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Doppler Velocity Enhanced Range Migration
Algorithm for High Resolution and
Noise-Robust Three-Dimensional

Radar Imaging
Tomoki Ohmori and Shouhei Kidera , Member, IEEE

Abstract—Millimeter-wave and microwave short-range
radar are among the most promising environmental sensing
methods, with applications to situations that are other-
wise optically invisible. This paper presents a Doppler
velocity-enhanced range migration algorithm (RMA) that
achieves both high spatial resolution and low-complexity
three-dimensional (3-D) radar imaging. In this method,
we address the problem of human body recognition with
motion using the assumption that the motion of different
human parts generates distinct micro-Doppler variations in
the radar data. These variations could not only separate the
RMA images with different Doppler velocities in a coherent
integration-based radar imaging process, but enhances a
noise reduction effect by decomposing in the Doppler velocity space. To achieve a low complexity in 3-D imaging,
we incorporate the RMA method and Doppler velocity-based data decomposition. The results of numerical and
experimental tests on a realistic human phantom with a walking motion demonstrate that our method provides more
informative and highly separated 3-D images, even in much low SNR situation.

Index Terms— Micro-doppler analysis, millimeter wave (MMW) short range radar, range migration algorithm (RMA),
human motion recognition.

I. INTRODUCTION

M ICROWAVE and millimeter-wave three-dimensional
short-range radar is a highly in-demand technique

for diverse applications, including collision avoidance in
self-driving systems with optically blurred vision, penetration
of concrete or smog walls to detect human survivors in rescue
scenarios, and weapons or drug detection at airport and railway
security checkpoint screenings [1]. For the particular issue of
human body recognition, the available spatial resolution of
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radar imagery is limited owing to the bandwidth or aperture
length. An approach utilizing Doppler-associated radar imag-
ing, such as [2], [3], is one of the most promising solutions
for human body recognition, especially involving motions such
as walking, running, or biking. These actions can be detected
by exploiting the so-called micro-Doppler signatures [4]–[9],
which are derived from the distinct motion of different human
body parts such as arms, legs, head, or torso.

Types of 3-D radar imaging methods include the coherent
integration-based method, also termed as synthetic aperture
radar (SAR) (or multidimensional beamforming, or delay and
sum (DAS)) [10], [11], Kirchhoff migration [12], the range
migration algorithm (RMA) [13]–[17], diffraction tomography,
and compressed sensing approaches [18]–[20]. To alleviate
the problems caused by phase uncertainty, several incoherent
approaches using a time-of-flight profile have been developed
[21]–[24], represented by the term range points migration
(RPM). These offer lower computational complexity by avoid-
ing a total search of the region of interest and coherent
integration processes. However, every method faces limitations
in spatial resolution or accuracy when the real or synthetic
aperture length is limited.
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To address this problem, some studies have attempted to
obtain the multiple images separated by the Doppler velocity
variations, and document the effectiveness of this approach.
Since each human body part has a different Doppler velocity,
the response from each part can be decomposed in Doppler
velocity space; this can provide each decomposed RMA image
by assuming certain motion attitudes. Many studies have been
developed in which the reflection responses were decomposed
in range-Doppler space to enhance the apparent range reso-
lution [25]. However, several studies have exploited Doppler
velocity variations for further spatial resolution improvement
in radar imaging. Ram and Majumdar [26] demonstrated that
Doppler velocity-based decomposition was able to relax the
resolution requirements; however, this method is based on
a compressed sensing scheme, which involves large compu-
tational costs. Another promising approach is the one that
incorporates both the Doppler velocity analysis and the RPM
method [27], where the scattering center on the target bound-
ary, which is obtained by RPM, is uniquely associated with
a Doppler velocity. However, the accuracy of these methods
largely depends on the available bandwidth, namely, the range
resolution. These, therefore, usually use a super-resolution
technique along range and require a higher signal-to-noise
ratio (SNR) to retain a sufficient level of accuracy. Addition-
ally, when the RPM is in a multistatic configuration, it involves
relatively large computational complexity compared with the
monostatic configuration [28].

