Ultrawideband Radar Imaging
Using Adaptive Array and
Doppler Separation

Ultrawideband Doppler radar interferometry is known as an effective method that enables high-resolution imaging when using a
simple antenna array. The technique, however, suffers from image
artifacts when multiple moving targets with the similar Doppler velocities are present in the same range bin. To resolve this problem,
we combine the Doppler interferometry technique with the Capon
methods. Through numerical simulations and experiments, we show
the remarkable performance improvement achieved by the proposed
method.
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Ultrawideband (UWB) radar imaging techniques are
attracting considerable research attention because of their
potential use in security applications, e.g., traffic monitoring
for intelligent transport systems, and surveillance systems
that can prevent crimes and attacks. While optical cameras
are commonly used [1], [2] in security applications, they
are unable to monitor targets when their fields of vision are
limited by heavy rain, dense fog, or haze. In contrast, UWB
radar imaging techniques can continue to monitor targets
even when the view is poor.
However, it is difficult to apply conventional UWB radar
imaging methods in simple systems, because they involve
enormous computational complexity [3]–[6] and require
the use of large-scale array antennas [7]–[9].
Recently, radar imaging techniques have been proposed
that use only small numbers of antennas [10]–[12]. These
techniques are based on the Doppler radar interferometry
technique. Applying these techniques to UWB radar, we
can provide adequate single pedestrian imaging [13]–[15].
However, the technique suffers from image artifacts that
cause the imaging accuracy to deteriorate when multiple
targets with similar Doppler velocities are present in the
same range bin, because conventional techniques depict
the target based on the difference in their Doppler velocity.
To resolve this problem, we use adaptive arrayprocessing methods, which can separate multiple signals
using multiantenna arrays [16]. Among the various adaptive array-processing methods [17]–[23] that are available,
the Capon method [24], [25] is considered to be classical, but it is still widely used because of its robust performance and simple formulation. The Capon method is
a commonly used strategy for the adaptive beamforming
technique, which minimizes the output power under a constraint condition that maintains the echo from the angle of
interest [24], [25]. However, the performance of this method
is limited by the number of antennas available. When the
number of targets is greater than the number of available
elements, the method does not work. We have, therefore,
combined these two techniques. First, we separate the targets based on the Doppler velocity difference. After this
process, we apply the Capon method to separate targets
that have similar Doppler velocities.
The space-time adaptive processing (STAP) method is
a technique that is used to separate a desired signal from
interference in the space-time domain. The STAP method
is used to increase the probability of target detection in the
remote-sensing field [27], [28]. However, this algorithm has
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Fig. 1. Schematic of the system model.

enormous computational complexity and requires a large
number of antennas. Because imaging systems for security
applications typically require real-time imaging and lowcost systems, we use a small number of antennas and reduce
the complexity of the process by limiting the number of
places where we apply adaptive processing methods. In
addition, the STAP method requires reference signals, and
when the wrong reference signal is used, the performance of
the method deteriorates severely. In contrast, the proposed
method does not require reference signals.
This paper presents a high-resolution imaging algorithm
for the UWB Doppler radar method and evaluates this algorithm using both simulations and experiments. First, we explain the Doppler radar interferometric imaging algorithm,
the range interpolation method, the Capon method, and the
false image detection and rejection method. We then examine the simulation results and experimental results obtained
using the UWB Doppler radar interferometry technique and
show that multiple false images are estimated because of interference of the echo signals that emanate from the targets.
To solve this problem while simultaneously minimizing the
number of antenna array elements required, we propose a
technique that includes both the Doppler radar interferometry technique and the Capon method.
II. SYSTEM MODEL

For simplicity, we consider the method in the form of a
2-D problem. The transmitted signal sT (t) is a UWB signal
that has a center frequency f0 = 60.5 GHz. The wavelength
at the center frequency λ is 4.96 mm. The bandwidth is
W = 1.25 GHz, which corresponds to a downrange resolution of r = c/2W = 12.0 cm, where c is the speed of
light. Fig. 1 shows the system model. A transmitting antenna, TX , and four receiving antennas, RX1 , RX2 , RX3 , and
RX4 , are set up on the y = 0 line, and the receiving antennas
form an equal-interval linear antenna array. The positions
of the five antennas, TX , RX1 , RX2 , RX3 , and RX4 , are expressed as (x, y) = (0, 0), (−3d/2, 0), (−d/2, 0), (d/2, 0),
and (3d/2, 0), respectively, where d is the distance between
the receiving antennas. The number of antenna array elements is four, which means that the number of degrees of

