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Abstract: Azimuth ambiguities, or ghosts on SAR images, represent one of the main obstacles for
SAR applications involving coastal monitoring activities such as ship detection. While most previous
methods based on azimuth antenna pattern and direct filtering are effective for azimuth ambiguity
suppression, they may not be effective for fast cruising small ships. This paper proposes a unique
approach for the reduction of azimuth ambiguities or ghosts in SAR single-look complex (SLC) images
using a simple rotation matrix. It exploits the fact that the signal powers of azimuth ambiguities are
concentrated on narrow bands, while those of vessels or other true ground targets are dispersed over
broad bands. Through sub-aperture processing and simple axis rotation, it is possible to concentrate
the dispersed energy of vessels onto a single axis while the ghost signal powers are dispersed onto
three different axes. Then, the azimuth ambiguities can be easily suppressed by a simple calculation
of weighted sum and difference, while preserving vessels. Applied results achieved by processing
TerrSAR-X SLC images are provided and discussed. An optimum weight of 0.5 was determined by
Receiver Operating Characteristic (ROC) analysis. Capabilities of ship detection from the test image
were significantly improved by removing 93% of false alarms. Application results demonstrate its
high performance of ghost suppression. This method can be employed as a pre-processing tool of
SAR images for ship detection in coastal waters.
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1. Introduction

Synthetic aperture radar (SAR) images are a critical component of integrated coastal
surveillance systems, having roles in ship detection [1,2], coastline detection and tracing [3],
and velocity measurement [4,5]. However, SAR azimuth ambiguity often seriously deterio-
rates the quality of SAR images by introducing ‘ghosts’ onto images of water bodies. These
ghosts are one of the main obstacles to the use of SAR applications in coastal monitoring
applications, such as ship detection [1,6]. This paper presents a simple and effective ghost
reduction method using axis rotation.

The cause and characteristics of SAR azimuth ambiguities have been well known
since the early stages of SAR development [7–9]. A SAR antenna transmits and receives
signals at discrete positions at an interval of pulse repetition frequency (PRF), and finite
sampling leads to the aliasing of the Doppler spectrum, which is governed by the azimuth
antenna pattern (AAP). The ambiguous image elements are strengthened in a way that
is inversely proportional to the wavelength squared and PRF [8], which means that SAR
images obtained with short wavelengths are more problematic. There are two general
approaches for suppressing azimuth ambiguities: One method is a system-level approach,
whereby new SAR systems that can overcome the limitations of conventional SAR systems
are developed [10–13]. The other approach aims to suppress ghosts in SAR single-look
complex (SLC) images. Since azimuth ambiguity is caused by a finite PRF and AAP, it can
be effectively suppressed by having a properly designed SAR antenna pattern with PRF
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constraints [10,14]. However, this method frequently imposes serious constraints on SAR
capabilities for conventional systems, so the trade-off between spatial resolution and swath
width is inherent to systems formed with constraints [10]. To overcome the limitations
of conventional SAR systems, novel SAR systems with an extended degree of flexibility
have recently been proposed and tested, for instance, the digital beamforming SAR, which
has a superior ability to suppress azimuth ambiguities [11,12,15], and the staggered SAR,
in which the pulse repetition interval continuously varies [13,14]. These state-of-the-art
SAR concepts and systems will play key roles in resolving the inherent trade-off between
high resolution and wide coverage and will remarkably reduce azimuth ambiguities in the
future. However, they are currently at the experimental stage of development, and general
users cannot yet acquire data using these advanced systems.