To resolve the above problems, this study introduces a
Doppler-associated RMA method designed to attain both high
spatial resolution and higher noise reduction effect, which
is a novel point of this study. The RMA method is among
the highest-speed 3-D imaging approaches, in which obser-
vational data are converted to a wavenumber space and are
interpolated by the so-called Stolt interpolation [29]. This
enables us to reduce the complexity of a computationally
expensive coherent integration process by using multidimen-
sional fast-Fourier transform (FFT) and inverse FFT (IFFT)
processes. In this study, we newly introduce a Doppler
velocity-decomposed-based RMA method to provide more
informative image, which has not been documented in the
previous scientific literature to the best of our knowledge.
This method is notable for its significant advantages in terms
of both high spatial resolution, as well as the ability of the
decomposed radar imagery to be associated with Doppler
velocity, which represents a promising approach to problems
of human attitude or motion recognition when incorporated
with a machine learning approach. In addition, the filtering
process in the Doppler velocity space could greatly enhance
a noise-robust feature, compared with that available in the
original RMA. We conducted 3-D numerical tests involving
both simplified and realistic human numerical phantoms to
demonstrate that our proposed method offers more informative
and Doppler velocity associated radar imagery even in very
noisy case, compared with the traditional RMA method.

II. METHOD
A. Observation Model

This paper discusses 3-D image reconstruction, and
Figure 1 shows the observation and target 3-D models.

Fig. 1. Observation and target model. Magenta and blue points denote
transmitters and receivers, respectively.

Fig. 2. Geometrical configuration in the RMA process.

A number of transmitters and receivers are arranged on
the y = 0 plane, constituting a two-dimensional multiple-
input–multiple-output (MIMO) radar, where the locations of
transmitters and receivers are defined as (XT , 0, ZT ) and
(X R, 0, Z R). A pulse-modulated signal is sequentially trans-
mitted from the transmitter with fixed PRI, where τ is
defined as the time along the pulse sequence, the so-called
“slow-time”. s(XT , ZT , X R, Z R, R, τ ) denotes the recorded
electric field of each combination of transmitter and receiver,
where R = ct/2 is defined by a fast time t and a radio-wave
velocity of c.

B. Range Migration Algorithm
For simplicity, we first introduce a mono-static based RMA

model as follows, the detail of which has been described
in [14]. Figure 2 shows the mono-static configuration geome-
try of the RMA process. Let be η(x, y, z, τ ) the spatial profile
of the reflection coefficient including the object area at the
slow time τ . Let Y be the distance between the observation
array plane and the reference plane as shown in Figure 2.
Assuming a mono-static model, if s(X, Z , t, τ ) denotes a
reflection response in the time domain observed at the sensor
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location denoted by (X, 0, Z) with time t , which is located
on the y = 0 plane, its Fourier response S(X, Z , kR, τ ) with
kR = 4ω/c is formulated as

S(X, Z , kR, τ ) =
∫∫∫

η(x, y, z, τ )

× exp [ jkRY ] exp [− jkRρ] dx dy dz, (1)

where ρ is defined as

ρ =
√

(x − X)2 + (y − Y )2 + (z − Z)2. (2)

The exponential term exp [ jkRY ] denotes the phase refer-
ence at the origin of the geometry model, that is located at
a distance Y from the observation plane, as shown in Fig. 2.
The term exp [− jkRρ] presents phase rotation according to
wave propagation. According to literature [14], the reflection
coefficient η(x, y, z, τ ) can be expressed as

η(x, y, z, τ ) =
∫∫∫

A,kR

S(X, Z , kR, τ )

× exp [ jkR(ρ − Y )] d X d Z dkR. (3)

where A denotes the surface of the aperture array. Since we
assume that each part of the human body is located within
almost the same range, the loss due to propagation and the
antenna pattern are not considered for the sake of simplicity.
Note that Eq. (3) is regarded a solution of the first-order Born
approximation of the inverse scattering problem.

Here the triple integral in Eq. (3) can be divided into a
single integral of kR and a double integral of A as follows:

η(x, y, z, τ ) =
∫

kR

exp (− jkRY )dkR

{∫∫
A

S(X, Z , kR, τ )

× exp ( jkR

√
(x − X)2 + (y − Y )2 + (z − Z)2) d X d Z

}
(4)

Note that, the 2D convolution between S(X, Z , kR, τ )
and exp ( jkR

√
x2 + (y − Y )2 + z2) in Eq. (4), along X and

Z can be computed using the complex product in the
Fourier domain by introducing the 2D Fourier transform of
exp ( jkR

√
x2 + (y − Y )2 + z2) as follows:

�(kX , kZ , τ ) =
∫∫

A
exp ( jkR

√
x2 + (y − Y )2 + z2)

× exp [− j (kX x + kZ z)] d X d Z (5)

Here, using the method of the stationary phase [30], Eq. (5)
can be approximated as:

�(kX , kZ , τ ) � 2πkR

jk2
Y

exp [ jkY (Y − y)] , (6)

where kY denotes the wavenumber for Y . Then, substitut-
ing Eq. (6) into Eq. (5) yields the following expression of
η(x, y, z, τ ):

