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Abstract—Synthetic Aperture Radar (SAR)-based microwave
imaging systems have been widely used in a great variety of
application areas, ranging from Earth monitoring to
nondestructive testing. The scanning speed is one of the key
performance indicators of SAR-based imaging systems. One
possibility to increase it is by widening the distance between
measurements. However, this results in the presence of grating
lobes which degrade the recovered microwave SAR images. To
overcome this issue, this contribution presents a novel
methodology that introduces the amplitude and phase of the field
radiated by the transmitting and receiving antennas of the SAR
system in the backpropagation imaging algorithm. The method
takes advantage of the directive pattern of the Tx/Rx antennas to
reduce the level of the grating lobes appearing in the SAR image.
Results presented in this contribution confirm the effectiveness of
the proposed methodology to work with subsampled apertures
while minimizing the impact of the grating lobes in the SAR
images. Subsampling rates of, at least, one wavelength, have been
achieved while keeping the quality of the recovered SAR images
similar to the ones retrieved when the Nyquist sampling rate is
fulfilled.

Index Terms—Synthetic Aperture Radar (SAR), microwave
imaging, backpropagation, grating lobes, subsampling.

l. INTRODUCTION

YNTHETIC Aperture Radar (SAR) is a remote sensing

technique that has been widely used in a variety of

application areas, e.g. Earth observation [1], agriculture
[2], topography [3], nondestructive testing applications [4], or
landslides monitoring [5]. In SAR systems, the radar module is
mounted on a moving platform (e.g., an airplane, a satellite or
a robotic arm) so that radar samples are usually collected at a
constant rate along the path followed by the platform. Then,
these radar samples are coherently processed so that the
resolution of the SAR system is equivalent to the one of a
physical array having the same length as that of the SAR system
path [6].

Conventional SAR processing requires the radar samples to
fulfill the Nyquist sampling rate, which eventually limits either
the spacing along the physical direction (if any) or the scanning
speed along the virtual direction of the SAR system. In the case
of monostatic or, equivalently, quasi-monostatic microwave
imaging systems, like the ones studied in this contribution, the
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theoretical sampling rate to avoid aliasing is A/4, i.e, twice the
sampling rate of bistatic systems [7]. However, in practice, a
minimum sampling rate criterion of A/2 is widely adopted
provided the transmitting (Tx) and receiving (Rx) antennas are
not omni-directional. Thus, a microwave SAR imaging system
working in the 14-16 GHz frequency band would require a
spatial sampling of 1 cm (according to the A/2 sampling rate
criterion considering the center frequency of 15 GHz) to fulfill
the Nyquist sampling rate. If the radar module of this SAR
system has a processing rate of 50 samples per second, then, the
maximum speed at which the SAR system can be moved will
be 50 cm/s.

A. An overview of the different strategies to increase the
scanning speed in microwave SAR systems

There are several possibilities to increase the scanning speed
of a SAR system:

1) Use of a microwave/radar subsystem capable of faster
transmission/processing rates. This solution relies on enhanced
hardware features (e.g., multiple Tx/Rx channels, or faster
digital signal processing hardware and software), which could
result in a more complex and, thus, more expensive SAR
imaging system. Besides, some SAR imaging systems require
the correlation of the microwave measurements with data
provided by other sensors (e.g., pictures taken by a camera). In
these cases, the acquisition speed is limited by the sensor with
the slowest data rate.

i) Decreasing the spatial sampling rate, so that the spacing
between two consecutive samples is widened. The major
drawback is the presence of grating lobes, whose spacing is
inversely proportional to the sampling rate.

Increasing the spacing between samples is a strategy closely
related to the design and implementation of phased array
systems, where different techniques to reduce the number of
elements of the array, while minimizing the impact of grating
lobes, have been developed. Among them, it can be cited:

- Use of two different arrays for transmission (Tx) and
reception (Rx) (Fig. 1 (b)), so that the grating lobes of the Point
Spread Function (PSF) associated with each array cancel each
other [8]-[10]. A similar concept, based on the multiplication of
patterns with different grating lobes arrangements, is proposed
in [11].
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- Use of a tapered feeding of the elements [12]. This includes
well-known array synthesis techniques like Dolph-Chebyshev
or Taylor [13].

- Use of sparse, nonregular distribution of the array
elements, as illustrated in Fig. 1 (c). These sparse distributions
are employed in Compressed Sensing (CS) imaging algorithms
[14]-[16].

(@) Uniform sampling, Ad < A/2

(b) Sparse Tx and Rx acquisition positions
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(c) Sparse sampling (for Compressed Sensing techniques)
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(d) Uniform sampling, Ad > A/2
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Fig. 1. Different schemes for synthetic aperture sampling. The one to
be analyzed in this contribution is the last one (d).

Sampling schemes illustrated in Fig. 1 (b) and (c) are capable
of reducing the number of required elements in the antenna
array by more than 50% with respect to uniform distribution
with A/2 spacing between elements.

In SAR imaging systems, however, samples are usually
acquired at a constant rate, with the SAR system mounted on a
platform or vehicle that moves at a quasi-constant speed. In
consequence, the implementation of uneven sampling schemes
like the ones plotted in Fig. 1 (b) and (c) is not feasible. It would
require the radar module to use a variable Tx/Rx rate and/or the
variation of the scanning speed of the platform where the
imaging system is mounted.

Another possibility to increase the spacing between samples
in SAR systems is the combination of the synthetic aperture
with a physical antenna array, similar to the subarray method
presented in [11]. However, this would be redundant, as the idea
of the synthetic aperture is to take advantage of the movement
of the SAR imaging system to avoid the need for an antenna
array. In addition, the size and weight of the antenna array are
also limiting factors concerning the design and implementation
of the SAR system.

