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Abstract

Azimuth ambiguities are an intrinsic characteristic of a Synthetic Aperture Radar (SAR) image caused by aliasing of the
Doppler spectrum. This work presents a complete 2D model of the replica’s structure regarding power distribution and
phase pattern. It is shown that the false target is a smeared version of the true signal, and the dispersion is well predicted by
a closed-form model. A deep understanding of such features can assist in retrieving the true signal superposed by aliasing
or even in using azimuth ambiguities as an additional source of information. The model was validated by simulation and
a real COSMO-SkyMed acquisition. By considering the derived model, it was possible to refocus the ambiguous regions

and recover the original targets.

1 Introduction

A Synthetic Aperture Radar (SAR) system emulates a wide
antenna in the azimuth direction by periodically sampling
the scene as the sensor moves along its trajectory. The
Pulse Repetition Frequency (PRF) defines the observed
Doppler bandwidth, and any higher frequencies are folded
into the main signal. The result of the aliasing is azimuth
ambiguities, i.e., the appearance of false replicas in the fi-
nal image.

While the antenna pattern somewhat attenuates azimuth
ambiguities, they are known to degrade the SAR image,
as the true backscatter is overlapped with undesired ghost
signal [1]. Many studies have demonstrated the detection
of such disturbances by using, for example, their spectral
[2] and polarimetric [3] properties. Moreover, in certain
conditions, removing strong replicas is possible [4, 5].
The power of azimuth ambiguities has always been an es-
sential measure of SAR imaging quality. The recent grow-
ing interest in formations of small SAR satellites [6] makes
the study of aliasing especially relevant, as each sensor
down-samples the scene and generates a highly ambigu-
ous image. Precise modeling of the replica’s structure can
improve its suppression or enable its usage as an additional
signal.

In this paper, we propose to deepen the understanding
of the ambiguity’s structure by devising its complete 2D
Impulse-Response Function (IRF). While the ambiguous
signal originates from some true target, it is not a precise
copy because it stems from a different Doppler centroid
[7]. Many studies have discussed important characteristics
of azimuth ambiguities [8, 7], but a complete 2D model
was not yet presented, to the best of our knowledge. The
provided description of ambiguities in a focused SAR im-
age accounts for both amplitude and phase.

The model was validated by simulated data and a real
COSMO-SkyMed acquisition. The latter mission was de-
signed to have a sufficiently low Azimuth Ambiguity to
Signal Ratio (AASR) [9], so the replicas are generally not
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visible and merely contribute to an elevated level of clutter
noise. However, we have observed several strong scatterers
which generate significant replicas. Such disturbances in a
standard acquisition highlight the importance of studying
and controlling ambiguities.

1.1 The Aliased Spectrum

For small apertures and small range intervals, the trans-
formed monostatic acquisition phase operator can be ap-
proximated by [10]:

k2 (k. —Q
T( QU 0))) (1)

where k, and k, are the azimuth and slant-range angular
frequencies, respectively. rg is the zero-doppler distance,
and Q¢ = 47/, A being the wavelength of the carrier. The
following analysis considers a zero squint; however, it can
be easily extended to account for geometries with higher

squint.
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Figure 1 Representation of the spectrum of a point tar-

(@
get (uniformly shaded) with its first ambiguous part (filled
with line pattern): (a) Unfolded spectrum, showing the
two parts side by side. (b) Actual spectrum, where an-
gular frequencies above k, /2 are folded into the main
signal.
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Figure 2 Amplitude of the defocused ambiguity. The
azimuth antenna pattern determines the amplitude along
the slant-range direction.

The PRF of a SAR system defines the azimuth bandwidth:

kms
2

kel < -~ PRF = @)
where v, is the spacecraft’s along-track (AT) velocity, and
ks denotes the sampling angular frequency. For frequen-
cies above the limit defined above, the spectrum is re-
peated periodically. In practice, the range of angles ob-
served by the synthetic aperture is much larger, causing
high-frequency components to fold into the main spectrum,
as shown in Fig.1. The antenna pattern attenuates the am-
plitude of such folds, following the sinc-squared approxi-
mation:

Ga(ky) =~ sinc? (%1@ 3)

where L, is the length of the antenna.

