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Abstract — Due to the specific characteristics of the SAR system, peculiar artifacts can appear on SAR images. In
particular, finite pulse repetition frequency (PRF) and non-ideal antenna pattern give rise to azimuth ambiguity, with the
possible presence of “ghosts” on the image. They are due to the replica of strong targets located outside of the antenna
main beam, superposed onto low intensity areas of the imaged scene.

In this paper we propose a method for the filtering of azimuth ambiguities on stripmap SAR images, that we name
“asymmetric mapping and selective filtering” (AM&SF) method. Our framework is based on the theory of selective
filtering and on a two-step procedure. In the first step, two asymmetric filters are used to suppress ambiguities due to
each sidelobe of the antenna pattern, and the ratios between the original and filtered images are used to produce two
maps of the ambiguity-affected areas (one for each sidelobe). In the second step, these maps are used to produce a final
image in which only the areas affected by the ambiguities are replaced by their filtered (via the proper of the two filters)
versions. The proposed method can be employed in situations in which similar approaches fail, and it has a smaller
computational burden. The framework is positively tested on TerraSAR-X and COSMO/SkyMed SAR images of

different marine scenes.

Index Terms— Synthetic Aperture Radar (SAR), azimuth ambiguities, radar signal processing.

I. INTRODUCTION

SYNTHETIC Aperture Radar (SAR) images are fruitfully employed in a wide variety of applications, such as monitoring of
natural disasters and maritime surveillance. However, they suffer from the well-known SAR azimuth ambiguity problem. This
phenomenon is caused by the use of a finite pulse repetition frequency (PRF), combined with the fact that the azimuth antenna
pattern, in practice, cannot be abruptly limited to the specified azimuth illumination beamwidth. By using the language of signal

sampling theory, the azimuth antenna pattern acts as a non-ideal anti-aliasing filter, and the azimuth ambiguity can be seen as an
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aliasing effect. Alternatively, by using the language of antenna array design, the azimuth antenna pattern acts as the individual
radiating element pattern, which should ideally suppress “grating lobes” of the (synthetic) array pattern. Azimuth ambiguity can
be then seen as the effect of non-ideal suppression of grating lobes. In any case, due to this effect, on SAR images replicas (or
"ghosts™) of brilliant points or areas appear, that are shifted both in azimuth and (although in a smaller extent) in range. These
replicas are strongly attenuated, due to the azimuth antenna beam pattern and because they are not well focused. However, if
these "ghosts" are placed in a low-scattering area, such as the sea surface, they emerge with respect to the background and can be
erroneously interpreted as actual targets. As a typical example, these ghosts are one of the main reasons of false alarm in ship
detection applications [1]. Moreover, azimuth ambiguities can also negatively impact on the performances of interferometric
applications, where they are responsible both for a coherence loss and a phase bias [2].

In the literature, two different ways are known for the suppression of azimuth ambiguities due to point targets. The first
approach is based on in-phase cancellation, and it requires the estimation (using deconvolving filters) of ambiguity sources from
the data, which can be hardly obtained for distributed scatterers [3]. The second approach exploits the fact that the shifts in
position of the ghosts with respect to the original targets can be evaluated as a function of the radar system parameters: hence,
the image can be recursively searched for ambiguities [1], [4], [5]. These methods are good candidates whenever only the ghosts
due to point targets are of interest (unless further post-processing is applied [5]), as in the case of ocean scenes in low resolution
images, where the typical sources of ambiguities are isolated ships, whose size is comparable with image resolution. However, in
coastal zones over the sea, and also in ocean scenes in high resolution images, many ambiguities due to distributed targets are
present. For these situations, methods [1], [3]-[4] are not suitable, and the use of techniques based on the concept of selective
filtering has been advocated [6], [7]. These techniques use a band-pass filter to select from the whole azimuth spectrum those
areas which are less affected by ambiguities, so that this approach can be applied to ghosts due to both point targets and
distributed targets, although at the cost of a resolution loss. In particular, in [6] a smart method, based on adaptive Wiener
filtering, has been devised to minimize the resolution loss. More recently, a method exploiting the availability of multi-
polarization data has been also proposed [8]. It exploits scatterer reciprocity, which causes equality of reflectivities at HV and
VH polarizations, and the fact that, due to the particular acquisition scheme of the different polarimetric channels in quad-pol
SAR systems, and to corresponding further processing, in the summation of HV and VH channels the ambiguity tends to cancel
out [8]. However, in the following we will focus on methods able to deal with a single polarization channel, which have a wider
range of applicability.

In the present paper, similarly to what proposed in [6], a two-step procedure is presented, in which selective filtering is
obtained by using Wiener filters. As in [6], the first step is aimed at identifying areas actually affected by azimuth ambiguities.

However, we here show (see Section 111) that the method in [6] may fail to identify ambiguities for some configurations of the
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antenna pattern and PRF values actually encountered in current high resolution spaceborne SAR systems; conversely, our
approach does not suffer from this problem.

