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The purpose of this article is to present the advantages that the use of arc-scanning synthetic aperture radar (Arc-SAR) would
provide for accurate location of target to the weapon systems. Arc-SAR systems have an extraordinary capacity of angular
discrimination of the targets, this fact make possible they can be used for the precise location of targets by replacing the large
antennas required by the monopulse systems, used in this kind of applications, with a small rotating antenna. However, to carry out
the real-time location of targets with the current processors a much more complex signal processing is needed. A simulator has
been developed in this work, which allows the comparison of the theoretical and experimental results obtained by the classical
systems against those obtained with the proposed Arc-SAR system working in the millimeter frequency bands. The results obtained
demonstrate the ability of the proposed technique to accurately locate targets. This confirms that the obtained precisions allow the
use the presented system in some important applications as Sense & Avoid (S&A) and weapon-pointing systems. Finally, possible
applications of these techniques are described, especially useful is onboard sensors, because of the small size and weight of the

antenna needed to implement an Arc-SAR system.

1. Introduction

The monopulse systems [1] are a classic radio direction-finding
technique used, among other fields, in radar systems for the
accurate measurement of the direction of targets, both in sur-
veillance radars for the detection and approximate location of
targets, and in tracking radars for targeting systems for weapon
aiming.

Synthetic aperture radar (SAR) is a high-resolution 2-D
imaging radar system that uses the movement of the platform
to synthesize a virtual large-aperture array antenna to achieve
high-resolution imaging in the azimuth. SAR is a technology
very mature [2]. Arc-SAR is a special SAR, working in a strip
mode but with a circular aperture that has a 360° omnidirec-
tional observation capability. The radiating system is on ground
or on stationary aerial platform and follows a circular path at
uniform angular velocity, transmitting and receiving signals in
the direction perpendicular to the movement. The technique is

used to obtain images because of the extraordinary capacity
they have in the angular discrimination of targets when large
apertures are synthesized in terms of the wavelengths of the
transmitted signal. A complete description of this technique
can be found in [3].

Arc-SAR was proposed by Klausing et al. [4, 5]. They
were the first to propose a SAR capable of taking advantage
of the rotating movement of a helicopter blades to synthesize
a large aperture. In the following years, numerous works
were published in order to validate the technique, optimize
the processing algorithms, and describe some applications,
aimed at obtaining 3D topographic images, measurements
of ground deformation or the location of objects on a sur-
face [6-16].

On the other hand, in radar systems, angular discrimina-
tion and angular accuracy characteristics are associated. So,
as it is proposed in this paper, it is possible to use Arc-SAR
for the accurate localization of targets, replacing the large
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antennas required by the monopulse systems with a small
rotating antenna. The small size and weight of the antenna
facilitate its installation on aerial platforms, especially if the
platform has the ability to move circularly or incorporates
mobile elements with this type of movement (helicopters,
quadcopters, etc.). Similar systems for the different applica-
tions have been reported in some works. In [15], an Arc-SAR
for airport runway foreign object debris detection. A similar
detection system had already been proposed in [6]. Likewise,
in [8] the same concept is presented for robot navigation by
scanning the environment and detecting obstacles by means
of a short-range synthetic aperture rotating radar.

In this document, after briefly describing the structure
and main characteristics of the two types of systems, the
results of the computer simulations of both systems working
under similar conditions, are presented. After that, in order
to validate the simulated a prototype of Arc-SAR radar work-
ing in the millimeter bands developed by the microwave and
radar group (GMR), of the Information Processing and Tel-
ecommunications Center of the Escuela Técnica Superior de
Ingenieros de Telecomunicacion of the Universidad Politéc-
nica de Madrid (ETSIT-UPM), is presented. Later, the exper-
imental characterization of the prototype is summarized,
where the possibilities of the proposed technique are con-
firmed [17]. Finally, some conclusions in which some appli-
cations where the advantages provided by these systems can
be exploited are presented.

2. Monopulse Systems

In a radar that uses the monopulse technique, the echoes of
the targets are received by an antenna system composed in
each plane by two slightly off-centered lobes. The outputs of
each antenna are combined to obtain the sum and difference
radiation diagrams (X and A) that are carried to a “mono-
pulse processor” that establishes the ratio A/X from which
the angle of incidence is extracted. Obviously, four lobes are
required to obtain the direction of a target, two in the azimuth
plane and two in the elevation plane, although in some appli-
cations only one plane is required. It is a well-known system
and frequently used so we will not insist on its description [1].

