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ABSTRACT This study utilized a multiple-input multiple-output synthetic aperture radar (MIMO-SAR)
technology employing a frequency-modulated continuous wave (FMCW) millimeter-wave MIMO radar to
execute two-dimensional (2D) and three-dimensional (3D) imaging of objects. By analyzing the intermediate
frequency (IF) signal generated from the transmitted and received chirp signals, Range FFT spectra with
information on the distance to the object and on the reflection intensity according to frequency were obtained.
The integration of reflection intensity provided a comprehensive image at varying distances, while the 2D
cross-sectional image of an object inside a concealed cardboard achieved a spatial resolution of less than
1 mm. Through innovative data processing techniques, such as the spatial translation filter, we succeeded in
the reconstruction of a monolayered 3D image of a clothed human body’s surface. Moreover, the system
demonstrated its potential for security checks by effectively identifying dangerous items concealed by

human.

INDEX TERMS Chirp radar, imaging, millimeter wave radar, MIMO, synthetic aperture radar.

I. INTRODUCTION

Electromagnetic waves within the frequency range of
30-300 GHz are commonly referred to as millimeter waves
(MMWs) due to their corresponding wavelengths ranging
from 10 mm to 1 mm. MMWs have garnered significant
attention in scientific research due to their distinctive prop-
erties. The utilization of MMWs in imaging applications
has emerged as a compelling alternative to conventional
measurement methods, offering potential solutions to their
inherent limitations. One notable characteristic of MMWs
is their high transmittance through various objects, includ-
ing clothing and cardboard. This feature enables imaging
through obstacles that hinder visibility in traditional measure-
ment techniques. Furthermore, unlike other radiation-based
methods, MMWs pose no risk of exposure, making them
safer for both operators and subjects. Additionally, MMWs
exhibit exceptional weather resistance, remaining functional
even in adverse weather conditions such as rain and fog.
These inherent advantages have led to the development of
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several applications utilizing MMWs for different purposes,
including vehicle-mounted radar for driver assistance sys-
tems and automated driving [1], [2], biometric monitoring
technology for non-contact measurement of vital signs [3],
[4], [5], infrastructure inspection for detecting cracks under
the lining paint [6], [7], [8], [9], non-destructive testing for
object defect detection [10], [11], [12], security technology
for the detection of dangerous objects [13], [14], [15].

The objective of this study is to perform various security
and body checks in a non-contact manner, and it is crucial
to advance measurement and data-processing technologies
capable of obtaining high-precision, 3D information about
object shapes accurately. Meanwhile, in order to expand
the potential of this research for future practical applica-
tions, it is important that the system is compact as well as
cost-effective.

However, a traditional MMW radar system consists of dis-
crete components, including antenna components for trans-
mission and reception, analog components for the clock,
and digital components such as an A/D converter (ADC),
microcontroller (MCU), and digital signal processor (DSP).
Unfortunately, these discrete implementations result in larger
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FIGURE 1. (a) The image sample. (b) 3D imaging result.

and more complex systems, increased power consumption,
and higher overall costs [16].

Despite the advancements in complementary metal-oxide
semiconductor (CMOS) technology that have led to the inte-
gration of cost-effective MMW wideband radar sensors, the
inherent challenge of requiring a significant number of sen-
sors to achieve a comprehensive high-resolution image of
the scene persists as a significant hurdle for MMW imaging
systems [17], [18], [19].

In the related study on 3D MMW imaging, a 3D point cloud
of metal springs utilizing a PR2 robot for 3D geometric imag-
ing has been successfully constructed [20], this work used a
vector network analyzer to transmit MMWs at 15 - 26.5 GHz,
and the distance resolution of approximately 13.6 mm. While
using radar with a wider bandwidth could slightly improve
the distance resolution, it is not an optimal choice in terms
of system compactness and price. On the other hand, Texas
Instruments has developed a single-board FMCW MMW
radar module (model: IWR1443) with continuous frequency
modulation (77-81 GHz), which features a small size and
low cost [21]. By utilizing this module, a compact MMW
imaging system can be built to achieve a more effective
and cost-efficient solution. A previous study proposed a 3D
image reconstruction algorithm using MMW multiple-input
multiple-output (MIMO) radar. Nevertheless, the visibility of
the reconstructed images was severely affected by the lack
of proper data processing for achieving 3D imaging of object
contours. For instance, when the wrench was measured within
a cardboard box, as shown in Fig.1 (a), the resulting 3D
image suffered from significant noise interference caused by
the cardboard and the surrounding environment. This led to
the inability to accurately recognize the wrench as intended,
as shown in Fig.1 (b). Additionally, almost all previous stud-
ies focused on measuring objects with flat surfaces, with few
results on objects with curved surfaces [21], [22]. Because the
reflected signal from an object with curved surfaces (e.g., the
human body) is quite weak [23].

