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Abstract—This study presents a highly accurate range and
Doppler-velocity extraction scheme for millimeter-wave (MMW)
short-range sensing using the Doppler-velocity and k-space
decomposition in a weighted kernel density (WKD) scheme. The
WKD method has been developed as one of the most promising
micro-Doppler analysis methods for human motion; however,
an original WKD method requires a highly decomposed range
profile to achieve its maximum performance. As the main
contribution of this article, the proposed method introduces the
Doppler velocity and k-space decomposition via the 4-D fast
Fourier-transform process, which significantly improves the range
resolution and reduces computational complexity. The numerical
and experimental results show that the proposed method achieves
significantly higher range and velocity accuracy and resolution, as
well as higher noise-robustness at a lower computational cost.

Index Terms—Human recognition radar, micro-Doppler
analysis, millimeter wave (MMW) radar, pulse-Doppler radar,
radar signal processing.

I. INTRODUCTION

M ILLIMETER wave (MMW) radars are considered as
suitable sensors for challenging conditions such as

bad weather, nonline-of-sight situation [1], dense smog, or
wall-through imaging [2]–[5]. In particular, human walking
motion recognition is significantly important in the fields of
advanced driver-assistant systems and security and rescue
scenarios, where the gait level of the human body can be
recognized from the reflection response features [6]. The
micro-Doppler signature is one of the most promising features
for recognizing the gait level of human motion. A large number
of studies focusing on these systems [7]–[11] have been reported
in the literature in recent years. Most of the micro-Doppler
analyses are based on a coherent integration scheme such as the
short-time Fourier-transform (STFT) [12]–[15], the Fourier-
Bessel transform [16], the Wigner–Ville distribution [17],
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or the pseudoWigner distribution (SPWD) [18]. However,
the above methods suffer from a limitation in the temporal
and Doppler-velocity resolutions and also the unambiguous
velocity range, which is strictly determined by the pulse
repetition interval (PRI) and the carrier frequency wavelength.
Furthermore, in assuming pulse-Doppler or frequency
modulated continuous wave (FMCW) radar to obtain range
and velocity profiles, the range walk (RW) effect may reduce
the effective resolution because the reflection pulses move
beyond the range resolution during the coherent processing
interval (CPI) [19]. Many solutions have been developed for
the RW issue such as the Radon Fourier transform (RFT) [20],
the Radon fractional Fourier transform (RFRFT), the Hough
transform (HT) [21]–[23], the keystone transform [24]–[26],
or the discrete polynomial phase transform [27]. However, in
the above methods, a temporal variation in the Doppler velocity
within the CPI may reduce the time and velocity resolution,
which constitutes a substantial problem.

One promising solution to the abovementioned problems is
the weighted kernel density (WKD) estimation-based Doppler-
velocity analysis [28]. In this method, the discrete range-τ points
extracted from the range profile at each PRI are accurately
converted to the associated Doppler velocity via the kernel-
density-based probability density function estimator, which is
a completely incoherent process. This method has a number of
distinct advantages as follows.

1) There is no limitation on the Doppler-velocity resolution
and the unambiguous velocity range, where the temporal
resolution is determined by the PRI.

2) The connection problem of discrete range-τ points can be
overcome by assessing the evaluation function using all of
range-τ points with weighting function, namely, the batch
processing can be achieved.

3) Each range-τ point and Doppler velocity holds one-to-one
correspondence, which enables us to introduce an effi-
cient data selection, regarding the radar image [29] or the
Doppler velocity [30].

The key to the successful implementation of the WKD method
is how accurately range-τ points can be extracted. The range
resolution directly then determines the accuracy of the WKD
method. To deal with human body responses, a reflection re-
sponse obtained from each part of the human body must be
decomposed. Since these responses are closely located, it is
difficult to be decomposed using a traditional matched filter.
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The original study in [28] introduced compressed sensing (CS),
which is based on a superresolution technique or the Capon
estimator [31], to obtain highly accurate results from the WKD
processing. However, the above filtering schemes require both
high computational cost and high SNR, making them unsuitable
for use in realistic situations, and these issues have not been
addressed in previous researches.

To overcome the above problems, a decomposition scheme
integrating both the k-space and the Doppler-velocity space into
the WKD framework is introduced in this article. While the orig-
inal WKD is applicable to a single-input single-output (SISO)
radar, there are innovative points to provide an extremely high
range resolution performance by integrating data from multiple
transmitters or receivers models, such as single-input multiple-
output (SIMO) or multiple-input multiple-output (MIMO) mod-
els. In [32], it was demonstrated that the wavenumber space
(k-space) decomposition (i.e., the decomposition in the
direction-of-arrival (DOA) space) is capable of achieving high
accuracy with low complexity in the range direction by applying
the 2-D fast Fourier transform (2-D-FFT) to the 2-D array data,
especially in high-frequency radar systems, such as the MMWs.
This scheme was introduced in our previous study [33]. Addi-
tionally, the Doppler-velocity space decomposition is firstly in-
corporated into a k-space decomposition with the WKD scheme
in this article. This can be achieved by employing the 4-D fast
Fourier transform (4-D FFT) along with a 2-D array with a slow
time τ . Another innovative advantage of the proposed method
over CS filtering is its significantly higher noise-robustness due
to the use of a 4-D coherent integration and filtering process,
as well as a massive reduction in the computational cost be-
cause of the use of the FFT process. Furthermore, because the
Doppler velocity and wavenumbers are solely associated with
the range-τ points, appropriate data selection can be achieved
using a weighting function for the proximity in the Doppler and
k-spaces using a unique feature of the WKD. Thus, the main
contributions in this article are summarized as follows.

1) k- and Doppler velocity space decomposition further
improve accuracy for range estimation, which also up-
grades the Doppler velocity estimation in the WKD
framework.

2) The 4-D FFT process could considerably reduce the com-
putational complexity, compared to other filtering tech-
niques.

3) Highly noise-robust feature is achieved via a coherent
integration-based decomposition in k- and Doppler ve-
locity space.