Fig. 2. Procedure for the proposed imaging algorithm.

freedom of the antenna array is three, and the antenna array
can, thus, separate a maximum of three signals by the Capon
method. The pulse repetition interval is T = 0.457 ms.
We then acquire the received signal sil (t) in range bin l
using each RXi .
III. UWB DOPPLER RADAR INTERFEROMETRIC IMAGING ALGORITHM WITH THE CAPON METHOD
A. Doppler Radar Interferometry

The procedure used for the proposed imaging algorithm
is summarized in Fig. 2. The algorithm generates images
using a combination of the Doppler radar interferometric
imaging algorithm, the false image rejection method, and
the Capon method.
First, we explain the Doppler radar interferometric
imaging algorithm, which can separate multiple echo signals from targets in the frequency domain [10]–[12]. The
algorithm estimates the scattering center position for each
target using a combination of interferometry and a range
interpolation method. If the different moving targets have
different radial velocities, they can then be separated using
their Doppler frequencies. In this study, the time–frequency
distribution Sil (t, v) is obtained using a short-time Fourier
transform (STFT) of sil (t). Sil (t, v) is calculated using

Sil (t, v) = sil (τ )g(τ − t)e−j 2kvτ dτ
(1)
where g(t) is the Hamming window function, and k is the
wave number of the center frequency. The significant peaks
of Sil (t, v) are then found for each l using the following
conditions:
d|Sil (t, v)|
=0
(2)
dv
|Sil (t, v)|2 > ρ max |Sil (t, v)|2
(3)
t,v

where ρ is the ratio of the peak extraction threshold power
to the maximum power.
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Next, we estimate the scattering centers for each of
the separate targets on a plane in terms of their distances
and their directions of arrival (DOAs). The DOAs of the
targets are estimated based on their phase differences using
interferometry. The DOAs are calculated using two adjacent
elements i and i + 1 as
λ[∠Sil (t, vn ) − ∠S(i+1)l (t, vn )]
ψ(t, vn ) = sin−1
(4)
2πd
where ∠A is the phase of A, and n is the target number.
Based on (4), the DOA estimation accuracy increases
when we set a longer value for distance d. However, when
we set d > λ/2, grating lobes appear, and these lobes lead
to DOA ambiguity. This problem becomes increasingly serious as the number of targets increases. We have, therefore,
determined the distance d = 0.92λ empirically, while taking the accuracy of DOA estimation and the effects of the
grating lobes into account.
B. High-Accuracy Distance Estimation

The distances r(t, vn ) are estimated by finding the range
at which the echo signal intensity is maximized as follows:
r0 (t, vn ) = r arg max |Sil (t, vn )|
l

(5)

where r is the range resolution. To realize high-resolution
imaging, however, it is necessary to estimate the distance to
each target more accurately, as opposed to simply using the
distance sampling interval. The range interpolation method
has, thus, been proposed for this purpose [13]–[15]. The
method uses a process of interpolation between the range
gates that is based on the echo signal power ratio around the
peak. The range interpolation method uses the fractional
distance D(ρP ), which was determined via a calibration
experiment, to estimate the true distance r(t, vn ).
We explain the calibration experiment. In this experiment, we measured the echo signal power ratio at two
adjacent range gates around the peak when the fractional
range D (0 ≤ D < r) of a point target was varied. We define P1 as the maximum power and define P2 as the higher
value of the power at a range gate adjacent to the range gate
with the maximum power. The echo signal power ratio is
then defined as
P1
ρP (D) =
.
(6)
P2
The range interpolation method uses D(ρP ), which is the
inverse function of ρP (D), to provide an accurate an estimate of the distance to the target. The accurate distance to
the targets r(t, vn ) is estimated using
r(t, vn ) = r0 (t, vn ) + D(ρP ).