Once the ambiguity map has been generated, in the second step the adaptive procedure of [6] can be employed, based on the
evaluation of local signal-to-ambiguity ratios, which can also be estimated using the spectral-based method proposed in [9].
However, we here show (see Section 111.B) that a much simpler (and faster) procedure is sufficient in most cases to obtain very
good ambiguity filtering results. This procedure has also the advantage that it can be employed even when sources of ambiguities
are outside the considered scene, at variance with the approach of [6]. For a reason that will be clear in the subsequent sections,
we call our procedure “asymmetric mapping and selective filtering” (AM&SF) method.

The paper is organized as follows. In Section Il the basic theory on azimuth ambiguities in SAR images is briefly recalled. In
Section I11.A the rationale of the proposed ambiguity filtering procedure is described, while in Section 111.B the generation of the
“ghost map” and of the final filtered image is detailed. Relevant experimental results are presented in Section 1V, with reference

to both TerraSAR-X and Cosmo/SkyMed stripmap images. Finally, conclusions are reported in Section V.

Il. AZIMUTH AMBIGUITIES IN SAR IMAGES

We assume that the SAR image is obtained from the raw signal through standard processing, i.e. through a matched-filter
approach, and we neglect SAR system space-variance. These assumptions are inessential for the development of our method, and
are here made just to simplify the introduction of the main concepts on SAR azimuth ambiguity. Let I(¢,n) and Hy(¢,7n) be the
Fourier transforms of the image, i(x,r), and of the raw signal, hs(x,r), azimuth-sampled at rate PRF/v, with & and 7 being the
Fourier mates of azimuth x and slant range r, respectively, v the uniform sensor velocity, and PRF the Pulse Repetition

Frequency. In this case, the SAR image can be described in the Fourier domain as follows [10], [11]

— 2 2
1(¢,m) = Hs(&,n)rect [fzaf)?c] rect [%] exp (]' i_a> exp <j Z_b) =

INCRD) 4 [5 fDC] rect [5 EDC]r ct [—] + Yizo I‘(fl,n)exp( i )W Si fDC] rect [%] rect [%], (1)

2ag79
where

o X=Aro/L is the effective azimuth footprint, ro being the closest range between the platform and the center of the

footprint, 4 the electromagnetic wavelength and L the azimuth antenna length;

21,

. a=a0(1+%),withao=rm,
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o b= i—f where « is the chirp rate and c the speed of light;

e ris the transmitted pulse duration;

o & =¢&—2 with i an integer number;

v 1
o ¢épe= ZT"fDC, foc being the Doppler centroid frequency;
e  WIy] is the two-way azimuth antenna pattern (AAP), whose effective beamwidth is Ay = % = ; ;
0

e T'(-) isthe Fourier transform of the scene reflectivity, whose bandwidth is much larger than that of the SAR system.

Note that according to (1) a linear relation exists between the azimuth wavenumber and the AAP angle .

§—&pe = — TP = —2apm0p )

allowing to express W [i] as a function of ¢ and the effective azimuth bandwidth as A& ~ %Arp =20,X = 47"

2mPRF

Accordingly, SAR systems are designed to satisfy the condition > 2ayX ,i.e. PRF > ZL—” to avoid under-sampling of the

signal effective Doppler bandwidth (indeed, 2v/L is the Nyquist rate of the signal).
In (1) the first term accounts for the baseband focused contribution of the target spectrum, while the second one is responsible
for ambiguities, and is made up of the spectral replicas of the reflectivity folded (“aliased”) into the processed bandwidth. In

particular, from (1) it is evident that the AAP acts as a sort of anti-alias filter, limiting the presence of out-of-band contributions:

ideally, if W[p] were null for |y > Ay (i.e., no sidelobes), we would have W [fzijl’c] rect [i_fl;f] =0 for i # 0, so that the
0

070
second term in (1) would be null, and no azimuth ambiguity would be present. In practice, this condition can be only approached
(by using an antenna with a high peak-to-sidelobe ratio), but it can never be exactly achieved. Therefore, azimuth ambiguity is
always present. However, it is negligible, except, possibly, in areas where the baseband focused contribution of the target
spectrum (the “true” signal) is very low.

With regard to the phase term in the summation in (1), using the expressions of &; and ao reported above, and assuming that

(1 + %)_1 ~ (1 - Z—A) we can write

T

exp (fiz—:’z) — exp (jf %) exp (—j (iPRF)ZArOZn) exp (‘jf’l iPRF/erO) exp (jU (iPRF)lezro). (3)

4p2 8mv 8v2

The first phase term in (3) is responsible for the azimuth displacement of i-th order azimuth ambiguities, given by
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__ . PRFAr,
Ax; = == 4)

which, if the PRF is equal to the Nyquist rate of the azimuth signal, i.e. PRF=2v/L, reduces to Ax; = iX, i.e. an integer multiple
of the azimuth footprint. The second exponential term is an inessential constant phase term, while the last one accounts for the

range displacement of the i-th order azimuth ambiguity, given by

oo (5)

where the expression in (4) has been used. Finally, the third phase term is responsible for a slight defocusing of replicas and a
residual wavenumber-dependent migration. Note that this third phase term is proportional to the square of the wavelength, so that
ghosts defocusing is more relevant at low frequency. Therefore, this is one of the reasons why azimuth ambiguity appears more
easily on images obtained by high-frequency (i.e., X-band) sensors. Another reason is the fact that at high frequencies data
dynamic is much higher and point and man-made targets are much brighter with respect to sea clutter.