Therefore, the purpose of the present study is to involve
processing the observed point cloud data to faithfully repro-
duce the 3D shapes of various original objects. The novelty
and significant contribution of this study lies in the success-
ful implementation of our innovative image reconstruction
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FIGURE 2. (a) IWR1443 MMW module. (b) MMW imaging system.

techniques, enabling the accurate reproduction of the 3D
shape of a non-planar object. Notably, our techniques achieve
an impressive spatial resolution of less than 1 mm, both
in-plane and at a distance. Furthermore, our focus in future
research will be on enhancing the algorithm for point cloud
data to achieve better resolution and incorporating deep learn-
ing for object recognition of 2D and 3D point clouds.

IIl. MILLIMETER-WAVE FMCW RADAR SYSTEM

In this work, the IWR1443 module, depicted in Fig. 2(a),
was attached to a 2-axis mechanical stage for X-Z scanning
purposes, as shown in Fig.2 (b). The duration of the chirp
signal in the 77-81 GHz range is 40 us. The received signal
reflected from an object of the measurement target is mixed
with the transmitted signal by a mixer, and the frequency
components of the sum and difference of the two signals are
output [24]. By passing this mixed signal through a low-pass
filter (LPF), only the difference frequency component is
extracted as an intermediate frequency (IF) signal [25], [26].
Using the IF signal, we can obtain a Range FFT spectrum in
which each spectrum peak reflects the position of the object’s
surfaces. Hence, it is possible to obtain reconstructed 2D and
3D images using the point cloud data corresponding to the
object’s distance in the Y -direction.

To achieve high spatial resolution in our system,
we employ MIMO-SAR (Synthetic Aperture Radar) technol-
ogy, which reduces hardware complexity and cost. MIMO is a
communication technology employing multiple transmit (Tx)
and receive (Rx) antennas. These antennas were positioned
at regular intervals based on the wavelength of the frequency
used, thereby creating a virtual array that capitalizes on the
phase differences in received signals [27]. This methodology
aims to increase the effective radar aperture length and
improve spatial resolution. To overcome the limitations of
aperture length in MIMO technology, SAR technology has
been integrated [28], [29], [30]. SAR utilizes the concept
of a virtual orbit, wherein a large number of antennas are
distributed along the radar system’s path, allowing signal
transmission and reception while the system is in motion [31],
[32]. This dynamic movement effectively increases the aper-
ture length, thus enhancing system performance.

Moreover, the distance resolution is also important for an
FMCW radar. Distance resolution is the capability of the
radar to distinguish or resolve nearby adjacent objects in the
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FIGURE 3. Different methods to obtain 2D images. (a) Cross-section
method. (b) Distance-integrated method.

range, it can be calculated as follows [25]:
c

=35 (1)

where ¢ is the speed of light and B is the sweep band-
width. For the proposed MMW radar system, the sweep
range is 77 - 81 GHz, by substituting the bandwidth B =
4GHz into (1), we get that the theoretical distance resolution
is about 3.75 cm. Owing to the sweep bandwidth of the
device, enhancing the distance resolution remains unattain-
able. Therefore, our primary emphasis will be directed toward
the processing of the observed point cloud data, to faithfully
replicate the 3D shape of the object.

Ar

Ill. RECONSTRUCTION METHODS

This study employed the analysis of the Fourier-transformed
IF signal to determine the reflection intensity at various dis-
tances, enabling 2D and 3D imaging. Ideally, the reflected
intensity data obtained through the analysis of the IF signal
should exhibit a single intensity peak corresponding to the
distance from the object of measurement [25]. However,
in practice, this outcome is influenced by factors such as
the strength of the chirp signal utilized, environmental noise,
and micro-motion or vibrations originating from the object
itself [14]. Moreover, the measurement process involves
mounting the MMW module on a two-axis stage that moves
in 2D during the measurement, thereby introducing vibrations
as an inevitable interference. Consequently, it is uncommon
to obtain a single intensity peak when analyzing the reflected
signal from an object of measurement target.