The numerical simulation results of two MMW radar models
using 24 and 76 GHz bands and a 3-D simplified human model
demonstrate that the proposed method provides a highly accurate
Doppler-velocity profile at each pulse hit by simultaneously
achieving high resolution features in terms of temporal, Doppler
velocity, and range resolutions with considerably low complex-
ity. Furthermore, the two experimental validations using the
actual 24 GHz FMCW MIMO radar, assuming two metallic
spheres with rotation and the real human walking motion, show
that our proposed method retains the highest accuracy for range-
Doppler extractions.

Fig. 1. Observation model.

II. OBSERVATION MODEL

The observation model investigated in this article is shown in
Fig. 1. Multiple transmitters (or single transmitter) and receivers
constitute an array, which is placed on the y = 0 plane. A trans-
mitter repeatedly transmits pulses with a fixed PRI, where the
slow time τ is defined as the temporal PRI sequence. The trans-
mitter and receiver locations are defined as LT = (xT , 0, zT )
and LR = (xR, 0, zR), respectively. For each transmitter and
receiver combination, the complex electric field is measured,
which is defined as s(LT,LR, R, τ); R = ct/2, where t the fast
time and c is the radio-wave speed. Then, the range extraction
filter is applied to s(LT,LR, R, τ), and its response is defined
as s̃(LT,LR, R, τ). Then, if we can measure a complex elec-
tric field as s̃(LT,LR, R, τ), either a pulse-Doppler radar or
FMCW radar systems are applicable to the method presented in
this study. A range-τ point is obtained by extracting the local
maximum of |s̃(LT,LR, R, τ)| along the R direction as

∂|s̃(LT,LR, R, τ)|
∂R

= 0 (1)

|s̃(LT,LR, R, τ)| ≥ αmax
R,τ

|s̃(LT,LR, R, τ)| (2)

where α denotes the threshold parameter and holds 0 ≤ α ≤ 1.
Note that each range-τ point could express the distance R to
each reflection point on the target boundary, which is slow time
τ variant.

III. DOPPLER VELOCITY ANALYSIS METHOD

A. Original WKD

Many research studies on the micro-Doppler reflections ob-
tained from the human motion have employed the time-Doppler
frequency analysis using a coherent integration scheme such
as the STFT, Wigner–Ville distribution, Radon transform, and
Hough transform. However, they still have an inherent issue
regarding the limitation in the temporal and frequency (Doppler
velocity) resolutions, which are determined by the carrier wave-
length and CPI. Moreover, when processing a quite high-range
resolution output, such as ultra-wide band signals or responses
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Fig. 2. Conceptual figure of the WKD method. Color solid circles in left and
right figure denote scattering center points and range-τ points, respectively.

obtained from the Capon or CS filters, the RW effect also reduces
the Doppler-velocity resolution, especially when dealing with a
high-acceleration motion. The above problems can be resolved
by the WKD method [28], where a group of discrete range-τ
points defined in (2) can be converted to the corresponding
Doppler velocity with a one-to-one correspondence using a
completely incoherent process. The original WKD methodology
is briefly described below.

In this method, a differential value between the focused and
surrounding range-τ points denoted as qi,j and qk,l, respec-
tively. Here, in the definition of qi,j , the subscript i presents the
ith slow time snapshot at τi, and the subscript j express the index
number of the extracted range-τ points at each τi. Furthermore,
this combination generates a possible Doppler velocity, which
is defined as vd(qi,j , qk,l) ≡ (Ri,j −Rk,l)/(τi − τk). Using
a number of these possible Doppler velocities, the optimal
Doppler velocity of qi,j can be calculated by maximizing the
weighted Gaussian mixture-based kernel-density estimator as
follows:

v̂d(qi,j) = argmax
vd

∑
k,l

exp

(
−
∣∣|s̃(qi,j)| − |s̃(qk,l)|

∣∣2
2σ2

s

)

× exp

(
−
∣∣τi − τk

∣∣2
2σ2

τ

)
exp

(
−|vd − ṽd(qi,j , qk,l)|2

2σ2
vd

)
(3)

where |s̃(qi,j)| is the signal strength of the filter response de-
scribed in Section II, σs, στ , and σvd

are constants, and their
roles are detailed in [28]. Note that, these parameters can be
determined by considering the assumed PRI or velocity varia-
tions. In particular, since στ expresses a correlation length along
a slow-time direction, it is set as a couple of PRIs. Additionally,
σvd

is set to a smaller value than the assumed Doppler-velocity
accuracy.

Fig. 2 shows a conceptual figure of the WKD method. To cal-
culate the Doppler velocity for the focused range-τ point as qi,j ,
the WKD algorithm calculates the inclinations among all possi-
ble range-τ point qk,l, except itself, as vd(qi,j , qk,l). Note that,
in calculating vd(qi,j , qk,l) ≡ (Ri,j −Rk,l)/(τi − τk) among
multiple candidates of range-τ points, it requires tracking or
connection preprocessing; however, the WKD method avoids
this by introducing (3), where considers all possible combina-
tions of discrete range-τ points, namely, the incoherent batch
conversion from a range-τ point qi,j to its associated Doppler
velocity vd(qi,j) can be achieved. As a result, low computational

Fig. 3. Decomposition scheme of the Doppler velocity and k-space in the
proposed method.

complexity, which is a significant advantage over other discrete-
point-based approaches, can be achieved. Note that, the Doppler
velocity vd(qi,j) is determined at each instantaneous slow time
τi, i.e., the temporal resolution of the WKD method is identical
to a single PRI. While the existing coherent integration e.g.,
STFT and Radon-Fourier transforms, the Doppler velocity is
calculated using phase rotation amount of the center frequency,
the WKD only calculates an inclination between neighbouring
range-τ points as vd(qi,j at each slow time τ . Therefore, the
WKD can avoid phase ambiguities and there is no lower limit for
Doppler velocity and temporal resolution as described in [28].

However, the estimation accuracy of the WKD method largely
depends on that of the range-τ points and can be reduced
when various reflections from multiple parts of the human
body interfere within a range resolution. Additionally, a super-
range resolution technique is required to attain the maximum
performance of the WKD method. The original study in [28]
introduced the CS pulse-decomposition approach. However, this
approach exhibits high SNR and a high computational cost when
solving high-dimensional optimization problems. Furthermore,
while the original WKD can be used in the single transmitter
and receiver model, there is significant potential to enhance
resolutions or noise-robust by integrating multiple transmitters
and receivers, however, no such study exists.