η(x, y, z, τ )

�
∫∫∫

kX ,kR ,kZ

2πkR

jk2
Y

S(kX , kZ , kR, τ )

× exp (− jkRY ) exp [ j (kX x + kZ z − kY (y − Y ))]

× dkX dkR dkZ , (7)

where kX and kZ denote the wavenumbers for X and Z ,
respectively, and S(kX , kZ , kR, τ ) denotes the 2-D Fourier
transform of s(X, Z , kR, τ ) in terms of X and Z . Finally, using

the relationship kY =
√

k2
R − k2

X − k2
Z (k2

R � k2
X + k2

Z ), the
reflection coefficient proportional image η(x, y, z, τ ) is given
as follows:

η(x, y, z, τ )

=
∫∫∫

kX ,kZ ,kY

2πkR

jk2
Y

S(kX , kZ , kY , τ )

× exp (− j (kR + kY )Y ) exp [ j (kX x + kZ z − kY y)]

× dkX dkY dkZ , (8)

Note that, S(kX , kZ , kR, τ ) was resampled to
S(kX , kZ , kY , τ ) using the Stolt interpolation [29], and
Eq. (8) implies that a spatial profile of reflectivity can be
obtained via the 3-D IFFT of the product of the resampled
wavenumber data as S(kX , kZ , kY , τ ) and 2πkR

jk2
Y

S(kX , kZ ,

kY , τ ) exp (− j (kR + kY )Y ), this process is known as the
matched filter process.

C. Doppler Velocity Decomposed RMA in Multi-Static
Model

Next, we introduce the following Doppler velocity separated
multi-static RMA scheme. The proposed method is based on
the idea that each human body part has a different motion
velocity. Note that if two objects have different Doppler
velocities, their reflection responses can be decomposed in
the Doppler velocity space, even if they are closely located
within the azimuth and elevation angle resolutions. That is,
if these responses are separated in the Doppler velocity space,
the RMA image could be also decomposed by the associated
Doppler velocity.

First, by assuming the multi-static observation model
described in Sec. II-A, the observed signal s(XT , ZT , X R,
Z R, R, τ ) at each antenna combination is converted to the
Doppler velocity space as:

S(XT , ZT , X R, Z R, R, vd)

=
∫

T
s(XT , ZT , X R, Z R, R, τ ) exp (− jωτ)dτ, (9)

where vd = ωλ/4π and T denotes the coherent integra-
tion time. Here, using a coherently averaged responses of
S(XT , ZT , X R, Z R, R, vd) for all combinations of transmit-
ters and receivers, defined as S̄(R, vd), the Doppler velocity
associated discrete point referred to as (R̃i ,ṽd,i ) is extracted
by satisfying the following condition:

|S̄(R, vd)|/∂ R = 0

|S̄(R, vd)|/∂vd = 0. (10)

Note that, this process is effective in the case the aperture
length is much smaller than the observation distance, because
the observable Doppler velocity is almost same in each com-
bination of transmitter and receiver. Then, each decomposed
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Fig. 3. Proposed scheme of Doppler velocity decomposed and associated RMA.

signal in regard to (R̃i ,ṽd,i ) is given by the following equation:
s̄(XT , ZT , X R , Z R, R, τ ; R̃i , ṽd,i )

= 1

2π

∫
W (XT , ZT , X R, Z R, R, vd ; R̃i , ṽd,i )

×S(XT , ZT , X R, Z R, R, vd ) exp (− jωτ)dvd , (11)

where W (XT , ZT , X R , Z R, R, vd ; R̃i , ṽd,i ) denote the win-
dowing function on the (XT , ZT , X R, Z R, R, vd ) space
around (R̃i ,ṽd,i ), such as Gaussian or Hamming function, the
filtering width of which should be over the Doppler velocity
resolution, determined by the coherent processing interval
(CPI).

