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ABSTRACT Synthetic aperture radar (SAR) techniques are commonly used in spaceborne and airborne
side-looking radar imaging applications, where the relatively high platform speeds enable the formation
of very long synthetic apertures, which provide images with high angular resolution. However, the recent
development of new autonomous ground vehicles, with relatively slow speeds, calls for new SAR imaging
methods to obtain high angular resolution images. In this paper, the concept of forward-looking multiple-
input multiple-output SAR (FL-MIMO-SAR) is analyzed and applied for short-range millimeter-wave radar
forward-looking imaging in autonomous mobile robots (AMRs). Moreover, if the antenna inter-element
spacing in the MIMO array is small, the FL-MIMO-SAR imaging system will provide low or no angular
resolution refinement at the radar boresight region, i.e., Doppler beam sharpening (DBS) ineffective region.
To solve that, the combination of FL-MIMO-SAR and sparse MIMO arrays with large inter-element spacing
(FL-sparseMIMO-SAR) is proposed. Aspects such as the signal model, image reconstruction, complexity
reduction, and the left-right ambiguity for FL-MIMO-SAR imaging systems are addressed. In addition,
different imaging scenarios for AMRs are simulated using a frequency-modulated continuous wave radar
simulator. Simulation results are validated with real measurements. It is shown that the proposed combination
of FL-MIMO-SAR andMIMO arrays with large inter-element spacing manages to significantly suppress the
grating lobes, which come from the sparsity in the antenna array. Moreover, the proposed FL-sparseMIMO-
SAR helps to relax the requirements on the synthetic aperture length and solves the DBS-blind region
problem, thanks to the larger real sparse MIMO array and the grating lobes suppression with the FL-SAR
processing. Finally, the results show high potential for radar imaging systems, with FL-sparseMIMO-SAR
capabilities, to be employed in the applications of AMRs towards smart factories and warehouses.

INDEX TERMS Autonomous mobile robots, radar imaging, FL-SAR, DBS, synthetic aperture radar,
angular resolution, MIMO, complexity reduction, backprojection, image reconstruction, sparse antenna
arrays, grating lobes suppression.

I. INTRODUCTION
The use of millimeter-wave (mmW) radars as imaging sen-
sors in autonomous platforms has seen a significant increase
in the past two decades toward achieving full autonomy.
For example, mmW radar imaging is used for automotive
applications [1], field robotics [2], rotor aircrafts [3],
human-centered robotics [4], collaborative robotics [5],
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autonomous trolley vehicles [6], and unmanned aerial
vehicle [7].

For radar imaging applications, high range, Doppler, and
angular resolution are required [8]. To achieve better range
resolution, frequency-modulated continuous-wave (FMCW)
with large frequency bandwidth can be employed. Moreover,
better Doppler resolution can be obtained by increasing the
observation time and carrier frequency of the radar. But when
it comes to angular resolution, vision-only methods (e.g.,
cameras, LIDARs) provide images with significantly higher
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FIGURE 1. A comparison between side-looking and forward-looking SAR
geometries.

angular resolution than conventional radar-based images.
However, the vision-only methods perform poorly in low
visibility conditions. On the other hand, radars are capable
of operating under challenging visual conditions such as
darkness, smoke, and dust. Typically, higher radar angular
resolution is achieved with larger antenna apertures (i.e.,
antenna arrays), which can be expensive or infeasible,
especially in the case of ground-vehicles, where the size,
weight, and price of the radar unit are severely limited.

To circumvent this issue, the concept of synthetic aperture
radar (SAR) [9] can be used. SAR exploits the motion of the
platform, on which the radar is mounted, by taking snapshots
along the travel path. This enables the formation of large
synthetic apertures with the collected snapshots, which can be
used to achieve higher angular resolutions. SAR techniques
have been applied in spaceborne and airborne radar imaging
applications for decades [10]. Conventionally, side-looking
SAR (SL-SAR), illustrated in Fig. 1a, is exploited in
spaceborne and airborne radar imaging applications [10].

On the other hand, forward-looking SAR (FL-SAR),
illustrated in Fig. 1b, has been applied in spaceborne-airborne
bistatic SAR [11], [12], [13]. An early implementation
of a radar system with FL-SAR capabilities is the DLR
Radar-System SIREV [14], [15], which is an airborne radar

with a fixed mounted antenna at the fuselage of an aircraft
or a helicopter. Moreover, FL-SAR was employed for a
gliding-down rotor aircraft, which forms a depression angle
with respect to the scene center [3], [16].

In the case of FL-SAR, the geometry changes since the
platform moves towards the imaged scene instead of passing
alongside it, which is illustrated in Fig. 1a. For FL-SAR,
it is possible to exploit the variations in the relative Doppler
frequency shift of scatterers at different look angles with
respect to the travel path of the platform. This approach
is known as Doppler beam sharpening (DBS) [9], and it
can provide refined angular resolutions. Fig. 1b illustrates
the DBS concept. The radar echo of a point scatterer will
have a specific Doppler frequency which depends on the
scatterer relative radial speed. Since the speed of the platform,
on which the radar is mounted, is known, the variations in the
relative Doppler frequency shift of the point scatterer can be
attributed to the cross-range deviation of the point scatterer,
assuming that it is a static or cooperative moving target.