B. Proposed WKD Method

1) Range Extraction Method—Doppler and k-Space De-
composition: As a low-complexity and high-range resolution
technique, the WKD method employs the k-space and Doppler-
velocity decomposition scheme using SIMO or MIMO model.
The efficiency of the k-space decomposition was demonstrated
in our previous study [32]. The proposed method is based on the
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Fig. 4. Schematic diagram of the proposed data processing, where range-τ point associated with its wavenumber in the k-space is selectively processed
by the WKD.

Fig. 5. Flowchart of the proposed method.

assumption that the reflection responses obtained from various
parts of the human body not only have a different DOA, but
also a different Doppler velocity, assuming motion. Then, the
k-space decomposition contributes to the data separation along
the DOA space, and the Doppler-velocity-space filtering enables
us to decompose the data along different motion vectors. To
achieve low complexity, this method exploits the 4-D Fourier
transform. Fig. 3 shows the decomposition scheme in k and
Doppler velocity spaces. First, the observation data at each
transmitter LT are converted to the Doppler and k-space using
the 4-D Fourier transform as follows:

S(kx, kz, kR, vd;L
T ) =

∫∫
A

∫
T

∫
R
s̃(LT , xR, zR, R, τ)

× e−j(kxxR+kzzR+kRR+ωτ)dxRdzRdRdτ (4)

where A denotes the aperture area, kR denotes the wavenumber
(spatial frequency) of R, kx, and kz are the wavenumbers
of xR and zR, respectively, which correspond to the azimuth
and elevation angles. vd = ωλ/4π and T denotes the coherent
integration time. T and R denote the integration period along
τ and R, respectively. Here, we focus on the kx-kz-vd data at a
specific kR = kCR which corresponds to the center frequency
of the transmitted pulse. The kx-kz-vd associated discrete points
denoted as ζ(n) ≡ (k̃

(n)
x , k̃

(n)
z , v

(n)
d ) can be extracted from the

local maxima of S(kx, kz, kCR, vd;L
T )) as follows:

∂|S(kx, kz, kCR, vd;L
T )|/∂kx = 0

∂|S(kx, kz, kCR, vd;L
T )|/∂kz = 0

∂|S(kx, kz, kCR, vd;L
T )|/∂vd = 0

⎫⎬
⎭ (5)

wherendenotes the index number of local maxima. It is expected
that the data around a point ζ(n) will include only the response
reflection obtained from the associated kx and kz (namely, the
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Fig. 6. Range-Doppler velocity profile using the STFT process, where the
CPI is 0.4 s at SNR = ∞. Black dots denote the true Doppler velocities at
τ = 0.2 s.

Fig. 7. Matched filter responses along slow-time at SNR=∞. Red dots denote
the local maximum, namely, range-τ points.

DOA) and the Doppler velocity vd. Then, each associated set of
data is decomposed using the following filtering process and the
4-D inverse Fourier transform:

s̃(LT ,LR, R, τ ; ζ(n))

=
1

16π4

∫∫∫∫
W (kx, kz, vd; ζ

(n))S(kx, kz, kR, vd;L
T )

× ej(kxxR+kzzR+kRR+ωτ)dkxdkzdkRdω. (6)

Here, W (kx, kz, vd; ζ
(n)) denotes the windowing filter along

kx-kz-vd as the multi-dimensional Gaussian function, where fil-
tering alongkR is not applied, because theS(kx, kz, kR, vd;L

T )
has been already passed through the matched filter, i.e., the
filtering was performed along kR. The bandwidth of this win-
dowing function should be set to a each resolution size of kx,
kz , and vd. This bandwidth can be theoretically determined by
the aperture size and CPI with the center wavelength. Finally,
from the nth clustered decomposed data s̃(LT ,LR, R, τ ; ζ(n)),
the range-τ points can be extracted from each cluster as q̃(n)

i,j ≡
(L

T,(n)
i,j ,L

R,(n)
i,j , R

(n)
i,j , τ

(n)
i ) under the following condition:

∂|s̃(LT ,LR, R, τ ; ζ(n))|
∂R

= 0 (7)

|s̃(LT ,LR, R, τ ; ζ(n))| ≥ αmax
R,τ

|s̃(LT ,LR, R, τ ; ζ(n))|
(8)

where α denotes the threshold parameter and holds 0 ≤ α ≤ 1.
Note that, the above decomposition process is achieved by the
4-D FFT and inverse FFT (IFFT) processes, which significantly
reduce the total computational cost.

Fig. 8. Cross-sectional image of kx-kz-vd spaces at SNR = ∞. Red dots
denote local maximum points. (a) vd = 0 m/s. (b) kz = −56.0 rad/m. (c) kx =
0 rad/m.

2) Extended WKD Method: Fig. 4 shows the schematic pro-
cess of Doppler k-space decomposition, assuming that the three
separated targets are within the same range gate. By filtering the
proximity area around three local maxima in Range-Doppler-k-
space, the observation data are decomposed in k and Doppler
velocity spaces. The filtered data is then converted to each
range-τ space using a 4-D IFFT process, where the Doppler
velocity and k values are associated. It should be noted that,
although the range-τ points q̃(n)

i,j can be divided into n clusters
as shown in Fig. 4, the number of range-τ points can be quite
small, which incurs inaccuracy in the WKD process. We focus
on the fact that the WKD process should be considered beyond
a cluster. For this purpose, a new weight term was added to
(3) corresponding to the k- and Doppler velocity spaces. The
accuracy of the Doppler velocity estimation can be enhanced
by selectively assessing the focused (for calculating v̂d(q̃

(n)
i,j ))

range-τ point q̃(n)
i,j with the group of range-τ points q̃(m)

k,l , each
of which has similar kx, kz , and vd. This scheme can be easily
implemented using the following formula:

v̂d(q̃
(n)
i,j ) = argmax

vd

∑
k,l,m

exp

(
−
∣∣|s̃(q̃(n)

i,j )| − |s̃(q̃(m)
k,l )|

∣∣2
2σ2

s

)

× exp

(
−
∣∣τi − τk

∣∣2
2σ2

τ

)
exp

(
−
∣∣∣∣k(n) − k(m)

∣∣∣∣2
2σ2

k

)

× exp

(
−
∣∣v(n)d − v

(m)
d |2

2σ2
vd,C

)
exp

(
−|vd − ṽd(q̃

(n)
i,j , q̃

(m)
k,l )|2

2σ2
vd

)

(9)

where k(n) ≡ (k̃
(n)
x , k̃

(n)
z ). σk and σvd,C

are the constant stan-
dard deviations of each Gaussian function. These values are
generally determined by a couple of k- and Doppler velocity
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Fig. 9. Range-τ profile at the specific receiver point on (0, 0, 1000 mm) for each decomposition method at SNR =∞. Black dots denote the true range-τ profiles.
Color denotes the Doppler velocity. (a) Method I. (b) Method II. (c) Method III. (d) Method IV. (e) Method V.