A popular approach is to directly suppress azimuth ambiguities in SAR images by
estimating the ambiguity ratio and filtering the ambiguous signals. Various methods have
previously been proposed based on this approach. The ideal filter concept, which involves
generating a two-dimensional reference function for SAR signal processing, was proposed
by [16], but it applies to raw signals rather than SLC images. For general users, it is difficult
to access or handle SAR raw signal data, and here, we assume that SAR SLC data are
the principal type of data being used. An adaptive filter based on the Wiener minimum
squared was proposed by [17]. This method requires examination on a pixel-by-pixel basis.
While the Wiener filer is effective, the method proposed by [17] often fails to identify ghost-
corrupted pixels. Various modified methods based on the Wiener filtering theory with
different ways of identifying areas of images corrupted by ghosts have been developed.
An alternative method was proposed by [18], in which the different spectral shapes of
ambiguities and signals are used for examining areas of ghosts. Another proposed selective
Wiener filtering method [19] identifies the positions of ambiguities pertaining to the two
first sidelobes of the AAP and then filters only the selected ghost-affected areas. The local
azimuth ambiguity-to-signal ratio [20,21] and entropy minimization [22] have also been
proposed for this purpose. A slightly different approach makes use of two multi-looks to
exploit the dependence of ambiguity location on wavelength [23]. These methods are an
effective way to suppress ghosts in SAR SLC images. However, when filtering is applied,
there is always a strong potential to distort or significantly reduce useful signals from true
targets, such as fast-cruising ships. The Doppler centroid of a fast-cruising vessel shifts to
high frequencies based on speed and may be unintentionally filtered out. In addition, the
examination of ghosts at each pixel or range line has a heavy computational burden.

This study proposes a unique approach to the reduction of azimuth ambiguities or
ghosts in SAR SLC images using a simple rotation matrix. The core idea is based on the
fact that the signal powers of azimuth ambiguities are concentrated in narrow bands, while
those of vessels or other true ground targets are dispersed over broad bands. Using an axis
rotation, it is possible to concentrate the dispersed energy of vessels on a single axis, while
the ghost signal powers are dispersed to three different axes. Then, ghost suppression can
be achieved using simple arithmetic operations. The main purpose of the method is to
efficiently and effectively produce intermediate-stage SAR that can eventually be used for
coastal ship detection.

This paper is organized as follows. In Section 2, the theoretical background of the
proposed method is introduced. Spectral characteristics of ships and azimuth ambiguities
are compared and discussed. SAR sub-aperture, or multi-look processing, and the simple
rotation matrix adopted in this study are described. Results are obtained by applying the
method to a TerraSAR-X (TSX) SLC image in Section 3. The advantages and limitations of
the proposed method are also discussed on the basis of the results of the method application,
and the conclusions are presented in Section 4.
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2. Background Theory and Data
2.1. Characteristics of Azimuth Ambiguity and Multi-Look Processing

SAR azimuth ambiguities, or ghosts, have unique spectral features that distinguish them
from true ground targets, such as small ships. Although both vessels and azimuth ambiguities
commonly have strong signal strengths and are rendered by bright structures in images or time
domains, the Doppler spectra of the two features are quite different. Typical Doppler spectra
of a ship (blue line in Figure 1a) and a ghost (red line in Figure 1a) taken from TSX SLC data
were used in this study. A typical Doppler spectrum from a true ground target is displayed
with a blue line in Figure 1, showing characteristics of a symmetric center at a near-zero
frequency and a broadband spectrum extending over the entire Doppler frequency, ranging
from −PRF/2 to +PRF/2 (where PRF stands for pulse repetition frequency). Note that the
Doppler spectrum of the ship does not extend to ±PRF/2, because the Doppler spectrum
in SLC is intentionally limited to the total processed azimuth bandwidth shown in Table 1
by a SAR processor before delivering SLC data to users.
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Figure 1. Doppler spectra of a true ship and azimuth ambiguity (or ghost). (a) Power spectra
presented in decibel units. (b) Power spectra presented as normalized spectral power overlaid
with three sub-apertures that were used for multi-look processing in this study. While the Doppler
spectrum of the ship is spread over the entire spectral band, that of the azimuth ambiguity is
characterized by a narrow bandwidth centred close to ±PRF/2.

Table 1. System parameters of the TSX data used in this study.

Parameters Values Parameters Values

Range/azimuth
ground resolution 1.42/2.30 (m) Doppler rate at

scene center 4275.7 (Hz/s)

Projected azimuth
sample spacing 2.19 (m) Doppler centroid at

scene center −491 (Hz)

PRF 3212.3 (Hz) Total processed azimuth
bandwidth 2790.5 (Hz)

Antenna effective velocity 7355.1 (m/s) Incidence angle at
scene center 53.8 (deg.)

