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Freehand mm-wave imaging with a compact MIMO radar
Guillermo Álvarez-Narciandi, Jaime Laviada and Fernando Las-Heras,Senior Member, IEEE

Abstract—This paper presents a freehand imaging system,
which takes full-advantage of a compact multiple-input multiple-
output (MIMO) radar to provide real-time results by means
of freehand movements. The system is based on a commercial
radar-on-chip, equipped with four receivers and two transmitters,
and an optical tracking system (i.e., motion capture system)
for retrieving its position and attitude. The reduced size of the
radar enables its handheld operation, making possible to create
a synthetic aperture by moving the scanner over the area of
interest. Due to the new degrees of freedom with respect to
previous implementations based on quasi-monostatic topologies,
a novel calibration strategy for the system is required in order
to mitigate positioning errors. After calibration, simulations and
measurements are accomplished revealing that the novel freehand
multistatic setup significantly outperforms the monostatic setup
in terms of scanning speed and image quality. Multimedia
material is provided to illustrate this performance.

Index Terms—SAR imaging; mm-wave imaging; FMCW
radar; MIMO imaging; multistatic imaging; real-time imaging;
freehand scanner; motion capture.

I. INTRODUCTION

ELECTROMAGNETIC imaging systems are able to pro-
vide camera-like images with some penetration capabili-

ties, enabling the inspection of the inner layers of targets [1].
These systems are used, under different implementations, in
multiple applications such as nondestructive evaluation [2],
[3], medicine [4] or security [5], [6], [7].

Among the multiple imaging systems, those based on syn-
thetic aperture radar (SAR) are widespread when performing
qualitative imaging [1]. The lateral resolution of these systems
is proportional to the size of the aperture, whereas the range
resolution depends on the bandwidth. As a consequence,
traditionally, these systems rely on a dense set of transmitters
and receivers [5], whose number can be reduced resorting
to multiple-input multiple-output (MIMO) (also known as
multistatic) schemes [8]. Alternatively, other systems use the
movement of targets to apply inverse SAR techniques [9].

In general, the previous systems require relatively bulky
hardware and, for some applications, compactness is an inter-
esting feature. In this regard, a microwave camera of reduced
size operating between 20 and 30GHz, offering a trade-
off between size and resolution, has been presented [10].
Moreover, it has been shown that multiview approaches can
be used to increase both the image quality and volume under
test [11], [12], [13], [14]. A different microwave camera of
reduced size based on chaotic excitation SAR, which has low
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Figure 1. Workflow of the scanning system.

resolution but can be used in applications where high-fidelity
images are not necessary, has been presented in [15].

In this context, the development of mm-wave technology
has opened the possibility of using very compact on-chip
systems [16], [17] at the expense of low resolution due to
their small aperture. However, modern advances in position
tracking [18], [19] have enable the use of this kind of compact
radars together with freehand movements in order to generate
much larger synthetic apertures [20]. Despite this major break-
through, the system was relatively slow due to the use of a
quasi-monostatic setup. In this paper, the previous system is
extended to a MIMO configuration and a calibration technique,
which mitigates positioning errors, is proposed. This entails a
significantly faster scanning speed and higher-quality images.

II. MULTISTACTIC FREEHAND MM-WAVE IMAGING

A. System architecture

The imaging system allows retrieving real-time high-
resolution images moving the scanner by hand. The archi-
tecture of this scanning system was presented in [20] for a
quasi-monostatic configuration, but a brief description of the
three subsystems of the scanner is given below:
• Control and processing subsystem: formed by a conven-