(7)

Using the acquired ψ(t, vn ) and r(t, vn ), the target positions x(t, vn ) can then be estimated using


r(t, vn ) sin ψ(t, vn )
.
(8)
x(t, vn ) =
r(t, vn ) cos ψ(t, vn )
The UWB Doppler radar interferometric imaging algorithm only uses a small number of antenna array elements
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for its imaging process. However, this algorithm can only
separate targets in terms of their Doppler velocities and
their range bins. Consequently, it cannot separate multiple
targets with similar Doppler velocities that are present in
the same range bin and thus generates false images of these
targets.
C. Target Position Estimation Using the Capon Method

To separate targets with similar Doppler velocities, we
apply the Capon method to the signal after the separation process in the frequency domain [24]–[26]. The Capon
method then estimates the DOAs by minimizing the output
power under a constraint condition that maintains the echo
from the angle of interest.
Although many high-resolution DOA estimation algorithms are available in addition to the Capon method, including both MUSIC and ESPRIT [29]–[32], it is difficult
to determine the signal power accurately using these algorithms. Because we require an accurate echo signal power
value to estimate the target distances via the range interpolation method, we use the Capon method because it is
advantageous for accurate signal power estimation.
The output power using the Capon method is calculated
as follows:
1 H
W R(t, vn )W
2
subject to a(θ)T W ∗ = 1
R(t, vn ) = βR(t − T , vn ) + (1 − β)R0 (t, vn )

(9)
(10)

R0 (t, vn ) = X H
l (t, vn )X l (t, vn )

(11)

X l (t, vn ) = [S1l (t, vn ) S2l (t, vn ) · · · SNl (t, vn )]T

(12)

W = [w1 w2 · · · wN ]

(13)

min Pout =
W

a(θ) = [1 e

−j kd sin θ

T

e

−j k2d sin θ

···e

−j kNd sin θ T

]

(14)

where W is a weight vector, N is the number of antenna
array elements in the radar system, a(θ) is a steering vector,
β is a forgetting factor, j is the imaginary unit, [·]H denotes
the Hermitian transpose, [·]T denotes the transposition, and
[·]∗ denotes the complex conjugate. We set the initial value
R(0, vn ) as follows:
R(0, vn ) = X H
l (0, vn )X l (0, vn ).

(15)

The problem can then be solved by application of Lagrange
multiplier methods. The output power of a signal from the
direction θ is given by
Pout (t, vn , θ) =

2aH (θ)(R(t, v

1
−1
n ) + ηI ) a(θ)

(16)

where η is a diagonal loading factor [33], I is a unit matrix,
and A−1 denotes the inverse matrix of A. We then estimate
the DOAs of each of the targets θn (t, vn ) by searching for
the direction θ, at which Pout (t, vn , θ) is a maximum for
each value of t and vn .
Next, we estimate the distances to each of the targets.
To improve the distance estimation accuracy, we separate
the signals using the optimum weight vector. The optimum
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weight vector of the direction θn (t, vn ) is calculated as follows:
W opt (t, vn , θn ) =

(R(t, vn ) + ηI )−1 a(θn )
.
aH (θn )(R(t, vn ) + ηI )−1 a(θn )

(17)

The separated signal is then calculated using
Ul (t, vn , θn ) = X Tl (t, vn )W ∗opt (t, vn , θn ).

(18)

We estimate the distances to the targets p(t, vn , θn ) using
the range interpolation method exactly like (7), as follows:
p(t, vn , θn ) = p0 (t, vn , θn ) + D(ρP )
p0 (t, vn , θn ) = r arg max |Ul (t, vn , θn )|.
l

(19)
(20)

Finally, the target positions y(t, vn , θn ) are given by


p(t, vn , θn ) sin θn (t, vn )
.
(21)
y(t, vn , θn ) =
p(t, vn , θn ) cos θn (t, vn )
The proposed method has reduced computational complexity when compared with conventional STAP methods.
One typical STAP method applies the Capon method to the
signal data in the time-DOA domain [27]. This method,
therefore, requires NQ × NQ matrix inversion, where Q is
the number of pulses. When we calculate the inverse matrix
via LU decomposition [34], the number of calculation floating point operations (flops) Cinv (NQ) that the calculation
process requires is given by
4
1
(NQ)3 − NQ.
(22)
3
3
In contrast, the proposed method applies the Capon
method to the signal data only in the DOA domain after the
STFT. The proposed method requires fast Fourier transform
(FFT) operations [35] to be performed N times and N × N
matrix inversions to be performed Q times, these operations
have complexities of Cfft (Q) and Cinv (N), respectively. The
number of floating point operations in the FFT for a data
length of Q is expressed as
Cinv (NQ) =

Cfft (Q) = 3Qlog2 (Q).