Beam ground velocity 7036.6 (m/s) PRF Time 0.7513 (s)

The Doppler frequency of a ground target displaced by an azimuth angle of Ψ from
the antenna boresight is given by

fa = −
2V
λ

sin Ψ ' −2V
λ

Ψ, (1)

where V is the antenna velocity and λ is the wavelength. If the Doppler frequency of the
target is equal to a multiple of PRF, i.e., fa = mPRF, where m is the integer, then the target
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is aliased and imaged at the antenna boresight. As a consequence, if a target located at an
azimuth angle satisfies the relation

Ψ ' − λ

2V
mPRF, (2)

where m is an integer, which will be aliased to create ghost images and overlaid with
true ground targets at the antenna boresight [7,17]. The contributions of aliased targets
to the received signals are usually small if the two-way azimuth antenna beam pattern
at angle Ψ is small compared with the beam center. If the area at the beam center has
a low backscattering coefficient while the power of the antenna beam pattern at angle
Ψ is relatively large, for instance, near coastal waters, the azimuth ambiguities become
serious. Thus, the azimuth antenna beam pattern and selection of PRF are critical to the
formation of the azimuth-ambiguity-to-signal ratio (AASR). In fact, most SAR systems
are sophisticatedly designed to minimize azimuth ambiguities with consideration of the
antenna beam pattern and look direction, PRF, satellite orbit, and attitude. Nevertheless,
it is difficult to completely remove ghosts from SAR SLC images due to the nature of the
antenna beam pattern and SAR systems.

Some distinctive features of the Doppler spectrum of the azimuth ambiguity depicted
by the red line in Figure 1 are as follows: First, the distribution of the Doppler spectrum
of the ghost is asymmetric with a spectral maximum near the Nyquist frequency. Second,
the signal powers of the azimuth ambiguity are concentrated around the peak so that the
effective bandwidth is much narrower than that of the ship. One of the most popular
approaches to reducing ghosts in SAR images is to filter azimuth ambiguities, for instance,
through an adaptive-filtering approach at each point [4] or with the Wiener-filter-based line-
by-line processing approach [19]. The filtering approach is usually effective for suppressing
azimuth ambiguities. It principally suppresses high-frequency components containing
azimuth ambiguities; however, it unwantedly suppresses signal powers of fast-cruising
vessels that are also characterized by a high-frequency Doppler centroid. Therefore, it is
necessary to develop an approach that preserves ground targets with all plausible velocities
while selectively removing ghosts. Here, we propose a simple but effective approach that
uses axis rotation to separate true ground targets from ghosts and then effectively averages
out the spectral powers of azimuth ambiguities while preserving the spectral powers of
true ground targets.

Based upon the spectral characteristics of the ship and azimuth ambiguity or ghost
shown in the SLC image, it was possible to design a SAR multi-look filter, as shown in
Figure 1b. The three sub-apertures, shown in Figure 1b with green, blue, and red lines,
will produce three sub-aperture images, also known as multi-look images, with a reduced
spatial resolution but containing different signal powers. The three sub-apertures have
a common bandwidth of one-third of the PRF. The centered frequencies of the green
(sub-aperture for negative high frequencies), blue (sub-aperture for low frequencies), and
red (sub-aperture for positive high frequencies) lines are at −PRF/3, 0, and +PRF/3,
respectively. Considering the spectral characteristics of the ship and sub-apertures, all three
multi-look images will maintain the signal powers of the ship, although the total signal
power of the target in each sub-aperture will differ slightly according to the spectral pattern.
On the contrary, the concentration of signal powers of the ghost in different multi-look
images will largely vary between sub-apertures, for instance, they will be dominant in the
negative high-frequency component but almost negligible in the positive high-frequency
component.