By combining (1) and (3) we can express the aliased spec-
trum of the range-compressed data within the range of fre-
quencies defined in (2):

U<k:'m kx) = ZGa(ka: + Zkzs) . Hs(kra km + kas) (4‘)

being ¢ the index of the fold.

The appearance of a false target in the final image is caused
by focusing the aliased signal (4) with the operator that is
phase-matched to the expression in (1). The spectrum of
the focused ambiguity ¢ can be expressed as:

Si(ky ke) = Ga(ke + ikm)emi(’fiﬁvkw) 5)

Table 1 Parameters of the simulated acquisition.

H Parameter Description Value H
A wavelength 3.12cm
L, antenna length 3m
70 slant-range 570km
PRF pulse repetition frequency ~ 7500Hz
Vs satellite AT velocity 7500m/s
B range bandwidth 60MHz
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Figure 3 The phase of a defocused ambiguity, described
by a hyperbolic paraboloid.

¢Z(k7/~7kx):
7o [0 2o (ikas)? 2k, (6)
BTN (ikys)*+2ikysky e k. e kK

where k. = k, — Qq. The first term in the residual phase
¢; is the extra path caused by the different Doppler cen-
troid. It is a pure phase contribution proportional to the
slant-range and the sampling frequency. The second and
third components are the well-known displacements of the
replica in azimuth (Az;) and range (Ar;) [8]:

_ _ToA,
Ax; = 2dxl 7
(Al‘i)Q
2?"0

where dz is the azimuth sampling interval in meters.

The last term of (6) accounts for the defocusing of the am-
biguity, i.e., it’s spread over several pixels. The analysis of
the defocusing term is the main contribution of this work.

2  Ambiguity IRF

This section formulates the complete 2D IRF of an azimuth
ambiguity. The defocusing operator is analyzed first, start-
ing from its spectrum from (5) and (6):

Si,def(k:na kac) = Ga(kx + ikws)eijaik;kz (9)

where a = rokys/ Q%. The 2D structure of an ambiguity in
the focused data can be derived by back-transforming (9):

Si,def(T, 17) =

P ™

dx P
1 o
ymes / /Ga(k;w+ikws)e‘J‘”krkwefmeﬂkr’"dk;dkw
I

—
dx

(10)

3

where p = ¢/2B, i.e., the slant range resolution. The eval-
uation of the integral above can be carried out in two steps:
by first assuming infinite bandwidth and then applying a
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Figure 4 Validation of derived ambiguity IRF. (a) Focused data. The first two ambiguities are shown in the plot, dis-
placed by +Ax; from the main target. The intensity of the replica is attenuated by the antenna pattern and smeared in

range and azimuth. (b) Focused ambiguity. Red markers point to the ambiguity that is refocused by the operator phase
matched to (18).
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Figure 5 COSMO-SkyMed amplitude data acquired over Mexico. Strong targets (green) cause significant azimuth am-
biguities (red), and the replicas are defocused. The data is represented in linear scale, and speckle reduction was ob-
tained by temporal averaging of several images (for visualization only, the actual validation was performed with a single
acquisition).

low-pass filter. The blurring in slant-range and azimuth  over, it is clear that as the index ¢ becomes larger, the am-
domain for an infinite azimuth spectrum is: plitude decreases, limiting the effective number of ambigu-
ities. The extent of the blurring in slant range also depends

on the index i:
Siaer(r,T) =

1 . .
M/Ga(kw—i—ikm)ejk”{ / eJkT(T"mk“)dk;}dkm:
™

—ds where L, ; is given in meters.
e Next, we account for the finite bandwidth in range:

A 2
Lir: ] kzs: ' 13
, Q o <2da:> (13)
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where the last transition exploits the scaling property of the W Ras ia-2m/p
Dirac delta function. The solution of (11) is: Thus, the extent of the ambiguity in the azimuth direction
Siaes (1, %) = B 2ra A2
Li,=1— =irg—— 15
L ;= , (12 e =y T, (4
. Ga (* + kas) e 10 rect . . .
2mia 1a 1a - kg Finally, we can summarize and formulate the complete IRF

. ) ) of the i-th azimuth ambiguity by combining (7), (8) and
Interestingly, the azimuth antenna pattern determines the

ambiguity’s amplitude pattern along the slant range. More-
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Figure 6 Azimuth ambiguities observed in COSMO-
SkyMed SLC. (a) Intensity of the three ambiguous re-
gions, each marked by a different color. (b) Phase of the
ambiguities, resembling the hyperbolic paraboloid ex-
pected from (18).