Fig. 10. Doppler-τ profile at the specific receiver point on (0, 0, 1000 mm) for each decomposition method at SNR = ∞. Black and red dots denote the actual
and reconstruction Doppler velocities, respectively. (a) Method I. (b) Method II. (c) Method III. (d) Method IV. (e) Method V.

TABLE I
COMPARISON FOR COMPUTATIONAL TIMES PER ONE RECEIVER AND COMPLEXITY FOR EACH METHOD

TABLE II
CUMULATIVE PROBABILITY OF SATISFYING EACH CRITERIA AT S/N = ∞

resolutions, respectively, to achieve a correlation effect along
the k or vd direction.

3) Processing Chart of the Proposed Method: Fig. 5 shows
the flowchart of the proposed method, where more details are
described as follows.

Step 1) Observation signals s(LT,LR, R, τ) are processed
by the matched filter at each slow time τ denoted as
s̃(LT,LR, R, τ).

Step 2) At a focused slow time τi, s̃(L
T,LR, R, τ) are win-

dowed along the τ direction as s̃(LT,LR, R, τ ; τi)
with a certain CPI denoted as T , where the center of
windowing is set to τi.

Step 3) s̃(LT,LR, R, τ ; τi) are converted to
S(kx, kz, kR, vd;L

T , τi) via the 4-D FFT described
in (4).

Step 4) Local maximum points ζ(n) are extracted from
S(kx, kz, kR, vd;L

T , τi) in (5), and the filtering
response s̃(LT ,LR, R, τ ; ζ(n), τi) is obtained from
(6).

Step 5) R-τ points q̃(n)
i,j are extracted from the local maxima

of s̃(LT ,LR, R, τ ; ζ(n), τi) along R̃ in (8).
Step 6) For each range-τ point q̃

(n)
i,j , the extended WKD

method is applied in (9), and v̂d(q̃
(n)
i,j ) is obtained.

Step 7) Each range-Doppler velocity point v̂d(q̃
(n)
i,j ) is inte-

grated over all clusters.
Step 8) τi is changed to τi+1 and the Steps 2) to 6) are

repeated.
Step 9) For all τi, v̂d(q̃

(n)
i,j ) is obtained.

IV. NUMERICAL TESTS

A. Numerical Setting

The numerical tests conducted using the simplified 3-D hu-
man walking model are described next. The human model
was approximated by an aggregation of 11 ellipsoids, which
represent the head, upper and lower arms, torso, and legs, with
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Fig. 11. Range-Doppler velocity profile at the specific receiver point on
(0, 0, 1000 mm) and the slow time τ=0.04 s at SNR =∞. Black x and red dots
denote the true and estimation points, respectively. (a) Method I. (b) Method II.
(c) Method III. (d) Method IV. (e) Method V.

Fig. 12. Example of received signal at each SNR level. (a) SNR= 20 dB.
(b) SNR= 0 dB.

each part of the body has a constant velocity linear motion along
the y-axis as in Fig. 1. Although this model cannot accurately
represent the actual human shape, it quantitatively assesses
reconstruction performance in terms of range, Doppler velocity,
and DOA, unlike the realistic human model described in [34].
For simplicity, high frequency microwave band of a 24-GHz
center frequency and 0.5-GHz bandwidth was employed to
produce the transmitting pulse. Since it is difficult to simulate
the reflection data using an accurate electromagnetic forward
solver, such as the finite difference time-domain solver, the data
s(LT,LR, R, τ) were generated using the geometrical optics
approximation in each pulse hit sequence [35], where interfer-
ence among the objects is considered. An SIMO 2-D array was
formed using one transmitter and a 31 × 31 receiver array in
the y = 0 plane, where the spacing between the receivers was

Fig. 13. Range-Doppler velocity profile using the STFT process at S/N =
20 dB, where the CPI is 0.4 s. Black dots denote the true Doppler velocities at
τ = 0.2 s.

6.25 mm (corresponding to a half wavelength of the transmitted
pulse) along both x- and z-axes. The SIMO scheme was selected
instead of an MIMO system because it is suitable to actual
scenarios in terms of fast data acquisition and cost. The aperture
size in this case was 187.5 mm, and the angular resolution is 1.90
degrees in assuming that the distance from the array to target is
1000 mm. The transmitter was placed at the center of the array at
LT = (0, 0, 0). The PRI was set to 2 ms, and the number of pulse
hits was 200, denoting a total observation time of 0.4 s. Under
these settings, the theoretical resolution and the unambiguous
range for the Doppler velocity are 0.0156 m/s (with 0.4 s CPI)
and ±1.5 m/s, respectively, according to the Fourier transform.
Fig. 6 shows the STFT responses at the specific receiver points
at (0, 0, 1000 mm) using all pulse hits, namely, its coherent
integration period is 0.4 s. As shown in this figure, while the
STFT offers a sufficient Doppler velocity resolution around the
zero Doppler velocity, which corresponds to the static object,
such as head, upper and lower torsos, responses around moving
object, arm, leg, offer considerably blurry responses, and then,
the instantaneous Doppler velocity at each slow time is hardly
obtained in this profile. This is because the arm or leg has a
variant Doppler velocity along slow time, and its response would
move on range-Doppler profile, where its temporal information
has been lost. Thus, the STFT or other coherent integration-
based approach severely suffers from the tradeoff limitation of
the temporal and Doppler velocity resolutions.

