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Abstract

This dissertation presents practical issues in Ultrawideband - Ultra-
widebeam (UWB) Synthetic Aperture Radar (SAR) signal processing
and crucial applications developed on UWB SAR. In the context of
this dissertation, UWB SAR refers to the SAR systems utilizing large
fractional bandwidth signals and synthesizing long apertures associated
with wide antenna beamwidths. On one hand, such specific systems
give us opportunities to develop unique applications. One the other
hand, signal processing for data collected by these systems is very chal-
lenging and therefore requires much effort due to their characteristics.
The research results presented in this thesis are divided into two parts:
signal processing and application.

In the signal processing part, the tools supporting the UWB SAR
system design and evaluation are introduced. They include an Impulse
Response Function in UWB SAR imaging (IRF-SAR), azimuth and
range resolution equations for UWB SAR, and a definition of UWB SAR
quality measurements. Pre-processing, processing and post-processing
for UWB SAR are also topics that will be examined in the signal
processing part. The processing is here defined by SAR algorithms.
With this definition, the pre-processing refers to RFI suppression ap-
proaches whereas the post-processing implies apodization or sidelobe
control methods.

In the application part, Ground Moving Target Indication (GMTI) is
selected for study due to its interest to both military and civilian end-
users. The GMTI technique developed for UWB SAR relates to the
moving target detection by focusing technique which can be combined
with the space-time processing such as Displaced Phase Center Antenna
(DPCA) and Space-Time Adaptive Processing (STAP).





vii

Preface
This dissertation summarizes my studies within the field of Ultrawideband-
Ultrawidebeam Synthetic Aperture Radar - Signal Processing and Applica-
tions. The work has been performed at the Department of Electrical En-
gineering, School of Engineering, at Blekinge Institute of Technology, Karl-
skrona, Sweden. The CARABAS-II and LORA data provided by the Swedish
Defence Research Agency (FOI) have been mainly employed in the research
works. The dissertation consists of three main parts and each main part is
divided again into subsections:

Part I - Tools for UWB SAR System Design and Evaluation

A An Impulse Response Function for Evaluation of UWB SAR Imaging.

B On Synthetic Aperture Radar Azimuth and Range Resolution Equations.

C Definition on SAR Image Quality Measurements for UWB SAR.

Part II - UWB SAR Data Pre-processing, Processing and Post-
processing

A RFI Suppression in Ultrawideband SAR Using Adaptive Line Enhancer.

B A Comparison between Fast Factorized Backprojection and Frequency-
Domain Algorithms in UWB Low Frequency SAR.

C On Apodization Techniques for Ultra-wideband SAR Imaging.

Part III - Applications of UWB SAR

A Detection of Moving Targets by Focusing in UWB SAR − Theory and
Experimental Results.

B Fast Detection of Moving Targets by Focusing in UWB Low Frequency
SAR.

C Integrating Space-Time Processing into Time-Domain Backprojection
Process to Detect and Image Moving Objects.
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Introduction

1 Motivation

Synthetic Aperture Radar (SAR) provides a wide range of applications in geo-
science and remote sensing. The ability to operate in severe conditions such as
rain, clouds, and darkness is seen to be a major advantage of SAR systems in
comparison to other sensor systems. Ultrawideband-Ultrawidebeam (UWB)
SAR refers to SAR systems which utilize a large fractional bandwidth signal
and a wide antenna beamwidth. The fractional bandwidth is here defined by
the ratio of the radar center frequency to the signal bandwidth. The illumi-
nated scene size of a SAR system depends strongly on the swath in elevation
while the radar signal bandwidth and the antenna beamwidth associated with
the integration angle influence directly the resolution of that SAR system. A
large scene size, high resolutions in azimuth (along track) and range (cross
track) can therefore be achieved simultaneously with UWB SAR systems.
For this reason, important applications of UWB SAR can be found in ground
imaging, change detection and large scale observation. There are also other
crucial applications of UWB SAR such as Ground Moving Target Indication
(GMTI) and motion parameter estimation [1] which are of interest to both
military and civilian end-users.

Processing radar echoes collected by a UWB SAR system for different ap-
plications is challenging and requires much effort. UWB SAR associated with
long integration time usually results in a huge amount of data and very large
range migration. For example, the dimensions of the CARABAS-II data ma-
trix can be up to 35840×8192 [2]. Processing such amount of data cannot rely
on the commonly used frequency-domain algorithms. Also, real time process-
ing relied on the frequency-domain algorithms is almost impossible. Several
practical issues on UWB SAR signal processing were stated for the first time
in the 1990’s [3], at the same time as the experimental systems CARABAS-II
and P-3 were built. The issues mentioned in [3] have been clarified from the

1



2 Introduction

experience with P-3 data processing. They refer to choice of algorithm, coher-
ent integration angle, apodization or sidelobe control, motion compensation,
Radio Frequency Interference (RFI), and auto-focus. There are also new is-
sues such as Impulse Response Function in SAR Imaging (IRF-SAR), spatial
resolution equations and image quality assessments which have been recently
discovered during the measurements on the CARABAS-II data in practice.
These issues have been presented in some publications and they are summa-
rized in [4]. However, there might be other issues which are unknown and
that may only appear in certain cases. According to the author’s knowledge,
practical issues on UWB SAR signal processing and approaches for them still
remain an active area of research.

In this dissertation, newly introduced approaches for the challenges in
UWB SAR signal processing are presented. Among the new approaches,
IRF-SAR, spatial resolution equations and image quality measurements are
arranged to the group of the tools for UWB SAR system design and evaluation.
Meanwhile, the RFI suppression, apodization or sidelobe control approaches
and SAR imaging algorithm are categorized into the pre-processing, process-
ing and post-processing for UWB SAR data group. The selected applications
of UWB SAR in GMTI and ground moving target imaging are also addressed.
First of all, several basic concepts of radar and SAR, operation, classifications
and UWB SAR are briefly reviewed.

2 Radar and Synthetic Aperture Radar

In this section, the fundamentals of radar and SAR are presented. The section
also aims at the principle operations of radar and SAR, and the formulas which
are mainly used for calculations in radar and SAR techniques.

2.1 Radar

Radar is an abbreviation of Radio Detection and Ranging. It is a radio system
using electromagnetic waves, specifically radio waves, to detect objects and
determine the ranges between this radio system and those objects. Although
the beginning experiments of Heinrich Hertz showing that radio waves could
be reflected from solid objects were carried out in 1886, the milestone for
the development of radar did not occur until World War II. Radar has a
wide range of applications including those for civil and military purposes.
Detecting and ranging air, ground and sea targets are crucial applications of
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radar for military purposes. Meanwhile, civilian applications of radar can be
found in aviation, marine, monitoring and so forth. A basic radar system
includes one transmitter emitting radio waves called radar signals and one
or more receiver(s) capturing reflections from objects such as aircrafts, ships,
vehicles and terrain. If a radar system utilizes one transmitting antenna and
one receiving antenna which are collocated, that radar system is called a
monostatic system. A radar system will be called a bistatic system if its
transmitting antenna and receiving antenna are separated. For the monostatic
case, the radar range R is calculated from the round trip propagation time as

R =
cτ
2

(1)

where c is the propagation speed and equal to the speed of light c = 3 × 108

m/s, and τ is the propagation time of the radio waves back and forth. The
relationship between the transmitted power Pt and received power Pr of a
monostatic radar system is represented by the radar equation

Pr

Pt
=
GAeσF

4

(4π)2R4
(2)

where G is the gain of the antenna, Ae is the effective area of the antenna, σ
is the Radar Cross Section (RCS) of the object, and F indicates the antenna
pattern. If a radar system operates in vacuum and without interference, the
term F in the numerator of (2) is set to one (F = 1). Radar bands and
common operating frequencies and wavelengths are summarized in Table 1.

2.2 SAR

SAR is the abbreviation for Synthetic Aperture Radar. It is a form of radar
whose aperture is synthesized on account of the movement of the platform.
This aperture is much larger than the physical length of the radar antenna.
Hence, instead of being located on a ground station as usual, a radar system
is mounted on an aircraft or a satellite. A radar system can also be placed
on a ground track, which is known as ground-based SAR. Ground-based SAR
is seen as a powerful technique for surface deformation monitoring. Let us
consider an airborne SAR system as illustrated in Fig. 1.

At an aperture position, the radar broadcasts a radio wave towards an
illuminated ground area of interest. This radio wave impinges and interacts
with objects in the area of interest. Echoes backscattered from these objects
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Table 1: Radar bands and common operating frequencies and wavelengths.

Band Frequency range Radar frequency Radar wavelength

VHF 30−300 MHz 220 MHz 1.36 m
UHF 300−1000 MHz 425 MHz 0.71 m

L 1−2 GHz 1.3 GHz 23 cm
S 2−4 GHz 3.3 GHz 9.1 cm
C 4−8 GHz 5.5 GHz 5.5 cm
X 8−12 GHz 9.5 GHz 3.2 cm
Ku 12−15 GHz 1.3 GHz 2.0 cm
K 18−27 GHz 24 GHz 1.3 cm
Ka 27−40 GHz 35 GHz 0.86 cm

will be collected by the radar. Since the ranges between the radar and the
objects on the ground are different, the time delays of these echoes are also
different. Chirp signals or also called linear FM signals are particularly used
in SAR systems. The mathematical expression of a chirp signal as a function
of the range time τ is given by

s (τ) = A rect
(
τ − τ0
T

)
exp

{
i2πfc (τ − τ0) + iπκ (τ − τ0)

2
}

(3)

where A is the signal amplitude, τ0 indicates the time delay of the signal, T
is the pulse duration, fc is the center frequency of the radar signal, and κ is
the chirp rate computed by the ratio of the signal bandwidth B to the pulse
duration T .

Due to the fact that the propagation speed of the radio waves is much
faster than the speed of the platform, the radar approximately stops at each
aperture position. This procedure is repeated for whole aperture positions
associated with the motion of the platform. From a signal processing point of
view, a set of echoes recorded at all aperture position is equivalent to echoes
collected by a very large antenna at the time.
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Figure 1: An illustration of the operation of an airborne SAR system.

3 SAR Categorization and UWB SAR

In this section, the bases for SAR categorization are summarized. The cate-
gorization can rely on parameters such as fractional bandwidth and antenna
beam width associated with the integration angle. A classification of UWB
SAR is given in comparison to Narrowband-Narrowbeam (NB) SAR.

3.1 Bases for SAR Categorization

Categorization for SAR can be based on several criteria. As mentioned, a
radar system can be attached to an aircraft, a satellite or even a ground
track. To distinguish between the SAR systems, different names are assigned
to them. If a radar system is carried by an aircraft, that arrangement will be
called an airborne SAR system. CARABAS-II [2], LORA [5] developed by
the Swedish Defense Research Agency (FOI), P-3 [6] by the Environmental
Research Institute of Michigan (ERIM) and SETHI by the French Aerospace
Laboratory (ONERA) [7] are examples of airborne SAR systems. A system
is called a spaceborne SAR system if the radar is mounted on a satellite.
Several well-known spaceborne SAR systems are TerraSAR-X [8] built by
the German Aerospace Center (DLR), COSMO-SkyMed [9] by the Italian
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Figure 2: The ground-based SAR system built at BTH, Sweden.

Space Agency (ASI) and recently Kompsat-5 [10] by the Korea Aerospace
Research Institute (KARI), Radarsat by the Canadian Space Agency (CSA),
and Envisat by the European Space Agency (ESA). The SAR system built at
the Blekinge Institute of Technology (BTH) in Sweden is a ground-based SAR
system since this SAR system is placed on a straight ground track [11]. The
aperture is synthesized during the movement of the radar along the ground
track as shown in Fig. 2.

For a SAR system, the most crucial parameters are the operating frequency
and the synthetic aperture length. The terms such as VHF low frequency
SAR, UHF SAR, and X-band SAR are usually assigned to SAR systems to
state the operating frequencies of those SAR systems. Airborne SAR systems
can operate at different frequency bands from VHF-band to X-band whereas
L-band, C-band, S-band or X-band are mainly employed by spaceborne SAR
systems. The operating frequency of a SAR system strongly influences the
SAR spatial resolution. For example, the spatial resolution of X-band SAR
systems can be up to 1 m while such resolution is hard to be achieved with
a VHF low frequency SAR system. To improve the spatial resolution, SAR
systems operating in VHF/UHF bands usually employ large radar signal frac-
tional bandwidths and wide antenna beamwidths which are valid for long
synthetic apertures or wide integration angles. For any SAR system, the frac-
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tional bandwidth is only in the range (0, 2]. For a linear flight track of a
platform, the integration angle cannot be beyond the range [0o, 180o).

Static configuration is usually used for SAR categorization. In the simplest
case, the transmitter and receiver of a radar system are mounted on the same
platform and share a unique antenna for both transmitting and receiving.
Such a SAR system is known as a monostatic SAR system. Conversely, the
transmitter and receiver can also be separated, for example they are carried by
different platforms or the receiver is deployed on a ground station. In this case,
the SAR system is called a bistatic SAR. An example of a bistatic system can
be found in the SAR system built from two monostatic SAR systems LORA
and SETHI. The number of receivers of a SAR system can also be larger
than one to create a multistatic SAR system. For applications of interest like
GMTI, the transmitter and receiver of a radar system can be carried by the
same platform but employ different antennas for transmitting and receiving.
In this case, that SAR system can naturally be seen as a bistatic system.
Since this arrangement can more or less be seen as a monostatic system,
the configuration is usually defined as quasi-monostatic. Azimuth-invariant
is another term used in SAR technique concerning static configuration. This
indicates a bistatic system whose platforms fly with the same speed and the
flight track are parallel.

In addition, the categorization can also be based on the looking direction
to distinguish between forward-looking and side-looking SAR or be based on
the number of channels generated by SAR systems to divide them into single-
channel or multi-channel SAR.

3.2 UWB SAR in comparison to NB SAR

Let us consider again the categorization based on parameters. However, frac-
tional bandwidth and antenna beamwidth are taken into account. SAR sys-
tems using small signal fractional bandwidths and narrow antenna beamwidths
are considered as NB SAR systems. A typical two-dimensional Fourier trans-
form (2-D FT) of a NB SAR image of a point-like scatterer is sketched in Fig.
3 and its approximation is marked by the light gray color. In this figure, k
denotes the wave numbers and φ0 is the integration angle. The subscripts x,
y, max, min and c correspond to azimuth, range, maximum, minimum and
center, respectively. Although spaceborne SAR systems utilize large aper-
tures, most of them are NB SAR systems due to their high operating center
frequency, the altitude of the satellites carrying the radars, and the small
synthesized apertures in angle.
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Figure 3: An example of 2-D FT of a NB SAR image of a point-like scatterer
and its approximation is marked by the light gray color.

The concept of UWB used in SAR has been used recently in several pub-
lications. As seen, this concept does not only relate to the bandwidth of
the radar signal, i.e. ultrawideband, but also the beamwidth of the antenna,
i.e. ultrawidebeam, utilized by a SAR system. According to the definition of
the ultrawideband signal issued by the Federal Communications Commission
(FCC) in 2002 [11], signals with the relative bandwidth larger than 0.2 or sig-
nals with the absolute bandwidth larger than 500MHz are both considered as
UWB signals. However, there has not been any clear definition of ultrawide-
beam yet. SAR systems utilizing large signal fractional bandwidths and wide
antenna beamwidths which allow synthesizing long apertures are considered
as UWB SAR systems. Fig. 4 sketches a 2-D FT of a UWB SAR image of
a point-like scatterer which is marked by the dark gray color while the light
gray area associates with the NB approximation.

A comparison between the 2-D FT of a UWB SAR image and the NB
approximation might be a basis for UWB SAR classification. Their mismatch
can be represented by the ratio of the bright gray area to the dark gray area.
This ratio is associated with the area resolutions and represented by a function
of fractional bandwidth Br and integration angle φ0 as

χ (Br, φ0) = 1− B
′
r

Br
·
(
1− Br

2

)
·
(

tan
φ0
2

)
·
(

2

φ0

)
(4)
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Figure 4: An example of 2-D FT of a UWB SAR image of a point-like scatterer
marked by the dark gray color. The light gray area associates with the NB
approximation.

where

B
′
r (Br, φ0) =

√(
1 +

Br

2

)2

−
(
1− Br

2

)2

tan2 φ0
2

−
(
1− Br

2

)
(5)

Fig. 5 plots χ (Br, φ0) as functions of fractional bandwidth Br and integra-
tion angle φ0. A bound of χ (Br, φ0) ≤ 0.1, i.e. the mismatch is smaller
than 10%, is proposed to be the limit between NB SAR and UWB SAR. At
small integration angles, the limit of the fractional bandwidth is Br ≈ 0.2.
This complies with the UWB concept defined by FCC in 2002. According to
the categorization previously given, the SAR systems such as CARABAS-II,
LORA, P-3 and PAMIR [13] fall into the UWB SAR group.

The research works presented in this dissertation deals with single- and
multi-channel monostatic airborne side-looking UWB SAR systems. However,
the results can be applied directly to spaceborne, quasi-monostatic, and NB
cases. Extensions to bistatic or multistatic and forward-looking cases are
possible but require further modifications.
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Figure 5: Plots of χ (Br, φ0) as a function of the fractional bandwidth and
the integration angle. The black solid circles mark the fractional bandwidths
and integration angles of examples of a NB SAR and a UWB SAR system.

4 SAR Systems

The research works in this dissertation use data collected in different field
campaigns performed by CARABAS-II and LORA. The information and the
parameters of these SAR systems are given in this section.

4.1 CARABAS-II

CARABAS-II is an airborne imaging sensor developed by FOI [2]. Fig. 6
shows the Sabreliner platform which is used by CARABAS-II. The system
operates in the frequency range 20-90 MHz (VHF) with horizontal polarization
and utilizes wide beamwidth dipole antennas of more than 90o. The antennas
are arranged in the tubes attached to the front lower part of the platform.
Different field campaigns have been performed by the system since 1996. The
system parameters which have been used in the data collection campaign in
Visingö, Sweden are summarized in Table 2. The system fractional bandwidth,
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Figure 6: CARABAS-II developed by FOI.

i.e. the ratio of the absolute bandwidth to the center frequency, estimated
from the parameters is about Br ≈ 1.15 and the associated integration angle
with respect to the aim point is up to φ0 ≈ 110o.

CARABAS-II is designed for some particular applications such as change
detection [14], stationary ground target detection in open areas or areas ob-
scured by trees. The system offers opportunities to investigate backscattering
mechanisms from forests when using low frequency radar signals for their
imaging. Some information about forest stem volume [15] and even of in-
dividual tree [16] which is of interest to forest monitoring and management,
can be retrieved using CARABAS-II. Interferometric processing of VHF SAR
data collected from two or several parallel and well separated flight tracks in
forested areas is used to generate elevation maps [17]. Recently, CARABAS-II
has been used as a reference system for many research works in the field of
UWB SAR data processing. Some of them are included in this dissertation.
GMTI application is also experimented with CARABAS-II using the moving
target detection by focusing technique [1]. In [18], another crucial application,
the motion parameter estimation for targets, is developed on CARABAS-II.

Due to the array configuration of CARABAS-II, the application of space-
time processing technique to its data is quite constrained. This issue will be
brought up again later in this dissertation.
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Table 2: The CARABAS-II parameters for the field campaign in Visingö.

Parameter Value

The highest frequency processed fmax 82 MHz
The lowest frequency processed fmin 22 MHz

Platform speed vpl 128 m/s
Aperture step ΔL 0.9375 m
Aperture length L 33600 m

Flight altitude 4940 m
Minimum range to the aim point r0 11250 m
Pulse Repetition Frequency (PRF) 137 Hz

4.2 LORA

Besides CARABAS-II, FOI also develops another airborne imaging sensor
named LORA [5]. This system also employs the same Sabreliner platform
shown in Fig. 6. LORA is originally designed to operate in the UHF-band
200-800 MHz with horizontal polarization. The system utilizes two different
element types developed for the low and high part of the operating frequency
range. Five identical LORA elements can be arranged in each tube. This
arrangement supports the GMTI application in which moving objects can be
located accurately [19]. The low frequencies used in LORA can be employed
to detect moving objects even when hidden by trees in the forested areas. The
application of LORA can also be found in suppression of jamming signals.

The first measurement campaign was carried out in late 2002. In 2006
and 2007, bistatic SAR imaging in the low VHF-band was experimented
with CARABAS-II (transmitter) and LORA (receiver), however, located on
ground. A bistatic SAR system operating in VHF/UHF-band was built using
LORA and SETHI at the end of 2009.

In the GMTI campaign in 2004, this system is configured to work as a
multistatic SAR system with three antennas (one transmits and two receive
simultaneously). The displacement of the phase center of the forward and
backward antenna is approximately five aperture steps. Since both the trans-
mitter and the receivers are mounted on the same platform, this system can
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Table 3: The LORA Parameters for the GMTI application.

Parameter Value

The highest frequency processed fmax 307 MHz
The lowest frequency processed fmin 333 MHz

Platform speed vpl 130 m/s
Aperture step ΔL 0.1 m
Aperture length L 600 m

Flight altitude 3000 m
Minimum range to the aim point r0 7000 m

PRF 1300 Hz

approximately be seen as a monostatic system and therefore called a quasi-
monostatic system. Table 2 provides the LORA parameters configured for
the GMTI application. The system fractional bandwidth is calculated from
the maximum and minimum frequencies as Br ≈ 0.08 and the associated in-
tegration angle with respect to the aim point is up to φ0 ≈ 5o. With these
values, LORA for GMTI can be seen as a NB SAR system.

5 Tools for UWB SAR system design and eval-
uation

A point-like scatterer, e.g. a corner reflector deployed in a SAR scene for
system calibration in a data collection campaign, appears differently in a re-
constructed SAR scene. This difference depends strongly on the SAR system
which illuminates the SAR scene. Two critical parameters which affect the
shape of a point-like scatterer in a SAR image are the fractional signal band-
width and the antenna beamwidth associated with the integration angle. A
function which represents the SAR image of a point-like scatterer is called
IRF-SAR. Based on IRF-SAR, spatial resolution equations in azimuth and
range can be derived easily. IRF-NSAR is also used as a basis in building im-
age quality assessments for SAR systems. From a SAR system designer’s point
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of view, IRF-SAR, resolution equations and SAR image quality assessments
are seen as tools for SAR system design and evaluation.

5.1 Impulse response function in UWB SAR imaging

IRF-SAR allows us to determine the shape of a point-like scatterer in a recon-
structed SAR scene illuminated by a SAR system. For NB SAR, IRF-SAR is
represented by a 2-D sinc function. In the context of this dissertation, this
function is named by the Impulse Response Function in NB SAR Imaging
(IRF-NSAR). IRF-NSAR is nothing else than the 2-D Inverse Fourier trans-
form (IFT) of a 2-D rect function which is an approximation for the 2-D FT
of the SAR image of a point-like scatterer.

For UWB SAR, the presentation of a point-like scatterer in a reconstructed
SAR scene by IRF-NSAR is not further valid. The reason is the invalidity of
the 2-D rect approximation in UWB SAR. The true representation for the 2-D
FT of the SAR image of a point-like scatterer is a set of concentric circular arcs
which subtend an angle of φ0 and their radii are in the interval [ky,min, ky,max].
In [20], an Impulse Response Function in UWB SAR Imaging (IRF-USAR)
in polar coordinates is introduced. IRF-USAR implies IRF-NSAR, i.e. IRF-
USAR and IRF-NSAR are identical with small values of the fractional signal
bandwidth and the integration angle. IRF-USAR is also extended for the
particular SAR configurations, e.g. circular apertures. IRF-USAR opens
opportunities to derive UWB SAR resolution equations and to define UWB
SAR image quality assessments.

5.2 UWB SAR resolution equations

Spatial resolutions (azimuth and range) are considered to be one of the most
important parameters among SAR image quality assessments. They describe
the distance between two objects on the ground at which the objects appear
distinct and separate in a SAR image. Spatial resolution equations are al-
ways necessary to estimate the azimuth and range resolutions which can be
achieved with a SAR system. The azimuth and range resolutions given by
spatial resolution equations can be a basis to evaluate the performance of
that SAR system. The azimuth and range resolutions are usually based on
the −3 dB width or Half Power Beamwidth (HBPW) of the mainlobe. The
spatial resolution equations for NB SAR can be derived easily by assigning
sinc functions in IRF-NSAR to −3 dB and then solving them. The azimuth
resolution equation given in [21] and the range resolution equation in [22] can
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be derived from this principle as shown in [23]. Although these resolution
equations are widely used, they may result in large errors in estimations for
UWB SAR cases.

For UWB SAR systems with large fractional signal bandwidth and wide
integration angle, the coupling between azimuth and range frequencies must
be taken into account. Considering this coupling, the so-called area resolution
equation for UWB SAR is suggested in [24]. However, this area resolution
equation only provides the lower bound of area resolution but not the separate
azimuth and range resolutions. In theory, the azimuth and range resolution
equations can be achieved by setting IRF-USAR to −3 dB and solving it. In
practice, it is not easy to solve IRF-USAR analytically. A possible approach
for such a problem is to find the roots of IRF-USAR in a numerical way.

The research work presented in [22] shows that IRF-NSAR and -USAR
are very similar in the intensity interval from −6 dB to 0 dB. For this reason,
the mainlobe of IRF-USAR down to −6 may still be approximated as a sinc
curve. The work also finds that the frequency coupling can be represented
by HPBW narrowing/broadening factors. Based on these findings, the UWB
SAR resolution equations are proposed in [22].

5.3 UWB SAR quality measurements

Evaluating the performance and/or efficiency of an arbitrary system is usually
based on the measurements for the end-product produced by that system. For
a SAR system, a SAR scene reconstructed from the data collected by that SAR
system can be considered to be the end-product. The evaluation can therefore
rely on SAR image quality measurements. The measurements are usually
performed on known point-like scatterers. In general, corner reflectors used
for system calibration in field campaigns can be seen as point-like scatterers.
Basic SAR image quality measurements are spatial resolution (azimuth and
range), Integrated Sidelobe Ratio (ISLR), and Peak Sidelobe Ratio (PSLR).
Again, the spatial resolution is the most significant parameter among SAR
image quality assessments. The spreading energy of mainlobe over sidelobes
is indicated by ISLR. PSLR measures the ability to image a weak reflective
target affected by a strong reflective target nearby. Before any measurement,
delimitations of mainlobe and sidelobe are required. Two parameters of the
delimitations are geometric form and dimension.

For NB SAR, the delimitations are quite simple and can rely on IRF-
NSAR. The locus of the first nulls of the 2-D sinc function can be shown
to be rectangular. Naturally, rectangles are used to delimit mainlobe and
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Figure 7: The locus of the first nulls of IRF-USAR with different values of Br

and φ0 and three possible approximations, rectangle, ellipse, and lozenge. (a)
Br = 0.1, φ0 = 10o, (b) Br = 1.1, φ0 = 110o.

sidelobe. The dimensions of mainlobe and sidelobe areas are both determined
by a number of times of the HBPW, i.e. resolution. For an arbitrary sinc
function, the ratio of First Null Beamwidth (FNBW) to HBPW is a constant
and approximated to 2. The sinc function also attenuates to below −20 dB
from 10 times of the HBPW. For these reasons, the factors of 2 and 10 are
usually used to limit the areas of mainlobe and sidelobe, respectively, for NB
SAR cases. The currently used definitions on SAR image quality measurement
[25]-[27] are matched to these analyses.

Some findings in UWB SAR image quality measurements are presented
in [28]. Based on a series of investigations, some suggestions for the main-
lobe and sidelobe delimitations aiming at CARABAS-II have been given. For
example, elliptical areas are recommended for the geometric form delimiting
mainlobe and sidelobe areas. The dimension of mainlobe is limited by a fac-
tor of 3 for UWB SAR cases instead of 2 for NB SAR cases. The research
also suggests that the image quality measurements should be performed at
different integration angles since different azimuth focusing obtained at dif-
ferent integration angles results in different spatial resolution in azimuth and
therefore different ISLR and PSLR. In addition, a new measurement, so-called



Introduction 17

2.1
5

2.2

2.2

2.25

2.25

2.25

2.3

2.3

2.3

2.3

2.35
2.35

2.35

2.
35

2.
4

2.4

2.4

2.4

2.4
5

2.45

2.45

2.5

2.5

2.5

2.
55

2.55

2.55

2.
6

2.6

2.6

2.65

2.65

2.7

2.7

2.
75

2.75

2.
8

2.8
2.85
2.9

2.95
3

ν
x

φ
0
 [degree]

B
r

0 20 40 60 80 100 120 140 160 180
0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

Figure 8: Numerical results of the ratio of FNBW to HPBW in azimuth νx.
The black solid circles mark the fractional bandwidths and integrations angles
of examples of a NB SAR and a UWB SAR system.

differential resolution, is introduced. Such measurement makes the compar-
isons in term of image quality much more convenient. However, the suggested
procedure to delimit mainlobe and sidelobe areas requires much of effort. At
the time the research was published, IRF-USAR had not yet been derived.
The lack of IRF-USAR prevents having more investigations and clearly limits
the generality of these findings.

Hence, IRF-USAR derived in [20] can be a basis for the mainlobe and
sidelobe delimitations which are essential in UWB SAR image quality mea-
surements. In [29], IRF-USAR has been used in the investigations of geo-
metric form and dimension. The elliptical area is proved to be more suitable
than the rectangular area for geometric form while the factor of 2.5 is shown
to be enough for presenting the spread of mainlobe areas. However, those
investigations are limited only for one specific UWB SAR system.

Fig. 7 plots the loci of the first nulls IRF-USAR with different values of
fractional bandwidth Br ∈ [0.1, 1.1] and integration angle φ0 ∈ [10o, 110o].
Three possible approximations, i.e. rectangle, ellipse and lozenge, for these
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Figure 9: Numerical results of the ratio of FNBW to HPBW in range νy. The
black solid circles mark the fractional bandwidths and integrations angles of
examples of a NB SAR and a UWB SAR system.

loci are also plotted for visual evaluations. The locus of the first nulls with
Br = 0.1, φ0 = 10o, i.e. NB SAR, is approximately given by a rectangle while
that with Br = 1.1, φ0 = 110o, i.e. UWB SAR, is perfectly matched with
an ellipse. We can also predict that mainlobe areas in UWB SAR imaging
may vary to lozenge areas when Br and φ0 increase. Sidelobe areas can be
naturally delimited by the same geometric forms.

Investigations into the dimensions of mainlobe areas in azimuth and range
are given in Fig. 8 and 9, respectively. The figures show the numerical results
of the broadening factors of the mainlobe, i.e. the ratios of FNBW to HPBW,
in azimuth νx and in range νy. In this investigation, the interval of fractional
bandwidth is also (0, 2] and the associated integration angle [0o, 180o). As
can be seen from these figures, the factors νx and νy depend strongly on the
signal fractional bandwidth and the integration angle and are in the interval
between 2 and 3. For UWB SAR system utilizing, for example Br = 1.1 and
φ0 = 110o, the broadening factor of the mainlobe is closer to 2.5 than 2. Even
at small fractional bandwidths and narrow integration angles, the factors of
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2 to determine the dimensions of mainlobe areas are not very accurate. For
UWB SAR, the factors of 2 are not sufficient to present the spread of mainlobe
areas. Using factors of 2.5 in this case is reasonable.

6 UWB SAR Data Pre-processing, Processing
and Post-processing

Pre-processing for UWB SAR refers to procedures to process radar echo re-
ceived by a SAR system before any further processing. Processing refers to
SAR algorithms to reconstruct scenes illuminated by SAR systems. Proce-
dures to process end-products produced by a SAR system like a reconstructed
SAR scene illuminated by that SAR system are seen as post-processing.

Low energy radar signals are usually affected by other RFI resources such
as radio and television broadcasting stations, base transceiver stations used
in mobile communications and so on. For a SAR system, the possibility
to get effects from RFI resources depends on the radar signal bandwidth,
the operating frequency range, and the antenna beamwidth utilized by that
system. This possibility for UWB SAR systems operating in wide frequency
range and utilizing wide beamwidth antenna is quite high. In addition, since
RFI energy is generally much higher than radar signal energy, the effects of
RFI are significant. The radar echo may be worthless without RFI cancellation
or suppression. Pre-processing radar echo before any further processing like
RFI cancellation is essential.