2.2. Core Idea and Method

As discussed in the previous sub-section, the patterns of the spectral distribution
of true vessels and ghosts are distinctively different: vessels have a broadband Doppler
spectrum while ghosts have a narrow, concentrated band. The core idea of this study is to
project three multi-look (or sub-aperture) images onto a new coordinate system in which
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the spectral powers of true targets are concentrated at a single component, while those of
ghosts are evenly dispersed over three different components. Projection to eigenvectors or
principal component analysis (PCA) may be potential candidates for this purpose [5,24].
A method utilizing eigenvalues and eigenvectors, however, requires the estimation of
eigenvectors for individual targets. Here, the proposed method is not designed to produce
a perfectly reconstructed image for each individual target, but rather, for quick and effective
generation of an image for an intermediate stage of target detection in coastal waters. From
this, the detection of true vessels and other objects can be carried out. For this purpose, we
propose a method that exploits a simple and target-independent axis rotation instead of
using computationally inefficient individual target filtering or eigenvector analysis.

A rotation matrix can be obtained by matrix multiplication of the two basic rotation
matrices rotating vectors by angles ψ and θ, such as

R =

 cos ψ − sin ψ 0
sin ψ cos ψ 0

0 0 1

 cos θ 0 sin θ
0 1 0

− sin θ 0 cos θ


=

 0.5 −0.7071 0.5
0.5 +0.7071 0.5

−0.7071 0 +0.7071

 , (3)

where ψ = 45◦ and θ = 45◦ are rotating angles about the z- and y-axes, respectively. Since
the rotation matrix R is an orthogonal matrix, it satisfies the relationship given by

R−1 = RT, (4)

which means an inverse matrix or reverse rotation is obtained by the transpose of the
rotation matrix.

The following simple rotation method is useful for the reduction of azimuth ambiguity. X′

Y′

Z′

 = RT

 X
Y
Z

. (5)

Matrix multiplication of the rotation matrix to (X, Y, Z) results in projection to a new
coordinate (X′, Y′, Z′) in which the Z′-axis aligns with the vector

(
1, 1,
√

2
)

. Rotation of

the vector
(

1, 1,
√

2
)

in (X, Y, Z) results in (0, 0, 2) in the rotated space, which implies that

all signal powers are concentrated at a single component: the Z′-axis. On the contrary,
the vector (0, 2, 0) in the (X, Y, Z) space is projected to a vector of

(
1,
√

2, 1
)

through
the rotation. This means that rotation of a vector concentrated at a single X- or Y-axis
through Equation (5) results in the dispersion of energy to three different components.
For this rotation, the positive high-frequency band (red sub-aperture in Figure 1b) and
negative high-frequency band (green sub-aperture in Figure 1b) are assigned to the X- and
Y-components, respectively, and the low-frequency band (blue sub-aperture in Figure 1b)
is assigned to the Z-component.

Once the axis-rotated components (X′, Y′, Z′) have been obtained by Equation (5), the
signal powers of ghosts can be significantly suppressed by a simple operation:

D = Z′ − w·
(∣∣X′∣∣+ ∣∣Y′∣∣), (6)

where w is a weight, which was assigned a value of 0.5 in this study. The weight of
0.5 means a subtraction of a simple mean of X′- and Y′-component from Z′-component,
provided that the AAP is symmetric with a zero Doppler centroid. Different weights can be
used according to the AAP and spectral characteristics of azimuth ambiguities in a given
SAR image. An optimum weight for the test data used in this study will be discussed in
the Section 3.4. The sum and difference operation of Equation (6) will completely remove
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ghosts if ghost signals are evenly distributed among the X′-, Y′- and Z′-axes, while all signal
powers of a ship will be solely concentrated in the Z′-axis with the X′- and Y′-components
having values of 0. Although this assumption may not be satisfied for all cases, Equation (6)
efficiently and significantly suppresses ghosts rendered in most SAR images. Then, the
final output of the ghost-removed image can be obtained by

Dgr =

{
1√
2

D i f D ≥ 0
0 i f D < 0

. (7)

The main advantages of the proposed method are its high performance and com-
putational simplicity. It is not necessary to estimate spectral characteristics of ghosts
individually or on a line-by-line basis. The rotation completed with Equation (5) is also
straightforward and computationally efficient and is followed by a simple summation
and subtraction using Equations (6) and (7). For an image with a size of N pixels, the
processing of Equations (5)–(7) only requires a total computational cost of O(3 × 3N +
2N). Thus, it is faster than any procedure comparable to a convolution with a sliding
window of 4 × 3 samples. Therefore, this method is a very efficient way to carry out simple
computations over whole areas of interest. This simple procedure provides images with
competitive quality that can be used for the detection of vessels or other sea surface objects
in subsequent tasks. The performance details of the proposed method are discussed in the
next section.