In conclusion, in the presence of low-reflectivity areas (a typical example is the sea surface) ghosts can appear, due to the
presence of high-reflectivity target replicas displaced according to (4) and (5), weighted by the sidelobes of the AAP, and
slightly defocused. In (1)-(5) the spectral replicas of any order are considered. However, replicas of order higher than one are
most often negligible, so that in the following we limit our attention to first-order replicas only, i.e. those due to the first folded

sidelobe segments of the spectrum, obtained by setting i = +1. Substituting (3) in (1) we get

I(E' 7)) = l-‘0 (E' rI)WO [E' T[] + l-‘+ (f! U)W+ [6' T]] + I (6! U)W— [61 T)] ’ (6)
where
Walg,m) = w [0 reet [ reet [ 5] @)

W, [€,n] = [ zao fDC] rect [%] rect [%] exp (jf %) exp (—j PRFz#) exp (_J'S(U PR:izro) (177 PRF222 ro) ®)

2v 4p2 8mv

W_[§n] = [ ] rect [%] rect [%] exp (—j{ %) exp (_j M) (]f’? Zro) exp (ﬁ? PRl;Zlizro)’ ©)
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and I'o, T+, and T- are T'(&;,n) for i = 0,+1, —1 respectively, i.e., the reflectivities of the unambiguous and ambiguous targets.

. AZIMUTH AMBIGUITY FILTERING

The approach used in this paper for ambiguity filtering is based on the concept of selective filtering, i.e. on frequency-domain
nulling of ambiguity energy [6], [7]. Essentially, in the frequency domain we select the region of the signal spectrum less
affected by aliasing, i.e., the region where the nulls of the folded AAP are located (in fact, the spectrum of the scene reflectivity
is weighted by the AAP of the sensor, so that where the folded AAP presents a null, the spectrum of the ambiguity will be null,
whatever the original shape of reflectivity spectrum). In a way similar to that of [6], we obtain the transfer function (TF) of the
filter using the theory of Wiener filtering, as shown in the following sub-section. Once the TF of the filter is available, we
propose a filtering approach based on the generation of “ghost maps”, which are then used to get the final filtered image, where

only the areas affected by the ambiguities are substituted with their filtered version, as detailed in Section I11.B.

A. Filter synthesis

Wiener filters are particularly well-suited to deal with the problem at hand. The goal is to evaluate the TF of a filter which,
through the use of N azimuth samples of the image, is able to filter out the ambiguities, minimizing the mean square error
between the “true” unambiguous signal and the filtered one (i.e., we deal with an MMSE problem). We consider here a one-
dimensional problem, treating separately each fixed-range line of the (complex) SAR image. For this reason, in the following the
dependence on the 7 variable is omitted. Starting from the one-dimensional version of (6), we can define the unambiguous signal

lo and the ambiguous data X, also affected by an additive white thermal noise T, as

Io(§) = To(§)W,[¢] (10)
X(§) = Lo(OWo[§] + Lu(OWL[E] + TL(OW_[E1 +T() . (1)

Now we can evaluate the power spectral densities associated to the unambiguous and ambiguous targets as follows

So(§) = E [Io[€11,"[€1] = ENTL[E1121IWo[€112 = ouIWo €117 (12)
$.(6) = ElNE]PIW,E]12 = o W, €112 (13)
S_(§) = ENr_[E]PIWL[E]12 = o [W_[€]I?, (14)
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where E[-] stands for “statistical mean" and a,, o, and o_ are the power spectral densities of the reflectivity relevant to the
unambiguous and to the two ambiguous targets, respectively. Note that they can be considered to be independent of the azimuth
wavenumber ¢ in the processed bandwidth. In writing the expressions in (12)-(14), we also implicitly assume that reflectivity is

statistically stationary within the filter spatial extent, N. In this case, the expression of the Wiener filter is [6], [12]:

Io(OX™ ()]

_E|
H® = Ex©x*©] ' (15)

where * stands for complex conjugate. Considering the expressions in (10)-(14) and assuming that ambiguous and unambiguous

data are zero-mean and uncorrelated, from (15) we get:

So(§) 00| Wo (§)12
H = 0 = 1
© So(O)+S4(O)+S_(O)+0r  aoWo ()12 +04 Wy (D)2 +0_|W_ ()2 40y ' (16)

where g; is the white thermal noise power density. Equation (16) can be rewritten as

