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Abstract

In [1, 2] we have introduced a set of novel low pulse repetition frequency (PRF) algorithms, which allow for simul-
taneous high-resolution wide-swath (HRWS) SAR imaging and moving target indication (MTI) without the need of
changing the system operation mode and the pulse repetition frequency (PRF). The core of these novel HRWS-MTI
algorithms is the so calledMatched Reconstruction Filter Bank (MRFB). By applying the MRFB, low PRF moving
target signals can be reconstructed and refocused. Additionally, accurate estimates of the target motion parameters are
obtained. In this paper the experimental verification of the MRFB principle is presented for the first time. For the
verification real multi-channel airborne data acquired with DLR’s F-SAR sensor over a maritime scenario are used.

1 Introduction

During the past years spaceborne surveillance of road,
land and maritime traffic has evolved to an important re-
search and security topic. However, in the spaceborne
case classical MTI algorithms, which generally require
high PRFs, cannot be used for monitoring wide areas
or wide swaths. Due to timing issues high PRFs allow
only for imaging relatively small swath widths and addi-
tionally may cause unacceptable large range ambiguities
which destroy the image quality.
Novel low PRF MTI algorithms are needed for enabling
a wide-swath and high-resolution MTI capability. Even
if no clutter suppression is required, as this is for instance
the case for ship monitoring at low sea states, most of the
conventional HRWS reconstruction algorithms discussed
so far in the literature are not able to reconstruct a moving
target signal properly and to cancel its azimuth ambigui-
ties, which are also calledGhost Targets.
In [1,2] we have introduced some novel low PRF HRWS-
MTI algorithms which allow for simultaneous HRWS
SAR imaging and wide-swath MTI. With these algo-
rithms moving target signals can be properly recon-
structed and the velocities, moving directions and actual
positions of the targets can be estimated accurately (re-
member that moving objects in SAR images generally ap-
pear smeared and displaced from their actual positions if
no motion adapted processing is performed). The princi-
ples of the algorithms and Monte-Carlo simulation results
are presented and discussed in detail in [1].
In the present paper theMatched Reconstruction Filter
Bank (MRFB), which is the core of all novel low PRF
HRWS-MTI algorithms introduced in [1, 2], is verified
with real multi-channel X-band SAR data acquired with
DLR’s airborne sensor F-SAR [8]. The principle of the
MRFB is shown inFigure 1. The HRWS reconstruction
is adapted iteratively to the target’s along- and across-
track velocity components.
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Figure 1: Principle of the MRFB introduced in [2].

2 F-SARSensor Configuration

For the experiments it is important that the PRF is chosen
so that for a group ofM adjacent receiving (RX) anten-
nas the uniform sampling condition is fulfilled as good as
possible. The required PRF is given as [1]

PRFHRWS =
2 vp

M · La,RX

(1)

wherevp is theplatform velocity andLa,RX is the length
of a single RX antenna.
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In the F-SAR X-band configuration in total four RX an-
tennas alignedin along-track direction are available [4].
For the proof of the MRFB concept it is sufficient to use
only 3 of them. The antenna configuration used for the
MRFB verification is sketched inFigure 2. Each RX an-
tenna has a length of 20 cm.

RX2 RX1

TX

RX3

60 cm

Figure 2: F-SAR X-band along-track antenna configura-
tion.

For a typical F-SAR flight speed ofvp = 85 m/s the
uniform sampling condition is fulfilled forPRFHRWS =

283.33 Hz. For the experimental verification the data can
principally be acquired with an times higher PRF (nis an
integer number). The low PRF situation (i.e., the uniform
sampling condition) is then obtained by subsampling, i.e.,
by just skipping temporal azimuth samples. From the in-
vestigation point of view this has the advantage that the
high PRF images can be used as a reference for perfor-
mance comparison purposes.