Taking into account the aforementioned requirements and
limitations for SAR systems, the sampling scheme depicted in
Fig. 1 (d) would enable increasing the scanning speed of the
SAR system. In this scheme, samples are evenly spaced, being
the spacing greater than the Nyquist sampling rate (that is,
greater than A/2). This sampling scheme results in the presence
of grating lobes that have an impact on the recovered SAR
images. Consequently, the imaging algorithms used in
subsampled synthetic apertures are challenged by the capability
of providing SAR images as accurately as when the Nyquist
sampling rate is fulfilled.
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B. SAR imaging techniques

SAR processing algorithms provide a 2D or 3D reflectivity
map of the imaged scenario from the scattered field
measurements acquired along the observation domain (i.e., the
path followed by the vehicle where the SAR system is
mounted). This calculation of the reflectivity can be also
understood as a spectrum estimation problem.

One of the advantages of SAR imaging techniques is that no
a-priori information about the shape, size, or position of the
targets is required. The only consideration to be taken into
account is that the size of the investigation or imaging domain
must be set large enough to ensure that the targets to be imaged
are contained within it. Conversely, inverse scattering methods
based on model-based techniques [17] need an initial guess of
the target or targets-under-test.

Different methods have been developed to retrieve the
reflectivity image from the scattered field measurements
[181,[19]:

- Fourier-based imaging techniques are the most efficient
imaging algorithms in terms of computational efficiency
[20],[21]. These techniques require the observation and
imaging domains to be uniformly sampled, otherwise requiring
an interpolation step of the measurements onto a regular grid
[22].

- Backpropagation algorithms are less efficient than Fourier-
based ones in terms of computational complexity, but they are
able to work with acquisition domains that are not uniformly
sampled [23]. One of these backpropagation algorithms is
Delay-and-Sum (DAS) [24]. This method has been widely used
not only in microwave imaging applications but also in seismics
and acoustics [25].

- Full-wave equation methods, and tomographic approaches.
They can model accurately the imaged scenario. Besides, they
can retrieve the constitutive parameters of the targets [26]-[28].
The main issue is their high computational complexity, which
limits their applicability to electrically large scenarios.

- Compressed sensing techniques. These methods can deal
with subsampled, sparse apertures (see Fig. 1 (c)). However,
they also exhibit a moderate computational cost, thus limiting
the applicability. Moreover, the problem must be sparse (after
a linear transformation), which is also a strong requirement.
Besides, as stated in Section I.A, the use of irregular sampling
patterns is not suitable for SAR systems mounted on vehicles
or platforms moving at a constant speed, with radar modules
working at a uniform data acquisition rate [14]-[16],[29].

C. SAR imaging techniques for subsampled apertures

A comparison of several backpropagation imaging methods is
presented in Table I, discussing their main features and
limitations, as well as the feasibility to handle subsampled
apertures where the samples are evenly spaced (see Fig. 1 (d)).
For example, in the methodology presented in [30], up to 2 A
subsampling was achieved for a multistatic configuration
(which can be considered 1 A in an equivalent monostatic
arrangement). And in [31], the spacing between elements for a
phased antenna array was 1 A.

In [32], the authors presented a modified DAS algorithm
where the phase of the field radiated by the Tx/Rx antennas was
considered. It was proved that proper characterization of the
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phase of the field radiated by the Tx/Rx antennas resulted in
better imaging of the targets, especially when placed in the
near-field (NF) region of the Tx/Rx antennas. Besides, if the
phase of the radiated field is accurately characterized, the
targets are imaged at the right range position, avoiding the need
for additional calibration to correct the offset between the true
position of the targets and the position where the targets are
imaged. However, the method described in [32] lacked the
capability to work with subsampled apertures. This limitation is
common to those imaging algorithms that only consider the
phase term in the backpropagation of the field scattered by the

targets.

TABLE |

COMPARISON OF BACKPROPAGATION IMAGING METHODS

Refe- |Main features Advantages Limitations / disadvantages

rence

[8]- [Fourier-based Very efficient from a [Requires the combination

[10], |packpropagation |computational point- |of different sampling

[22] |imaging. of-view. patterns for the Tx and for

Can deal with the Rx (not suitable for
subsampled uniformly sampled
apertures, or arrays [apertures).

\whose elements are  |Nonideal phase radiation
spaced more than pattern is not corrected.
A2

[30] [Replication of the |Capable of dealing |A-priori knowledge of the
spectrum to image |with subsampled approximate size of the
targets off- apertures (up to 2 A, [targets is required.
centered with multistatic Nonideal phase radiation
respect to the architectures) pattern is not corrected.
aperture. Based on Fourier-

based imaging
(computationally
efficient).

[31] [Physical array Supports Physical antenna array,
\with elements subsampling, up to |which requires accurate
spaced 1 A 1A calibration/equalization of

the channels.
Nonideal phase radiation
pattern is not corrected.

[32] |Accurate Targets are imaged  |Requires the
characterization [at the right position |characterization of the
of the phase of the (without requiring a- [Tx/Rx antennas of the
field radiated by |priori calibration. imaging system.
the TX/Rx The field in the imaging
antennas. domain needs to be

calculated, increasing
calculation time (but only
once).

Cannot deal with
subsampled apertures.

[35], [Patch modeling of [Capable of dealing (It requires the modeling of

[36] (the targets to with subsampled the targets.
suppress grating  [apertures. Nonideal phase radiation
lobes. pattern is not corrected.

This |Accurate Same as [32], plus  |[Requires the

contri-characterization |capable of dealing  [characterization of the

bution |of both the with subsampled Tx/Rx antennas of the
amplitude and the [apertures (up to, at  [imaging system.
phase of the field |least, 1.08 1) The field in the imaging
radiated by the domain needs to be
TX/Rx antennas. calculated, increasing
calculation time (but only
once).
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D. Aim and scope of this contribution

In this contribution, a novel backpropagation imaging
method capable of overcoming the limitations of other imaging
techniques to work with subsampled apertures is presented.
This method is based on a modified version of the DAS
algorithm [32], which has been extended by adding the
amplitude of the field radiated by the Tx/Rx antennas. The
proposed method shows that the addition of the amplitude term
effectively reduces the level of the grating lobes in the SAR
images even when the subsampling rate is greater than 1 A.

