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Abstract—In this paper the performance over time of a
freehand, mm-wave imaging scanner is studied. The system
comprises a FMCW on-chip-radar and a motion capture system
used to estimate the position of the scanner during the acquisition
process in order to coherently combine the measured data
creating a synthetic aperture. The scanner is controlled by
a conventional laptop, which is also in charge of processing
the obtained data displaying real-time results. Specifically, four
snapshots (i.e., intermediate results) of the same scan comprising
a target hidden under a hard cardboard box are analyzed. The
obtained results show that only a few seconds can be enough to
retrieve a rough estimation of the shape of the targets within the
volume under test.

Index Terms—Freehand imaging, SAR imaging, mm-wave
imaging, FMCW radar, real-time imaging.

I. INTRODUCTION

Electromagnetic imaging systems can build the image of an
object by measuring its scattered field. Particularly, mm-waves
provide a good trade-off between resolution and penetration
capabilities for a large number of applications. The develop-
ment of mm-wave scanners for security applications [1], non-
destructive evaluation (NDE) [2] and industrial applications
[3] has been a hot research topic. Most of the aforementioned
scanners are based on moving along a two dimensional plane
an array of transceivers to create synthetic apertures, improv-
ing the cross-range resolution. Alternatively, other scanners
comprise hundreds of transceivers to build a real aperture
taking advantage of the high level of integration of mm-wave
technology recently achieved [4]. A hybrid approach has been
proposed by means of portable scanners exploiting multiview
information (resembling computer vision techniques), which
can be manually moved in order to obtain multiple views
of the volume under test [5], [6], [7]. Recently, a freehand
scanner based on a mm-wave frequency modulated continuous
wave (FMCW) radar with a monostatic configuration has
been proposed [8]. The system, which is cost-effective and
compact, exploits the freehand movements of the scanner to
create a synthetic aperture. In particular, the system employs
a time-domain backprojection algorithm [9] to obtain real-
time reflectivity images of the volume under scan so that the
operator can determine if any part of it needs to be further
inspected. In this paper, the quality of the obtained results ver-
sus acquisition time, i.e., the number of radar acquisitions, is
analyzed comparing the reflectivity image obtained at several
snapshots during a scan of a test target.

II. SYSTEM ARCHITECTURE

First, the architecture of the imaging system proposed in
[8], based on a mm-wave FMCW radar, is briefly reviewed.
The radar is freely moved over the volume under test (Fig.
1), which imposes several constraints to each component of
the system. In particular, the scanner must be lightweight
and compact and the accuracy provided by the positioning
subsystem should be high enough (errors below λ/10 at mm-
wave frequencies) in order to coherently combine the radar
measurements. In addition, the signal processing performed
to obtain reflectivity images must ensure real-time operation
without requiring a regular spatial sampling.
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Fig. 1. Setup of the proposed system.

The system is structured in the three subsystems described
below:
• Control and processing subsystem: queries the radar

frames comprising IF data and its position to the other
subsystems and processes the received data to obtain real-
time images of the volume under scan. This subsystem
is composed of a PC, which is connected with the
radar subsystem by a USB port and with the positioning
subsystem by an Ethernet connection (Fig. 2).

• Radar subsystem: transmits and receives the radar signals
when required by the control subsystem and sends the
IF signal to the Control and processing subsystem for
further processing. This subsystem is composed of the
BGT60TR24B radar transceiver (Fig. 3) of Infineon R©
[10], which includes the RF frontend and the USB
interface that makes possible to send the IF signal to the
control PC. The waveform of the signal transmitted by
the radar has an up-chirp saw tooth pattern. The central
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Fig. 2. Block diagram and information flow of the proposed system.

frequency of the radar is fc = 60GHz, the bandwidth
was set to BW = 6GHz and the chirp duration, i.e.,
the duration of the frequency ramp of the radar signal,
to Ts = 512µs. The RF frontend includes 2 transmitting
and 4 receiving low directivity patch antennas. However,
for this system a quasimonostatic configuration with one
transmitting and one receiving antenna was considered.

• Positioning subsystem: estimates the position and the
attitude of the radar by means of an optical tracking
system. This subsystem is formed by the motion capture
system of Optitrack R© [11]. The cameras of the system
(Fig. 1) track the markers attached to the radar module.
The position retrieved by the positioning system, which is
the centroid of the deployed markers, must be translated
to match the position of the radar.

Fig. 3. FMCW radar module used for the imaging system.

III. METHODOLOGY

During the data acquisition, the radar is freely moved
over the volume under test. However, in order to avoid
high reflectivity areas due to an imbalance on the sample
distribution, i.e., some areas concentrate a large number of
samples with respect to other undersampled areas, a virtual
reference plane over the volume under test is defined. This
reference plane is discretized in a grid of cells within which

Fig. 4. Scanned target.

only a maximum number of samples is allowed. In addition,
to limit the impact of scanning along a non-flat surface, a
tolerance value with respect to the reference plane is defined
so that only measurements within that tolerance are considered
valid.