Fig. 7 shows the matched filter responses in the range-τ space
of a specific receiver position at (0, 0, 1000 mm). Although 11
reflection responses (pulses) for each τ were expected, Fig. 7
shows that the traditional matched filter responses could not
decompose each reflection, because a number of these reflection
pulses were overlapped within a 300 mm range resolution. Fig. 8
shows cross-sectional images of the kx, kz , and vd spaces, and
distinguishable responses along different wavenumbers, namely,
the DOA and Doppler velocities, corresponding to different parts
of the human body can be observed in each space. To demon-
strate the efficiency of the proposed method, which combines the
k- and Doppler-velocity decomposition, five different methods
were compared as follows.

Method I (Original WKD) refers to the original WKD
method, which uses the range-τ points extracted
from the matched filter response shown in 7.
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Fig. 14. Range-τ profile at the specific receiver point on (0, 0, 1000 mm) for each decomposition method at SNR = 20 dB. Black dots denote the true range-τ
profiles. Color denotes the Doppler velocity. (a) Method I. (b) Method II. (c) Method III. (d) Method IV. (e) Method V.

Fig. 15. Doppler-τ profile at the specific receiver point on (0, 0, 1000 mm) for each decomposition method at SNR = 20 dB. Black and red dots denote the actual
and reconstruction Doppler velocities, respectively. (a) Method I. (b) Method II. (c) Method III. (d) Method IV. (e) Method V.

Fig. 16. Range-τ profile at the specific receiver point on (0, 0, 1000 mm) for each decomposition method at SNR = 0 dB. Black dots denote the true range-τ
profiles. Color denotes the Doppler velocity. (a) Method I. (b) Method II. (c) Method III. (d) Method IV. (e) Method V.

Method II (Original WKD+CS) employs the original WKD
method, but uses a CS filter to extract the range-τ
points [28].

Method III (WKD w/vd Decomp.) is based on the Doppler-
velocity decomposition scheme, where the 1-D
FFT and IFFT with a filtering process in the
Doppler-velocity space are applied to decompose
the data. (σvd,C

, σk) = (0.02 m/s,∞) in (9) is
used.

Method IV (WKD w/k Decomp.) employs the kx and
kz space decomposition, namely, the 2-D FFT
and IFFT, which are applied along X and
Z with a filtering process [33]. (σvd,C

, σk) =
(∞, 7.0 rad/m) in (9) is used.

Method V (vd +kDecomp.) is the proposed method, namely,
3-D space filtering along the Doppler and k
spaces. (σvd,C

, σk) = (0.02 m/s, 7.0 rad/m) in
(9) is used.

Note that the parameters (σs, σvd
, στ ) = (0.7, 0.2 m/s,

40 ms) are used in all methods.

B. Results in Noise-Free Case

First, the estimation results in the noise-free case are pre-
sented. The results of the range-τ points extracted using each of

the abovementioned methods are shown in Fig. 9. Table I sum-
marizes the corresponding computational time and complexities
while using an Intel(R) Xeon(R) Silver 4210 @ 2.20 GHz
processor with 1024-GB RAM. The computational complexity
is expressed as the Randau notation as O(∗), where NX and NZ

represent the numbers of 2-D FFT points along x- and z-axes,
respectively. NR and Nτ denote the numbers of samples along
a fast and slow time, respectively. Nvd

, Nk, and Nk−vd
express

the numbers of local maxima in the Doppler or k-space, used in
Methods III, IV, and V (the proposed method), respectively. In
general, l1 norm minimization algorithm used in the CS filter, its
complexity is estimated as O(N3

R) [42]. In this case, NX = 128,
NZ = 128, NR = 700, Nτ = 200, Nvd

= 25, Nk = 11, and
Nk−vd

= 55. As shown in Fig. 9(a), the filtering process using a
simple matched filter significantly suffers from inaccuracy in the
range-τ point extraction due to the insufficient range resolution
(300 mm), which cannot decompose the reflection responses
obtained from each part of the human body. In addition, al-
though Method II (namely, CS filtering) achieves an accurate
and superresolution range extraction performance, it exhibits a
quite large computational cost because the CS process is based
on a high-dimensional optimization process for each slow time
and sensor combination. Regarding Methods III and IV [Fig. 9(c)
and (d), respectively], although the Doppler velocity and k-space
decomposition schemes improve the accuracy of the range-τ
points compared with that obtained from Method I, it still cannot
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Fig. 17. Doppler-τ profile at the specific receiver point on (0, 0, 1000 mm) for each decomposition method at SNR = 0 dB. Black and red dots denote the actual
and reconstruction Doppler velocities, respectively. (a) Method I. (b) Method II. (c) Method III. (d) Method IV. (e) Method V.

TABLE III
CUMULATIVE PROBABILITY OF SATISFYING EACH CRITERIA AT S/N = 20 DB

TABLE IV
CUMULATIVE PROBABILITY OF SATISFYING EACH CRITERIA AT S/N = 0 DB

Fig. 18. (a) 76 GHz band SIMO observation model. Magenta and blue dots
denote the transmitter and receivers, respectively. (b) Range-Doppler velocity
profile using the STFT process, where the CPI is 0.4 s. Black dots denote the
true Doppler velocities at τ = 0.2 s.

provide sufficient accuracy due to lack of range resolution. In
contrast, Method V (namely, the proposed method) achieves
highly accurate and well decomposed range-τ point extraction
performance with considerably lower complexity than that of
Method II by avoiding the optimization process. Note that,
although the CS process must be applied to each receiver,
the proposed method simultaneously provides range-τ point
extraction to all receivers using the 4-D FFT process.

