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ABSTRACT The radar-based analysis of human motion is actively being researched due to its contact- and
markerless nature and ability to measure motion directly via the Doppler effect. Especially in medical and
biomechanical fields, precise movement analysis is crucial. However, existing radar-based studies typically
exhibit low lateral resolution, focusing on velocity evaluations and the tracking of scattering centers resolv-
able in the range or Doppler domains. In this work, we present a novel concept that enables a pixel-wise ve-
locity analysis of human motion in radar near-field imaging scenarios. For this, we utilize the well-established
back-projection technique to reconstruct consecutive radar images and perform a subsequent pixel-wise
phase comparison. To accurately capture pixel-specific velocities along the depth dimension, this is followed
by corrections of near-field geometry distortions accounting for aperture properties and pixel positions. Our
theoretical derivations are supported by comprehensive point target simulations. To assess the performance
of the proposed approach, we conducted a proof-of-concept study. We tracked a hand surface’s movement
while performing a finger tapping motion and compared the fingertip position and velocity determined by the
radar with the respective values obtained from an optical marker-based system. The results showed a velocity
measurement accuracy of 8.1 mms−1 and a tracking accuracy of 1.4 mm, demonstrating the great potential
of our approach. The high angular resolution of the velocity measurement enables the tracking of the entire
illuminated body shell, extending the range of future applications of radar-based motion analysis.

INDEX TERMS Human motion tracking, near-field imaging, radar imaging, velocity measurement.

I. INTRODUCTION
The use of radar for the detection, tracking, and anal-
ysis of human motion offers a multitude of advantages

over conventional accelerometer-based and optical methods.
What mainly sets it apart is its markerless, contactless,
and light-independent working principle. Moreover, the
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technology preserves privacy and tracks motion by directly
measuring distances, angles, and velocities through phase
evaluations, offering significant advantages over markerless
camera-based systems. Radar signal returns from a moving
human body are subject to Doppler modulations [1]. Due to
the nonrigid nature of the human body, different body parts
are characterized by specific motion trajectories and veloc-
ities, resulting in individual Doppler components. Over the
last decade, this technology has rapidly gained prominence
in sensing human motion, spanning research fields such as
physical activity [2], [3], [4] and gesture [5] recognition, gait
analysis [6], and hand or finger tracking [7]. In activity or
gesture recognition, the focus is not on the precise extraction
of parameters, such as speed or position data, to track different
body parts. Instead, movement patterns are identified and clas-
sified using simplified representations of radar data that reveal
specific patterns, such as micro-Doppler signatures [1], com-
monly in conjunction with machine learning or deep learning
architectures. However, many applications —for instance, in
the fields of medicine, biomechanics, sports, and robotics
—as well as fine gesture control require the precise analysis
of human motion in terms of position and velocity. State-
of-the-art systems for precise human motion tracking are
so-called marker-based optoelectronic measurement systems,
whose accuracy is higher than that of markerless technolo-
gies [8]. Such systems currently reach submillimeter accuracy
at capture frequencies up to 500 Hz [9].

However, radar technology is increasingly being used as
a markerless alternative for precisely tracking human move-
ments. One field of application is gait or lower limb motion
analysis, in which simple (pulse-)Doppler radars are often
used [6]. Evaluation is performed using spectrograms, which
depict all Doppler components along the time axis by applying
a short-time Fourier transform to the data to extract relevant
parameters, such as torso, knee, foot, or ankle velocity [10],
[11], [12], [13], [14], [15], [16], [17]. These studies have in
common that different targets are resolved using high velocity
resolution and distinguishable signal powers related to the
respective radar cross-sections of the body parts. In [18]
and [19], multiple-input multiple-output (MIMO) frequency-
modulated continuous-wave (FMCW) radars consisting of
multiple transmitting (Tx) and receiving (Rx) antennas were
used to resolve individual legs within range-Doppler maps and
to extract the corresponding foot velocities. Moreover, angle
information obtained by applying digital beamforming to the
resolved targets was included in the evaluation. More recent
works have combined MIMO FMCW radars with low lateral
resolution with deep-learning networks to estimate human
postures based on multidimensional radar data streams [20],
[21]. The authors of [22] did not only extract joint positions
but also velocities from the radar data.

The radar-based tracking of hand motions is also being
researched. Various studies have used radar to track one hu-
man hand as one target [23], [24], [25], [26]. In [7], Google
introduced the project Soli, in which an FMCW radar with

very high bandwidth of 7 GHz and, consequently, a high ra-
dial resolution of approximately 2 cm, was used for gesture
recognition and precise gesture sensing by tracking distinct
scattering centers of a hand. To allow this tracking, the
scattering centers first need to be resolved in the Doppler
or range dimension, which restricts its application to cer-
tain hand poses and motions. However, the resolution of all
fingers or different finger parts can be relevant in the con-
text of human-computer interaction [27], [28]. Furthermore,
it plays an important role in the analysis of human hand
kinematics, with applications in the fields of biomechanics,
prosthetics [29], [30], and robotics [31], as well as in the clin-
ical context of musculoskeletal disorders [32], [33], [34], [35],
[36], [37]. In [32], a simple Doppler radar was used to com-
pare the fingertip velocity of patients with rheumatoid arthritis
during a finger tapping motion with that of healthy controls
for clinical hand function analysis. The spectrogram-based
approach was found to be inadequate, highlighting the need
for more fine-grained radar-based techniques for measuring
hand motions.

All of the abovementioned works incorporate either a very
limited or no lateral resolution. This limitation restricts their
applications to tasks focused on tracking specific scattering
centers rather than the entire body shell. As body parts must
be resolved in the Doppler or range domain, such approaches
are applicable to human limbs to some extent but hardly apply
to individual fingers of the human hand.