UWB SAR data processing requires SAR algorithms. Due to the char-
acteristics of UWB SAR, not all algorithms are valid for processing. The
algorithms for UWB SAR should meet the following demands: not require
extremely powerful computers with huge memory, support real time process-
ing, handle large range migration, and manage motion error compensation.
An algorithm containing NB approximations works neither with UWB SAR
data nor does it result in large reconstructed and well focused scenes simul-
taneously. The choice of algorithms for UWB SAR is therefore very critical.

A reconstructed SAR scene illuminated by a SAR system is considered
as an end-product produced by that SAR system. This end-product is eval-
uated by image quality assessments such as spatial resolutions, ISLR, and
PLSR. In UWB SAR imaging, the energy of mainlobe areas is spilled not
only over orthogonal sidelobes but also over non-orthogonal sidelobes. Due
to the existence of both orthogonal and non-orthogonal sidelobes, ISLR and
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PSLR measurement results for UWB SAR cases are usually worse than the
ones for NB SAR cases. As such, the ability to image a weak reflective target
is quite limited. A post-processing step like apodization should be included
in UWB SAR data processing.

6.1 RFI Suppression in UWB SAR

RFI suppression is listed as one of the challenges in UWB SAR processing.
This pre-processing step is supposed to be performed before any further pro-
cessing. However, there have been few publications on this topic. This can
be explained by the strong dependence of RFI on the operating frequency
of the SAR system as well as the illuminated ground scene. SAR systems
working at low frequencies and/or utilizing large bandwidths are much more
sensitive to RFI than SAR systems working at high frequencies and utilizing
small bandwidths.

Let us consider the airborne UWB low frequency CARABAS-II system
[2]. As mentioned in the previous chapters, this system operates in the lower
VHF-band and employs wide beamwidth dipole antennas. The field cam-
paigns with CARABAS-II have been performed mainly in Sweden. The radar
signal can therefore be affected by various shortwave bands (5.9-26.1 MHz),
citizens’ bands (26.965 - 27.405 MHz), television channels 2-6 (54-88 MHz)
and FM broadcast bands (88-108 MHz). The measured power spectrum on
the CARABAS-II recording data indicates that the influence is seen to be
significant since the RFI energy is much higher than the radar backscattered
energy (≈ 40 dB) [30]. To possibly use the CARABAS-II radar signal, ap-
proaches to eliminate or at least suppress RFI are required. From the point
of view of signal processing, approaches for RFI suppression can be classified
into two classes: non-adaptive and adaptive.

An example of the non-adaptive approach is Linear RFI Filtering (LRF)
which is mentioned in [31] and currently used in CARABAS-II data process-
ing. The approach is based on a linear filter which is defined by the inversion
of the averaged range frequency response or the so-called smooth function.
Thus, the procedure of the approach is as follows. The radar signal is first
transformed to frequency-domain, then filtered with the averaged range fre-
quency response, and finally transformed back to time-domain. LRF has been
proven to be robust in stationary environments. However, since LRF is non-
supportive for real-time processing and unable to handle short-time RFI, it
may be inefficient to apply LRF in non-stationary environments, where RFI
sources can appear anywhere and anytime in an illuminated SAR scene.
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Adaptive RFI suppression approaches in UWB SAR are usually based on
an Adaptive Line Enhancer (ALE) [32]. The filter coefficients in ALE is up-
dated continuously using the adaptive algorithms such as Least Mean Square
(LMS), Normalized Least Mean Square (NLMS), Leak Least Mean Square
(LLMS) and Recursive Least Square (RLS). The idea to use ALE to eliminate
narrowband RFI in wideband radar echo has been proposed for the first time
in [33]. The roles of signal and noise in the original mechanism are exchanged.
In this research work, ALE controlled by LMS is proposed to suppress RFI in
Wideband SAR (WB). The approach is experimented on the baseband SAR
signals (40 MHz) and resulted in a good RFI suppression. A similar proposal
but in frequency-domain with amplitude normalization is introduced in [34].
Thus, ALE works with the DFT of radar echo instead of the radar echo. The
main limitation of these approaches can mainly be found in LMS, which may
be sensitive to non-stationary SAR scenes. To avoid this sensitivity, another
approach is suggested in [30],[35]. The approach aims at UWB low frequency
SAR systems. The basis of the approach is also ALE. The NLMS algorithm,
which can work well in the non-stationary environments, is recommended in
this approach. In [35], the interaction between the integration angle and the
effects of RFI on a reconstructed SAR scene is also explored. The possibility
to integrate this RFI suppression approach into SAR imaging algorithms is
investigated in [30]. This integration helps to reduce the computational cost
required by the approach. In [36], an experiment on the SAR data affected
by mobile phone signals is presented. In this research work, RLS is used to
control ALE as the capability of fast tracking time-varying signals and noise
statistics in RLS is supposed to be better than other adaptive algorithms such
as LMS and NLMS.

6.2 UWB SAR Imaging Algorithms

The first SAR imaging algorithm based on computer processing, known as
Range Doppler (RD) [37], was introduced in the 1970’s. Later on, other
SAR imaging algorithms aiming at high image quality and/or minimizing
processing time have been introduced. In general, the SAR algorithms can be
divided into two main groups: time-domain and frequency-domain algorithms.
Time or frequency-domain here refers to the domain where the SAR data is
mainly processed.

According to the division, RD belongs to the frequency-domain algorithm
group. The radar echoes are first transformed to the Range-Doppler domain
by one-dimensional (1-D) Fast Fourier Transform (FFT) in azimuth. Range
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cell migration correction and azimuth compression are then handled before
transforming back by 1-D Inverse Fast Fourier Transform (IFFT) to obtain
the SAR image of the illuminated SAR scene. Range Migration (RM) [38]
and Chirp Scaling (CS) [39] are two other typical frequency-domain imaging
algorithms. The former offers high SAR image quality but it requires com-
putationally expensive interpolation, i.e. Stolt interpolation [40]. The latter
does not require any interpolation and is efficiently performed by complex
multiplications and FFT. The processing time required by CS is therefore
reduced significantly in comparison to other frequency-domain imaging algo-
rithms. The main disadvantage of CS is the approximations caused by elim-
inating high order terms in the Taylor expansion of the phase of the radar
signal which prevents the algorithm from working with high PRF data. The
approximation also causes large phase errors which do not allow CS to handle
large range migrations. However, due to the superiority in processing time,
CS has become a topic of interest in the field of SAR imaging algorithm for
many years. This can be proved by a significant number of CS versions such as
Nonlinear Chirp Scaling (NCS) [41], Extended Chirp Scaling (ECS) [42] and
recently Ultrawideband Chirp Scaling (UCS) [43] aiming at different goals.

Time-domain algorithms refer to the backprjection algorithms whose back-
projection is interpreted as a superposition of backprojected radar echoes to
reconstruct a SAR scene. The first time-domain algorithm is Global Backpro-
jection (GBP) [44] which was developed in the 1980’s. GBP is shown to be
a linear and direct transformation process from radar echo into SAR image.
The calculation of the ranges between each aperture position and each SAR
image pixel in GBP leads to an extremely high computational cost. However,
this is exchanged by high quality SAR images, i.e. without phase error. The
range calculation based on each aperture position in GBP also means that the
motion errors are compensated automatically and the real time processing is
possible. The scene size illuminated by a SAR system can be seen to be unlim-
ited and depends strongly on the antenna beamwidth, integration time, flight
attitude, radiated power, and PRF of the SAR system. The scene imaged by
GBP can be selected from small areas to the whole illuminated scene. Fast
Backprojection (FBP) [45], [46] and Fast Factorized Backprojection [47] are
developed on GBP so that they retain the characteristic of GBP. Although
both FBP and FFBP manage to overcome the main drawback in processing
time of GBP, there is always a trade-off between the phase errors and process-
ing time. The principle of FBP is to process the SAR data on a subaperture
and/or subimage basis. Instead of backprojecting radar echoes directly to a
SAR image, FBP handles SAR data in two stages: beam-forming and local
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backprojection. If the size of the reconstructed SAR scene size is N × N
and the number of the aperture position is also N , the number of operations
required by FBP can be reduced to a factor of

√
N in comparison to GBP.

The difference between FBP and FFBP is only the number of beam-forming
stages. FFBP requires more than one beam-forming stage prior to the local
backprojection stage. Such factorized processing allows reducing the number
of operations by a factor of log (N). Due to the time-domain characteristics,
i.e. unlimited scene size, manageable motion compensation, local and real
time processing, the time-domain SAR algorithms GBP, FBP and FFBP are
very suitable and highly recommended for UWB SAR data processing [48].
In [49] and [50], the GBP and FBP algorithms are examined with the UWB
SAR data and the results show the good performance of these algorithms.
The capabilities of different FFBP versions working with UWB SAR data
are tested and compared in [51]. The different phase errors generated by two
FFBP versions, which cause defocusing in the image, are also discussed in this
publication. The frequency-domain algorithms are also candidates for UWB
SAR data processing. A comparative study of time- and frequency-domain al-
gorithms given in [48] has shown that if there was no motion error, RM would
be an excellent candidate for UWB SAR data processing. However, in reality,
the motion errors caused by platforms need to be compensated to focus SAR
data. An investigation into the motion compensation for the nonlinear sensor
trajectories presented in [52] shows difficulties to focus SAR data by using the
frequency-domain SAR algorithms. Ignoring the large phase error caused by
the elimination of the high order phase terms, UCS [43] offers opportunities
to process different kinds of UWB SAR data which is not valid for other CS
versions.

6.3 Apodization

Apodization is an important post-processing step since it connects directly to
the quality of the final product of a SAR system. Conventional apodization
methods are classified into two groups: linear and nonlinear. Linear apodiza-
tion refers to the apodization methods using 2-D weighting functions to filter
the 2-D DFT of a SAR image in wave-domain in order to suppress sidelobes.
Such methods allow orthogonal sidelobe suppression, preserving phase infor-
mation of SAR images, however, this is always accompanied by loss in SAR
spatial resolutions. The relationship between the sidelobe suppression and
the loss in resolutions is decided by the 2-D weighting function in use. The
mostly used weighting functions are Rect, Hanning, Hamming and Blackman.
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Nonlinear apodization can be interpreted as linear apodizations in com-
bination with a set of nonlinear operators. Nonlinear apodization methods
have shown capability to control sidelobe levels and retain the resolutions,
simultaneously. However, the nonlinear apodization methods can damage
the phase information of SAR images and the additional information being
contained in the complex values of image pixels. In the nonlinear apodiza-
tion process, a number of linear apodized images are utilized as the input of
the nonlinear operators. The nonlinear operators work in the image-domain
and on a pixel-by-pixel basis. The outputs of these nonlinear operators are
nonlinear apodized images. The performance of nonlinear apodization meth-
ods depends on the number of linear apodized images taken into account by
the nonlinear operators and the type of data (complex or complex modulus)
that these nonlinear operators work with. Well-known nonlinear apodization
methods are Dual Apodization (DA), Multiple Apodization (MA) - a logi-
cal extended version of DA, Complex Dual Apodization (CDA) and Spatially
Variant Apodization (SVA) [53].

However, both linear and nonlinear apodization methods are introduced
for images reconstructed from NB SAR data in which orthogonal sidelobes,
i.e. the sidelobes in azimuth or range, are dominant. In images reconstructed
from UWB SAR data, both orthogonal and non-orthogonal sidelobes exist,
i.e. the sidelobes not in azimuth or range, which need to be eliminated in order
to avoid the degradation of image quality. Applying the linear apodization
methods to UWB SAR is sparsely mentioned in [54] as this research work does
not give any suggestion to define the 2-D weighting functions just as it does
not account for the effects to SAR images caused by the linear apodization.
In [55], the same topic is discussed again in detail. For UWB SAR, the loss
in resolution caused by linear apodization is much higher than NB SAR. The
loss in azimuth resolution is more sensitive than in range resolution as the
independence of the loss in azimuth resolution on the integration angle. The
loss in range resolution can be avoided, even for a large fractional bandwidth
and a wide integration angle, by a reasonable selection of fractional bandwidth
and integration angle for SAR systems [55]. Also in [55], a 2-D Cosine-on-
pedestal weighting function is recommended for linear apodization to optimize
between the efficiency in sidelobe suppression and the loss in spatial resolution.
The optimization is analyzed in detail in [56].

Nonlinear apodization is proved to be applicable to UWB SAR [55]. Hence,
the results given in [55] indicate that MA can suppress both orthogonal and
non-orthogonal sidelobes in images reconstructed from UWB SAR data and
retain spatial resolutions. However, the phase information is most likely to



Introduction 25

disappear in the final images as MA works only with complex moduli of image
pixels. To preserve the phase information, MA is suggested to work with the
in-phase and quadrature parts of image pixels separately. However, there is
no way to help MA to retain the additional information being contained in
the complex values of image pixels. CDA is introduced as a solution for this
challenge using the so-called intermediate weighting function. However, the
performance of CDA is usually poor. This can be explained by the criticalness
in the selection of weighting functions as there is not a single weighting func-
tion which is optimum for all images. The criticalness can only be lightened
by using different weighting functions in the linear apodization, i.e. MA, with-
out phase reservation. Another solution for keeping the resolution unchanged,
preserving the phase information as well as additional information in apodiza-
tion can be to use a dynamic weighting function. In the SVA method, the
dynamic window is nothing else but a 2-D Cosine-on-pedestal function with
dynamic weighting factors. However, to use this solution for UWB SAR cases,
further investigations are required.

7 Applications of UWB SAR

The application of SAR in imaging can be seen as a basis for other applications
in geoscience and remote sensing. UWB SAR systems can offer large scene
size and high resolution imaging and therefore allows us to detect changes,
distinguish SAR scene features, recognize and identify targets of interest in
large scale areas. Systems operating at low radar frequencies even facilitate
detecting changes in dense forested areas or under camouflage. In this disser-
tation, the concentration is on the UWB SAR application in GMTI.

A common GMTI solution is based on antenna array solutions without
SAR capabilities. However, there are also other GMTI solutions for single-
channel SAR based on, e.g. Doppler shift [57], shadowing phenomenon [58]
and magnitude of phase errors [59]. For multi-channel SAR, GMTI solutions
can be constructed on space-time processing techniques [60] such as Displaced
Phase Center Antenna (DPCA) [22] and Space-Time Adaptive Processing
(STAP) [61]. Moving target detection by focusing [62], developed recently, is
another GMTI solution aimed at UWB SAR systems. This solution has been
tested with CARABAS-II to detect the Ebba Brahe ferry in the lake Vättern,
Sweden [1]. This solution is also available for the civil traffic monitoring tasks
[63].
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7.1 Moving targets detection by focusing in UWB SAR

Moving targets in an illuminated ground scene are displaced and defocused to
elliptic or hyperbolic curves in a reconstructed SAR image [64]. For NB SAR,
the displacement is mainly caused by movements in the range direction while
movements in the azimuth direction result in the defocusing. For UWB SAR
associated with long integration time, movements in range direction produce
both displacement and defocusing in a reconstructed SAR image. Due to the
dispersion of the energy reflected from moving targets, these targets can be
hidden by clutter and noise and may therefore not appear in a reconstructed
SAR image, especially when the targets are fully obscured by surrounding
clutter.

The moving target detection by focusing technique is built on the fact that
a moving target can be considered to be stationary in a SAR image formation
process if the SAR platform is assumed to move with the difference velocity
of the original platform velocity and the target velocity. Hence, the moving
target can be focused in the reconstructed SAR scene simply by scaling the
speed of the platform with the Normalized Relative Speed (NRS) [65]. This
procedure smears clutter surrounding the moving target at the same time.

For detection, different blind hypotheses, so-called NRS under test, must
be tested until the optimum moving target focusing for detection is reached.
The energy reflected from moving targets and clutter at each hypothesis is
therefore either more concentrated or more dispersed. If a moving target exists
and it is focused with true NRS, the energy reflected from that target will be
highly concentrated whereas the energy reflected from clutter will be strongly
dispersed. The optimum step size between NRS under test for detection is
suggested in [66].

In [62], the GBP algorithm is selected to be the basis of the focusing
approach by NRS. Hence, the SAR data is processed by GBP with different
NRS under test. The processed data is then examined to detect moving targets
based on intensity. The procedure to perform the moving target detection by
focusing technique is given in [1] as follows:

• Processing data with different hypotheses on NRS (NRS under test) in
SAR image formation.

• Examining image pixels after the data processing.

• Detecting the presence of moving targets based on intensity.
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As soon as the moving target is detected, an appropriate method can be
used to estimate such parameters as speed, moving direction, and dimension
of the target object. The investigation in [26] demonstrates that the technique
not only facilitates detecting moving targets but also estimates motion param-
eters such as NRS. An estimation of NRS can be achieved by testing other
different hypotheses with smaller steps surrounding to the NRS retrieved in
the detection.

7.2 Fast detection of moving targets by focusing in UWB
SAR

The main shortcoming of the moving target detection technique is the pro-
cessing time required by this detection technique. The large number of tested
blind hypotheses contributes significantly to the processing time of this tech-
nique. Although reducing the range of tested blind hypotheses and increasing
the step size between hypotheses shorten the processing time of the technique,
this also results in the poor performance of the technique due to detection fail-
ures and high false alarm rate. The other contribution to the processing time
comes from the GBP algorithm which is used as the basis of the focusing
approach. This algorithm requires a high computational cost. An approach
for such a problem is to employ faster algorithms for the focusing approach.

In [67], the suitability of the RM algorithm [38] for the focusing approach
in the detection technique is examined. A comparison between the perfor-
mance of the original detection technique and the one using RM for its focus-
ing approach indicates that without motion error, the detection results are
the same. This algorithm is also investigated to refocus moving targets in
reconstructed SAR images [68]-[70]. The introduction of the UCS algorithm
[43] gives another opportunity to further shorten the processing time of the
detection technique. The possibility of using UCS in the detection technique
is investigated in [1]. However, due to the lack of time-domain characteristics,
frequency-domain algorithms in general and UCS in particular can be used in
certain cases, e.g. short integration time.

Using the polar grid version of the FBP algorithm [46] and the FFBP
algorithm [47] for the focusing approach is shown to reduce the processing time
of the detection technique significantly [1],[71]. Basically, the replacements of
GBP by FBP and FFBP can shorten the processing time to factors of

√
N

and log (N), respectively. However, the processing time can be further reduced
depending on the ways to use these algorithms for the focusing approach in
the detection technique. The analytical number of operations required by
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the detection technique and the optimum selection of subaperture are also
presented in [71]. Similarly, an investigation of the possibility to use the local
processing version of the FBP algorithm [45] for the detection technique is
given in [72]. Also in this study, it is the first time a combination of the
detection technique with the space-time processing is mentioned.

7.3 A combination of the detection technique with the
space-time processing

Besides the limitation in processing time, the moving target detection by fo-
cusing technique also shows the restriction in detection ability in certain cases
[72], e.g. the true NRS of a moving target is approximate or equal to one.
This example corresponds to either a very slow moving target or target mov-
ing under the so-called invisible direction [72]. To overcome this obstacle,
a combination of the detection technique with the space-time processing is
recommended. In [72], DPCA is selected to demonstrate this combination.
According to this proposal, dual-channel SAR data is first handled by DPCA
to suppress ground clutter. The data with clutter suppression is then pro-
cessed again by the moving target detection by focusing technique. However,
the requirements of DPCA to work properly such as identical channels and
PRF perfect matching to the platform velocity are very strict and may not be
satisfied in practice. A combination of the detection technique with STAP is
one solution for this problem. However, the computational cost required by
STAP prevents the efficiency of this combination

The integration of space-time processing into the time-domain algorithms
is presented in [73]. The integration is expected to lighten the strict require-
ments of DPCA and improve the computational practicality of STAP. Hence,
DPCA and STAP are proposed to perform after the beam-forming stage. Ac-
cording to this proposal, the range compressed SAR data collected by each
antenna is first processed separately in the beginning of the beam-forming
stage. The beams formed by all channels are then handled by DPCA or
STAP to generate a single beam with clutter suppression. Moving target de-
tection is performed on the beam with clutter suppression. This beam is then
tested with different hypotheses of NRS in the backprojection stage. Moving
target detection is also performed on the reconstructed image. Hence, this
integration can provide a reliable detection. Since the array configuration
of CARABAS-II does not support DPCA, LORA configured for the GMTI
application is used as the reference system for this study.
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8 Dissertation Overview

8.1 Part I−A - An impulse response function for evalu-
ation of ultrawideband SAR imaging

The analyses in this study show that the commonly used IRF-SAR - 2-D
sinc function or so-called IRF-NSAR - is inappropriate for UWB SAR. As
a consequence, the applications built on this function such as image quality
measurement and resolution estimation are limited to NB SAR cases. A
more general IRF-SAR, which aims at UWB SAR systems, is derived with an
assumption of the flat 2-D FT of a SAR image and called IRF-USAR.

8.2 Part I−B - On synthetic aperture radar azimuth and
range resolution equations

A discussion on spatial resolutions for UWB SAR in comparison to NB SAR
is given in this study. The similarity between the behavior of IRF-NSAR
and IRF-USAR in azimuth and range is found in the intensity interval from
−6 dB to 0 dB. This similarity is employed in a derivation of new spatial
resolution equations for UWB SAR based on −3 dB width or HPBW. The
effects of the signal fractional bandwidth and the associated integration angle
to HPBW are described by the HPBW narrowing/broadening factors which
are included in the new derived resolution equations.

8.3 Part I−C - Definition on SAR image quality mea-
surements for UWB SAR

This study points out that measurements under currently used definitions of
SAR image quality measurement may be unsuitable for UWB SAR. The main
objective of the study is therefore to propose a new definition which is more
suitable for UWB SAR. To propose as well as validate the assessments in the
definition, it is necessary to use both real and simulated UWB SAR data.

8.4 Part II−A - RFI suppression in ultrawideband SAR
using adaptive line enhancer

An approach to suppress RFI in UWB low frequency SAR is introduced in
this study. According to the proposal, RFI suppression is performed by ALE
whose filter coefficients are adaptively updated by an NLMS algorithm. The
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proposed approach is examined with real UWB low frequency SAR data. A
possibility to integrate this approach into SAR imaging algorithms is also
suggested.

8.5 Part II−B - A comparison between fast factorized
backprojection and frequency-domain algorithms in
UWB low frequency SAR

Two frequency-domain algorithms, CS with the superiority in processing time
and RM with possibly minimized phase errors are candidates for a compar-
ative study to the time-domain algorithm FFBP. The performance of these
algorithms with UWB low frequency SAR data is focused in this study. The
comparison is based on the standard image quality assessments such as spatial
resolutions, ISLR and PSLR, and processing time affected by the computa-
tional complexity.

8.6 Part II−C - On apodization techniques for ultraw-
ideband SAR imaging

This study presents a discussion about apodization or sidelobe control for
UWB SAR which is one of the practical issues in UWB SAR data processing.
The applicability of different NB SAR apodization techniques, e.g. linear
and nonlinear apodization, to UWB SAR are first examined. The study is
followed by evaluations for the performance of these apodization techniques
in the UWB SAR environment.

8.7 Part III−A - Detection of moving targets by focusing
in UWB SAR − Theory and experimental results

The theory on moving target detection by focusing and the experimental
results on single-channel SAR data are presented in this study. The detection
technique is based on the fact that a moving target can be considered to
be stationary in a SAR formation process if the SAR platform is processed
with the difference velocity of the original platform velocity and the target
velocity. For detection, different hypotheses (so-called NRS under test) have
to be tested until the detection is reached. The experimental results show that
the ability to detect moving targets increases significantly when applying the
proposed detection technique. The improvement in SCNR which is a basic
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requisite for evaluating the performance reaches approximately 20 dB using
only single-channel SAR data. This gain will be preserved for the case of
multi-channel SAR data.

8.8 Part III−B - Fast detection of moving targets by
focusing in UWB low frequency SAR

The moving target detection technique shows some limits in processing. One
of the factors contributing to the processing time of the detection technique
is the GBP algorithm which is employed as a basis for the focusing approach.
This algorithm requires a high computational cost. The fast detection of mov-
ing target by focusing method is introduced in this study. The method is based
on the moving target detection technique incorporating fast time-domain al-
gorithms in the process. Two fast time-domain algorithms considered in this
study are FBP and FFBP.

8.9 Part III−C - Integrating space-time processing into
time-domain backprojection process to detect and
image moving objects

This paper presents a method to integrate space-time processing techniques
into the time-domain backprojection process. The integration allows detect-
ing moving objects and reconstructing the SAR images of those moving ob-
jects. Two space-time processing techniques considered for this integration
are DPCA and STAP. The integration partially meets the strict requirements
of DPCA and improves the computational practicality of STAP.
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An Impulse Response Function for
Evaluation of UWB SAR Imaging

V. T. Vu, T. K. Sjögren, M. I. Pettersson and H. Hellsten

Abstract

Based on analysis of a point target imaged by different Synthetic
Aperture Radar (SAR) systems, the commonly used Impulse Response
Function in SAR Imaging (IRF-SAR) - a two-dimensional (2-D) sinc
function - is shown to be inappropriate for ultrawideband-ultrawidebeam
(UWB) SAR systems utilizing a large fractional signal bandwidth and
a wide antenna beamwidth. As a consequence, the applications of the
2-D sinc function such as image quality measurements and spatial res-
olution estimations are limited to narrowband-narrowbeam (NB) SAR
systems exploiting a small fractional signal bandwidth and a narrow
antenna beamwidth. In this paper, a more general IRF-SAR, which
aims at UWB SAR systems, is derived with an assumption of flat two-
dimensional (2-D) Fourier Transform (FT) of a SAR image and called
IRF-USAR. However, the derived IRF-USAR is also valid for NB SAR
systems.

1 Introduction

Synthetic Aperture Radar (SAR) is widely used as ground-imaging radars.
SAR has its own surface illuminating capability that allows it to work in
hazy weather (fog, rain etc.) and even in the night. During such unfavor-
able weather condition, most other remote sensing systems are inefficient.
Ultrawideband-ultrawidebeam (UWB) SAR systems utilizing a large frac-
tional signal bandwidth and a wide antenna beamwidth associated with very
long integration time or wide integration angle enable large scene and/or high
resolution imaging. The fractional bandwidth is defined by the ratio of the
bandwidth to the center frequency while the integration angle by the angle
between two vectors from the point target to the first and the last aperture
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positions. One example of experimental UWB SAR systems is CARABAS-
II [1] operating in the lower VHF-band from 20 to 90 MHz and using wide
beamwidth dipole antennas (larger than 90o). Other systems such as LORA
operating in the VHF/UHF-bands from 200 to 800 MHz [2], P-3 with a band-
width of 515 MHz in the VHF/UHF-bands 215-900 MHz [3], ground-based
BoomSAR with a spectral response extending from 50 MHz to 1200 MHz
[4] and PAMIR with a very high bandwidth of 1820 MHz in X-band [5] are
also known as UWB SAR systems. Inherent challenges in UWB SAR data
processing in general and UWB SAR imaging in particular have been clearly
pointed out in [6] where the choice of processing algorithm, sidelobe control
or apodization, motion error compensation and Radio Frequency Interference
(RFI) suppression are listed. Some developed approaches for such problems
can be found in [7]-[10]. However, another issue, which is significantly impor-
tant but has not been either mentioned or investigated in earlier publications,
is the Impulse Response Function in SAR imaging (IRF-SAR) for UWB SAR.

The commonly used IRF-SAR is known as a two-dimensional (2-D) sinc
function. This function in image-domain is obtained from the 2-D Inverse
Fourier Transform (IFT) of a 2-D rect function in wave-domain which is an
approximation for the 2-D Fourier Transform (FT) of a SAR image of a point
target. For narrowband-narrowbeam (NB) SAR systems utilizing a small frac-
tional bandwidth and a narrow antenna beamwidth, this IRF-SAR is shown
to be a good approximation. Important applications of the 2-D sinc function
are found in SAR image quality measurements [11]-[13] as well as SAR spatial
resolution estimations [14]-[16]. However, such the applications are limited to
the NB SAR systems. For a UWB SAR system utilizing a large fractional
signal bandwidth and a wide integration angle, the 2-D Fourier Transform
(FT) of a SAR image of a point target is very different from the 2-D rect
function. The complicated behavior of the Impulse Response in SAR imaging
(IR-SAR), which refers to a SAR image of a point target, cannot therefore
be represented by the 2-D sinc function in image-domain. Applying a 2-D
rect function to the 2-D Fourier Transform (FT) of a SAR image can result
in a 2-D rect function in wave-domain and therefore a 2-D sinc function in
image-domain. However, this also lead to extremely high loss in SAR spatial
resolutions [10]. Such situation will therefore not be considered here. To the
knowledge of the authors, there has been neither mathematical representa-
tion of IRF-SAR other than the 2-D sinc function nor investigation into the
validity of the 2-D sinc function for SAR systems using large fractional signal
bandwidths and wide integration angles.
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Table 1: The parameters of the simulated SAR systems.

System 1 System 2 System 3

Fractional bandwidth Br 0.1 0.35 1.1
Integration angle φ0 10o 35o 110o

The main objective of this paper is to derive a new IRF-SAR, which can
be used for evaluation of UWB SAR imaging. In the context of this paper, the
derived IRF-SAR is denoted by IRF-USAR which stands for Impulse Response
Function in UWB SAR imaging. Similarly, IRF-NSAR, which stands for
Impulse Response Function in NB SAR imaging, is used for the 2-D sinc
function. The IRF-USAR is derived with the assumption that the flat 2-D
FT of a SAR image of a point target is flat and the derivation is limited to
the monostatic case. In spite of aiming at UWB SAR systems, the derived
IRF-SAR is valid for NB SAR systems.

The paper is organized as follows. Section 2 shows an analysis based on a
point target imaged by SAR systems with various fractional bandwidths and
integration angles. Motivated by the analysis in Section 2, the IRF-USAR is
derived in Section 3. Section 4 presents some basic investigations based on
the derived IRF-USAR. Section 5 summarizes the contributions of the paper.

2 Analysis on Point Target

In this section, we present an analysis based on a point target, which is illu-
minated by some SAR systems utilizing different fractional signal bandwidths
and different integration angles. The main parameters of these SAR systems
are summarized in Table 1. The reason for this analysis is explained by the
fact that the SAR system parameters decide how the point target appears
in a SAR image, which directly connects to IRF-SAR. The analysis is based
on simulated data to avoid undesired effects such as impacts of antenna pat-
tern, clutter backscattering, noise and local reflection which may be caused
by incompletely calibrated SAR systems. Also, no apodization technique is
applied. Image quality has a high priority in this study and it is known that
both Global Backprojection (GBP) [17] and Range Migration (RM) [18] are
good candidates for UWB SAR imaging in terms of quality. However, we use
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GBP in this study due to its advanced characteristics such as local processing
and manageable motion error compensation.

In this analysis, we call sidelobes in the azimuth and range directions or-
thogonal sidelobes. Sidelobes in other directions, i.e. neither in the azimuth
nor range directions, are called non-orthogonal sidelobes. The azimuth and
range directions correspond with vertical and horizontal axes of Cartesian co-
ordinates, respectively. In polar coordinates, they correspond with the angles
of 90o and 0o, respectively.

In Fig. 1, the simulation results of a point target, which is imaged by the
SAR systems in Table 1, are provided. Fig. 1.a and 1.b show an example of a
point target imaged by a NB SAR system h1 (x, y) and its 2-D FT H1 (kx, ky),
respectively. The azimuth and range are denoted by x and r while kx and ky
indicate azimuth and range wavenumbers and are connected together by the
relation

ω =
c

2

√
k2x + k2y, (1)

where ω is the signal frequency and c is the speed of light. The relation
between a SAR image of a point target h (x, y) in image-domain and its 2-D
FT H (kx, ky) in wave-domain are generally represented by

H (kx, ky) =

+∞∫
−∞

+∞∫
−∞

h (x, y) · e−j(kxx+kyy)dxdy. (2)

Conversely, a SAR image of a point target h (x, y) is represented by the
2-D IFT of H (kx, ky) as

h (x, y) =
1

(2π)
2

+∞∫
−∞

+∞∫
−∞

H (kx, ky) · ej(kxx+kyy)dkxdky. (3)

In this simulation, the NB SAR system possesses a fractional bandwidth
Br = 0.1 and an integration angle φ0 = 10o. The 2-D FT of the SAR image
h1 (x, y) can be approximated by a 2-D rect function. With the assumption
of the flat 2-D FT of the SAR image, H1 (kx, ky) of the point target imaged
by the NB SAR system is given by

H1 (kx, ky) ≈
⎧⎨
⎩

1 kx,min ≤ kx ≤ kx,max

ky,min ≤ ky ≤ ky,max

0 elsewhere
. (4)
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Figure 1: Images of the point target illuminated by the different simulated
SAR systems in Table 1 and their 2-D FT. The figures on the left hand side
plot contours from −30 dB to −3 dB with a 3 dB step and on the right hand
side the associated 2-D FT. The SAR image coordinates xn and yn denote
normalized azimuth and range with respect to −3 dB widths. kx,n and ky,n
denote normalized wavenumbers with respect to the center wave number kc.
(a) and (b) NB SAR with Br = 0.1 and φ0 = 10o. (c) and (d) UWB SAR
with Br = 0.35 and φ0 = 35o. (e) and (f) UWB SAR with Br = 1.1 and
φ0 = 110o.
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With this approximation, Equation (3) results in a normalized SAR image in
the coordinates x and y which can be mathematically represented by

h1 (x, y) ≈ sinc
(
kcxsin

φ0
2

)
· sinc

(
ky,max − ky,min

2
y

)
, (5)

where ky,c is the center wavenumber and φ0 is the integration angle. Equation
(5) is known as the IRF-NSAR. The similarity between IRF-NSAR and the
SAR image given in Fig. 1.a can be observed. The orthogonal sidelobes in
the SAR image are predominated and there is no non-orthogonal sidelobe.