The novelties and limitations of the proposed methodology
are summarized in the last row of Table I. The main advantages
with respect to other imaging methods for subsampled apertures
are: i) a-priori knowledge or modeling of the geometry of the
targetsis not required. ii) it is based on exploiting the directional
properties of the Tx/Rx antennas of the SAR imaging system,
S0 no additional hardware is required. This is of particular
interest as this method can be used in a wide variety of SAR
imaging architectures where the sampling scheme follows the
pattern depicted in Fig. 1 (d). Besides, this method also inherits
the advantages of the modified DAS algorithm of [32].

This manuscript is organized as follows: a review of the DAS
algorithm is presented in Section II together with the proposed
modification of the DAS to work with subsampled apertures.
Section III analyzes the performance of the method when
applied to subsampled apertures; for this purpose, two-
dimensional (2D) simulation-based examples are considered.
Next, experimental validation with two different measurement
setups is presented in Section IV, where results obtained with
the DAS algorithm, the modified DAS of [32], and the method
described in this contribution are compared. Section IV also
analyzes the impact of the accuracy of the Tx/Rx antenna
characterization in the recovered SAR images. Finally,
conclusions are drawn in Section V.

Il. METHODOLOGY

A. An overview of the DAS imaging method

A basic scheme of a monostatic imaging system is depicted in
Fig. 2. The transmitting (Tx) and receiving (Rx) antennas are
displaced along the synthetic aperture (observation domain),
whose length is Lobs. This aperture is discretized into N points,
so the sampling rate is given by ALgns = Lobs/(N-1). The center
of the imaging domain is located at a distance R from the
observation domain and has a cross-range or lateral size of Limg.
The imaging domain is the area (2D) or volume (3D) that
contains the target or targets to be imaged. As stated in Section
I.B, no a-priori information about the number of targets and
their location within the imaging domain is required.

The DAS backpropagation technique is described next: given
the field scattered by the targets, E .., acquired in the N
positions of the synthetic aperture and in a frequency band
discretized into N; frequencies, the reflectivity in a point
belonging to the imaging domain, p(#'), is calculated as
defined in (1) (further details can be found in Section 2.6 of

[33]):
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p(F') =

Sy TN Escae (fon T )e Mo Rralint VeRia(Futdi’) (1)
where Ry, (7, 7) and Rg.(7, +d,7') correspond to the
Euclidean distance between the position of the Tx and Rx
antennas at the n-th observation position (7#,) and the imaging
position 77 within the imaging domain. d denotes the position
vector between the Tx antenna and the Rx antenna. k, is the
wavenumber at the m-th frequency, k,(f,,,) = 2nf,,,/c.
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Fig. 2. Scheme of an imaging system (based on the configuration
described in [35],[36]).

In the case of a monostatic configuration d = 0 and
Ry (7, 7)) = Ry, (%, 7'); that is, the transmitting (Tx) and
receiving (Rx) antennas are located at the same position, 7, .

Similarly to other imaging techniques, the DAS algorithm is
based on a far-field approach, that is, the backpropagation term
corresponds to the phase term of a spherical wave. In some
scenarios (e.g., when the targets are located within the near-
field region of the Tx/Rx antennas), the effect of the antenna
radiation pattern of the Tx/Rx antennas in the microwave
imaging results is not negligible, as illustrated in [32] and in
[34]. Furthermore, the phase difference between the spherical
wave approach and the complex radiation pattern of the Tx and
Rx antennas requires a calibration stage to compensate for the
shifting in the position of the imaged objects.

To overcome the error due to the far-field approach, a
modification of the DAS algorithm was proposed in [32]. It
consisted of replacing the spherical wave phase term by the
phase of the field radiated by the Tx/Rx antennas of the imaging
system (2):

p(F) =
TS ) i) @
m= e}((Erad,Tx(fmanvr V) (Erad,rx fmFnt +d)*))
where (Erad,Tx(fm:Fn:F’)*> and (Erad,Rx(fm'Fn'F, + d)*> are
the phase of the field radiated by the Tx and Rx antennas,
respectively. Note that this formulation is valid for either

monostatic or multistatic configurations.
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B. Characterization of the grating lobes in subsampled
apertures

As mentioned in Section I, one of the main challenges of
SAR imaging systems is to increase the scanning speed without
worsening the imaging capabilities. Widening the spacing
between consecutive observation points beyond the Nyquist
sampling rate (that is, ALqps > A/2) results in the presence of
grating lobes in the Point Spread Function (PSF), i.e., the image
corresponding to a point-like target [35],[36]. Consequently,
depending on the subsampling rate, the size of the imaging
domain, and the distance between the imaging domain and the
observation domain, replicas of the imaged targets may appear
within the imaging domain [37],[30]. In other words, a
subsampled observation domain results in aliasing in the
spectral domain [38].

Sometimes it is possible to apply filtering techniques in the
imaging (spatial) domain or in the spectral domain to remove
the aliasing, as illustrated in [37],[30]. Another solution to
mitigate the impact of aliasing in the SAR images, based on
what is called a patch modeling of the targets, is presented in
[35],[36].

For a monostatic imaging system, the condition that gives
the minimum number of observation points N required to avoid
the presence of grating lobes within the imaging domain is
derived in [35],[36] (1):

2LobsLimg
N > =i g g, ®)

where A is the wavelength at the center frequency (f;) of the
working frequency band, and R is the distance between the
observation domain and the center of the imaging domain (see
Fig. 2).

From (3), and for a subsampled array, it is possible to
estimate the position where the grating lobes (and thus the
replicas of the imaged targets) will appear in the imaging
domain, deL:

_ AR
T 2ALgps

(4)

dGL

A synthetic aperture can be studied as a virtual array.
Consequently, the field radiated by the aggregation of all the

positions within the synthetic aperture (E, ., (f, 7)) is the array
factor of the virtual array (AF (f,7)) times the radiation pattern

of the Tx/Rx antenna used in the SAR sensor (Emd,am (f,7):

Erad () F) = Erad,ant f) 7) -AF(f, 7), )
In the case of a linear array of N equally spaced elements

(placed along the z-axis without loss of generality), the
radiation pattern is given by:

Emd (f,0) = (ijd‘am(f, 9)) YN-1 giko(P(nad)cos(8) (6)

where Ad is the spacing between consecutive elements.
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Discarding coupling effects between the elements, this would
be equivalent to the radiation pattern of a synthetic aperture
where the SAR sensor follows a linear path (in the case of (6),
the path would be in the z-axis).