Finally, for each (R̃i ,ṽd,i ), the multi-static
extended RMA is applied to a decomposed signal
s̄(XT , ZT , X R, Z R, R, τ ; R̃i , ṽd,i ). Here, the mono-static
based RMA is extended to the multi-static scheme by
introducing the definitions X ≡ X R+XT

2 and Z ≡ Z R+ZT
2 in

[15], and the following conversion is introduced:
S̄(X, Z , kR, τ ; R̃i , ṽd,i ) = S̄(XT , ZT , X R, Z R, kR, τ ; R̃i , ṽd,i )

× s̃ref (X, Z , kR)

s̃ref(XT , ZT , X R, Z R, kR)
, (12)

where S̄(XT , ZT , X R , Z R, kR, τ ; R̃i , ṽd,i ) denote the Fourier
transform of s̄(XT , ZT , X R, Z R, R, τ ; R̃i , ṽd,i ) as to R. Also,
the following definitions are introduced:

s̃ref (X, Z , kR) ≡ e− j 2 kR RC (13)

s̃ref (XT , ZT , X R , Z R, kR) ≡ e− j kR (RR+RT ), (14)

where RC denotes the distance between (X, 0, Z) and the
reference point target, and RR and RT denote the distances
from the same reference point target to (X R, 0, Z R) and

(XT , 0, ZT ), respectively. Figure 3 shows the schematic illus-
tration of the proposed method. The figure indicates that
if each Doppler velocity component can be resolved in the
Doppler-range profile as S̄(R, vd), the reflection responses,
such as those from the upper left and right legs, can be
separated by the filtering process of Eq. (11).

D. Procedure of Proposed Method
The actual processing flow used in our proposed method is

summarized below:
Step 1) Observed data from each transmitter and receiver

combination are acquired as s(XT , ZT , X R,
Z R, R, τ ).

Step 2) Doppler velocity responses S(XT , ZT , X R,
Z R, R, vd ) are calculated using Eq. (9), and a
number of discrete points (R̃i , ṽd,i ) are extracted
from local maxima of S(XT , ZT , X R, Z R, R, vd ) as
in Eq. (10).

Step 3) For each (R̃i , ṽd,i ), the filtering process shown
in Eq. (11) is adopted and the Doppler decom-
posed scattered data given as s̄(XT , ZT , X R , Z R,
R, τ ; R̃i , ṽd,i ) are collected.

Step 4) For each set of Doppler decomposed data,
the mono-static conversion is applied as shown
Eq. (12).

Step 5) The 2-D Fourier transform is applied to S̄(X, Z , kR,
τ ; R̃i , ṽd,i ) as:

Ŝ(kX , kZ , kR, τ ; R̃i , ṽd,i )

=
∫∫

S̄(X, Z , kR, τ ; R̃i , ṽd,i )

× exp [−( jkX + jkZ)]d Xd Z . (15)
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Fig. 4. Flowchart of the proposed method.

Step 6) Matched filtering [14] is applied to compensate the
phase rotation to the reference plane y = Y as:

ŜM F (kX , kZ , kR, τ ; R̃i , ṽd,i )

= Ŝ(kX , kZ , kR, τ ; R̃i , ṽd,i ) exp ( jkY Y ), (16)

and the Stolt interpolation process is applied as:
ŜM F (kX , kZ , kR, τ ; R̃i , ṽd,i )

→ ŜM F (kX , kZ , kY , τ ; R̃i , ṽd,i ), (17)

where kY =
√

k2
R − k2

X − k2
Z . Here, a multi-

dimensional Spline interpolation algorithm is
applied.

Step 7) Each Doppler separated RMA image η(x, y, z, τ ;
R̃i , ṽd,i ) is obtained as:

η(x, y, z, τ ; R̃i , ṽd,i )

=
∫∫∫

ŜM F (kX , kZ , kY , τ ; R̃i , ṽd,i )

× exp [− j (kR − kY )y)]

× exp [ j (kX x + kZ z − kY y)] dkX dkY dkZ . (18)

Note that, Steps 2 and 3 correspond to the additional process
derived from the original RMA, that is, Doppler velocity
decomposition. Steps 4 - 7 form the original RMA process.
For each filtered response s̄(XT , ZT , X R , Z R, R, τ ; R̃i , ṽd,i ),
the original RMA is parallelly processed, and a number of
RMA images associated with different Doppler velocities
are available in the proposed method. Figure 4 shows the
flowchart of the proposed method; the procedures that are
common to and those that are different from the procedures
in the original RMA are clearly indicated. Note that this
method has the definitive advantages of being able to provide
a multiple Doppler-decomposed or associated RMA images
at each slow time τ , which contributes to the tracking of
each human body part during the time of observation and the
recognition of human body motion and attitudes.

III. NUMERICAL TESTING

Here, we describe the performance assessment of the pro-
posed method using a simplified and realistic human numerical

TABLE I
DOPPLER VELOCITY FOR EACH PART OF HUMAN BODY

phantom. In the first test, the simplified model is based on an
aggregation of ellipsoids that mimic various parts of the human
body. This enables us to assess each method in a strict and
more quantitative manner in terms of the accuracy or resolu-
tion of the Doppler velocity and RMA images. In the latter test,
we use a realistic model, which offers more convincing and
reliable results for discussions, for an advantage or problem
in extending to a real world scenario.