A drawback of the conventional DBS-based imaging
approaches is that they provide no or poor angular resolution
for look angles equal or close to zero degrees. For example,
the use of DBS in region (B) in Fig. 1b will be ineffective
due to the small look angle of the point scatterer. This is
because a variation in angle in region (B) will only produce an
insignificant Doppler shift variation. To solve this limitation,
the combination of multiple input multiple output (MIMO)
antenna arrays together with the concept of FL-SAR (FL-
MIMO-SAR) is used [17]. In this case, the resulting angular
resolution at the radar boresight will be the effective real
aperture (i.e., MIMO array) angular resolution.

Recently, the techniques of spaceborne and airborne
SAR have been adapted to be used in ground-vehicles for
automotive applications. A typical automotive application for
SL-SAR is parking assistance [18]. SL-SAR is also used
for creating high resolution urban maps [19], [20]. In [21],
a combination of forward-looking and side-looking radars on
a car were exploited for ego-motion estimation and SL-SAR
imaging, respectively.

However, the use of mmW radars, in the case of
FL-MIMO-SAR for slow ground-vehicles, increases the
sensitivity for positioning errors (i.e., millimeter-level accu-
racy is required). This results in relatively shorter synthetic
apertures. Therefore, the angular resolution refinement,
obtained by the FL-MIMO-SAR, is not only a result of
the synthetic aperture but also the MIMO virtual aperture.
A waveform-agnostic mathematical expression, which can
be used to calculate the resulting refined angular resolution
for a specific FL-MIMO-SAR system, was derived in [22].
Moreover, the mathematical expression in [22] can be used
in the case of targets with look angles equal or close to zero
degrees, where the angular resolution refinement is provided
by the MIMO virtual aperture.

Examples of slow autonomous ground-vehicles are
the autonomous guided vehicles (AGVs) [23] and the
autonomous mobile robots (AMRs) [24], [25], which are
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mainly used in smart factories andwarehouses (also known as
Industry 4.0). Unlike their predecessors, AGVs which rely on
predefined tracks, AMRs are expected to navigate their way
in constantly changing environments without misbehaving
in the case of unexpected events or anomalies. Moreover,
AMRs can perform a wide range of tasks such as object
detection [26], collision avoidance [27], detection of spilled
liquid [28], and terrain and environmental mapping [29].

For that to be achieved, a high degree of situational
awareness is required and is enabled with a suite of sensors
(mostly LIDARs and cameras), onboard the AMR, that allow
continuous perception of the surroundings. Furthermore, the
use of mmW radars together with other sensors (i.e., sensor
fusion) in AMRs has been reported. For example, the use
of radars with laser sensors (i.e., laser-radar) for accurate
navigation was proposed in [30]. Moreover, the use of
ultrasonic sensors and FMCW radars was proposed in [31] for
obstacle detection. As for utilizing SAR techniques in AMRs,
SL-SAR, using an ultra wideband radar, was exploited for
constructing floor plans through smoke in [32] and for
negative obstacle sensing in [33]. SL-SAR was also used
for localizing passive ultrahigh-frequency radio frequency
identification tags from a moving antenna carried on an
AMR [34].

However, and to the best of the authors’ knowledge,
FL-SAR was not previously proposed for AMRs applica-
tions. For that to be enabled, shorter synthetic apertures
are required due to the limitations that are imposed on the
slow ground-vehicles. Moreover, such short apertures will
lead to SAR images with low angular resolution which
can be critical, especially for targets at the radar boresight
(i.e., DBS-blind).

FL-SAR was used for automotive radar imaging, by uti-
lizing a forward-scanning radar [35], [36]. Nevertheless,
forward-scanning radars can be too expensive, especially
for small autonomous ground-vehicles which are highly
resource-limited. Moreover, the vehicle must remain station-
ary at each snapshot position for the scan duration. The
applications of DBS, combined with MIMO beamforming,
were demonstrated for better sensing of a vehicle surrounding
environment [37]. But the angular resolution at the radar
boresight will still be limited by the real MIMO angular
resolution. In [38], the authors argue that FL-MIMO-SAR
remains the best solution for targets in the DBS-blind
regions. However, as mentioned earlier, the resulting angular
resolution at the radar’s boresight will be limited by the size
of the effective real aperture. The work in [39] proposed
to simplify the image reconstruction by ignoring the phase
curvature and range migration compensation steps. But
such simplification results in a loss of image quality. The
work in [40] used a time-division multiplexing FL-MIMO-
SAR with a random antenna activation pattern to account
for the space-Doppler frequency coupling, which can be
problematic for vehicles with high speeds. The Range–
Doppler-based image reconstruction algorithm (RDA) was

used in automotive SAR scenarios with good results for
uniform linear trajectories [41]. Still, the RDA assumes a
uniformly distributed grid of acquisition points across a
linear path. In [42], the use of sensor fusion techniques
was investigated towards enabling automotive SAR with
nonuniform trajectories. Nonetheless, the current limitations
on the accuracy of the available positioning sensors require
an added SAR autofocusing step to provide high-quality
automotive SAR images [43]. The work in [44] discussed
the use of accurate motion compensation and the CLEAN
algorithm [45] for removing the grating lobes that come
from the nonuniform acquisition of snapshots along the
SAR trajectory (i.e., sparsity in the synthetic aperture but
not in the real MIMO aperture). However, on top of the
added complexity due to applying the CLEAN algorithm,
long synthetic apertures are still required to produce
high resolution SAR images, especially for targets in the
DBS-blind region.

