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Abstract—This paper presents a processing technique that
mitigates the impact of positioning errors on the quality of the
images retrieved using handheld (or portable) scanners based
on synthetic aperture radar (SAR). These systems rely on the
use of tracking systems to combine the information acquired
at multiple positions to achieve high-resolution images. This is
specially challenging at millimeter-wave (mmWave) frequencies
in the absence of high-accuracy tracking systems external to
the handheld scanner. To this end, the proposed technique
employs a hybrid coherent-incoherent SAR processing method
especially suited for mitigating the impact of positioning errors
from tracking systems performing simultaneous localization and
mapping (SLAM).

The proposed technique was experimentally validated using
a handheld scanner comprising a compact radar module and
a tracking camera that performs SLAM. Results show that if
a fully-coherent processing is used, the quality of the obtained
images is greatly degraded, and if a fully-incoherent processing is
considered, there is a significant resolution loss, which prevents
from accurately imaging the shape of the targets. In contrast,
using the presented method it is possible to successfully image
the targets, mitigating the impact of positioning errors from the
tracking camera.

Index Terms—MmWave imaging; freehand; synthetic aperture
radar; handheld system; coherent processing; incoherent process-
ing; portable system.

I. INTRODUCTION

ELECTROMAGNETIC imaging is an enabling technology
for multiple applications ranging from security screening

[1], [2], [3], [4] and landmine detection [5], to non-destructive
evaluation [6], [7], [8], [9] and medical diagnosis [10], [11],
to name a few. In particular, it relies on the capability of
electromagnetic waves to penetrate through certain optically
opaque materials [12], enabling the inspection of areas which
cannot be assessed using the visible spectrum. Electromagnetic
imaging systems can be found under different implemen-
tations. One example are the booth-size systems that are
deployed at many airports for people screening. These systems
provide high-resolution images and a fast acquisition speed
relying on large apertures generated using a significant amount
of transmitters (Tx) and receivers (Rx), doing a raster scan
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with a reduced number of them, or resorting to multiple-
input multiple-output configurations [2]. However, in some
applications the use of such large and complex systems is not
feasible nor practical, which has encouraged the development
of portable and compact alternatives. Towards this goal, a
microwave camera was developed in [13], [14]. An analogous
system at the millimeter-wave (mmWave) band was presented
in [15]. Both systems employ a medium-size physical aperture
(≈ 20−30 cm) operating at close range offering a good trade-
off between size and resolution. Moreover, these systems can
benefit from multiview techniques to increase their field of
view [16]. A different approach presented in [17], [18] lever-
ages the advances in mmWave technology, which have enabled
the development of radar-on-chip modules of significantly
reduced size [19], [20], [21]. This method, denoted as freehand
imaging, is based on moving a compact radar module by hand
taking measurements of the area under inspection while its
position is tracked by a positioning system. The acquisitions
from different positions are coherently combined by means of
a synthetic aperture radar (SAR) algorithm, which enables to
obtain high-resolution images of the scene bypassing the need
of a large physical aperture, and without resorting to a bulky
positioning system. In particular, the images of the area under
investigation can be updated as measurements are acquired,
conferring great flexibility to the operator of the system,
which can dynamically decide where to take measurements
or if enough information has been acquired with the handheld
scanner.

One of the challenges faced by this kind of systems is that
the measurements are not acquired uniformly, which prevents
the straightforward use of highly efficient algorithms based on
fast Fourier Transforms [22]. This is a constraint also inherent
to other vehicle or UAV mounted [5] systems, and a significant
research effort has been devoted to develop efficient algorithms
to process this kind of data [23], [24], [25], [26]. Moreover,
the inspected area might be sparsely sampled, specially at the
beginning of the scanning process, causing undesired artifacts
in the reflectivity images of the scene. In this regard, the use
of deep-learning techniques, such as vision transformers [27]
or conditional generative adversarial networks (cGANs) [28],
[29], [30], [31], has been explored to improve the quality of
the obtained images.