Furthermore, Fig. 10 shows the results of the Doppler
velocity estimations. It also demonstrates that the proposed
method exhibits the highest accuracy due to highly accurate

range-τ point extraction feature. To be more clear for an
effectiveness, Fig. 11 show an example of the Doppler-velocity
and range profiles, at a specific slow time and the receiver, and
demonstrates that the Methods I, II, and III could not provide
a sufficient number of range-Doppler points, due to insufficient
resolution along range axis. While the Method IV relatively
increases accurately reconstructed range-Doppler samples,
there are a few missing samples or inaccurate estimation. On
the contrary, the proposed method, namely, Method V provided
all necessary range-Doppler points with high accuracy, and it
also demonstrates that the decomposition in both Doppler and
k spaces are indispensable to offer an accurate range Doppler
velocity profile, in such much interfered situation. Table II shows
the quantitative error analysis, where the cumulative probabil-
ities that satisfy different error criteria regarding the Doppler
velocity and range are investigated. First, this table shows that the
Method II using the CS filter offers a high probability of ≤ 78%
in most strict criteria, as Errvd

≤ 0.025 m/s ErrR ≤ 50 mm,
which is consistent with the results shown in Figs. 9 and 10. This
table also shows that the proposed method retains the highest
cumulative probability for all error criteria. Note that over 90 %
range-τ points within a 0.05 m/s Doppler velocity (i.e, the 2.7
times of theoretical Doppler resolution) and 10 mm range (i.e.,
1/30 of theoretical range resolution), can be simultaneously
achieved at each slow-time. This means that its temporal
resolution is equivalent to a single PRI, which cannot be provided
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Fig. 19. Range-τ profile at the specific receiver point on (0, 0, 1000 mm) for each decomposition method in 76 GHz band model and time-variant motion model.
Black dots denote the true range-τ profiles. Color denotes the Doppler velocity. (a) Method I. (b) Method II. (c) Method III. (d) Method IV. (e) Method V.

Fig. 20. Doppler-τ profile at the specific receiver point on (0, 0, 1000 mm) for each decomposition method in 76 GHz band model and time-variant motion
model. Black and red dots denote the actual and reconstruction Doppler velocities, respectively. (a) Method I. (b) Method II. (c) Method III. (d) Method IV.
(e) Method V.

TABLE V
CUMULATIVE PROBABILITY OF SATISFYING EACH CRITERIA IN THE 76 GHZ BAND RADAR WITH TIME-VARIANT VELOCITY MODEL

Fig. 21. Experimental scene and geometry for two spherical objects with
pendulum motions.

by other coherent integration-based Doppler velocity methods,
due to the uncertainty principle. Also note that, although the
proposed method employs a coherent integration scheme along
the 2-D array and a slow time to decompose the data, the Doppler
velocity estimator in the WKD is an incoherent process. The
above features are available, even in the case a lower limitation
in the angular or velocity determined by the Fourier transform
is beyond the actual target arrangement or motion velocity.

C. Results in the Presence of Noise

Next, a noise-robust feature for each method is investigated.
Here, Gaussian white noise is directly added to the received

Fig. 22. Real and virtual configurations of MIMO radar with 4 transmitters
and 16 receivers in the experiment.

signal s(LT,LR, R, τ), where the SNR is defined as the ratio
of the maximum signal power to the noise average power in the
time domain. At first, SNR = 20 dB is assumed, which would
be available in assuming a short-range sensing scenario, such as
in [28]. Fig. 12 shows the examples of reflection responses at
SNR = 20 and 0 dB cases, denoting that a signal is significantly
contaminated by random noise. Fig. 13 shows the range-Doppler
velocity profile obtained by the STFT approach, where the CPI
or other parameters are set to the same in the case in Fig. 6.
As shown in this figure, the STFT maintains the significant
responses at each Doppler velocity or range, which is brought by
coherent integration process, that is the one of most important
advantages from the WKD based method. Furthermore, Figs. 14
and 15 show the range-τ point and Doppler-τ point profiles
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TABLE VI
CUMULATIVE PROBABILITY OF SATISFYING EACH CRITERIA IN THE EXPERIMENTAL TEST. CASE OF TWO SPHERICAL TARGETS

Fig. 23. Range-Doppler velocity profile using the STFT process in the experi-
mental test using two spherical targets, where the CPI is 1.0 s. Black and red dots
denote the actual Doppler velocity orbits of right and left spheres, respectively,
among CPI duration. (a) STFT.

Fig. 24. Matched filter responses along slow-time in the experiment using two
spherical targets. Red dots denote the lrange-τ points.

obtained from each method in this case. A quantitative error anal-
ysis is also shown in Table III. As shown in these results through
Figs. 14, 15, and Table III, while the CS based range-τ extraction
severely suffers from inaccuracy due to noise component, the
proposed method (Method V) or other coherent integration-
based decomposition (Methods III or IV) could maintain its
range-τ points extraction performance, even compared with
those obtained in noise-free case. Although the WKD approach
does not exploit a coherent integration-based noise reduction, the
coherent filtering process along the k and vd spaces significantly
suppresses the noisy component, which could compensates the
inherent disadvantage of the WKD method. Consequently, the
proposed method has a significant advantage regarding noise
reduction and simultaneously holds the unique features of the
WKD method, i.e., it has no limitation on the resolution and the
unambiguous range of the Doppler velocity and exhibits high
temporal resolution being identical to the PRI.

For a noisier case, the case in SNR = 0 dB, is tested as
follows. Figs. 16 and 17 show the range-τ point and Doppler-τ
point profiles in each method, at the SNR of 0 dB, and Table IV
also summarizes the results of the quantitative errors. Even, in
such much lower SNR scenario, the proposed method retains its
reconstruction accuracy in range and Doppler velocity, this is
because the 4-D FFT-based coherent integration and its filtering
scheme significantly suppress the noise components, resulting
in the best applicability to realistic scenarios.

V. APPLICABILITY TO 76 GHZ BAND WITH TIME-VARIANT

MOTION

A. Numerical Setting and Target Model

To validate the proposed method in a more promising and
available frequency band, numerical tests using 76 GHz millime-
ter band are introduced, because these frequency bands become
mainstream for practical MMW radar applications, such an
automotive radar or other short range sensing sensors [36]–[41].
As in a typical 76 GHz band, transmitted pulse forms a 76 GHz
center frequency with 1.0 GHz bandwidth, implying a range
resolution of 150 mm. The GO is used to generate reflection data.
Fig. 18(a) shows the observation model, which is similar to the
previous model using a 2-D SIMO array with one transmitter
and 31 × 31 receiver array in the y = 0 plane. In this case,
the array spacing is 2 mm along the x-and z-axes, and the
aperture size was 60 mm. That is the cross-range resolution
is 32.9 mm at a distance of 1000 mm from the array to the
target. The PRI, number of pulse hits, and total observation
time are the same as in Section IV-A. However, the theoretical
resolution and unambiguous range for the Doppler velocity are
changed to 4.9× 10−3 m/s (with 0.4 s CPI) and ± 0.493 m/s,
respectively. Furthermore, while each part of the human body is
approximated by the same ellipsoid, each motion is presented by
a time-variant model. The velocity of each motion is expressed as
v = 2πAi

Ti
cos(2πt/Ti), that is a time-derivative of a sinusoidal

function, where Ai and Ti represents the amplitude and period
of the sinusoidal curve for the ith part of the human body. In this
case, Ti = 1.6 s in all parts, and Ai = 0.62 m/s for lower leg,
Ai = 0.30 m/s for upper leg, Ai = 0.60 m/s for lower arm, and
Ai = 0.30 m/s for upper arm are set.