There are several methods for obtaining 2D reconstructed
images from a Rang FFT spectrum [33], [34], and we
obtained (i) 2D cross-sectional and (ii) integral images in the
following ways. (i) The Y-coordinates of the peaks giving
intensities above a certain threshold are extracted from the
Rang FFT (distance FFT) spectrum [see Fig. 3(a)] to create
3D point cloud data, and then a 2D cross-sectional image
of the X-Z plane was obtained at each distance (Y). (ii) An
integral image was obtained by determining the interval on
the distance (¥) where the signal intensities were to be inte-
grated and adding all the signal intensities within that interval
together, as shown in Fig. 3(b).

The former approach enables imaging of objects within
a particular section, but it possesses the drawback of being
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unable to capture the complete object if it is tilted or has
a non-flat surface. Conversely, the latter approach allows
for imaging objects at varying distances, presenting objects
at a specific distance as a whole, akin to the perspective
provided by a camera. Therefore, the spatial resolution of
the system can be determined more successfully by analyzing
cross-sectional images of objects with flat surfaces, and the
overall fluoroscopic imaging of the object can be observed
more successfully by analyzing integral images.

Acquiring a 2D image allows for determining the resolu-
tion of the internal cross-section, while the external contour of
the object requires 3D imaging to obtain it. In previous stud-
ies, MMW imaging primarily concentrated on measurements
of flat objects [35], [36]. However, the presence of environ-
mental noise and object vibrations, besides device-specific
distance resolution, often results in the emergence of multiple
peaks around the object distance. Consequently, obtaining
the outer contour of the object becomes exceptionally chal-
lenging. In order to obtain highly precise 3D point cloud
coordinates, this study employed the same method as the
previously mentioned (i), where the Y coordinates of peaks
above a certain percentage (e.g., 70~90%, depending on the
object) near the peak intensity maximum (in close proximity
to the object) were extracted to obtain the 3D point cloud data,
as shown in Fig. 3(a). Consequently, for an (X, Z) coordinate,
there have multiple Y values, as shown in Fig. 1(b). For
3D imaging utilizing point cloud data, it is crucial that the
data accurately represents the external outline of the object.
Therefore, for the data with multiple Y values in single (X, Z)
coordinates, we developed the following 3D reconstruction
algorithm.

The first step involved clustering the data based on their
similarity. During the scanning process, background objects
such as absorbers or metal supports may be present around
the target objects. Hence, it was necessary to cluster the point
clouds belonging to different objects to separate the point
cloud of the object. The clustering equation used was as
follows:

d = [ — 0P+ 01 —mP + @ -2 Q@)

where d represents the distance between two points
(x1,y1, z1) and (x2, y2, z2). If d is greater than a certain value,
the two points are considered to belong to different groups,
while if d is smaller than a certain value, the two points are
considered to belong to the same group. By applying this
clustering process, the point cloud of the sample could be
separated. In this study, d was set at 5 mm.

The second step is to monolayer the point cloud of the
sample. As previously mentioned, after preliminary filtering
of the point cloud data, each (X, Z) coordinate had multiple
Y values. Therefore, the average of all the Y values corre-
sponding to the same (X, Z) point was calculated, and each
(X, Z) coordinate corresponds to only one Y value. This step
aimed to average out unnecessary thickness information and
filter noise caused by environmental noise and vibrations of
the object.
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FIGURE 4. (a) Invisible wrench and hammer packed in a cardboard box.
(b) 2D intensity integration image.

In the third step, 3D averaging was applied to the monolay-
ered point cloud. After the second step, although each (X, Z)
point only had one corresponding Y value, there was still a
difference in the point clouds along the Y direction, making
it difficult to obtain a smooth 3D result. To address this issue,
3D averaging was applied to the point cloud around a point
(X0, Yo, 20) using the following equation:

o =20 + 0k =30 + @ —0P <2 (3)

N
(55 . ) = 2=t e o) @
Here, to process the 3D point cloud data, a sphere with a
radius r was defined using a selected point (x,, Yo, Zo) as
the center. Within this sphere, all points (xg, yk, zx) were
extracted. The average of these N points was then calculated,
and the resulting average coordinates were assigned as the
new coordinates for the point (x{, y{. z5). This process was
performed for each point in the point cloud. In this study, this
process was repeated 10 times with a gradually decreasing r
value. This choice of radius allowed for an effective averaging
of the nearby points within the defined sphere and contributed
to generating smoother 3D results.