Another issue that has a major impact on the quality of
the retrieved images is the tracking accuracy of the hand-
held scanner [32], [33]. As previously explained, freehand
imaging systems rely on a positioning system to combine
measurements acquired at different positions. This enables the
use of SAR processing techniques to overcome the limited
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resolution that can be obtained with a standalone acquisition
of a compact radar module. Thus, the positioning accuracy
of the considered localization system can severely affect the
quality of the images obtained with these systems, specially
at mmWave frequencies, where even small tracking errors
are significant in terms of electrical size. In this regard, the
use of laser trackers or motion capture systems, which were
considered both for freehand imaging [17], [18] and freehand
antenna measurement [34], [35] systems, provide enough
accuracy to coherently combine measurements acquired with
a handheld scanner. However, the capability to embed the
tracking system in the handheld scanner would be of great
interest. Some of the current 5G devices comprise mmWave
modules and this trend is expected to grow towards 6G, where
joint communications and sensing is expected to play a major
role [36], [37]. This kind of general purpose handheld devices
(e.g., smartphones) have multiple sensors, such as cameras and
inertial measurement units (IMUs), that can be leveraged to
enable simultaneous localization and mapping (SLAM). These
features make these devices ideal to develop freehand imag-
ing scanners, enabling a wide-range of applications. SLAM
algorithms aim at estimating the trajectory of the sensor while
mapping its surrounding environment. A feasibility study of
employing a tracking camera performing SLAM for a freehand
imaging system was presented in [38]. Although this approach
provides enough accuracy to perform imaging, it is not as
good as the one obtained with other methods such as motion
capture systems, which has an impact on the quality of the
obtained images. Moreover, SLAM systems might drift over
time until they re-localize [39]. Therefore, it is necessary to
develop processing techniques that mitigate the impact of these
positioning errors on the imaging performance of the scanner.

This work presents a hybrid coherent-incoherent SAR pro-
cessing that limits the impact of positioning errors of tracking
systems, and more specifically, SLAM systems, on the quality
of the electromagnetic images obtained with a mmWave
freehand scanner. The proposed method is experimentally
validated using a handheld scanner prototype comprising a
mmWave radar module and a tracking camera, showing its
capability to mitigate the effect of positioning errors in the
quality of the images produced by a handheld scanner.

This paper is organized as follows. First, the considered
system is presented in Section II, where the proposed tech-
nique is explained. Then, the impact of the presented method
is experimentally assessed in Section III, and finally the
conclusions are drawn in Section IV.

II. DESCRIPTION OF THE SYSTEM

In this Section, the architecture of the system is presented
and the proposed imaging algorithm is discussed.

A. Architecture

As previously explained, freehand imaging systems are
based on the use of a compact size radar module, which
can be easily handled by hand, that is moved over the area
under inspection taking measurements while its position is
being tracked. Therefore, the information from the different

Fig. 1. (a) Top and (b) bottom view of the freehand imager.

Table I
MAIN PARAMETERS OF THE RADAR MODULE.

# of Tx # of Rx Bandwidth δz Resolution
bandwidth

Frequency
points

Physical aperture

20 20 7 GHz 4.3 cm 30 kHz 128 55 mm×53.4 mm

acquisitions can be coherently combined to produce a high-
resolution radar image. In this case, the freehand scanner
comprises a frequency-stepped continuous-wave radar-on-chip
module with 20 transmitters and 20 receivers [21], yielding a
total of 400 independent radiofrequency channels. The Tx are
equally spaced along a line of 40mm. In a similar fashion,
the Rx are distributed along a line of 41.6mm, orthogonal
and with an offset with respect to the Tx array, yielding a
physical aperture of 55mm × 53.4mm. This module, whose
main parameters are summarized in Table I, was used in
preliminary studies for freehand imaging in [40], [41]. During
its operation, the transmitters are activated sequentially and the
receivers work concurrently. The radar frequency bandwidth
is 7GHz (from 62GHz to 69GHz), resulting in a range
resolution of δz ≈ 4.3 cm, and its size is 8 cm × 8 cm. The
positioning system used to track the movement of the radar
module is a lightweight and compact stereoscopic tracking
camera including two fisheye lens sensors and an IMU [42]
capable of performing SLAM. Therefore, both the radar mod-
ule and the tracking system are assembled in the handheld
scanner, which is depicted in Fig. 1, by means of a 3D-printed
structure. The reflective markers that can be observed in Fig.
1(b) were included as part of the high-accuracy motion capture
system [43] based on the use of infrared cameras that was
used as a reference tracking system during the validation of
the proposed handheld scanner and processing technique. The
radar module and the tracking camera are controlled from a
conventional laptop which triggers synchronized acquisitions
from both devices, processes the obtained information, and
displays the retrieved electromagnetic image of the area under
investigation, which is updated as more measurements are
performed. The laptop was equipped with 32 GB of RAM, a
processor Intel i7-10875H at 2.3GHz and a NVIDIA GeForce
RTX2060.
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B. Imaging algorithm