Increasing the angular resolution offers two major advan-
tages. First, it enables a more detailed representation of the
human body that closely resembles our visual perception.
This can be helpful for the segmentation of body parts, as
image-based approaches can be more easily transferred to
the radar domain. Second, high angular resolution offers new
possibilities for tracking the entire illuminated body surface.
High-resolution radar imaging is the state of the art in sev-
eral near-field applications, such as ground-penetrating radar,
radar cross-section imaging, and personnel security scan-
ning [38], [39], [40]. Radar signals have primarily been used
to capture high-resolution spatial information on target scenes
without directly evaluating motion through phase changes
over time. Low frame rates have been a limiting factor in
this regard, especially in MIMO radar systems that use many
Tx antennas, each transmitting in a time-division-multiplex
(TDM) manner to create large synthetic apertures. Moreover,
high signal bandwidths, used for achieving high radial resolu-
tion, result in longer measurement acquisition times, posing a
challenge when evaluating Doppler shifts for motion analysis.
To increase frame rates with existing hardware, a potential so-
lution is to leverage the high angular resolution while reducing
the radial resolution and the associated number of frequency
samples that define the range ambiguity. In [41], we proposed
a novel ultra-efficient method for the 3D reconstruction of the
human body shell, specifically applied to hand surfaces, using
millimeter wave near-field imaging techniques and a very low
bandwidth.
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FIGURE 1. Overview of the pixel-wise velocity analysis along the depth dimension z of a MIMO radar based on near-field imaging techniques. At time
step t1, the estimated depths zhyp for three exemplary pixels of the back-projected image correspond to the depths of the scatterers zp,1-3,t1 . At time step
t2 , the scatterers have moved along the depth dimension to zp,1-3,t2 , while back projection is performed with the prior hypothesis value zhyp. This leads to
a changing residual phase of the complex pixel information between t1 and t2 . As we are in the near field of an imaging MIMO radar, this pixel phase
change cannot be directly translated into classical “radial” motion (referring to a monostatic case). Instead, the phase change is converted into a velocity
estimation vz along the depth dimension, accounting for near-field geometry distortions.

Building on [41], in this paper we present a novel con-
cept for the simultaneous radar-based near-field imaging and
tracking of human motion. This approach enables velocity
measurements and comprehensive tracking of the entire illu-
minated body surface. Integrating radar-based high-resolution
imaging with velocity measurements necessitates considering
near-field effects due to the large aperture dimensions. Hence,
conventional Fast Fourier Transform (FFT)-based algorithms,
which assume far-field conditions, cannot be employed. Con-
sequently, the key contributions of this paper are as follows:
� We present a novel methodology that allows the analysis

of pixel-specific laterally resolved velocities along the
depth dimension in near-field radar imaging applications
by evaluating pixel phase changes over time.

� We validated the developed approach through compre-
hensive simulations of moving point targets.

� We conducted a proof-of-concept measurement study to
assess the performance of the proposed velocity estima-
tion. We used the pixel-specific velocity information to
track the motion of the hand surface and compared the
velocity and position data obtained through the radar-
based approach with those obtained by a gold-standard
marker-based camera system.

II. PIXEL-WISE VELOCITY ANALYSIS
The basic principle used for the pixel-wise velocity analysis
of the human body shell is illustrated in Fig. 1, using hand
motion as an example. Initially, the hand surface is localized
using, for instance, the principle described in [41]. For time
step t1, a 2D image consisting of Np̃ pixels is reconstructed
at the pixel-specific depths zhyp(x, y) by performing the near-
field back-projection algorithm [38], [40]. Depending on the

specific hand pose, zhyp(x, y) can either vary across pixels
or remain constant. The image is reconstructed for one fre-
quency step or, to achieve a higher SNR, for multiple closely
neighboring frequency steps. For time step t2, zhyp(x, y) is
kept equal to the values from t1. If some parts of the hand
have changed their locations, the hypotheses do not match
the measured signals and the residual pixel phase that re-
mains after performing back projection changes in relation
to the motion. For monostatic radar systems, phase shifts
can directly be translated into radial motion and, hence, a
motion component along the radar’s line of sight. For imaging
MIMO radars, defining one radial direction is challenging, as
such radars consist of multiple antennas at different locations;
therefore, each antenna measures a different Doppler shift.
For this reason, we conduct a pixel-specific phase evaluation,
followed by a correction of near-field distortions caused by the
MIMO array geometry and pixel positions. This allows mo-
tion measurements along the depth dimension of the MIMO
radar coordinate system. The derivation of this correction is
described in the following subsection.

A. PIXEL-SPECIFIC GEOMETRY CORRECTION
We assume a MIMO radar consisting of NRx receive and NTx

transmit antennas in positions �rTx,m = (xm, ym, zm) for m ∈
{1; . . . ; NTx} and �rRx,i = (xi, yi, zi ) for i ∈ {1; . . . ; NRx}. The
target scene consists of a human body or a body part, which
can be described as a distributed nonrigid target comprised by
Np point scatterers in positions �rp,k for k ∈ {1; . . . ; Np} within
the near field of the antenna array. Each Tx antenna sends
Nf closely neighboring frequency steps denoted by fs for
s ∈ {1; . . . ; Nf}. For simplicity, we assume Nf = 1 for the fol-
lowing derivation. The received beat signals for each Tx–Rx
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combination, assuming one point target at �rp,k,t1 = (x, y, z),
for time step t1 are denoted as

sB,im(�rp,k,t1 ) = A exp

(
−j2π fs

dt1,im

c
+ φRx

)
, (1)

where A describes the amplitude of the received signal, and c
is the speed of light. The phase of the received signal depends
on dt1,im, which denotes the total path length from each Tx–Rx
pair to the scatterer, and an additional unknown phase term
φRx. In the following, we assume A = 1 and φRx = 0 for the
sake of readability.