In a particular case where the elements of the linear array are
electrically small dipole-like antennas (or, equivalently, if the
SAR sensor antenna is a dipole), the radiation pattern is given

by (7):
Erad (f,0) = (COS(Q)@) -t eJko(f)(nad)cos(6) )

In the case of subsampled apertures, if the radiation pattern
of the element has certain directivity, then, the amplitude of the
grating lobes is modified according to the shape of its radiation
pattern, as illustrated in Fig. 3 (b). Conversely, when punctual,
isotropic elements are considered, the grating lobes exhibit the
same amplitude as the main lobe (Fig. 3 (a)). Thus, the use of
directive antennas in physical or synthetic arrays would
mitigate the effect of the grating lobes and, consequently, the
aliasing in the imaging domain. An application example based
on this concept was presented in [31], where the elements of the
antenna array were spaced 1 A without degrading the
beamsteering capabilities due to the grating lobes.

(a)_o_ | gl | -3 kff._
e A R |
R AR (' bl
/( [FR 1M Hff/\/ -
AR TR e
2 ol ‘ .IAd |
. T

-80 -80 -40 20 0 20 40 60 80
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S
T

Normalized amplitude (dB)
ro
(5]

&
S

L
{IAd

Wl N
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# angle (degrees)
Fig. 3. Representation of the radiation pattern of an N = 16-element
antenna where the elements are placed along the z-axis and spaced Ad

)
3]
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= 2 ). (a) Punctual, isotropic elements. (b) Dipole-like elements (the
solid green line is the radiation pattern of the element).

C. Modification of the DAS imaging method to work with the
amplitude and phase of the Tx/Rx antennas

In Section 11.B it has been shown that, if the antenna used in
a phased-array imaging system or in a SAR imaging system has
certain directivity, then, the grating lobes will be attenuated.
This minimizes the impact of the aliasing in the imaging
domain. Thus, to take advantage of this feature, the imaging
algorithm must be capable to take into account the radiation
pattern of the Tx/Rx antenna.

One possibility is to model the synthetic aperture as a
physical array, then using a full-wave method to calculate the
field radiated by this physical array in the imaging domain, as
well as its interaction with the targets. Next, a cost function
relating the measured scattered field and the scattered field
calculated with the full-wave model is minimized, where the
unknowns in the full-wave model are usually the geometry and
composition of the targets in the imaging domain [26] or a
contrast function [27]. Full-wave model techniques require an
initial guess of the shape and composition of the targets. Thus,
depending on how close to the final solution this first guess is,
the cost function to be minimized might converge or not.
Besides, these inverse scattering techniques based on full-wave
methods have a computational cost higher than Fourier-based
or backpropagation imaging algorithms.

A simpler approach is proposed in this contribution. It is
based on the modified DAS algorithm presented in [32],
extending it to consider not only the phase of the field radiated
by the Tx/Rx antenna but also the amplitude of the field as
shown in (8). This formulation is valid regardless the placement
of the targets with respect to the Tx/Rx antennas, that is, they
can be located either in the near-field region of the antennas, or
in the far-field region.

p(#') = )

Escat (fml 7_Zn) (Erad,Tx (fm' Fn' 7_3’))

Mg
Zm:l rI\{zl - *
S iy
(Erad,Rx(fmlrn +4,7 ))

®)

The flowchart of the methodology proposed in this
contribution is summarized in Fig. 4. The first step is the
characterization of the field radiated by the Tx/Rx antennas of
the imaging system. For aperture-like antennas (e.g., horn
antennas, Open-Ended Waveguide Antennas (OEWG)) it just
requires the calculation of the fields on the aperture plane of the
antennas, E,, (s Fap). Depending on the kind of antennas used
in the SAR imaging system, several methods can be considered.
In the case of OEWG and horn antennas, analytical models
provide an accurate estimation of these aperture fields. For
another kind of antenna, where these analytical models that
predict the radiated fields might not be accurate enough, the use
of an electromagnetic model of the antenna, derived from
simulations or from the measurement of the field radiated by
the antenna, will be required.
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ﬂ Characterization of the antenna(s) of the imaging system |’

Measurement of the field
radiated by the antenna(s)
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Reconstruction of the fields
on the aperture plane of the

Analytical model of the
fields on the aperture
plane of the antenna(s)

antenna(s)
' ,
4| Aperture fields of the antenna(s) Ii

Eap (Tap)

Calculation of the field radiated by
— antenna(s) of the imaging system in the
points of the imaging domain

Erad (F’)

Measurement of the field scattered by the
object(s) located within the imaging domain

E scatt (7_2)

Modified Delay and Sum (DAS) that takes into
account the amplitude and phase of the field
radiated by the antenna(s) in the imaging domain

v
| Reflectivity in the imaging domain |

p(#")

Initial characterization of the field radiated by the antenna(s)
of the imaging system. These steps are conducted once.

I:I Steps associated with the operation of the microwave
imaging system. Conducted every time a target or a set of
targets is imaged.

Fig. 4. Flowchart of the modified DAS algorithm that uses the field
radiated by the antenna(s) of the imaging system.

Next, the aperture fields of the Tx/Rx antennas are used to
calculate the field radiated by these antennas within the
investigation or imaging domain, E,.4(f,,7n7') (the
formulation is described in Annex 1). As stated in [32], this
procedure has to be conducted for every position 7, of the
observation domain. This step has to be conducted once (e.g.,
once the microwave imaging setup has been implemented and
commissioned). It must be stressed that E,.,4 (f, 7y, 7') models
the propagation of the field radiated by the Tx/Rx antennas.
Consequently, it does not depend on the targets placed in the
imaging domain.