-1

2 2
H —(1 AG] a_ [W_(9)I o 1 _ 17
© ( + oo IWo(§)I2 + ao (Wo ()12 + g |W0(f)|2) (17)

Ratios o, /g, and o_/a, are not a priori known. In [6], starting from the result in (17), it is assumed as a worst case that they

are both very large, i.e. 6, = 0_ = o > a,. In this case we get*

_ oo (WL ©P+HW-I* | or 1 )
HE =3 ( Wo ()12 e wor T «r) ' (18)

where the sum of the last two terms is very small (we assumed it is —60 dB), but cannot be omitted in order to avoid singularities
in the filter TF, which can occur whenever the first term approaches zero. However, the assumption of equal power for both
ambiguities may imply that the filter in (18) is not adequately selective in the frequency domain, thus providing poor filtering
results in several practical situations. This happens when the AAP and PRF value are such that the peak of one folded AAP
sidelobe locates almost exactly in correspondence of the null of the other one. We verified that this may be the case for many

current high resolution spaceborne SAR sensors, e.g. TerraSAR-X and Cosmo/SkyMed. As an example, in Fig. 1 (a) the first

 Note that in [6] some inessential typos led to a slightly different expression for the filter in (18).
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sidelobes of the AAP folded into the azimuth processed bandwidth are shown, while in Fig. 1 (b) the filter TF resulting from the
definition in (18) is presented. It can be noted that the filter TF obtained through (18) is almost uniform in the processed
bandwidth.

In [6] the filter in (18) is used in a preliminary step for the identification of areas affected by ambiguity and for the estimation
of the local signal-to-ambiguity ratios, in particular for the estimation of a,. Hence, whenever a situation as the one depicted in
Fig. 1 occurs, the algorithm of [6] fails to identify the ambiguity areas. Starting from this observation, we developed a different
filtering approach, assuming that in each pixel only the ambiguity due to one folded sidelobe is present, and its power is much
larger than the power related to the unambiguous signal. This means that we either assume that o, > g, and o_ = 0, so that (17)

becomes

H+(§)=;‘—J‘:('W+(§)'2+ﬁ ! +&) , (19)

Wo(O)I? ~ oy Wo()I2 oy

or, conversely, that o_ > g, and o, = 0, so that from (17) we get

-1

H(5) = :_i(lw-(f)lz Lo 1 +&) | (20)

Wo(O)I2 ~ o_ [Wo(®)I?2 ~ o_

We refer to the filters defined by these TFs as “asymmetric filters”. Note that similar filters are used in [9] for the evaluation of
the local azimuth-ambiguity-to-signal-ratio (AASR). If we process the image with both the filters in (19) and (20), we obtain two
filtered images, in each of which the ambiguities due to one different AAP sidelobe are filtered out. In this way, we are able to
identify ambiguities due to both sidelobes, i.e., due to sources located on both sides of the considered target. In Fig. 2, where the
filter TFs H,and H_ obtained using the same TerraSAR-X AAP considered in Fig. 1 are shown, it is possible to appreciate the
huge increase in frequency selectivity with respect to Fig. 1 (b). The filters (19) and (20) can be efficiently evaluated in the
frequency domain, provided that all the required sensor parameters (AAP, PRF, f,¢, v, A) are known. Note that the inessential
constant factor g,/o in the TFs (18)-(20) can be ignored, and that in (18)-(20) only the moduli of W, and W.,. appear, so that the
complex exponential factors in (7)-(9) play no role in the filters' TFs2. Once back-transformed in the spatial domain, the impulse

response can be truncated to a limited number of samples (N = 30) and convolved with each image azimuth line. The details on

2 We note that the effectiveness of filters (19) and (20) is dependent on the PRF. In fact, the PRF dictates the position of the null of the first sidelobe folded
into the processed bandwidth, which in turn determines the azimuth ambiguity attenuation. In particular, the maximum ambiguity attenuation is obtained when
the null is located in correspondence of the point of maximum of the AAP, i.e. at zero frequency.
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the procedure allowing to obtain the final filtered image by combining the two filtered images obtained via the filters in (19) and
(20) are reported in the next sub-section.

Finally, we note that the assumptions leading to (19) and (20) are reasonable in most practical cases: in fact, the most common
situations in which the problem of ambiguities arises are relevant to the sea surface, and they are usually due to only one single
AAP sidelobe. The eventuality of a superposition in the same area of azimuth ambiguities due to both sidelobes represents a
limiting case, which can occur, for instance, in marine gulfs, channels, and straits: in these scenarios, when for a pixel g, = o_,

both our approach and the one presented in [6] fail to filter out the ghosts in the common situation depicted in Fig.1.