As we are in the near field of the MIMO radar, FFT-based
approaches are not sufficient to obtain spacial information
about the target. Therefore, back projection is performed as
in [38]. In our case, this is not done for an entire volume but
for the estimated body surface, which can be described as a
2D depth map in which each pixel contains an estimated depth
coordinate denoted as zhyp. For the reconstruction of the pixel
position �rp̃,lk = (x, y, zhyp) for l ∈ {1; . . . ; Np̃} that matches
the x and y coordinates of the kth point target, the base-
band signals are correlated with the matched filter weights
wim(�rp̃,lk ), denoted as

wim(�rp̃,lk ) = exp

(
j2π fs

dhyp,im

c

)
, (2)

where dhyp,im describes the total path length from each Tx–Rx
combination to the pixel. Assuming that we perfectly localize
the body surface for t1, we get z = zhyp and, therefore,

dt1,im(�rp,k,t1 ) = dhyp,im(�rp̃,lk ). (3)

To reconstruct the pixel �rp̃,lk = (x, y, zhyp), we perform
back projection [38] as

Ôt1 (�rp̃,lk ) =
Nf∑

s=1

NTx∑
m=1

NRx∑
i=1

sB,im(�rp,k,t1 )

· wim(�rp̃,lk ). (4)

For t1, we obtain the complex pixel information Ôt1 (�rp̃,lk ).
Due to the relationship described in (3), the residual pixel
phase φres = arg Ôt1 (�rp̃,lk ) is zero (or equal to a constant value
caused by φRx).

For t2, we assume that the point target has moved along
the depth dimension. However, the depth value zhyp for the
reconstructed pixel �rp̃,lk remains equal to that at t1. This leads
to a change in the residual pixel phase φres, which can be
used to estimate the velocity along depth. The new point target
position at t2 is

�rp,k,t2 = (x, y, z − �z) = (x, y, zhyp − �z). (5)

Hence, for the baseband signals at t2, we get

sB,im(�rp,k,t2 ) = exp

(
−j2π fs

dt2,im

c
+ φRx

)
, (6)

with

dt2,im =
√

(xm − x)2 + (ym − y)2 + (zm − zhyp + �z)2

+
√

(xi − x)2 + (yi − y)2 + (zi − zhyp + �z)2. (7)

In the following, we assume that all antenna positions are
located at the same depth zi/m = 0 of the MIMO radar coor-
dinate system. Hence, (7) can be rewritten as

dt2,im =
√

d2
m − 2zhyp�z + �z2

+
√

d2
i − 2zhyp�z + �z2, (8)

where di/m =
√

(xi/m − x)2 + (yi/m − y)2 + z2
hyp describes

the Rx/Tx term of the round-trip distance to the pixel position.
At t2, the distances dhyp,im remain the same as at t1 and can
also be expressed by a Tx/Rx term as

dhyp,im = dm + di, (9)

which allows us to seperate the back projection for pixel �rp̃ for
t2 into a Tx- and a Rx-dependent part as

Ôt2 (�rp̃,lk ) =
NRx∑
i=1

exp

(
−j2π

fs

c

√
d2

i − 2zhyp�z + �z2

)

· exp

(
j2π

fs

c
di

)

·
NTx∑
m=1

exp

(
−j2π

fs

c

√
d2

m − 2zhyp�z + �z2

)

· exp

(
j2π

fs

c
dm

)
, (10)

which gives

Ôt2 (�rp̃,lk ) =
NRx∑
i=1

NTx∑
m=1

exp

(
j2π

fs

c

·
[

di −
√

d2
i − 2zhyp�z + �z2

+ dm −
√

d2
m − 2zhyp�z + �z2

])
. (11)

We approximate both square root terms in (11) using a
first-order Taylor series expansion of the term

√
a + x at x = 0

with a = d2
i/m and x = −2zhyp�z + �z2. As �z yields small

values and x is, therefore, close to 0, the distance term influ-
encing arg Ôt2 (�rp̃) can be approximated by

dapprox = di −
⎛⎝√d2

i − 2zhyp�z + �z2

2
√

d2
i

⎞⎠
+ dm −

(√
d2

m − 2zhyp�z + �z2

2
√

d2
m

)
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= 1

di

(
zhyp�z + 1

2
�z2

)
+ 1

dm

(
zhyp�z + 1

2
�z2

)
. (12)

Further, we rewrite dapprox as

dapprox =
(

zhyp�z + 1

2
�z2

)
·
(

1

d∅Rx + �di
+ 1

d∅Tx + �dm

)
, (13)

where d∅Rx/Tx respresents the mean distance term over all
Rx/Tx antennas. The term �di/m describes the respective de-
viations from the mean distance term for each Rx/Tx antenna.
As �di/m yields small values compared to d∅Rx/Tx , we use

another first-order Taylor expansion for the term 1
a+x at x = 0,

with a = d∅Rx/Tx and x = �di/m. Hence, we get

dapprox =
(

zhyp�z + 1

2
�z2

)

·
(

1

d∅Rx

− �di

d2
∅Rx

+ 1

d∅Tx

− �dm

d2
∅Tx

)
. (14)

For the near-field radar imaging scenarios considered in

this work, we can assume that
�di/m

d2
∅Rx/Tx

≈ 0. In the case of

symmetric Tx and Rx apertures of equal length, we further
assume d∅Rx = d∅Tx , which leads to

dapprox =
(

zhyp�z + 1

2
�z2

)
· 2

d∅Tx

. (15)

To calculate �z, we evaluate the phase difference �φ be-
tween consecutive time steps as

�φ = arg Ôt2 (�rp̃,lk ) − arg Ôt1 (�rp̃,lk )

≈ 2π
fs

c

2

d∅Tx

(
zhyp�z + 1

2
�z2

)
. (16)

With σ = c�φ
4π fs

, we get

0 = 1

2d∅Tx

�z2 + zhyp

d∅Tx

�z − σ, (17)

which is a quadratic equation. Hence, �z can be solved by ap-
plying the quadratic formula. With this, each phase difference
can be used to calculate �z, which translates into a z-velocity
when divided by the frame duration.

