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Abstract—This paper considers a microwave screening system
architecture in which inverse synthetic aperture is formed by
the natural motion of the subject in the vicinity of a stationary
linear antenna array. The experimental data are obtained with
the described setup and the stop motion technique in which
the subject’s motion is imitated by a mannequin progressively
driven near a linear antenna array. The microwave system is
complemented with an RGB-D video sensor that provides a depth
map of the probed scene. Possible ways of joint optical and radar
data processing and visualization are presented. The resulting
radar images illustrate how the presence of an RGB-D video
sensor in the radar system may influence the requirement to the
radar bandwidth.

I. INTRODUCTION

It was previously shown that apart from the traditional
ways of forming synthetic aperture in the microwave personnel
screening systems: combination of electronic and mechanical
scanning (L-3 ProVision [1]) or fully electronic scanning
(Eqo [2], QPASS [3], EasyCheck [4]) there is another possible
architecture of the system in which the synthetic aperture is
formed by the motion of the subject [5]. The motion of the
subject when he or she moves in the vicinity of the antenna
array can be used to obtain multi-view radar images of the
subject with concealed objects beneath clothing. This can be
achieved by synchronously registering the trajectory of the
subject with an RGB-D video sensor or an equivalent device
capable of capturing the 3D-map of a dynamic scene with
sufficient frame rate, frame and depth resolutions. By doing
so, the vertical resolution of the radar system is defined by
the extent of the vertically oriented antenna array, while the
horizontal resolution is defined by the traveled distance of the
subject primarily in the perpendicular (horizontal) direction.
An RGB-D video sensor, or an equivalent device, is required
to capture the depth-map of a dynamic scene synchronously
with the radar signal to be jointly processed with it. It is
clear, that due to reciprocity, the volume of space for which
the radar signal should be collected from the moving subject
must be approximately equal to the size of the portal of the
modern microwave screening systems with the difference that
the number of radar antennas, or channels, can be substantially
decreased. The decrease in the quantity of antennas should not

diminish the information content of the radar signal, because,
with the new approach, the data is collected during the time
the subject passes through the active area (volume) of the
radar system. In this case, the fewer quantity of antennas
left in the radar system can be placed in a compact housing
with the form-factor of a frame metal detector. The proposed
architecture of the personnel screening system is expected to
have the following advantages [5]: maximal throughput, lower
price, small footprint, and lower energy consumption.

To estimate the performance of the proposed microwave
screening system of inverse aperture, an experimental setup
was created consisting of a vector network analyzer (VNA),
two vertically oriented linear drive modules, a horizontal
linear drive module, flexible antenna feeders, two waveguide
antennas, and a Microsoft Kinect v2 RGB-D video sensor [5].
The VNA, all linear drive modules, and the Kinect are re-
motely controlled by a personal computer. One or two vertical
linear drive modules move a pair of antennas simultaneously
(mono-static mode), or independently (multi-static mode). The
antennas are connected to the VNA by a pair of flexible
antenna feeders. The horizontal linear drive module is used
to move a mannequin in an arbitrary horizontal direction. At
the beginning of an experiment the following parameters must
be defined: the mode of operation, sampling intervals for all
three (multi-static) or two (mono-static) linear drive modules
and the frequency grid. After the launch, the experiment runs
automatically exploiting the stop motion technique, which
involves moving the mannequin by the horizontal linear drive
by small increments and collecting the radar signal samples
by mechanically moving the antennas in the programmed
positions. The RGB, infrared, and depth images of each
static scene are obtained with the Kinect and saved for the
subsequent joint processing with the radar samples.

Obtaining a radar image involves extracting the trajectory
of the mannequin in three dimensions by detecting the salient
points on the mannequin in the image and tracking them in
the sequence of collected images. The radar image is obtained
by generating a dense grid on the surface of the mannequin
using the detected salient points as landmarks. Each node of
the dense grid is treated as a dynamic focusing point when



processing the radar samples. The ambiguity function in such
points is calculated by the back projection method adjusted
for the moving focusing points. At the modeling stage it was
shown that the presence of an independent depth channel may
relax the requirements on the frequency bandwidth of the radar
system because the radar ambiguity function can be calculated
at the actual distance provided by the RGB-D video sensor [6].
The use of a single frequency results in the long depth of focus,
which allows getting radar images of the concealed objects
placed at a larger range interval compared to the case when
the signal had a wide bandwidth. Equipping the radar system
with a depth sensor provides two possible options: use a single
frequency and focus at the clothing surface expecting that the
long depth of focus will allow revealing concealed objects, or
use a wide frequency band and focus at the range of distances
not to loose concealed objects at different depths and present
the calculated ambiguity function for the required volume, for
example, by the maximum value projection technique [7].