3. Application Results and Discussion
3.1. SAR Data in Coastal Regions

SAR test data were acquired by the TSX descending mode with an incidence angle
of 53.8 degrees at the scene center, as shown in Figure 2. The system parameters of the
data used in this study are summarized in Table 1. The SAR image was obtained for
an experiment on the detection of small vessels in coastal waters. For this experiment,
vessels in coastal waters at the moment of SAR observation were traced by the automatic
identification system (AIS). Figure 2 displays the amplitude of the SAR single-look complex
(SLC) signal normalized by the value pertaining to 96% of the statistical distribution of the
amplitude, and the locations of vessels are denoted by red squares.

The SAR image of the near-coastal sea surface was severely overlaid with azimuth
ambiguities (or ghosts), as shown in Figure 2. The azimuth time displacement of a ghost
from the true target can be approximately calculated by PRF Time, which is defined as the
ratio of PRF to the Doppler rate:

PRF Time = ±PRF
|Ka|

, (8)

where Ka is the Doppler rate [17,25]. The PRF Time value of the TSX data used in this
study was 0.7513 s, as shown in Table 1, which corresponds to about 5287 m in the image.
Therefore, true features located in coastal waters within about 5.3 km from the coastline
were mixed with azimuth ambiguities from strong land structures. Consequently, it was
very difficult to detect or discriminate ghost targets from true vessels or rocks exposed on
the sea surface without efficient reduction of azimuth ambiguities, as shown in Figure 2.

3.2. Comparison between Vessels and Ghosts

Two sub-areas with a window of 129 by 129 samples were first taken around a typical
ship (Figure 3a) and ghosts (Figure 3b). Since the signal power of ghosts is very high
compared with that of typical vessels, as shown in Figure 3, it was almost impossible to
discriminate true vessels in these coastal waters from ghosts without the suppression of
ghost targets.
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Figure 2. Test image of the northern coast of Jeju Island. The SAR data were acquired by the TerraSAR-
X descending model with an incidence angle of 53.8 degrees at the scene centre. Red squares indicate
the locations of vessel traced by the AIS system. True marine targets, such as vessels or bottom rocks,
exposed above the water surface are severely mixed with ghosts (or azimuth ambiguities) in the
coastal water, and consequently, it is very difficult to detect true coastal targets.
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Figure 3. Sub-sampled amplitude images of a typical (a) ship and (b) ghosts. The sample size of
the two areas was 129 by 129 in terms of the range and azimuth, respectively. Both images were
normalized by a common value pertaining to 96% of the statistical distribution of the amplitude over
the whole area in Figure 2.