In this paper, a combination of FL-MIMO-SAR and
sparse MIMO arrays (FL-sparseMIMO-SAR), with large
inter-element spacing, is proposed to relax the requirement
on the synthetic aperture length and to solve the problem
of DBS-blind regions. The exact FMCW signal model for
the FL-MIMO-SAR problem is presented. Moreover, the
decimated backprojection (Dec-BP) method [17] is used to
reduce the computational complexity of the FL-MIMO-SAR
image reconstruction. Aspects like model assumptions,
image reconstruction, complexity reduction, and the left-right
ambiguity for FL-MIMO-SAR are addressed. In addition, the
relation between the FL-sparseMIMO-SAR and the resulting
attenuation of the corresponding grating lobes is quantita-
tively analyzed. Furthermore, a FMCW radar simulator is
used to simulate different use cases for AMR-based radar
imaging. Finally, simulation results are validated with real
measurements using a commercial radar sensor. It is shown
that the FL-SAR processing helps attenuate the grating
lobes, produced by the sparse MIMO array, significantly.
Moreover, the proposed FL-sparseMIMO-SAR helps to relax
the requirements on the synthetic aperture length and solves
the DBS-blind region problem, thanks to the larger real sparse
MIMO array and the grating lobes suppression with the
FL-SAR processing. These results show high potential for
radar imaging systems, with FL-MIMO-SAR capabilities,
to be employed in the applications of AMRs towards smart
factories and warehouses.

The rest of the paper is organized as follows: section II
sets up the geometry as well as the FMCW signal model of
the FL-MIMO-SAR problem. In section III, the combination
of FL-MIMO-SAR with sparse MIMO arrays as well as
the relation between different design parameters and the
suppression of the resulting grating lobes are investigated.
Simulation results are presented and discussed in section IV.
In addition, section V presents and discusses the real
measurement setup and results. Finally, the conclusions are
drawn in section VI.
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FIGURE 2. The geometry of the FL-MIMO-SAR problem.

II. MODELLING
Fig. 2a illustrates a case scenario for the FL-MIMO-SAR
problem. An AMR with a radar sensor unit, mounted in a
forward-looking fashion, is moving. A box is in front of the
AMR but slightly displaced in cross-range. For an arbitrary
point S on the box, θS denotes the look angle of S with respect
to the boresight of the radar. RS denotes the distance between
the radar and the point S. Next, the detailed 2-D geometry
and signal model of the FL-MIMO-SAR problem are
explained.

A. GEOMETRY AND SIGNAL MODEL
Fig. 2b illustrates, in more detail, the 2-D geometry for the
FL-MIMO-SAR problem. The x-axis denotes the down-range
and the y-axis denotes the cross-range. The dark-red circles
indicate the transmitters at the snapshot positions, whereas
the light-red circles indicate the receivers at the snapshot

positions. The point scatterer S at {xs, yS} is indicated by the
black circle, which is assumed to be static. The platform,
on which the radar is mounted, is moving towards the
scatterer S with a velocity v =

√
ẋ2 + ẏ2, which is assumed

to be constant. x0, x1, and xN−1 denote the x-coordinates
of the radar first, second, and N th snapshot, respectively,
where n = 0, 1, . . . ,N − 1 is the chirp index (i.e., slow
time/snapshot).

For what follows, we consider a generic 1-D time-division
multiplexing (TDM) MIMO FMCW radar, placed on the
y-axis as illustrated in Fig. 2b. The MIMO array consists
of A transmitters Ta (a = 1, 2, . . . ,A) and B receivers
Rb (b = 1, 2, . . . ,B) with spacing d between two receivers,
and Bd between two transmitters. The resulting virtual array
consists of A × B antennas with spacing d between two
virtual antennas. yT (a) and yR(b) denote the cross-range
positions of transmitter a and receiver b, respectively.
RS (x1,A) denotes the distance of S from transmitter A at
position x1.

We also consider the following FMCW radar parameters:

λ =
c
fc

, Tp = Tc + Ti + Tr , α =
BW
Tc

where λ is the wavelength, c is the speed of light, fc is the start
frequency of the chirp, Tp is the chirp repetition interval, Tc
is the chirp duration, Ti is the chirp idle time, Tr is the chirp
return time, α is the chirp slope, and BW is the bandwidth.
We also define tf ∈ [0 : Tc] to be the intra-chirp time (fast
time) and fs to be the baseband ADC sampling frequency.
Moreover, a given transmitter Ta in TDM-MIMO is active
at the slow-time instants (An+ a)Tp.
Following these definitions, the distance traveled by

transmitters and receivers at (a, b, n, tf ) is equal to (x0 +

AnvTp + avTp + vtf ). For simplicity, we assume x0 =

0 which denotes the initial x-coordinate of all transmitters
and receivers, see Fig. 2b. The two-way range at (a, b, n, tf )
is then expressed as:

R(a, b, n, tf )

=

√
(xs − AnvTp − avTp − vtf )2 + (ys − yR(b))2

+

√
(xs − AnvTp − avTp − vtf )2 + (yS − yT (a))2 (1)

and the two way propagation delay τ at (a, b, n, tf ) is given
by

τ (a, b, n, tf ) =
R(a, b, n, tf )

c
(2)

The transmitted up-chirp signal can be expressed as

s(tf ) = eiπαt2f ei2π fctf (3)

The radar receives the echo from the scatterer after a
propagation delay τ , and the received signal can be expressed
as

r(a, b, n, tf ) = 3eiπαt2f eiπατ (a,b,n,tf )2

e−i2παtf τ (a,b,n,tf )ei2π fctf e−i2π fcτ (a,b,n,tf ) (4)
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where 3 is a complex amplitude term. For de-chirping, the
received signal is multiplied by the complex conjugate of
the transmitted signal. After de-chirping, the baseband beat
frequency signal is obtained and can be expressed as:

ζ (a, b, n, k) = 3e−i2π fcτ (a,b,n,
k
fs
)

e−i2πα k
fs

τ (a,b,n, kfs )eiπατ (a,b,n, kfs )
2

(5)

where k
fs

(k = 0, 1, . . . ,K − 1) are the sampling instants.