B. Results and Discussions

Fig. 18(b) shows the STFT responses at specific receiver
points at (0, 0, 1000 mm), where the CPI is 0.4 s, indicating that
the STFT responses could not express the actual time-variant
Doppler velocity in such longer CPI, whereas the velocity
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Fig. 25. Range-τ profile at the specific transmitter and receiver combination in experimental test using two spherical targets. Color denotes the Doppler velocity.
(a) Method I. (b) Method II. (c) Method III. (d) Method IV. (e) Method V.

Fig. 26. Doppler-τ profile at the specific transmitter and receiver combination in experimental test using two spherical targets. Black and red dots denote the
actual and reconstruction Doppler velocities, respectively. (a) Method I. (b) Method II. (c) Method III. (d) Method IV. (e) Method V.

TABLE VII
CUMULATIVE PROBABILITY OF SATISFYING EACH CRITERIA IN THE EXPERIMENTAL TEST: CASE OF REAL HUMAN WALKING MOTION

resolution could be improved using a higher frequency model.
Figs. 19 and 20 show the range-τ and the Doppler-velocity-τ
profiles, respectively. The cumulative probability in each error
criterion is shown in Table V. As shown in these figures and table,
Methods I and III suffer from significant inaccuracy, indicating
that Method III, such as the Doppler-velocity decomposition,
is insufficient to decompose the range data even when using a
higher frequency. Method II, as the original WKD+CS, offers
a certain level of accuracy, but, it suffers from inaccuracy at
lower SNR. Furthermore, Methods IV and V retain the most
accurate profiles, demonstrating that in higher frequency and
time-variant motion cases, the k-space decomposition is more
effective because there would not be ambiguous responses under
Nyquist condition sensor sampling, or it could achieve sufficient
resolution in kx and kz space.

VI. EXPERIMENTAL TEST

A. Experimental Setting

To validate the proposed method in the real world, we con-
ducted the following experiments. Fig. 21 shows the mea-
surement setup used in the anechoic chamber, including the
radar equipment and the two metallic spherical objects with a
pendulum motion. We used FMCW and MIMO radar produced
by a Sakura Tech Corp, which has a 24.15-GHz center frequency

and a 2.0-GHz bandwidth, allowing us to achieve 75 mm range
resolution. This MIMO radar has four transmitters and 16 re-
ceivers with planar patch antennas arranged on the plane (y = 0
mm), as shown in Fig. 22, which has 117 and 105 mm dimensions
along the horizontal and vertical axes, respectively. Each patch
antenna has a ±13◦ beamwidth in the horizontal and vertical
directions, where its output power is 13 dBm. By considering
the 8× 8 virtual array arrangement [see Fig. 22(b)], the azimuth
and elevation angular resolutions are both 4.1◦, respectively. In
the FMCW sequence, the sampling interval of the slow-time
τ was set to 10 ms sweep interval corresponding to PRI. The
observation time is 1.0 s and the total number of pulse hits is
100.

B. Case of Rotating Two Metallic Spheres

We set two metallic spheres with 50 mm radius and 140 mm
separation, both of which are suspended from a hanger rack with
411 mm separation. These two spheres have pendulum motions
with 300 mm amplitude and 1.0 s period, along opposite sides of
each other, implying that their motion vectors and DOA angles
are different. The distance from the center of the pendulum
motion to the MIMO radar is 1142 mm.

First, Fig. 23 shows the STFT responses using all the CPI as
1.0 s, with the theoretical Doppler resolution is 6.21× 10−3 m/s,
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Fig. 27. Two-dimensional histograms on range-Doppler velocity space in the
experimental test using two spherical targets. Color denotes the number of
estimated points. (a) Theoretical. (b) Method I. (c) Method II. (d) Method III.
(e) Method IV. (f) Method V.

and the unambiguous velocity range is ± 0.310 m/s. As shown
in Fig. 23, the STFT could not cover the maximum velocity
range for each object above ± 1.0 m/s, and the longer CPI
could not express the actual Doppler velocity variance indicating
that the temporal resolution is critically limited. Fig. 24 shows
the matched filter responses in the range-τ space, and there are
severe interfered responses around 0.4 s ≤ τ ≤ 0.6 s due to the
multiple reflections from both objects with the same range gate.
Here, the average SNR is approximately 33 dB. The traditional
matched filter process could not provide sufficiently accurate
range-τ profile with a range resolution as 75 mm.

Figs. 25 and 26 show the range-τ and the Doppler-velocity-τ
profiles using each method, respectively. As shown in these fig-
ures, while Methods I–IV could not offer an accurate Doppler-τ
profile, the proposed method, as Method V, could retain a reliable
Doppler velocity profile. Although the unambiguous range of
the FFT based Doppler velocity conversion is narrower than
that of actual velocity, the Doppler velocity decomposition is
still effective in separating the data along with different Doppler
velocities. Fig. 27 shows 2-D profiles of the histograms in range-
Doppler space, and it demonstrated that our proposed method
accurately reconstructs the actual trajectory of two pendulum
motions. For 0.4 s ≤ τ ≤ 0.6 s, the vd decomposition plays a
significant role in separating the reflections from two spheres at

Fig. 28. Experimental scene and human walking numerical model in each
elapsed time. (a) Photo and numerical model. (b) Numerical human model in
each elapsed time.

Fig. 29. Doppler velocity- τ profile using the STFT process in the real human
walking model, where the CPI is 0.1 s. (a) STFT.

the same range gate. However, the k-space decomposition could
suppress the unnecessary responses around R = 1100 mm from
static hanger racks, which are located on both sides of the two
spheres as in Fig. 21(b). Finally, Table VI show quantitative
error analysis using the cumulative probability satisfying each
error criteria, and this table provides the quantitative reliability
of the proposed method’s effectiveness, that is around 95%
of data points satisfy the error criteria, Errvd

≤ 0.50 m/s and
ErrR ≤ 50 mm, where the theoretical range and Doppler ve-
locity resolutions are 75 mm and 6.21× 10−3 m/s, respectively.
These results show that the effectiveness of the proposed method
was is demonstrated in a real world scenario using actual MMW
radar equipment.