The investigations into the the 2-D FT of the SAR image NB SAR im-
age can also be based on models which have been proposed in [19] for the
monostatic case and in [20, 21] for the bistatic case.

The point target is then illuminated by another SAR system and this time
it utilizes a large fractional bandwidthBr = 0.35 and an wide integration angle
φ0 = 35o. As shown in Fig. 1.d, the 2-D FT of the SAR image H2 (kx, ky)
is different from a 2-D rect function. As consequence, using (5) for IRF-
SAR in this case needs to be examined. The effects of fractional bandwidth
and integration angle to IR-SAR can be initially observed in Fig. 1.c. The
orthogonal sidelobes in the range direction start to get broader compared to
Fig. 1.a. In the azimuth direction, the orthogonal sidelobes begin to attenuate
and are separated into symmetric non-orthoganal sidelobes.

In the last example, we simulate the existing UWB SAR system with
an extremely large fractional bandwidth Br = 1.1 and an extremely wide
integration angle φ0 = 110o. The 2-D FT of the SAR image H3 (kx, ky)
shown in Fig. 1.f is clearly seen not to be a 2-D rect function. However, it
can be seen as a set of one-dimensional (1-D) rect functions with the same
window lengths and organized in angle of the polar coordinates. Thus, (5)
cannot be used to represent the IRF-SAR for such SAR system. The point
target illuminated by this UWB SAR system is plotted in Fig. 1.e where the
broadening of the range sidelobes and the strong attenuation associated with
the separation of the azimuth sidelobes are observed. As a consequence of
this attenuation, the orthogonal sidelobes in the azimuth direction disappear.

3 IRF-USAR
The analysis given in Section 2 shows that the 2-D FT of the SAR images
H (kx, ky) resulted by the SAR systems 2 and 3 in Table 1 should be repre-
sented by a more accurate form, which complies with the relation (1), instead
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of the approximate form given by (4). A flat image spectrum in wave-domain
is a natural choice due to the similarities to the derivation of IRF-NSAR as
well as the minimization of the −3 dB beamwidth in image-domain. Hence,
a more accurate form for these SAR image spectra in the polar coordinates
(κ, φ) can basically be given by

H (κ, φ) =

⎧⎨
⎩

1 −φ0/2 ≤ φ ≤ φ0/2
κmin ≤ κ ≤ κmax

0 elsewhere
, (6)

where
κmin = ky,min when kx = 0
κmax = ky,max when kx = 0.

(7)

Without losing generality, we can normalize κ with respect to the center wave-
number kc. Hence, (6) can be rewritten as

H (�, φ) =

⎧⎨
⎩

1 −φ0/2 ≤ φ ≤ φ0/2
1−Br/2 ≤ � ≤ 1 +Br/2

0 elsewhere
, (8)

where Br denotes the fractional bandwidth. With the approximate 2-D FT
of the SAR image given in (8), the integral (3) is calculated in the polar
coordinates (�, φ) and the IRF-USAR is shown to be (see Appendix A)

h (ρ, ϕ,Br, φ0) =

e−iϕ

ρ

[
φ0

+∞∑
n=−∞

inhj,n−1 (ρ,Br)

ei(n−1)ϕ
sinc

(
n
φ0
2

)]

+
e−iϕ

ρ
hs (ρ, ϕ,Br, φ0) , (9)

where

hj,n−1 (ρ,Br) = −
(
1 +

Br

2

)
Jn−1

[
ρ

(
1 +

Br

2

)]

+

(
1− Br

2

)
Jn−1

[
ρ

(
1− Br

2

)]
(10)
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and

hs (ρ, ϕ,Br, φ0) =

−Brsinc
[
Br

2
ρcos

(
φ0
2

+ ϕ

)]
eiρcos(

φ0
2 +ϕ)−i

φ0
2

+Brsinc
[
Br

2
ρcos

(
φ0
2

− ϕ

)]
eiρcos(

φ0
2 −ϕ)+i

φ0
2 .

(11)

In (9), the azimuth direction corresponds to ϕ = 0o and for the range
direction ϕ = 90o. For approximate calculation of (9), the accuracy depends
strongly on the attenuation of sinc (nφ0/2). At large integration angles, this
sinc function attenuates faster than at small integration angles. For example,
if φ0 = 110o, it is not necessary to consider the values of n beyond the range
−30 ≤ n ≤ 30 while this range must be extended, e.g. −300 ≤ n ≤ 300 for
φ0 = 10o.

The derived IRF-USAR (9) can be simplified for particular SAR con-
figurations. In the following example, we consider a circular aperture, i.e.
φ0 = 360o. Since

sinc
(
n
φ0
2

)
=

{
1 n = 0
0 elsewhere (12)

and
h2 (ρ, ϕ,Br, φ0 = 360o) = 0,

the derived IRF-SAR (9) is no longer a function of ϕ and can be rewritten as

h (ρ,Br, φ0 = 360o) =

−φ0
ρ

(
1 +

Br

2

)
J−1

[
ρ

(
1 +

Br

2

)]

+
φ0
ρ

(
1− Br

2

)
J−1

[
ρ

(
1− Br

2

)]
. (13)

The IRF-USAR in this particular SAR configuration results in a circularly
symmetric pattern which is known as a typical pattern for circular apertures
[22].

4 Evaluations of the Derived IRF-USAR
The derived IRF-USAR in Section 3 is first used to examine the validity of
the IRF-NSAR in representing the complicated behavior of IR-SAR in both
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Figure 2: Plots of h (ρ, ϕ,Br, φ0) with different values of the fractional band-
widths Br and the integration angle φ0 given in Table 1. The intensities of
IRF-USAR are normalized with respect to their peak intensity and in the dB
scale. The horizontal axes in the plots are rescaled with respect to the −3
dB beamwidths of the sinc functions given in (5). The rescaled azimuth and
range are denoted by xn and yn, respectively. The IRF-NSAR are also plotted
for evaluation purposes. (a) in azimuth. (b) in range.
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azimuth and range directions with respect to large fractional signal bandwidth
and wide integration angle. In reality, IR-SAR in azimuth and range directions
are normally extracted at the peak intensity belonging to the mainlobe of a
single point target in a SAR image. For NB SAR systems, these IR-SAR
are approximately given by the former and later sinc functions in 5. Relied
on the derived IRF-USAR in Section 3, the IR-SAR in azimuth and range
directions are approximately found from the functions h (ρ, 90o, Br, φ0) and
h (ρ, 0o, Br, φ0), respectively.

Fig. 2 plots the derived IRF-USAR associated with the SAR systems in
Table 1. In the plots, normalized terms are used for evaluation purposes. The
intensities of IRF-USAR are normalized with respect to their peak intensity
and represented in the dB scale. The horizontal axes in the plots are rescaled
with respect to the −3 dB beamwidths of the sinc functions given in (5). This
means, the azimuth and range are normalized with respect to the sin (φ0/2)
and Br/2, respectively. However, in these sinc functions, kc,r = 1 and kr,max−
kr,min = Br due to the normalization in the derivation of IRF-USAR. These
sinc functions are also plotted in the same figures to inspect the validity of
IRF-NSAR for IR-SAR resulted by different SAR systems. The sinc functions
and the functions h (ρ, ϕ, 0.1, 10o) are almost identical. This again confirms
IRF-NSAR is a good approximation for IR-SAR resulted by NB SAR systems.
This approximation may still be used for h (ρ, ϕ, 0.35, 35o). However, it does
not hold for UWB SAR systems such as the SAR system 3 in Table 1. In
this extreme case, h (ρ, ϕ, 1.1, 110o) are considered to be significantly different
from the sinc functions. These observed results are similar to the analysis
results given in Section 2 based on SAR simulated data.

A comparison between the IR-SAR extracted at the peak intensity of
the single point target in a SAR image formed by simulated data and the
IR-SAR approximately generated by the derived IRF-USAR in Section 3 is
here given to evaluate the accuracy of the IRF-USAR. Only the extreme
case where Br = 1.1 and φ0 = 110o is considered. Hence, the extracted
IR-SAR in azimuth and range directions are given by h3(x, 0) and h3(0, y),
respectively while the approximate IR-SAR are given by h

(
ρ, 00, 1.1, 110o

)
and h

(
ρ, 900, 1.1, 110o

)
. They are plotted in Fig. 3. In the plots, we also use

the normalized terms. As shown, the functions h (ρ, ϕ, 1.1, 110o) and h3 (x, y)
are well matched, especially the function h (ρ, 0o, 1.1, 110o) and h3(0, y). The
observed differences in azimuth are caused by the assumption given in (8)
used in the derivation.
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Figure 3: Plots of IR-SAR approximately generated by h (ρ, ϕ, 1.1, 110o) and
extracted at the peak intensity of the single point target in the SAR image
given in Fig. 1.e. The intensities of IR-SAR are normalized with respect to
their peak intensity and in the dB scale. The horizontal axes in the plots
are also rescaled with respect to the −3 dB beamwidths of the sinc functions
given in (5) and also denoted by xn and yn, respectively. (a) in azimuth. (b)
in range.
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Figure 4: The three-dimensional (3-D) approximate SAR image of the point
target is reconstructed from a set of the functions h (ρ, ϕ, 1.1, 110o). The
intensity of the reconstructed point target is normalized with respect to its
peak intensity and represented in the dimensionless scale.

In reality, we can compensate this by an azimuth weighting function. This
extreme example confirms the accuracy of the derived IRF-USAR.

We can also use the derived IRF-USAR to reconstruct the SAR image of
the point target. Fig. 4 shows a three-dimensional (3-D) image of a point
target reconstructed using the derived IRF-SAR where the parameters of the
SAR system 3 are used and the step between values of ϕ is 1o. The features of
the reconstructed point target are similar to the point target imaged in Fig.
1.e. The contour plots from −30 dB to −3 dB with a 3 dB step of this point
target are also given in Fig. 5 to provide a more illustrative comparison to
the contours plotted in Fig. 1.e.

Similar to the applications of the IRF-NSAR in SAR image quality mea-
surements and spatial resolution estimations for NB SAR systems, the derived
IRF-USAR also facilitates such applications for UWB SAR systems. Based on
the derived function in this paper, new SAR spatial resolution equations can
be developed. The methods to determine mainlobe and sidelobe areas are also
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Figure 5: Contour plots from −30 dB to −3 dB with a 3 dB step of the the
point target is reconstructed from a set of the functions h (ρ, ϕ, 1.1, 110o). The
SAR image coordinates xn and yn denote normalized azimuth and range with
respect to −3 dB widths.

supported by the new IRF-USAR. In general, UWB SAR image quality mea-
surement procedures are simplified significantly compared to the ones given
in [23]. In addition, the new IRF-USAR can be used to investigate orthogonal
and non-orthogonal sidelobes resulted by UWB SAR systems and determine
the limits of fractional bandwidth and integration angle to use IRF-NSAR.

5 Conclusion

The analysis on the point target in this paper shows that the currently used
IRF-NSAR - the 2-D sinc function is mainly valid for NB SAR systems ex-
ploiting a small fractional signal bandwidth and a narrow antenna beamwidth.
In reality, IRF-SAR depends strongly on these SAR system parameters. As
a consequence, the applications of IRF-SAR such as image quality measure-
ments and spatial resolution estimations are limited to NB SAR systems.
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This analysis is used as a basis to derive a new IRF-USAR aiming at UWB
SAR systems utilizing a large fractional signal bandwidth and a wide antenna
beamwidth. However, the derived IRF-USAR is also valid for NB SAR sys-
tems. The derivation is based on the assumption that the 2-D FT of a SAR
image is flat. The differences between the derived IRF-USAR and IRF-NSAR
are addressed in the evaluations. The accuracy of the derived function is
verified by a comparison between the IR-SAR extracted at the peak inten-
sity of the single point target in a SAR image and the approximate IR-SAR
generated by the derived IRF-USAR. The derived IRF-USAR can also be
used to reconstruct a SAR image of a point target. The applications of the
derived IRF-USAR such as SAR image quality measurements, spatial resolu-
tion estimations, orthogonal and non-orthogonal sidelobe investigation, and
examining the validity of IRF-SAR are also suggested.

Appendix A
Impulse Response Function Derivation
With a natural choice of a flat 2-D FT of a SAR image of a point target (8),
the integral (3) can be normalized and transformed to polar coordinates and
represented by

h (ρ, ϕ) =

∫ ∫
�ei�ρcos(φ−ϕ)d�dφ (A-1)

by simply setting
kx = � · sinφ
ky = � · cosφ (A-2)

and
x = ρ · sinϕ
r = ρ · cosϕ. (A-3)

The complex exponential function in the integral (A-1) can be represented
in terms of bessel functions as [24]

ei�ρcos(φ−ϕ) =
+∞∑

n=−∞
inJn (�ρ) ein(φ−ϕ). (A-4)

Hence, the integral (A-1) is rewritten as

h (ρ, ϕ) =

+∞∑
n=−∞

in
∫
�Jn (�ρ) d�

∫
ein(φ−ϕ)dφ. (A-5)
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The solutions for the first and second integrals inside the summation (A-5)
are given by

∫
�Jn (�ρ) d� =

1

ρ

{
−�Jn−1 (�ρ) + n

∫
Jn−1 (�ρ) d�

}
(A-6)

and ∫
ein(φ−ϕ)dφ =

ein(φ−ϕ)

in
, (A-7)

respectively. With the limits of φ defined in (8), the integral (A-7) results in

+
φ0
2∫

−φ0
2

ein(φ−ϕ)dφ =
ein(

φ0
2 −ϕ) − e−in( φ0

2 +ϕ)

in
. (A-8)

The second term in (A-6) and (A-7) can be combined together and sim-
plified to

1

ρ

∫ +∞∑
n=−∞

in−1Jn−1 (�ρ) ein(
φ0
2 −ϕ)d� (A-9)

−1

ρ

∫ +∞∑
n=−∞

in−1Jn−1 (�ρ) e−in(φ0
2 +ϕ)d�

=
ei(

φ0
2 −ϕ)

ρ

∫
ei�ρcos(

φ0
2 −ϕ)d�

−e−i( φ0
2 +ϕ)

ρ

∫
ei�ρcos(

φ0
2 +ϕ)d�

=
ei(

φ0
2 −ϕ)ei�ρcos(

φ0
2 −ϕ)

iρ2cos
(

φ0

2 − ϕ
) − e−i( φ0

2 +ϕ)ei�ρcos(
φ0
2 +ϕ)

iρ2cos
(

φ0

2 + ϕ
) .

Substituting (A-6) and (A-7) to (A-5) and taking (A-10) into account, we
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get

h (ρ, ϕ) = −φ0
+∞∑

n=−∞

in�Jn−1 (�ρ)

ρeinϕ
sinc

(
n
φ0
2

)
(A-10)

+
ei�ρcos(

φ0
2 −ϕ)+i( φ0

2 −ϕ)

iρ2cos
(

φ0

2 − ϕ
) − ei�ρcos(

φ0
2 +ϕ)−i( φ0

2 +ϕ)

iρ2cos
(

φ0

2 + ϕ
) .

The final IRF-USAR can be obtained by inserting the integral limits of �
given in (8).
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On Synthetic Aperture Radar
Azimuth and Range Resolution Equations

V. T. Vu, T. K. Sjögren, M. I. Pettersson and H. Hellsten

Abstract

This paper discusses spatial resolutions for ultrawideband-ultrawide-
beam (UWB) synthetic aperture radar (SAR) in comparison to narrow-
band-narrowbeam (NB) SAR. The study shows that in the intensity
interval from −6 dB to 0 dB, the behavior of the impulse response
function in NB SAR imaging (IRF-NSAR) - sinc function - and the
impulse response function in UWB SAR imaging (IRF-USAR) in az-
imuth and range are similar. This similarity is utilized in a derivation of
new spatial resolution equations for UWB SAR based on −3 dB width
or half power beamwidth (HPBW). Signal fractional bandwidth and
associated integration angle are shown to affect the behavior of IRF-
USAR. The effects to HPBW are described by the so-called HPBW
narrowing/broadening factors.

Spatial resolutions are considered as the most significant parameter for
image quality measurements since it describes the distance between two ob-
jects on the ground at which the objects appear distinct and separate in a
synthetic aperture radar (SAR) image. Spatial resolution equations are used
to estimate the azimuth and range resolutions which can be achieved by a
specific SAR system. Such information is important from a SAR system de-
signer’s point of view. The azimuth resolution equation given in [1] and range
resolution equation in [2] are supposed to aim at narrowband-narrowbeam
(NB) side-looking SAR without a squint angle. These resolution equations do
not consider the coupling between azimuth and range frequencies. They may
therefore be invalid for ultrawideband-ultrawidebeam (UWB) SAR. Taking
system frequency dependence into account, a new spatial resolution equation
is introduced in [3]. However, this equation only provides the information
of the area resolution, not azimuth and range resolutions which may be of
interest.

65
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The assessment of spatial azimuth and range resolutions is based on the −3
dB width of the impulse response function in SAR imaging (IRF-SAR) or the
half power beamwidth (HBPW), i.e. the distances between the points with
intensities of 3 dB below the peak intensity. For the availability of the impulse
response function in NB SAR imaging (IRF-NSAR) - the sinc function, the
derivation of the azimuth and range resolution equations for NB SAR seems
to be simple. However, the complicated mathematical representation of the
impulse response function in UWB SAR imaging (IRF-USAR) [4] creates
difficulties for the derivation of the azimuth and range resolution equations
for UWB SAR.

The objective of this paper is to discuss spatial resolution equations for
UWB SAR in relation to the ones for NB SAR. This study is built on IRF-
USAR which is previously published in [4]. On account of the similar behavior
of the IRF-NSAR and IRF-USAR in the intensity interval from −6 dB to 0
dB, the spatial resolution equations for UWB SAR are built on the ones for
NB SAR with the consideration of the coupling between azimuth and range
frequencies through the so-called HPBW narrowing/broadening factors. The
numerical results of these factors are also provided and summarized in graph.

The paper is organized as follows. In Section 2, the spatial resolution
equations for NB SAR are derived based on IRF-NSAR. The relations to
the commonly known SAR resolution equations are also examined. Section 3
investigates the similarity and difference between IRF-NSAR and IRF-USAR.
New spatial resolution equations for UWB SAR are then introduced. Section
4 provides the conclusion.

1 Spatial Resolution Equations for NB SAR
As illustrated in Fig. 1, for NB SAR where both the integration angle and the
fractional bandwidth are very small, the following approximations are valid
for the two-dimensional (2-D) Fourier Transform (FT) of a NB SAR image of
a point-like scatterer H (kx, ky) marked by the light gray color

ky,minsin
φ0
2

≈ kcsin
φ0
2

≈ ky,maxsin
φ0
2

(1)

ky,max − ky,min ≈ (ky,max − ky,min) cos
φ0
2

(2)

where kx and ky are the azimuth and the range wavenumber. The subscripts
c, max and min denote the terms of center, maximum and minimum, respec-
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Figure 1: An example of 2-D FT of a NB SAR image of a point-like scatterer
marked by the light gray color.

tively. The SAR image coordinates x and y indicate azimuth and range while
φ0 refers to the integration angle. The approximations in (1) and (2) are also
interpreted as follows: a rectangular and flat approximation can be applied
to the two-dimensional (2-D) Fourier Transform (FT) of a NB SAR image of
a point-like scatterer. As shown in [4], IRF-NSAR h (x, y) can be achieved
from a 2-D Inverse Fourier Transform (IFT) of this approximation as

h (x, y) ≈ sinc
[
kcsin

(
φ0
2

)
x

]
sinc

(
ky,max − ky,min

2
y

)
(3)

According to definitions of SAR image quality assessments proposed in [5]-
[8], the spatial resolution, integrated sidelobe ratio (ISLR), and peak sidelobe
ratio (PSLR) are based on a point-like scatterer approximation in a SAR
image which can be a corner reflector deployed in measurement campaigns.
The assessment of spatial azimuth and range resolutions is based on the −3
dB width or the half power beamwidth (HBPW) of the mainlobe, i.e. the
distances between the points with intensities of 3 dB below the peak intensity.
From the function (3), the spatial resolutions for NB SAR can be estimated
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by solving the set of equations

sinc
(
kc

Δx

2
sin

φ0
2

)
= −3 dB (4)

sinc
(
ky,max − ky,min

2

Δy

2

)
= −3 dB (5)

The azimuth and range resolutions are then given by

ΔN,x =
0.2211λc

sin
(

φ0

2

) ≈ λc

4sin
(

φ0

2

) (6)

ΔN,y =
0.4422λc
Br

≈ c
2B

(7)

where λc is the center wavelength and Br is the fractional bandwidth, defined
by the ratio of the radar signal bandwidth B to the center frequency fc. The
approximated version of the azimuth resolution equation (6) is similar to the
one given in [1] which is derived from the diffraction limit of the synthetic
aperture. Similarly, the range resolution equation given in [2] has exactly the
same expression as the approximated version of the range resolution equation
(7). It should be mentioned here that the range resolution equation proposed
in [2] is a general equation and used widely in the radar field. This equation
is based on the minimum delay between two adjacent radar echoes so that
they can be distinguished after pulse compression. For the cases where the
integration angle is very small, i.e. sin (φ0/2) ≈ φ0/2, equation (6) can be
further simplified as

ΔN,x ≈ λc
2φ0

(8)

2 Spatial Resolution Equations for UWB SAR

Let us look at the 2-D FT of a UWB SAR image of a point-like scatterer
H (kx, ky), which is marked by the dark gray area given in Fig. 2. As illus-
trated, using NB approximation for H (kx, ky) in this case is unreasonable. As
a consequence, the approximations (1) and (2) should not be applied to UWB
SAR systems. Equation (3) is not a good approximation for IRF-USAR. Also,
the spatial resolution equations (6) and (7) or (8), which are derived from (3),
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Figure 2: An example of 2-D FT of a UWB SAR image of a point-like scatterer
H (kx, ky) marked by the dark gray color. The light gray area associates with
the NB approximation. Using NB approximation marked by the light gray
color for H (kx, ky) marked by dark gray color is unreasonable.

may result in large errors when used for UWB SAR. However, from a geo-
metric point of view, (7) may be still valid for the cases of large fractional
bandwidths and not very wide integration angles.

For UWB SAR systems with large fractional bandwidth and wide inte-
gration angle, the coupling between azimuth and range frequencies must be
taken into account. This coupling can be represented by the relationship

ω =
c
2

√
k2x + k2y =

c
2
κ (9)

where ω is the radar signal frequency and κ represents a transformation of
the wavenumbers kx and ky from a Cartesian coordinate system to a polar
coordinate system. Considering the coupling between azimuth and range fre-
quencies, the lower bound of the area resolution for UWB SAR is suggested
in [3] but not the separate azimuth and range resolutions.
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Table 1: SAR system parameters.

System 1 System 2 System 3

Fractional bandwidth Br 0.1 0.35 1.1
Associated integration angle φ0 10o 35o 110o

2.1 IRF-USAR

As shown in the previous section, the spatial resolution equations for NB SAR
were derived successfully from the IRF-NSAR. Similarly, the derivation of spa-
tial resolution equations for UWB SAR can be based on an IRF-USAR. In
other words, the possibility to develop spatial resolution equations for UWB
SAR depends somewhat on the availability of an IRF-USAR. Using an as-
sumption of a flat 2-D FT of a SAR image of a point-like scatterer and with-
out the NB approximation, i.e. considering the coupling between azimuth and
range frequencies, an IRF-USAR in polar coordinates (ρ, ϕ) is introduced in
[4] as

h (ρ, ϕ,Br, φ0) =

e−iϕ

ρ

[
φ0

+∞∑
n=−∞

inh1,n−1 (ρ,Br)

ei(n−1)ϕ
sinc

(
n
φ0
2

)]

+
e−iϕ

ρ
h2 (ρ, ϕ,Br, φ0) (10)

Equation (10), which is a function of fractional bandwidth Br and integration
angle φ0, has been proved in [4] to be valid for both NB and UWB SAR. This
means that IRF-USAR with small fractional bandwidth and narrow integra-
tion angle is almost identical to IRF-NSAR with the corresponding values.
This function is here used as a basis for derivation of spatial resolution equa-
tions for UWB SAR.

2.2 A comparison between IRF-NSAR and -USAR

In the derivation of (10), κ in (9) has been normalized with respect to the
center wavenumber kc. To compare between IRF-NSAR and -USAR, a similar



On Synthetic Aperture Radar Azimuth and Range Resolution Equations 71

normalization can be applied to IRF-NSAR. The normalized form of (3) can
be shown to be

hn (x, y) ≈ sinc
[
sin
(
φ0
2

)
x

]
sinc

(
Br

2
y

)
(11)

The comparison will focus only on the mainlobe area since the resolution
information is extracted from the mainlobe of IRF-SAR. Since the azimuth
and range resolutions are of interest, the 2-D plots of IRF-USAR are infor-
mative enough to be used in the comparison. For IRF-NSAR, the IRF-SAR
in azimuth and range are given by sinc [sin (φ0/2)x] and sinc [(Br/2) y] while
h (ρ, 90o, Br, φ0) and h (ρ, 0o, Br, φ0) result in the IRF-USAR in azimuth and
range, respectively. By rescaling the azimuth and range axes with the inverse
of sin (φ0/2) and Br/2, the IRF-NSAR and -USAR can be plotted in the same
figure. The rescaling also facilitates a comparison between IRF-NSAR and -
USAR associated with different SAR systems. The fractional bandwidths and
the integration angles associated with the antenna beamwidth (Br, φ0) used
in the comparison are summarized in Table 1. Due to the rescaling of the
azimuth and range axes, the plots of IRF-NSAR with these parameters would
be identical. For this reason, only one of the pairs (Br, φ0) needs to be used
to generate IRF-NSAR in this comparison.

Fig. 3 plots the mainlobes of IRF-USAR given by (10) and IRF-NSAR
given by (11). In this plot, the intensity of an IRF-SAR is normalized with
respect to its peak and then converted to the dB scale. As observed from Fig.
3, IRF-NSAR and -USAR are almost identical at small fractional bandwidth
and narrow integration angle, e.g. (Br, φ0) = (0.1, 10o). At large fractional
bandwidths and wide integration angles, the behavior of IRF-USAR is much
more complicated than the behavior of a sinc function. This can be explained
by the azimuth-range frequency coupling which has been taken into account
in IRF-USAR.

For comparison purposes, we can normalize the azimuth and range axes
with respect to the HPBW of the IRF-SAR and then plot them in the same
figure. The 2-D plots of the IRF-NSAR and -USAR with this normalization
are given in Fig. 4 where the normalized azimuth and range are denoted by
xn and yn. As shown, the behavior of IRF-NSAR and -USAR are very similar
down to −6 dB. In other words, the mainlobe in the intensity interval from −6
dB to 0 dB may still be approximated as a sinc curve with the corresponding
intensity interval. Hence, the function (3) may therefore be used to estimate
the spatial resolutions in UWB SAR. However, the difference between IRF-
NSAR and -USAR at the −3 dB beamwidth must be taken into account in the
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Figure 3: The plots of IRF-NSAR and -USAR with the different values
of (Br, φ0). The azimuth and range axes are rescaled with the inverse of
sin (φ0/2) and Br/2, respectively. (a) sinc [sin (φ0/2)x] and h (x, 90o, Br, φ0),
(b) sinc [(Br/2) y] and h (y, 0o, Br, φ0).

estimations. This difference is described by a HPBW narrowing/broadening
factor which will be introduced in the next section.

2.3 HPBW Narrowing/Broadening Factors

Let us consider a SAR system utilizing a fractional bandwidth Br and an
integration angle φ0. If the estimations of HPBW using IRF-NSAR are given
by ΔN,x (Br, φ0) and ΔN,y (Br, φ0), and if ΔU,x (Br, φ0) and ΔU,y (Br, φ0)
indicate the same estimations, however using IRF-USAR, then the HPBW
narrowing/broadening factors in azimuth εx and in range εy will be defined
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Figure 4: The mainlobes in azimuth and range with the different values of
(Br, φ0). The azimuth and range are normalized with respect to the −3 dB
beamwidths of IRF-SAR. (a) sinc [sin (φ0/2)xn] and h (xn, 90

o, Br, φ0), (b)
sinc [(Br/2) yn] and h (yn, 0o, Br, φ0).

by

εx =
ΔU,x (Br, φ0)

ΔN,x (Br, φ0)
(12)

εy =
ΔU,y (Br, φ0)

ΔN,y (Br, φ0)
, (13)

respectively. To investigate HPBW narrowing/broadening factors associated
with different SAR systems, IRF-NSAR (3) and -USAR (10) in the intensity
interval [−3, 0] dB are again plotted in Fig. 5 in which the same axial scaling
used in Fig. 3, i.e. scaling the axes with the inverse of sin (φ0/2) and Br/2,
is used. IRF-NSAR is therefore independent of fractional bandwidth Br and
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Figure 5: An investigation into the HPBW narrowing/broadening factors with
the different values of (Br, φ0). The azimuth and range are rescaled so that
ΔN,x/2 = 1 and ΔN,y/2 = 1. (a) sinc [sin (φ0/2)x] and h (x, 90o, Br, φ0), (b)
sinc [(Br/2) y] and h (y, 0o, Br, φ0).

integration angle φ0. In other words, ΔN,x (Br, φ0) and ΔN,y (Br, φ0) are a
constant. The azimuth and range axes are then rescaled with a factor of 0.72
so that ΔN,x/2 = 1 and ΔN,y/2 = 1. In this case, the horizontal axes at
intensity of −3 dB give, directly, the values of εx and εy with the different
(Br, φ0).

Some comments on the HPBW narrowing/broadening factors may be given
as follows. The HPBW narrowing/broadening factors depend on the fractional
bandwidth and integration angle of SAR systems. However, the deviation of
these factors from one can be observed clearly when fractional bandwidth and
integration angle are very large, e.g. (Br, φ0) = (1.1, 110o). For SAR systems
utilizing a small fractional bandwidth and a narrow integration angle, e.g.
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(Br, φ0) = (0.1, 10o), these HPBW narrowing/broadening factors are very
close to one. Even at a larger fractional bandwidth and a wider integration
angle, e.g. (Br, φ0) = (0.35, 35o), we may still approximate εx and εy to one.