A freehand imaging system entails some constraints that
limit the processing techniques that can be considered. First,
as previously introduced, due to their handheld nature, the
acquired measurements will not be uniformly distributed nor
sampled according to a specific acquisition pattern. Instead,
the acquisition positions will be irregularly distributed across
the observation domain. Second, it is desired to display real-
time results to the operator of the handheld imager, so that
it is possible to switch the focus of the scan on a given
area, or to decide if enough information has been acquired.
These constraints prevent the use of highly efficient algorithms
based on fast Fourier Transforms operations, which are usually
developed for regular acquisitions [22]. Instead, it is possible
to resort to a delay-and-sum algorithm to coherently combine
the acquired measurements (i.e., complex summation after a
phase compensation term is applied). This enables to process
nonuniformly acquired samples and direct updates of the re-
flectivity of the area under investigation as more measurements
are acquired. In that case, the reflectivity, ρ, at the different
points, r′, in which the investigation domain, i.e., the area
under investigation, is discretized, after the m-th acquisition
of the radar module is given by

ρm(r′)=

m∑
i=1

NRX∑
p=1

NTX∑
n=1

Nfreq∑
q=1

Si,p,n(r, fq)e
j
2πfq
c (RTx+RRx), (1)

where S refers to the complex baseband signal, f denotes
the frequency, and c the speed of light. NTX and NRX are
the number of transmitters and receivers of the radar module,
respectively, and Nfreq is the number of frequency points of
the radar signal, S. The terms RTx and RRx are given by

RTx = ||r′ − rtx,n||
RRx = ||r′ − rrx,p||

, (2)

where rtx,n and rrx,p are the position of the n-th transmitter
and that of the p-th receiver of the radar module at the
m-th acquisition position. It should be remarked that the
calculation of (1) is spread along the entire acquisition, i.e.,
the reflectivity is updated after each new sample is measured.
Thus, a final computationally-intensive operation is avoided,
and real-time results are displayed to the operator of the
scanner. Alternatively, optimized approaches have also been
recently proposed for irregular data [23].

As previously introduced, the coherent combination of
radar measurements is greatly affected by positioning errors,
especially in the vertical direction [44]. In particular, this
is significantly demanding in terms of accuracy for track-
ing systems when mmWave frequencies are considered. In
contrast, the incoherent combination of measurements is less
sensitive to positioning errors, at the expense of a reduced
resolution. In this paper, we propose a short-time coherent-
incoherent approach to mitigate the impact of positioning
errors on the quality of electromagnetic images while reducing
the resolution loss if a fully-incoherent processing is adopted.
In particular, Eq. (1) is modified to perform an incoherent
combination after a set of M new measurements are acquired:

Fig. 2. Flow diagram of a freehand scan following the presented technique,
where rem(m,M) denotes the remainder of dividing m by M .

ρm(r′)=

bmM c∑
l=1

∣∣∣∣∣∣∣∣∣∣
lM∑
i=1+

(l−1)M,
i<=m

∑
p,n,q

Si,p,n(r, fq)e
j
2πfq(RTx+RRx)

c

∣∣∣∣∣∣∣∣∣∣
, (3)