A characteristic to highlight is that main features (angu-
lar resolution (angular resolution is defined as the ability to
resolve two targets located at the same distance.), 46, and
angular precision (angular precision is the error in measur-
ing the direction of a target and is quantified by the standard
deviation of a zero-mean Gaussian distribution.), o), basi-
cally, depend on the shape of the radiation diagrams A and X.
It can be estimated from the following expressions [18]:

93 ~ 044 * 93

A= Opoy~ ~ ,
BP0 K, - \V2-SNR  +/SNR

(1)

where 03 is the beam width at 3 dB of the sum diagram, K,,, is
the slope of A/X (1.2<K,,<2), and SNR is the signal-to-
noise ratio produced by the received echo. In this work we
have taken a typical value of K,,=1.6 [19]. As on the other
hand,
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where K is the aperture efficiency of the antenna (0.7 < K<
0.9), A the wavelength of the transmitted signal, and L,,, is the
physical length of the antenna. It is immediate to obtain that
the performance of monopulse systems is associated with
the size of the antennas, expressed in terms of wavelengths
(electrical aperture), we have taken the intermediate value for
K (K=0.8) as follows:

K-A 0.35- 4
~ Oy~

46 ~ :
Ly L,, - VSNR G)

Note that theoretically, the error is zero if the echo comes
with a very high SNR, which in practice is not true because
the imperfections of the circuitry that produce a minimum
instrumental error of the order of 20 times less than the beam
width 0. The formula assumes (as it is done in the practical
cases) that the angle is established by averaging the measure-
ments obtained for the two echoes closest to the axis of the
antenna.

3. Arc-SAR Systems

As already described, an Arc-SAR system is basically, an SAR
system in which a circular aperture is synthesized. In SAR
systems in order to obtain high resolution in the direction
perpendicular to the trajectory of the aerial platform (called
slant-range resolution); it is necessary to transmit signals of
great bandwidth. On the other hand, to achieve high resolu-
tion in the direction parallel to the trajectory of movement of
the aerial platform (called cross-range resolution, if it is
expressed as a length, Ax=R-A#, where R is the distance to
the target), we must increase the angle with which the scene is
observed. In this way, we can synthesize an aperture equiva-
lent to a larger antenna and therefore more directive.

When the aperture is circular and the target is in the
same plane as the movement of the antenna, the estimated
angular resolution is given by Klausing and Keydel [5] as
follows:

A

Ay ———
S-L-sing (4)

where L is the rotation radius of the antenna and « is the
angle scanned by the antenna. Note that the expression does
not depend on the size of the antenna and that excellent angular
resolutions can be achieved, and therefore very high-angular
accuracies, if the electric aperture is high.

Numerous algorithms have been proposed to extract the
distance—angle images (in a plane) and to segment the targets
whose centroids allow the establishment of their correspond-
ing distance and angle. The calculation or estimation of the
angular error is much more complicated in this case, since
it depends on the signal process used, which is why its
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FiGure 1: Block diagram of the back-projection algorithm.

simulation has been used with the simulator developed by a
GMR research group of an ETSIT-UPM.

For the purposes of this work, a radar that works with
continuous wave signals and modulated frequency and the
azimuthal processing known as the back projection algorithm
(BPA) has been selected [7] BPA is a time-domain algorithm,
which has the advantages of presenting good image quality,
high precision and adaptation to any radar geometry, although
they have the disadvantage of the computational complexity
for real-time image processing. Figure 1 shows the specific
processes of one of the developed algorithms, which is used
in this work.

The signal processing performs a fast Fourier transform
(FFT) weighted with the raw data (I+ jQ) that is obtained at
the radar receiver output, in the fast time domain, ¢, thereby
compressing the image in radial range.

After that, the migration of cells in distance is corrected
by a process known as range cell migration correction (RCMC),
so that it is possible to compute the signal processing in azi-
muth (transverse range or azimuth) of all the cells of the same
radial range. Azimuthal migration of cells is not corrected.

Then the correlation of the signal, with respect to the
long time variable, 7,, is performed with the reference func-
tion, to compress the image in azimuth. This correlation is
implemented by multiplying the FFT of an image with
respect to 7, by the FFT of the reference function, and per-
forming the inverse FFT (IFFT), again, with respect to 7, of
the result of the mentioned multiplication.

The segmentation process used is by similarity, with a
thresholding criterion. Based on a constant false alarm rate
(CFAR) technique, the image is divided into its constituent
parts, in order to isolate the regions of interest from the rest
of the image, looking for regions that have similar values, and
then, through a process of binarization, an object is distin-
guished from the background of the image.

After segmenting the image, we proceed to extract the
regions that it contains, labeling all the related components
(cells whose value is “1” and are connected to each other by a
set of cells with value “1”), giving as result a region.

To carry out the labeling of the connected components in
a binary image, that is, the segments found in the range/azimuth
matrix, the “Flood-Fill” algorithm is used [20], which deter-
mines the area formed by the contiguous elements in a multidi-
mensional matrix. The “Flood-Fill” algorithm works by filling or

recoloring a specific area that contains different colors from the
inside to the edge of the image. This algorithm can use connec-
tivity-4 neighbors or connectivity-8 neighbors, to determine the
regions and classify them, in this case with different color.