With (16), it further becomes clear that �φ and, therefore,
the maximum unambiguous velocity along z, vz,unamb, is in-
fluenced by the paramaters d∅Tx and zhyp. Hence, to calculate
vz,unamb, the quadratic equation in (17) must be solved for
�φ = 360◦ and the pixel-specific parameters d∅Tx and zhyp.

B. SIMULATION
We performed simulations to check the validity of the pre-
viously described derivations regarding the pixel-specific

evaluation of vz. Specifically, we simulated two different
scenes and geometries including one or multiple MIMO radar
clusters consisting of 94 Tx and 94 Rx antennas each (see
Fig. 2(a)). The scenes are illustrated in Fig. 2(b) and (c).
Each simulation involves a MIMO radar and point scatterers
moving along the z-axis. We simulated the point scatterers
individually. Hence, each simulation consisted of a single
point scatterer. All evaluated positions are shown in Fig. 2.
Scene 1 simulates a single MIMO radar cluster. We also
used this geometry for the proof-of-concept measurement.
The MIMO radar is a single cluster of a commercially avail-
able radome tester [42]. The respective antenna positions are
shown in Fig. 2(a). The physical aperture spans approximately
14 cm × 14 cm, with 3 mm spacing between adjacent anten-
nas. Scene 1 was designed to demonstrate applicability to
measurement scenarios of a moving hand and fingers. Hence,
we set the target velocity to vz = 1 ms−1, which, according
to [32], is a valid velocity of a fast-moving finger. As a hand
is a small target compared to an entire body, it can be brought
close to the MIMO radar, at a depth of 30 cm, where the lateral
resolution is about 4 mm [40]. To resolve fingers or finger
parts in the lateral dimension, the resolution should be below
1 cm. Therefore, the lateral resolution of this MIMO config-
uration at close distances is well-suited for capturing hand
motions. The scatterers’ positions vary on a grid defined by
x/y ∈ [−10 cm, 10 cm]. For the second simulation, we used
three single clusters to increase resolution and illumination
for a theoretical full-body measurement. Aranged at a depth
of z = 1.5 m the point scatterers were moving at a velocity of
vz = 3 ms−1, which, as shown in [43], is a plausible toe ve-
locity of a walking human. The scatterers’ positions varied on
a grid defined by x ∈ [−30 cm, 30 cm] and y ∈ [−1 m, 1 m].
It should be noted that such a radar system with sufficient
frame rates does not currently exist. The simulation scene was
designed to demonstrate that our derivations are applicable
to larger apertures and whole-body measurements, providing
insight into potential applications. Full-body or gait measure-
ments can also be performed by using only one single cluster
with lower lateral resolution.

For both simulations, we assumed a single continuous-wave
(CW) frequency of fs = fc = 80 GHz and a frame duration
of 200 μs to ensure a sufficient value for vz,unamb in both
cases. To illustrate the efficiency of the proposed concept,
we compared the estimated velocities obtained by solving
(17) for �z and calculating vz with the velocity estimation
that directly translated �φ into an estimate of vz. The lat-
ter was inspired by the traditional method of calculating the
radial velocity in far-field scenarios. To obtain �φ, we gen-
erated two radar images at two consecutive time steps by
performing near-field back projection for fc at depth zhyp,
which was z = 0.3 m and z = 1.5 m for Simulation 1 and 2,
respectively. We then calculated �φ for the pixel position
that had the same x- and y-coordinates as the current target
position. Finally, we translated �φ into �z by solving (17)
and subsequently calculated vz. The results for Simulation
Scene 1 are shown in Fig. 3. For the far-field estimation
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FIGURE 2. Overview of the simulation setup. (a) Single cluster MIMO geometry consisting of 94 Tx and 94 Rx antennas. The physical aperture is
approximately 14 cm × 14 cm. (b) In Simulation 1, one single cluster is used. Point targets are placed at a depth of z = 0.3 m and move away from the
aperture with a speed of vz = 1 ms−1. This simulation is intended to prove the proposed method’s applicability to hand and finger tracking scenarios. (c)
In Simulation 2, three single clusters are vertically aligned. The simulated point targets are placed at a depth of z = 1.5 m and move at a speed of
vz = 3 ms−1. Simulation 2 aims to show how our derivations apply to larger apertures, relevant for full-body measurements.

FIGURE 3. Velocity estimation for Simulation Scene 1 without and with
pixel-specific correction of near-field geometry distortions. The
ground-truth velocity of the point targets is vz = 1 ms−1.

of vz, the values ranged from 0.886 ms−1 to 0.966 ms−1.
Around x = y = 0, the estimated value was the closest to the
simulated ground truth of 1.0 ms−1 but the true value was
never reached, suggesting that the definition of a radial axis
is problematic for this near-field application. These findings
are further supported by the results from Simulation Scene 2,
which is shown in Fig. 4. In this case, the estimated velocity
values ranged from 2.461 ms−1 to 2.964 ms−1, with the most
accurate value also occurring around x = y = 0 not reaching
the ground-truth value. Figs. 3 and 4 also show the estimated

velocities along the z-coordinate using the proposed pixel-
specific correction. For Simulation 1, the values ranged from
1.0 ms−1 to 1.005 ms−1, with the ground truth being perfectly
matched around x = y = 0. In Simulation 2, vz ranged from
3.002 ms−1 around x = y = 0 to 3.017 ms−1. The deviations
from the ground truth in both simulations when applying the
correction were most likely related to the prior simplifications
introduced by the Taylor approximations in (12) and (14).
These simulation results demonstrate that the derivations de-
scribed in Section II-A are valid and that, when assuming only
a velocity component along the depth dimension, we can use
radar imaging to detect its pixel-specific value.