Folded antenna pattern (secondary lobes)

Filter transfer function

—10F E| or T ]

20F = F ]

E 3 -101 =

-30F E [ ]

o E E @) F ]

Z E ] Z F 1

o =40 - e 20 —

S IR ;

) @ F ]

50 F = r ]

E E ~30 3

—-60 = [ ]

~70E. . 4 Ll ; I s i 5 gy ue 400 . k. i i 55 I PG i .
—2000 —1000 6] 1000 2000 —2000 —1000 8] 1000 2000
Azimuth frequency (Hz) Azimuth frequency (Hz)
(a) (b)

Fig. 1: First sidelobes of the AAP folded into the processed azimuth bandwidth (a) and filter TF H (b), in the case of TerraSAR-X data.
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Fig. 2: Filter TFs H, (a) and H_ (b), in the case of TerraSAR-X data.
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B. Filtering rationale

In the previous sub-section the synthesis of the filters H, and H_ was detailed. Thanks to these filters we are able to obtain
two (complex) images, i, (x,r) and i_(x,r), where “+” and “—” ambiguities are filtered out, respectively. Starting from these
images, it is possible to generate two ghost maps, b, (x,r) and b_(x,r), i.e. binary maps reporting the locations of ambiguities
pertaining to each sidelobe. We name b: “asymmetric ghost maps”, since they are obtained via the “asymmetric filters”. In the
following we provide a description of the procedure used to obtain these ghost maps and, starting from them, the final filtered
ambiguity-free image.

We start by evaluating the ratios

_ Mi@n?) Av[(lis enl?)]
00T) = e mvidicen ) )
and
i 2 . 2
v o) = D Alli-Gnr) (22)

(Ji-(em)I2) AvIieen)I?)]’

where (-) stands for spatial multilook averaging (usually, 6 to 8 samples in both azimuth and range are averaged) and Av[-]
stands for the spatial mean value computed over the entire image. Equations (21) and (22) represent the ratios between unfiltered
and filtered intensity images, each normalized to its average value. Normalization is introduced to take into account the change
in the mean power of the image in the areas not affected by ambiguities after filtering, so that ratios r,. are expected to be unitary
in the absence of ambiguity, and larger than 1 in areas affected by ambiguity (see the Appendix for more details). Accordingly,

the ratios in (21) and (22) are thresholded in order to obtain the binary maps:

1, r.(x,r)>n

by (x,7) = {0, r(x, 1) <1 23)
and

1, r(x,r)>n
b-(x,7) = {0, r(x,r)<r’ 24)
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where r; is a real number greater than one. We verified that r, =~ 2 is a good choice in most practical situations. This is also in
agreement with the theoretical considerations reported in the Appendix.

The binary maps obtained through (23) and (24), despite the multilook averaging applied in steps (21) and (22), present a
residual noise component due to the presence of speckle in the SAR images: its effect mainly consists in the presence of isolated
pixels wrongly detected as ghosts. This problem is tackled applying a sliding window on the binary map, setting the value of the
pixels of the window to O if the number of non-zero pixels within the window is found to be lower than a prescribed threshold n,
and to 1 otherwise. In the limiting case in which both b, and b_ are set to 1, we reasonably assume that this is caused by the
speckle and we set to 0 the mask for which the corresponding value of r. is smaller than the other: in this way we try to identify
on the masks the correct source of ambiguity. For this algorithm the parameters to be set are the sliding window size and n:. This
choice depends on a trade-off between speckle effect reduction and resolution of the ghost maps. We verified that a window size
of 5x5 pixels and a threshold n=6 are the best values for the TerraSAR-X and Cosmo/SkyMed images used in this work.

Once the ghost maps are obtained, we can interpolate them back to full resolution and use them to obtain the final filtered

image, which will be given by

. Av[{li(x,r)]?)] —
( iy (x,7) /Aiv[(lb,(x.r)lz)]' for (x,r) such that b, (x,r) =1
iee(x, 1) = i 2 , 25
rue(%T) { i_(x,7) /Aii‘ﬁﬂl_(fx?)llz)i], for (x,7) such that b_(x,r) = 1 (29)

ki(x, r), for (x,7)suchthatb,(x,7) = 0and b_(x,r) =0

where the square root of the ratio between image intensity means is used to ensure mean value conservation between the original
and the filtered image (see the Appendix for more details). In this way, the final filtered image will differ from the original one
only in the areas affected by ambiguities. In particular, ir;;. (x,7) will keep the original resolution in all areas not affected by
ambiguities, while in the rest of the image ambiguities are filtered at the expense of a slight loss in geometric resolution. The
block scheme of the proposed filtering approach is shown in Fig. 3. Of course, the simple procedure described by (25) requires a
much lower computational burden with respect to adaptive filtering based on the precise evaluation of the local signal-to-

ambiguity ratios, but, in spite of that, obtained filtering results are very satisfactory in most cases, as shown in the next section.
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Fig. 3: Block scheme of the proposed approach.