A. Simplified Human Model
1) Setting: In this test, a simplified numerical model of a

human body is introduced, in which each human body part,
such as the left and right arms or legs, head, and upper and
lower torso, is represented by an ellipsoid as shown in 5a. A
stepping motion of the human body at the same position is
assumed for simplicity, and the constant Doppler velocity of
each part is summarized in Table I, namely, the torso or head
has zero velocity. Note that, assuming a pendulum movement
for each arm or leg, a lower and upper part of them would have
a different velocity in this case. One transmitter is located at
the center of the planar array on the y = 0 plane, which con-
tains 5 × 5 receivers separated by a 15 mm spacing. The total
data from 25 receiving points are then processed in this model,
which is referred to as single-input multiple-output (SIMO).
A pulse modulated signal is transmitted from each transmitter
with a 20 GHz center frequency and 0.5 GHZ bandwidth,
giving it a theoretical range resolution of 300 mm in air. The
angular resolution is estimated at 190 mm when the distance
from the array to the target is 1500 mm. We assumed a pulse
radar sequence of 100 sequentially transmitted pulses from
each transmitter with an equal PRI of 2 ms. The unambiguous
range and the resolution of Doppler velocity are 1.5 m/s
and 0.03 m/s, respectively. Because this model involves a
high frequency signal, the reflection data are generated via
a geometric optics (GO) approximation [31]. Note that while
multiple scattering effects among human body parts are not
considered, here, the effect of interference among several
reflections from multiple objects is considered in the GO.
Figure 5b shows the range-Doppler velocity profile, where
the coherent processing interval (CPI) is 0.2 s. In this figure,
the Doppler velocity of each part is clearly resolved. Note that,
since the maximum displacement of each part (e.g., the lower
arm or leg with 1.0 m/s velocity) along CPI is within 200 mm,
which is within the theoretical range resolution (300 mm),
the cross range effect that can degrade the Doppler resolution
may be negligible in this case.

2) Imaging Results: Figure 6 shows the cross-sectional
images of S(kX , kZ , kR, τ ), at the specific kX , kZ , and kR ,
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Fig. 5. (a): Simulation model with simplified human model. (b): Range
Doppler velocity profile at the specific combination of transmitter and
receiver.

Fig. 6. Example of cross-sectional k space profiles of S(kX, kZ, kR, τ )
at τ = 100 ms.

Fig. 7. Reconstruction images provided by each method at the absence
of noise.

where τ = 100 ms. Note that, kX and kZ are equivalent
to the decomposition variables along the azimuth and ele-
vation angles, respectively, and kR denotes the frequency
response of the time-domain signal. Then, S(kX , kZ , kR, τ )
can be regarded as the 3-D beam pattern. Figure 5b shows the
range-Doppler velocity responses after coherently integrated
data was obtained along the receivers, namely, S̄(R, vd ), which
demonstrates that each part of the Doppler velocity is clearly
decomposed. Figures 7 and 8 show the reconstruction results
obtained by the original RMA and the Doppler-associated
RMA using the proposed method at the 3-D view and sliced
images at the specific range, respectively. Note that, the Ham-
ming window function with a width of 0.3 m/s, denoted as 
W
in the Doppler velocity direction was applied in the filtering
process in Eq. (11). The results show that the original RMA

Fig. 8. Reconstruction images produced by the original and the proposed
RMA at SNR = ∞. Black dots denote actual target profiles.

could not resolve certain parts of the human body with less
scatters, especially the right arm, upper torso, left and right
upper legs in contrast, the proposed method clearly resolves all
parts of the human body by providing more scatters by via the
aggregation of multiple RMA images associated with Doppler
velocities. In particular, the reflection responses around a
Doppler velocity of -1.0 m/s generate images of only the
corresponding part of human body, i.e., the right arm or left
leg in this case, while those around 1.0 m/s Doppler velocity
generate images of the left arm or right leg. In the original
RMA image, as shown in Fig. 7-(a), the left and right upper
legs were not resolved owing to insufficient angular resolution;
however, with the proposed method, both the left and right
upper legs were imaged, as shown in Fig. 7-(b), by using the
decomposition in the range-Doppler velocity space in Eq. (11).
For a quantitative analysis of the spatial resolution, Fig. 9
shows the 1-D cross section of the representative y and z.
Focusing on the 1-D image of z = 1600 mm and z = 1400
mm, we expect to view the upper torso, and the left and
right upper arms. The Doppler decomposed RMA reconstructs
each part of the human body, while the original RMA cannot
decompose these parts. Also, the case of z = 950 mm should
cover three parts, namely, the lower torso and the left and right
lower arms; however, the original RMA can provide only one
blurred responses around the torso. In contrast, the proposed
RMA offers clearly separated responses for each part of the
human body. In addition, the proposed method successfully
generates an associated Doppler velocity with an RMA image,
thus providing a more informative method of reconstructing
human body motion or for use in attitude recognition problem.