B. MODEL ASSUMPTIONS AND APPROXIMATIONS
In the above-described signal model (see subsection II-A),
the targets are assumed to be isotropic point scatterers.
For realistic complex scenes, with many targets, the total
reflected field will contain the incident field as well as the
scattered field (i.e., local scattering between the point targets).
This will make the equations intractable except for very
simple geometries. To make the problem more tractable, the
scattered field is assumed to bemuchweaker than the incident
field and is therefore ignored. Such approximation is known
as the ‘‘first Born approximation’’. Simulations made with
this approximation will not reproduce multipath artifacts that
are observed in real measurements [46].

Another important assumption, made in subsection II-A,
is that the targets are static. In SAR, compressing the
cross-range data (i.e., target focusing) requires precise
compensation of the targets’ motion information [47].
Accordingly, the imaged scene is assumed to be stationary
in SAR methods. The presence of a dynamic target results
in smearing artifacts in the reconstructed SAR image [47].
It also leads to moving targets being reconstructed at the
wrong positions. However, for the case of AMRs in smart
warehouses, it is acceptable to assume a stationary scene,
given the nature of the scene (i.e., mostly stationary in a fully
automated warehouse).

It is important to mention that perfect knowledge of the
ego-positions and ego-velocity at every snapshot position is
assumed, which is only achievable in computer simulations.
For real case scenarios, the information on the positioning and
the velocity of the platform is obtained using a suite of sensors
(e.g., GNSS/GPS for ego-positioning and odometer for ego-
velocity), which will be contaminated with sensing errors.
Due to the use of mmW radar, positioning and odometry
sensors with millimeter-level accuracy are required. Similar
to the case of moving targets’ miss-compensation, failing
to accurately compensate ego-positions and ego-velocity
information leads to undesirable effects on the reconstructed
SAR image [47]. Smearing artifacts as well as splitting in
the mainlobe are reported as direct results of positioning
errors in automotive SL-SAR images [48]. Moreover, the
severity of these artifacts increases for targets at wide look
angles (i.e., more severe for targets in forward-looking
positions) [48]. Thus, smearing and splitting artifacts are
expected for FL-MIMO-SAR images with ego-positions and
ego-velocity errors.

FIGURE 3. The MIMO array topology in the FL-MIMO-SAR attenuates the
mirrored ghost target.

Last but not least, given the forward-looking geometry, tar-
gets that are symmetrical around the 0◦ look angle correspond
to the same slant range history. This symmetry leads to a
left-right ambiguity around the radar boresight. Therefore,
the FL-SISO-SAR-based approaches cannot discriminate
between positive and negative angles, resulting in a mirroring
effect around 0◦. However, contrary to the case of FL-SISO-
SAR, where the left-right ambiguity problem is maximized,
the MIMO array topology in the case of FL-MIMO-SAR
helps to attenuate the mirrors to a certain level, thanks
to the differences in the geometrical relations between the
mirror and each transmitter-receiver pair in the array. Fig. 3
illustrates the effect of a 2× 4 MIMO array with FL-MIMO-
SAR on the left-right ambiguity. In this work, and since it
is out of our scope, we only rely on the attenuation that is
provided by the MIMO array topology.

C. IMAGE RECONSTRUCTION AND COMPLEXITY
REDUCTION
To reconstruct the FL-MIMO-SAR image with an optimal
signal-to-noise ratio (SNR), the matched filter (MF) solution
is derived as follows:

ZMF(l,m) =

A−1∑
a=0

B−1∑
b=0

N−1∑
n=0

K−1∑
k=0

ζ (a, b, n, k)γ (a, b, n, k, l,m)

(6)

Moreover, l =
2xsBW

c and m are the range and
cross-range bin indices, respectively. γ (a, b, n, k, l,m) is
the complex conjugate of the hypothetical beat frequency
signal ζ (a, b, n, k, l,m). It is clear that the computational
complexity of the solution in (6) makes it hard to be
implemented in real-time. The four dimensional summation
over A, B, K , and N must be computed for all values of
l = 0, 1, . . . ,L − 1 and m = 0, 1, . . . ,M − 1, resulting in
a complexity ofO(LMNKAB), hence, a complexity reduction
is needed.
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FIGURE 4. The decimation in the slow-time samples is equivalent to
reducing the field of view in the cross-range (here, y-axis). This is due to
the formation of aliasing ghosts outside the unambiguous field-of-view in
cross-range (marked by the red dashed rectangle) as a result to the
decimation.