Once the field radiated by the Tx/Rx antennas has been
calculated in the imaging domain, the system is ready to
perform measurements. This, the targets can be placed in the
microwave imaging system to measure the scattered field,
Eccar (fin, 7). Finally, (8) is applied to recover the reflectivity
in the imaging domain, p(#").
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I1l. SIMULATION-BASED ASSESSMENT OF THE PROPOSED
METHODOLOGY

In this section, the methodology presented in Section Il to
coarsen the sampling requirements of the synthetic aperture
while minimizing the effect of grating lobes in the imaging
domain is analyzed by means of simulation-based examples.

A. Single scatterer

First, a single circular metallic scatterer is considered as a
target-under-test. The simulated two-dimensional (2D)
monostatic imaging system uses a 3 cm wide OEWG working
in the 12 GHz to 14 GHz band as the Tx/Rx antenna. This
OEWG is moved along a Loss = 10 cm linear observation
domain (i.e., the synthetic aperture). The distance between the
observation domain and the circular target is R = 75 cm. The
observation domain is sampled every ALos,s = 1 cm (0.43 & at
13 GHZz) to fulfill the Nyquist sampling rate.

Imaging results are depicted in the first row of Fig. 5. In Fig.
5 (a) the target is imaged by using the DAS backpropagation
algorithm (1) that considers a far-field approach of the phase
term, that is, e ~/*oR This far-field approach does not take into
account the additional phaseshift that can be introduced by the
actual field radiated by Tx/Rx antennas. Conversely, both the
modified DAS algorithm (2) presented in [32] and the version
presented in this contribution (8) take into account the phase of
the actual field radiated by the OEWG antenna. In consequence,
when these algorithms are applied, the target is imaged at the
right position (R = 75 cm), as observed in Fig. 5 (b) and (c),
because the phase of the field is accurately modeled.

Concerning shape and aspect ratio of the imaged target, there
are no significant differences between the three imaging
methods tested (DAS with the far field approach, modified
DAS considering only the phase of the field radiated by the
OEWG, and modified DAS considering the complex field
radiated by the OEWG).

Next, the imaging system is assessed again for a sampling
rate of ALops = 2.5 cm (1.08 A at 13 GHz). As observed in Fig.
5 (d) and (e), replicas of the target appear in the imaging
domain. These replicas are approximately at 30 cm from the
position of the target, which is in agreement with the distance
predicted by (4) [35],[36]:

_ AR 23cmXx75cm
T 2ALops

dGL =345cm (9)

2X2.5cm

In Fig. 5 (), the modified DAS that makes use of the complex
field radiated by the OEWG in the imaging domain is applied.
In this case, the replicas of the target are not observed as they
are attenuated by the radiation pattern of the OEWG.

To confirm this result, the sampling rate is further decreased
to ALgss =5 cm (2.16 A at 13 GHz). The recovered reflectivity
is plotted in Fig. 5 (g)-(i) for the compared imaging algorithms.
The replicas of the target appear every 15 cm, in agreement with
the theoretical value obtained with (4) (17 cm). In Fig. 5 (i),
only the replicas closest to the true position of the target appear
in the imaging domain. The reason is that the radiation pattern
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Fig. 5. Imaging results of a circular metallic scatterer when the Tx/Rx antenna is an OEWG. (a)-(c) ALobs = 0.43 A, (d)-(f) ALobs = 1.08 A, (g)-(i)
ALobs = 2.16 A. Left column: reflectivity calculated using the far field approach. Center column: reflectivity calculated using the phase of the field
radiated by the OEWG. Right column: reflectivity calculated using the complex field radiated by the OEWG. The black and white line represents

the position and geometry of the target (in the case of the far field approach, left column, the target is plotted shifted with respect to its true
position).
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of the OEWG is not directive enough to attenuate the grating
lobes associated with these replicas.

The influence of the radiation pattern of the Tx/Rx antenna
of the monostatic imaging system is analyzed in the results
presented in Fig. 6. The left row of Fig. 6 corresponds to the
results when the Tx/Rx antenna is an OEWG, whereas the right
row shows the imaged circular target when a more directive
antenna (a horn antenna whose aperture width is 11 cm) is
considered. No significant differences are observed between the
conventional DAS with the far-field approach (Fig. 6 (a) and
(b)) and the modified DAS that uses the phase of the Tx/Rx
antenna (Fig. 6 (c) and (d)).

x axis (m)

x axis (m)

X axis (m)

0.4 0.5 0.6 0.7 0.8 0.9 104 0.5 0.6 0.7 0.8 0.9 1
y axis (m) y axis (m)
BT T omaized ampitude (d8)
-20 15 -10 5 0

Fig. 6. Imaging results of a circular metallic scatterer, with ALons =2.16
A. (8),(c),(e) The Tx/Rx antenna is an OEWG. (b),(d),(f) The Tx/Rx
antenna is a horn antenna. (a),(b) Reflectivity calculated using the far
field approach. (c),(d) Reflectivity calculated using the phase of the
field radiated by the Tx/Rx antenna (e),(f) Reflectivity calculated using
the complex field radiated by the Tx/Rx antenna.
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However, when the amplitude of the Tx/Rx antenna is
introduced in the imaging method (Fig. 6 (€) and (f)), the impact
in the mitigation of the replicas of the target is noticed. The horn
antenna is more directive than the OEWG and, consequently,
the replicas are more attenuated in Fig. 6 (f) than in Fig. 6 ().
For the sake of clarity, Fig. 7 shows an overlay of the field
radiated by the antenna of the monostatic imaging system and
the reflectivity recovered in Fig. 6 (e) and (f), that is, when the
observation domain is subsampled (ALos = 2.2 A). It is noticed
the correlation between the amplitude of the radiation pattern of
the Tx/Rx antenna and the amplitude of the replicas of the
imaged target.
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Fig. 7. Scheme of the monostatic imaging scenario, where the
reflectivity in the imaging domain is plotted on top of the field radiated
by the antenna. (a) OEWG. (b) Horn antenna.