3 Experimental Results

The multi-channel F-SAR data used for verifying the
MRFB algorithm were acquired during an ocean surface
measurement campaign in Northern Germany in 2009.
A high PRF of 2016.13 Hz was used during the exper-
iments. For verification a data take containing land mass
as well as a number of moving ships was chosen (cf.
Figure 3). The presence of the land mass has the advan-
tage, that it can be used for calibration purposes and for
checking if the conventional HRWS reconstruction for
stationary targets works correctly.
The system parameters are listed inTable 1.

Parameter Value

Center frequency 9.6 GHz
Wavelengthλ 0.0312 m
Ranger10 at center of Detail 1,2 and 3 4290 m
Range bandwidth 300 MHz
Platform velocityvp 85.81 m/s
Average squint angle ≈ 9.04◦

Original PRF 2016.13 Hz
DesiredPRFHRWS computed with (1) 286.05 Hz
ActualPRFHRWS after subsampling 288.02 Hz

Table 1: System parameters during the experiment.

It hasto be noted that the comparatively large squint an-
gle of 9.04◦ causes an average Doppler centroid of ap-
proximately 900 Hz as can be seen inFigure 4, where
the high PRF Doppler spectra of the image patch labeled
with Detail 2 inFigure 3 is plotted. The Doppler centroid

has to be considered for obtaining a successful HRWS re-
construction.

Figure 4: High PRF Doppler spectra of the channels
RX1 (blue), RX2 (green) and RX3 (red) before channel
balancing (top) and afterwards (bottom).

3.1 Data Preparation

Data preparation involves calibration, channel balancing
and subsampling of the high PRF data to the much lower
PRFHRWS.

For estimating the channel imbalances the high PRF data
patch labeled with Detail 2 inFigure 3 was used. Only
the average amplitude of each channel and the along-
track interferometric (ATI) phases after coregistration of
RX2 and RX3 with the reference channel RX1 were es-
timated. The estimated amplitudes and ATI phases can
afterwards be applied on arbitrary range-compressed data
patches, e.g., on the patches Detail 1 and Detail 2, for bal-
ancing RX2 and RX3 with RX1 (cf.Figure 4 bottom).
Note that the coregistration is only necessary for esti-
mating the ATI phases needed for calibration purposes.
For performing any HRWS reconstruction, the data must
not be coregistered. A comparison of different calibration
techniques is presented in [6].

After calibration the data were subsampled for obtain-
ing the low PRF data. Subsampling was simply done
by keeping only every 7th azimuth sample of the origi-
nal range-compressed data. The PRF after subsampling
differs only by 2 Hz from the PRF needed for fulfilling
perfectly the uniform sampling condition (cf.Table 1).
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Figure 3: High PRF reference SAR image of the mouth of the river Elbe in the North Sea, Germany. The data contains
movingships (Detail 1) and land masses (Detail 2 and Detail 3). The data were acquired with the F-SAR sensor under
high squint angle conditions (datatake ID 09tdxsim0104).

3.2 Conventional HRWS Reconstruction

For a conventional HRWS reconstruction of the station-
ary world theMaximum Signal Method discussed in [7]
was applied after adapting the baseline delay matrix prop-
erly to the comparatively large squint angle of the data.
The obtained image results after performing the recon-
struction are shown inFigure 6 at the bottom. The
patches labeled with Detail 2 and Detail 3 are properly
reconstructed and focused as expected, since they contain
only the stationary world without moving targets. The re-
constructed Doppler spectrum of Detail 2 is depicted in
Figure 5.
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Figure 5: Reconstructed Doppler spectra of Detail 2.