Further comparison to other methods was conducted by
obtaining reconstruction results by the SAR (DAS) and the
k-space-decomposed RPM methods [32], shown in Fig. 7.
The SAR results generate a nearly identical image to that
produced by the original RMA, and it fails to perfectly
decompose each part of the human body. In contrast, the RPM
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Fig. 9. Cross sectional images of reconstruction images produced by the
original and the proposed RMA at SNR = ∞. Black solid line: Original
RMA. Red, magenta, blue solid line: Proposed RMA decomposed by
different Doppler velocities. Black dots denote actual target profiles,
namely, ground truth.

Fig. 10. Received signals in the simplified human model at different
SNRs.

exhibits several scattering centers on the target body; however,
some points have deviated from the actual boundary, although
the k-space decomposition process results in an enhanced
azimuth resolution. The computational times of each method
determined using an Intel Xeon Silver 2.10-GHz 4110 CPU
with 256 GB RAM are summarized in Table III. As shown
in this comparison, the computational time of the proposed
method is not significantly greater than that required in the
original RMA method, due to the use of parallel processing. In
addition, the above computational time could be significantly
reduced by downsampling the pixel interval of RMA, if the
real-time processing would be a top priority.

3) Sensitivity to Noise: The sensitivity to additive noise
is investigated as follows, to emulate real-world operating
conditions. Gaussian white noise is added to each recorded
signal, where the SNR is defined as the ratio between the
maximum signal power to the noise variance in the time
domain. We investigate the two cases of a 10 dB and -10 dB
SNRs. Figure 10 shows the examples of the received signals
at each SNR level in this case. In addition, Figs. 11 and 12
illustrate the range-τ and range-Doppler data at each SNR

Fig. 11. Range-τ profiles in the simplified human model at different
SNRs.

Fig. 12. Range-Doppler velocity profiles in the simplified human model
at different SNRs. Red solid circles denote the extracted local maxima
(R̃i, ṽd,i).

Fig. 13. Reconstruction images produced by the original and the
proposed RMA at SNR = 10 dB. Black dots denote actual target profiles.

level, and demonstrate that our method successfully sup-
presses the random noise components, not only using the
matched filtering processing along the R direction, but also
by noise-reduction filtering in Doppler velocity space with the
Step 3) process in the proposed method. The reconstruction
results obtained by the RMA method without and with Doppler
data decomposition are shown in Figs. 13 and 14, and these
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Fig. 14. Reconstruction images produced by the original and the
proposed RMA at SNR = −10 dB. Black dots denote actual target
profiles.

Fig. 15. Reconstruction images produced by the proposed RMA, where
the width of the Doppler velocity decomposition is changed.

figures demonstrate that our proposed method maintains its
reconstruction accuracy even in considerably lower SNR situ-
ation at -10 dB SNR. As a quantitative criterion for assessing
the noise reduction effect of each reconstruction image, the
following criterion, namely, the normalized root mean square

Fig. 16. Observation and target model, using realistic human numerical
model in the 3-D FDTD simulation.

Fig. 17. Human walking postures at each pulse hit.

Fig. 18. Range-τ and Range- Doppler profiles in noiseless case. Red
solid circles in (b) denote the extracted local maxima (R̃i, ṽd,i).

error (NRMSE) is introduced similar to reference [26]:

NRMSE

=
√∫∫∫

� |Iorig(x, y, z, τ ) − Î (x, y, z, τ )|2dxdydz∫∫∫
� |Iorig(x, y, z, τ )|2dxdydz

(19)

where Iorig(x, y, z, τ ) and Î (x, y, z, τ ) denote the original
and reconstruction complex-valued images, and � denotes
the spatial area including a target. Table II lists the results
of NRMSE evaluations for different SNR levels. These data
demonstrates that our proposed RMA retains its reconstruction
accuracy even at low SNR, and significantly enhances the
noise reduction effects, compared with the images obtained
in the original SNR, especially for an SNR lower than 0 dB.
This is because our method is based on a coherent integra-
tion process in Doppler velocity decomposition; the coherent
averaging effect and the filtering processing of an unnecessary
response provided us high-level noise-robust feature, which is
one of the most distinct advantages over other methods, such
as the Capon filter.
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Fig. 19. Reconstruction results by the original RMA and the proposed RMA in SNR = ∞, at the cross-section plane y = 1100 mm using each
Doppler velocity decomposed data. White dots denote actual target profiles.