The option with a single frequency signal appeals by its
simplicity. The focusing points belong to the surface, what
limits the amount of points to be considered at the stage of
signal processing. A single frequency will allow using narrow-
bandwidth planar technology to build the radar system, making
it simple. The radar image is expected to be more cluttered
and with a poorer plan view resolution in this case because of
no range resolution. For example, a narrow bandwidth signal
is used in the system Eqo in which the short depth of focus
is achieved by the extent of the aperture [2].

Increasing the bandwidth of the radar signal endows the
system with the range resolution leading to the necessity to
process not only the points belonging to the surface of the
clothing but also deeper ones. Such approach increases the
requirements on the computing power of the data processor
and to the complexity of the radar system.

In the rest of this paper the two cases are compared by using
the experimental setup and technique outlined above.

II. THE DATA PROCESSING AND VISUALIZATION

The photo of the experimental setup used to acquire the
data is shown in Fig. 1, where the following components of
the setup are visible: a linear drive module with a wooden
arm (1) that carries two antennas (2) connected to the VNA
(3) by flexible feeders (4), a mannequin (5) atop of a carriage
(6) movable by another linear drive module (7), a Microsoft
Kinect v2 (8) over the VNA captures the depth map and the
intensity image of the scene, and a personal computer (9) that
remotely controls all the components of the setup.

When processing the radar data acquired at a wide fre-
quency bandwidth, the problem of antenna calibration is criti-
cal because the electric properties of the antennas and feeders
depend on the frequency. This results in the fact that the phase
dependence on the frequency for a point-like scatterer diverges
from the expected theoretical dependence 2k(f)r, where k
is the wavenumber, r is the distance to the target, f is the
frequency. To obtain this dependence from measured data, the
corrector multiplier function, represented as ejφ, was obtained

Fig. 1. The photo of the setup used in the imitation experiments.

(a) Without calibration (b) With calibration (c) Model

Fig. 2. Reconstructed radar image of a point-like scatterer.

by dividing the expected signal by the signal acquired from
a point-like scatterer for the whole working frequency range.
Fig. 2 illustrates the result of applying correction procedure to
a point-like scatterer placed at the distance of 20 cm (along
axis Z) from the scan line (axis Y). Before measurements the
two ports of the VNA were calibrated using TOSM (Through,
Open, Short, Match) method so that the reference planes were
at the connectors of the antenna feeders. The demonstrated
radar images were obtained according to the wide bandwidth
reconstruction technique [7]. Fig. 2a shows the radar image
obtained after moving the measurement reference planes to the
feeder connectors only. Fig. 2b shows the radar image when
correcting the data with the calculated corrector function. Fig.
2c gives the modeled (referent) radar image. Upon calculating
the corrector function, it is possible to process the data using
the back projection method [8] according to the following



equation:
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Equation (1) has the following notation: Qj—the ambiguity
function calculated for a moving focusing point j belonging to
the mannequin, E—the corrected complex radar signal sam-
ples, k—the frame index, Ntg—the total number of frames, or
the number of target positions, l—the sampling point index,
Ntr—the total number of sampling points along the scan line,
f—frequency, m—the frequency index, ~rl—the coordinate
vector of sampling point l, ~rj,k—the coordinate vector of
focusing point j in frame k.

Each focusing point with index j in Equation (1) belongs
to a dense 3D grid, generated within the volume occupied by
the moving mannequin. The grid is bound to the mannequin
using salient points on its surface as the landmarks detected
and tracked automatically in a sequence of optical and depth
images of the scene provided by the 3D video sensor [5].