B. Electrically large scatterers

This section analyzes the impact of the grating lobes of
subsampled apertures when electrically large scatterers are
imaged. This is the case of airborne SAR systems devoted to
obtaining SAR images of targets placed on or over the ground
[39],[40]. With respect to the scenario presented in Section
I11.A, the working frequency band has been broadened to 3 GHz
(12-15 GHz band), and the aperture has been widened to Lgbs =
55 cm (from y = -20 cm to y = 35 cm). Both the OEWG and the
horn antenna will be considered as Tx/Rx antennas for
comparison purposes. Two targets have been considered: the
same circular metallic scatterer of the previous section, at y =
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75 cm; and a flat metallic surface located at y = 80 cm that
ranges from x = -40 cm to x = + 40 cm (as observed in Fig. 8,
the length of this surface exceeds the size of the imaging
domain).
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o
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Fig. 8. Imaging results of a circular metallic scatterer placed in front of
a metallic plate. Left column: the Tx/Rx is an OEWG. Right column:
the Tx/Rx is a horn antenna. (a),(b) ALobs =1 cm (0.45 ), reflectivity
calculated using the phase of the field radiated by the Tx/Rx antenna.
(c),(d) ALobs = 2.5 cm (1.13 1), reflectivity calculated using the phase
of the field radiated by the Tx/Rx antenna. (g),(f) ALobs = 2.5 cm (1.13
A), reflectivity calculated using the complex field radiated by the
Tx/Rx antenna.

In the results depicted in Fig. 8 (a) and (b), the observation
domain is sampled every ALqs = 1 cm (0.45 A at 13.5 GHz),
and the imaging algorithm is the modified DAS that makes use
of the phase of the field of the Tx/Rx antenna. The circular
metallic target placed in front of the metallic surface is imaged
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with both the OEWG (Fig. 8 (a)) and the horn antenna (Fig. 8
(b)).

In Fig. 8 (c)-(f), the sampling rate is set to ALos = 2.5 cm
(1.13 1 at 13.5 GHz). As noticed in Fig. 8 (c) and (d), when the
amplitude of the field radiated by the Tx/Rx antennas is not
considered, the SAR image is degraded due to aliasing. In
particular, the presence of a large scatterer (the metallic surface)
results in a large replica that mixes with the replicas of the
circular target.

However, when the amplitude of the field radiated by the
Tx/Rx antenna is also considered in the imaging algorithm, the
circular and the planar surface targets can be identified (Fig. 8
(e) and (f)). As explained in Section I1.B, the use of a more
directive antenna, together with the amplitude and phase
compensation, results in greater mitigation of the grating lobes
and, consequently, the replicas of the targets are attenuated in
the SAR image. This can be noticed when comparing Fig. 8 (e)
(OEWG) and Fig. 8 (f) (horn antenna): the horn antenna is more
directive than the OEWG, so the aliasing has less impact in Fig.
8 (f) than in Fig. 8 (e).

1V. EXPERIMENTAL VALIDATION

In this Section, the methodology presented in Section II is
validated with measurements. In the microwave imaging setups
presented along this Section IV, the Tx and Rx antennas are
moved along the observation domain to create a synthetic
aperture. To prove that the proposed method is independent
from the hardware of the microwave imaging setup, two
different microwave imaging systems have been selected.

A. First validation scenario: broadband imaging setup

Measurements collected using a portable microwave
imaging setup have been selected to assess the imaging method
presented in this contribution. The setup, depicted in Fig. 9, is
the same quasi-monostatic setup described in Section IV.C of
[32].

- Gardoad panel
Fig. 9. Picture of the quasi?monostatic imaging setup.

The acquisition setup consisted of two horn antennas
connected to a portable Vector Network Analyzer (model
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N9926A [41]), configured to perform measurements within the
4-6 GHz frequency band, being discretized into 41 frequency
points. The transmitted power was 0 dBm. An OSL (Open-
Short-Load) calibration was conducted at the connection
between the horn antennas and the 75 cm-long coaxial cables
connecting the antennas and the VNA ports to remove the effect
of these cables in the measurements. The rest of the VNA
parameters (e.g., the intermediate frequency bandwidth) were
the default ones for this device. All the system was mounted on
top of a wooden cart that was moved along the observation
domain to create a synthetic aperture. In this example, the
length of the synthetic aperture was Lqs = 75 cm, and the
sampling rate ALgps = 2.5 cm (0.42 A at fc = 5 GHz).

The field radiated by the horn antennas has been calculated
using an analytical model of the horn antenna aperture fields
[42]. This analytical model requires the following data as
inputs: the size of the horn antenna aperture (24 cm x 17.5 cm),
the size of the waveguide feeding the horn antenna (8.3 cm x
4.7 cm), and the perpendicular distance from the waveguide
opening to the aperture plane of the horn antenna (25 cm).

The targets placed in the imaging domain, depicted in Fig. 9,
are a cardboard panel located Reardooard = 150 cm away from the
observation domain; and two metallic bars, placed Rpas = 225
cm away from the observation domain.

SAR images plotted in Fig. 10 (a) and Fig. 10 (b) have been
retrieved using the imaging algorithms based on the modified
DAS that considers the phase of the field radiated by the horn
antennas from (2), and the modified DAS that considers also
the amplitude of the field radiated by the horn antennas as in
(8), respectively. The main difference between these images is
related to the reflectivity level of the cardboard panel, which is
5 dB higher when the amplitude and phase of the field radiated
by the Tx and Rx horn antennas is considered.

Next, the sampling rate of the observation domain was
decreased to ALoys = 7.5 cm (1.25 A at fc = 5 GHz). In Fig. 10
(c), the replicas of the cardboard due to the aliasing are centered
at x =-50 cm and x = 75 cm, that is, approximately +62.5 cm
from the center of the true target. This distance is in agreement
with the one predicted with (4):

AR 6cmXx150cm

= =60cm
2 ALyps

p _ 10
GL,cardboad 2xX7.5cm ( )

If ALobs = 10 cm (1.67 A at fc = 5 GHz), the replicas of the
cardboard panel cannot be distinguished from the true image of
the target (in this case, deL carboard = 45 €M), as observed in Fig.
10 (e).

These aliasing effects are mitigated when the amplitude and
phase of the field radiated by the horn antenna is considered. In
this case, the two metallic bars and the cardboard panel can be
still identified, not only for ALq,s = 7.5 cm (Fig. 10 (d)), but also
for ALoss = 10 cm (Fig. 10 ().