where the limits of the inner summations (indexes p, n, and q)
have been dropped for conciseness, but remain the same as in
Eq. (1). If M = m, then a coherent processing is performed,
and therefore the impact of positioning errors will be higher. In
contrast, if M = 1 the measurements are processed in a fully-
incoherent manner (i.e., by means of a scalar summation). The
workflow of a freehand scan using the proposed technique
is summarized in Fig. 2. The reflectivity of the scene is
computed using the data of each standalone acquisition of the
radar module (inner summation of (3)), and it is coherently
combined with that obtained from the other acquisitions of
the same coherent batch (second summation of (3)). That is,
the information from a total of M different acquisitions is
combined when the coherent batch is complete. Every time a
new batch is completed, the reflectivity computed from the M
acquisitions that are part of the batch is summed incoherently
to the reflectivity obtained from previous batches. This scalar
combination (i.e., neglecting the phase information) between
different coherent batches is denoted by the outer summation
of (3). It should be remarked that the scanning process
continues until the operator of the scanner, which sees the
updated reflectivity image as more measurements are acquired,
considers that enough information has been acquired.
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Fig. 3. Image of the measurement setup.

During the experimental validation of the proposed ap-
proach, not only is demonstrated that the short-time coherent
incoherent processing helps to mitigate the image artifacts
generated by tracking errors, but also that the value of M
can be tuned to find a trade-off between the resolution loss
derived from the incoherent processing and the artifacts due to
tracking errors, which depend on the accuracy of the tracking
system used in the scanner.

III. EXPERIMENTAL VALIDATION

The performance of the proposed hybrid short-time coherent
incoherent processing to mitigate the impact of positioning
errors on the quality of images generated with handheld
(or portable) scanners was experimentally assessed. For that
purpose, several tests with the scanner presented in Section
II-A and considering different test targets were performed. In
addition, a reference motion capture system, which comprises
four infrared cameras (deployed and calibrated at the labora-
tory where the tests took place), and four reflective markers
attached to the handheld scanner (as shown in Fig. 1(b)),
was used to obtain a ground-truth position estimation of the
scanner. This motion capture system offers sub-mm accuracy
[43] and has been successfully used in the context of mmWave
imaging [17], [18] and mmWave antenna diagnosis and char-
acterization [34], [35]. The measurement setup, including the
cameras of the reference motion capture system, is depicted
in Fig. 3.

For the first test, the star test target shown in Fig. 4 was con-
sidered. The star has a radius of 4 cm and 8 spokes uniformly
distributed. During the scan a total of 802 acquisitions were
performed during 218 s at an average distance of 5.7 cm from
the target. The distribution of the positions of the acquired
measurements obtained with the reference motion capture
system and with the tracking camera of the handheld scanner
are shown in Fig. 5a and Fig. 5b, respectively. As it can
be seen, the handheld scanner was moved over the area of
interest describing a zig-zag trajectory. Furthermore, due to
the handheld nature of the scan, the samples are not uniformly
distributed.

The obtained results are shown in Fig. 6. The images
of the upper row (Figs. 6a-6e) were obtained considering

Fig. 4. Image of the star test target.

(a) (b)

Fig. 5. Heatmap for the star test target showing the positions where radar
acquisitions were performed from (a) the reference motion capture system
tracking, and (b) the tracking camera of the handheld scanner.

the tracking information from the reference motion capture
system, whilst those in the bottom row (Figs. 6f-6j) were
retrieved considering the information from the tracking camera
embedded in the handheld scanner. A coherent combination of
all the acquired measurements was considered to retrieve Fig.
6a and Fig. 6f. As it can be observed, in Fig. 6a, obtained using
the reference motion capture system, the shape of the star
target, including all the spokes, is well reconstructed, and the
clutter level is low. In contrast, when the information from the
tracking camera is used to combine the measurements, Fig. 6f,
the shape of the target cannot be recovered, specially the inner
parts of the star, and a significant number of artifacts appears
in the retrieved image. This is due to the lower accuracy
of the tracking camera embedded in the handheld scanner
which, as previously explained, performs SLAM, which in
turn causes it to sometimes drift until the camera is able to re-
localize itself [39]. Figs. 6b-6e and Figs. 6g-6j were computed
considering the proposed method for different values of M
(i.e., the number of measurements after an incoherent combi-
nation is performed) using the positioning information from
the reference motion capture system, and from the tracking
camera of the handheld scanner, respectively. When M = 100
and the motion capture system is used, Fig. 6b, as in the
case of a fully-coherent combination of the measurements, the
shape of the target is well-reconstructed. However, although
the quality of the image is still high, the clutter level increases,
and the resolution is slightly reduced, which can be noticed
in the spokes of the star. In the case of considering the
positioning information from the tracking camera, there is a
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(a) (b) (c) (d) (e)