IV. IMAGING RESULTS

In order to measure the imaging performance of this MMW
imaging system, and the accuracy of the data processing
algorithms mentioned in the previous section, a wrench, and
a hammer were packed inside a cardboard box as an imaging
sample, which is depicted in Fig. 4 (a). To ensure stability,
foam cushioning material was used to fix the tools within the
boxes. The approximate distances of the wrench and hammer
were at ¥ = 235+ 5 mm and ¥ = 320 & 5 mm from the
MMW module, respectively. Furthermore, the length of open
space between the fixed and movable jaws of the wrench was
23 mm. Fig.4 (b) presents a 2D intensity integration image
displaying the reflection intensity in the depth direction (Y)
at each (X, Z) coordinate within the range of ¥ = 190 ~
350 mm. The intensity integration images effectively capture
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FIGURE 5. 2D cross-sectional images. (a) Y =237 mm. (b) Y = 322 mm.

the wrench and hammer, despite their different depth posi-
tions along the Y -axis.

Furthermore, Fig. 5(a) and (b) show 2D cross-sectional
images of the wrench and hammer at ¥ = 237 mmand ¥ =
322 mm, respectively. The 2D cross-sectional images show
good spatial resolution in the X-Z plane and the accuracy
of the imaging precisely. The moving parts of the wrench
and hammer are clearly imaged at their respective placement
locations. To assess the accuracy of the measurement using
this data, the distance between points A and B is calculated
in Fig. 5(a) based on the coordinates of two points, resulting
in a value of 23.5 mm. In comparison, the actual distance
between the fixed and movable jaws, as measured by calipers,
is 23 mm. Incidentally, the interval between the measurement
data along the X and Z axis AXyin = AZpin = 0.9 mm.
These results indicate that the MIMO-SAR imaging tech-
nique successfully achieves a measurement accuracy of less
than 1 mm, accurately imaging the 2D plane represented in
the 2D image.

The front view of the 3D point clouds of the wrench and
hammer inside the cardboard box is shown in Fig. 6(a). The
noise due to reflections from the area around the measure-
ment chamber was eliminated beforehand and the signals
which have weak reflected intensity have been removed.
Fig. 6(b) shows the reconstructed 3D point cloud image, the
red point cloud is the wrench, the orange point cloud is the
hammer, and the blue point cloud represents the front and
back of the box. By comparing these two point cloud images,
we can conclude that the algorithm we developed effectively
removes noise and the processed 3D point cloud accurately
reconstructed the surface shape and position of the wrench
and hammer in 3D space.

Furthermore, we conducted object scanning from four dis-
tinct directions at 90-degree intervals. The acquired data was
then reconstructed, and the results from each direction were
stitched together, considering the respective scanning angles.
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FIGURE 6. (a) 3D point cloud image after extracted peak intensity.
(b) Reconstructed 3D point cloud image in one direction.
(c) Reconstructed 3D point cloud image in four directions.

The supplementary video showcases rotated 3D imaging
results [37], with a side view depicted in Fig. 6(c). It can
be concluded that after reconstructing and stitching the point
cloud data by scanning from multiple angles, the surface
contour, and the position of the object in space are well
restored.

In addition, in Fig. 6(c), the distance between the sur-
face reflections from the wrench and the hammer in the
Y -direction is 85.52 mm, which closely matches the practical
distance. And the thickness of the wrench is determined to
be 15.84 mm, which is quite similar to the actual thickness
of 15 mm. This observation leads to the conclusion that the
data processing algorithm employed in this paper achieves
a distance resolution accuracy of less than 1 mm within the
processed 3D point cloud.

V. HUMAN BODY MEASUREMENTS

MMWs exhibit excellent clothing penetration capabilities,
making them highly suitable for security inspections involv-
ing the detection of dangerous objects. Previous research on
human body detection has primarily focused on 2D imaging
of a single side of the human body [15], [21], [22]. In this
study, we have developed a data processing algorithm that
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(b)

FIGURE 7. (a) Multi-angle MMW scanning system. (b) Clothed human
standing on a precision turntable.

allows us to acquire point cloud data representing the surface
shape of the objects. However, it is important to note that the
intensity of the reflection signal is extremely reduced as the
angle of incidence deviates from the vertical while maintain-
ing relatively high levels when the MMWs emitted from the
module are injected and reflected at angles close to the verti-
cal [38]. To address this issue, we have designed a multi-angle
MMW scanning system, depicted in Fig. 7(a), which incor-
porates four MMW modules mounted on four two-axis
mechanical stages. This configuration enables simultaneous
scanning at four different angles, with an angular separation
of 45 degrees between each module.