One way to reduce the computational complexity of (6) is
to apply the Fourier transform on the fast-time samples to get
the range profiles, which is done in the backprojection (BP)
method [49]. The BP reconstructed 2-D image ZBP(l,m) is
then derived as:

ZBP(l,m)

=

A−1∑
a=0

B−1∑
b=0

N−1∑
n=0

Fk
{
ζ (a, b, n, k)

}
e
i2π fcR̃(a,b,n,l,m)

c (7)

where Fk denotes the 1-D Fourier transform over the fast-
time samples, and R̃ is an approximated version of R by
ignoring the intra-chirp variations. An interpolation step is
then needed to map R̃ into the range profile (constructed
by Fk ). Thanks to the fast implementation of the Fourier
transform, the computational complexity of (7) is reduced but
still relatively high.

To further reduce the computational complexity of (7),
slow-time decimation can be applied, which is done in
the Dec-BP method [17]. Fig. 4 illustrates the slow-time
decimation process. To avoid aliasing and SNR loss, due to
decimation, a digital low-pass filter (LPF) is implemented
and the finite impulse response LPF is applied to the
slow-time sample set prior to the decimation. This allows
for reconstructing within a reduced alias-free down-sampled
field of view (FOV). The Dec-BP reconstructed 2-D image
ZDBP(l,m) is then derived as:

ZDBP(l,m)

=

A−1∑
a=0

B−1∑
b=0

N̂−1∑
n=0

Fk
{
ζ̄ (a, b, n, k)

}
e
i2π fcR̃(a,b,nβ,l,m)

c (8)

where ζ̄ is the low-pass filtered and decimated beat frequency,
N̂ =

N
β
is the decimated version of N , and the decimation

factor β is obtained as follows:

β =

⌊
Nλ

2vTcpi arctan
(
max(θS )

)⌋ (9)

where, Tcpi = ANTp denotes the coherent processing interval
(CPI) and max(θS ) denotes the maximum reconstructed angle
bin. Applying Dec-BP for the FL-MIMO-SAR case results in

FIGURE 5. Effects of the choice of different parameters (d , β, CPI, v , θ ,
and n) on the grating lobe suppression performance 5.

a reduced complexity with limited FoV (depending on β) but
without sacrificing angular resolution.

It is worth noting that more complexity reduction methods
were reported in the literature. For example, reducing the
number of reconstruction points by considering a Polar-
grid-based BP can be used for SL-SAR applications.
However, going from a Cartesian to a Polar-grid-based BP
is not a straightforward procedure for FL-SAR geometries
(unlike in SL-SAR), and a 2-D interpolation step is needed
which also adds to the overall complexity. In addition, the
Fast-Factorized BP was reported in [50] for reducing the
computational complexity of the SAR image reconstruction.
However, this reduction comes at the cost of angular
resolution.

In this work, we opted for the Dec-BP method as it does
not affect the image quality but reduces the maximum alias-
free FoV. Thanks to the nature of the application (i.e., indoor
short-range AMR imaging), the required reconstructed FoV
is reduced to ±35◦, which enables the use of the Dec-BP
method.

III. FL-MIMO-SAR WITH SPARSE MIMO ARRAYS
Asmentioned in section I, higher radar angular resolution can
be achieved with larger apertures. Typically, radar apertures
are populated with antennas, with sufficient inter-element
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TABLE 1. Design parameters in all simulation scenarios: target (range, angle) positions and their respective amplitudes 3.

spacing, to ensure alias-free imaging. However, this approach
can be expensive or infeasible, especially in the case of
AMRs, where resources such as the weight and price of the
radar unit are highly limited.

By increasing the inter-element spacing, it is possible
to create larger radar apertures without the need for
adding more antenna elements. This shall reduce the price
and system complexity while providing a higher angular
resolution that corresponds to the aperture size. However, the
large inter-spacing between antennas (i.e., larger than half
wavelength) results in the formation of grating lobes.

A grating lobe can be identified as a spatial aliasing or a
replica of the main lobe but in the wrong location. Although
these grating lobes do not affect the effective resolution, they
corrupt the quality of the image significantly and therefore
must be suppressed. To determine the angles φ of the grating
lobes for a target S at angle θS , the following formula is used:

φ(g) = arcsin

(
g2π + sin(θS ) 2πdλ

2π
×

λ

d

)
(10)

where d denotes the spacing between two elements in the
array, g = ±1, ±2, . . . ,±G − 1 is the grating lobe index,
and G =

2d
λ

is an integer, keeping only the acceptable (i.e.
real) values in (10).

From equation (10), it can be seen that the location of a
grating lobe φ is related to θS , which depends on the spatial
relation between the transmitter-receiver pair and the target.
Therefore, and by combining FL-SAR with sparse MIMO
arrays, large inter-element spacing, (FL-sparseMIMO-SAR),
the resulting grating lobes are expected to be suppressed
due to the fact that the Doppler phase history for a target
is different from one virtual array element to another, and
this difference becomes significant for large virtual antenna
apertures.