The proposed methodology has an impact in the
measurement time as fewer measurements are required when
the spacing between samples is widened. In this example, the
use of a sampling step of 1.67 A (Fig. 10 (f)) enables to estimate
a speed-up of 3.9 times with respect to the case where the
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observation domain is sampled every 0.42 A (Fig. 10 (b)), as the
number of measurement points is 3.9 times less (N = 8 in the
former case, and N =31 in the latter).

(a) Metallic bars

N

Cardboard panel
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Fig. 10. Imaging results for the scenario depicted in Fig. 9. (a),(b)
Observation domain sampled with ALobs = 2.5 cm (0.42 ), N = 31
points. (c),(d) Subsampled observation domain, ALoss = 7.5 cm (1.25
A), N =11 points. (e),(f) Subsampled observation domain, ALops = 10
cm (1.67 A), N =8 points. Left column: reflectivity calculated using
the phase of the field radiated by the Tx and Rx horn antennas. Right
column: reflectivity calculated using the complex field radiated by the
Tx and Rx horn antennas.

B. Second validation scenario: monochromatic imaging setup

The method presented in this contribution has been validated
with 2D cross-range measurements collected using the
measurement setup described in Section IV of [43] at a single
frequency /= 15 GHz. This setup was devoted to validating a
phaseless microwave imaging system where the phase of the
measured scattered field was recovered by means of indirect
holography [43]. Thus, a radiofrequency signal generator [44]
and a power detector [45] were used instead of a VNA.

A scheme and a picture of the phaseless quasi-monostatic
microwave imaging setup are shown in Fig. 11 (a) and (b),
respectively. A directional coupler was required to obtain a
reference signal whose amplitude was adjusted by means of a
variable attenuator [46] before combining it with the signal
coming from the Rx antenna. By means of the processing
method described in [43] the phase of the field scattered by the
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target under test was recovered for each measurement position.
Two ultrawideband amplifiers [47] were included in the
measurement setup to ensure sufficient dynamic range.
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Fig. 11. (a) Scheme and (b) picture of the phaseless quasi-monostatic
microwave imaging setup of Section I1V.B.

The target under test, a 10 cm % 10 cm aluminum square plate
with a 4 cm diameter hole in it, was mounted on a robotic arm
so the target is moved instead of the Tx and Rx antennas [48].

The size of the 2D observation domain, placed R = 50 cm
away from the metallic target, was Lobs X Lobs = 40 cm x 40 cm.
Both the Tx and Rx antennas were Standard Gain Horn (SGH)
antennas (model SGH 639) [50], connected as shown in Fig. 11.

The SGH antennas were identical, so only one of them was
characterized in a planar range (the same robotic arm as for the
imaging system was used to conduct the measurement of the
SGH [43]). From the measurement of the near field radiated by
the SGH, the fields on the aperture plane of the SGH were
recovered using the method described in [49]. Then, the
aperture fields were used to compute the field radiated by the
Tx and Rx SGH antennas in the imaging domain.
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In this example, the reflectivity was recovered in a 40 cm x
40 cm plane placed at the same distance from the observation
domain as the metallic plate (R = 50 cm). Imaging results for
different sampling rates of the observation domain are depicted
in Fig. 12, where the imaging techniques described in this
contribution are also compared. Fig. 12 (a)-(c) correspond to
Algps =1 cm (0.5 A at fo = 15 GHz), thus resulting in N = 1681
measurement points. The DAS with the far-field approach
provides an image of the target (Fig. 12 (a)) slightly sharper
than the modified versions of DAS that make use of the field
radiated by the SGH (Fig. 12 (b) and (c)).

Aliasing effects can be observed when the spacing between
samples is increased: in the results depicted in Fig. 12 (d),(e)
(ALobs =3 cm = 1.5 1) and in Fig. 12 (g) and (h) (ALobs =4 cm
= 2 }), the replicas of the metallic plate appear every 16.7 cm
and every 12.5 cm, respectively, in agreement with the
theoretical positions calculated with (4):

AR 2cm X 50cm
2ALops 2X3cm
AR 2cm X 50cm
dg, = = =125cm (12)
2ALyps 2 X4cm

When the amplitude and phase of the radiation pattern of the
SGH are considered (Fig. 12 (f) and Fig. 12 (i)), the replicas of
the imaged target are attenuated. Even when the observation
domain is sampled every ALobs = 2 A, the maximum reflectivity
level of the replicas is 10 dB below the reflectivity level of the
imaged target (Fig. 12 (i)). And for ALy = 1.5 A, the replicas
are barely observed (Fig. 12 (). Note that, in the case of this
2D microwave imaging setup, the use of a sampling rate of
ALqps = 1.5 A allows decreasing the required number of samples
from N = 1681 points (ALqs = 0.5 1) to N = 196 points.

C. Impact of the accuracy of
characterization in the SAR images

An accurate characterization of the Tx and Rx antennas is
fundamental for precise imaging of the targets. In the case of
horn or OEWG antennas, analytical models can model the field
radiated by these antennas with an accuracy comparable to the
one achieved with measurements.

To assess this, imaging results based on an analytical model
[42] constructed from the physical dimensions of the SGH
[42],[50], and considering an equivalent electromagnetic model
of the SGH antenna (that is, using the aperture fields recovered
from near field measurements of the SGH [49]), are compared
in Fig. 13. The first row of images corresponds to the equivalent
currents model whereas the second row corresponds to the
analytical model. In both cases, the first column corresponds to
the DAS with phase correction whereas the second column
corresponds to the DAS with amplitude and phase correction.
The analytical model provides sharper images (Fig. 13 (d)) than
the electromagnetic equivalent model (Fig. 13 (b)), although at
the expense of worse mitigation of the replicas of the target.

the Tx/Rx antenna
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Fig. 12. Imaging results of a flat metallic plate with a hole. Tx and Rx antennas are Standard Gain Horn (SGH) antennas. (a)-(c) ALobs = 1 cm
(0.52), (d)-(f) ALobs = 3 cm (1.5 A), (9)-(i) ALobs =4 cm (2 ). Left column: reflectivity calculated using the far field approach. Center column:
reflectivity calculated using the phase of the field radiated by the SGH. Right column: reflectivity calculated using the complex field radiated by
the SGH.
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Fig. 13. Imaging results. Observation domain sampled with ALobs = 3
cm (1.5 ), N = 196 points. (a),(b) Reflectivity calculated using an
equivalent currents model of the SGH antennas. (c),(d) Reflectivity
calculated using an analytical model of the SGH antennas. (a),(c)
Reflectivity calculated using the phase of the field radiated by the Tx
and Rx horn antennas. (b),(d) Reflectivity calculated using the
complex field radiated by the Tx and Rx horn antennas.