(f) (g) (h) (i) (j)

Fig. 6. Images of the star test target obtained considering the reference motion capture system and (a) performing a fully-coherent combination of the
measurements, and using the proposed technique for (b) M = 100, (c) M = 85, (d) M = 50, and (e) M = 1 (i.e., fully-incoherent combination). The same
when the tracking camera is used: (f) fully-coherent combination, and the proposed technique for (g) M = 100, (h) M = 85, (i) M = 50, and (j) M = 1.

clear improvement on the quality of the image of the target
when, instead of considering a fully-coherent combination
of the measurements (Fig. 6f), the proposed technique for
M = 100 is used (Fig. 6g). In particular, in the former case
(Fig. 6f) the shape of the target cannot be distinguished and
there is a high number of artifacts in the image. In contrast,
when the proposed technique for M = 100 is considered (Fig.
6g) the shape of the target is imaged and their main features
can be reconstructed. Although the obtained image exhibits a
lower quality than Fig. 6b, obtained with the motion capture
system, it is still sufficient to identify the target and its main
characteristics. Therefore, the proposed technique mitigates
the impact of the positioning errors of the tracking camera,
enabling the use of a handheld scanner that does not rely on
external infrastructure to produce high-resolution images.

Figs. 6c and 6h were retrieved using the proposed tech-
nique and M = 85, relying on the data from the reference
motion capture system, and that from the tracking camera,
respectively. Fig. 6c shows a similar quality as 6b, obtained
for M = 100. In contrast, in Fig. 6h the shape of the target
resembles the true one of the target slightly better than in Fig.
6g (in particular, the outer perimeter and the left side spokes),
although the clutter level is higher. When M = 50 (Figs.
6d and 6i using the reference motion capture system and the
tracking camera, respectively) the shape of the target is still
well-reconstructed, although the resolution worsens marginally
and the clutter level increases. Finally, when M = 1, i.e.,
a fully incoherent combination of the measurements, the
resolution of the retrieved images is drastically reduced, as
can be observed in Figs. 6e and 6j, which were computed

(a) (b)

Fig. 7. Histogram of the normalized reflectivity value of the pixels of the
retrieved images using (a) the reference motion capture system tracking, and
(b) the tracking camera of the handheld scanner.

using the data from the reference motion capture system and
the tracking camera, respectively. These results show that the
proposed technique can be used to mitigate the impact of
the positioning errors of the tracking camera, enabling to
obtain good quality images of targets without the resolution
loss that occurs when a fully-incoherent combination of the
measurements is considered. Regarding the value of M , the
three intermediate values considered (100, 85, and 50) yield
good quality images. In addition, while lower values of M
do not result in an image quality improvement, the resolution
progressively decreases until the case of M = 1, i.e., a fully
incoherent combination of the measurements.

To complement the previous discussion, Fig. 7 shows the
histograms of the normalized reflectivity value of the pixels of
the different images of Fig. 6. In particular, the histograms of
the images computed using the positioning information from
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Table II
MS-SSIM INDEX OF THE IMAGES OF THE STAR TEST TARGET DEPICTED

IN FIG. 6

Processing method

Positioning
system

Fully-
coherent

M = 100 M = 85 M = 50 Fully-
incoherent

Motion capture
system

0.89 0.85 0.81 0.74 0.28

Tracking
camera

0.53 0.69 0.69 0.68 0.29

Fig. 8. Image of the letters used as test target.

the reference motion capture system are displayed in Fig. 7a.
As it can be seen, in Fig. 7a in every case (fully-coherent
combination, using the proposed technique and M = 100,
M = 85, and M = 50, and fully-incoherent combination),
there are two prominent peaks: one around the reflectivity
value of the pixels corresponding to the target, and a second
one (the lowest) around the clutter level of the image. The
greatest reflectivity level difference between these peaks takes
place when a fully-coherent combination is considered, indi-
cating that the contrast between the target and the clutter is
higher. This difference is reduced when the proposed technique
and M = 100, M = 85, and M = 50 are considered, but
it is still around 15 dB. However, it is significantly reduced
when measurements are combined incoherently, in agreement
with the previous discussion. The histograms of the images
retrieved using the positioning information from the tracking
camera of the handheld scanner are displayed in Fig. 7b. In this
case, when a fully-coherent combination is performed the two
peaks cannot be distinguished. This is due to the significant
number of artifacts that appear in the image, where the shape
of the target cannot be reconstructed. In contrast, when the
proposed technique is applied, the histograms of the images
follow a similar pattern as when the positioning information
from the reference motion capture system is used.