For the measurements of human body surfaces, a clothed
human stood on a precision turntable positioned at the center
of the multi-angle MMW scanning system. Furthermore, the
wooden fixation bars were placed on either side of the body
to prevent the body from moving too much, as presented in
Fig. 7(b). Under these conditions, measurements were taken
in 22.5-degree increments from around the human body.
In other words, a total of four 2D scanning were carried out in
a total measurement time of 16 minutes (4 minutes/scan). The
2D scanning in the present system involves repeated scanning
in the horizontal (X-axis) direction at a speed of 500 mm/s,
but if this is changed to a repeated scanning method in the
vertical (Z-axis) direction and a system with 16 modules is
constructed, it is possible to scan the entire body in less than
one minute. Moreover, if a MIMO module with a substan-
tial number of transmitting and receiving antennas is used,
the scanning time will be significantly reduced, as frequent
repetition of scanning becomes unnecessary.

Consequently, we could acquire 3D point cloud data
enabling the construction of a seamless 3D image of the
human body. Fig. 8 depicts the 3D point cloud data obtained
through multi-angle scanning of the clothed human body.
Fig. 8(a) displays the 3D point cloud image obtained in front
of the human body, while Fig. 8(b) presents the processed 3D
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(b)
FIGURE 8. (a) 3D point cloud image in one scanning direction after
extracted peak intensity. (b) Reconstructed 3D point cloud image.

Concealed knife

(b)

FIGURE 9. (a) The security check sample. (b) 3D point cloud image after
extracted peak intensity. (c) Reconstructed 3D point cloud image.

point cloud image. Despite the inherent uncertainties intro-
duced by slight variations in breathing and posture, as well
as the presence of noise and potential measurement errors
during the scanning process, we achieved successful 3D
reconstructed images that accurately capture the distinctive
features of the human body shape.

MMWs, which do not harm the human body, may also be
useful in checking for weapons and other items concealed by
people. As an example, we observed a person with a knife
hidden in a bag, as shown in Fig. 9 (a). The extracted 3D
point cloud data, obtained after extracting based on peak
intensity, is shown in Fig. 9(b), The image of the human body
and knife is relatively blurred. Additionally, Fig. 9(c) shows
the reconstructed 3D point cloud image, where the white
point cloud represents the human body, the blue point cloud
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signifies the reflection of the bag, and the pink point cloud
indicates the concealed knife, the knife’s shape is clearly
discernible in this image. It can be concluded that compared
to the point cloud image after extracted peak intensity, the
reconstructed point cloud data can get a clearer contour of
the non-flat object, and the algorithm we developed removes
the noise from the 3D imaging effectively. As these results
show, using our MMW scanning system and the algorithms
of the 3D image reconstruction program, it is possible to make
a clear distinction between the human body, the bag, and the
knife (weapon).

VI. CONCLUSION

In this study, a MIMO-SAR FMCW MMW radar imaging
system was constructed and the techniques to obtain accu-
rate 2D and 3D reconstructed images using the observed
point cloud data were developed. In the case of 2D recon-
structed imaging, we employed 2D cross-sectional imaging
at a certain distance and intensity integration imaging to
visualize objects within a specific distance. For 3D imaging,
we have developed a noise reduction method that facilitates
the acquisition of smooth surface 3D point cloud data. These
technological developments have enabled the measurement
of non-planar objects and objects placed at different distances
with high spatial resolution. In other words, we have suc-
ceeded in constructing an image reconstruction technique
with a spatial resolution of less than 1 mm both in-plane
(X-Z plane) and at a distance (Y -axis direction).

Moreover, when imaging clothed human subjects, we con-
ducted scans from 16 different angles, successfully generat-
ing 3D reconstructed images that obtained the uneven surface
of the human body. Importantly, by applying this system in
security applications, we achieved the identification of dan-
gerous items carried by a human successfully, highlighting its
potential for practical implementation.

Moving forward, our future research will concentrate
on utilizing the 3D point cloud data obtained from the
reconstruction process for object recognition based on deep
learning techniques. By doing so, we aim to enhance the
efficiency and intelligence of the system, further advancing
its capabilities.
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