tional PC or laptop, sets up the scanning system and
communicates with the other subsystems. In addition, it
computes the reflectance of the volume under scan and
displays the radar images in real-time (see Fig. 1). To
deal with the nonuniform nature of the acquired data,
as the scanner is moved by hand, a strategy to balance
the sample density is implemented in this subsystem.
In particular, the area over the volume under scan is
discretized in voxels shaped as cuboids of size b× b× h
inside of which only a limited number of acquisitions, Q,
is allowed. Hence, after Q acquisitions in a given cuboid
are performed, other acquisitions in the same cuboid will
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be discarded. The parameter b together with the value of
Q, regulate the density of samples, whilst the parameter h
(height of the cuboids) provides the necessary flexibility
with respect to a canonical surface (e.g., a plane) to the
operator of the system, so handheld scanning can be
performed. While a lower value of h results in higher
quality images, it also entails an increase of the scanning
time since many samples would be discarded. Hence, the
height h establishes a trade-off between image quality and
acquisition speed [20]. Moreover, to limit the maximum
displacement during an acquisition, the position of the
radar is queried before and after the acquisition and, if the
difference is higher than 1mm, the sample is discarded.
The Doppler shift, limited as the radar moves parallel to
the volume under scan, is also effectively reduced by this.

• Radar subsystem: composed of a mm-wave FMCW radar-
on-chip module BGT60TR24B by Infineon® [16]. The
frequency waveform of the signal transmitted by the
radar has an up-chirp saw tooth pattern centered at
fc = 60GHz with a bandwidth of BW = 6GHz and
a chirp duration of Ts = 512 µs. The radar module has
two transmitting antennas that are sequentially activated
and four independent receivers, which perform dechirp-
on-receive operations concurrently (See Fig. 1). IF signals
are sent to the control subsystem for further processing.

• Positioning subsystem: comprises an optical tracking sys-
tem that retrieves the position and attitude of the radar. In
particular, the motion capture system of Optitrack® [21],
which can be deployed and calibrated in a few minutes,
has been used. To track the radar several reflective mark-
ers are attached to its enclosure. These markers define a
rigid body whose attitude and position are monitored.

B. Imaging technique
From the point of view of the imaging technique, the

presented system faces two major challenges in contrast to
conventional SAR imaging. First, the scanner is freely moved
by hand and, consequently, measurements are not expected
to be uniformly distributed as it is usually the case in
standard synthetic aperture radar (SAR) techniques for either
monostatic [5] or multistatic setups [8], [6]. Second, it is
convenient to perform an on-the-fly update of the reflectance
of the volume under test to provide a visual feedback to
the operator moving the compact radar. Taking into account
the previous considerations, a MIMO delay-and-sum (DAS)
algorithm, adapted to FMCW radar signals, is used in this
work. The formulation of this technique is described in [20]
for a quasimonostatic configuration. Here, some changes are
considered to use a multistatic configuration with ntx trans-
mitters and nrx receivers.

The complex form of the signal received by the p-th RX and
transmitted by the n-th TX at the m-th position, rm, assuming
a point target and omitting amplitude variations, is given by

srx,m,p,n(t) = stx,m,n(t− τm,p,n) =

= ej2π(fc(t−τm,p,n)+
BW
2Ts

(t−τm,p,n)
2)
, (1)

where τm,p,n is the propagation delay, which is proportional to
the distance from the n-th transmitter at the m-th radar position
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Figure 2. Scheme of the ideal case in which the rigid body and the radar
module are aligned and w = (0, 0, 0) (red) and scheme of a case in which
w 6= 0 and the rigid body and the radar module are not aligned (blue).

to the point target, Rm,n, and from the point target to the p-th
receiver at the m-th radar position, Rm,p. Therefore, the signal
transmitted by the n-th transmitter and dechirped by the p-th
receiver when the radar module is at position rm is given by:

sIF,m,p,n(t) = ej2π(fbt+fcτm,p,n−BW
2Ts

τ2
m,p,n), (2)

where the beat frequency is fb = BW
Ts
τm,p,n. It should be

noted that, using a multistatic configuration, for each position
rm of the scanner, a set of ntx× nrx radar acquisitions will
be performed and, thus, ntx×nrx IF signals will be retrieved:

sIF,m(t) = [sIF,m,1,1(t) . . . sIF,m,nrx,ntx(t)]. (3)

For distributed targets both the received and the IF signals
can be expressed as a superposition of (1) and (2), respectively.