In Detail 1, where 4 moving ships are present, a number
of azimuth ambiguities can clearly be recognized. These
ambiguities orGhost Targets are caused due to a mis-
match of the conventional HRWS reconstruction filter, as
explained in detail in [1]. The ambiguities appear also
displaced in range due to a mismatched range cell migra-
tion correction and due to the comparatively high squint
angle of 9.04◦.
For azimuth focusing of the data contained in Detail 1,
no Doppler bandpass filtering was applied so that the en-
tire energy of the moving ships is preserved. The 3-dB
Doppler bandwidth of the signals is approximately 450

Hz (cf. Figure 5), the corresponding illumination time is
in the order of 4 s.
In the high PRF reference images (Figure 6top) the az-
imuth displacements of Ship 1 and Ship 4 clearly can be
recognized. Due to the long integration time, the along-
track velocity components of the ships as well as potential
roll and pitch motion may cause significant quadratic and
higher order phase errors which result in image blurring.
Blurring effects are not so pronounced in the recon-
structed HRWS images (Figure 6bottom), since the in-
tegration time of eachGhost Target is smaller owing to
the smaller Doppler bandwidth interval determined by
PRFHRWS. TheGhost Targets belonging to Ship 2 and
3 are overlapping and, hence, difficult to assign to the ac-
tual target.

Ship 1

Ship 2

Ship 3

Ship 4

Figure 7: Conventionally HRWS reconstructed and SAR
focused imageof Detail 1. The power is normalized to
the brightest image pixel, the values of the color bar are in
dB. The yellow circles mark the ship positions obtained
from the corresponding high PRF reference image (cf.
Figure 6 top).

For a better visual interpretation of the power and ambi-
guity ratios the conventionally HRWS reconstructed and
SAR focused Detail 1 is again depicted inFigure 7 with a
different color table and in logarithmic scale. The power
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Figure 6: High PRF reference image patches (top) of the details marked inFigure 3 and corresponding image results
after conventional HRWS reconstruction and SAR focusing not adapted to moving targets (bottom). The large number
of Ghost Targets can clearly be recognized in the Detail 1 patch at the bottom.

is normalized to the brightest image pixel.

By comparing the brightestGhost Targets in Figure 7
with the ship positions in the corresponding high PRF im-
age patch (cf.Figure 6 top), a position difference can be
recognized. For an easier comparison the ship positions
obtained from the corresponding high PRF reference im-
age are marked with a yellow circle inFigure 7. After
performing successfully a motion adapted HRWS recon-
struction with the MRFB, the "real" reconstructed ships
would appear at the same "displaced" positions as in the
high PRF reference image. This behavior is a prerequisite
for being able to compute the actual ship positions with
high accuracy (remember that moving ships generally ap-
pear displaced in conventional SAR images as well as in
reconstructed low PRF SAR images).

3.3 Motion-Adapted HRWS Reconstruc-
tion

For reconstructing the signals of the moving ships the
MRFB is applied. The MRFB is an iterative application
of motion adapted HRWS reconstruction beamformers as
depicted inFigure 1 and explained in detail in [1]. Af-
ter each iteration a motion adapted HRWS image is ob-
tained. The best across-track velocity match maximizes
the amplitude of the output image and, even more impor-
tant, attenuates the target’s azimuth ambiguities orGhost
Targets significantly. Some image examples for Ship 1
are shown inFigure 8. In this example for an across-
track velocity ofvy0 = −6 m/s theGhost Targets are
strongly attenuated and the reconstructed Ship 1 appears
at the same position as in the high PRF reference image.

vy0= 0 m/s vy0= 1 m/s

vy0= 2 m/s vy0= 3 m/s

vy0= 4 m/s vy0= 5 m/s

vy0= 6 m/s vy0= 7 m/s

vy0= 8 m/s vy0= 9 m/s

Figure 8: Motion adaptedreconstructed SAR images of
Ship 1 obtained after application of the MRFB. It can be
seen that for an across-track velocity ofvy0 = −6 m/s
all Ghost Targets are significantly attenuated. The out-
put amplitudes are normalized to the maximum ampli-
tude output provided by the MRFB after all conducted
iterations. The same logarithmic scale and color bar as in
Figure 7 is used.