III. MEASUREMENT VERIFICATION
To demonstrate the proposed method’s applicability to real-
istic human motion, we conducted a proof-of-concept mea-
surement study, including the measurement of simple hand
movements. The study protocol was approved by the Ethics
Committee of Friedrich-Alexander-Universität Erlangen-
Nürnberg (no. #357_20B). The participants were included
after given written informed consent. In this study, we as-
sessed the accuracy of the proposed pixel-specific velocity-
evaluation method and its potential to track the human body
shell.

A. MEASUREMENT SETUP AND STUDY DESIGN
In this measurement study, we used the TDM MIMO radar
shown in Fig. 5, which also provided the geometry used
in Simulation 1. At a distance of 30 cm, this MIMO radar
achieves a lateral resolution of approximately 4 mm, enabling
the differentiation of individual finger parts. This makes the
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FIGURE 4. Comparison of the velocity estimation for Simulation Scene 2
without and with pixel-specific correction of near-field geometry
distortions. The ground-truth velocity of the moving point targets is
vz = 3 ms−1.

FIGURE 5. MIMO radar used in the measurement study. The array consists
of 94 Tx and 94 Rx antennas.

MIMO architecture highly suitable for analyzing hand mo-
tion. The radar implements a stepped-frequency continuous-
wave (SFCW) signal shape with an adjustable bandwidth
and number of equidistant frequency steps. We used two
frequency steps, f1 = 79.8 GHz and f2 = 80 GHz, per radar
frame. This resulted in a mean frame duration of 2.5 ms,

FIGURE 6. Measurement setup. The MIMO imaging radar (red) was
positioned under a Styrodur table, which is transparent to millimeter
waves. The marker-based camera system (green), composed of six Oqus
Series 7+ cameras (12 MP), was arranged around the Styrodur table using
a self-built aluminum frame. The participant sat next to the Styrodur table,
placing the right hand in a designated area on the table, centered on the
MIMO radar’s coordinate system origin.

which, for example, for a pixel position at (0,0,0.3) yields a
maximum unambiguous z-velocity of vz,unamb = 0.77 ms−1,
when solving (17) for zhyp = 0.3 m, d∅Tx = 0.31 m, and
�φ = 2π . It should be noted that the current firmware and
data transfer protocols of the radar system are not optimized
for achieving the maximum measurement rate. However,
given that the switching time for all Tx antennas in the spec-
ified radar configuration is approximately 13 μs, it is evident
that the frame rate can be significantly increased with future
firmware adaptations.

We used an optical marker-based camera system [44]
(Qualisys AB, Sweden) consisting of six Oqus Series 7+
cameras (12 MP; 4096 × 3072 pixels) as a reference sys-
tem. The measurement setup is shown in Fig. 6. The MIMO
imaging radar was placed on a box under a Styrodur table,
which is transparent to millimeter waves. The marker-based
camera system was arranged around the table using a self-
built aluminum frame for mounting. The participants sat at
the Styrodur table and placed their right hand directly above
the MIMO radar (right side of Fig. 6). The area of best il-
lumination, which is centered on the origin of the MIMO
radar’s coordinate system, was marked on the table, and the
hand was placed inside this area. The distance between the
MIMO frontend and the hand was approximately 30 cm. We
synchronized the radar and optical reference system using
a self-designed synchronization board1 so that both sensors
had a common start trigger. As an exemplary movement,
each participant performed a simple finger tapping motion
of cyclically raising and lowering a straight finger by flexion

1[Online]. Available: https://github.com/empkins/empkins-sync-board
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FIGURE 7. Finger tapping motion and optical marker placement. The
tapping motion is performed by periodic flexion-extension of the
metacarpophalangeal joint of the index or middle finger. The markers are
placed on the dorsum of the hand to avoid interfering with the radar
measurement.

and extension in the metacarpophalangeal joint while keep-
ing the rest of the hand on the table. The marker placement
and tapping motion are illustrated in Fig. 7. We selected this
motion because it provided constant visibility of the entire
finger in the radar image, allowing an easy comparison with
the reference system. For more complex movements, some
parts of the hand may not return a signal due to specular
reflection effects, which may cause difficulty if one wants to
map the marker-based data to certain parts of the radar image.
The optical markers were placed on the top of the hand, to
avoid interference with the radar measurement that captured
the bottom of the hand. We measured the right hands of two
healthy female participants aged 29 ± 1 years with no his-
tory of hand injuries and a hand length of 177.5 ± 12.5 mm,
and a hand width of 85 ± 5 mm. Each participant performed
the requested movement five times with both the index and
middle fingers, resulting in a total of 20 measurements, each
lasting about 10 s. To validate the radar measurements and to
assess the accuracy of the proposed approach, we compared
the fingertip velocity measured by the radar and reference
systems. To ensure, that the fingertip movement would not
exceed vz,unamb, we instructed both participants to perform the
tapping at a moderate speed.