The reflectance, ρ, which yields the final electromagnetic
image, is computed at each of the observation points, r′, of
the grid in which the volume under test is discretized. For this
purpose, the contributions of each radar measurement must
be coherently combined. Moreover, new acquisitions can also
be added to the result enabling the reflectance update during
the scan. The first step to add coherently the different radar
acquisitions is to compensate the extra phase term, which
can be approximated, in case of close targets, by fcτm,p,n.
After that, a range compression is done by making a Fourier
transform in the time domain:

sc,m,p,n(r
′, f) = F

{
sIF,m,p,n(t)e

−j2πfcτm,p,n
}
, (4)

where F {·} denotes the Fourier transform operator and

τm,p,n =
‖r′−rm,p‖

2
+‖r′−rm,n‖

2

c =
Rm,p+Rm,n

c , where rm,p
and rm,n are, respectively, the position of the p-th receiver and
the n-th transmitter when the radar is at position rm. Similar
to other standard time-domain techniques [22], [23], the used
DAS algorithm can be expressed as

ρm(r′) =
m∑
i=1

nrx∑
p=1

ntx∑
n=1

sc,i,p,n(r
′,
BW

Ts

Rm,p +Rm,n
c

), (5)

which allows the use of nonuniformly spaced data at the
expense of an efficiency reduction when compared to Fast
Fourier Transform based methods [24], [6].
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Figure 3. Scheme of the proposed setup to align the radar module with the
rigid body. The picture also shows the basic layout of the radar antennas.

C. Radar calibration

In order to process the IF signal of each channel (i.e.,
transmitter-receiver pair) using (5), it is necessary to accurately
know the position of each transmitter and receiver. Nonethe-
less, the optical tracking system only provides the position of
the centroid of the (virtual) rigid body defined by (three or
more) reflective markers attached to the radar, and its attitude.
Although the relative positions between the radar antennas
can be accurately found from the layout, the position and
attitude offsets with respect to the rigid body are unknown.
Moreover, direct estimations of these offsets by measuring
the positions of the markers and the radar board can result
in high inaccuracies. Consequently, a calibration stage, based
on exploiting the radar properties, has been used to estimate
the offset from a reference position of the radar layout to the
centroid of the rigid body, w, and the angular offset between
the the rigid body and the radar board. It should be remarked
that this calibration should be performed only once, when the
reflective markers are attached to the radar module (in this
paper, a 3D-printed enclosure was designed for this purpose).

A scheme of an ideal situation in which the offset between
one of the transmitters, taken as a reference, and the centroid
of the rigid body is zero, and the rigid body is aligned with
the radar module is depicted in red in Fig. 2. However, this
is not the case in a real situation (shown in blue in Fig.
2) and if the value of w is not correctly estimated and the
rigid body and the radar board are not aligned, then errors
will arise during the scanning process. These errors in the
antenna position estimation will render the coherent sum of the
imaging algorithm less effective, making the retrieved images
noisier and, depending on the magnitude of the misalignment,
reducing notably their quality.

The proposed calibration procedure entails two steps. The
first step aims to find the angular offset of the radar module
with respect to the rigid body defined by the markers of the
tracking system. This is accomplished by taking advantage of
the symmetric architecture of the transmitting and receiving
antennas of the RF front-end, which are in-phase at 60GHz
according to the manufacturer specifications. A basic scheme
of the layout of the chip (rotated in front of a metal plate) is
depicted in Fig. 3. As it can be seen, when the radar module is
perfectly aligned with a metal plate (i.e., θ = 0◦ and ψ = 0◦),

Figure 4. Setup used to align the radar module with the rigid body defined
by the reflective markers.
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Figure 5. Dechirped signals of each TX-RX pair (a) before and (b) after the
alignment. Symmetric TX-RX pairs, which should be in phase, share color.

the signal transmitted by TX1 and received by RX2 will be
in-phase with the signal transmitted by TX2 and received by
RX1. The same holds for other TX-RX pairs such as TX1-
RX4 and TX2-RX3 or TX1-RX1 and TX2-RX2. Thus, the
radar module, with its 3D-printed plastic enclosure and the
reflective markers, was mounted on a metric goniometer on top
of a rotary stage diameter to accurately modify the pose of the
radar in front of a metal plate until the signals corresponding
to symmetric transmitter-receiver pairs are in-phase. Thus, the
θ and ψ offsets with respect to the plane defined by the metal
plate, which is used as reference, can be found.