Finally, in order to quantitatively compare the images, their
multi-scale structural similarity (MS-SSIM) index [45] was
computed to compare them with a reference image with the
exact size and shape of the target. The MS-SSIM metric
extracts the structural information from the scene, providing
a good approximation of the perceived image quality. MS-
SSIM values closer to 1 denote better image quality, whilst
values closer to 0 mean worse image quality. The results are
summarized in Table II. As expected, the best image quality

(a) (b)

Fig. 9. Heatmap for the letters test target showing the positions where radar
acquisitions were performed from (a) the reference motion capture system
tracking, and (b) the tracking camera of the handheld scanner.

is achieved when the reference motion capture system is used
and, more specifically, when a fully-coherent combination of
the measurements is applied. When the tracking camera is used
and a fully-coherent combination is considered, the MS-SSIM
index is low, denoting a poor image quality. However, when
the proposed technique is applied (for M = 100, M = 85,
and M = 50), the MS-SSIM index increases notably, i.e.,
the quality of the images improves significantly, in agreement
with the previous discussion from a qualitative point of view.
Finally, when a fully-incoherent processing is applied, using
either the positioning information from the reference motion
capture system or from the tracking camera of the handheld
scanner, the MS-SSIM index decreases drastically.

A second test was performed with the target shown in Fig. 8.
In this case the target was formed by the letters of the acronym
of the research group from the University of Oviedo: TSC-
UO. The target occupies an area slightly over 17 cm× 11 cm.
During the scan a total of 1533 measurements were acquired
during 468 s at an average distance of 5.9 cm from the target.
The distribution of the positions where acquisitions were
performed using the information from the reference motion
capture system is depicted in Fig. 9a, and in Fig. 9b when the
data from the tracking camera is considered.

The obtained results are shown in Fig. 10. In a similar fash-
ion to the results for the previous test target, the set of images
computed using the positioning information from the reference
motion capture system is displayed on the first row (Figs. 10a-
10e). The images retrieved using the data from the tracking
camera embedded in the handheld scanner are shown in the
bottom row (Figs. 10f-10j). Fig. 10a and Fig. 10f were com-
puted coherently combining all the acquired measurements. As
it can be observed, when the motion capture system is used,
although the upper right part of the “T” has a lower reflectivity
level, the shape of the letters is accurately reconstructed and
the clutter level is low. However, if the tracking camera is
used to combine the measurements, the coherence is severely
degraded, preventing the targets from being recognized. Figs.
10b-10d and Figs. 10g-10i show the images computed using
the proposed technique for M = 100, M = 85, and M = 50
using the positioning information from the reference motion
capture system and from the tracking camera of the handheld
scanner, respectively. In the former case, as when a fully-
coherent combination of the measurements is performed, the
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(a) (b) (c) (d) (e)

(f) (g) (h) (i) (j)

Fig. 10. Images of the letters used as test target obtained considering the reference motion capture system and (a) performing a fully-coherent combination
of the measurements, and using the proposed technique for (b) M = 100, (c) M = 85, (d) M = 50, and (e) M = 1 (i.e., fully-incoherent combination).
The same when the tracking camera is used: (f) fully-coherent combination, and the proposed technique for (g) M = 100, (h) M = 85, (i) M = 50, and
(j) M = 1.