C. Case of Real Human Walking Motion

To validate our proposed method in a more complicated or
realistic scenario, the case of a real human body with stepping
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Fig. 30. Range-τ profile at the specific transmitter and receiver combination in experimental test with human walking motion. Black dots denote the ground truth
(numerically approximated) range-τ profiles. Color denotes the Doppler velocity. (a) Method I. (b) Method II. (c) Method III. (d) Method IV. (e) Method V.

Fig. 31. Doppler-τ profile at the specific transmitter and receiver combination in experimental test with human walking motion. Black and red dots denote the
ground truth (numerically approximated) and reconstruction Doppler velocity- τ profiles, respectively. (a) Method I. (b) Method II. (c) Method III. (d) Method IV.
(e) Method V.

walking motion is investigated as follows. To provide a quantita-
tive analysis for the obtained results, in terms of range-Doppler
profiles, each moving part of the human body, such as arm and
leg, is modeled using a simplified mathematical model based on
actual human walking. Fig. 28 shows the experimental setup for
real human body in walking motion, and the numerical walking
model, which would be accurately fitted in a realistic walking
motion in the maximum extent at each elapsed time. The same
radar unit and parameters such as PRI, are used in the description
of Section VI-A. Thus, the unambiguous velocity range is ±
0.310 m/s and it is significantly lower than the maximum velocity
of the arm or leg in the walking motion, which is over ±1.0 m/s.
During the measurement, the human has a foot-to-foot motion
in the same position, which is approximately 1500 mm away
from the radar site.

First, Fig. 29 shows the Doppler-τ profile generated by the
STFT results, where the CPI is set to 0.10 s and R = 1507
mm is fixed. As shown in this figure, while we were able to
recognize some time-variance responses of Doppler velocity,
the STFT was unable to cover the maximum velocity range
of a human walking motion, resulting in a velocity aliasing
effect. Figs. 30 and 31 show the range-τ and Doppler-velocity-τ
profiles for each method. In addition, Table VI summarizes the
comparison of the cumulative probability satisfying each error
criterion. This quantitative comparison demonstrates that while
Method I or III, could not resolve the range profiles due to a lack
of range resolution, the cumulative probability for each error
criterion is significantly lower than other approaches. Note that,
Method II, the CS filter, considerably suffers from inaccuracy
due to a lower level of SNR, as discussed in Section IV-C.
However, Method IV or V (the proposed method) retains a
certain level of accuracy for the range and Doppler velocity
calculations, even in such complicated situations, due to k-space
or Doppler decomposition. Since the ground truth curve could
not necessarily represent the actual orbit of range and Doppler
velocity, the above quantitative comparison should be treated

carefully. Furthermore, since the actual human body is not
expressed as discrete objects aggregations, but continuous or
distributed objects, the ground truth range or velocity -τ profile,
is rarely available, and the accuracies in each method would
be worse than those in discrete target cases as described in
Section VI-B. Future studies should provide more discussions
and investigations on the above real human walking motion
issues.

VII. CONCLUSION

This article focuses on a highly accurate range and Doppler-
velocity decomposition method regarding the WKD-based
Doppler-velocity estimator, assuming an MMW short-range
sensing scenario for human body recognition. Since there are
severe bandwidth limitations in generic MMW radars, such
as the IS band, the decomposition of each reflection response
obtained from a part of the human body is critically challeng-
ing. To overcome this difficulty, both the Doppler velocity and
k-space decomposition were introduced in the WKD method
to provide unlimited resolution and the unambiguous range in
the Doppler velocity with a single PRI temporal resolution.
Assuming a human walking scenario, each reflection response
can be decomposed into a different Doppler velocity and k-
space (namely, the DOA space). Then, by applying a filtering
process in these spaces, highly accurate range-τ extraction and
high noise reduction can be achieved due to the 4-D Fourier-
transform integration scheme. The numerical simulation of a
simplified human model using a 24-GHz center frequency with a
0.5-GHz bandwidth radar demonstrated that the proposed
method achieves quite accurate range and Doppler-velocity
profiles, which cannot be achieved by other decomposition
processes in the Doppler velocity and k-space. A notable ad-
vantage of this method, since the decomposition is performed
using the 4-D FFT and IFFT process, it significantly reduces
computational complexity compared with that required by the
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CS-filter-based method adopted in [28]. Although the proposed
method is applied to human body recognition, it can also be
applied to other target models, where a number of discrete
scatterers are included in the nominal range, Doppler velocity,
and angular resolution.

Furthermore, while this study assumes separated discrete
objects in numerical and experimental tests, it is naturally used
in continuous objects (extended target) such as the human body,
where our proposed method can provide the range and Doppler-
velocity profiles of the scattering centers on each human body
part. The above characteristic has been partially demonstrated by
the experimental test, assuming a real human walking scenario
in Section VI-C. In this article, 24 and 76 GHz band radars
are assumed in the simulation or experiment, because many
radar equipment with these bands have been released in Japan,
while 60, 77, or 79 GHz band is exceedingly used worldwide.
However, the results, in Section V, assuming 76 GHz band, could
be extrapolated to some extent to the above frequency ranges
because changing carrier frequency would not have a significant
impact on the results in the incoherent based WKD scheme,
while the resolutions of kx, kz , and vd are slightly changed. Note
that, while this study focuses on millimeter-wave radar, assum-
ing automobile or short-range sensing radar, lower frequency
and wider band (e.g., 1–3 GHz) radar assuming through-wall
applications has been intensively studied. In assuming such
lower frequency and wideband radar, we consider that the pro-
posed decomposition scheme would be relatively ineffective,
compared with that of the higher frequency model because the
k-space and velocity resolutions become lower. However, in the
lower frequency band, a wider frequency band is available, and
it is not necessary to introduce the proposed technique, and the
original WKD works well, if we obtain an accurate range-τ
profile, even in such a lower band, as demonstrated in [28].
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