The complete calibration setup is shown in Fig. 4. To
perform the calibration, the radar was programmed to perform
continuous data acquisitions while the signals from each
transmitter-receiver pair were monitored. Then, the pose of the
radar was modified until the signals from the corresponding
transmitter-receiver pairs were in phase. The dechirped signals
before and after the calibration are shown in Fig. 5a and
Fig. 5b, respectively. As it can be seen, none of previously
mentioned transmitter-receiver pairs were in-phase before the
calibration (vertical lines show the maximum of the IF signal
retrieved by each receiver). On the other hand, after the cali-
bration, all TX-RX pairs are in-phase. Finally, it is important to
note that the previous approach does not provide information
regarding rotations about the z-axis (Fig. 3). This offset was
corrected by visual inspection since the impact of this offset,
once the θ and ψ offsets are corrected, is minor. It should be
pointed out that, in order to systematize this task, a polarizer
could be used to discriminate the correct rotations of the radar
module around the z-axis. Finally, once the radar module is
aligned, the pose of the rigid body is redefined in the motion
capture software so that it matches the one of the radar module.
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Figure 6. Reflectance image of the simulated target considering a radar
module with 2 transmitters and 4 receivers for (a) w = (0, 0, 0)mm, for
(c) w = (2, 2, 2)mm and γmax = 10◦, and for (d) w = (2, 2, 2)mm and
γmax = 15◦. Acquisition positions are depicted in the heat map of (b).

The second step of the calibration process is to estimate
the position offset, w. For that purpose, an analogous strategy
to the one followed in [20] for the quasi-monostatic case is
followed. Thus, a target composed of several reflective markers
on the same plane is scanned. Then, the electromagnetic image
of the markers is systematically computed for different values
of w. The optimum value of w is obtained when the position
of the markers in the electromagnetic image matches the
position of the markers given by the optical tracking system
and the maximum reflectance value corresponding to each
marker is obtained at the vertical coordinate given by the
tracking system (i.e., the image is focused at the vertical
coordinate given by the tracking system). After that, this value
is also corrected in the capture motion software so that, if the
offset is perfectly estimated, w = (0, 0, 0).

Despite the previous systematic approach for calibration,
some error is still expected in practice. The impact of this
error is studied in the next section.

III. NUMERICAL RESULTS

To assess the impact of calibration errors and how they
are mitigated by a correct procedure, several simulations were
carried out. In particular, an ideal test target consisting of six
metallic strips of size 20×4mm (three vertical and other three
horizontal separated 6mm) was defined. The size of the cells
was set to 2 × 2 × 20mm. The number of acquisitions per
cell is shown in Fig. 6b. These positions were calculated by
considering a regular 2D acquisition grid, which was modified
by adding a random vector to each position and discarding the
samples which were moved outside the cells. These random
variations introduced to the initial regular grid emulate the
nonuniform distribution of samples acquired during a manual
scan. Regarding the radar model, the same layout as that of
the commercial radar was used comprising 2 TX and 4 RX.

The retrieved image considering a perfect alignment be-
tween the rigid body and the radar module and a zero offset,

i.e., w = (0, 0, 0), is shown in Fig. 6a. As it can be observed,
the six stripes are well-reconstructed and only little artifacts
appear due to the nonunifom sampling. It is worth noting that
the positioning errors for each transceiver of the radar module
due to angular misalignment between the rigid body defined by
the reflective markers and the radar module and the translation
offset, w, are given by