IVV. EXPERIMENTAL RESULTS

The described framework has been tested on TerraSAR-X and Cosmo/SkyMed stripmap images. We selected these sensors
because for them there is sometimes a combination of PRF and AAP such that the method of [6] cannot be applied, as discussed
in Section I11.A. In addition, as discussed in Section Il, X-band sensors are more affected by ghosts due to azimuth ambiguity
than lower frequency sensors.

The parameters necessary for the implementation of the filter can be retrieved from ancillary data provided together with SAR
products. In the case of TerraSAR-X data the provided AAP is very detailed, including 5 sidelobes per side. Conversely, the
AAP provided together with Cosmo/SkyMed data includes only part of the first sidelobes. For this reason, in this last case we
had to complete the provided AAP, obtaining a worst case guess of the AAP, exploiting the knowledge of the guaranteed peak-
to-sidelobe ratio. With regard to foc values, although those of TerraSAR-X are usually lower than Cosmo/SkyMed ones, they are
always located in the baseband. The acquisition parameters relevant to the data-set presented in the present work are listed in
Table I. In this Table CSKS1 and CSKS4 indicate sensors 1 and 4 of the Cosmo/SkyMed constellation, respectively.

In Fig. 4 (a) a stripmap TerraSAR-X image acquired close to the coast of Algeria is shown. Ambiguities (i.e., ghosts caused by
azimuth ambiguity) due to the presence of the urban area in the upper part of the image are clearly visible over the sea surface
and are enclosed within the red boxes. On the image in Fig. 4 (b), which is filtered according to the proposed approach, a
significant reduction of the ambiguities can be noted, while no evidence of artifacts can be appreciated in the areas subject to
filtering. To better illustrate the performance of our technique, in Fig. 5 a full-resolution particular of the images in Fig. 4 is
presented. In the area subject to filtering only a slight decrease in resolution can be observed; conversely, in all other areas of the

image no loss in resolution is experienced, as it can be noted, in particular, in the upper part of the image, where a part of the



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 13

harbor is visible. To provide a quantitative evaluation of the ambiguity reduction obtained through the proposed technique in this
image, we measured the ratio between the intensity of the ghost enclosed in the yellow rectangle in Fig. 5 and the intensity of the
surrounding sea area, on both original and filtered images. Results are reported in the first row of Table Il, and they show an
about 7 dB reduction of ghost intensity in the filtered image.

In Fig. 6 (a) a stripmap TerraSAR-X image relevant to the gulf of Naples, Italy, is shown, where an ambiguity due to a man-
made structure located in the harbor is clearly visible within the red box. This kind of point-target-like ghost is particularly
critical in maritime surveillance applications, because they can be easily responsible for false alarms in ship detection algorithms.
In the filtered image presented in Fig. 6 (b), it can be noted that, while the ghost is filtered out, the ships present in the image are
preserved, without any loss in resolution. In Fig. 7 a full-resolution particular of the ghost enclosed in the red box in Fig. 6 is
shown. The ratios between the intensity of the area enclosed in the yellow rectangle in Fig. 7 and the intensity of the surrounding
sea area, on both original and filtered images, are reported in the second row of Table I, and they show that also for this rather
weak ghost a significant attenuation is obtained in the filtered image.

Similar results have been obtained for several Cosmo/SkyMed images of the gulf of Naples. Among these, as the most
challenging case we here consider the image in Fig. 8 (a), in which many ambiguities can be observed all over the sea surface.
Just in the middle of these ambiguities a ship is present (highlighted by the red box), thus providing a worst case scenario for the
evaluation of the technique performances. As it can be noted from Fig. 8 (b), the proposed approach is able to filter out most of
the ambiguities, while preserving the ship radar cross section. This can be better appreciated from the full-resolution particular of
the image, provided in Fig. 9. In fact, Fig. 9 (b) shows that the ship signature is almost perfectly preserved, whereas surrounding
ghosts are practically completely removed. For instance, for the ghost enclosed in the yellow box in Fig. 9, ratios reported in the
third row of Table Il show an attenuation of more than 15 dB in the filtered images, which completely cancels the ghost.

The last case is relevant to a Cosmo/SkyMed image of an area placed offshore, close to the coast of Malta. The original image
is presented in Fig. 10 (a), where the presence of a ship can be appreciated at the center of the scene, along with ambiguities due
to both sidelobes. On the filtered image in Fig. 10 (b) both ghosts are strongly attenuated, even if for the lower one the presence
of a residual ambiguity signal can be observed. This can be better appreciated looking at Fig. 11, where full-resolution particulars
of the ghosts due to both AAP sidelobes are shown. While the upper ghost is attenuated by more than 20 dB, see the fourth row
of Table Il, which refers to the area enclosed in the yellow rectangle in Figs. 11 (a) and 11 (b), in the lower one there is a small
bright area that is not attenuated at all by filtering. However, the rest of the ghost is significantly attenuated, as shown by the fifth
row of Table Il, that refers to the area enclosed in the yellow rectangle in Figs. 11 (c) and 11 (d). The presence of this residual

ambiguity signal can be perhaps ascribed to the non-perfect knowledge of the AAP and of the foc in case of Cosmo/SkyMed
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TABLE |
SENSOR PARAMETERS FOR THE PRESENTED DATA-SET

