estimated image of a pedestrian walking toward
the radar along the y-axis.

a pedestrian walking away from the radar. The target walked
from (x, y)=(0 m, 1.5 m) to (0 m, 3.9 m) with a walking step
of 0.6 m and a mean speed of 0.86 m/s. The height of the
examinee was 1.63 m. Fig. 5 shows the frontal and side views
of the estimated image using the data with a sufficient signal-
to-noise ratio. This figure confirms that the human outline
and features of walking motion were obtained as the example
described in the previous section.

Next, we show the imaging results of pedestrians walking in
oblique directions. We assumed two scenarios: case A assumed
the target walks from (x, y)=(-1.03 m, 2.69 m) to (1.03 m,
1.51 m) and case B assumed the target walks from (x, y)=(-
1.03 m, 2.41 m) to (1.03 m, 1.79 m). In both scenarios, the
mean speed and the height of the target were 0.8 m/s and 1.78
m. Fig. 6 shows the top and frontal views of the estimated
image for case A, where X is the axis perpendicular to the
walking direction. We used the data that correspond to the
target within the illumination area of the beam. Although there
was a small number of scattering centers in the relatively large
X because of shadowing, a human outline and walking orbit
were correctly detected. Fig. 7 shows the top and frontal views
of the estimated image for case B. The radial velocities became

 1.

d

Fig. 5. Frontal (left) and side views (right) of the estimated image of a
pedestrian walking away from the radar along the y-axis.

Fig. 6. Top (left) and frontal views (right) of the estimated image of a
pedestrian walking in an oblique direction (case A).

 0.

 1

 1.

Fig. 7. Top (left) and frontal views (right) of the estimated image of a
pedestrian walking in an oblique direction (case B).

small compared with case A because the walking orbit was
close to the cross-range direction. In addition, the effect of
shadowing was larger than in case A. However, the walking
orbit and the human outline were extracted to some extent.
These results indicate that our proposed method is applicable
to target motion with arbitrary directions.
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(a) Target A. (b) Target B.

d

(c) Target C. (d) Target D.

Fig. 8. Frontal views of the estimated images of various pedestrian targets.

D. Application to Various Types of Pedestrians

This section presents imaging examples of various types
of pedestrians, and discusses the features of each image. We
assumed four types of pedestrians: target A carried a bag in
his left hand, target B walked with his hands in his pockets,
target C was a pedestrian with a three-point crutch swinging
gait, and target D was a pedestrian pushing a person in a
wheelchair. All targets walked from (x, y) =(0, 3.9 m) to (0,
1.5 m). The mean speeds of targets A, B, C and D were 0.8,
0.8, 0.76 and 0.7 m/s, and they walked at an approximately
constant speed. We used data corresponding to one cycle of a
time-frequency distribution for imaging.

Fig. 8 shows the frontal views of the estimated images for
all pedestrian types. As we can see from Fig. 8(a), there is an
outline of the human shape in the frontal view of the estimated
images of target A. Moreover, we can recognize from radial
velocity information that the left leg and the right arm have
forward motion in this half of the walking cycle, and can
observe the scattering centers on the bag at approximately
(x, z) =(0.25 m, 0.5 m). Fig. 8(b) indicates that scattering
centers corresponding to the arms have not been acquired.
This is because the peaks corresponding to the arms were not
detected in the time-frequency distribution because there was
no arm motion for target B. We can confirm the images of

crutches and their relatively high velocities that correspond
to their forward motion as seen in Fig. 8(c). Fig. 8(d) shows
the scattering centers are concentrated in a relatively narrow
region in terms of both the position and vd. This is because
target D was moving toward the radar at an approximately
constant velocity. These results indicate that the method of
UWB Doppler radar imaging can accurately represent a variety
of pedestrians, and the features of each pedestrian can be
confirmed from the radial velocity information of the estimated
images.

IV. CONCLUSIONS

This paper presented the imaging of pedestrians using
UWB Doppler radar in a realistic situation. We explained the
operation of UWB Doppler radar interferometry for obtaining
human images, and applied the false image rejection method
using velocity information. The experiment, which assumed
a variety of pedestrians, showed that the proposed imaging
algorithm achieved adequate imaging and the motion features
of various pedestrians were confirmed with the estimated
images.
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