(23)

In this paper, we use four receiving antennas and a time
window of 256 pulses. In this case, the computational complexity of the STAP method is 1.4 × 109 flops, while that
of the proposed method is 4.6 × 104 flops. Therefore, the
proposed method can reduce the computational complexity
considerably when compared with the STAP method.
D. False Image Detection and Rejection Method

To reduce the number of false images produced and
improve the overall imaging accuracy, we use a false image
detection and rejection method that uses discontinuity in
velocity and position [13]–[15]. We apply this method to the
image that was acquired using the proposed method. False
images often have unrealistically high velocities, and we,
therefore, reject any estimated points with high velocities
and remove any points that satisfy the following condition:
vmax < |v 0 (t, vn , θn )|

(24)

Fig. 3. Schematic of the simulation and experimental model used to
evaluate the imaging accuracy.

where vmax is the assumed maximum speed, and
v 0 (t, vn , θn ) is the velocity that has been calculated using
dy(t, vn , θn )
.
(25)
dt
Next, we remove any isolated points, because false images are often found to be isolated. We consider a sphere
with radius RF that is centered at y(t, vn , θn ) and then count
the number of scattering centers NF present within that
sphere. We reject any scattering centers that satisfy the following condition:
v 0 (t, vn , θn ) =

NF
<α
NA

(26)

where NA is the total number of estimated points, and α is
the threshold ratio of the number of false points to the total
number of estimated points.
IV. RESULTS OF EVALUATION BY SIMULATION

In this section, we examine the performance of the proposed algorithm using numerical simulations. We use the
proposed method to estimate the central scattering trajectory of a moving target and thus evaluate the imaging accuracy of the method. In this paper, we use the root-meansquare error (RMSE) between the actual scattering positions and the estimated scattering positions as an evaluation index for imaging accuracy. The RMSE E is calculated
using

1 M
E=
min [(Xij − xi )2 + (Yij − yi )2 ] (27)
i=1 j
M
where (xi , yi ) denotes the estimated scattered positions at
time t = iT , (Xij , Yij ) denotes the actual scattered positions of target j at time t = iT , and MT is the total
measurement time.
The simulation is performed based on the model shown
in Fig. 3. In the simulation, the pulse signal from the radar
system is assumed to be a Gaussian-shaped pulse with
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Fig. 4. Power values of echo signals from moving cylindrical targets
shown in Fig. 3 in the simulations. The echo signals are in the
0.6–0.72-m range.

10-dB bandwidth of 1.25 GHz. The received signal is
then calculated using ray-tracing methods. We consider
the effects of both the free-space propagation losses and
shadowing.
In the system model shown in Fig. 3, the maximum
propagation path difference for both the near-field and farfield models is at most 0.14 mm = 0.028λ. Therefore, because the difference is sufficiently small compared with
the wavelength, it is thus appropriate to apply the far-field
propagation model in our study.
We assume a situation in which multiple targets with
similar Doppler velocities are present in the same range
bin, and we also assume that the number of targets is larger
than the number of degrees of freedom of the antenna array.
Three cylindrical targets are placed on each of two turntables that are both rotating at the same speed of 0.55 Hz.
Each of the target is 6.0 cm in diameter, and the turning
radius is 9.0 cm.
Fig. 4 shows the received signal power values. We use
the data that were obtained by measuring the targets for
1.9 s. In this figure, we see the echo signals at an approximate distance range of 0.6–0.72 m. Because the targets are
located in the same range bin, the echo signals have thus
interfered with each other and cannot be separated based
on the range difference alone.
Fig. 5 shows the spectrogram that was obtained using
the STFT from the echo signals with a window size of
256T =117 ms. The Doppler frequency resolution depends on the window size. A larger window size allows us
to separate echoes more accurately in the frequency domain.
However, the use of a wide window leads to increased time
delays in the system, which is a serious issue in real-time
applications. We take these factors into account and subsequently select a window size of 256T =117 ms. The
Doppler velocities of each of the six cylindrical targets can
be extracted, and each velocity is found to vary periodically.
Therefore, there are cases where the Doppler velocities of
multiple targets are overlapping.
We have confirmed that the multiple scattering echoes
are weak in the actual measurements, and they do not,
194

Fig. 5. Spectrogram acquired using STFT from the echo signals shown
in Fig. 4 in the simulations. The Doppler velocities of the six targets can
then be extracted.