Thus, the degree of accuracy in the modelling of the Tx and
Rx antennas and, consequently, the field radiated by these
antennas within the imaging domain does have an impact in the
recovered SAR images. This issue is analyzed in Fig. 14, where
results for phase compensation are shown in the first column
(Fig. 14 (a) and (c)), and results for phase and amplitude
correction are depicted in the second column (Fig. 14 (b) and
(d)). Two analytical models are considered for each imaging
algorithm: the first one makes use of the exact dimensions of
the SGH (first row, i.e., Fig. 14 (a) and (b)) whereas the other
one is implemented from incorrect dimensions of the SGH
(second row, i.e., Fig. 14 (c) and (d)). In particular, the aperture
size of the SGH is doubled, and the perpendicular distance from
the waveguide opening to the aperture is enlarged by a factor of
4.5. Results depicted in Fig. 14 (c) and (d) confirm that, when
the incorrect SGH antenna model is used, the target is not
properly imaged. This distortion is even more noticeable when
only the phase of the field radiated by the Tx and Rx antennas
is considered (Fig. 14 (c)).

V. CONCLUSIONS

This contribution has presented a methodology that enables
the use of subsampled SAR apertures while minimizing the
impact of the aliasing effects. The proposed method is based on
the DAS backpropagation algorithm, modifying it to introduce
the field radiated by the Tx and Rx antennas of the imaging
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system. As confirmed by the simulation and measurement-
based examples presented in this contribution, the directional
properties of these antennas result in the attenuation of the
replicas of the imaged targets.
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Fig. 14. Imaging results. Observation domain sampled with ALobs = 2
cm (1 A), N = 441 points. (a),(b) Reflectivity calculated using the
correct analytical model of the SGH antennas. (c),(d) Reflectivity
calculated using an incorrect analytical model of the SGH antennas.
(8),(c). Reflectivity calculated using the phase of the field radiated by
the Tx and Rx SGH antennas. (b),(d). Reflectivity calculated using the
complex field radiated by the Tx and Rx SGH antennas.

Concerning the subsampling rate achieved with the proposed
technique, Table II summarizes the results for the examples
presented in this contribution. In all the cases, at least 1 A
sampling rate is achieved while keeping the quality of the
recovered SAR images similar to the ones retrieved when the
Nyquist sampling rate is fulfilled. The achieved subsampling
rate allows, at least, duplicating the scanning speed of the SAR
microwave imaging for a linear scan or quadruplicating it for a
planar scan.

With respect to other microwave imaging techniques for
subsampled apertures, the results obtained with the
methodology presented in this contribution exhibit subsampling
rates within the same range as the ones obtained with other
methods (see Table I of Section 1.C).

The proposed method is suitable for different microwave
imaging architectures (like the two ones presented in Section
IV). Thus, it could be introduced, for example, in SAR-based
systems for remote sensing, nondestructive inspection
architectures based on microwave imaging, etc.
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TABLE Il
SUMMARY OF THE SUBSAMPLED SAR IMAGING EXAMPLES
PRESENTED IN THIS CONTRIBUTION.

Section | Target Frequen- | Lops R Achieved
cy band subsampling!
Section | Circular 12-14 10 cm | 75 cm | ALgs = 25
LA scatterer. GHz (43 1 at | (3251 | cm (1.08 1)
fo) at f;)
Section | Circular 12-15 55 cm | 80 cm | ALgs = 2.5
111.B scatterer in | GHz (248 X | (36 A | cm(1.132)
frontofal at fc) at f)
m wide
metallic
panel.
Section | Two 46GHz | 75 cm | 150 AlLgs = 10
IV.A metallic (125 A | cmand | cm (1.67 1)
bars at fo) 225
behinda 75 cm (25
cm  wide A and
cardboard 375
panel. rat )
Section | Flat 15 GHz 20 cm x | 50 cm | ALgs =3 cm
IV.B metallic 20 cm | (25 A | (15))
plate (10 (10 A x | atfy)
cm x 10 10 2at
cm) with a f)
hole.

L1n all the examples, maximum subsampling is achieved with a horn Tx/Rx
antenna.

ANNEX |

This Annex describes the calculation of the field radiated by
the Tx/Rx antenna of the microwave imaging system. The
methodology is particularized for directive antennas, as they
allow achieving the subsampling rates with the proposed
imaging technique.

Directive antennas can be characterized by the distribution of
the electric field on the antenna aperture, Eap(fap) [51]. By
means of the application of the electromagnetic Equivalence
Principle [51],[52], an equivalent magnetic currents distribution

on the aperture plane, M eq (Fap), is given by (13):

Moo (7p) = —2R X Eqp () (13)

Next, the electric field radiated in the region of the space in
front of the aperture of the Tx/Rx antenna (which includes the
imaging domain, 7') is calculated by means of the integral

equation relating the equivalent magnetic currents M eq (Fap)
and the radiated electric field (14):

—jko|? ~Fap|

- Sy 1 = -
Eraq ) = _EV X fsap Meq(rap)e—dsap

—— 14
|7 ‘Tap| ( )

Note that if a point source was considered in (14), this
equation could be simplified, and the field in the imaging
domain would be given by eIkl ~Tap| / |F’ —?ap|, whose
amplitude change is usually neglected and, therefore, it
corresponds to the far field term of the radiated field.

The generalized formulation based on the use of equivalent
electric and magnetic currents to characterize the Tx/Rx
antenna is provided in Section III.B of [32].
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