εcal,t = R(ϕ, θ, ψ)[w +Rerr(ϕerr, θerr, ψerr)rt − rt], (6)

where R(ϕ, θ, ψ) is the rotation matrix obtained using the
pose of the rigid body (yaw, pitch and roll angles) given by the
optical tracking system, rt is a vector containing the relative
position of the transceiver t with respect to a reference point of
the radar module, which can be found from the radar layout,
and Rerr(ϕerr, θerr, ψerr) is the rotation matrix computed
due to the angular misalignment: ϕerr, θerr and ψerr. In a
similar fashion to [20], eq. (6) shows that any calibration error
(i.e., w 6= (0, 0, 0) or the existence of angular misalignment)
results in a positioning error, which increases for high values
of the attitude angles of the rigid body. Therefore, a strategy to
mitigate calibration errors is to limit the attitude angles of the
radar module while scanning by discarding samples in which
any attitude angle is greater than a given threshold, γmax.

In order to illustrate the previous effect, the same test target
was scanned for w = (2, 2, 2)mm and two different attitude
threshold values were considered: γmax = 10◦ and γmax =
15◦. The attitude angles of the radar module at each sampling
position were generated using a normal distribution. Results
are depicted in Fig. 6c and Fig. 6d, respectively. As it can
be observed, although the quality of the reconstructed target
in the reflectance image for γmax = 10◦ is degraded, the six
stripes can be distinguished and their shape is well estimated.
However, for γmax = 15◦ a lot of artifacts on the image appear
and the shape of the stripes is clearly distorted.

IV. MEASUREMENT RESULTS

The enhancement on the image quality obtained as a result
of the presented calibration process and the performance of
the proposed MIMO system were assessed by measuring two
sets of objects. First, a two euro coin, a two euro cent coin
and a door key, arranged as depicted in Fig. 7a and covered by
cardboard, were scanned. The size of the cuboids to balance
the sample density was set to 1 × 1 × 20mm and only one
sample per cuboid was considered. In addition, the orientation
angle threshold was set to γmax = 10◦. The distribution of the
679 acquired samples, measured during 88 s, is shown in Fig.
7b. The images obtained considering the data acquired using
only 1 TX and 1 RX without and with calibration are depicted
in Fig. 7c and Fig. 7d, respectively. On the one hand, the
image before calibration is clearly noisy and full of artifacts
due to the poor coherency. Moreover, all the (fuzzy) objects
in the uncalibrated image appear shifted with respect to their
actual positions, depicted with white lines. On the other hand,
the image after calibration clearly improves and the two euro
coin can be inferred, but the resolution is still low due to the
relatively low number of samples.
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The images retrieved using the 2 TXs and the 4 RXs of
the radar module before and after the calibration are shown in
Fig. 7e and Fig. 7f, respectively. Using this MIMO scheme, in
both cases, despite using the same number of acquisitions as
in the previous configuration, all the objects can be detected
and all the energy is clearly more focused in the actual
objects. However, without the calibration the objects appear
shifted again and the energy is more spread, resulting in more
artifacts than after the calibration. As it can be seen, in the
image obtained after applying the calibration, the shape of all
the objects is well-reconstructed, even the small hole of the
handle of the door key. In order to quantify the image quality
improvement when using the proposed calibration and when
switching to a MIMO configuration, the target to clutter ratio
(TCR) is used. The TCR is given by

TCR = 10 log

(
Nc
∑

(x,y)∈At
|ρ(x, y)|2

Nt
∑

(x,y)∈Ac
|ρ(x, y)|2

)
, (7)

where At is the region corresponding to the target (i.e., the
pixels where the target is located), Ac is the rest of the image,
ρ(x, y) is the reflectance of pixel (x,y) of the image, and Nt
and Nc are the number of pixels of At and Ac, respectively.
The results are summarized in Table I. As discussed from a
qualitative point of view, the maximum TCR is obtained for
the image computed with the MIMO configuration after the
calibration, used as reference to compute the image quality
loss, denoted as L, of the other images.

Table I
TCR AND QUALITY LOSS OF THE RESULTS DISPLAYED IN FIG. 7.