To quantitatively analyze this behavior, the ratio between
the power of the main lobe to the power of the grating lobe
5 is used. Since θ in (10) is function of (a, b, n, k), it is
possible to study the relation between 5 and other system
design parameters given the following relation:

5(a, b, n, k) = 10 log


∣∣∣ZBP(θ (a, b, n, k))∣∣∣2∣∣∣ZBP(φ(θ (a, b, n, k), g))∣∣∣2

 (11)

where, in our case, g = ±1 (i.e., the nearest grating lobes).
Fig. 5 illustrates that, for the case of a large inter-element

spaced MIMO radar, the grating lobes are not suppressed
and have amplitudes approximately equal to the main lobe

(i.e., 5 = 0 dB) in the case of one snapshot. However, the
FL-sparseMIMO-SAR shows good performance in suppress-
ing the grating lobes (i.e. 5 > 0 dB) depending on the
choice of the parameters. Fig. 5a shows how 5 degrades
when the inter-element spacing d is increased. Moreover,
for an increase in β a small degradation in 5 is shown in
Fig. 5b. On the other hand, Fig. 5c and Fig. 5d show how
the grating lobe suppression improves for increasing Tcpi
(at constant v) or increasing v (at constant N ), respectively.
In addition, Fig. 5e shows improving 5 for increasing the
target angle. Lastly, Fig. 5f illustrates the relation between
the number of snapshots evaluated in the SAR processing,
the decimation rate β, and the grating lobe suppression index
5. Not only it shows the inverse relation between β and
5, but also shows that a trade-off between the number of
snapshots to be considered for SAR (i.e., the length of the
traveled path or length of the synthetic aperture or Tcpi) and
the desired level of grating lobe suppression can be applied
towards reducing the SAR processing complexity.

In addition, the FL-sparseMIMO-SAR provides high
angular resolution at the radar boresight, thanks to the large
aperture, where the FL-MIMO-SAR is limited, see section I
and Fig. 1b.

IV. SIMULATION RESULTS
In this section, the results from the simulated scenarios
are presented and discussed. Four different scenarios were
simulated with an input SNR (i.e., SNR of the ADC raw
data before any processing gain) of 10dB for all targets.
The results for the first three simulation scenarios were
produced using the following parameters: fc = 79 GHz,
BW = 2 GHz, fs = 6.25 MHz, v = 0.5 m/s, Tp =

800 µs, CPI = 4 s, and the total synthetic aperture length
is 3 m. For the fourth simulation scenario, the following
parameters were used: fc = 79 GHz, BW = 2.2 GHz,
fs = 6.25 MHz, v = 0.35 m/s, Tp = 60.9 µs, CPI = 0.44 s,
and the total synthetic aperture length is 0.154 m. In the
following simulation scenarios, we focus on the azimuth
as the cross-range of interest. It is worth noting that no
windowing or filtering was applied.

In the first three scenarios, the MIMO array used is a
generic 1-D TDM-MIMO with two transmitters and four
receivers. The resulting virtual array consists of 8 virtual
antennas with spacing λ

2 between each two virtual antennas.
In the fourth scenario, the sparse MIMO array used is a
1-D TDM-MIMO with two transmitters and four receivers.
The resulting virtual array consists of 8 virtual antennas
with spacing 5λ between every two virtual antennas.
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FIGURE 6. Simulation results for scenario 1 (a-c), scenario 2 (d-f), scenario 3 (g-i), and scenario 4 (j-l). The white circles indicate the true target
positions. All colorbars show normalized voltage scales.

Table 1 shows the target configurations in each scenario.
In scenarios 1 and 4, a single point target at the boresight

is simulated. In scenario 2, two point targets, with similar
amplitudes 3, at opposite look angles and in the same range
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TABLE 2. Target parameters (range R, angle θ) in all experimental scenarios.

bin are simulated. In scenario 3, three point targets with
different amplitudes 3 are simulated at different positions.
In addition, a random positioning error, in the range of
millimeters and changing randomly at every snapshot, was
added in all three scenarios to observe the effect of this type
of non-ideality on the resulting FL-MIMO-SAR images.

For each scenario, the 2-D images of the single snapshot
and the FL-MIMO-SAR, with and without positioning error,
are illustrated in Fig. 6. The white circles on the 2-D maps
indicate the ground truth. By comparing Fig. 6a, Fig. 6d,
and Fig. 6g, which illustrate the 2-D maps for a single
snapshot in the three scenarios, respectively, with Fig. 6b,
Fig. 6e, and Fig. 6h, which illustrate the 2-D maps for the
FL-MIMO-SAR without positioning error in the three
scenarios, respectively, it is clear that the FL-MIMO-SAR
approach produces high angular resolution. Moreover, it can
be seen that the FL-MIMO-SAR results in a better SNR
compared to the single snapshot case thanks to the coherent
integration of all snapshots.

Moreover, the resulting angular resolution refinement for
the target in scenario 1 (Fig. 6b) is less than the resulting
angular resolution refinement for the targets in scenario 2
(Fig. 6e). This is due to the zero look angle of the target
in scenario 1, which renders the DBS approach ineffective.
As expected, artifacts such as splitting of the mainlobe as well
as smearing are shown in Fig. 6c, Fig. 6f, and Fig. 6i, which
illustrate the 2-D maps for the FL-MIMO-SAR with random
positioning error in the three scenarios, respectively.

Furthermore, Fig. 6j illustrates 2-D map for a single
snapshot in simulation scenario 4. Here, and opposite to the
case of Fig. 6a, Fig. 6d, and Fig. 6g, the resulting angular
resolution is higher due to the large real MIMO aperture
(sparse MIMO array). However, the sub-wavelength inter-
element spacing results in the formation of grating lobes,
which corrupt the 2-D map in Fig. 6j. On the other hand,
Fig. 6k and Fig. 6l, which illustrate the 2-D maps for the
FL-sparseMIMO-SAR with and without positioning error,
respectively, show the resulting suppression of the grating
lobes to be significant.

V. EXPERIMENTAL RESULTS
In this section, the equipment, experimental setup, and results
using real measurements are presented and discussed.