Finally, to obtain the location of the captured targets,
assuming each region as a target, we calculate the center of
mass or centroid, obtaining distance and azimuth informa-
tion for each target.

4. Simulation Results

The simulation program developed allows the definition and
analysis of any three-dimensional scenario with several point
targets that are characterized by their radar section. It con-
sists of two software programs. In the first one, the antennas
are modeled and the total signal received in the radar from
the targets is calculated during the circular exploration of the
antennas. While, in the second one, thermal noise can be
added, defined in terms of SNR at the receiver input, and all
the signal and data processes incorporated by the radar are
strictly reproduced, adding in its case, some imperfections
whose effect you want to analyze.

The software programs, developed in MATLAB™, allow
to obtain numerous intermediate results, and include the
possibility of feeding it real data. In the main interface of
the simulator, the input data of the scenario to be simulated
can be configured, such as: maximum distance, minimum
distance, angular speed, radius of gyration (L), modulating
signal frequency (f,,), sampling frequency (f;), initial sweep
angle, angle sweep (for scanning), and radar module config-
uration, for example, 0° (antennas in horizontal position for
radiation pattern in azimuth of 12° and elevation 80°) and
90° (antennas in vertical position for radiation pattern in
azimuth of 80° and elevation 12°).

Figures 2 and 3 show the user interface and some of the
results of the software programs when the scenario that will
later be used to experimentally characterize the developed
prototype is introduced.

Using the developed software tool, several parametric
analyses of the system have been carried out in order to select
the most suitable values of the Arc-SAR parameters for each
application. As an example, Figure 4 shows the range and
cross-range resolutions (AR and Ax=R-A0) obtained as a
function of the radius of rotation of the antenna and the
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FiGure 3: Obtaining the images, segmentation, and calculation of the position of the targets.

distance to the target when the range and azimuth migration
corrections are not applied and the transmitted bandwidth is
181.5 MHz. The resolution has been set to half of the maxi-
mum value.

Note that, effectively as the antenna’s turning radius is
increased, the resolution of the target improves. However,
azimuthal migration degrades the resolution, which worsens
more as the target gets closer but it is not significant in terms
of cross range. In this case, L~ 1m will be a good value
because the range and cross-range resolutions are equal to
the distance of 300 m, maximum prototype range.

Figure 5 shows the azimuthal errors obtained for a point
target as a function of the SNR and are compared with those
obtained in a monopulse system that uses different antenna
apertures and works in the same conditions, specifically with
the following parameters:

(1) Central frequency: 24 GHz
(2) Transmitted bandwidth: 181.5 MHz

(3) Pulse repetition frequency (PRF): 1,000 pulses per
second (pps)

(4) Azimuth beam width of the antenna: 80°
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It can be seen that the results presented in Figure 5
allow us to state that a monopulse system requires a system
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of antennas with an aperture similar to that synthesized
with an Arc-SAR to achieve approximately the same pre-
cision, which implies much greater volume, weight, and
size of the system. These results were obtained through
our simulator because it is very difficult to estimate them
experimentally.
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the accurate location of the targets.

TasrE 1: First experiment: comparison between the real locations and the measured locations of the targets.

Target Real range (m) Real azimuth Measured range (m) Measured azimuth
1 (Person) 5.6 6° 5.165 6.12°

2 (Triangular corner reflector) 13.2 0° 13.34 0°

3 (Fire extinguisher) 15.3 —7.12° 15.71 -7.21°

5. Experimental Prototype of an
Arc-SAR System

A short-range (up to 250 m) FMCW radar system, synthetic
aperture with rotational movement of the antennas, in K-
band (operates at 24 GHz), has been developed for the reali-
zation of experiments quickly and easily. Figure 6 shows the
block diagram and a photograph of the system. For its imple-
mentation, common commercial elements have been selected,
@as far as possible. Among them, we can highlight the low-
cost transceiver module K-LC6, manufactured by RF beam
Microwave GmbH, which integrates all radio-frequency ele-
ments: the antennas, the transmitter, and the receiver. Another
important element of the system is the multifunction data
acquisition card (DAQ), also low-cost, which is programed
through MATLAB", and allows the generation and acquisition
of signals in a synchronized manner, among other functions.

The prototype is endowed with great flexibility in its oper-
ation, allowing the modification of its operational parameters
and the inclusion of all kinds of algorithms to compute the
output signals of the transceiver.

6. Experimental Results

Several experiments have been carried out, demonstrating
the performance of the system. In this article some of them
are presented. All of them have been made with a turning
radius of 1 m.