1 TX 1 RX 2 TX 4 RX

Pre-Cal Post-Cal Pre-Cal Post-Cal

TCR (dB) 7.8 9.2 12.4 14.3
L (dB) 6.5 5.1 1.9 0

In conclusion, after the calibration the quality of the images
is improved. Also, using a multistatic setup the scanning time
is reduced, as more information is gathered for a fixed amount
of samples. In a similar fashion, a scan of a given time yields
higher-quality images using a multistatic setup.

In a second experiment, an in-depth study of the impact of
the number of considered channels of the compact radar on the
performance of the scanner was conducted. In this case, the
system was tested by scanning the scissors shown in Fig. 8g
covered by cardboard. The size of the cuboids to balance the
sample density was also set to 1×1×20mm, but the maximum
number samples per cuboid was P = 2. In addition, in order to
mitigate positioning errors, the orientation angle threshold was
also set to γmax = 10◦. A total of 2640 measurements were
acquired during 183 s. The samples distribution is depicted in
Fig. 8f. The obtained reflectance images are shown from Fig.
8a to Fig. 8e for the case of considering only 1 TX and 1
RX, 1 TX and 2 RXs, 1 TX and 4 RXs, 2 TXs and 2 RXs,
and all of the radar module transceivers (2 TXs and 4 RXs),
respectively. In particular, it should be noted that, using all of
the transceivers of the radar module, the blades and the handles
of the scanned scissors can be clearly recognized. As it can

(a) (b)

(c) (d)

(e) (f)

Figure 7. (a) Picture of the targets, (b) position of the acquisitions and image
obtained using 1 TX and 1 RX (c) before, and (d) after calibration, and using
the 2 TXs and the 4 RXs of the radar (e) before and (f) after calibration.

be observed, the quality of the retrieved image is significantly
improved as more TXs and RXs are considered. As in the
previous case, a quantitative analysis of these results using
the TCR was performed. The obtained values, in the same
line as the qualitative analysis, are summarized in Table II.

The videos of the real-time imaging results considering all
the transceivers of the radar module for these tests, in which
the evolution of the electromagnetic image as more data is
acquired can be observed, are available in [25], [26].

V. CONCLUSION

In this manuscript a freehand MIMO system with capacity
to operate in real-time has been presented. The proposed
system, which extends to a multistatic architecture the scanner
presented in [20], comprises a mm-wave radar-on-chip module
and an optical tracking system to compute its position and
orientation while the operator of the scanner freely moves it
over the area under scan with their hand. The system takes
advantage of this movement of the radar to generate a synthetic
aperture to obtain high-resolution images.

Table II
TCR AND QUALITY LOSS OF THE RESULTS DISPLAYED IN FIG. 8.

1 TX 2 TX

1 RX 2 RX 4 RX 2 RX 4 RX

TCR (dB) 5.4 6.1 9.2 8.3 10.6
L (dB) 5.2 4.5 1.4 2.3 0

The calibration of the system, in order to find the offset
between the motion capture system and the radar system of
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(c) (d)
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(g)

Figure 8. Computed reflectance image obtained using (a) 1 TX and 1 RX,
(b) 1 TX and 2 RXs, (c) 1 TX and 4 RXs, (d) 2 TXs and 2 RXs and (e) the
2 TXs and the 4 RXs of the radar module. (f) Heat map with the position of
radar acquisitions and (g) scanned scissors.

coordinates is critical to guarantee the good performance of
the imaging algorithm. For this purpose, a relatively simple
calibration method is proposed to find the attitude offset by
rotating the radar in front of a metal plate until the received
signals of symmetric channels are in-phase. In addition, the
translation offset can be easily found by using as scanning
target the markers of the optical tracking system in order
to refer the radar system of coordinates and the motion
capture system to the same reference. The impact of these
calibration errors has been assessed by means of numerical
simulations confirming a strong image quality degradation if
the calibration is not properly accomplished.

Finally, the measurement results illustrate the performance
of the multistatic system, showing that high-quality images
can be achieved with a number of samples which would not
be enough for a monostatic system. Thus, the proposed setup
entails faster scanning speed and enhanced image quality.
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