Fig. 20. 3-D Reconstruction results by the original RMA and the proposed RMA in SNR = ∞, using each Doppler velocity decomposed data. Black
dots denote actual target profiles.

4) Sensitivity to Window Function: We describe the findings
of the sensitivity analysis of the window function, i.e, how
the width of the window for the Doppler velocity decomposi-

tion W (XT , ZT , X R , Z R, R, vd ; R̃i , ṽd,i ) affects the imaging
performance by the proposed method. As described in the
previous subsection, the width of Hamming window was set

Authorized licensed use limited to: UNIVERSITY OF ELECTRO COMMUNICATIONS. Downloaded on October 18,2023 at 01:22:57 UTC from IEEE Xplore.  Restrictions apply. 



OHMORI AND KIDERA: DOPPLER VELOCITY ENHANCED RANGE MIGRATION ALGORITHM 20625

Fig. 21. Received signal without and with additive noise at SNR = 0 dB.

Fig. 22. Range-τ and Range- Doppler profiles in SNR = 0 dB. Red solid
circles denote the extracted local maxima (R̃i, ṽd,i).

TABLE II
NRMSE FOR EACH SNR LEVEL IN THE SIMPLIFIED

HUMAN BODY MODEL

TABLE III
COMPARISON OF PROCESSING TIMES REQUIRED BY EACH METHOD

to 0.3 m/s, which is 10 times the nominal Doppler reso-
lution. Figure 15 shows the imaging examples obtained by
the proposed method with window widths varied to 0.15 m/s
or 0.6 m/s. The noise-free case is assumed. The NRMSEs,
as defined in Eq. 19 in this case, are 0.2646 at 
W = 0.015
m/s and 0.1671 at 
W = 0.6 m/s. This figure demonstrates
that while the RMA responses, in the case of 
W = 0.15
m/s, expanded because of a larger windowing width size,
the sensitivity to the width of the window function is not
significant if this value is set to beyond the Doppler resolution.

B. Realistic Human Model
Next, we use 3D FDTD numerical simulations to investigate

our method when applied to a realistic human body phantom.
By considering the actual processing time of data generation
of the FDTD, we selected a 10-GHz center frequency and

a 0.5-GHz bandwidth for the transmitted pulse-modulated
signal. A realistic human model is shown in Fig. 16, where
its dielectric profile, where the dielectric profile of the body,
including skin, muscle, bone, and other tissues, is precisely
modelled using the commercial software XFdtd Bio-Pro [33].
In addition, the walking motion at each pulse hit is simulated
via the Varipose model. Note that only the right arm and the
left leg are swung upward toward the sensors. 40 pulse hits
with a 2.5 ms PRI are transmitted, and the initial and final
human postures are shown in Fig. 17. Here, the unambiguous
range and resolution of the Doppler velocity are estimated at 3
and 0.3 m/s, respectively. Similar to the model described in
Sec.III-A, one transmitter is located at the center of the planar
array on the y = 0 plane, where 17 × 17 receiver arrays
are arranged with a 15 mm spacing. The range and azimuth
resolutions in this case are 300 mm and 62.5 mm, respectively,
at a distance of 1000 mm.