Acquisition parameters TerraSAR Algeria  TerraSAR Naples Cosmo Naples  Cosmo Malta  TerraSAR interferometric pair

CSKs4 CSKS1 master ; slave
Wavelength [m] 3.11-102 3.11-102 3.12-1072 3.12:10% 3.11-102
Polarization HH HH HH HH HH
Sensor velocity [m/s] 7070 7083 6912 6956 7081
Look angle [deg] 39 29 30 36 31
PRF [Hz] 3819 3720 3333 3109 3448
foc [Hz] -80 74 -1145 —-200 -32 ; -25
Azimuth resolution [m] 3.00 3.00 25 3.0 3.30
Ground range resolution [m] 2.16 244 25 3.0 2.28
Acquisition date [dd/mm/yyyy] 13/12/2007 19/03/2008 01/08/2011 18/06/2013 25/04/2008 ; 17/05/2008

data. In fact, for this image, the accuracy of the Doppler Centroid provided in the ancillary data, as declared in the ancillary data
themselves, is rather poor (+ 115 Hz), at variance with the other images considered in this section.

Finally, in Fig. 12 we show the result obtained filtering the TerraSAR-X image in Fig. 4 (a) using the filter TF in (18), instead
of our filters (19) and (20). As a matter of fact, the ambiguities present over the sea surface are still present in the filtered image.
Hence, the use of this image for the generation of the ghost map, according to the procedure described in [6], will lead to miss
the ghosts present on the scene.

Above examples illustrate the effect of our algorithm on amplitude images: reduction of ghosts on such images is in fact the
main aim of our approach. However, of course our algorithm applies to complex images, so that it is also able to reduce the
effect of azimuth ambiguity on SAR interferograms. To show this, we consider an interferometric image pair acquired by
TerraSAR-X in April and May, 2008, and relative to the area of Crotone, Italy. Figure 13 (a) shows the amplitude of the master
image, and Fig. 13 (b) shows the interferogram obtained from the image pair. Azimuth ambiguity manifests itself as bright
ghosts on the sea area of the amplitude image, and as phase disturbances, with the appearance of spurious fringes, on the same
area of the interferogram. We applied our algorithm to the two complex images of the pair: Fig. 13 (c) shows the amplitude of
the filtered master image, and Fig. 13 (d) shows the interferogram obtained from the filtered images. It is evident that the effects
of the ambiguity are strongly reduced on both the amplitude image and on the interferogram. In particular, the phase disturbances
over the interferogram are removed, whereas the interferometric phase is not modified in the ambiguity-free areas.

To conclude this section on the experimental results, it is worth noting that the entire processing chain from the original to the
final filtered image is completely unsupervised, and it is very fast: processing time is 20 seconds for an about 12000 x 9000
pixels input SLC SAR image, on a 3 GHz dual core PC, with 8 GB RAM, in normal working conditions, using non-optimized

IDL™ software code. Note that processing time scales linearly with the total number of pixels.
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V. CONCLUSIONS

In this paper a new effective method for the filtering of azimuth ambiguities in high resolution stripmap SAR images, the
AM&SF method, has been presented. The proposed approach was developed in the framework of Wiener filtering theory. It is
based on the preliminary generation of two binary ghost maps, reporting the position of ambiguities pertaining to the two first
sidelobes of the AAP. Thanks to these maps we are able to restrict the filtering only to the areas actually affected by ambiguities,
while keeping the original radiometric and geometric resolution in all other areas.

The proposed approach is particularly well-suited for high resolution spaceborne SAR sensors, e.g. TerraSAR-X and
Cosmo/SkyMed. In fact, it overcomes the problem presented by the adaptive-filtering approach in [6], which, by preliminarily
considering in each pixel the simultaneous presence of ambiguities due to both sidelobes, in some cases fails to identify correctly
the areas of the image affected by ghosts.

The approach was tested on a wide data-set made up of both TerraSAR-X and Cosmo/SkyMed images, and demonstrated to
provide good filtering results, both in terms of ambiguity removal and preservation of the geometric, radiometric and phase
characteristics of the images. In addition, processing time is extremely low, and this is important when a huge amount of image
data must be processed, as in the case of the SAR missions cited above.

It is finally appropriate to note that, as all other methods based on selective filtering, and most methods based on different

concepts, our approach can be used only for the stripmap acquisition mode.
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) (b)

Fig. 4: Original TerraSAR-X image of the coast of Algeria (a) and its filtered version (b) (a spatial multilook of 8x8 pixels is applied).

Ambiguities due to buildings and man-made areas are visible over the sea surface in (a) within the red boxes, while they are strongly attenuated
in (b). In this and in all subsequent figures, the same gray-level scale is used for both original and filtered images, and the near range is on the

left.