B. RADAR SIGNAL PROCESSING
Each radar measurement consisted of 4000 radar frames with
a mean frame duration of 2.5 ms. As the radar’s frame rate
varies to some extent, timestamps are included in the data
to allow for better synchronization. For each radar frame,
the two carrier frequencies, f1 = 79.8 GHz and f2 = 80 GHz,
were sent by all Tx antennas. To calibrate the MIMO radar,
we first conducted a measurement using a metal plate posi-
tioned parallel to the radar’s frontend at a known distance.
This initial step corrects for phase and amplitude variations
in the signals transmitted and received by different channels.
We then performed an “empty scene” measurement to ad-
dress any residual effects from the measurement environment.
This calibration method has proven effective for our radar

imaging application. A more sophisticated MIMO calibration
approach that also addresses mutual coupling effects between
channels can be found in [45]. An overview of the radar signal
processing step is shown in Fig. 8 and will be described in
detail in the following.

1) LOCALIZATION
To localize the hand, we followed the procedure described
in [41]. The frequency difference between the two CW signals
of � f = 200 MHz forms the basis of this evaluation, allowing
a high unambiguous range of the first coarse localization.
Thus, the hand is, first, coarsly localized by reconstructing
two single-tone images at the estimated depth of the hand ze

for the first radar frame included in the evaluation. Second,
the phase difference between the two single-tone images of
the pixel containing the strongest scatterer (from the f1 im-
age) is evaluated to adjust ze. This coarse hand localization is
performed only once per measurement by evaluating the first
frame. The remaining frames are then divided into sequences
of length Nfr = 15. For each frame within a sequence, two
single-tone images are reconstructed at the adjusted depth ze.
Subsequently, the phase difference between these single-tone
images is evaluated for every pixel with an amplitude surpass-
ing the predefined threshold of −13 dB after normalization to
the maximum occurring amplitude. Thus, a depth map z(x, y)
for each radar frame is obtained to estimate the 3D hand
surface. These depth maps, along with velocity estimate per
sequence for each pixel, are used to track the hand surface.

2) VELOCITY ESTIMATION
The first depth map of a sequence is used to define zhyp(x, y)
for each pixel containing a target, forming the basis for
the velocity estimation in the sequence. In the next step,
Nfr = 15 consecutive radar two-tone images are reconstructed
at the pixel-specific depths zhyp(x, y) by performing the back-
projection method described in (4) using both CW frequencies
(Nf = 2) to obtain a higher SNR. It should be noted that in
the case of the tapping motion measured in this experiment,
zhyp was kept identical for all pixel positions, as the hand was
placed flatly on the Styrodur table, and the range of motion
of the moving finger was kept small. In general, zhyp can
vary across pixel positions, which becomes relevant if you
want to maximize the SNR for hand poses that cover a wide
depth range. After the reconstruction of all two-tone images
in a respective sequence, the pixel-specific phase differences
between consecutive images for all pixels that contain a target
are evaluated and averaged for all frames within the sequence.
This averaged phase difference is then translated into a �z-
value using the pixel-specific geometry correction described
in Section II-A. Fig. 9 shows the evaluation results of an ex-
emplary sequence, showing the locally distributed z-velocity
across the hand during the tapping motion of the index finger.
The figure demonstrates the system’s ability to distinguish
between velocities of different parts of the hand and depicts
the entire illuminated hand surface. The linearly increasing
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FIGURE 8. Overview of post-processing steps within one radar sequence (containing Nfr = 15 frames) to track motion. First, the hand is roughly localized
following the procedure described in [41], yielding a first estimate of the depth of the hand surface ze . For each frame within the sequence, two
single-tone images are reconstructed at ze , and the hand surface is localized as in [41]. The first frame of each sequence is used to obtain the depth zhyp
for each pixel, and Nfr two-tone images are reconstructed. Subsequently, the phase difference between corresponding pixels is evaluated for all frames
per sequence. This phase difference is corrected and used to calculate a z-directed velocity vz for each pixel. Finally, ze can be adjusted for the next
sequence based on the velocity evaluation.

FIGURE 9. Locally distributed velocity during finger tapping movement.

velocity value from the palm toward the index fingertip shows
the high lateral resolution of the velocity evaluation. In the
next step, the estimated velocity can be used to adjust ze. In
the case of the specific measurement, ze remained the same
after the first coarse localization, since the hand itself was not
moving. The process of hand surface depth map generation
and pixel-specific velocity estimation is then repeated. Thus,
for each radar sequence, 15 2D depth maps depicting the
hand surface coordinates and a pixel-specific estimation of the
z-directed velocity are obtained.

C. MOTION TRACKING
To evaluate the suitability of the proposed radar-based imag-
ing approach for tracking motion, we compared the measure-
ments of the position and speed of the tip of each moving
finger with those obtained by the optical reference system.

1) α-FILTERING
To extract the pixel position that contained the fingertip of the
moving finger from the radar data, the pixel exhibiting the
highest absolute occurring velocity was automatically used
for the comparison of the fingertip positions per frame and
z-velocity per sequence. However, as the frequency difference
� f = 200 MHz between the two CW signals at f1 and f2

was used for hand surface localization rather than using the
carrier frequency itself, the phase sensitivity regarding range
measurements was relatively low, affecting the measurement
accuracy [46]. Moreover, the evaluation of the fingertip po-
sition was based on a single radar frame. Therefore, the
extraction of the fingertip position was more influenced by
noise than the velocity estimation. For this reason, we used
an α-filter [47] with α = 0.005 to smoothen the position es-
timates. We took the first depth value from the first evaluated
radar frame. For each radar sequence, we used the estimated
velocity of the fingertip to predict the consecutive z-positions
within a radar sequence to leverage all captured information
and enable the evaluation of tracking accuracy for a greater
number of samples. The α-filter then compared the predicted
positions with the measured depth maps of the corresponding
frames in the sequence, smoothing the z-position of the fin-
gertip. For the next sequence, the next z-velocity was read,
and the last z-position from the prior sequence served as a
reference.