Three different multi-look components were computed through band-pass filtering.
Figure 4 displays the three sub-aperture components of the ship. The low-frequency com-
ponent assigned to the Z-axis naturally shows the largest power concentration, accounting
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for 51.1% of the total signal power. This can be explained by two facts: First, the Doppler
spectrum follows a sinc squared function, as shown in Figure 1, due to its antenna beam
pattern and azimuth window applied by the SAR processor [25]. Second, the total azimuth
bandwidth maintained in the SLC image is only 86.9% of the PRF, as shown in Table 1,
because about 14% of high-frequency components were intentionally erased by the SAR
processor to reduce azimuth ambiguities. Since image formation from raw SAR signals
through a SAR processor is normally carried out by a data provider, general users are
not able to restore the deleted high-frequency components. Thus, the signal strength of
low-frequency components or central frequency parts is usually stronger than that of
high-frequency components. Nevertheless, high-frequency components of the true ship
also contribute to about half of the total strength of the signal, as shown in Figure 4. The
positive high-frequency component (upper left in Figure 4) and negative high-frequency
component (upper right in Figure 4) account for 22.0% and 26.9% of the signal, respectively.
Azimuth profiles of the three components across the signal peak are shown in the bottom
right plot in Figure 4. While the peak signal power of the low-frequency component (or the
Z-component), shown by the blue line, was the highest, the negative high-frequency com-
ponent (or the X-component), shown in red, and the positive high-frequency component
(or Y-component), shown in green, also showed similar patterns of power distribution to
the Z-component with comparable peak powers of no less than 5 dB.
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Figure 4. Three different views computed from a typical ship with a window containing 129 by
129 sub-samples. The positive high Doppler frequency component was assigned to the X-axis (upper
left), the negative high Doppler frequency component was assigned to the Y-axis (upper right), and
the low Doppler frequency component was assigned to the Z-axis (bottom left). Azimuth profiles
across a peak were also compared (bottom right), and the maximum peak powers of the X- and
Y-components were no lower than 5 dB compared with the Z-component. The summed signal power
of the Z-component accounted for 51.1% of the total signal power, and the X- and Y-components
accounted for about 22.0% and 26.9%, respectively.
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The same procedure was applied to the sub-area containing ghosts in Figure 3 to
obtain the three multi-look components shown in Figure 5. Although the original images
of ships and ghosts shown in Figure 3 look very similar to each other, the characteristics of
the multi-look components shown in Figures 4 and 5 are distinctively different. The signal
powers concentrated in the positive high-frequency component assigned to the X-axis
(upper left in Figure 5) and the low Doppler frequency component assigned to the Z-axis
(bottom left in Figure 5) were insignificant and accounted for only 11.7% and 17.4% of
the total signal power, respectively. A large portion of the ambiguity signal (70.9%) was
found to be concentrated at the single dominant Y-component. Azimuth profiles across a
peak (bottom right in Figure 5) also depicted this feature such that the peak power of the
Y-component was found to be distinctively larger than those of the X- and Z-components
by about 35 dB.
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Figure 5. Three different views computed from the sub-area containing ghosts in Figure 3b. The
positive high-frequency component was assigned to the X-axis (upper left), the negative high-
frequency component was assigned to the Y-axis (upper right), and the low Doppler frequency
component was assigned to the Z-axis (bottom left). The summed signal powers of the X- and
Z-components account only for 11.7% and 17.4% of the total signal power, respectively, while the
signal power is concentrated on the single dominant Y-component, 70.9%. Azimuth profiles across
the brightest peak were compared (bottom right), and the maximum peak powers of the X- and
Z-components were found to be insignificant and lower than that of the Y-component by about 35 dB.

From the three multi-look components of the original images presented in Figures 4
and 5, a new output projected to the rotated axis (X′, Y′, Z′) was obtained by applying
the rotation matrix represented by Equation (5). The axis rotation resulted in three new
components of the ship and ghosts, as summarized in Figures 6 and 7, respectively. In
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Figure 6, the three components projected to the rotated axes of X′, Y′, and Z′ show a
concentration of signal powers on the Z′-axis, as expected. The Z′-component accounts for
74.8% of the total signal power, while the X′- and Y′-components account for only 16.5%
and 8.8%, respectively.
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Figure 6. Projection of multi-look components of the ship to new axes (X′, Y′, Z′) by the rotation
matrix of Equation (5). Compared with the original (X, Y, Z) components shown in Figure 4, the signal
power of the ship is now concentrated at the Z′-component (bottom left). While the projected signals
at the X′-axis (upper left) and Y′-axis (upper right) account for only 16.5% and 8.8% of the total
signal power, respectively, 74.8% of the total signal power is now projected to the Z′-axis (bottom
left). An output was finally obtained using the proposed process (bottom right) in which the original
feature of the ship was found to be well preserved.

The simple arithmetic operation presented in Equation (6) produced the output dis-
played at the bottom right of Figure 6. The output preserved the original features of the
ship well. On the contrary, signal powers of ghosts were dispersed over three new axes
after axis rotation by Equation (5), as shown in Figure 7. While the signal powers of ghosts
were originally mainly concentrated at the Y-axis, as shown in Figure 5, they became almost
evenly distributed among the X′-axis (upper left), Y′-axis (upper right), and Z′-component
(bottom left) with portions of the total signal power of 23.6%, 34.2%, and 42.2%, respec-
tively. Then, a simple processing step is done using Equations (5)–(7) effectively reduced
the ghosts while preserving true ground targets, as shown in the bottom right of Figure 7.
A comparison between the result for ghosts, shown in Figure 7, and that for a ship, shown
in Figure 6, demonstrates the effectiveness of the proposed method for reducing ghosts or
azimuth ambiguities while preserving true ground targets.
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system. Compared with the original TSX image presented in Figure 2, ghost targets scat-