In the first experiment there is a person and a triangular
corner reflector which simulates another radar target. The
results obtained are presented in Figure 7 and in Table 1.
Note that the targets are detected and located with great
precision, even a fire extinguisher located near the triangular
corner reflector is detected and located to the right of the
scene. The errors in range are due to the distance discretization
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FiGure 8: Second experimental environment. (a) Scene where the experimental measurements have been carried out. (b) Arc-SAR images

with the accurate location of the targets.

TaBLE 2: Second experiment: comparison between the real locations and the measured locations of the targets.

Target Real range (m) Real azimuth Measured range (m) Measured azimuth
1 10 —4.28° 10.12 —4.22°

2 10 0 10.12 0°

3 10 4.28° 10.12 4.21°

used (approximately 0.5m). The azimuth errors are around
0.1°, which would mean a cross-range error of less than 3 cm
for the farthest target in this scene (the fire extinguisher) and
approximately 0.5 m for targets at 300 m (maximum expected
radar range), since this angular error remains constant with
distance if the SNR is sufficiently high throughout the coverage
area. Note that, as expected, the range and azimuth accuracy
errors are lower than the range and azimuth resolutions shown
in Figure 4.

In the second experiment, three triangular corner reflec-
tors have been placed at the same distance. In this case the
signals reflected by the targets are combined in the same
range resolution cell. Figure 8 and Table 2 show the experi-
mental results obtained, which are similar to those of the

previous case and demonstrate the extraordinary precision
of an Arc-SAR system. Note that, the reflectors have different
radar sections because of their different alignment with the
radar but the radar is able to distinguish each of the targets,
and locates them in a very precise way. The fact that the
range errors are constant indicates that this is an error asso-
ciated with the range resolution of the system, as already
indicated in the interpretation of the first experiment. It is
also found that the azimuth errors are less than 0.1°, which at
this distance corresponds to a cross-range error of approxi-
mately 1 cm.

Obviously, to be able to detect and locate the targets it is
necessary that the system be able to distinguish each of the
targets. Figures 9 and 10 present the results obtained when
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FiGURE 9: Third experimental environment. (a) Scene where the experimental measurements have been carried out. (b) Arc-SAR images with

the accurate location of the targets.

the reflectors are very close. The size of the reflectors pre-
vents them from being closer together, and the reflectors are
not exactly point targets, which degrades the measured azi-
muthal resolution capability. The simulation software does
not have these restrictions and shows that targets can be
distinguished each other at a distance of 300 m with range
and cross-range separations of less than 2m, decreasing
(i.e., improving) proportionally to several centimeters for dis-
tances of less than 10 m. The values obtained by simulation
are consistent with those observed in the experimental results.

7. Discussion

The experimental results support the theoretical results
obtained using the developed software tool and validate the
possibilities of the proposed technique. Both results confirm
other previously published results such as the dependency of
the obtained features on the synthesized aperture, specifically
on the size of the antenna and the beam width, and in addi-
tion to the effects of the range and azimuth migrations and
its dependency on the distance to the target. The both migra-
tions can be compensated but this requires an enormous
computational effort.

This work concludes that the precision of an Arc-SAR is
similar to that obtained with a radar that uses a monopulse
system and an antenna with an aperture similar to that syn-
thesized in the first one. The monopulse antenna would have
much larger size, weight, and cost, which carries a greater
difficulty to install in small aerial platforms.

The future line of investigation will be oriented toward
studying the possibility of installing the Arc-SAR in small
drones capable of performing the antenna’s turn using their
own flying systems.

8. Conclusions

In the previous sections, the possibility of using an Arc-SAR
technique to obtain radar images and highly accurate target
location, using small-sized and light-weight antennas has
been demonstrated, both theoretically and experimentally.

To this end, a simulator of the behavior of these systems
in complex environments has been developed and a com-
plete prototype has been implemented to verify the possibili-
ties and limitations of this technique.

The simulator, in addition to the allowing parametric
analysis, can be used to design an Arc-SAR, by selecting the
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FiGure 10: Forth experimental environment. (a) Scene where the experimental measurements have been carried out. (b) Arc-SAR images with

the accurate location of the targets.

most appropriate values for its parameters in each applica-
tion. The data obtained allow us to consider its application in
high-reach weapon systems (to estimate the initial position of
the target to which a self-guided weapon is launched) or for
short and medium ranges using directly the obtained position.

A particularly interesting case of application is when the
radar is shipped aboard aerial platforms (such as RPAS:
remotely piloted aircraft systems), which can easily generate
circular movements (e.g., quadcopters) or have rotating ele-
ments such as helicopters. In any case, you can always obtain
a reduction in volume, weight, and cost (always interesting
on an on-board radar) that will have a much more complex
signal processing as counterpart, but it is already within the
reach of the available digital technology.
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