2.4 Azimuth and Range Resolution Equations
The azimuth and range resolution equations can be achieved by solving the
set of equations

h

(
Δx

2
, 90o, Br, φ0

)
= −3 dB (14)

h

(
Δy

2
, 0o, Br, φ0

)
= −3 dB (15)

where h (ρ, ϕ,Br, φ0) is given by (10). This set of equations is not easy to
solve analytically. The possibility to find the roots in a numerical way is also
constrained due to the existence of two variables Br and φ0 in the equation.
Thus, we propose to build the spatial resolution equations for UWB SAR
upon (6) and (7). IRF-USAR is therefore approximated to IRF-NSAR in the
intensity interval from −6 dB to 0 dB by the consideration of the HPBW
narrowing/broadening factors. The azimuth and range resolution equations
for UWB SAR are proposed as follows

ΔU,x = εxΔN,x = εx
0.2211λc

sin
(

φ0

2

) (16)

ΔU,r = εyΔN,y = εy
0.4422c
B

(17)

The HPBW narrowing/broadening factors εx and εy in (16) and (17) rep-
resent the effects of fractional bandwidth and the integration angle to the
azimuth and range resolutions or, in other words, the coupling between az-
imuth and range frequencies. For any SAR system, its fractional bandwidth,
which is the ratio of the signal bandwidth to the center frequency, can only be
in the interval (0, 2]. If the flight track of a SAR system is a straight line, the
associated integration angle of this SAR system cannot be beyond the interval
[0o, 180o). These intervals are considered in the numerical calculations of εx
and εy in (16) and (17). The values of these factors associated with different
SAR systems are summarized in Fig. 6 and 7. As shown, for small signal frac-
tional bandwidth and narrow integration angle, the factors εx and εy can be
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Figure 6: Numerical results of the HPBW narrowing/broadening factor in
azimuth εx.

approximated to one. In this case, Equations (6) and (7) are identical to (16)
and (17). The effect of the fractional bandwidth to the azimuth resolution is
not as strong as the effect of the integration angle to the range resolution. A
SAR system utilizing small fractional bandwidth can obtain very high range
resolution by increasing the integration angle. For example, the range reso-
lution of a SAR system with Br = 0.1 can be enhanced two times when the
system integration angle increases from φ0 = 10o to φ0 = 70o.

The integration angle φ̄0,, where equal azimuth and range resolutions are
reached, is estimated by equalizing (16) and (17) as

φ̄0 = 2arcsin
(
εx
εr

Br

2

)
(18)

2.5 Validation
The validation of (16) and (17) is based on the parameters of the SAR system 3
given in Table 1. The SAR scene illuminated by this system is simulated only
with one point-like scatterer. Using simulated data will avoid undesired effects
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Figure 7: Numerical results of the HPBW narrowing/broadening factor in
range εy.

such as impacts of antenna pattern, clutter backscattering, noise and local
reflection which may affect the resolutions of the system. The azimuth and
range resolutions achieved with this system in the simulation are Δx,ref ≈ 1.36
m and Δy,ref ≈ 2.49 m.

If the spatial resolutions are estimated by the approximated versions of
(6) and (7), the results will be ΔN,x ≈ 1.75 m and ΔN,y ≈ 2.61 m. These
values are quite different from Δx,ref and Δy,ref . The Differential Resolution
(DRES) introduced in [8] should be used to evaluate the accuracy of the
resolution equations. In this case, DRES directly indicates the estimation
errors. The errors are calculated as Δdx ≈ 28.7% and Δdy ≈ 4.8%. The
former can be seen to be significant.

Based on Fig. 6 and 7, we can determine the HPBW broadening/narrowing
factors to be εx,−3 ≈ 0.825 and εy,−3 ≈ 1.085 (marked by black points on the
figures). With these factors, the azimuth and range resolutions retrieved from
(16) and (17) are ΔN,x ≈ 1.28 m and ΔN,y ≈ 2.50 m, respectively. The esti-
mation errors are reduced to Δdx ≈ 5.8% and Δdy ≈ 0.4%. These errors are
quite small and originated from the flat spectrum assumption.
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3 Conclusion
In this paper, we discuss the spatial resolution equations for NB and UWB
SAR. The proposed spatial resolution equations can be seen as extended
versions of the commonly known spatial resolution equations for NB SAR.
The comparison between IRF-NSAR and -USAR and the HPBW narrow-
ing/broadening factors, which must be considered in the equations for UWB
SAR, can be seen to be the basis for this proposal. The HPBW narrow-
ing/broadening factors are shown to be dependent on the fractional band-
width and the integration angle of SAR systems. The numerical results of
HPBW narrowing/broadening factors are also provided in this study.
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Definition on SAR Image Quality
Measurements for UWB SAR

V. T. Vu, T. K. Sjögren, M. I. Pettersson, and A. Gustavsson

Abstract

Analyses in this study show that measurements under currently used
definitions on SAR image quality measurement may be unsuitable for
UWB SAR. The main objective of this paper is therefore to propose a
definition based on the shape of a single point target in a SAR image
which is more suitable for UWB SAR. We use both real and simulated
data based on the airborne UWB low frequency SAR CARABAS-II in
experiments. The time-domain algorithm Global Backprojection (GBP)
is selected for the image formation in this study.

1 Introduction
Over the last decades, Synthetic Aperture Radar (SAR) has received a great
interest as the number of applications in geosciences remote sensing, surveil-
lance and recognizance increases. The ability to effectively collect data in
severe conditions like rain, cloud and/or darkness is considered as the main
advantages of SAR systems compared to other imaging sensors. Beside this,
SAR systems enable high resolution images from long distances. A SAR image
is a twodimensional mapping of the ground generated by coherent integration
of many radar pulses backscattered by various targets in the illuminated scene.
Ultra wideband (UWB) SAR which utilizes a large relative bandwidth (larger
than 0.2 according to the FCC definition) signal and a wide beamwidth an-
tenna (more than 90 degrees for CARABAS-II [1]) associated with very long
integration times enables high resolution imaging and allows change detec-
tion in dense forested areas or under camouflage at low frequencies [2]. Such
application is of interest to both military and civilian end-users.

SAR data obtained from measurement as well as the SAR processor per-
formance are usually evaluated by SAR image quality measurements. The

83
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measurements are usually based on known point targets. In general, corner
reflectors which can be seen as point targets are used for system calibration in
data collection campaigns. Basic terms of SAR image quality such as spatial
resolution, Integrated Sidelobe Ratio (ISLR) and Peak Sidelobe Ratio (PSLR)
are determined by the peak values and integrated energy of the mainlobe and
sidelobes of the impulse response (IR) of a point target. Several SAR image
quality definitions have been proposed. Some of them are briefly summarized
in [3]. In general, spatial resolutions in azimuth Δx and range Δr are defined
by −3 dB beamwidth of the mainlobe. We consider one example of quality
measurement definition for SIR-C/X-SAR Mission [4]. According to [4], ISLR
is defined by the ratio of energy of the sidelobe to energy of the mainlobe in
which the energy is found within rectangle areas 20Δx×20Δr and 2Δx×2Δr

respectively. Another example of quality measurement definition for Envisat
ASAR products is given in [5] where the ratio of sidelobe energy to main-
lobe energy also defines ISLR. However, the sidelobe area is here limited by a
smaller rectangle 10Δx× 10Δr. PSLR or other measurement terms are based
on parameters found within defined rectangular areas. Hence, the common
idea in currently used SAR image quality definitions is to split the SAR image
of a point target into mainlobe and sidelobe areas bounded by rectangles with
different dimensions. Retrieved peak values and integrated energy winthin
those areas are used to calculate SAR image quality parameters.

For UWB SAR, the delimitation of the mainlobe and sidelobe areas by
rectangles may not be totally suitable. Moreover, the dimensions of these
areas are even not equal to 2Δx × 2Δr, 10Δx × 10Δr or 20Δx × 20Δr in
the case where the rectangles are assumed to be suitable for the delimita-
tion. Measurements with currently used definitions on SAR image quality for
UWB SAR may therefore be inexact, especially the measurements based on
integrated energy. These measurements should also be performed at different
integration angles since different azimuth focusing obtained at different inte-
gration angles results in different spatial resolution in azimuth and therefore
different ISLR and PSLR.

In this paper, we propose a definition on image quality measurement for
UWB SAR in which the shape and dimensions of the mainlobe and sidelode
areas are taken into account. In our evaluation we use both real and simulated
data of CARABAS-II. A basic time-domain algorithm Global Backprojection
(GBP) [6] which has been assigned to UWB SAR data processing is selected
for this study.

The paper is organized as follows. Section 2 presents some main param-
eters of CARABAS-II system with impact on SAR image quality measure-
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Table 1: CARABAS-II’s main parameters of the data set analyzed.

Parameter Value

The highest frequency channel processed 82 MHz
The lowest frequency channel processed 22 MHz

Platform speed vpl 126 m/s
Full aperture length 33600 m

Number of aperture positions 35840
Flight altitude 4943 m

Minimum range to the aim point 11250 m

ments. We also briefly describe GBP algorithms in this section. Analyses on
real shape of a point target in a SAR image and unsuitability of the currently
used definitions on SAR image quality measurement for UWB SAR are given
in section 3. In section 4, we propose a definition on image quality measure-
ments for UWB SAR. Section 5 summarizes the contributions of the paper
and provides the conclusions.

2 UWB SAR Systems and UWB SAR Data Pro-
cessing

There have been UWB experimental systems developed such as CARABAS-
II operating in the lower VHF-band from 20 to 90 MHz, LORA [7] in the
VHF and UHF bands from 200 to 800 MHz, P-3 [8] with a bandwidth of 515
MHz in the 215-900 MHz VHF/UHF bands, BoomSAR [9] having a spectral
response extending from 60 MHz to over 1 GHz and PAMIR SAR/MTI imag-
ing radar with a very high simultaneous bandwidth of 1.82 GHz in X-band
[10]. CARABAS-II is chosen to be the candidate for this study with a large
number of publications available based on this sensor data. Early scientific
publications concerning this system can be found in [11, 12]. CARABAS-II
data is still used in many recent research works [13, 14]. In this section, we
summarize main parameters of the CARABAS-II which is known as a UWB
low frequency SAR system. Data which is used in this study is either collected
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Figure 1: The SAR image is processed by GBP from the data collected in one
of the CARABAS-II measurement campaigns. The corner reflector is located
in the center of the image scene and marked by a black circle.

in one of the field campaigns with CARABAS-II or simulated according to its
system parameters. Several time-domain algorithms have been proposed to
process UWB SAR data. The main reasons to make them suitable for UWB
SAR processing are manageable motion compensation, unlimited scene size,
sufficient focus and local processing.

2.1 CARABAS-II

CARABAS-II has been developed by the Swedish Defence Research Agency
(FOI). It is a VHF SAR system operating in the frequency range of 20-90
MHz. CARABAS-II is a wide beam system and therefore associated with
very large integration angles due to the wide beamwidth dipole antennas of
more than 90 degree. For these reasons, CARABAS-II can be seen as a UWB
low frequency SAR system. The radar parameters used in one of the data
collection campaigns are summarized in Table 1.
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A part of the imaged scene used is shown in Figure 1. During this filed
campaign, corner reflectors located at different areas with low scattering sur-
rounding were deployed. One of them is located in the center of the local
azimuth and range coordinates marked by a white circle. The reflector ap-
pears in the SAR image to be a single point target. We use this point target
in analyses presented in the next section. With the given CARABAS-II pa-
rameters, the minimum integration angle evaluated is 5 degrees and at 65
degrees equal spatial resolutions in azimuth and range are obtained [15]. The
maximum integration angle with respect to the aim point is about 110 degrees.

2.2 Global Backprojection (GBP)

The basic time-domain algorithm GBP allows imaging of scenes with high
precision. In many contexts such as evaluation or comparison between time-
domain algorithms, a SAR image processed by GBP can be considered to be a
reference. However, the weakness of this algorithm is the high computational
cost. A SAR image is considered as a linear transformation from the radar
echo data. The backprojection process in GBP places a target at a position
(x0, r0) in the SAR image and is simply interpreted by an integral

h (x0, r0) =

+L
2∫

−L
2

g (x,R) dx (1)

where x is the platform positions in the flight track, L is the aperture length
and g (x,R) is the range compressed data of a point target. In the case where
the platform flies in a straight flight track along the x-axis, the range to the
position (x0, r0) is represented by the hyperbolic function

R =

√
(x− x0)

2 − r20 (2)

3 Analysis on A Point Target

Analysis on a point target is the topic of this section. The analysis focuses on
the delimitation of mainlobe and sidelobe areas and is based on both real and
simulated CARABAS-II data. Using the real data, analysis may suffer from
undesired effects such as impacts of antenna pattern, clutter backscattering,
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Figure 2: (a) Contour plots of a simulated point target in VHF narrowband
SAR, (b) Contour plots of the corner reflector imaged by CARABAS-II and
focused in Figure 1, (c) Contour plots of the simulated point target with the
parameters given in Table 1. The UWB data is here processed with the full
110-degree integration angle.
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noise and local reflection since the system may not be fully calibrated. Using
the simulated data, we can avoid these undesired effects.

Delimitation of mainlobe and sidelobe areas are based on −3 dB beamwidth
in azimuth and range according to currently used definitions on SAR image
quality measurement.

For conventional SAR systems, rectangles can be approximately used for
this delimitation as shown in Figure 2.a. With this assumption, azimuth and
range vectors at the peak IR of a single point target can be approximated to
be sinc functions. The ratios of First Null Beamwidth (FNBW) ΘN to Half
Power Beamwidth (HPBW) ΘH in azimuth and range is used to estimate the
dimensions of these rectangles as

ΘN

ΘH
≈ θN

∣∣
sinc2(θN )=0

θH
∣∣
sinc2(θH)=0

≈ 2 (3)

Hence, the mainlobe area can be delimited by a 2Δx × 2Δr rectangle. The
area between the 2Δx×2Δr rectangle and either 10Δx×10Δr or 20Δx×20Δr

rectangle is defined to represent the sidelobe area.
For UWB SAR systems, the narrowband approximations concerning the

shape and/or the dimensions of the shape may not be suitable. Figure 2.b
gives a closer look of the trihedral corner reflector in Figure 1 using contour
plots at levels −3 dB, −12 dB, −21 dB and −30 dB. Due to the undesired
effects, it may be difficult to delimit the mainlobe and sidelobe areas. How-
ever, neither the −3 dB contour nor lower levels of the point target can be
considered as rectangles.

To get a better analysis, we propose to use simulated CARABAS-II data.
No window or sidelobe control approach is used. Figure 2.c shows contour
plots of a simulated point target. Using elliptic instead of rectangular ar-
eas to delimit the mainlobe and sidelobe areas seems more suitable for UWB
SAR. If we use the approximation for the conventional SAR to estimate the
dimensions of the elliptic areas, i.e. semimajor and semiminor axes, the main-
lobe area can be delimited by an ellipse with semimajor and semiminor axes
(2Δx, 2Δr). The concentric elliptic area between a (2Δx, 2Δr) ellipse and
either a (10Δx, 10Δr) or a (20Δx, 20Δr) ellipse may be defined to represent
sidelobe area. However, a further investigation of azimuth and range vectors
at the peak IR of the single point target can result in more exact dimensions of
these elliptic areas. This investigation is based on the simulated CARABAS-
II data. Figure 3 shows azimuth vectors at the different integration angles
5, 65 and 110 degrees. If we call HPBW of azimuth vector spatial resolution
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Figure 3: Azimuth vectors at different integration angles.
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in azimuth and −30 dB is the threshold for the SAR image considered to
be null, investigations on these vectors show that the mainlobe broadening or
FNBW is about three times this resolution at all integration angles. The peak
intensity of the second sidelobes drops below the threshold −30 dB. Thus, the
first sidelobes in azimuth are considered in the delimitation of the sidelobe
area and lie in the interval from ±3Δx/2 to ±5Δx. The same investigation is
carried out in range as shown in Figure 4. Although the mainlobe broadening
is only about two times resolution in range, the sidelobes in the interval from
±Δx to ±10Δx must be considered in the delimitation of the sidelobe areas.
Hence, a factor of 2 is sufficient to represent the mainlobe broadening in the
range direction but may not be large enough to represent the spread of the
mainlobe in azimuth direction.

For UWB SAR, the mainlobe area and the sidelobe area may still be ap-
proximately delimited by a (2Δx, 2Δr) ellipse and a (2Δx, 2Δr) & (10Δx, 10Δr)
concentric elliptic area, respectively. For the UWB SAR system CARABAS-
II, we propose, however a (3Δx, 2Δr) ellipse and a (3Δx, 2Δr) & (5Δx, 10Δr)
concentric elliptic area to define the mainlobe area marked in black area in
Figure 5.b and the sidelobe area marked in gray area in Figure 5.b, respec-
tively. If we make a reference to the SAR image of the simulated point target
in Figure 5.a, we can see that such area delimitation is very realistic.

4 A Definition of SAR Image Quality Measure-
ments

The analysis on a simulated point target in the previous section indicates that
both mainlobe and sidelobe areas can be considered as elliptic and concentric
elliptic areas, respectively. In general case, the dimensions of these areas
can be approximated by ((2Δx, 2Δr) and (10Δx, 10Δr). For CARABAS-II,
(3Δx, 2Δr) and (5Δx, 10Δr) ellipses should be used to delimit the mainlobe
and sidelobe areas. Based on these analyses, we propose a definition of SAR
image quality measurements for UWB SAR in this section.

4.1 Resolution (RES) and Differential Resolution (DRES)

At the retrieved peak intensity of a single point target, we can extract two
vectors in azimuth and range directions from a SAR image. The spatial reso-
lution (RES) is the distance between two points at which the intensity is one
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Figure 5: Mainlobe and sidelobe area delimitation (a) based on a simulated
point target (b).

half of the peak intensity or in other words HPBW. Dependent on the consid-
ered vector, we can get spatial resolutions either in azimuth or in range. The
spatial resolutions are recognized to be the most significant parameter for im-
age quality measurements since it describes the distance between two objects
on the ground at which the objects appear distinct and separate in a SAR
image. Figure 6.a shows the measurement results on the spatial resolutions of
the corner reflector and the simulated point target processed with GBP. As
mentioned, UWB SAR systems are always associated with large integration
angles to handle azimuth focusing. Hence, SAR image quality measurements
should be performed different integration angles. A range of integration angles
from 5 to 70 degrees has been used in this case.

In addition, we need to compare between the measured results in theory
(simulated data) and in practice (real data). By looking at Figure 6.a, it
is difficult to estimate the differences of measured results in both azimuth
and range, especially at large integration angles. To simplify this work, we
introduce the differential resolution (DRES) terms which are defined by

Δdx =
Δx −Δx,ref

Δx,ref

Δdr =
Δr −Δr,ref

Δr,ref
(4)

where Δx,ref and Δr,ref are measured results in simulated data and can be
considered as the reference. Figure 6.b shows the obtained results on differen-
tial resolution. Based on these results, we can easily evaluate the performance
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of CARABASII in terms of SAR image quality. For example, the resolution
in range is about 20% lower than theory predicts and it is more difficult to
reach the theoretical resolution in azimuth at large integration angles.

4.2 Integrated Sidelobe Ratio (ISLR) and Peak Sidelobe
Ratio (ISLR)

Based on the delimitation of the mainlobe and sidelobe areas given in Section
3, we can estimate energy within mainlobe and sidelobe areas. The ISLR
which measures energy spilling over to sidelobes from the mainlobe is the
ratio in the general case as a ratio expressed in logarithmic terms by

ISLR |dB =

10 log

∣∣∣∣∣∣
�

(10Δx,10Δr)

|I| dA−
�

(2Δx,2Δr)

|I| dA
∣∣∣∣∣∣− 10 log

∣∣∣∣∣∣
�

(2Δx,2Δr)

|I| dA
∣∣∣∣∣∣(5)

and for UWB systems such as CARABAS-II

ISLR |dB =

10 log

∣∣∣∣∣∣
�

(5Δx,10Δr)

|I| dA−
�

(3Δx,2Δr)

|I| dA
∣∣∣∣∣∣− 10 log

∣∣∣∣∣∣
�

(3Δx,2Δr)

|I| dA
∣∣∣∣∣∣(6)

PSLR which measures the ability to image a weak reflective target affected
by a strong reflective target nearby is defined by the ratio of the extracted
peak intensity within the sidelobe area to the peak intensity in the mainlobe
area according to

PSLR |dB = 10 log |ISL| − 10 log |IML| (7)

Figure 7 shows measurement results of ISLR and PSLR on the simulated
CARABAS-II data using both the proposed and currently used definitions.
The difference between ISLR measured by equation (5) for general case and
equation (6) for CARABAS-II is more than 1dB. Although the difference is
not large, investigations on the mainlobe broadening may be required be-
fore performing measurements for UWB SAR. The difference between ISLR
measured by equation (6) and the currently used (rectangles 2Δx × 2Δr and
10Δx × 10Δr) definitions is less 1dB. The difference may be much larger in
reality when undesired effects are added. However, the ISLR measured by the
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Figure 6: Resolution measurements.

different definitions has similar behavior and is proportional to the increase
of integration angle. The measured results on PSLR show that PSLR reduces
slightly proportional to the increase of the integration angle. Found PSLR
values usually correspond to the first sidelobe in the extracted range vectors.
Thus, there is not much difference between results measured by the proposed
and currently used definitions.

5 Conclusion

In this paper, we point out that the currently used definition on SAR im-
age quality measurements is unsuitable to measure UWB SAR performance.
Based on analyses of a point target, we propose the elliptic instead of rect-
angular delimitation of the mainlobe and sidelobe areas, i.e. mainlobe and



96 Part I−C

5 15 25 35 45 55 65

−14

−12

−10

−8

−6

−4

−2

Integration angle [degree]

IS
L

R
 &

 P
SL

R
 [

dB
]

 

 
ISLR, elliptic (3ρ

a
,2ρ

r
)&(5ρ

a
,10ρ

r
)

ISLR, elliptic (2ρ
a
,2ρ

r
)&(10ρ

a
,10ρ

r
)

ISLR, rectangular 2ρ
a
×2ρ

r
& 10ρ

a
×10ρ

r

PSLR

Figure 7: ISLR and PSLR measurements.

sidelode areas are bounded by an ellipse and a concentric ellipse, respectively.
Dimensions of these elliptic areas can be either approximately estimated by
sinc functions as in the narrowband cases or based on investigations of the
mainlobe broadening. The latter show that a factor of 2 is sufficient to repre-
sent the spread of the mainlobe in the range direction but may not be large
enough to represent the spread of the mainlobe in the azimuth direction. A
factor of 3 is considered for the UWB systems CARABAS-II to cover the
mainlobe broadening in azimuth direction. With this delimitation, we give
a definition on image quality measurements for UWB SAR in general and
CARABAS-II in particular. The definition concerns basic terms such as res-
olution, ISLR and PSLR. Beside the resolution factor, we also introduce a
differential resolution term which is very convenient for comparison purposes.
SAR image quality measurements on the simulated data illustrate the pro-
posed definition.
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RFI Suppression in Ultrawideband SAR
Using Adaptive Line Enhancer
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Abstract
In this paper, we propose an approach to suppress Radio Frequency

Interference (RFI) in ultrawideband (UWB) low frequency Synthetic
Aperture Radar (SAR). According to the proposal, RFI is suppressed
by using an Adaptive Line Enhancer (ALE) controlled by the Normal-
ized Least Mean Square (NLMS) algorithm. The approach is tested
successfully on real UWB low frequency SAR data. In order to keep
the computational burden down, possible ways to integrate the RFI
suppression approach into SAR imaging algorithms are also suggested.

1 Introduction
Practical issues in ultrawideband (UWB) Synthetic Aperture Radar (SAR)
data processing have been described in [1]. Among these, Radio Frequency
Interference (RFI) suppression has not attracted much attention in recent
publications. This may be explained by the dependence of RFI on the op-
erating frequency of the SAR systems. An early approach, which adaptively
filters RFI in a simulated baseband SAR signal (40 MHz), is introduced in
[2]. Another approach in the frequency-domain with amplitude normalization
aiming at low-frequency UWB SAR systems is presented in [3]. The limi-
tations of these approaches can mainly be found in the Least Mean Square
(LMS) adaptive filter, which may be sensitive to non-stationary SAR scenes.
In addition, the results of RFI suppression obtained with these approaches
are demonstrated mainly in relation to the raw radar signal. The evaluation
of their performance may be insufficient. For example, the efficiency of RFI
suppression in the approaches presented in [2] and [3] is not clearly defined or
it is not compared to other methods. The computational burden demanded

103
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Figure 1: Adaptive Line Enhancer (ALE) structure.

by these approaches is not discussed and no solution to reduce the computa-
tional complexity is suggested. There are also other approaches such as notch
filtering during the image correlation process reserved for JERS-1 SAR [4] and
the filtering approach for synthesized SAR images proposed in [5] and tested
with E-SAR L-band data.

In this paper, we propose to use an Adaptive Line Enhancer (ALE) [6] con-
trolled by the Normalized Least Mean Square (NLMS) algorithm to eliminate
RFI. To evaluate the performance of the proposed method, data collected by
an airborne UWB low frequency SAR system, CARABAS-II [7], have been
used. The collected data comprise a point target - a corner reflector - deployed
in the SAR scene. Moreover, the proposed RFI suppression approach is com-
pared to the Linear RFI Filtering (LRF) technique [8] which is currently used
in CARABAS-II data processing. Also, the computational cost of the ALE in
this application has been addressed and a strategy for integrating it into the
SAR imaging algorithms is recommended.

2 RFI Suppression by ALE
ALE is essentially Adaptive Noise Cancellation (ANC) without a separate
reference signal. In ALE, the input signal is delayed to generate the reference
signal. Figure 1 shows the ALE structure. If the radar echo is used as input
to the ALE, the input d (n) is defined by

d (n) = s (n) + ν (n) + ρ (n) , (1)

where s (n) is the reflected UWB radar signal, i.e. the chirp signal, ν (n) is
the thermal noise signal and the RFI signal is ρ (n). Furthermore, x (n) is the
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reference signal to the adaptive FIR filter w (n) and this is a delayed version
of the input signal, i.e. x (n) = d (n− n0) where n0 is the delay in sample.
If the adaptive FIR filter has the order L, its coefficient vector w (n) and
reference signal vector x (n) are given by

w (n) = [w0 (n) w1 (n) · · ·wL−1 (n)]
T (2)

and
x (n) = [x (n) x (n− 1) · · ·x (n− L+ 1)]T , (3)

respectively. Assuming that the input signal d (n) is a weakly stationary real
stochastic process, the cross-correlation between the input signal d (n) and
the reference signal x (n) is given by

rdx (k) = E [d (n)x (n− k)] , k ∈ Z (4)

Using the fact that the RFI signal is a narrowband signal and selecting the
minimum delay n0 that de-correlates the UWB radar and the thermal noise
signals in the radar echo d (n) and in the reference signal x (n), the cross-
correlation can be shown to be

rdx (k) = E [d (n)x (n− k)]

= E [ρ (n) ρ (n− n0 − k)] , k ≥ 0. (5)

If it is assumed that the ALE FIR filter has converged to its Wiener filter
coefficients, the output signal of the filter will thus be an estimate of the RFI
signal

ρ (n) ≈ y (n) = wT (n)x (n) . (6)

Hence, the estimation error signal e (n) will be an estimate of the UWB radar
signal plus the thermal noise signal

e (n) = d (n)− y (n) ≈ s (n) + ν (n) . (7)

An airborne UWB SAR system is usually associated with a long and nonlinear
sensor trajectory. The high energy radiating from RFI sources can appear
anywhere and anytime in a illuminated ground scene. To handle the non-
stationary ground scene, and thus a non-stationary reference signal to the
adaptive filter, the NLMS algorithm is proposed to adjust the adaptive filter
coefficients

w (n+ 1) = w (n) +
β

xT (n)x (n) + ε
x∗ (n) e (n) , (8)
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where 0 < β < 2 and ε is a small positive real number. The starting set of
the filter coefficient vector w (n) can be selected as

w (0) = [0 0 · · · 0]
T
. (9)

3 Experimental Results and Evaluation

In this section, some experimental results are presented to illustrate and eval-
uate the approach proposed in the previous section. The CARABAS-II [7]
data is used in the experiments. CARABAS-II operates in the lower VHF-
band from 20 to 90 MHz. This means that the radar system operates in
an environment with a high thermal noise level and frequency bands with
very strong broadcasters. The influence of these broadcasters is considered to
be extremely significant since their radiated power is much higher than the
reflected power of CARABAS-II.

Fig. 2(a) shows the imaged ground scene of the island Visingsö located in
southern Sweden using data collected by the CARABAS-II system. As a part
of imaging the ground scene, a corner reflector was deployed in the center of
the ground scene. This corner reflector should appear as a point target in the
area marked by the white circle in Fig. 2(a). However, the point target is
totally hidden by RFI and only very strong scatterers on the island can be
seen in the SAR image. The influence of RFI on the SAR images has been
shown to be affected by the integration angle [9]. However, this will not be
considered in this paper and the complete aperture, i.e. the widest possible
integration angle, is used.

The original range-compressed radar echo containing the RFI signal and
the magnitude of its Discrete Fourier Transform (DFT) are plotted in Fig.
3(a) and 3(b), respectively. The number of range samples is N = 16384. RFI,
e.g. at the frequency of about 27 MHz, and others in the range from 48 MHz
to 68 MHz, can be observed in Fig. 3 (b). Such RFI may be caused by the
Citizens’ band (26.965 - 27.405 MHz) and television channels 2-6 (54-88 MHz).
Fig. 3 (b) also shows the extremely high magnitude of the RFI component
(up to 100 dB) compared to the magnitude of the flat UWB radar spectrum
(only about 60 dB). This also means that the RFI signal dominates in the
radar echo. A more illustrative analysis can be found in [9], where the radar
echo is simulated according to CARABAS-II parameters.

The RFI suppression scheme is given in Fig. 4. According to this scheme,
the original range-compressed radar echo containing the RFI signal is first
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(a) SAR image formed with the radar echo containing the RFI signal
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(b) SAR image formed with the estimated signal using ALE
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(c) SAR image formed with the estimated signal using LRF

Local range [m]

L
oc

al
 a

zi
m

ut
h 

[m
]

−500 −400 −300 −200 −100 0 100 200 300 400 500

−200

−100

0

100

200

Figure 2: SAR images of the illuminated ground scene. The white/black
circles in the SAR images mark the position of the corner reflector which
has been deployed in the field campaign. (a) SAR image formed with the
original radar echo containing the RFI signal. (b) SAR image formed with
the estimated signal using ALE. (c) SAR image formed with the estimated
signal using LRF.
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Figure 4: The proposed RFI suppression scheme. The time-domain LBP
algorithm is bounded by the dashed-line rectangle.

processed by ALE and then by the Local Backprojection algorithm (LBP)
[10]. This algorithm will be presented in detail in Section 4 where a possibility
to integrate the RFI suppression approach into SAR imaging algorithms is
suggested. In the following RFI suppression experiment, an adaptive filter of
the order L = 1024 has been used in the ALE and the delay set to n0 = 1.
The selection of β is critical for the performance of the NLMS when using an
ALE [6]. In this paper, the step size of NLMS is experimentally selected by
β = 0.1. The estimated radar signal plus the thermal noise signal is given to
e (n) in Fig. 1 and is plotted in Fig. 3(c). In the context of this paper, the
estimated radar signal plus the thermal noise signal using the proposed RFI
suppression approach is called the estimated signal using ALE and denoted
by ψALE in the plots. Its amplitude is significantly lower than the amplitude
of the radar echo containing the RFI signal which is plotted in Fig. 3(a). The
magnitude of the DFT of the estimated signal using ALE is shown in Fig.
3(d) and is substantially flatter as compared to the magnitude of the DFT
of the radar echo containing the RFI signal given in Fig. 3(b). A new SAR
image is formed by the estimated signal using ALE and is shown in Fig. 2(b).
The ground scene in general and the corner reflector in particular can now be
observed.

A basic evaluation of the proposed RFI suppression approach is facili-
tated by comparing it to the LRF technique [8] which is currently used in
CARABAS-II data processing. The linear filter in LRF is defined by invert-
ing the averaged range frequency response. This technique has been proven
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Table 1: Measured results on the point target.

SINR Δr ISLR PSLR

ALE IR-SAR ≈ 27 dB ≈ 2.8 m ≈ −40 dB ≈ −20 dB
LRF IR-SAR ≈ 28 dB ≈ 3.0 m ≈ −33 dB ≈ −17 dB

to be robust, non-adaptive over one aperture, non-supportive for real-time
processing and unable to handle short-time RFI. The estimated radar signal
using this technique is called the estimated signal using LRF and denoted by
ψLRF in the plots. The estimated signal using LRF and the magnitude of
its DFT are shown in Fig. 3(d) and 3(e), respectively. The estimated signal
using ALE can be visually evaluated to be almost identical to the estimated
signal using LRF. In the frequency-domain, the flatness of the magnitude of
the DFT of the estimated signal using ALE is close to the one using LRF.
However, using ALE to suppress RFI may cause frequency attenuations at the
RFI frequencies. This is demonstrated in the experiments on the simulated
data given in [9]. There is no clear difference between the SAR image formed
with the estimated signal using ALE, given in Fig. 2(b), and the SAR image
formed with the estimated signal using LRF, given in Fig. 2(c).