APPENDIX

GHOST MAPS THRESHOLD EVALUATION

In this section we provide relevant details regarding the determination of the threshold . used in (23) and (24) for the
generation of the two ghost masks. We start from the expression of the ratio between the power of the original image, Py, and

that of the filtered one, P;, which can be evaluated locally on the images as:



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 17

Px _ J(S0()+51(9))ag _ J So(&)dE+] S4(§)ds ~ Mieen?)
Pry  [(50@+s1(®)HL© g [So@|Hs@®[ ag+[ 51O (O ag  (Jixeen]®)’

(26)

where the integrals are extended to the processed bandwidth. We are now interested in computing the value assumed by (26) in
two particular cases, i.e. when ambiguities are not present and, vice versa, when they are present and their power is comparable
to that of the unambiguous signal. In the first case, we have that S, (£) = 0 over the whole processed bandwidth and, hence, we

get

Ii Si(f)zo ISO(§)|Hi($)| df

In the second case, we have that [ Sy (§)dé = [ S, (&)dé&, and we obtain

Px _ 2[S®df  _ . Px
Pry T [So®|HL(®) as %5 ' (28)
£l so(@)ag=f s.(§)as o(§)lH £5,4(8)=0

where the term [ S, (f)|Hi (€)|2d$ =~ 0, because we assumed that H,. ensures a strong reduction of ambiguity power. Note that,

in the hypothesis that the ghosts are present only on a little portion of the image, we can obtain a good estimate of the ratio in

(27) as

; 2
:_X - Av[(l.l(x,r)l 2)] , (29)
Iy S£(E)=0 Av[(|ti(x,r)| )]

i.e. simply evaluating the ratio between the average intensities of the original and filtered image. This is the reason why in (21)

and (22) we use the reciprocal of (29) as a normalizing factor, thus obtaining

elsy gm0 =1 (30)

and

el soerag=s saas = 2 (31)
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This implies that the choice of r, = 2 in (23) and (24) allows the identification of the ambiguities for which the local signal-to-
ambiguity ratio is smaller than 1, which are those of most practical interest.
Finally, note that, as a consequence of the above discussion, the square root in (29) is used also to ensure mean value

conservation between the original and the filtered intensity images in (25).

@) (b)

Fig. 5: Full-resolution particular of the TerraSAR-X image in Fig. 4: original (a) and filtered (b) image.
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@) (b)

Fig. 6: Original TerraSAR-X image of the gulf of Naples (a) and its filtered version (b) (a spatial multilook of 8x8 pixels is applied). An

ambiguity due to an area pertaining to the harbor is visible over the sea surface in (a) within the red box, while it is strongly attenuated in (b).
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@ (b)

Fig. 7: Full-resolution particular of the TerraSAR-X image relevant to the ghost marked in red in Fig. 6: original (a) and filtered (b) image.
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(a) (b)
Fig. 8: Original Cosmo/SkyMed image of the gulf of Naples (a) and its filtered version (b) (a spatial multilook of 6x6 pixels is applied).

Ambiguities due to buildings and man-made areas are visible all over the sea surface in (a), while they are strongly attenuated in (b).
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Fig. 9: Full-resolution particular of the Cosmo/SkyMed image in Fig. 8: original (a) and filtered (b) image.
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(a) (b)

Fig. 10: Original Cosmo/SkyMed image acquired close to the coast of Malta (a) and its filtered version (b) (a spatial multilook of 8x8 pixels is

applied). The ambiguities due to both sidelobes are visible in (a) on each side of the unambiguous ship located in the center of the scene; both

ghosts are strongly attenuated in (b), although they are still visible.
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(c) (d)

Fig. 11: Full-resolution particular of the Cosmo/SkyMed image in Fig. 10: top ghost original (a) and filtered (b) image; bottom ghost original

(c) and filtered (d) image.
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TABLE Il
PERFORMANCE EVALUATION INDEX: GHOST-TO-BACKGROUND RATIO

Original ~ Filtered  Ghost attenuation

TerraSAR Algeria 10.7dB  3.8dB -6.9dB
TerraSAR Naples 8.0dB 2.2dB -5.8dB
Cosmo Naples 155dB  0.1dB -15.4dB
Cosmo Malta (top) 248dB  29dB -21.9dB
Cosmo Malta (bottom) 9.8 dB 1.0dB -8.8dB

Fig. 12: TerraSAR-X image of the coast of Algeria filtered with the filter TF in (18) (a spatial multilook of 8x8 pixels is applied). The original

image is the one reported in Fig. 4 (a). It can be noted that no ambiguity reduction is obtained in this case.



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 27




> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 28

(c) (d)

Fig. 13: TerraSAR-X image pair of Crotone: amplitude of original master image (a), interferogram obtained from the original image pair (b),

amplitude of the filtered master image (c), and interferogram obtained from the filtered image pair (d). A spatial multilook of 4x4 pixels is

applied.
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