Fig. 6. Image estimated using the UWB Doppler radar interferometric
imaging algorithm alone in the simulation. (RMSE: 26 mm.)

Fig. 7. Image estimated using the UWB Doppler radar interferometric
imaging algorithm combined with the false image rejection method in the
simulation. (RMSE: 9.5 mm.)

therefore, significantly affect the experimental results. The
multiple scattering echo intensity becomes exponentially
smaller each time the scatterings occur. As a result, we did
not consider multiple scatterings as part of the simulations.
Figs. 6–8 show the imaging results. We used a shape estimation algorithm that compensates for the target motion
on the acquired orbits of the scattering centers. In these figures, “true” denotes the actual target contours, and “image”
denotes the estimated contours.
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Fig. 8. Image estimated using the proposed algorithm in the simulation.
(RMSE: 4.2 mm).

Fig. 6 shows the image that was generated using the
UWB Doppler radar interferometric imaging algorithm
only. We set ρ = 0.028, which is found to produce a false
alarm rate of 2.5%. As shown in the figure, multiple false
images are present, and the target contours thus cannot be
identified. The RMSE is 26 mm, and the total number of
estimated points is 16 852. In Fig. 6, the targets on the
right and left turntables are imaged differently, while the
target setup appears to be symmetrical; this is not actually
the case. This is because both of the turntables rotate in a
clockwise direction, which actually makes the experimental
setup asymmetrical.
Fig. 7 shows the image that was generated in the
simulation using the combination of the UWB Doppler
radar interferometric imaging algorithm and the false image rejection method. We set ρ = 0.028, vmax = 0.62 m/s,
RF = 0.060 m, and α = 1/6  0.17. Here, vmax is determined to be 1.5 times the actual maximum target velocity,
RF is determined to be the target diameter, and α is selected
based on the assumption that the number of estimated scattering points for each target is same. To provide a fair evaluation overall, we selected these parameters to maximize
the performance of the conventional method.
Many of the false images have been removed, and
the imaging accuracy appears to have improved. However,
some false images remain at locations situated away from
the contours. The RMSE is 9.5 mm, and the total number of
estimated points is 13 228. When compared with the image
that was acquired using the UWB Doppler radar interferometric imaging algorithm alone, the RMSE is improved by
63%, and the number of points to be estimated is reduced
by 22%.
Fig. 8 shows the image that was generated when using
the proposed method in the simulation. Parameters ρ, vmax ,
RF , and α are the same as in the case with Fig. 7, and we set
β = 0.925, empirically. The RMSE is 4.2 mm, and the total
number of estimated points is 16 674. The imaging accuracy
is improved when compared with that shown in both Figs. 6
and 7. When compared with the image that was obtained
using the UWB Doppler radar interferometric imaging algorithm alone, we find that the RMSE is improved by 84%,
although the number of points is only reduced by 1.1%.

Fig. 9. Photograph of the six targets and the radar system used in the
measurements. The targets are 6.0 cm in diameter and 30 cm high. The
targets are located on two turntables that rotate at 0.55 Hz.

Fig. 10. Power of the echo signals from the moving cylindrical targets
in the experiments. The echo signals are in the 0.6- to 0.72-m range.

The proposed method, thus, successfully produces highresolution image while maintaining the same level of data
usage.
V. RESULTS OF THE EXPERIMENTAL EVALUATION

In this section, we give the results of the experimental
evaluation of the method. The experimental setup shown in
Fig. 9 reproduces the setup of the model shown in Fig. 3.
In the experiment, the pulse signal of the radar system is
a modulated wave composed of a pseudonoise m-sequence
with a bandwidth of 1.25 GHz, and the signal is compressed
at the receiving end using the same sequence. The parameters used in the experiments are the same as those were
used in the simulations.
Fig. 10 shows the received signal power. We use the
data that were obtained by measuring the targets for 1.9 s.
The figure shows that the echo signals come from an
approximate distance range of 0.6–0.72 m. Because the
targets are in the same range bin, the echo signals interfere
with each other and, thus, cannot be separated using the
range bin difference.
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Fig. 11. Spectrogram acquired using the STFT from the echo signals
shown in Fig. 10. The Doppler velocities of the six targets were extracted
and were found to change periodically.