This situation can be further evaluated by SAR image quality assessments.
These assessments are are routinely made with the help of corner reflectors
which are widely used for calibration in field campaigns [11]. In the con-
sidered SAR scene, SAR image quality assessments are possible due to the
corner reflector deployed in the center of the SAR scene, appearing as a point
target in the SAR images. The Signal-to-Interference-Noise ratio (SINR) is
estimated by the ratio of the peak intensity of the point target to the average
intensity in the area (−512 : −256, 0 : 256) of the SAR images. In this area,
backscattering from the surrounding clutter is low. The results, which are
summarized in Table 1, show that SINR measured on the SAR image formed
with the estimated signal using ALE is is 1 dB lower in comparison to the one
using LRF. This can be interpreted as the estimated error caused by ALE.

At the peak intensity of the point target in the SAR images, vectors are
extracted in the range direction. The reason for this extraction is explained
by the more sensitivity of the sidelobes in the range direction compared to in
the azimuth direction produced by UWB SAR systems [12]. These vectors are
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Figure 5: IR-SAR of the point target extracted in the range direction from
the SAR images formed with the radar echo containing the RFI signal, the
estimated signal using ALE and the estimated signal using LRF.

interpreted as measured Impulse Responses in SAR imaging (IR-SAR) [13] in
the range direction of the point target. They are normalized with respect to
the peak intensity of the point target, and then plotted in the same figure for
comparison purposes. As shown in Fig. 5, the measured IR-SAR extracted
from the SAR image formed with the radar echo containing the RFI signal,
which is briefly called as original IR-SAR in this paper, is seriously distorted.
For this reason, the point target is difficult to see in this SAR image. Some
differences between the measured IR-SAR, which are extracted from the SAR
image formed with the estimated signal using ALE (ALE IR-SAR), and the
measured IR-SAR extracted from the SAR image formed with the estimated
signal using LRF (LRF IR-SAR), can also be observed in Fig. 5. These
differences may be generated from the non-adaptive (average) and adaptive
characteristics of the two approaches. The measured results from these IR-
SAR, stated as range resolution, Integrated Sidelobe Ratio (ISLR) and Peak
Sidelobe Ratio (PSLR), are also summarized in Table 1. They show that in
this specific case, the performance of the proposed approach is similar to that
of the LRF technique.
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Figure 6: A scheme to integrate the RFI suppression approach into LBP.

According to (7), the performance of ALE depends strongly on the ratio of
the ability to de-correlate the UWB radar signal in the radar echo d (n) and in
the reference signal x (n). In other words, it depends on the interrelation of the
UWB radar signal bandwidth and the RFI signal bandwidth. In environments
where there are RFI with bandwidths so large that they might also be de-
correlated by the minimum delay selection n0, the ALE performance is likely
to decrease.

4 Possibility to Integrate The RFI Suppression
Approach into SAR Imaging Algorithms

In this section, we discuss a possibility to integrate the proposed RFI sup-
pression approach into SAR imaging algorithms. The background of this
discussion is due to the computational burden required by the proposed RFI
suppression. The experimental results indicate that the proposed approach
using ALE allows for adaptive and efficient RFI suppression in terms of qual-
ity. However, this process may be inefficient in terms of processing time. In
order to keep the computational burden down, this paper also suggests in-
tegrating the RFI suppression approach into SAR imaging algorithms. The
discussion will focus on time-domain algorithms which are recommended for
UWB SAR data processing [14].

In the SAR technique, a time-domain backprojection algorithm refers to
a superposition of the backprojected radar echo. To save processing time, it
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Figure 7: (a) the estimated beam using ALE and (b) the magnitude of its
DFT. The original beam is formed by 32 original radar echoes containing the
RFI signal.

is recommended to process the radar echo on a subaperture, subimage basis
and in multiple beam-forming stages [15], i.e. Fast Factorized Backprojection
(FFBP). The integration of the RFI suppression approach into any beam-
forming stage helps to reduce the number of operations.

We consider here a two-stage SAR imaging algorithm, i.e. LBP [10]. In
LBP, the complete aperture and the full SAR image are segmented in M sub-
apertures and K subimages, respectively. The reconstruction of the imaged
scene is therefore split into two stages, beam-forming and backprojection. In
the beam-forming stage, from the center of the m−th subaperture xm, the
k−th beam, aiming at the center of the k−th subimage, is formed by a su-
perposition of all radar echo data in the subaperture. The k−th subimage
is then backprojected by the k−th beam. This procedure is repeated for all
subapertures. The full SAR image is retrieved by a coherent combination of
all subimages. The RFI suppression approach can be integrated into LBP be-
tween the beam-forming and backprojection stages. With such, the number
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of operations required by the approach is reduced by

Nsub−a. ×Nsub−b.

Nsub−i.
, (10)

where Nsub−a. and Nsub−i. are the number of the aperture positions in one
subaperture and the number of subimages, respectively. The ratio of the
original radar echo sample to the beam sample is denoted by Nsub−b.. The
proposed scheme for this integration is sketched in Fig. 6. Fig. 7 plots
an example of an estimated beam using ALE. In this example, the beam is
formed with a subaperture of Nsub−a. = 32 aperture positions and the number
of subimages is Nsub−i. = 4. For illustration purposes, we use the ratio of the
original radar echo sample to the beam sample Nsub−b. = 1. The amplitude
of the estimated beam is shown in Fig. 7(a) and the magnitude of its DFT
in Fig. 7(b). The magnitude of its DFT can be evaluated as moderately
flat. However, in this example, the number of operations required to run the
approach is reduced by a factor of 8. The RFI suppressed beams can then be
used in the backprojection stage to form a SAR image.

5 Conclusion
In this paper, an approach to suppress RFI in UWB low frequency SAR is
proposed. The approach is based on the ALE mechanism controlled by NLMS.
The approach is tested successfully on the CARABAS-II data. The possibility
to integrate this RFI suppression approach into SAR imaging algorithms in
order to obtain efficiency in processing time is also discussed.

References
[1] R. Goodman, S. Tummala, and W. Carrara, “Issues in ultra-wideband,

widebeam SAR image formation,” in Proc. IEEE International Radar
Conference, Alexandria, VA, May 1995, pp. 479–485.

[2] C. T. Le, S. Hensley, and E. Chapin, “Adaptive filtering of RFI in wide-
band SAR signals,” 7th Annual JPL Airborne Earth Science Workshop,
Jet Propulsion Laboratory, Pasadena, CA, Jan. 1998.

[3] X. Luo, L.M.H. Ulander, J. Askne, G. Smith, and P.-O. Frolind, “RFI
suppression in ultra-wideband SAR systems using LMS filters infrequency
domain,” IET Electronics Letters, vol. 37, no. 4, pp. 241–243, 2001.



RFI Suppression in Ultrawideband SAR Using Adaptive Line Enhancer 115

[4] H. Kimura, T. Nakamura, and K. P. Papathanassiou, “Suppression of
ground radar interference in JERS-1 SAR data,” IEICE Trans. Com-
mun., vol. 87, no. 12, pp. 3759–3765, 2004.

[5] A. Reigber and L. Ferro-Famil, “Interference suppression in synthesized
SAR images,” IEEE Geosci. Rem. Sens. Lett., vol. 2, no. 1, pp. 45–49,
2005.

[6] Monson H. Hayes: Statistical sigital signal processing and modeling, Wi-
ley, 1996

[7] A. Gustavsson, L. M. H. Ulander, B. H. Flood, P.-O. Frölind, H. Hell-
sten, T. Jonsson, B. Larsson, and G. Stenstrom, “Development and op-
eration of an airborne VHF SAR system-lessons learned,” in Proc. IEEE
IGARSS’98, vol. 1, Seattle, WA, Jul. 1998, pp. 458–462.

[8] L. M. H. Ulander, and P.-O. Frölind “Precision processing of CARABAS
HF/VHF-band SAR data,” in Proc. IEEE IGARSS’99, vol. 1, Hamburg,
Germany, Jun. 1999, pp. 47–49.

[9] V. T. Vu, T. K. Sjögren, M. I. Pettersson, and L. Håkansson, “An ap-
proach to suppress RF interference in Ultrawideband low frequency syn-
thetic aperture radar,” in Proc. IEEE Radar 2010, Washington, DC, May
2010, accepted for publication.

[10] O. Seger, M. Herberthson, and H. Hellsten, “Real time SAR process-
ing of low frequency ultra wide band radar data,” in Proc. EUSAR’98,
Friedrichshafen, Germany, May 1998, pp. 489–492.

[11] M. Shimada, O. Isoguchi, T. Tadono, K. Isono, “PALSAR Radiomet-
ric and Geometric Calibration,” IEEE Trans. Geosci. Remote Sensing,
vol. 47, no. 12, pp. 3915–3932, 2009.

[12] V. T. Vu, T. K. Sjögren, M. I. Pettersson, and A. Gustavsson, “Definition
on SAR image quality measurements for UWB SAR,” in Proc. SPIE
Image and Signal Processing for Remote Sensing XIV, vol. 7109, Cardiff,
UK, Sep. 2008, pp. 71091A (1–9).

[13] V. T. Vu, T. K. Sjögren, M. I. Pettersson, and H. Hellsten, “An impulse
response function for evaluation of UWB SAR imaging,” IEEE Trans.
Signal Processing, revised for publication.



116 Part II−A

[14] V. T. Vu, T. K. Sjögren, and M. I. Pettersson, “A comparison between
fast factorized backprojection and frequency-domain algorithms in UWB
low frequency SAR,” in Proc. IEEE IGARSS’2008, Boston, MA, Jul.
2008, pp. 1293–1296.

[15] L. M. H. Ulander, H. Hellsten, and G. Stenstrom, “Synthetic-aperture
radar processing using fast factorized back-projection,” IEEE Trans.
Aerosp. Electron. Syst., vol. 39, no. 3, pp. 760–776, 2003.



Part II−B





Part II−B

A Comparison between Fast Factorized
Backprojection and Frequency-domain

Algorithms in UWB Low Frequency SAR



Part II−B is published as:

V. T. Vu, T. K. Sjögren, and M. I. Pettersson, “A comparison between fast
factorized backprojection and frequency-domain algorithms in UWB low fre-
quency SAR,” in Proc. IEEE IGARSS’2008, Boston, MA, Jul. 2008, pp.
IV-1284–IV-1287.



A Comparison between Fast Factorized
Backprojection and Frequency-domain

Algorithms in UWB Low Frequency SAR

Viet T. Vu, Thomas K. Sjögren, and Mats I. Pettersson

Abstract

Two frequency-domain algorithms Chirp Scaling (CS) with the ad-
vantage of simplification and Range Migration (RM) with the advantage
of accuracy are candidates for a comparative study to the time-domain
algorithm Fast Factorized Backprojection (FFBP) with reference to a
UWB system are presented in this paper. The comparison is based on
UWB SAR image quality measurements such as spatial resolution, In-
tegrated Sidelobe Ratio (ISLR) and Peak Sidelobe Ratio (PSLR) and
processing time connected to computational complexity. The simulated
SAR data, which is used in this study, is based on the parameters of
the airborne UWB low frequency CARABAS-II system.

1 Introduction

Different algorithms have been proposed to process SAR images. The main
objectives of algorithms are image quality, time consumption connected to
computational cost and other aspects related to application. SAR image pro-
cessing algorithm can be divided into two main groups: time-domain and
frequency domain algorithms.

Global Backprojection (GBP) algorithm [1] is known as the basic of the
time-domain algorithms to reconstruct the image scene. According to GBP, a
SAR image is considered as a linear transformation from the radar echo data
and can be considered to be a reference SAR image in UWB SAR image qual-
ity measurements. The main disadvantage of GBP which exists parallel with
advantages of GBP such as perfect motion compensation, unlimited scene size,
prefect focus and local processing is computation cost. For N aperture points
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and SAR image of N × N pixels, the number of operations needed for GBP
is proportional to N3. Fast time-domain algorithms were proposed to over-
come the drawback of the GPB, for example Local Backprojection (LBP) [2]
and Fast Factorized Backprojection (FFBP) [3] running roughly N2

√
N and

N2log (N) times faster than GBP, respectively. Range Migration algorithm
(RM) [4], Range-Doppler (RD) [5] and Chirp Scaling (CS) [6] are examples of
frequencydomain algorithms. Both RM and RD require computationally ex-
pensive interpolation while among CS algorithm avoids interpolation and can
be efficiently performed by complex multiplications and Fast Fourier Trans-
forms (FFT). However, in derivations of both CS and RD, high order phase
terms in some steps are discarded. For this reason, RM may be the most
suitable frequency-domain algorithm for UWB low frequency SAR systems.

In comparative studies between algorithms, either timedomain algorithms
or frequency-domain algorithms are usually compared together. For example,
a comparison of different FFBP versions is presented in [7]. In [8], a com-
parison of CS and RM for airborne low frequency SAR data processing is
given. Another comparative study of RD and RM algorithms concentrates on
focusing quality can be found in [9]. However, there have not been many com-
parisons between time-domain and frequency-domain algorithms even though
they form two main SAR processing algorithm groups.

In this paper, two frequency-domain algorithms including CS with the
advantage of simplification and RM with the advantage of accuracy are can-
didates for a comparative study to a fast time-domain algorithm FFBP using
simulated CARABAS-II data [10]. The comparison is based on UWB SAR
image quality measurements such as spatial resolution, Integrated Sidelobe
Ratio (ISLR) and Peak Sidelobe Ratio (PSLR) [11] and processing time con-
nected to computational complexity.

The paper is organized as follows: Section 2 describes briefly different al-
gorithms. Theory of SAR image quality measurements is presented in Section
3. A comparative study of different algorithms is given in Section 4. Section
5 provides the conclusions.

2 Algorithms to Process UWB SAR Data

2.1 Factorized Fast Backprojection

FFBP [3] which is based on LBP [2] can be interpreted as LBP processing data
in multiple beamforming stages socalled factorization. For FFBP, the range
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compressed data is mapped into first order beams. The beams are formed by
short first order subaperture and the beam size should be large to cover the
first order large images. A number of first order beams are combined together
to form a second order beam corresponding to the combination of a number of
first order subapertures. The size of second order beam is smaller and covers
the second order subimages which are created by the division of the first or-
der subimages. Beamforming stages are repeated until the final beamforming
stage. The number of beamforming stages or factorizations depends strongly
on SAR system parameters, required image quality and processing time. In
the final stage, the subimages are mapped by beams formed at the final beam-
forming stage. A full SAR image is obtained by a coherent combination of all
subimages processed by the full aperture.

2.2 Range Migration

RM [4] enables to reconstruct the image of large scenes at fine resolution. RM
requires the so-called Stolt interpolation which can be interpreted as a change
of variables in the frequency domain by the relationship

ω =
c
2

√
k2x + k2r (1)

where ω is the signal frequency, kx and kr are azimuth and range wavenum-
bers, respectively, and c is the speed of light. The focusing equation of RM
can be rewritten as

h (x, r,−t0) =
c

8π2

∫ ∫
G (kx, r = 0, kr)

kr√
k2x + k2r

exp

{
−i ct0

2

√
k2x + k2r

}
exp {i (kxx+ krr)}dkxdkr (2)

where G (kx, r = 0, kr) is measured field which has been changed variable at
r = 0 of the superposition of plane waves with different wavelengths and
azimuth wavenumbers in two-dimensional frequency domain at the emitted
time t0.

2.3 Chirp Scaling

Approximations in derivation of the original CS [6] by Taylor expansion to
second order are valid for conventional narrow band SAR systems but might
not completely valid for UWB systems associated with large integration angle.



124 Part II−B

A conventional approach to such a problem is to introduce a Taylor expansion
up to higher order phase terms and take spatial variant range migration into
account. Nonlinear CS (NCS) proposed in [12] with the consideration up to
cubic phase terms for Taylor expansion combined with cubic order nonlinear
chirp rate to process squint mode SAR data is therefore a good candidate to
process UWB mode SAR data. According to NCS [12], the range frequency
rate Kr is assumed to vary linearly with the range-time from reference tra-
jectory

Kr = Kref +Ks
2 (r0 − rref )

cβ
(3)

where r0 and rref are minimum range distance to a point target and reference
range, respectively. β is a function of azimuth frequency fx and defined in [6]
as

β =

√
1−

(
cfx

2fcvpl

)2

(4)

An extra cubic phase filter is performed in two-dimensional frequency domain
by

HCubic (ft, fτ ) = exp

{
i
2π

3

[
Ks

2K2
ref

(
2− β

1− β

)
− 3r0

cf2
c

(
β2 − 1

β5

)]
f3
τ

}
(5)

References functions including chirp scaling, range compression and residual
error compensation functions are

HCS,3 (ft, fτ ) = HCS,2 (ft, fτ ) · exp
{
i
π

3

[
Ks

(
1− β

β

)(
τ − 2rref

cβ

)]}
(6)

HRC,3 (ft, fτ ) = HRC,2 (ft, fτ ) · exp
{
i
π

3

[
1

Kref
(1 + β)

]
f3
r

}
(7)

and

HRES,3 (ft, fτ ) =

HRES,2 (ft, fτ ) · exp
{
i
π

3

[
Kref

fc

(1− β)2 (1 + β)

β5

][
2 (r0 − rref )

c

]3}
(8)

where HCS,2 (ft, fτ ), HRC,2 (ft, fτ ) and HRES,2 (ft, fτ ) are the reference func-
tions of original CS which can be found in [6].
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Table 1: CARABAS-II’s main parameters.

Parameter Value

The highest frequency channel processed 82 MHz
The lowest frequency channel processed 22 MHz

Platform speed vpl 128 m/s
Flight altitude 3700 m

Minimum range to the aim point 7150 m
PRF 137 Hz

3 SAR Image Quality Measurments
Analyses in [12] have shown that the mainlobe and sidelobe areas are more
suitably defined by ellipses. Base on these analyses, definitions on SAR im-
age quality measurement such as Integrated Sidelobe Ratio (ISLR) and Peak
Sidelobe Ratio (PSLR) have been proposed. Due to the fact that UWB SAR
system is always associated with large integration angle to handle azimuth
focusing, investigations of spatial resolution, ISLR and PSLR under different
integration angles are also proposed in [12]. In this comparative study, we
consider spatial resolutions, ISLR and PSLR to evaluate quantitatively the
performance of the algorithms mentioned in Section 2.

4 SAR Comparative Studies
The simulated data which is used in this study is based on parameters of
the CARABAS-II system given in Table 1. To obtain a fair comparison, no
weighting function or sidelobe control approach is used. With the CARABAS-
II parameters given in Table 1, we can consider the integration angles in the
range from 5 to 70 degrees in this comparative study [11]. Three algorithms
FFBP, RM and NCS are subjects to be compared. However, not all of these
algorithms are completely valid for CARABAS-II data processing and this
can be explained as follows. In SAR system design, the PRF must be chosen
larger or equal to two time maximum Doppler frequency which is a function of
maximum integration angle and signal fractional bandwidth. For CARABAS-
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Figure 1: The contour plots of a point target processed by different algorithms
at integration angle of 35 degrees. Level steps from 0 to −15 dB are taken
into account.

II, high PRF with regard to extremely large integration angle (up to 150
degrees) may make both original CS and NCS invalid since the term β may
get complex values at certain azimuth frequencies. Neither FFBP nor RM
suffers from such problem. For comparison purposes, the data is simulated
with low PRF (only 68.5 Hz instead of 137 Hz).

For NCS, we also need to eliminate Higher Order Phase (HOP) terms
(from 4th order) in the Taylor expansion to avoid effects such as azimuth-
range coupling [12] caused by unconsidered HOP terms. Figure 1.c shows the
degrading of the SAR image quality caused by HOP terms.

Nearest neighbor interpolator is used in both RM and FFBP in change of
variable and beam forming stages after 10 times upsampling data, respectively.
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Figure 2: SAR image quality measurements.

For FFBP, we process the data in 3 stages with the factorization of 4 for both
subaperture and subimage in every stage. The numbers of the subaperture
positions and subimages are 16 and 4, respectively. Figure 1.a, 1.b and 1.d
show the contour plots of a point target processed by FFBP, RM and NCS.
At the first glance, we can see a better image quality obtained by FFBP and
RM than by NCS at a large integration angle.

Measured spatial resolutions which are interpreted to be the distance be-
tween two objects on the ground at which the objects appear distinct and
separate on SAR images are shown in Figure 2.a. If there is no motion error,
RM can obtain the same spatial resolutions in azimuth and range as FFBP.
Comparative resolutions are achieved by NCS at small integration angles.
However, they go slightly bad at large integration angles (from 20 degrees).
The measurement results of ISLR in Figure 2.b show again the worse perfor-
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Figure 3: Processing time measured by Matlab.

mance of NCS at large integration angles when much more energy spills over
to the sidelobes compared to RM and FFBP. Figure 2.b also shows the high
sidelobe level of NCS even at small integration angles. This can be explained
by phase errors caused by approximation in derivation steps of NCS. This
leads to poor ability of NCS to image weak reflective targets affected by a
strong reflective target nearby. NCS may therefore not be totally suitable for
UWB SAR processing.

A comparison in term of processing time connected to computational com-
plexity may be hard to be performed in an analytic way due to different basic
operations used in time-domain and frequency-domain algorithms. For RM
and NCS, operations which are mainly used are FFT, IFFT and multiplica-
tion while among FFBP uses only addition and multiplication. Figure 3 shows
a comparison of the processing time taken by FFBP, RM and NCS for the
same numbers of image pixels. At small integration angles (up to 45 degrees)
NCS which can be performed efficiently by FFT/IFFT and multiplications
and does not require any interpolation shows the best performance in term of
the processing time. However, computational cost of NCS increases rapidly
at large integration angles due to extra steps required by NCS (not required
by original CS) such as cubic phase filter and HOP elimination performed
in twodimensional frequency domain. With a simple interpolator such as a
linear one, the computational cost of RM can be kept small at large integra-
tion angles. Computational cost will increase for both RMand NCS if motion
compensation is included. As mentioned, processing time taken by FFBP de-
pends strongly on factorization. However, in this comparison FFBP requires
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highest computational cost as shown in Figure 3 since the local processing is
not taken into account.

5 Conclusion
Algorithms FFBP, RM and NCS are subjects to be compared in this study.
If there is no motion error caused by airborne SAR systems, RM is an excel-
lent candidate for UWB SAR processing in terms of SAR image quality and
processing time. The study shows also that NCS may not be totally suitable
for UWB SAR processing, especially at large integration angles (from 20 de-
grees). Although FFBP shows the best performance in term of SAR image
quality, the processing time is still the problem for time-domain algorithms
in general and FFBP in specific.
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On Apodization Techniques
for Ultra-wideband SAR Imaging

V. T. Vu, T. K. Sjögren, and M. I. Pettersson

Abstract
Ultra-wideband (UWB) SAR imaging suffers from a number of in-

herent problems in which the apodization has not been investigated ap-
propriately. This paper presents a discussion on apodization techniques
and possibilities to apply these techniques to UWB SAR imaging.

1 Introduction
Over the last decades, Synthetic Aperture Radar (SAR) has attracted consid-
erable interest as the number of applications in geosciences, remote sensing,
surveillance and reconnaissance increases. The ability to effectively collect
data in severe conditions such as rain, clouds and/or darkness is considered
to be the main advantage of SAR systems as compared to other imaging sen-
sors. Ultra-wideband (UWB) SAR is understood as SAR systems utilizing
a large fractional bandwidth and a widebeam antenna. Experimental UWB
SAR systems such as CARABAS-II [1] and LORA [2] allow detecting changes
in dense forested areas or under camouflage as well as moving objects. More
importantly, the UWB SAR systems facilitate high resolution imaging.

UWB SAR imaging faces inherent challenges such as the choice of process-
ing algorithm, integration angle, apodization, motion compensation and RF
interference. These challenges have ever been indicated in [3]. Investigations
into UWB SAR imaging algorithms associated with the motion compensa-
tion issue have been mentioned in some recent publications. For example,
a comparison between time- and frequency-domain imaging algorithms for
UWB SAR can be found in [4] and a research on focusing SAR data acquired
from nonlinear sensor trajectories in [5]. In these publications, time-domain
algorithms have shown the superiority in UWB SAR imaging over frequency-
domain algorithms due to their inherent characteristics like adjustable scene
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size imaging, local processing and manageable motion compensation. A gen-
eral view of the ability to handle azimuth focusing associated with integration
angle in UWB SAR imaging is presented in [6]. However, the apodization in
UWB SAR imaging has either been mentioned sparsely, for example in [7], or
studied inappropriately.

Unlike narrowband and narrowbeam SAR imaging, where only orthogo-
nal sidelobes are dominant, there exists both orthogonal and non-orthogonal
sidelobes in UWB SAR imaging, which if not be handled will degrade the
SAR image quality significantly. An example of this degradation, which is
based on Integrated Sidelobe Ratio (ISLR) and Peak Sidelobe Ratio (PSLR)
measurements, is demonstrated in [6].

Applying two-dimensional (2D) weighting functions to the spectrum of
SAR images in wave-domain can be seen as the simplest appodization tech-
niques. Mostly used weighting functions are Rectangle, Hamming, Hanning
and Blackman. Although such techniques can somewhat control the sidelobe
level they are usually accompanied with a loss in spatial resolutions. Nonlinear
apodization techniques such as Dual-apodization, Complex Dual Apodization
(CDA) and Spatially Variant Apodization (SVA) [8], which are known as a
class of nonlinear operators, enable to suppress sidelobes and maintain the
spatial resolution, simultaneously.

The objective of this paper is to discuss several apodization techniques for
UWB SAR imaging. Simulated SAR data is used in the demonstrations. The
reference system in this study is the airborne UWB low frequency SAR system
CARABAS-II [1]. Global Backprojection (GBP) [9] is selected as the UWB
SAR imaging algorithm due to its accuracy, ability to handle large integration
angles and manageable motion compensation.

The paper is organized as follows. Section 2 reviews the apodization tech-
niques and evaluates their validity for UWB SAR imaging. Section 3 presents
the simulation results of apodization in UWB SAR imaging. Section 4 pro-
vides the conclusions.

2 Apodization Technique

In this section, we review the currently used apodization techniques as well
as examine the possibilities to apply them to UWB SAR imaging. Applying
2D weighting functions to the spectrum of SAR images in wave-domain is
called the linear apodization techniques to distinguish from the nonlinear
apodization techniques in this paper. Analysis in this section is based on the
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spectrum of a SAR image in wave-domain, as shown in Fig. 1. The azimuth
wave number kx, the range wave number kr and the radar frequency ω are
connected together by the relationship

ω =
c
2

√
k2x + k2r (1)

where c is the speed of light.

2.1 Linear Apodization Technique

Applying 2D weighting functions to the spectrum of SAR images in wave-
domain for apodization always accompanies with a loss in resolution. For
narrowband and narrowbeam SAR imaging, where the spectrum is approxi-
mated to a rectangular area, this loss is generally acceptable. However, this
exchange may be either inefficient or extremely expensive in UWB SAR imag-
ing since the rectangular approximation is not valid. The inefficiency is here
interpreted as the existence of the non-orthogonal sidelobes after applying 2D
weighting functions whereas the expensiveness regards the loss in resolution.

To illustrate this, we investigate effects of a weighting function, for example
Rectangle, on UWB SAR imaging. The weighting function is denoted by the
continuous-line rectangle in Fig. 1 and represented mathematically by

W1 (kx, kr) = rect

(
kx

2kcsinφ0

2

)
· rect

(
kr − kc
Δkr

)
(2)

where kc is the center wave number, φ0 is the integration angle and

Δkr = kr,max − kr,min (3)

with kr,max and kr,min are maximum and minimum range wave numbers, re-
spectively. This weighting function results in a new spectrum marked by the
dark gray area in Fig. 1. Although the spatial resolutions can approximately
be maintained the non-orthogonal sidelobes are not suppressed. This is in-
terpreted as the result of missing corners in the new spectrum. To suppress
the non-orthogonal sidelobes, we can use a narrower weighting function, e.g.
W2 (kx, kr) which is marked by the fine-dashed-line rectangle in Fig. 1

W2 (kx, kr) = rect

(
kx

2kr,mintanφ0

2

)
· rect

(
kr − k

′
c

Δk′
r

)
(4)
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Figure 1: An example of UWB SAR spectrum (black area). Applying a
Rectangle weighting function (fine-dashed-line rectangle) W1 (kx, kr) results
in a new spectrum (dark gray area). If another Rectangle weighting function
(continuous-line rectangle) W2 (kx, kr) is used, the spectrum is limited by a
narrower area (the light gray area).

where

Δk
′
r =

√
k2r,max − k2r,mintan2φ0

2
− kr,min < Δkr (5)

and

k
′
c = kr,min +

Δk
′
r

2
< kc (6)

The reductions in the center frequency, i.e. kc, and the bandwidth, i.e.
Δkr cause the loss in azimuth and range resolutions, respectively. Based on
the later weighting function W2 (kx, kr), the loss in azimuth resolution can be
predicted to be more sensitive than in range. For a UWB SAR system such
as CARABAS-II with the fractional bandwidth Br ≈ 1.3 and the maximum
integration angle φ0 ≈ 1100, the loss in azimuth resolution can be up to
200%. Other weighting functions such as Hamming, Hanning and Blackman
are alternatives for the linear apodization technique. However, due to their
large mainlobe broadening factors, the loss in resolutions caused by these
weighting functions is even higher than Rectangle with the same window size.
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2.2 Nonlinear Apodization Technique

Nonlinear apodization techniques are known as the techniques which can con-
trol sidelobes efficiently but avoid the loss in spatial resolutions. Basically,
such techniques can be used for UWB SAR imaging since they are only a
combination of the linear apodization techniques and nonlinear operators in
which the nonlinear operators is used to maintain the spatial resolutions. For
Dual-apodization, a SAR scene is imaged with and without a weighting func-
tion, i.e. unweighted and weighted SAR images, respectively. An apodized
SAR image is assigned the minimum magnitudes from this pair of SAR im-
ages on a pixel-by-pixel basis. If the apodization is based on three or more
weighting functions, it can be named Tri-apodization or Multi-apodization,
respectively.

To retain the phase information, the pair of unweighted and weighted
SAR images should be analyzed in real (I or in-phase) and imaginary (Q or
quadrature) parts. The assignment is performed separately on both real and
imaginary parts. On the pixel-by-pixel basic, the real part of an apodized SAR
image is assigned either zeros, if the values from the pair of SAR images posses
opposite signs, or minimum absolute values otherwise. The assigning zero is
interpreted as an intermediate weighting function. A similar assignment is
implemented for the imaginary part. Due to a separated consideration of the
real and imaginary parts of SAR images, this procedure is named as CDA
technique. The intermediate weighting function in CDA is synonymous with
that there exists neither Complex Tri- nor Multi-apodization.

The selection of the weighting functions for Dual-apodization or CDA is
obviously critical for the apodized SAR images. However, there is no opti-
mum weighting function for all SAR scenes. A weighting function, which is
optimum for one SAR scene, may not be optimum for the others. Nonlinear
apodization technique using a dynamic weighting function, i.e. cosine-on-
pedestal, is known as SVA. The dynamical weighting factor is assigned by
values from 0, i.e. Rectangle, to 0.5, i.e. Hanning. Unfortunately, this tech-
nique supports only rectangular SAR image’s spectrum and therefore is not
suitable for UWB SAR imaging.

Nonlinear apodization in UWB SAR imaging usually requires more than
two weighting functions due to the non-rectangular spectrum and the criti-
calness of the weighting function selection. With such, Tri-apodization and
Multi-apodization seem to be good candidates for UWB SAR imaging. How-
ever, using the cosine-on-pedestal function to design optimized weighting func-
tions, i.e. optimize the trade-off between the non-orthogonal sidelobe suppres-
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sion and the loss in resolution, for linear apodization and Tri-apodization or
Multi-apodization is promising.

3 Apodization in UWB SAR Imaging

In this section, we demonstrate the apodization techniques which have been
discussed in the previous section. The demonstrations are based on the SAR
data simulated according to the parameters of the airborne UWB low fre-
quency SAR system CARABAS-II. Contours at level from −30 to dB −3 dB
with a step of −3 dB are used to plot SAR images. Fig. 2.a shows an example
of a point target imaged by a UWB SAR system with the fractional band-
width Br ≈ 1.3 and an arbitrary integration angle φ0 = 650. Both orthogonal
and non-orthogonal sidelobes are seen clearly in the SAR image.