Table III
MS-SSIM INDEX OF THE IMAGES OF THE LETTERS USED AS TEST TARGET

DEPICTED IN FIG. 10

Processing method

Positioning
system

Fully-
coherent

M = 100 M = 85 M = 50 Fully-
incoherent

Motion capture
system

0.80 0.82 0.82 0.74 0.26

Tracking
camera

0.46 0.75 0.76 0.75 0.25

quality of the obtained images is high as the shape of the
targets can be clearly distinguished above the clutter level,
which increases as the value of M is reduced. In the latter
case, i.e., when the positioning information from the tracking
camera is used to combine the acquired measurements, the use
of the proposed technique improves significantly the quality
of the retrieved images in comparison to the case of a fully-
coherent processing. In particular, although the background
clutter level of the obtained images is higher, the shape of
the targets is well-reconstructed, whilst in the case of the
fully-coherent processing the letters could not be recognized.
Finally, the images displayed in Fig. 10e and Fig. 10j were
retrieved performing a fully-incoherent combination of the
measurements (i.e., M = 1) using the positioning information
from the motion capture system and that from the tracking
camera of the handheld scanner, respectively. As it can be seen,
the quality of both images is very poor, as there is a significant
resolution loss and an important clutter level increment.

In order to quantitatively compare the obtained results, the
MS-SSIM index of the retrieved images was computed using
a reference image with the exact size and shape of the letters

used as targets. The MS-SSIM values are summarized in Table
III. As it was expected, the highest value of the MS-SSIM
index is obtained when the reference motion capture system
is used. When a fully-coherent combination is performed
employing the positioning data from the tracking camera the
MS-SSIM index is low, indicating a poor image quality. This
also confirms the previous discussion from a qualitative point
of view, as the shape of the targets was not recognizable in Fig.
10f. If the proposed technique for M = 100, M = 85, and
M = 50 is used to process the measurements, the values of the
MS-SSIM index increase significantly, being comparable to
the MS-SSIM index value obtained using the reference motion
capture system and the proposed technique for M = 50.
This shows that the proposed technique can be successfully
used to mitigate the positioning errors of the tracking camera,
enabling to retrieve high-resolution images without the need of
an external positioning system. Finally, when all measurements
are combined incoherently, the MS-SSIM index decreases
drastically using both positioning systems, confirming that
resorting to this type of processing results in a severely
worsened image quality.

IV. CONCLUSIONS

This manuscript presents a technique to mitigate the impact
of positioning errors on the quality of the images produced by
handheld (or portable) scanners, while limiting the resolution
loss when an incoherent processing is performed. This is of
special interest due to the growth in the number of systems
and devices using mmWave radiofrequency modules, which
also frequently include other sensors that can be leveraged
for localization purposes and SLAM. Thus, if the impact of
tracking errors can be reduced, these devices could be turned
into mmWave scanners without resorting to external infrastruc-
ture, enabling multiple applications. The proposed approach
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is based on a hybrid coherent-incoherent SAR processing
that enables the use of nonuniformly acquired data, as is the
case of most radar systems mounted on vehicles or moved
by hand, and regular updates of the estimated reflectivity of
the scene as more measurements are gathered. In particular,
the acquired measurements are coherently combined until M
samples are obtained, when they are summed incoherently to
the reflectivity of the scene under investigation. Moreover, the
value of M can be tuned to reduce the resolution loss resulting
from the incoherent processing depending on the accuracy of
the tracking system used in the scanner.

The proposed technique was experimentally validated pro-
cessing the measurements acquired with a handheld scanner
comprising a compact radar module and a tracking camera
capable of performing SLAM. In addition, a external high-
accuracy motion capture system was also used to obtain a
reference measurement of the positioning information of the
handheld scanner during the scans. Two set of targets were
scanned with the prototype, and the reflectivity images of
the scene considering a fully-coherent combination of the
measurements, a fully-incoherent processing, and the proposed
technique for different values of M , were computed using
the positioning information from both the high-accuracy ref-
erence motion capture system and from the tracking camera
embedded in the handheld scanner. Results show that, as
expected, when the motion capture system is used to coher-
ently combine the measurements, the quality of the obtained
images is significantly high. However, if instead the data
from the tracking camera is considered, the quality of the
images decrease notably, as a great number of artifacts appear
and it is no longer possible to reconstruct the shape of the
targets. In contrast, it has been shown that, when the proposed
technique is used to process the measurements, it is possible
to successfully image the targets employing the positioning
information from the tracking camera, at the expense of a
higher background clutter level. However, unlike when a fully-
incoherent combination of the measurements is performed, the
images still present enough resolution to identify the shape of
the targets of the scene under investigation, paving the way to
the development of completely standalone mmWave scanners.
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