2) COMPARISON TO MARKER DATA
To compare the radar-based z-velocity and position estima-
tion of the fingertip with the reference data, we extracted
the marker position at the fingertip of the moving finger and
transformed it into the radar coordinate system, which we
determined by prior calibration measurements of markers that
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TABLE 1 Accuracy Metrics of Radar-Based z-Position and z-Velocity Measurements of the Moving Fingertip

were attached to the radar’s frontend surface. We then aligned
the data from both sensors to a uniform time base. Because
we obtained velocity data for each radar sequence but posi-
tion data for each radar frame, the respective time base for
the comparison between the radar and marker data differed
in both cases. For 15 frames per sequence, we obtained an
average sequence duration of 37.5 ms, corresponding to a
sampling rate of 27 Hz. However, it should be noted that the
frame duration and, hence, the sampling rate varied to some
extent. We received a time stamp for the beginning of each
radar frame and, therefore, for each radar sequence. The 4000
radar frames yielded a measurement duration of more than
10 s. For the optical reference system, the 3D position of each
marker was provided at a constant frame rate of 200 Hz . We
filtered these 3D positions using a 10 Hz low-pass Butterworth
filter (4th order). We calculated the velocities in the x, y,
and z directions using a central differences approximation,
and disregarded the velocities in the first and last frames of
the measurement. To compare the z-velocity of the fingertip
extracted from the radar data with the velocity obtained by
the reference system, we interpolated the marker data at the
corresponding radar sequence time stamps between 0.005 and
9.995 s.

To determine the fingertip’s position, we interpolated the
radar data obtained for each frame and smoothed by the α-
filter to a constant frame rate of 400 Hz to allow filtering
by a 10 Hz low-pass filter according to the filtering of the
marker data. As the optical system measured the dorsal side
of the finger, whereas the radar system measured its distance
to the palmar side, there was an inherent offset in the abso-
lute positions measured by the two sensors. Moreover, the
radar’s frontend surface, which we used to align the radar
data with the marker-based system’s data, did not represent
z = 0, which caused an additional offset in the measurement.
We removed this offset by determining the difference between
the mean of the local minima in the position data of the two
sensors. To compare the radar- and marker-based position
data, we then downsampled the radar signal to 200 Hz.

D. RESULTS
To evaluate the accuracy of the proposed procedure, we com-
pared the z-directed velocities of the fingertip estimated by
the radar and reference system for 262 samples in a time span
from 0.042 s to 9.99 s after the measurement start. Moreover
we compared the z-distance from 0.005 s to 10 s in 2000 sam-
ples. We calculated the root mean square error (RMSE) and
the mean absolute error (MAE) for both parameters across

19 measurements (one measurement was excluded due to
incorrect movement execution). We used the optical refer-
ence system for ground-truth comparison. Table 1 shows the
RMSE and MAE means and standard deviations of all 19
position and velocity measurements without and with the
pixel-specific correction that we introduced in Section II-A.
Without the pixel-specific correction of geometry distortions,
we obtained a mean MAE of 9 mms−1 and a mean RMSE of
12.3 mms−1 for the fingertip’s z-velocity. With the proposed
pixel-specific correction, we were able to reduce these mea-
sures by approximately 10 % to a mean MAE of 8.1 mms−1

and a mean RMSE of 11.0 mms−1, indicating very low er-
ror rates and demonstrating the effectiveness of the proposed
evaluation. The most significant difference between the two
evaluations occurs at the extreme points, where the velocity
reaches its highest absolute values. Consequently, it should
be noted that the discrepancy in accuracy between the eval-
uation with and without the pixel-specific correction will be
even greater when measuring faster motions. The standard
deviations of the mean MAE and RMSE of the z-velocity mea-
surements with pixel-specific corrections were 3.9 mms−1 and
5.2 mms−1, respectively, suggesting some error variability but
overall consistency. For the measurement of the z-position, the
mean MAE was 1.4 mm, and the mean RMSE was 1.8 mm.
The standard deviations of both the RMSE and MAE were
minimal, indicating stable and precise measurements after α-
filtering. As the tracking accuracy of the fingertip’s z-position
depends on the accuracy of the velocity evaluation, the re-
sults without pixel-specific correction also show increased
error values. Exemplary radar-based measurements of the
fingertip’s z-velocity, after applying pixel-specific geometric
distortion corrections, and the z-position, after α-smoothing
and offset removal, are compared with marker-based mea-
surements in Figs. 10 and 11, respectively. Both graphs show
a close correspondence between the radar and the reference
measurements. Minor deviations can be seen at the extreme
points where the direction of movement reversed. This can
most likely be attributed to averaging effects within the radar
measurement, as we used several radar frames to evaluate
speed and to smooth the position data. It should also be noted
that the low-pass filtering of the marker position data had
the strongest effect at the movement reversal and that we
calibrated the marker-based system with a residual error of
0.5 mm, which is why there was also some uncertainty in the
reference measurement. Fig. 12 shows an exemplary compar-
ison of the estimated depth of the fingertip before and after
α-filtering, demonstrating how this signal processing can help
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FIGURE 10. Comparison of exemplary measurements of the fingertip
z-velocity vz between the reference system and the radar after applying the
pixel-specific geometry correction.

FIGURE 11. Comparison of an exemplary measurement of the moving
fingertip’s z-position between the radar and reference system. The radar
data were smoothed using an α-filter and the offset in depth was
corrected.

to reduce noise and smoothen the depth curve by leveraging
the knowledge of the pixel-wise velocity estimation for each
radar sequence. These results demonstrate the effectiveness of
the proposed imaging radar system in accurately capturing the
z-position and z-velocity of a moving human body shell.