Fig. 12. Image estimated using the UWB Doppler radar interferometric
imaging algorithm only and the experimental data. (RMSE: 63 mm.)

Fig. 13. Image estimated using the UWB Doppler radar interferometric
imaging algorithm combined with the false image rejection method and
the experimental data. (RMSE: 50 mm.)

Fig. 11 shows the spectrogram that was obtained from
the echo signals when using the STFT with a window size of
256T =117 ms. The Doppler velocities of the six cylindrical targets can be extracted, and each of their velocities
changes periodically. Therefore, there are cases in which
the Doppler velocities of multiple targets are crossed.
Figs. 12–14 show the imaging results that were obtained using the experimental data. We used the same shape
196

Fig. 14. Image estimated using the proposed algorithm and the
experimental data. (RMSE: 26 mm.)

estimation algorithm used in the simulation. In these figures, as before, “true” denotes the actual contours of the
targets, and “image” denotes the estimated target contours.
Fig. 12 shows the image that was generated using the
UWB Doppler radar interferometric imaging algorithm. We
set ρ = 0.028. As shown in this figure, multiple false images are present, and therefore, the actual target contours
cannot be identified. The RMSE is 63 mm, and the total
number of estimated points is 27 653.
In Fig. 13, we show the image that was generated using
the combination of the UWB Doppler radar interferometric
imaging algorithm and the false image rejection method
in the experiments. We set ρ = 0.028, vmax = 0.62 m/s,
RF = 0.060 m, and α = 0.17. Most of the false images have
been removed in this case, and the imaging accuracy seems
to have improved. However, some false images persist at
locations away from the actual points of interest. The RMSE
is 50 mm, and the total number of estimated points is 8990.
When compared with the image that was obtained using
the UWB Doppler radar interferometric imaging algorithm
alone, the RMSE is improved by 21%, and the number of
estimated points is reduced by 67%.
Fig. 14 presents the image that was generated by the
proposed method in the experiments. Parameters ρ, vmax ,
RF , and α are the same as in the case with Fig. 13, and we set
β = 0.925. The RMSE is 26 mm in this case, and the total
number of estimated points is 11 016. The imaging accuracy
is obviously improved when compared with that shown in
both Figs. 12 and 13. When compared with the image that
was obtained using the UWB Doppler radar interferometric
imaging algorithm alone, the RMSE is improved by 59%,
while the total number of estimated points is reduced by
only 60%. The proposed method, thus, also succeeds in
producing high-resolution images while suppressing the
reduction of data usage in the experiment.
Differences in the imaging accuracy of the proposed
method can be observed between the simulation Fig. 8 and
measurement Fig. 14. This difference is considered to have
been partly caused by excessive phase noise in the radar
system that was used in our study; each of the four receivers
uses its own local oscillator, and these do not use the same
local reference signal.
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VI. CONCLUSION

In this paper, we proposed a new UWB radar imaging
algorithm that uses a combination of the UWB Doppler
radar interferometric imaging algorithm, a false image detection and rejection method, and the Capon method. First,
we explained the operation of each of these three methods.
Then, we explained the disadvantages of the conventional
approach, which include false image generation, reduced
imaging reliability, and the complexity of the required system. Next, we evaluated the imaging accuracy of the proposed method through simulations. In these simulations,
we assumed that multiple targets were moving in the same
range bin. The proposed method could generate images with
a high accuracy of 4.2 mm and could improve the imaging accuracy by 55% when compared with the image that
was acquired using the combination of the UWB Doppler
radar interferometric imaging algorithm and the false image rejection method. Finally, we evaluated the imaging
accuracy of the proposed method experimentally. The proposed method could generate images with a high accuracy
of 26 mm and could improve the imaging accuracy by 47%
when compared with that of the image generated using
the combination of the UWB Doppler radar interferometric
imaging algorithm and the false image rejection method.
In both the simulations and the experiments, the proposed
method produced more accurate images than the conventional methods.
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