Figure 18 illustrates the range-τ and range-Doppler veloc-
ity profiles for this case, which denotes several significant
responses due to different motions of the human body.
Figure 19-(a) shows the reconstruction results obtained by the
original RMA, and indicates that while strong responses are
observed around the upper and lower torso and the right arm,
other human body parts could not be clearly recognized. In
contrast, the reconstruction results obtained by the proposed
method are shown in Fig. 19(b)-(h) namely, seven different
Doppler velocity-decomposed datasets that were processed in
parallel using the RMA, These results provide more informa-
tive images, evidenced by the clear decomposition of the right
arm and left leg in motion toward the sensor, depicted as a
positive Doppler velocity area. Figure 20 shows the 3-D views
of the reconstruction results obtained by both the original and
proposed RMA methods, where the voxels with the threshold
magnitude are retained in the image. Note that, Fig. 20-(i)
represents the synthesized images, where each color denotes
different Doppler velocities. These figures also demonstrate
that our proposed method with the selected Doppler velocity,
reconstructed each part of the human body, while the original
RMA could not reconstruct the human body parts, such as left
and right legs. Furthermore, the proposed approach provides a
Doppler velocity-associated RMA image, which can enhance
performance in human body motion recognition or attitude
estimation issues. Compared with the results obtained using
the simplified model (see Sec. III-A), the separation perfor-
mance is not clearly recognized because each part of the leg
or arm has a position-dependent velocity for e.g, the motion
velocity of each toe will be higher than that of upper thigh.
However, we should note that the original RMA (Fig. 20-(a))
could not provide a scattering responses, especially for the
left and right legs. In contrast, the proposed method provides
distinct images of the left (+0.5 m/s) and right (0 m/s) legs, as
seen in Fig. 20-(d-e) and Fig. 20-(f), respectively. In addition,
the left (0 m/s) and right (+0.5 m/s) arms are separately
reconstructed in Fig. 20-(d) and 20-(f), respectively, while
all the images include the torso responses. These Doppler
separated images could not be obtained from the original
RMA. Thus, the proposed method offers more informative
images of the human body.
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Fig. 23. Reconstruction results by the original RMA and the proposed RMA in SNR = 0 dB, at the cross-section plane y = 1100 mm using each
Doppler velocity decomposed data. White dots denote actual target profiles.

Fig. 24. 3-D Reconstruction results by the original RMA and the proposed RMA in SNR = 0 dB, using each Doppler velocity decomposed data.
Black dots denote actual target profiles.

Furthermore, a case involving the presence of additive noise
was investigated. Similar to the simple human body model,
we tested this case with a 0 dB SNR using the same noise

model. Figure 21 shows an example of the case of the received
signal with 0 dB SNR. Figure 22 illustrates the range-τ and
range-Doppler profiles for this case. These results demonstrate
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the presence of a significant noise component in the range-τ
profile used for the original RMA and that the range-Doppler
profiles are able to separate the interference of noise exhibiting
a different Doppler velocity. Finally, Fig. 23 shows the original
and the proposed RMA reconstruction results cross-sectioned
along the y = 1100 mm plane, and Figure 24 shows the
3-D profiles of the reconstruction results. We thus verify the
noise-robustness feature of the proposed method in a similar
manner to the simplified model. The NRMSEs, as defined in
Eq. 19 in this case, are 0.2027 for the original RPM and
0.1122 for the proposed RMA. These values quantitatively
demonstrate the effectiveness of the proposed method in terms
of noise-robustness. Note that this simulation is based on an
FDTD solver with realistic shape and dielectric profiles of the
human body, which provides the most accurate and reliable
analysis in realistic situations.

IV. CONCLUSION

This paper introduces a Doppler velocity-associated 3-D
RMA approach addressing human body imaging with walking
motions to provide a multiple Doppler velocity decomposed
images and noise-robustness of the original RMA. A variation
of micro-Doppler components enabled us to decompose inter-
fering responses from multiple parts of human body, which
were impossible to separate in an array of smaller aperture
size. In the proposed method, the Doppler separation process
is first implemented in the RMA approach using a very simple
algorithm, which prevents any significant increase in the
computational cost. Numerical simulation tests based on either
a simplified or realistic human phantom exhibiting a walking
motion have demonstrated that the Doppler velocity-associated
image reconstruction would provide more informative image,
compared with that by the original RMA method. Furthermore,
a test case including additive noise has verified that our
proposed method enhances the noise-robustness feature by
reducing the noise component not only in the range compres-
sion process, but also in the Doppler velocity space filtering
process.

Although this paper does not report any experimental
results, the numerical tests on realistic human models created
by an accurate electromagnetic forward solver, i.e., the FDTD
method, can provide reliable results. In addition, the pro-
posed method retained the reconstruction accuracy even at
considerably low SNR (SNR = 0 dB). These results indicate
the applicability of the real data or scenario. Furthermore,
the proposed method can be extended to the MIMO array mod-
els [13], [15], [16] to obtain more accurate and noise-robust
images by integrating multiple SIMO RMA images obtained
by different transmitters. This method is applicable to the com-
mercially available SIMO or MIMO radar hardware, regardless
of the FMCW radar or impulse radar, because the proposed
method only requires the I and Q channel data at each PRI
with any array configuration. It is important to achieve phase
synchronization among the MIMO or SIMO arrays to obtain
accurate RMA profiles. Such synchronization can also be
achieved by calibration using a simple shape target, such as a
plate or corner reflector, located at a specific distance.
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