IV. DISCUSSION
Despite the promising results presented in Section III-D,
certain aspects of the proposed approach should also be
discussed. First, it should be noted that human motion
is inherently complex and multidimensional, encompassing
movements across all three Cartesian coordinates (x, y, and z).
Although the scope of this study was confined to motion along
the depth dimension, we can gain useful insights into specific

FIGURE 12. Comparison of radar-based fingertip z-coordinate estimation
before and after smoothing with an α-filter.

types of motion in which the depth dimension is prominently
involved, including gait analysis. When a person walks di-
rectly toward or away from a radar system, the predominant
movement component is along the depth dimension. This is
also true for many hand motions —for example, when the
palm is facing the radar. The hand itself can be tracked, and
finger motions that occur, for instance, while grapsing, can
be partly analyzed. Combined with machine or deep learning
approaches, such evaluations can also be used in the context
of gesture control. This work also forms the basis for measur-
ing vectorial motions of the body shell using radar near-field
imaging techniques. This can be achieved by integrating mul-
tiple MIMO radar systems positioned at different viewing
angles. With such a configuration, motion components can be
captured along all three spatial dimensions.

Second, a limitation of the imaging radar hardware used
in this study is its frame rate, which hinders measurements
with a high unambiguous velocity. This limitation is cru-
cial when considering full-body measurements. However, as
already noted, the current radar firmware is not optimized
for high frame rates. Firmware optimization can enhance
the frame rate even without hardware changes. Moreover, as
autonomous driving research is increasingly oriented toward
high-resolution 4D millimeter wave imaging [48], and given
that high frame rates are required for measurements with a
high unambiguous velocity, novel hardware architectures that
incorporate high data rates and fast transmission schemes are
being developed. Therefore, the low frame rate limitation of
imaging radar systems is likely to be overcome in the future.

Third, in the context of full-body measurements, the in-
fluence of clothing needs to be investigated, as the proposed
approach assumes only one reflection along the range dimen-
sion. However, assuming the strongest reflection occurs at
the body surface, this method is still applicable to accurate
velocity measurements of the body shell.

VOLUME 4, NO. 4, OCTOBER 2024 649



BRÄUNIG ET AL.: RADAR-BASED CONCEPT FOR SIMULTANEOUS HIGH-RESOLUTION IMAGING AND PIXEL-WISE VELOCITY ANALYSIS

Fourth, if the entire post-processing workflow for tracking
from Fig. 8 is extended to full-body motions, additional as-
pects, related to the 3D surface estimation using the approach
from [41], must be considered, as this method has only been
analyzed for hand contours so far. When reconstructing a
single depth slice, the SNR could be reduced if a body part
is located at a significant distance from the focal depth. This
issue can be mitigated by iteratively estimating the surface
contour, as proposed in [46]. However, two factors that require
careful consideration are the width of the single-tone point
spread function along the depth dimension and the unam-
biguous depth difference between the reconstructed and actual
depth coordinates, which is determined by the frequency step
� f . The latter must be adapted to the requirements of a full-
body measurement. The proposed velocity estimation then
builds upon a depth map of the body surface, allowing the
depth coordinates for the back projection of each pixel to vary,
thereby maximizing the SNR.

Finally, we address the aspects of computation time and
real-time capability, which are crucial not only for applica-
tions in human-computer interaction but also for scenarios
where immediate feedback is essential, such as during medical
examinations or dynamic adjustments in gait analysis. In [41],
we achieved a significant reduction in the computational com-
plexity of radar-based 3D reconstruction of the body shell by
a factor of 1000. Currently, evaluating a single radar sequence
(see Fig. 8), which involves reconstructing 15 radar images
that correspond to a measurement duration of approximately
40 ms, takes about 20 s. Further acceleration can be achieved
through fully optimized GPU reconstruction algorithms or by
incorporating additional efficient reconstruction techniques,
as discussed in [49]. This demonstrates the proposed method’s
substantial potential for future real-time evaluations.

V. CONCLUSION
In this paper, we introduced a novel concept for the pixel-wise
velocity estimation of depth-directed human motion using
near-field radar imaging. The proposed approach enables the
tracking of the entire illuminated body shell, although we tar-
geted the hand surface in this study. The proposed technique
represents a substantial improvement over previous works,
which have primarily focused on specific scattering centers
of the body resolved in the Doppler or range dimension. The
evaluation includes a pixel-specific correction that accounts
for geometry distortions in the near field that would be ignored
by far-field Doppler evaluations. We confirmed our theoretical
derivations through suitable simulations. Moreover, we con-
ducted a proof-of-concept measurement study comprising 19
measurements with a duration of 10 s each. During this study,
the participants performed a finger tapping motion while the
entire hand surface and its laterally resolved velocities were
tracked by the imaging radar. A comparison of the radar-
based fingertip velocity and position measurements with those
obtained by a reference marker-based system confirmed the

feasibility of the approach. We achieved an outstanding ac-
curacy in the pixel-wise velocity measurement with an MAE
of 8.1 mms−1 and an RMSE of 11.0 mms−1 when applying
the presented pixel-specific corrections. Furthermore, by us-
ing the hand surface localization method presented in [41],
we were able to accurately track the motions of the hand.
Incorporating the velocity information obtained through radar
sequence evaluations allowed us to achieve very high tracking
accuracy with an MAE of 1.4 mm and an RMSE of 1.8 mm.
This novel method offers entirely new possibilities for con-
tactless human motion assessment. The ability to track the
surface of a body part with such high resolution is partic-
ularly beneficial for applications in biomechanics, medical
diagnostics, rehabilitation, and human–computer interaction.
Our approach provides a foundational framework that can
be expanded to the estimation of full-body motion and other
complex movements, significantly advancing the field of hu-
man motion analysis using radar technology.
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