3.1 Linear Apodization in UWB SAR Imaging

In this demonstration, we apply the Rectangle weighting function W2 (kx, kr)
given in (4) to the image’s spectrum, effects of the apodization on the image,
which has been proved in the previous section, can now be seen clearly in
the Rectangle-apodized image in Fig. 2.b. The non-orthogonal sidelobes are
suppressed significantly compared to Fig. 2.a. The loss in azimuth resolu-
tion is moderately high (about 200%), whereas the range resolution decreases
slightly. Fig. 2.c. shows another apodized image being applied a Hanning
weighting function

W3 (kx, kr) =

[
0.5 + ξxcos

(
πkx

kctanφ0

2

)]
·
[
0.5 + ξrcos

(
2π (kr − kc)

Δkr

)]
(7)

where ξx = ξr = 0.5. The predicted effects on the SAR image are here illus-
trated. The non-orthogonal sidelobes are totally removed. Due to the broad-
ening factor (about 1.62) of the Hanning weighting function, the loss in both
azimuth and range resolutions is about 62% compared to the non-apodized
case. The loss in resolution and the non-orthogonal sidelobe suppression can
be optimized by a Cosine-on-pedestal function (7) with a reasonable selection
of the weighting factors in azimuth ξx and range ξr. In this demonstration,
the weighting factors are selected as ξx = ξr = 0.17. The apodized image is
shown in Fig. 2.d with sufficiently suppressed non-orthogonal sidelobes and
a loss in resolutions of about 33%.
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Figure 2: A point target is imaged by a UWB SAR system with the fractional
bandwidth Br ≈ 1.3, the integration angle φ0 = 650, and the minimum range
to the point target r0 = 7200 m. (a) Non-apodized, (b) Rectangle weighting
function, (c) Hanning weighting function, (d) Consine-on-pedestal, (e) Dual-
apodized, (f) Tri-apodized.
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Figure 3: Dual-apodization incorporated with the Rectangle and Hanning
windows. The R-Dual-apodized IR-SAR denotes the result of the Dual-
apodization incorporated with the Rectangle weighting function and H-Dual-
apodized with the Hanning weighting function.

3.2 Nonlinear Apodization in UWB SAR Imaging

The original- (non-apodized), Rectangle-apodized, Hanning-apodized and Cosine-
on-pedestal images are seen as the inputs for a linear operator in the nonlinear
apodization techniques. The output is an apodized image without degrading
spatial resolutions. Fig. 3 illustrates the nonlinear operator, which can be
seen as the key step to avoiding the loss in resolutions. The Impulse Re-
sponses in SAR imaging (IR-SAR) in range direction of a point target are
dual-apodized with the Rectangle and Hanning weighting functions whose the
mainlobe broadening factors are 1 and 1.62, respectively. As shown in Fig. 3,
Dual-apodization has no almost effect if it is incorporated with the Rectan-
gle weighting function. This confirms again the criticalness of the weighting
function selection.

The Dual-apodization incorporated with the Hanning weighting function
sketched in Fig. 3 indicates that the first sidelobe is not apodized enough
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Table 1: ISLR and PSLR Measured Results.

Non-apodized Dual-apodized Tri-apodized

ISLR −7 dB −10 dB −12 dB

PSLR −14 dB −14.5 dB −19 dB

whereas the higher order sidelobes are suppressed efficiently and drop below
−30 dB. The Dual-apodized image is given in Fig. 2.e where both orthogonal
and non orthogonal are suppressed significantly without any loss in resolu-
tions. To get a better evaluation of the Dual-apodization, we measure ISLR
and PSLR on the Dual-apodized image and compare to the non-apodized re-
sults. The measured ISLR and PSLR are summarized in Table 1 where the
gain in PSLR with the Dual-apodization is low (only about 0.5 dB). An extra
weighting function is still needed to suppress the first sidelobe. The require-
ment for the weighting function is to utilize a suitable mainlobe broadening
factor. One possibility is based on the Kaiser windows with a suitable sidelobe
attenuation factor. An alternative is to use the Cosine-on-pedestal which is
mentioned in the previous section.

In the next demonstration, the linear operator considers the original- (non-
apodized), Hanning-apodized and Cosine-on-pedestal images as its inputs, i.e.
Tri-apodization. The Tri-apodization result is presented in Fig 4 where the
first sidelobe level is reduced to −19 dB. The Tri-apodized SAR image is
sketched in Fig. 2.e. The gains in ISLR and PSLR with the Tri-apodization
are about 5 dB. As mentioned, the selection of the weighting functions for
nonlinear apodization is always critical. To avoid this, the apodization should
be incorporated with even more weighting functions, i.e. Multi-apodization.

4 Conclusions

In this paper, we present a discussion on the apodization techniques and the
possibilities to apply them to UWB SAR imaging. The linear apodization
techniques are usually associated with either the high loss in resolution or the
inefficiency in controlling the non-orthogonal sidelobes. However, they can
still be used for UWB SAR imaging by suitable weighting functions. Nonlinear
apodization techniques are promising for UWB SAR imaging thanks to their
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Figure 4: Tri-apodization incorporated with the Hanning and Cosine-on-
pedestal weighting functions. The first sidelobe is suppressed about 5 dB.

characteristic - without degrading the spatial resolutions. However, among
currently used nonlinear apodization techniques, Multi-apodiation including
Tri-apodization can facilitate the apodization in UWB SAR imaging due to
the criticalness of the weighting function selection. These conclusions are
illustrated by tests and measurements on the simulated SAR data, which is
based on the CARABAS-II parameters.
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Detection of Moving Targets by Focusing in
UWB SAR−Theory and Experimental Results

V. T. Vu, T. K. Sjögren, M. I. Pettersson,
A. Gustavsson and L. M. H. Ulander

Abstract

Moving target detection in ultrawideband (UWB) synthetic aperture
radar (SAR) is associated with long integration time and must accom-
modate azimuth focusing for reliable detection. This paper presents
the theory on detection of moving targets by focusing and experimental
results on single-channel SAR data aimed at evaluating the detection
performance. The results with respect to both simulated and real data
show that the ability to detect moving targets increases significantly
when applying the proposed detection technique. The improvement
in signal-to-clutter noise ratio (SCNR) which is a basic requisite for
evaluating the performance reaches approximately 20 dB using only
single-channel SAR data. This gain will be preserved for the case of
multi-channel SAR data. The reference system for this study is the
airborne UWB low frequency SAR CARABAS-II.

1 Introduction
Over the last decades, synthetic aperture radar (SAR) has attracted consid-
erable interest as the number of applications in geoscience, remote sensing,
surveillance and reconnaissance increases. The ability to effectively collect
data in severe conditions such as rain, clouds and/or darkness is considered
to be the main advantage of SAR systems as compared to other imaging
sensors. Ultrawideband (UWB) SAR is understood as SAR systems utilizing
either a large absolute bandwidth or a large fractional bandwidth signal and a
wide antenna beamwidth. Examples of experimental UWB SAR systems are
CARABAS-II operating in the lower VHF-band from 20 to 90 MHz [1], LORA
in the VHF- and UHF-bands from 200 to 800 MHz [2], P-3 with a bandwidth
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of 515 MHz in the VHF/UHF-bands 215-900 MHz [3], ground-based Boom-
SAR with a spectral response extending from 50 MHz to 1200 MHz [4] and
PAMIR with a very high simultaneous bandwidth of 1820 MHz in X-band
[5]. Such systems usually enable high resolution imaging. Systems operating
at low radar frequencies, e.g. CARABAS, allows to detect changes in dense
forested areas or under camouflage [6]. Such applications are of interest to
both military and civilian end-users.

In this paper, we concentrate on another application of UWB SAR: de-
tection of moving targets which is most commonly realized by ground moving
target indication (GMTI) implementations based on antenna array solutions.
A moving object is displaced and defocused as an elliptic or a hyperbolic
curve in a SAR image [7]. For conventional SAR, i.e. small bandwidth signal
and narrow beamwidth, the displacement and defocusing in a SAR image is
mainly caused by movements in the range and azimuth directions, respec-
tively. For UWB SAR, objects moving in the range direction can be both
displaced and defocused in a SAR image due to long integration time. The
detection of moving targets, however, cannot be based on such features. A
stationary target with an elliptic or hyperbolic shape can give rise to a false
detection. Disappearance of moving targets in a SAR image is also possible
due to the dispersion of the energy reflected from them. In many cases, the
target may be fully obscured by surrounding clutter.

Several moving target detection methods have been proposed. The de-
tection of moving targets can be based on Doppler effect [8]. However, the
detection is only possible if the speed of the target is high enough to produce
Doppler frequencies which are distinguishable from the surrounding station-
ary clutter. Alternatively, moving target detection can be achieved by using
displaced phase center antenna (DPCA) [9] or space time adaptive processing
(STAP) [10] techniques. Access to an array antenna gives the opportunity to
also correct for the displacement caused by the SAR process. An overview
of multi-channel SAR GMTI is given in [11]. However, such techniques are
not available for single-channel SAR data. The detection can also be based
on the phenomenon that the shadow projected by the target will produce
zeros in a SAR image [12]. Strong back scattering from the background is re-
quired for this approach. Detection based on phase-errors caused by moving
targets is suggested in [13]. A complex SAR image is divided into patches
where the phase-error is estimated separately in each patch. The magnitude
of the phase-error estimate is measured and, if it exceeds a given threshold,
indicates the presence of a moving target. In addition, there are also new
detection methods based on, for example, the capabilities of dual-frequency
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millimeter wave SAR with monopulse processing for GMTI [14] or PolSAR
imagery for moving target detection/ ship detection [15].

The goal of this paper is to present the theory of the moving target de-
tection by focusing technique in UWB SAR and experimental results aimed
at evaluating the gain in detection ability. This detection technique is based
on the detection scheme proposed in [16] and the optimum relative speed
discretisation derived in [17]. The experimental results upon single-channel
UWB low frequency SAR data shows a significant improvement in detec-
tion ability achieved with this detection technique. This improvement will be
preserved when the detection technique is performed on multi-channel SAR
data. The moving targets in our experiments are selected in the areas with
low backscattering. This makes the evaluation of the gain in detection ability
more efficient. In the experiments, we use both real and simulated data based
on the airborne UWB low frequency SAR CARABAS-II. The real data have
been collected by CARABAS-II in two different field campaigns.

The paper is organized as follows. Section 2 briefly describes the likelihood
ratio test (LRT) for moving target detection. Section 3 describes in detail the
relative speed concept. Issues related to moving target focusing are presented
in Section 4. Section 5 presents the theory of the moving target detection
by focusing technique and experiments upon simulated data. Experimental
results on real data collected in the two field campaigns are given in Sections
6 and 7. Section 8 provides the conclusions and outlines future work.

2 Likelihood Ratio Test for Moving Target De-
tection

The most commonly used radars for GMTI are based on antenna array so-
lutions but often without SAR capabilities. However, SAR systems are be-
coming more and more important for GMTI since in SAR GMTI systems the
moving target will not only be detected but also imaged in its surroundings.

For moving target detection, two hypotheses on the sampled radar echo
Y can be given: a moving object exists, i.e. the received signal consists
of the reflection from the moving object S, (hypothesis H1) or no moving
object exists (hypothesis H0). In both cases, the received signal contains
clutter connected to the radar backscattering C and noise N originating from
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thermal noise in the system

H1 : Y = S + C+ N
H0 : Y = C + N. (1)

The LRT for moving target detection, known as an optimal detection
scheme in the maximum likelihood sense, is given by

Λ =
P (Y | H1)

P (Y | H0)
. (2)

Different optimal schemes for detection in the maximum likelihood sense
have been proposed. In [18], with an assumption of Gaussian probability
density functions (PDF) for clutter and noise, the optimal scheme for detection
can be written as

Λ = max
∣∣∣YTR−1S∗ (fD, kD)

∣∣∣ { ≥ λ decision for H1

< λ decision for H0
(3)

where R is the covariance matrix and λ is a suitable threshold. This is equiv-
alent to multiplying the received signal by a weighting vector

wopt = R−1S∗ (fD, kD) (4)

where knowledge of Doppler frequency fD and Doppler chirp rate kD can be
obtained by an open-loop technique or a closed-loop technique [18].

Another solution for LRT in the case of local backprojection (LBP) [19]
SAR processing is given in [16] as

Λ =

∣∣∣∣∣∣
Na∑
l=1

1

R2
c,l

Nf−1∑
m=0

ejkmrlAH
ml

(
θ
′
l

)
R−1

mlỸml

∣∣∣∣∣∣
2

{ ≥ λ decision for H1

< λ decision for H0
(5)

where l is the subaperture number, m is the frequency number, rl is the
range to a moving target in the l-th subaperture beam, km is the wavenumber
at m-th frequency, Rc,l is the range from the center of the l-th subaperture
to subimage, Ỹml is the subaperture beam measurement vector, Rml is the
covariance matrix, and Aml

(
θ
′
l

)
is the steering vector atm and l for the mov-

ing target. If only single-channel data is used, the steering vector Aml

(
θ
′
l

)
is
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equal to one. The detection here is carried out as follows: First, multi-channel
subapertures are formed from multi-channel SAR data. The clutter suppres-
sion is then performed on these subapertures by the covariance Rml and the
target steering vector Aml

(
θ
′
l

)
. The subapertures are combined together us-

ing different rl (dependent on the difference velocity of the platform velocity
and the target velocity) to focus the target energy. In [16], the clutter sup-
pression step was tested with good results on the multi-channel C-band data.
In this paper, the experiments on the single-channel UWB low frequency SAR
data shows a significant increase in detection ability when using the correct
difference velocity in the SAR image formation.

3 Normalized Relative Speed

Let the ground coordinates be given by a Cartesian coordinate system (ξ, η, ζ)
as shown in Fig. 1. If all movements are assumed to have constant speeds,
i.e. no acceleration, and to be linear, the movement of the target can then be
represented by the coordinates

ξtg (t) = vξ · (t− t0) + ξ0
ηtg (t) = vη · (t− t0) + η0
ζtg (t) = 0

(6)

where t0 is the time at the minimum range r0. The ground coordinates of the
target at r0 are ξ0 and η0. On the other hand, the linear movement of the
platform is given by

ξpl (t) = vplt
ηpl (t) = 0
ζpl (t) = h.

(7)

Given the coordinates of the ground target and the platform, the slow-time
dependent range is defined by

r̄t (t) =
√
[ξpl (t)− ξtg (t)]

2 + η2tg (t) + ζ2pl (t). (8)

A moving target can be considered as a stationary target in the SAR
formation process if the platform carrying the SAR equipment is assumed to
move with the difference velocity �vs of the original platform velocity �vpl and
the target velocity �vtg [16]. Hence, the slow-time dependent range in image
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Figure 1: SAR system geometry, �vpl is the velocity and h is the altitude of
the platform. The velocity of the target �vtg can be analyzed by velocities �vξ
and �vη in ξ and η directions, respectively and ϕ is the moving direction of the
target with respect to the flight track. The ground coordinates ξ0 and η0 are
positions at the minimum range r0 and �vs is the difference vector of �vpl and
�vtg.

coordinates (x, r) can also be written as

r̄t (t) =

√
(vst− x0)

2 + r20 (9)

where x0 is the platform position at the minimum range The terms r0. vs, t0
and x0 are connected together by the relationship

x0 = vst0 (10)

If we substitute (6) and (7) into (8) and then equalize the coefficients of t2, t
and the constants in (8) and (9), vs and the position of the moving target in
the image coordinates are found to be

vs =
√
(vpl − vξ)

2
+ v2η, (11)
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r0 =

√√√√η20 ·
[
1 +

(
vη

vpl − vξ

)2
]
+ h2, (12)

and
x0 =

vs
vpl

(
ξ0 − vη

vpl − vξ
η0

)
. (13)

The normalized relative speed (NRS) γt is defined by the length of the
difference velocity �vs which is normalized with respect to the platform speed
vpl

γt =

√√√√ (vpl − vξ)
2
+ v2η

v2pl
, (14)

With such, (9) can be rewritten in a more convenient form as

r̄t (t) =

√
γ2t · (vplt− x

′
0

)2
+ r20 (15)

where
x

′
0 = ξ0 − vη

vpl − vξ
η0. (16)

Equation (15) is called the focusing equation and can be found also in [16].
A moving target can be focused in the SAR image simply by scaling the speed
of the platform with γt.

4 Moving Target Focusing
The focusing approach can be carried out differently depending on which
image formation algorithm is used. In general, algorithms can be divided into
two groups: time- and frequency-domain. Both of them have been proved to
be applicable to the focusing approach [20, 21].

Global backprojection (GBP) [22], a time-domain algorithm, has been used
in [20] to focus moving target for detection. The moving target focusing is
obtained exactly by (9). However, this algorithm normally requires extremely
long processing time. To save the processing time, we can use faster time-
domain algorithms such as LBP [19] or fast backprojection (PBP) [23]. To
avoid distance compensation and subimage shifts associated with LBP [24],
we propose to use PBP. Beside this, fast factorized backprojection (FFBP)
[25, 26] can also be an option for the moving target focusing.
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In [21], the moving target focusing is based on a frequency-domain algo-
rithm, range migration (RM) [27]. A new wavenumber in azimuth kx scaled
with γt to focus the moving target is given by

k
′
x =

2πfx
γtvpl

(17)

where fx is the azimuth frequency. However, RM requires the Stolt interpo-
lation and this leads to high computational complexity. Ultrawideband chirp
scaling (UCS) [28], which is a candidate for UWB SAR data processing, does
not require interpolation and can be efficiently performed by complex mul-
tiplications and fast Fourier transforms (FFT); it thus has the advantage of
short processing time and is also selected as a candidate for the focusing ap-
proach. In this section, we present guidelines to focus moving targets using
PBP and UCS.

4.1 Moving Target Focusing Using PBP

In PBP [23], two concepts - polar image and slant-range image - are used.
Similar to LBP, PBP divides the complete aperture into subapertures. The
selection of subaperture size is based on the SAR system parameters and has
a direct influence on image quality and processing time. However, any selec-
tion must ensure that the phase error is smaller than π/8 (far field condition).
From the center of each subaperture, a polar grid (cosα̂, r̂) is created. The po-
lar grid must cover the full slant-range image and meet the Nyquist sampling
requirements for α̂ and r̂

Δcosα̂ <
c

2fmaxLs
(18)

Δr̂ <
c
2B

(19)

where fmax is the maximum radar signal frequency, Ls is the subaperture
size, c is the speed of light and B is the signal bandwidth. In PBP, the polar
images are retrieved by superposition of backprojected data in polar grids.
The range from a position in the l-th subaperture to a pixel (m,n) of the l-th
polar image is determined by

r̃l,m,n (t) =

√
(vplt− xl − r̂ncosα̂m)

2
+ (r̂nsinα̂m)

2
. (20)
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The slant-range image is obtained by a linear mapping from all the polar
images. The range from the center of the l-th subaperture to a slant-range
image pixel (xi, rj) and cosine of the angle between the range and the flight
track vectors are derived as

r̄l,i,j =
√
(xl − xi)

2
+ r2j (21)

cos (ᾱl,i,j) =
xl − xi
r̄l,i,j

. (22)

Moving target focusing can be obtained by scaling the speed of the plat-
form with NRS in (20), i.e. focusing in the polar image formation

r̃l,m,n (t) =√
γ2t · (vplt− xl − r̂ncosα̂m)

2
+ (r̂nsinα̂m)

2
. (23)

The focusing can also be carried out by scaling the speed of the platform
with γt in (21), i.e. focusing in the slant-range image formation

r̄l,i,j =
√
γ2t · (xl − xi)

2 + r2j . (24)

For FFBP, the focusing can be performed on either any beam forming stage
or the image formation stage. This issue is presented in detail in [29, 30].

4.2 Moving Target Focusing Using UCS
Due to the approximations in chirp scaling (CS) [31], it may only be valid for
a limited number of SAR systems which utilize small fractional bandwidth
and narrow beamwidth. A proposal to apply nonlinear chirp scaling (NCS)
to process CARABAS-II data has been given in [32]. However, with such
proposal, we must reduce the PRF (considering one out of several adjacent
radar echo data) to keep the term β real at all azimuth frequencies with a
high possibility of aliasing

β =

√
1−

(
cfx

2fcvpl

)2

(25)

where fc is the center frequency and fx is the azimuth frequency. The idea
behind UCS is to manipulate a higher speed of the SAR platform in processing,
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i.e. scaling the speed of the SAR platform with NRS γu > 1, to keep β in real
at all azimuth frequencies [28]

β =

√
1−

(
cfx

2fcγuvpl

)2

. (26)

The condition for γu is retrieved directly from (26) as

γu >
λc

4ΔL
(27)

where ΔL is the space between two adjacent SAR platform positions. Defo-
cusing caused by γu will be compensated in the phase functions. In addition,
the space-variant range migration existing in UWB SAR is handled by us-
ing the nonlinear FM filtering method [33], i.e. NCS. An extra phase filter
ψ0 (ft, fτ ) in the two-dimensional (2D) frequency domain is introduced in [28]
as

ψ0 (ft, fτ ) = exp
[
iπY (ft) f

3
τ + iπZ (ft) f

4
τ

]
(28)

where fτ is the range frequency, Y (ft) and Z (ft) are the azimuth frequency
varying phase filter coefficients. UCS phase functions of chirp scaling, range
compression and residual phase correction, which include the compensation
for the defocusing caused by γu, are presented in details in [28]. For UCS,
moving target focusing can be reached by scaling again the platform speed
using the true NRS γt in (26) as

β =

√
1− 1

γ2t

(
cfx

2fcγuvpl

)2

. (29)

4.3 Moving Target Focusing Tests
In moving target focusing tests, we use simulated data based on the param-
eters of the airborne UWB low frequency SAR CARABAS-II [1] in order to
keep consistency with the later experiments. These parameters were used in
the data collection campaign in the Simrishamn area in 1999 and are given in
Table 1. Experiments on real data will be given in Sections 6 and 7.

To test the ability of focusing a moving target with NRS, we assume that
there are two known moving point targets. One moves with speed vtg = 5.34
m/s toward ϕ = 81.5o with respects to the flight track as shown in Fig. 1
and the other toward ϕ = −65.2o with the same speed. Estimated NRS are
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Table 1: The parameters used in the measurement campaign in Simrishamn.

Parameter Value

The highest frequency processed 82 MHz
The lowest frequency processed 22 MHz

Platform speed vpl 128 m/s
Full aperture length 19200 m

Full aperture positions 20480
Flight altitude 3700 m

Minimum range to the aim point 7150 m
PRF 137 Hz

γt = 0.959 and γt = 1.0378. The radar cross section (RCS) of the target with
γt = 1.0378 is normalized to σ = 1, the other with γt = 0.959 σ = 0.25. In
addition, a number of stationary point targets with RCS σ = 0.25, 0.5, 0.75
and 1 are also present in order to investigate the effects caused by the focusing
approach to a SAR image. The thermal noise is assumed to be additive white
Gaussian noise (AWGN) at the level of −10 dB. Fig. 2.a shows the 250 m
× 250 m SAR image of the five stationary targets and two moving targets
processed by PBP. However, the size of a SAR image processed by UCS is
specified by the considered number of aperture positions and the number of
range data. Fig 2.d shows part of the original SAR image processed by UCS.

The moving targets are displaced and defocused in the SAR images. One
appears on the left hand side of the SAR images as elliptic curves and the
other on the right hand side is surrounded by four stationary targets. Fig. 2.b
and 2.e show the SAR images of the stationary point target and the moving
targets after applying the focusing approach using a known NRS γt = 0.959.
The stationary targets in the center and surrounding the moving target on
the right hand side of the SAR images are now defocused and appear as
elliptic curves. The moving target on the left hand side of the SAR images
is strongly defocused and appears almost as a straight line. Meanwhile, the
moving target surrounded by the stationary targets on the right hand side
of the SAR images is now focused to the original shape (point) and can be
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Figure 2: SAR images of the simulated stationary and moving targets pro-
cessed by PBP and UCS. The integration angle θ = 15o is chosen arbitrarily.
In the SAR scene, the moving target with γt = 1.0378, which appears on
the left hand side of the SAR images, has RCS of σ = 1 and the one with
γt = 0.959 on the right hand side σ = 0.25. There are one stationary target
with σ = 1 in the middle of SAR images and four other stationary targets
on the right hand side with σ = 0.25, 0.5, 0.75 and 1 surrounding the moving
target γt = 0.959. The black rectangles mark the areas of detection (con-
taining the moving target γt = 1.0378 and σ = 1) and the areas of reference
(containing the stationary target and σ = 1) which are used for evaluation
purposes. Other targets are used mainly for moving target detection illustra-
tion. (a) Original SAR image processed by PBP. (b) SAR image processed
by PBP with γt = 0.959. (c) SAR image processed by PBP with γt = 1.0378.
(d) Part of original SAR image processed by UCS. (e) Part of SAR image
processed by UCS with γt = 0.959. (f) Part of SAR image processed by UCS
with γt = 1.0378.
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seen clearly. Similar effects can be seen in the SAR images in Fig. 2.c and 2.f
after applying the focusing approach using another known NRS γt = 1.0378.
The superposition of the hyperbolic curves caused by the defocusing of the
stationary targets as well as the moving target can result in higher energy
concentration in some image pixels.

5 Detection of Moving Targets by Focusing

As illustrated a moving object can be focused to its original shape in the
SAR image by simply processing SAR data with NRS, i.e scaling the platform
speed with NRS, while any stationary objects are instead defocused. However,
this focusing approach can only be carried out if motion parameters of the
moving object, e.g. speed and motion direction, are known. In reality, these
parameters are not usually known and therefore require complex estimation
procedures if they are to be retrieved. These procedures can be applied if,
and only if, the presence of a moving object is indicated; in other words, the
moving object must be detected first before applying estimation procedures.

For detection, different blind hypotheses γp, so-called NRS under test,
must be tested on either (23) or (24) and (29) until the optimum moving
target focusing for detection is reached. In this paper, the subscript p is used
to denote the processed variables. The energy reflected from moving objects as
well as stationary objects at each hypothesis γp is therefore either concentrated
or dispersed. If there is a moving object with γt, at the hypothesis γp ≈ γt,
the energy reflected from the moving object is highly concentrated and the
energy reflected from the stationary objects is dispersed due to the smearing.

The subsequent problem is then how to adapt the value of γp between the
tests. In other words, how large should the step size be between different blind
hypotheses in the detection scheme? A trade-off between the probability of
detection and the computational cost must be taken into account. The highest
probability of detection can be obtained for the smallest step size. However,
depending on the false alarm rate, different step sizes may be used.

5.1 Optimum Step Size of NRS for Detection

An optimum quantization step size Δγ for detection is proposed in [17]. The
derivation of the step size is based on the decrease of the SAR image inten-
sity of a point target given by the GBP integral [22]. This decrease can be
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Figure 3: The absolute values of |hr (γp, t0)| as a function of the fractional
bandwidth Br (PAMIR: Br ≈0.2, LORA and P-3: Br ≈1.2, CARABAS-II:
Br ≈1.3, and BoomSAR: Br ≈1.8) and Q.

estimated by the ratio

hr (γp, t0) =

+∞∫
−∞

g

(
t,
√
γ2p · [vplt− xp (t0)]

2
+ r2p (t0)

)
dt

+∞∫
−∞

g

(
t,
√
γ2t · [vplt− x0]

2 + r20

)
dt

(30)

where g (t, r) is the band limited radar pulse after range compression. Hence,
the denominator of the ratio (30) defines the peak intensity of a point tar-
get, i.e. γp = γt. The numerator determines the intensity of a point target
corresponding to a blind hypothesis γp. An incorrect hypothesis smears the
point target into the shape of an ellipse or a hyperbola and thereby causes a
reduction of the ratio (30).

If we assume that a chirp signal is transmitted, Fig. 3 shows the absolute
values of the integral (30) as a function of the fractional bandwidth Br and
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the scalar variable Q

Q = vplti

√
πfc

∣∣γ2p − γ2t
∣∣

2cr0
(31)

where ti is the integration time. With the parameters given in Table 1, the
CARABAS-II fractional bandwidth is estimated about 1.3. Assuming that the
maximum acceptable ratio |hr (γp, t0)| is given by hlim, then the condition for
Δγ can then be found using the following inequality

∣∣∣∣hr
(
γt ± Δγ

2
, t0

)∣∣∣∣ ≤ hlim. (32)

A threshold hlim should be set as desired to meet the demand of the accept-
able detection failure. With the threshold hlim, the optimum discretization
step can be approximated by

Δγ ≈ Q2cr0
2πfcγtv2plt

2
i

. (33)

Equation (33) is derived for short apertures. However, it is shown in [17]
that this approximate solution can also be applied to long apertures with a
discretization step error of less than 10%, i.e. the discretization step derived
with the approximation of short apertures (33) is always smaller than the
discretization step for long apertures. The range of NRS being tested can be
derived from another form of (14) as

γt =

√(
vtg
vpl

)2

− 2

(
vtg
vpl

)
cosϕ+ 1 (34)

where ϕ is the moving direction of the object. The minimum and maximum
values of γt correspond to moving directions of 0o and 180o, respectively

γt,min = 1− max
{
vtg
vpl

}
(35)

γt,max = 1+ max
{
vtg
vpl

}
. (36)
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Figure 4: (a) Spatial resolutions in azimuth Δx and range Δx (RES) ob-
tained by PBP and UCS at different integration angles. (b) UCS differential
resolution (DRES) with reference to PBP.

5.2 Procedures and Practical Considerations for Detec-
tion

The procedure to perform the moving target detection by focusing technique
in this paper can be listed as follows:

• Processing data with different hypotheses in SAR image formation (us-
ing either (23) or (24) and (29)).

• Examining image pixels after the data processing.

• Detecting the presence of moving objects based on intensity.

Some practical issues should also be considered in the tests. For example, it
may not be necessary and efficient to use the complete aperture for detection.
The assumption of no acceleration in Section 3 is also more likely to hold
with small integration times associated with small integration angles. Image
pixel spacing is another practice issue since it affects the number of the tested
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hypotheses and therefore the processing time. We propose to use the spatial
resolutions, i.e. −3 dB widths, in azimuth and range for the image pixel
spacing in the detection stage. Fig. 4.a shows measurement results on spatial
resolutions (RES) obtained by PBP and UCS at different integration angles
using the simulated data. The azimuth and range resolutions can also be
approximately estimated by [34]

Δx ≈ c
2fcθ

(37)

Δr ≈ c
2B

(38)

respectively, where θ is the processed integration angle and B is the signal
bandwidth.

5.3 Moving Target Detection Tests on the Simulated
Data

In this paper, SAR images are represented in local azimuth and local range
coordinates. The formats (azimuth 1: azimuth 2, range 1: range 2), (azimuth,
range) and azimuth×range are used to locate an area, a position and the
dimension of an area, respectively.

Moving target detection tests in this section use the same simulated SAR
data in Section 4. The tests follows the detection procedures given in Section
5.2. An arbitrary integration angle, e.g. θ = 15o, is selected for the tests.
The corresponding image pixel spacing which can be found from Fig. 4.a,
should be 10m×2.5m. Different blind hypotheses γp are tested on the whole
imaged SAR scene in Fig. 2.a, i.e. 250m×250m. Depending on the expected
detection ability, different optimum discretization step sizes can be found
based on (33). In general, we can decide on an optimum quantization step
size corresponding to the threshold hlim = −3 dB, i.e. giving a maximum
loss of 3 dB from the peak intensity. With such threshold, (33) results in the
optimum discretization step size Δγ ≈ 0.005. The range of hypotheses γp can
be estimated by (35) and (36). It is assumed that a slow moving point target
is the subject to be detected. The maximum speed of the simulated target
is 12.8 m/s and the moving direction is not known. Equations (35) and (36)
result in a range of different blind hypotheses γp ∈ [0.9, 1.1].

In the first test in this section, the SAR data is processed by PBP with
the image pixel spacing of 10m×2.5m. Fig. 5 shows the measured normalized
intensities of the image pixels belonging to the tested area at the hypothesis
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Figure 5: The measured normalized intensities on 2500 image pixels
10m×2.5m belonging to the tested area 250m×250m processed by PBP at
the hypothesis γp = 0.96. The black circle denote the peak value of normal-
ized intensities at this hypothesis. The peak corresponds to the moving target
with σ = 0.25.