The reflectivity of the volume under test is updated after
performing a set of P radar and position acquisitions. In
particular, both the radar IF signal and its position are queried
and buffered until a set of three acquisitions is made in order
to improve the real-time performance of the system. The delay
and sum algorithm used to update the reflectivity of the volume
under test is briefly reviewed below. The signal transmitted by
the radar, expressed in complex form, is given by

stx(t) = ej2π(fct+
1
2αt

2), (1)

where |t| < Ts/2 and

α =
BW

Ts
, (2)

is the slope rate. If a point target is considered, the signal
received by the radar, omitting amplitude variations, can be
expressed as a delayed version of the transmitted signal

srx(t) = stx(t− τ) = ej2π(fc(t−τ)+
1
2α(t−τ)

2), (3)

where the delay τ , which is proportional to the distance from
the radar position to the point target, R, is given by

τ =
2R

c
. (4)

The radar module used in this work performs dechirp-on-
receive operations, i.e, the received and transmitted signals are
mixed [12][13]. Therefore, the IF analytical signal, which is
processed to estimate the reflectivity of the volume under test,
can be expressed as

sIF (t) = ej2π(fcτ+αtτ−
1
2ατ

2), (5)

which has beat frequency fb = τα. If the object under test is
a distributed target, the received signal can be expressed as a
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Fig. 5. Estimated reflectivity in one of the planes of the volume under test after 2015 samples were acquired (a) and the heat map showing their positions (e).
The same information is presented for a snapshot of the scan after 3171 acquisitions, (b) and (f), respectively; after 4188 samples, (c) and (g), respectively;
and after 6221 acquisitions, respectively.

superposition of signals given by (3), and the same holds for
the IF signal.

The reflectivity at each point of the grid in which the volume
under test is discretized is estimated by coherently combining
the contribution of the signal received by the radar at each
acquisition position by means of a time domain backprojection
algorithm [9]. In order to do so, the signal acquired at the radar
m-th radar position is multiplied by a complex exponential
term that accounts for the theoretical delay between the radar
position and each point of the volume under test. This signal
is given by

s(t,m) = e−j2πfcτm = e−j
4π
c fcRm , (6)

where

Rm =
√
(x′ − x)2 + (y′ − y)2 + (z′ − z)2, (7)

is the euclidean distance between the m-th radar position
and each point of the volume under test, denoted by primed
coordinates. Therefore, using this algorithm, the reflectivity
image is updated in real-time after each set of acquisitions of
the radar. It should be noticed that there are several methods
that can be applied to coherently combine the measurements
in real-time. However, most of them are based on Fast Fourier
Transforms and thus, they require uniform sampling [14].

IV. RESULTS

The performance of the system over time of the system
was tested by scanning the target depicted in Fig. 4 covered
by a hard-cardboard box. In this case, the size of the cells

used to control the sample distribution was set to 1 × 1mm
and a tolerance of 2 cm was defined to mitigate the impact of
not constraining the scan to a flat surface while allowing the
operator to move comfortably the scanner with their hand over
the volume under test. The mean distance from the scanner to
the target was 6.1 cm and the maximum number of acquisitions
per cell was set to 2. The obtained results for four different
snapshots during a scan are depicted from Fig. 5a to Fig. 5d.

The reflectivity image displayed in Fig. 5a was obtained
after 92 s and a total of 2105 samples. The heat map, depicting
the positions at which acquisitions were made, is shown in Fig.
5e. As it can be observed, a high reflectivity area appears on
the center of the image, although the shape of the target cannot
be recognized as many image artifacts are present. It should be
pointed out that, at that snapshot, there are some undersampled
areas in the center of the volume under test that contribute to
make the image noisier.

The results obtained at the second snapshot of the scan
(after 153 s) are shown in Fig. 5b. The heat map depicting
the positions of the 3171 acquisitions is displayed in Fig.
5f. In this case, the shape of the target can be inferred,
although the magnitude of the reflectivity is not very high,
being comparable to that of some of the image artifacts.

The reflectivity image retrieved after 200 s and a total of
4188 samples is depicted in Fig. 5c and the heat map showing
the sample distribution is displayed in Fig. 5g. As it can
be seen, the contrast between the target and the background
has been enhanced with respect to the reflectivity image
corresponding to the second snapshot (Fig. 5b). Although,
there are some high reflectivity areas between the beginning



and the end of the S-shaped target and its center body, which
could be interpreted as an “8” instead of as an “S”, the quality
of the obtained image is good.

Finally, the results obtained after completing the scan, after
6221 acquisitions and 301 s, are depicted in Fig. 5d. The heat
map with the final sample distribution is illustrated in Fig.
5h. As it can be observed, the shape of the target is well-
reconstructed and can be clearly distinguished from image
artifacts.

V. CONCLUSION

In this paper the evolution of the quality over time of the
reflectivity images obtained using the mm-wave radar-based
handheld imaging system presented in [8] has been assessed.
First, the architecture of the system, which comprises a mm-
wave radar-on-chip module, a motion capture system and
a conventional laptop to process the acquired data in real-
time, and the employed imaging technique have been briefly
reviewed. Then, the performance of the system over time was
analyzed by comparing four snapshots during a scan of a target
hidden under a hard cardboard box. The obtained results show
that a scan of a few seconds can be enough to retrieve a rough
estimation of the shape of the targets within the volume under
test. In addition, if more data is acquired high quality images
can be obtained. Future work involves the development of a
MIMO configuration to speed up the data acquisition and,
hence, reducing the time required to obtain high-resolution
images.
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