The mannequin was dressed as shown in Fig. 3 during the
following experiment. Explosives simulants (pieces of soap)
with bolts on their surface were placed in the vest chest
pockets. The mannequin had a hidden knife along the right
hip and a metal pistol under the fabric belt around the waist.
The radar images demonstrated in Fig. 4 and 5 were generated
from the data acquired with the following parameters of the
experiment. The continuous wave stepped-frequency signal
had the frequency range from 6 to 12 GHz with the frequency
step equal to 250 MHz, resulting in total 25 frequencies. The
mannequin was moved by 1 cm intervals along the distance
of 100 cm by the horizontal linear drive module. The length
of the antenna scan line was 100 cm with the sampling
interval of 1 cm. The total volume of acquired data during
the experiment was 101 by 101 samples at 25 frequencies.
The distance to the mannequin was varying from 150 to 110
cm along the direction parallel to the main optical axis of the
3D video sensor. The average distance from the mannequin to
the antenna scan line was equal to 80 cm.

Fig. 4 demonstrates the radar images obtained at the single
frequency of 9 GHz. The radar image in Fig. 4a was obtained
by focusing on the surface points only (the surface visible by
the RGB-D sensor). The radar image in Fig. 4b was obtained
by the maximum value projection method for the ambiguity
function calculated for the near surface layer: starting from the
surface into the volume occupied by the mannequin through
0.5 cm interval steps up to the maximum depth of 3 cm. The
radar images in Fig. 4 look almost identical. This is due to
the fact that the imaging system has a long depth of focus for
a single frequency and calculating the ambiguity function for
a stack of near surface layers gives very similar radar images.
Merging them with the maximum value projection method re-
veals nothing new that was not present in the single frequency
radar image focused at the visible surface. The images in Fig.
4 are heavily cluttered, which was not expected according

Fig. 3. The photo of the mannequin with concealed objects under the clothing.

to the previously obtained simulation results [6]. The clutter
may come from partial radio transparency of the mannequin
that creates complex multi-path interference pattern near its
surface. Analogous radar images should be obtained for a real
human to estimate the capability of single frequency imaging
with the considered radar system. Obtaining radar images of a
human requires modification of the current experimental setup.

Fig. 5 demonstrates the radar images obtained using all
available 25 frequencies. Fig. 5a gives the radar image ob-
tained by calculating the ambiguity function at the distance of
2.5 cm from the visible surface of the mannequin, while Fig.
5 results from visualizing the ambiguity function calculated
for the stack of near surface layers by the maximum value
projection method. Using wide frequency band decreases
the focusing depth of the radar system and produces much
cleaner radar images than at a single frequency. The explosives
simulants and the pistol in Fig. 5b have both high contrast
and are easily visible, while the knife on the heap is less
discernible as it is oriented along the speckle on the right hip
of the mannequin. It may be suggested that in the real radar
system the motion of the walking subject can result in natural
suppression of speckle effects in the resulting radar images as
the position of the speckle areas on the human body constantly
changes.



(a) Focusing at surface (b) Maximum value projection

Fig. 4. Radar images calculated using the single frequency of 9 GHz.

(a) Focusing at 2.5 cm from the
surface

(b) Maximum value projection

Fig. 5. Radar images calculated using 25 frequencies from 6 to 12 GHz.

III. CONCLUSION

The considered microwave screening system of inverse
aperture uses the movement of the subject in the vicinity of a
stationary linear antenna array to obtain detailed radar images
of concealed objects beneath clothing. A synchronous RGB-D
video sensor or analogous device captures the trajectory of
the moving subject in 3D and allows coherent processing of
the radar signal. Such a microwave screening system gives
many options how to jointly process the radar data with the
depth map of the scene obtained from the independent channel.
The data used here were obtained with the experimental setup
and stop motion technique with mechanically moved antennas
and a mannequin. Within limitations of this experimental
technique, it was demonstrated that the radar images obtained
with the multi-frequency radar signal substantially outperform
the single-frequency radar images in spite of the presence of
independent depth measuring channel, introduction of which
might have removed the requirements on the radar system
to have wide frequency bandwidth. It is expected that the
radar images obtained with the radar system operating on a
moving human may have better resolution due to the following
conditions: operation on animate subjects may suppress the
speckle effects compared to the radar images obtained from a
mannequin that moves translationally, dielectric properties of
the human skin may result in radar images with less clutter
attributed here to the multi-path propagation effects in the
plastic body of the mannequin. Future work will concern
replacing mechanical scanning in the experimental setup with
an electronically switched antenna array and real time data
acquisition from a walking human.
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