γp = 0.96. The number of image pixels within this area is Npixel = 2500.
The behavior of the normalized intensities belonging to the tested area at
all hypotheses γp can be investigated by mapping them in a 2D plot. Fig.
6 shows the relationship between the NRS being tested and the normalized
intensities. The peak values of the normalized intensities are retrieved at
the hypotheses γp = 0.96 and γp = 1.04 indicating the highest possibility
of the presence of the two simulated moving targets. Another is retrieved
at the hypothesis γp = 1 indicating the presence of the simulated stationary
target. The detection of the moving target with NRS ≈ 0.96 indicates that
the moving target detection by focusing technique facilitates detecting weak
moving targets which are obscured by strong surrounding stationary targets.

For UCS, we must perform blind tests γp on a area whose dimensions are
defined by the number of aperture positions and the number of range data.
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Figure 6: The measured normalized intensities on 2500 image pixels
10m×2.5m belonging to the tested area 250m×250m processed by PBP with
different γp. The solid black plots denote the peaks of the targets with σ = 1,
the peak −6 dB at γp = 0.96 corresponds to the moving target with σ = 0.25.

The data belonging to the areas of interest is then extracted. The image pixel
spacing is fixed and depends on the distance between two adjacent aperture
positions, i.e. the ratio of the platform speed vpl to PRF, and the range
sampling frequency. With the parameters given in the Table 1, the image
pixel spacing in azimuth is estimated to be 0.9375 m. The range sampling
frequency 160 MHz results in the image pixel in range of 0.9375 m. For the
same tested area 250m×250m which is a part of the SAR image processed by
UCS, the number of image pixels raises to Npixel = 71289. Fig. 7 shows the
plot of the measured normalized intensities in the tested area with respect to
NRS under test.

The plot shows that there seems to be more than one moving target with
NRS ≈ 0.96 and more than one moving target with NRS ≈ 1.04. However,
all normalized intensities around the NRS ≈ 0.96 or NRS ≈ 1.04 belong to
adjacent image pixels and are smeared from a single moving target. Such effect
is caused by the small image pixel spacing. If the tested area is downsampled
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Figure 7: The measured normalized intensities on 71289 image pixels
0.9375m×0.9375m belonging to the tested area 250m×250m processed by
UCS with different γp. The solid gray plots denote the peaks of the tar-
gets with σ = 1, the peaks −6 dB at γp = 0.96 correspond to the moving
target with σ = 0.25.

with factors of about 10 in azimuth and 3 in range, the number of image pixels
belonging to the tested area is reduced to Npixel = 2500. A similar detection
of moving targets with NRS ≈ 0.96 and NRS ≈ 1.04 is then achieved with
UCS.

5.4 Evaluation of the Moving Target Detection by Fo-
cusing Technique

The moving target detection by focusing technique can be evaluated by terms
of ability of detection and processing time for the detection. The ability of
detection can be based on the improvement in signal-to-clutter noise ratio
(SCNR). If we define the area of detection and the area of reference by a
focused moving target and a stationary point target, respectively, surrounded
by low backscattering areas, the evaluation using the improvement in SCNR
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is introduced in [20] as follows:

GSCNR = 20log
(
μ2

μ1

)
− 20log

(
ν2
ν1

)
(39)

where μ1 and μ2 are the retrieved peak intensities in the area of detection
before and after focusing, respectively. Similarly, ν1 and ν2 are the peak
intensities in the area of reference. Both areas of detection and reference in
this simulation can be chosen relatively small. For PBP, we need only to
process these small areas with different hypotheses γp on γt. For UCS, we
must process the whole SAR image and search for the peak intensities on
these smaller areas.

At hypothesis γp = 1.04, the energy reflected from the moving target with
NRS ≈ 1.04 is highly focused while the energy reflected from the stationary
target is dispersed. The area of detection in this test is marked by black
rectangles as shown in Fig. 2.b and 2.e. Black rectangles in Fig. 2.a and 2.d
delineate the area of reference containing the stationary point target in the
center of the SAR image. In this simulation, we can find μ1, μ2, ε1 and ε2
values by extracting information in the detection stage (solid black plots in
Fig. 6 and solid gray plots in Fig. 7). The improvement in SCNR given by
(39) can be visually estimated as GSCNR ≈ 20 dB for both PBP and UCS
as the result of 10 dB concentration of the moving target’s energy as well as
−10 dB dispersion of the point target’s energy. This improvement depends
both on the radar system and on the velocity of the moving target. With such
an improvement, this technique even accommodates detecting moving objects
surrounded by a considerable number of stationary targets.

The processing time for the detection is related to the computational cost.
For PBP, the processing time is also affected by the subaperture length. As
mentioned in Section 4.1, the focusing approach can be performed on either
the polar image formation or the slant-range image formation using γt. Both
proposals give advantages of processing time compared to GBP. If Nh is the
number of hypotheses, Na is the number of aperture positions corresponding
to the integration angle handling the detection, Nx and Nr are the dimen-
sions of the tested area, the optimum numbers of aperture positions to form
subapertures are given by

Ns =
√
Nx (40)

for the former proposal and

Ns =
√
Nh ×Nx (41)
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Table 2: Numbers of operations for detection required by PBP and UCS.

Algorithm Number of operations

PBP on polar 2×Nh ×Na ×Nr ×
(
1 +

√
Nx

)
PBP on slant-range 2×Na ×Nr ×

(
1 +

√
Nh ×Nx

)
UCS Nh ×Na ×Nd × [3× log2 (Na ×Nd) + 4]

for the latter one. The optimum numbers of operations for detection are
summarized in Table 2. It is obvious that the latter proposal even runs ap-
proximately

√
Nh times faster than the former one.

UCS always processes a matrix of size Na × Nd for each hypothesis γp
where Nd is the number of range data. Since the number of range data is
very large, such processing requires huge memory. In the case where the
requirement of memory is fulfilled, the technique embedded UCS runs much
faster than GBP. The number of operations for detection required by UCS is
also given in Table 2.

5.5 A Possibility to Use the Moving Target Detection
by Focusing Technique for Estimation

As soon as the moving target is detected, an appropriate method can be used
to estimate such parameters as speed, moving direction, and dimension of the
moving object. One of the NRS estimation methods, which is proposed in [35],
works in an iterative way and is based on a chirp rate estimator in azimuth
direction of the SAR image. The investigation in [20] demonstrated that the
technique not only facilitates detecting moving objects but also estimating
motion parameters such as NRS. Hence, a better estimate of NRS can be
achieved by testing different hypotheses γp with smaller steps close to the
retrieved peak intensity. Using the same integration angle for the detection
stage, a new step size for estimation Δγe can be retrieved by (33) with a
more strict threshold hlim. However, there are also other ways to find a step
size for estimation Δγe, for example, the one proposed in [36] from the speed
estimation’s point of view. Using PBP, the extra computational cost for the
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NRS estimate with a smaller step size carried out by (24) is

Nh,e ×Na,e × Nx ×Nr

Ns
(42)

where Nh,e is the number of hypotheses in the estimation stage and Na,e is the
number of aperture positions used in the estimation stage. The estimation
step can be performed on extremely small areas since small displacement
caused by directional reflection has been compensated in the detection stage.
Using PBP, the computational cost for this extra step is small enough to
be insignificant. Estimations regarding acceleration or moving direction are
possible if we test different hypotheses γp with a smaller step and different
integration angles. These aspects are not, however, presented in detail in this
paper.

5.6 A Comparison between PBP and UCS with Regard
to the Moving Target Detection by Focusing Tech-
nique

Fig. 4.a shows measurement results on spatial resolution (RES), considered
to be the most significant parameter for image quality measurements when
evaluating quantitatively the performance of the PBP and UCS algorithms
where no motion error is assumed. With regard to the detection ability,
RES is related to the retrieved peak intensity, the optimum quantization step
and the image pixel spacing for detection. The measurements should also
be performed at different integration angles since different azimuth focusing
obtained at different integration angles results in different spatial resolution
in azimuth in UWB SAR [37]. To facilitate the comparison between PBP and
UCS in terms of spatial resolution, we use the differential resolution terms
(DRES) which are introduced in [37]. The references for these measurements
are given by PBP spatial resolutions. The measured results are plotted in
Fig. 4.b. The DRES measurement results indicate that if there is no motion
error, UCS can obtain approximately the same spatial resolutions in azimuth
and range as PBP at small integration angles (up to 15o). These resolutions
in both azimuth and range are up to 25% and 15% lower than PBP at larger
integration angles, respectively. Although there is no motion error introduced,
the ability of UCS to image objects distinctly and separately on a SAR image
is inferior to that of PBP at large integration angles. The moving target
detection by focusing technique is associated with a large integration angle



174 Part III−A

Figure 8: Ground scene in the area of Simrishamn, located along the Baltic
coastline in southern Sweden, is imaged by CARABAS-II with parameters
given in Table 1. The image is processed by the complete aperture which
refers to an integration angle of about 110 o with respect to the aim point.
The area surrounding a hyperbolic curve visible in a SAR image, where the
presence of a moving target is predicted, is delineated by a black rectangle. A
pointlike scatterer, which is marked by a black circle, is used to observe the
effects of the focusing approach to the SAR image.

and must handle azimuth focusing for reliable detection. In such cases, PBP
has advantages over UCS. Due to the approximations still existing in UCS as
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well as NCS, the ability to image weak reflective targets affected by a strong
reflective target nearby of these algorithms in UWB SAR is restricted. This
is demonstrated by the measured results of integrated sidelobe ratio (ISLR)
and peak sidelobe ratio (PSLR) given in [32]. In reality, there are always
motion errors caused by any airborne SAR system and these motion errors
need to be compensated. However, there may not be a manageable motion
compensation method for UCS as for time-domain algorithms [38].

As also shown in [32], the computational cost for NCS accelerate with the
increase of the integration angle. This also holds for UCS. For UWB SAR
processing in general and moving target detection in UWB SAR in particular,
some extra computational costs must be counted for UCS such as elimination
of higher order phase (HOP) terms in the Taylor expansion (from fourth order
for NCS and fifth order for UCS) and motion error compensation.

As shown in the tests in Section 5.3, using PBP in the detection of moving
target by focusing technique has the advantage of the flexible tested area
thanks to PBP’s local processing characteristics. In addition, the image pixel
spacing can be set as desired. For UCS, the hypotheses must be tested on
a larger area since its dimensions are decided by the considered number of
aperture positions and the number of range data. The image pixel spacing is
also limited by the required PRF and the range sampling frequency.

A comparison in terms of processing time related to the computational cost
for the detection may be difficult to present in an analytical way due to the
different matrix sizes to be processed. However, in our tests with simulated
data, the detection embedded UCS has no advantage in terms of processing
time over PBP.

For these reasons, experiments on the real CARABAS-II data in the follow-
ing sections are focused on the detection embedded PBP. With an appropriate
selection of processing parameters and an appropriate method for embedding
PBP in the moving target detection by focusing technique, this technique can
be carried out efficiently both in terms of image quality for detection and
processing time.

6 The First Experiment on Real Data

In the first experiment on real data, we used CARABAS-II SAR data collected
in the area of Simrishamn, located along the Baltic coastline in southern
Sweden. The latitude and longitude of the aim point are 55.5o N and 14.3o

E, respectively. The parameters for the registration are given in Table 1 and
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have also been used to generate the simulated data in Sections 4 and 5. The
imaged ground scene is shown in Fig. 8.

Using PBP, the SAR image in Fig. 8 is formed by a complete aperture of
20480 positions, equally spaced 0.9375 m. The dimensions are 5120 m × 5120
m with 1 m sampling in each direction. With such dimensions, an optimum
subaperture size in PBP of 72 aperture positions is retrieved by (41) with
Nh = 1. With the available data, a selection of the tested area can be the full
SAR scene 5120m×5120m. However, due to illustration purposes, we select an
area 400m×100m surrounding (1159, 128) marked by a black rectangle in Fig.
8. In this area, moving targets can be detected as well as imaged easily. An
arbitrary integration angle θ = 15o is considered for handling the detection.
Equations (37) and (38) result in 10m×2.5m as the image pixel spacing. The
number of image pixels belonging to the tested area is therefore Npixel = 1600.
Since the selected area belongs to the territorial waters in Simrishamn, moving
objects can be a boat, a ferry-boat or a ship . The speed of such vessels may
be up to 50 km/h or 14 m/s. The NRS range is set approximately from 0.9
to 1.1 based on (35) and (36). Using the parameters given in Table 1, an
optimum quantization step size Δγ = 7.5 · 10−3 is retrieved by (33) based
on the threshold hlim = −3 dB and Q = 1.6. The number of hypotheses
γp needed for detection is therefore Nh = 27. Fig. 9 shows the normalized
intensities of the image pixels processed with different hypotheses γp.

Measurement results on the normalized intensities indicate the presence
of a moving targets with NRS ≈ 0.96 in the tested area. The three peaks
shown in Fig. 9 belong to three adjacent image pixels and should therefore
be associated to one single moving target. The difference in NRS may be
explained by waves in the territorial waters in Simrishamn at time of data
collection. The strong waves cause roll of the vessel which change its velocity
during the integration time. This affects severely the detection ability.

Fig. 10 shows the same imaged scene as in Fig. 8 but processed with
γp = 0.96. Some effects on the new formed SAR image can be seen directly.
The elliptic curve in the selected area marked by the black rectangle is now
focused on a small bright spot in Fig. 10. This again confirms the presence
of only one vessel in the tested area. Meanwhile, pointlike scatters, e.g. the
one marked by the black circle, either smear as elliptic curves or disappear
since the reflected energy may drop below the clutter noise level as a result
of this dispersion. The effects on the SAR image can be explained as follows.
The stationary objects on the ground can now be defocused in the moving
frame processed at γp = 0.96 (smearing as elliptic curves). All moving objects
surrounding γp = 0.96 are focused to original shape. However, large stationary
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Figure 9: The measured normalized intensities on 1600 image pixels
10m×2.5m belonging to the tested area 400m×100m processed by PBP with
different γp. Optimum quantization step size for detection Δγ = 7.5 · 10−3,
integration angle θ = 15o, minimum range r0 ≈ 4700 m. The solid black plots
denote the peak values of normalized intensities.

objects such as power lines are not affected by the focusing approach due to
strong specular reflection, i.e. non-pointlike scatters.

A SAR image of the detected moving object is also shown as contour plots
at levels −3 dB, −6 dB, −9 dB, −15 dB and −21 dB in the lower right corner
of Fig. 10. The 3 dB width of the target is estimated to be about 7 m × 3
m. This is a quite good result since it is close to what one would expect for
an extended boat, ferry-boat or ship.

Since the moving object in this experiment is a strong scatter in a low
backscattering environment, it can be visually detected at all of the proposed
NRS. However, as shown in Fig 9, the concentration of the moving target’s en-
ergy at γp = 0.96 is only 3 dB higher than at γp = 1. If the moving target was
not in the territorial waters and surrounded by a number of the very strong
non-pointlike scatters, the possibility to detect this moving target would be
low. This specific experiment shows that, applying this technique to single-
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Figure 10: Same imaged scene as in Fig. 8 but processed with γp = 0.96. The
image is also processed by an integration angle of about 110 o with respect
to the aim point. The hyperbolic curve in the selected area marked by the
black rectangle is now focused on a small bright spot. The pointlike scatterer
marked by the black circle smears as an elliptic curve.

channel and using it directly to detect moving targets at small integration
angles is suboptimal in urban areas with many strong non-pointlike scatters.
In this case, a large integration angle is required to get a better improvement
in SCNR for detection. Another experimental result on the data collected in
the Simrishamn scene is presented in [20]. The improvement in SCNR is also
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Figure 11: Ground scene of the island Visingsö, located in the fresh water lake
Vättern in southern Sweden, is imaged by CARABAS-II with the parameters
given in Table 3. The image is processed by the complete aperture which refers
to an integration angle of about 110 o with respect to the aim point. The
area surrounding a elliptic curve visible in a SAR image, where the presence
of a moving target is predicted, is delineated by a black rectangle. A corner
reflector, which appears as a point target in the SAR image and is marked by
a black circle, is used to observe the effects of the focusing approach to the
SAR image as well as evaluate the performance of the detection.

about 18 dB, however at an integration angle θ ≈ 110o, i.e. the complete
aperture. However, using the complete aperture is synonymous with long
processing time and may violate seriously the assumptions of linear move-
ments with constant speeds. An alternative is to combine the moving target



180 Part III−A

detection by focusing technique with multi-channel techniques, e.g. DPCA
and STAP, to suppress the surrounding non-pointlike scatters [30, 39]. The
improvement in SCNR obtained with the moving target detection by focus-
ing technique will still be preserved when combining with the multi-channel
techniques.

7 The Second Experiment on Real Data

In the second experiment on real data, we use CARABAS-II SAR data col-
lected in a field campaign at the northern part of the island Visingsö, located
in the fresh water lake Vättern in southern Sweden. The latitude and longi-
tude of the aim point are 58.0o N and 14.4o E, respectively. The parameters
used in the data collection are summarized in Table 3.

The imaged SAR scene processed with complete aperture is shown in Fig.
11. Dimensions of the SAR image are 9210 × 10752 pixels at 1 m × 1 m pixel
spacing. Equation (41) results in an optimum subaperture size of 104 aperture
positions, equally spaced 0.9375 m. In this experiment, we concentrate on
evaluating the gain in detection ability.

The moving object considered in this experiment is known. It is the EBBA
BRAHE ferry operating in the lake Vättern. The dimensions of the ferry are
40 m ×17 m. At the time when the data were collected, the ferry was moving
toward the island at a speed of vtg ≈ 10 knots or vtg ≈ 5.14 m/s. The moving
direction of the ferry is ϕ ≈ 180o with respect to the platform velocity. Equa-
tion (34) results in an approximate true NRS γt = 1.04. During this SAR
data collection campaign, corner reflectors for system calibration located at
different areas with low scattering background were deployed. Corner reflec-
tors appear as point targets in a SAR image. They can therefore be seen as
reference point targets and used to evaluate the gain in detection ability using
(39).

7.1 Moving Target Detection by Focusing Experiment

The EBBA BRAHE ferry appears in the SAR image as an elliptic curve in
the area surrounding (962, 7196) as shown in Fig. 11. The tested area is in
this case 400m×100m and marked by a black rectangle in Fig. 11. With the
similar image pixel spacing of 10m×2.5m, the number of image pixels is the
same as the number used in the first experiment, i.e. Npixel = 1600.
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Table 3: The parameters used in the measurement campaign in Visingsö.

Parameter Value

The highest frequency processed 82 MHz
The lowest frequency processed 22 MHz

Platform speed vpl 126 m/s
Full aperture length 33600 m

Full aperture positions 35840
Flight altitude 4943 m

Minimum range to the aim point 11250 m
PRF 134 Hz

The speed of the ferry is limited by 50 km/h or 14 m/s. With given speed
of the aircraft, different hypotheses γp are tested on the selected area in the
interval 0.85 to 1.15 derived by (35) and (36). If the integration angle θ = 15o

is selected for detection, an optimum quantization step size Δγ = 3 ·10−3 can
be estimated using (33) based on the threshold hlim = −3 dB and Q = 1.6.
The number of hypotheses γp needed for detection is therefore Nh = 101.

As shown in Fig. 12, the EBBA BRAHE ferry moving with an NRS ≈
1.036 in the tested area is detected. Since the EBBA BRAHE ferry is not
strongly affected by the waves while moving in the fresh water lake Vättern,
it gets more focused compared to the vessel in the first experiment. Fig. 13
shows the same imaged scene as given in 11 but processed with γp = 1.036,
where the moving target has the highest possibility of detection.

Processing data with NRS = 1.036 causes some effects which can be seen
directly in Fig. 13. The curve found earlier in the selected area (marked
by the black rectangle) is now focused on a small bright spot. Meanwhile,
the corner reflector in the area of reference disappears (marked by a black
circle in Fig. 11) since the energy reflected from the reflector is dispersed and
drops below the clutter noise level as a result of about −10 dB energy loss at
γp = 1.036. Similar to the first experiment, large stationary objects, in this
case fences, are also not affected by defocusing.
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Figure 12: The measured normalized intensities on 1600 image pixels
10m×2.5m belonging to the tested area 400m×100m processed by PBP with
different γp. Optimum quantization step Δγ = 3 · 10−3, integration angle
θ = 15o, minimum range to the object r0 ≈ 7600 m. The solid black plot
denotes the peak value of normalized intensities.

7.2 Evaluation of the Detection Ability

To evaluate the detection ability using (39), an area 50m×12.5m surround-
ing the focused EBBA BRAHE is selected to be the area of detection. As
mentioned, some corner reflectors were deployed to calibrate the CARABAS-
II system during this data collection campaign. One of them is located at
(7982, 7751) in the local azimuth and range coordinates and is marked by a
black circle in Fig. 11. Its contour plots at levels −3 dB, −6 dB, −9 dB, −15
dB and −21 dB is in the lower left corner of Fig. 11. This reflector appears
in the SAR image as a point target and can be used for evaluation purposes.
The area surrounding the corner reflector defines the area of reference.

As mentioned, the area can be affected by surrounding objects when the
focusing approach is applied. The area of reference should thus be small
enough to avoid the smearing of other objects which may cause inexact mea-



Detection of Moving Targets by Focusing in UWB SAR−Theory and ... 183

Figure 13: Same area as in Fig. 11 but processed with γp = 1.036. The image
is also processed by an integration angle of about 110 o with respect to the
aim point. Similar effects, which have been seen in Fig. 10, are again shown
in this image. However, the corner reflector in the area of reference, marked
by a black circle, disappears due to the energy dispersion.

surements. The dimensions of the area of reference are therefore selected by
30m×7.5m. The defined area of detection and area of reference are processed
with different hypotheses γp. This evaluation is only based on normalized
peak intensities. The normalized peak intensities measured in those areas are
plotted in Fig. 14 with respect to the NRS under test γp. The improvement in
SCNR can be determined visually by looking at Fig. 14. In this experiment,
the improvement was approximately 18 dB as the result of 8 dB concentration
of the moving target’s energy as well as −10 dB dispersion of the point target’s
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V05, moving target

V05, stationary target

Figure 14: The measured normalized peak intensities on the area of detection
50m×12.5m and the area of reference 30m×7.5m processed by PBP with
different γp. Optimum quantization step Δγ = 3 · 10−3, integration angle
θ = 15o, minimum range to the object r0 ≈ 7600 m.

energy. This result is similar to the SCNR obtained from the simulations in
Section 5.3.

7.3 Moving Target Estimation by Focusing

NRS can be estimated by testing new hypotheses γp,e around the NRS=1.036
retrieved in the detection stage. Using the same integration angle for the de-
tection stage θ = 15o, a new step size for this estimation Δγe = 6 · 10−4

is retrieved by (33) with a more strict threshold hlim = −0.1 dB corre-
sponding to Q = 0.7. The new hypotheses γp,e are tested on the interval
[NRS −Δγ,NRS +Δγ], i.e. [1.033, 1.039]. The number of hypotheses γp,e
needed for estimation is therefore Nh,e = 11. The image pixel spacing for
estimation can be reduced, for example, to 0.5m×0.5m. The new hypotheses
γp,e are tested on a smaller area 10m×2.5m which is called the area of estima-
tion. The number of image pixels is given by Npixel = 100. An investigation
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of the normalized peak intensities around the value NRS = 1.036 is given in
Fig. 15.

A more accurate NRS = 1.0372 is retrieved in this estimation stage.
Hence, the moving target detection by focusing technique, when applied with
a smaller step size than the optimum for detection, can be seen as an NRS
estimation method. However, if we perform the NRS estimation method with
different integration angles, other motion parameters may be retrieved. In this
experiment, we perform the NRS estimation method with another integration
angle, i.e. θ = 30o, but use the same step size Δγe = 6 · 10−4. The retrieved
peak intensities corresponding to different γp,e is also plotted in Fig. 15. The
maximum value of the peak intensities is reached at γp,e = 1.0378. The new
estimated NRS = 1.0378 is different from the old estimated value 1.0372. In
our other experiments where we estimated the NRS with the complete aper-
ture, NRS = 1.04 was retrieved. The differences may be caused in part by the
acceleration or the directional change of the moving object during the time
interval of data collection. Movement of the ferry caused by sea waves and
wind gives also rise to an imprecise estimation of NRS. The effects of such
factors to NRS estimation are proportional to the increase of the integration
angle. The different estimated NRS by different integration angle θ open also
possibilities to estimate the speed, the acceleration and therefore the moving
direction of the moving object by nonlinear tracking filters, i.e. Kalman fil-
ters [40]. For the multi-channel cases, such estimations can be simplified and
accurate with the estimated NRS. However, these topics will not be presented
in this paper.

The small figure in the upper right corner in Fig. 13 shows the contour plot
of the EBBA BRAHE ferry after being focused with the estimated NRS =
1.0378. Contour plots at −3 dB, −9 dB, −15 dB and −21 dB are considered.
A 3 dB reduction in the peak signal power corresponds to the smallest curve
in the center of the contour plot. The dimensions of the −3 dB contour are
approximately 10 m × 3 m. This should not be considered as the dimensions
of the ferry but rather as the strongest reflector on the starboard side. In
this case, the ferry has its large board side against the radar with a triangular
shape with the wheelhouse on the top. This triangle probably causes the
reflection with a maximum at the wheelhouse. Looking at the total reflection,
it has an extension of 30-40 m which is in agreement of the length of the ferry
board. Apart from this long reflector is another one that is probably related
to the second side of ferry, i.e. the port side of the car deck.
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Figure 15: The measured normalized peak intensities on the area of estimation
10m×2.5m processed by PBP with different γp. Optimum quantization step
Δγ = 6 · 10−4, integration angle θ = 15o and θ = 30o, minimum range
r0 ≈ 7600 m.

8 Conclusion

Moving target detection by focusing is a promising technique when UWB SAR
systems are used, especially at low frequencies. Both time- and frequency-
domain algorithms can be integrated into this technique, i.e. as the basic
prerequisite for the focusing approach. The moving target detection by fo-
cusing technique does not require multi-channel data. However, applying this
technique to single-channel is suboptimal. A combination of this technique
with multi-channel techniques, e.g. DPCA and STAP to suppress clutter, will
provide even better detection and estimation results. An important advantage
of using this technique is that the ability of detection increases significantly
even when a moving target may be surrounded by a considerable number
of stationary targets or clutter. In the experiment on the simulated data,
the improvement in SCNR is up to 20 dB at an integration angle θ = 15o.
The second experimental results on the CARABAS-II data show a similar
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improvement in SCNR (about 18 dB) using the same integration angle. This
gain will be at least preserved when combining with multi-channel techniques.

The selection of integration angle for detection is critical. Wide integration
angle allows better azimuth focusing and therefore higher possibility of the
moving target detection. However, this is synonymous with long processing
time and may be violate seriously the assumptions such as linear movements.

A fast time-domain algorithm PBP integrated into the moving target de-
tection by focusing technique can easily be implemented on small areas with
a manageable motion compensation. This may be a challenge for frequency-
domain algorithms. Investigations in this paper also show that the number of
operations needed for the detection also depends on the method for embed-
ding the PBP. In the experiments where we concentrate on illustration and
evaluation, the technique works well in the sea environments. However, to get
a better performance and shorter processing time in reality, processing small
areas and parallel processing are advised. The technique also shows the ability
to estimate NRS and to indicate the existence of acceleration as well as chang-
ing direction. Other motion parameters such as the speed, the acceleration
and therefore the moving direction are also possible to be estimated.
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in UWB Low Frequency SAR

V. T. Vu, T. K. Sjögren, and M. I. Pettersson

Abstract

Moving target detection in Ultra-Wideband (UWB) SAR is asso-
ciated with long integration time and has to handle azimuth focusing
for reliable detection. This paper presents the theory and simulation
results of the Fast Detection of Moving Targets by Focusing method
(FDMTF) which is understood as the Detection of Moving Targets by
Focusing method (DMTF) incorporating fast time-domain algorithms
in the process. Two fast time-domain algorithms Fast Backprojection
(PBP) and Fast Factorized Backprojection (FFBP) are considered. The
results show that FDMTF performs very efficiently and still retains the
ability of detection.

1 Introduction
Detection of Moving Targets by Focusing (DMTF) [1] is known as a promising
detection technique used in Ultra-Wideband (UWB) SAR. This technique
facilitates slow moving target detection which may be challenging for the
detection techniques with short integration time. The technique supports
both single- and multi-channel SAR data. The improvement in Signal-to-
Clutter Ratio (SCR) measured in the experiments on single-channel SAR
data is up to approximately 20 dB [2]. This gain will at least be preserved
for the case of multi-channel SAR data. The experimental results in [2] also
show the ability to detect moving targets, which may be fully obscured by a
considerable number of stationary targets, i.e. clutter. In addition, motion
parameters of the detected targets can also be initially estimated. However,
the processing time for detection needed by DMTF is usually long. One reason
for the long processing time is the large number of blind hypotheses which
need to be tested. The other is that the detection technique is built on the
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SAR imaging algorithm Global Backprojection (GBP) [3]. This algorithm
always requires high computational cost itself.

Several research works to overcome this shortcoming of DMTF have been
managed in which using frequency-domain algorithms in DMTF can be seen
as a temporary solution. Investigations in [4] have shown that the frequency-
domain algorithms, e.g. Range Migration (RM) [5], can be selected to be
the basis for the focusing approach in DMTF. Without motion error, the
performance of RM and GBP are almost identical in terms of image quality
which refers to the ability of detection. Since DMTF does not always re-
quire very large integration angle, other frequency-domain algorithms such as
Ultra-wideband Chirp Scaling (UCS) [6] can also be integrated into DMTF.
However, RM or UCS may not exploit strong points of DMTF. Thanks to the
local processing characteristic of GBP using in DMTF, the area of interest,
where blind hypotheses are tested, can be from a small area to the whole SAR
scene. The image pixel spacing can also be set as desired. These flexibilities
may not be valid for the frequency-domain algorithms. For frequency-domain
algorithms, we always need to process whole SAR scene with a fixed image
pixel spacing, which is decided by the ratio of platform speed to Pulse Repeti-
tion Frequency (PRF) and the range sampling frequency. Extra steps such as
extracting the defined areas of interest from whole SAR scene and either down-
or upsampling to reach the expected image pixel spacing are needed. Beside
this, motion error compensation, which can be seen as an inherent challenge
of the frequency-domain algorithms, also requires computational cost and is
difficult to handle [7]. For those reason, the frequency-domain algorithms are
not at an advantage compared with the time-domain algorithms in DMTF.

Basically, if we replace GBP in DMTF by fast time-domain algorithms
such as Fast Backprojection (PBP) [8] or Fast Factorized Backprojection
(FFBP) [9], the processing time needed for the detection will be reduced
significantly. However, the processing time can be reduced further, depending
on the methods to integrate these algorithms into DMTF. DMTF integrated
one fast time-domain algorithm is called the Fast Detection of Moving Targets
by Focusing method and denoted by FDMTF.

The objective of this paper is to present theory and simulation results of
the FDMTF on single channel SAR data. Different methods to integrate the
fast time-domain algorithms into FDMTF to achieve the best performance in
terms of processing time are discussed in details. Simulated data used in this
study is based on the parameters of CARABAS-II system [10] which is known
as an airborne UWB low frequency SAR system. However, FDMTF is also
available for other single- or multi-channel SAR systems, e.g. LORA [11].
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The paper is organized as follows. Section 2 reviews the fast time-domain
algorithms which are the subjects to integrate into DMTF. Methods to inte-
grate these algorithms into DMTF to reduce the processing time are proposed
in Section 3. Simulation results and evaluations of the FDMTF are presented
in Section 4. Section 5 provides the conclusions.

2 Fast Time-Domain Algothrims
In this section, we review two fast time-domain algorithms PBP and FFBP.
These algorithms will be the subjects to integrate into DMTF.

A SAR image is considered as a linear transformation from the radar echo
data. The global backprojection process [3] places a position (xi, rj) in the
SAR image and is simply interpreted by an integral

h (xi, rj) =

+L
2∫

−L
2

g

(
vplt,

√
(vplt− xi)

2 − r2j

)
d (vplt) (1)

where L is the aperture length and g (x, r) represents the range-compressed
data.