(14) -
Si(rax) =
_ ) — Ax; 16
Ay (r)e? (") rect (7" Lijrl) rect (x Lf;“) (10)
B — Ar;
Ai(r) = 2-G, (T 2Ty zkzz> (17)
2mia 1a
‘ (= Amy)(r— Ary) | ro(ikys)?
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To visualize the structure of the result, we have simulated
a point target observed by an X-band acquisition with the
parameters from Table 1. The amplitude of the replica is
demonstrated in Fig.2, following the relevant part of the
antenna pattern. The phase is shown in Fig.3, shaped as
the hyperbolic paraboloid predicted by (18).

3  Experimental Results

The presented model was tested on both the simulated X-
band data and a real acquisition. First, we applied the op-
erator phase matched to (18) to the ambiguity of the sim-
ulated point target. The operation should focus one of the
ambiguities while blurring the true target. Indeed, Fig.4
confirms the expected behavior, validating the derived 2D
ambiguity phase.
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Further testing was conducted on a real COSMO-SkyMed
acquisition over central Mexico in May 2019. The mission
operates in X-band (9.6GHz) [9], and the pixel spacing of
the image is Im X 2m in slant range and azimuth, respec-
tively. The amplitude of the data is shown in Fig.5, where
a set of targets (marked in green) generates significant am-
biguities (marked in red). Note that while the design of
a SAR system should guarantee ambiguities to be negligi-
ble, the combination of strong backscatter from some tar-
gets and a weak response from the background can cause
replicas to be visible.

As predicted by (7) and (8), ambiguities are shifted in both
azimuth and slant range. Each replica is defocused, i.e.,
it is smeared over 39 pixels in slant range and 33 pixels
in azimuth. Notice that the true targets are not isolated
point scatterers but rather the combination of several tar-
gets along the azimuth direction (see Fig.7.a); thus, the ob-
served smearing in the Single Look Complex (SLC) im-
age (Fig.6.a) is wider than the calculated extent. While
the smearing is almost uniform along the azimuth direc-
tion, it fluctuates along the slant range, following the rele-
vant portion of the antenna pattern. The phase of the SLC
image is shown in Fig.6.b, where the expected hyperbolic
paraboloid can be appreciated.

As with the simulated data, we have focused the ambi-
guities by a convolution with the function phase matched
to (14). The compression of ambiguities for COSMO-
SkyMed data is shown in Fig.7.b. Comparing the focused
result to the original scatterers (Fig.7.a), one can appreciate
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Figure 7 Intensity of COSMO-SkyMed data for: (a) True
targets, where three lines of strong scatterers are evident.
(b) Focused ambiguities. After the compression operation,
we recovered the structure of the original data.
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Figure 8 Range profile of COSMO-SkyMed data. Three
major peaks are present in the true positions of the targets
(left). The profile of the ambiguities in the SLC image

is smeared due to defocusing (center). After refocusing
(right), the peaks are recovered and shifted along range
and azimuth.

that the spatial structure of the real targets was recovered,
i.e., three lines along the azimuth direction.

The profiles along range are presented in Fig.8, obtained
by averaging the relevant area over azimuth. In the position
of the true targets, three distinct peaks are observed, corre-
sponding to the three lines of strong scatterers in Fig.7.a.
Azimuth ambiguities are defocused in the SLC data, and
thus their profile along range is undecipherable, as shown
in the middle figure. After refocusing we have obtained
back the structure of the original signal, attenuated by the
antenna pattern.

4 Conclusions

This work presents a complete 2D model of azimuth am-
biguities, describing their position and spatial dispersion.
By deriving the IRF of the replica in the focused data, we
could precisely predict the replica’s shape, which is very
different from the original signal.

The proposed model was first tested by a simulated X-
band SAR image, using a single point-target to verify
the theoretical model. As an additional validation, a real
COSMO-SkyMed acquisition was presented, where repli-
cas of strong targets are noticeable. We demonstrated that
applying the operator phase matched to the derived model
makes it possible to refocus the ambiguity, validating its
correctness.

Further studies are programmed to evaluate the model’s
applicability to ambiguity suppression algorithms and new
parametric estimators.
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