A. FL-MIMO-SAR EXPERIMENTAL SETUP
Here, the objective is to verify the simulation results (see
section IV), which simulate several scenarios for AMR radar

imaging applications. To do that, a low-cost, robot with
open-source software (i.e., AMR) is used as the moving
platform (see Fig. 7a). Moreover, a Texas Instruments
AWR1243 mmW radar sensor is deployed onboard the AMR
(see Fig. 7b). The radar sensor has four receivers and two
transmit antennas (on the azimuth cross-range), similar to
the topology shown in Fig. 2b. The following parameters are
considered in the real measurements: fc = 79 GHz, BW =

2 GHz, fs = 6.25 MHz, Tp = 800 µs, CPI = 4 s, and the
total synthetic aperture length is 3 m. The AMR accelerates
from v = 0 to 0.5 m/s. Poles, with corner reflectors, as well
as a table, with metal legs, were used as targets (see Fig. 7c
and Fig. 7d). The maximum unambiguous range is 21.06 m.
The range resolution is 0.075 m. Themaximumunambiguous
velocity is 0.593 m/s. The velocity resolution is 0.0047 m/s.
The real aperture angular resolution (at boresight) is 16.37◦.
In addition, a motion capture (MOCAP) system is used

to digitally record the movement of the AMR. This is an
important step to ensure the accurate compensation of the
AMR motion in order to achieve satisfactory results (see
section IV for the effects of inaccuratemotion compensation).
However, the used MOCAP system has a frame rate of
14fps (due to some experimental setup limitations). Thus,
interpolation is needed to estimate the velocity and position
of the AMR along its trajectory. This results in an error
in the range of centimeters-to-millimeters in the positioning
information. Moreover, the yaw of the radar shifts gradually
along the trajectory as the AMR slightly shifts its trajectory
while accelerating due to vibrations.

Four different experimental scenarios (1-4) are performed
using this FL-MIMO-SAR setup. In scenario 1, a pole, with
a corner reflector, is used as a target at the boresight (see
Fig. 8a). In scenario 2, two poles, each with a corner reflector,
are used as targets at opposite look angles (see Fig. 8c).
In scenario 3, three poles, two with a corner reflector and
one without, are used as targets at different positions (see
Fig. 8e). In scenario 4, a table, with four metal legs, is used
as a complex target (see Fig. 8g). Table 2 shows the number
of targets and their positions in each experimental scenario.

B. FL-sparseMIMO-SAR EXPERIMENTAL SETUP
Similar to the FL-MIMO-SAR setup, an AMR is used as the
moving platform (see Fig. 9a).Moreover, a Texas Instruments
AWR2243 cascaded mmW radar sensor is deployed onboard
the AMR (see Fig. 9a). The following parameters are
considered in the real measurements: fc = 79 GHz, BW =

2.2 GHz, fs = 6.25 MHz, Tp = 60.9 µs, CPI = 0.44 s,
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FIGURE 7. The experimental setup for the real measurements.

and the total synthetic aperture length is 0.154 m. The
AMR accelerates from v = 0 to 0.35 m/s. The maximum
unambiguous range is 23.38 m. The range resolution is
0.075 m. The maximum unambiguous velocity is 18.97 m/s.
The velocity resolution is 0.13 m/s. The real aperture angular
resolution (at boresight) is 1.35◦. A corner reflector was used
as a target in experimental scenario 5, see Table 2.

The cascaded radar sensor has 16 receivers and 12 transmit
antennas (9 on the azimuth cross-range and 3 elevation
cross-range). Since, in this work, the azimuth cross-range is
the cross-range of interest, the number of effective transmit
antennas is 9. Together with the 16 receivers, a uniform linear
virtual array of 144 channels is formed. After eliminating the
overlapping ones, the effective uniform linear virtual array
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FIGURE 8. The 2-D geometry and the corresponding 2-D FL-MIMO-SAR images are shown for the first
four different experimental scenarios. The circles (white or black) indicate the true target positions.
All colorbars show normalized voltage scales.

consists of 86 channels with an inter-element spacing of λ
2 .

However, and to utilize a sparse MIMO array, only 9 (out
of 86) channels are used to form the FL-sparseMIMO-SAR
2-D images. This topology results in a sparse uniform linear
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FIGURE 9. The experimental setup, geometry, virtual antenna array topology, and the resulting 2-D
images are shown for the fifth experimental scenario with the cascaded radar. The circles (white or black)
indicate the true target positions. All colorbars show normalized voltage scales.

virtual array that consists of 9 channels with an inter-element
spacing of 5λ, see Fig. 9c.
Unlike in the FL-MIMO-SAR experimental scenarios 1-4,

an Inertial Measurement Unit (IMU) sensor, onboard the
AMR, is used to digitally record the movement of the
AMR. The update rate of the IMU sensor is 11 Hz. Thus,
interpolation is needed to estimate the velocity and position of
the AMR along its trajectory. On the other hand, the gradual
shift in yaw of the radar along the trajectory is recorded

by the IMU as the AMR slightly shifts its trajectory while
accelerating due to vibrations. Overall, an error in the range
of centimeters-to-millimeters in the positioning information
is produced.

C. MEASUREMENT RESULTS
Fig. 8b shows the resulting 2-D FL-MIMO-SAR image for
the first experimental scenario. Thanks to the FL-MIMO-
SAR, the target is resolved at the correct position with a
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high angular resolution. However, the angular resolution
refinement in this scenario is less than the one for targets
far from the boresight, which is due to the DBS limitation.
Moreover, a splitting in the mainlobe is observed, which can
be attributed to the positioning error. This result is similar to
the simulated scenario (see Fig. 6c).