2.1 Fast Backprojection
In the PBP, two concepts - polar image and slant-range image - are used [8].
PBP splits the complete aperture into subapertures. From the center of each
subaperture, a polar grid (cosα̂, r̂) is created. The polar grid must cover the
full slant-range image and meet the Nyquist sampling requirements for cosα̂
and r̂

Δcosα̂ <
c

2fmaxLs
(2)

Δr̂ <
c
2B

(3)

where fmax is the maximum radar signal frequency, Ls is the subaperture
size, c is the speed of light and B is the signal bandwidth. The polar images
are retrieved by superposition of backprojected data in polar grids. The range
from a position in the l-th subaperture to a pixel (m,n) of the l-th polar image
is determined by

r̃l,m,n (t) =

√
(vplt− xl − r̂ncosα̂m)

2
+ (r̂nsinα̂m)

2
. (4)
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The slant-range image is obtained by a linear mapping from all the polar
images. The range from the center of the l-th subaperture to a slant-range
image pixel (xi, rj) and the cosine of the angle between the range and the
flight track vectors are derived as

r̄l,i,j =
√
(xl − xi)

2 + r2j (5)

cos (ᾱl,i,j) =
xl − xi
r̄l,i,j

. (6)

2.2 Fast Factorized Backprojection

Two versions of FFBP, one based on Local Backprojection (LBP) [12] and the
other on PBP, are proposed in [9]. The latter is aimed at in this paper. FFBP
based on PBP can be interpreted as PBP processing data in multiple polar-
mapping stages so-called factorization. The polar grids in the polar-mapping
stages must be large enough to cover the slant-range grid. In the first polar-
mapping stage, the complete aperture is divided into a number of first-stage
subapertures. From the center of each first-stage subaperture, the first-stage
polar grid is created. The range compressed data is mapped into the first-stage
polar grids to form the first-stage polar images. In the second polar-mapping
stage, a number of the first-stage subapertures are combined together to create
the second-stage subaperture. The second-stage polar grids are formed from
the center of the second-stage subapertures. The second-stage polar image
is retrieved by a coherent mapping from the first-stage polar images into
the second-stage polar grid. The polar-mapping stages are repeated until
the final polar-mapping stage. The number of the polar-mapping stages or
factorizations depends strongly on SAR system parameters, required image
quality and processing time.

3 Fast Detection of Moving Targets by Focusing

A moving target can be considered as a stationary target in the SAR formation
process if the platform carrying the SAR equipment is assumed to move with
a velocity which is the vector sum of the original platform velocity and the
target velocity. The normalized relative speed (NRS) is the absolute value of
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the assumed velocity vector [1]

γt =

√√√√ (vpl − vξ)
2 + v2η

v2pl
. (7)

where vpl is the speed of the platform, vξ and vη are the moving target velocity
components in ξ and η directions, respectively. All movements are assumed
to have constant speeds, i.e. no acceleration. As mentioned in [1], the moving
target can be focused with NRS if its motion parameters such as vξ and vη are
known. In reality, these parameters are usually unknown and will therefore
require complicated estimate procedures to be retrieved. These procedures
can be applied only if the presence of the moving target is indicated or in
other words, the moving target must be detected before applying estimate
procedures. For detection, different hypotheses γp (so-called NRS under test)
on γt have to be tested until the detection is reached. The highest probability
of detection can be obtained for the smallest step size between the tests. An
optimum quantization step size Δγ for detection is proposed in [13]. The
derivation of the step size is based on the decrease of the Impulse Response in
SAR imaging (IR-SAR) of a point target given by the GBP integral [3] and
approximated by

Δγ ≈ Q2cr0
2πfcγtv2plt

2
i

. (8)

where Q is the detection constant given by a threshold hlim which should be
set as desired to meet the requirement of the acceptable detection failure. The
minimum range to the predicted position of a moving target is denoted by r0,
fc is the center frequency and ti is the integration time for the detection.
Based on the maximum speed of the target, which is expected to detect in
the area of interest, different hypotheses are tested in the range [1]

γp ∈
[
1− max

{
vtg
vpl

}
, 1 + max

{
vtg
vpl

}]
(9)

For DMTF, the number of operations to perform the detection method on
an area of interest N ×N pixels is counted as

Σ0 = Nh ×Na ×N2 (10)

where Nh is the number of hypotheses and Na is the number of aperture
positions considered for the DMTF. To increase the performance of the de-
tection method in term of processing time with a defined area of interest, we
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might reduce Nh and Na. A reduction of Nh is synonymous with a reduc-
tion of probability of detection since Nh is a function of Δγ. Decreasing Nh

is therefore not realistic. We may select smaller Na i.e. smaller integration
angle. However, the integration angle must be chosen large enough to handle
azimuth focusing and to obtain a significant improvement in Signal to Clutter
Ratio (SCR) [1].

We propose here several methods to integrate PBP and FFBP, which are
reviewed in Section II, into DMTF to make the detection method become
much more efficient. It is obvious that moving target focusing can be done in
the polar image formation or slant-range image formation. In the first case,
FDMTF scales the platform speed with different values of γp in (4) as

r̃l,m,n (t) =√
γ2p · (vplt− xl − r̂ncosα̂m)

2
+ (r̂nsinα̂m)

2
. (11)

FDMTF needs to calculate coordinates of the polar grid, backproject data on
the polar grids, upsample polar images and map the polar images to slant-
range image for all subaperture and all hypotheses. The number of operations
required to perform FDMTF integrated PBP is estimated as

Σ1 = Nh ×Na ×N ×
(
2 +Ns +

N

Ns

)
(12)

where Ns is the number of aperture positions in one subaperture. The opti-
mum value of Ns can be retrieved by solving the first derivative of (12) with
respect to Ns as

∂

∂Ns

{
Nh ×Na ×N ×

(
2 +Ns +

N

Ns

)}
= 0 (13)

The solution of (13) is shown to be

Ns =
√
N (14)

The optimum number of operations for detection is therefore given by

Σ1,o = 2×Nh ×Na ×N ×
(
1 +

√
N
)

(15)

In the second case, where the blind hypotheses are tested on the slant-
range image formation, the platform speed component existing in xl in (5) is
scaled by γp as

r̄l,i,j =
√
γ2p · (xl − xi)

2
+ r2j . (16)
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In such case, it is not necessary to repeat calculating coordinates of the polar
grid, backprojection data on polar grid and upsampling polar image steps
for each hypothesis. Basically, the optimum number of operations needed for
detection is reduced to

Σ2 = Na ×N ×
(
2 +Ns +

Nh ×N

Ns

)
(17)

With the optimum value of Ns retrieved from the first derivative of (17) with
respect to Ns

Ns =
√
Nh ×N, (18)

the number of operations for detection is optimized as

Σ2,o = 2×Na ×N ×
(
1 +

√
Nh ×N

)
. (19)

It is seen clearly that the FDMTF integrated PBP with γp tested on the
slant-range image formation give advantages of processing time over on the
polar image formation. For large areas of interest (N >> 1), the detection
by moving target focusing in the slant-range image formation, i.e. using (16),
runs faster than in the the polar image formation, i.e. using (11), approxi-
mately

√
Nh time.

Similarly, FDMTF integrated FFBP can also be performed either on the
polar image formation in any polar-mapping stages or the slant-range image
formation. Testing different blind hypotheses γp on the latter polar-mapping
stages gives advantages of processing time over the beginning polar-mapping
stages. However, testing on the slant-range image formation requires shortest
processing time. Hence, in the last case, where different blind hypotheses
γp are tested on the slant-range image formation using (16), the number of
operations for detection is estimated by

Σ3 = Na ×N×[
2 +Ns + (L− 1)× (2 +Nf ) +

Nh ×N

Ns ×NL−1
f

]
(20)

where L is the number of the polar-mapping stages and Nf is the factorization
factor. The optimum value of Ns can also be derived from the first derivative
of (20) with respect to Ns as

Ns =

√
Nh ×N

NL−1
f

. (21)
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Table 1: The CARABAS-II Simulated Parameters

Parameter Value

The highest frequency processed 82 Mhz
The lowest frequency processed 22 MHz

Platform speed vpl 128 m/s
Flight altitude 3700 m

Minimum range to the aim point 7150 m
Pulse Repetition Frequency (PRF) 137

Substituting (21) to (20) results in an optimum number of operations for
detection as

Σ3,o = 2×Na ×N×[
1 +

√
Nh ×N

NL−1
f

+ (L− 1)×
(
1 +

Nf

2

)]
. (22)

If L = 1, i.e. only one polar-mapping stage or in other word PBP, (19)
and (22) are identical. Since Ns given in (18) and (21) are functions of Nh,
they must comply with (8).

4 Simulation Results and Evaluations
In this section, we present simulation results and give evaluations for FDMTF.
We use simulated CARABAS-II SAR data. The main parameters of this
system are summarized in Table 1. The simulated ground scene consists of
one moving target which is the subject to be detected and another stationary
target which can be used to evaluate the performance of the FDMTF. The
moving target is assumed to be a ship, a boat or a ferry as in [2] with point-
like scattering. The maximum speed of such vessels is about 25 knots (≈
12.8 m/s). The moving direction is unknown. The stationary target is also
assumed to be point target. In reality, a corner reflector can be seen a point
target in a SAR image. The simulated SAR scene is imaged by both PBP and
3-stage FFBP with the factorization factor Nf = 4 and given in Fig. 1.a and
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1.b. The SAR images are processed with 2000 aperture positions which refers
to an integration angle of about φ0 = 15 0 with respect to the aim point.
The moving target on the right hand side of the SAR images is defocused and
appears in the SAR images as black ellipse curves. Small black points on the
left hand side are images of the stationary target.

FDMTF is assumed to processes the same integration angle φ0 = 15 0.
The total number of the aperture positions is therefore Na = 2000. With
the given parameters in Table 1 and based on (8), an optimum quantization
step size for detection is shown to be Δγ = 5 · 10−3 which corresponds to the
threshold of hlim = 3 dB allowing maximum loss of 3 dB from the peak IR-
SAR. Equation (9) results in a hypothesis range γp ∈ [0.9, 1.1]. The number of
blind hypotheses with the optimum quantization step size and the hypothesis
range is Nh = 41. For testing purposes, both the area of interest and reference
in this simulation can be chosen relatively small and are defined by areas
surrounding the center of the ellipse curves and the points in the imaged SAR
scene, respectively. In reality, areas of interest are usually very large, e.g.
forest where moving targets can be hidden by thick foliage or a long road
where over speed vehicles need to be indicated.

Fig. 2 shows the relationship between γp and the retrieved peak IR-SAR
in the areas of interest and reference. At γp = 1.04, the peak IR-SAR is
reached with both PBP and FFBP. This indicates the presence of an moving
with γt ≈ 1.04 in the area of interest. The simulated SAR scene is again
imaged with the assumed platform speed 1.04 · vpl and shown in Fig. 1.c and
1.d. The reference point target is now defocused in the SAR images whereas
the moving target is focused to the original shape (point-like).

The evaluation is based on a comparison between DMTF and FDMTF
in terms of detection ability and processing time. The detection ability can
be measured directly by the improvement in SCR which is proposed in [1].
The measurement consider the retrieved peak IR-SAR in the area of interest
before and after focusing as well as in the area of reference. Fig. 2 also
plots the detection results of DMTF with the same parameters processed
by FDMTF. The improvement in SCR can be visually estimated about 20
dB for two FDMTF versions, i.e. integrated PBP and FFBP. This result
approximates the same improvement in SCR obtained with DMTF (less than
1 dB difference).

Since the processing time is always proportional to the number of oper-
ations needed for detection, an investigation on this number is sufficient for
evaluation purposes. Fig. 3 shows a comparison between numbers of oper-
ations required by DMTF and two FDMTF versions which are described by
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Figure 1: Simulated SAR scene imaged by PBP and FFBP with parameters
given in Table 1. The image is processed with 2000 aperture positions which
refers to an integration angle of about φ0 = 15 0 with respect to the aim
point. (a) PBP, (b) FFBP, (c) PBP and γp = 1.04, (d) FFBP and γp = 1.04.
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Figure 2: The measured normalized IR-SAR on the areas of interest and ref-
erence in dB scale. The simulated SAR scene is processed by PBP and FFBP
with different NRS undertest γp. For evaluation purposes, the simulated SAR
scene is processed by GBP. Both DMTF and two FDMTF versions process
with the optimum quantization step size for detection Δγ = 5 ·10−3, the inte-
gration angle θ = 150, the hypothesis range γp ∈ [0.9, 1.1] and the minimum
range r0 ≈ 7150 m.

(19) and (21), i.e. testing on the slant-range image formation. Since the area
of interest can be chosen arbitrarily from extremely small areas to the whole
SAR scene, areas from 1 m× 1 m to 5120 m× 5120 m, full SAR scene given
in [1], with 1 m sampling in each direction will be investigated. The results
plotted in the Fig. 3 show that if the area of interest is small, the difference
in the numbers of operations can be negligible. However, this does not hold
true for large areas of interest. For example, FDMTF integrated PBP can
run faster than DMTF about 230 times for the same area of interest 5120
m× 5120 m with 1 m sampling. The plots in Fig. 3 also show that the
processing time for FDMTF integrated FFBP depends on the number of the
mapping-polar stages L and the factorization factor Nf . In this simulation,
FDMTF integrated 4-stage FFBP with Nf = 8 runs faster than DMTF up
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Figure 3: Optimum number operations need for DMTF and different FDMTF
versions as functions of the area of interest. The number of the aperture
positions is Na = 2000, which refers to an integration angle of φ0 = 15 0, and
the number of the tested hypotheses is Nh = 41.

to 3000 times for the same area of interest 5120 m× 5120 m. This is a huge
improvement in processing time.

5 Conclusion

In this paper, we present theory and simulation results of the FDMTF on
single channel SAR data. Two FDMTF versions integrated PBP and FFBP
reduce the processing time significantly but retain the ability of detection.
Investigations in this paper show that processing time is also affected by the
methods to integrate PBP and FFBP in FDMTF. Evaluation results show
that FDMTF performs much more efficient than DMTF in terms of processing
time, especially on large areas of interest. Although data used in this study
is based on the parameters of CARABAS-II system operating in VHF-band,
FDMTF is also available for other single- and multi-channel SAR systems. A
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combination FDMTF with space-time processing techniques for more reliable
detection will be presented in another paper.

References

[1] V. T. Vu, T. K. Sjögren, M. I. Pettersson, H.-J. Zepernick, and A. Gus-
tavsson, “Experimental results on moving targets detection by focusing in
UWB low frequency SAR,” in Proc. IET RADAR’2007, Edinburgh, UK,
Oct. 2007, pp. 562–566.

[2] V. T. Vu, T. K. Sjögren, M. I. Pettersson, L. M. H. Ulander, and A. Gus-
tavsson, “Moving targets detection by focusing in UWB SAR - Theory and
experimental results,” IEEE Trans. Geosci. Remote Sensing, submitted for
publication.

[3] L. E. Andersson, “On the determination of a function from spherical av-
erages,” SIAM Journal on Mathematical Analysis, vol. 19, no. 1, pp. 214–
232, 1988.

[4] V. T. Vu, T. K. Sjögren, and M. I. Pettersson, “Moving target detection by
focusing for frequency domain algorithms in UWB low frequency SAR,”
in Proc. IEEE IGARSS’2008, Boston, MA, Jul. 2008, pp. 161–164.

[5] C. Cafforio, C. Prati, and F. Rocca, “SAR data focusing using seismic
migration and techniques,” IEEE Trans. Aerosp. Electron. Syst., vol. 27,
pp. 194–207, Mar. 1991.

[6] V. T. Vu, T. K. Sjögren, and M. I. Pettersson, “Ultra-wideband chirp
scaling,” IEEE Signal Processing Lett., submitted for publication.

[7] O. Frey, C. Magnard, M. Rüegg, and E. Meier, “Focusing SAR data ac-
quired from non-linear sensor trajectories,” in Proc. IEEE IGARSS’2008,
Boston, MA, Jul. 2008, pp. 415–418.

[8] A. F. Yegulalp, “Fast backprojection algorithm for synthetic aperture
radar,” in Proc. IEEE RadarCon’99, Waltham, MA, Apr. 1999, pp. 60–65.

[9] L. M. H. Ulander, H. Hellsten, and G. Stenstrom, “Synthetic-aperture
radar processing using fast factorized back-projection,” IEEE Trans.
Aerosp. Electron. Syst., vol. 39, no. 3, pp. 760–776, 2003.



210 Part III−B

[10] H. Hellsten, L. M. H. Ulander, A. Gustavsson, and B. Larsson, “Devel-
opment of VHF CARABAS II SAR,” in Proc. SPIE Radar Sensor Tech-
nology, vol. 2747, Orlando, FL, Apr. 1996, pp. 48–60.

[11] L. M. H. Ulander and H. Hellsten, “Low-frequency ultrawideband array-
antenna SAR for stationary and moving target imaging,” in Proc. SPIE
Radar Sensor Technology IV, vol. 3704, Orlando, FL, Apr. 1999, pp. 149–
158.

[12] O. Seger, M. Herberthson, and H. Hellsten, “Real time SAR process-
ing of low frequency ultra wide band radar data,” in Proc. EUSAR’98,
Friedrichshafen, Germany, May 1998, pp. 489–492.

[13] M. I. Pettersson, “Optimum relative speed discretisation for detection
of moving objects in wide band SAR,” IET Radar, Sonar & Navigation,
vol. 1, no. 3, pp. 213–220, 2007.



Part III−C





Part III−C

Integrating Space-Time Processing into
Time-Domain Backprojection Process to

Detect and Image Moving Objects



Part III−C is published as:

V. T. Vu, T. K. Sjögren, and M. I. Pettersson, “Integrating space-time pro-
cessing into time-domain backprojection process to detect and image moving
objects,” in Proc. IEEE IGARSS’2010, Honolulu, HI, Jul. 2010, pp. 4106–
4109.



Integrating Space-Time Processing into
Time-Domain Backprojection Process to

Detect and Image Moving Objects

V. T. Vu, T. K. Sjögren, and M. I. Pettersson

Abstract

This paper discusses a possibility to integrate space-time process-
ing into the time-domain backprojection process. This combination
allows detection as well as imaging moving objects. Two space-time
techniques, Displaced Phase Center Antenna (DPCA) and Space-Time
Adaptive Processing (STAP), are considered for this integration. Simu-
lated results based on the LORA parameters demonstrate the efficiency
of detection and imaging moving objects.

1 Introduction

Detection and imaging moving objects, even hidden by strong clutter on the
ground, make Synthetic Aperture Radar (SAR) more and more important
for Ground Moving Target Indication (GMTI). Moving target detection is
most commonly performed by GMTI radars based on antenna array solutions
without imaging capability while SAR systems do not facilitate indicating
the presence of moving objects in an imaged SAR scene. Moving targets are
usually displaced and defocused in a SAR image. Distinguishing them from
strong ground clutter requires much effort.

The possibility to use SAR for moving target detection has been discussed
in several publications, which can be divided into two categories: detection
techniques for single-channel and multi-channel SAR. For single-channel SAR,
the most primitive detection technique has been based on Doppler shift orig-
inated by moving objects. However, such techniques only work under certain
circumstances. For example the speed of the moving objects needs to be

215
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high enough to produce Doppler shift, which are distinguishable from the sur-
rounding stationary clutter. Another simple detection technique is relied on
shadow phenomenon caused by the displacement if moving objects are present
at an image scene. The detection is possible in strong ground clutter SAR
environment. One of the more advanced detection techniques, named mov-
ing target detection by focusing, appears in some recent publications. The
principle of the technique is to focus moving targets with correct Normal-
ized Relative Speed (NRS) while defocus ground clutter, i.e. suppress ground
clutter, simultaneously. The technique is shown to be suitable for ultrawide-
band (UWB) SAR systems and can be combined with space-time processing
techniques for more reliable detection.

Applying space-time processing techniques to multi-channel SAR for de-
tection and imaging the moving objects is a topic of interest. Displaced phase
center antenna (DPCA) [1], i.e. non-adaptive, and space time adaptive pro-
cessing (STAP) [2] are known as mostly used space-time processing techniques.
Using DPCA as a data pre-processing technique for moving target detection
in dual-channel UWB SAR has been introduced in [3]. According to this pro-
posal, dual-channel SAR data is first handled by DPCA to suppress ground
clutter. The suppressed clutter data is then processed by the moving target
detection by focusing technique. This combination is supposed to provide a
reliable detection. In [4], STAP is also considered as a pre-process for SAR
data to improve as much as possible the signal to clutter noise ratio (SCNR)
for detection. Further processing such as filter and estimation can be applied
to the SAR data to reconstruct the SAR image of the moving objects.

The goal of this paper is to present a possibility to integrate different
space-time techniques into the time-domain local backprojection process for
detection and imaging moving objects. Integrating STAP into the local back-
projection process in wideband radar have once suggested in [5]. In this paper,
two space-time processing techniques, i.e. DPCA and STAP, are subjects for
this combination. The integration is expected to lighten the strict require-
ments as well as improve the practicality of two techniques. The proposal is
demonstrated and evaluated by simulations based on the LORA parameters.

The paper is organized as follows. Section 2 reviews two space-time tech-
niques, i.e. DPCA and STAP. Section 3 describes the local backprojection
process. Integrating two space-time techniques into local backprojection pro-
cessing is proposed in Section 4. Simulated results based on the LORA pa-
rameters are presented in Sections 5. Section 6 provides the conclusions.
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2 Space-time processing

The ability to detect moving targets in an illuminated SAR scene depends
strongly on the ability to suppress ground clutter and noise, i.e. ability to
filter the signal. The ground clutter is interpreted as the radar backscattering
in the illuminated SAR scene while the noise is thermal noise originated from
the environment and the SAR system.

The simplest space-time processing technique is known as DPCA [1]. Basi-
cally, the technique is based on a side looking array with two antennas aligned
along the flight track and spaced by a Pulse Repetition Interval (RPI). Two
successive pulses transmitted and received in turn by the forward and back-
ward antennas. The motion of the aircraft after one PRI places the backward
antenna to the previous position of the forward antenna. It is obvious that two
successive pulses are transmitted and received at the same position in space
but separated by one PRI in time. Simple ground clutter suppression is ob-
tained by subtracting the second echo received by the backward antenna from
the first echo received by the forward antenna. However, DPCA has very high
demands on, for example, the straight flight track, constant platform speed
and identical channels. From the detection’s point of view, DPCA is quite
sensitive to the speed of the moving targets. The subtraction in DPCA can
suppress the ground clutter but can also raise the noise level significantly.

STAP refers to an efficient space-time processing technique providing im-
proved detection of moving objects obscured by ground clutter and noise.
Let’s have a look again at the theory of adaptive radar developed in [2]. Ac-
cording to Theorem 1, the optimum weights, which maximize signal to noise
ratio (SNR), are given by

w = κR−1s∗ (1)

where the asterisk denotes complex conjugation operation, κ is a nonzero
complex number and R is the noise covariance matrix. The echo from a
target at a given range delay is denoted by s which can be represented by

s = [s11 · · · s1M · · · sN1 · · · sNM ]
T (2)

where N is the number of antennas and M is the number of samples yielded
by each antennas. The subscript T denotes transpose operator. The theory
can be further extended for the case where an object is obscured by ground
clutter and noise. In this case, the NM coefficients of the optimum filter,
which maximize signal to clutter noise ratio (SCNR), is also represented by
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(1). However, R is now interpreted as the clutter plus noise covariance matrix

R = E
{
(c+ n) (c+ n)

H
}

(3)

where c and n denote clutter and noise vectors, respectively. The subscript H

denotes complex conjugate transpose (Hermitian transpose) operation. The
main disadvantage of STAP is the computational burden for R−1.

3 Time-domain Backprojection

In SAR processing, backprojection refers to a linear transformation from the
radar echo to a SAR image. The superposition of backprojected radar echo
to reconstruct the illuminated scene (x0, r0) is represented by the integral

h (x0, r0) =

+
ti
2∫

− ti
2

g

(
vplt,

√
(vplt− x0)

2 − r20

)
dt (4)

where ti is the integration time, vpl denotes the speed of the platform, t indi-
cates azimuth-time (slow-time) and g (x, r) represents the range-compressed
radar echoes. To save the processing time, it is recommended to process the
data on a subaperture and subimage basis, i.e. local processing. Based on
this basis, the complete aperture and the full SAR image are segmented in
L subapertures and K subimages, respectively. The selection of subaperture
and subimage sizes depends strongly on SAR system parameters, required
image quality and processing time. However, any selection must ensure the
phase error to be smaller than π/8 (far field condition). The reconstruction
of the imaged scene is therefore split into two stages, beam-forming and ap-
proximately backprojection.

In the beam-forming stage, from the center of the l−th subaperture xl, the
k−th beam aiming at the center of the k−th subimage is formed by a super-
position of all radar echo data in the l−th subaperture. The k−th subimage is
then approximately backprojected by the k−th beam. This procedure will be
repeated for all subapertures. The full SAR image is retrieved by a coherent
combination of all subimages.
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Figure 1: Moving target detection and imaging scheme. In the scheme, the
terms sub-a., sub-i., and s-t beam denote subaperture, subimage, and space-
time beam respectively.

4 Integrating space-time processing into back-
projection process

The integration of the space-time processing techniques, which are mentioned
in the previous section, should satisfy several criteria as follows. The integra-
tion should lighten the strict demands of DPCA. DPCA might therefore not
be considered as a data pre-process as suggested in [3] but a data process after
motion compensations. The integration should also reduce the computational
burden for R−1. For these reasons, we propose to integrate the space-time
processing techniques into the beam-forming stage in the local backprojec-
tion process for detection and imaging moving objects. Fig. 1 sketches the
block diagram of the proposal. According to the moving target detection and
imaging scheme, the range-compressed SAR data collected by each antenna
is processed separately in the beginning of the beam-forming stage. Each an-
tenna creates K beam-matrices with the dimension of P ×M where P is the
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number of aperture positions in one subaperture. The k-th beam is formed
by summing P rows of the k-th beam-matrix together.

For DPCA implemented on dual-channel SAR data, the k-th beams of the
forward-channel and backward-channel, which are at the same positions in
space but separated by an integer number of PRI in time, are stacked in a
column vector as

z = [z11 · · · z1M · · · zN1 · · · zNM ]
T (5)

whereN = 2. Them-th beam sample of the k-th space-time beam is estimated
by

y (m) = wmz (6)

where wm is a row vector with the dimension of NM and defined by

wm (n) =

⎧⎨
⎩

+1 n = m
−1 n = m+M
0 elsewhere

(7)

Since DPCA is performed on the beams, the effects of the motion errors,
which can lead to the poor performance of DPCA, are minimized.

For STAP, them-th beam sample of the k-th space-time beam is also found
from (5). However, the optimum weights wm are estimated by (1). The di-
mension of the clutter plus noise covariance matrices in (1), i.e. NM ×NM
decided by the number of the considered antennas and size of subimages. For
a small size of subimages, the computational cost for R−1 will be reduced
significantly compared to the case where the dimension of the covariance ma-
trices is decided by the number of antennas and the range samples yielded by
each antenna. The number of STAP operations for the full SAR aperture is
also reduced to a factor of P due to the combination of the aperture positions
in one subaperture.

For moving target detection, two hypotheses on z are given: a moving
object exists (hypothesis H1) or no moving object exists (hypothesis H0)
in the processed SAR scene (subimage). If Λ is a detection threshold, the
Likelihood Ratio Test (LRT) for moving target detection is given by

H1 : |y (m)| ≥ Λ
H0 : |y (m)| < Λ

(8)

The space-time beams with clutter suppression can be used further for
imaging the moving objects. For UWB SAR, focusing moving targets with
NRS is performed in the subimage formation stage.
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Figure 2: LORA antenna array. λ denotes the wavelength.

5 Simulation results and evaluation

In this section, we demonstrate the proposed integration of the space-time
processing techniques into the backprojection process. The reference system
for simulations is LORA operating in the frequency range of 200− 800 MHz.
For GMTI purposes, this system is configured as a bistatic SAR system with
three antennas (one transmits and two receive simultaneously) and uses the
frequency range of 307.2− 332.8 MHz. Fig. 2 plots this arrangement. With
the given element spacing, the displacement of the phase center of the forward
and backward antenna is approximately λ/2, i.e. five aperture positions with
LORA parameters. In the simulation, the ground scene is simulated by
one arbitrary moving object. The object is point-like scattering and its radar
cross section (RCS) is normalized to σ = 1. The ground clutter is simulated
by random stationary point targets spreading over all ground scene. The
RCSs of these stationary targets vary in the range 0 < σ ≤ 4. The thermal
noise is assumed to be AWGN with the noise level is −20 dB. Fig. 3.a plots
an example of the beams which are formed only by the forward-channel SAR
data. It is almost impossible to detect the moving target from the surrounding
ground clutter and noise. Fig. 4.a shows the SAR image reconstructed from
the forward-channel beams without space-time processing. No image of the
moving target is achieved since it is totally hidden by the ground clutter.

In the first demonstration, we apply DPCA on dual-channel SAR data
according to the following procedures. The forward-channel SAR data is de-
layed by five aperture positions to achieve the transmitted and received pulses
at the same position in space but separated in time. The beams are formed
separately before stacked into the column vector z. The subtraction in DPCA
is performed by (6) where the weighting vector to perform this subtraction
wm is given by (7). An example of the space-time beams formed by the
dual-channel SAR data with DPCA is plotted in Fig. 3.b. If the detection
threshold is set, for example Λ = −6 dB, the moving object is detected. The
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Figure 3: The beams with and without space-time processing. (a) forward-
channel beam, i.e. no space-time processing, (b) space-time beam with DPCA,
(c) space-time beam with STAP.

image of the moving object, a point-like scattering, is reconstructed from these
space-time beams and shown in Fig. 4.b. The noise can be seen clearly in the
SAR image. This can be explained by the subtraction in DPCA which also
subtracts a part of the signal, especially for slow moving targets such as boat,
ferry or ship.

In the next demonstration, STAP is implemented on the same dual-channel
SAR data but we do not need to delay the forward-channel like DPCA. For
demonstration purposes, the signal behavior and the clutter plus noise covari-
ance matrix estimation are not discussed. We assume that such knowledge
is available. The beams are also stacked and form the column vector z. The
space-time beams are found from (5), however, the optimum weights wm is
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Figure 4: SAR image of the moving object reconstructed from the beams with
and without space-time processing. (a) no space-time processing, (b) DPCA
processing, (c) STAP processing.

estimated by (1). Fig. 3.c sketches an example of the space-time beams
formed by the dual-channel SAR data with STAP. Since the knowledge of
the covariance matrices is available, the ground clutter and noise are almost
completely suppressed. The moving object can be detected with the same
detection threshold Λ = −6 dB. The SAR image of the object is shown on
Fig. 4.c.

6 Conclusion
In this paper, we present a possibility to integrate space-time processing tech-
niques into time-domain backprojection process. DPCA and STAP are two



224 Part III−C

considered space-time taxonomies. Simulated results indicate that the in-
tegration offers reliable detection and provides SAR images of the detected
moving objects.
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This dissertation presents practical issues in Ul-

trawideband – Ultrawidebeam (UWB) Synthetic 

Aperture Radar (SAR) signal processing and cru-

cial applications developed on UWB SAR. In the 

context of this dissertation, UWB SAR refers to 

the SAR systems utilizing large fractional band-

width signals and synthesizing long apertures as-

sociated with wide antenna beamwidths. On one 

hand, such specific systems give us opportunities 

to develop unique applications. One the other 

hand, signal processing for data collected by these 

systems is very challenging and therefore requires 

much effort due to their characteristics. The re-

search results presented in this thesis are divided 

into two parts: signal processing and application.

 

In the signal processing part, the tools supporting 

the UWB SAR system design and evaluation are 

introduced. They include an Impulse Response 

Function in UWB SAR imaging (IRF-SAR), azi-

muth and range resolution equations for UWB 

SAR, and a definition of UWB SAR quality 

measurements. Pre-processing, processing and 

post-processing for UWB SAR are also topics 

that will be examined in the signal processing 

part. The processing is here defined by SAR al-

gorithms. With this definition, the pre-processing 

refers to RFI suppression approaches whereas the 

post-processing implies apodization or sidelobe 

control methods.

 

In the application part, Ground Moving Target In-

dication (GMTI) is selected for study due to its 

interest to both military and civilian end-users. 

The GMTI technique developed for UWB SAR 

relates to the moving target detection by focusing 

technique which can be combined with the space-

time processing such as Displaced Phase Center 

Antenna (DPCA) and Space-Time Adaptive Pro-

cessing (STAP).

abStract

2011:13

2011:13

Viet Thuy Vu


	viet_thesis_skeleton
	viet_thesis_Introduction
	viet_licentiate_Part_1A
	viet_licentiate_Part_1B
	viet_licentiate_Part_1C
	viet_licentiate_Part_2A
	viet_licentiate_Part_2B
	viet_licentiate_Part_2C
	viet_licentiate_Part_3A
	viet_licentiate_Part_3B
	viet_licentiate_Part_3C