A more detailed comparison between the images corre-
sponding to 0.0 m/s and to -5.9 m/s (= best match) across-
track velocity is shown inFigure 9. The amplitudes of
the Ghost Targets in the conventionally HRWS recon-
structed SAR image (top) are in the order of -10 to -35 dB
w.r.t. the maximum amplitude obtained from the MRFB.
In the motion adapted image (bottom) noGhost Target is
larger than -30 dB. Additionally, the "real" ship appears,
as desired, at the same position as in the high PRF refer-
ence image (cf.Figure 6 top). Note that the ambiguity
levels have only roughly been estimated in steps of 5 dB.
Since the target as well as the ambiguities occupy more
than one resolution cell, a more precise evaluation would
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require to consider the amplitude distributions.

vy0= 0 m/s

vy0= 5.9 m/s

Figure 9: Results obtained for Ship 1 for an across-track
velocity of 0.0 m/s (top) and -5.9 m/s (bottom). The ve-
locity of -5.9 m/s leads to the best reconstruction result
for Ship 1. The position of the yellow circle corresponds
to the position of Ship 1 in the high PRF reference image.

The same investigations as for Ship 1 have been carried
out for Ship 4. The results are depicted inFigure 10.
Again, after correct motion adapted reconstruction the
ship appears at the same position as in the high PRF ref-
erence image and theGhost Targes are significantly at-
tenuated.

vy0= 0 m/s

vy0= 6.1 m/s

Ship 4

Figure 10: Results obtainedfor Ship 4 for an across-
track velocity of 0.0 m/s (top) and -6.1 m/s (bottom). The
velocity of -6.1 m/s leads to the best reconstruction result
for Ship 4. The position of the yellow circle corresponds
to the position of Ship 4 in the high PRF reference image.

The across-track velocity estimates obtained with the
MRFB for Ship 2 and 3 are -5.25 and -0.5 m/s. Due to
the lack of space the corresponding image results are not
presented in the paper.
All results presented so far are for an assumed along-
track velocity component ofvx0 = 0.0 m/s. If in the
MRFB additionally the along-track velocity component
is iteratively adapted (which needs more computation
power since more iterations are required), the second or-
der phase errors of a moving target can be compensated
so that it appears refocused in azimuth. The consideration
of the correct along-track velocity further increases the
signal amplitude and the signal-to-clutter plus noise ratio
(SCNR) as well as the signal to ambiguity ratio. An ex-
ample for Ship 1 is depicted inFigure 11. The best match

is obtained for an along-track velocity ofvx0 = −1.0 m/s
and an across-track velocity ofvy0 = −5.9 m/s.
With the estimated across-track velocity the actual target
position can be computed unambiguously [3]. Together
with the estimated along-track velocity the motion direc-
tion can be determined. However, similar as for conven-
tional MTI algorithms, the along-track velocity estima-
tion is biased by across-track accelerations [5].
By applying the MRFB in a dense multi-target scenario
it is generally not possible to obtain an image where all
moving targets or ships appear correctly reconstructed
and focused at the same time. Each individual target
needs a different motion adapted reconstruction filter, es-
pecially if all the targets in the scene move with different
across-track velocities.

4 Conclusions

It has been shown that a conventional HRWS algorithm
is not capable for reconstructing low PRF moving target
signals correctly. It introduces a number ofGhost Targets
as depicted inFigure 7 and inFigure 6 at the bottom. A
discrimination between the ghosts and the "real" targets
might be challenging. Furthermore, the actual target posi-
tions cannot be determined as long as it is not clear which
are theGhost Targets and which are the "real" targets.
In the paper it was verified by using real multi-channel
data, that the application of the MRFB [1], where a mo-
tion adaptive reconstruction is performed iteratively, can
solve these problems. The MRFB not only delivers the
reconstructed moving target signals, but also provides es-
timates of the target across- and along-track velocity.
For future spaceborne HRWS SAR systems with mar-
itime applications in mind, the potential occurence of
Ghost Targets has to be considered for the processor de-
sign.
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