Fig. 8d shows the resulting 2-D FL-MIMO-SAR image for
the second experimental scenario. Both targets are resolved at
the correct positions with a high angular resolution, thanks to
the FL-MIMO-SAR. However, a relatively higher noise floor,
as well as smearing effects, are observed in the image. This
is due to the positioning error, which is slightly higher in this
experiment because of the changing yaw of the radar (see the
deviation in trajectory in Fig. 8c). This result is comparable
with the simulated scenario (see Fig. 6f).
As for the third experimental scenario, Fig. 8f shows the

resulting 2-D FL-MIMO-SAR image. Two of the three targets
are correctly resolved at their respective positions with a high
angular resolution (higher than the previous experimental
scenarios because of the larger look angles). However, the
third target (with a smaller radar cross-section) is shifted in
range and angle. Moreover, a splitting of the mainlobe in the
first two targets can be observed. This can be attributed to the
high positioning error as well as the changing yaw of the radar
(see the deviation in trajectory in Fig. 8e). Like in the previous
two experimental scenarios, this result is comparable with the
simulated scenario (see Fig. 6i).
Fig. 8h shows the resulting 2-D FL-MIMO-SAR image

for the fourth experimental scenario. Here, the reconstructed
image shows a signature that is close to that of the four-legged
table. However, two legs from one side appear to reflect more
echos than the other two legs. The reason for this can be the
slight change in the yaw of the radar (see the deviation in
trajectory in Fig. 8g). Moreover, and similarly to the previous
cases, the smearing effects can be attributed to the positioning
error.

Finally, Fig. 9b and Fig. 9d illustrate the geometry and
resulting 2-D single snapshot image for the fifth experimental
scenario, respectively. Thanks to the relatively large aperture
(sparse MIMO array), the target is resolved at the correct
position with a high angular resolution with a single snapshot.
However, due to the sparsity in the MIMO array, grating
lobes are formed in the imaged scene. Fig. 9e, which
illustrates the resulting 2-D FL-sparseMIMO-SAR image in
the fifth experimental scenario, shows significant suppression
of the grating lobes. It can also be seen in Fig. 9e that
the effective angular resolution in the radar boresight is
higher than in Fig. 8b. This is due to the larger real MIMO
aperture, which contributes to the angular resolution in the
DBS-blind regions, see I. Furthermore, and thanks to the
FL-sparseMIMO-SAR, shorter synthetic apertures can be
utilized instead of longer ones, as the main contribution of
the synthetic aperture is not the angular resolution refinement
but rather the grating lobes suppression. From the relations
illustrated in Fig. 3, and thanks to the Dec-BP approach,
a relatively low number of snapshots is required to produce

high-quality SAR images (with sufficiently suppressed grat-
ing lobes). This helps reduce the computational complexity
as well as the positioning error artifacts of the SAR imaging
system.

VI. CONCLUSION
The applicability of the FL-MIMO-SAR imaging techniques
for the applications of AMRs was evaluated and discussed.
In addition, the geometry and the FMCW signal model
for the FL-MIMO-SAR problem were presented. Aspects
likemodel approximations, image reconstruction, complexity
reduction, and left-right ambiguity for FL-MIMO-SAR imag-
ing systems were addressed. Furthermore, the combination of
FL-MIMO-SAR and sparse MIMO arrays (with large inter-
element spacing) was analyzed.

To test and compare the usability of the FL-MIMO-SAR
and the FL-sparseMIMO-SAR approaches for AMR appli-
cations, several scenarios were simulated and discussed.
Simulation results showed significant improvement in the
angular resolution of the FL-MIMO-SAR images. Moreover,
the simulation results showed significant suppression of the
grating lobes for the FL-sparseMIMO-SAR case. In addition,
the simulation results were verified with four different
experimental scenarios using an AMR with two different
commercial radar sensors.

Looking at the experimental results, it is evident that
the utilization of radar imaging systems with FL-MIMO-
SAR capabilities will significantly enhance the quality of
the produced radar images. However, this comes at the cost
of high computational complexity due to the relatively large
synthetic aperture needed for providing sufficient angular
resolution refinement. Such a long synthetic aperture also
makes the resulting SAR images susceptible to artifacts due
to positioning errors.

On the other hand, the proposed FL-sparseMIMO-SAR
helps to relax the requirements on the synthetic aperture
length and solves the DBS-blind region problem, thanks to
the larger real sparse MIMO array and the grating lobes
suppression with the FL-SAR processing.

In summary, these results show a great potential for
FL-sparseMIMO-SAR techniques to be employed in the
applications of AMRs towards smarter factories and smarter
warehouses.

That being said, the use of mmW radars with
FL-MIMO-SAR and FL-sparseMIMO-SAR imaging tech-
niques poses the following challenges:

• Knowledge of the platform motion parameters with sub-
millimeter-level accuracy is required to produce well
focused FL-MIMO-SAR images, especially for the case
of faster vehicles.

• Non-cooperative moving targets (i.e., dynamic scenes)
require tailored FL-MIMO-SAR solutions to produce
well-focused FL-MIMO-SAR images.

Lastly, it is worth mentioning that the aforementioned
challenges are currently being investigated and will be
addressed in future works.
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