Figure 7. Projection of multi-look components of ghosts to new axes (X′, Y′, Z′) by the rotation matrix.
Compared with the original (X, Y, Z) components in Figure 5, signal powers of ghosts are now evenly
distributed among the X′-axis (upper left), Y′-axis (upper right), and Z′-component (bottom left)
with portions of the total signal power of 23.6%, 34.2%, and 42.2%, respectively. Compared with the
original image shown in Figure 3b, ghosts in the final output obtained by the proposed method are
effectively suppressed (bottom right).

3.3. Results of the Application for the Whole Area

As the effectiveness of the proposed method was proven using a selected ship and
ghost, we also applied the method to the scene shown in Figure 2. Figure 8 displays the
results of ghost reduction processing overlaid with locations of vessels tracked by the
AIS system. Compared with the original TSX image presented in Figure 2, ghost targets
scattered within 5.3 km of the coastline were efficiently and effectively suppressed. The
resulting image could be used to detect and analyze vessels and rocks exposed above the
water surface.

To investigate the processing results in more detail, a pair of enlarged images of an
area of 2 by 2 km is shown in Figure 9. Figure 9a,b displays the original TSX SLC image and
the processing output overlaid with locations of vessels tracked by the AIS system. Both
images were normalized by a common value of 96% of the statistical distribution of the
amplitude for comparison. It was almost impossible to detect and discriminate true vessels
by visual inspection or automatic detection from the original TSX SLC image presented in
Figure 9a because true vessels were severely mixed with bright ghosts. A number of vessels
in this area were less than 60 m in length. The government and other groups are interested
in small-sized vessels as these are involved in illegal activities more frequently than large
ships. It is, however, very difficult for small vessels with lengths of less than a few tens of
meters to be visually or automatically detected from SAR images. Ghost targets rendered
by azimuth ambiguities make it much harder to detect ships in the water near the coast,
as shown in Figures 2 and 9a. In the processed image Figure 9b, vessels are now clearly
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detectable with a high level of confidence in contrast with Figure 9a. The bright ghosts in
Figure 9a were effectively suppressed by the proposed method, while vessels were well
preserved in terms of signal strength and shape, regardless of their size, as in Figure 9b.
Two small ships were successfully detected from Figure 9b. The resulting images shown
in Figures 8 and 9b demonstrate that the proposed method significantly improves SAR
detectability for targets near the coast, including small vessels and exposed bottom rocks.
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Figure 8. Final result obtained by the proposed method for the test image presented in Figure 2. Compared with the original
SLC image presented in Figure 2, most ghost targets are very effectively suppressed, and the resulting image could be used
for the efficient detection of vessels or bottom rocks exposed above the surface in coastal waters.
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Figure 9. Comparison between (a) the original SLC image and (b) the processed result over a 900 ×
900 m sub-area. Ships tracked by AIS are denoted by red squares.

For evaluation of performance of the proposed method and determination of an
optimum weight of w in Equation (6), a Receiver Operating Characteristic (ROC) analysis
was carried out. The ROC curve has long been used in signal detection theory to depict
the tradeoff between hit rates and false alarm rates of classifiers [26–28]. At the time of
the TSX data acquisition, there were a total of 51 ships and boats within the scene of
Figure 8 according to AIS records. The constant false alarm (CFAR) method is popularly
for detection of vessels in the SAR image [29], and we adopted a general CFAR for ship
detection in this study. It is often difficult to detect small boats less than several meters in
length regardless of ghosts. Figure 10a shows the total number of false alarms varying with
the weight w in Equation (6). The weight w = 0 produces an image before ghost removal,
from which a total of 568 false alarms was detected. The total number of false alarms
decreases up to w = 0.4 with a steep slope as in Figure 10a, then the trend of decrease
changes to a gentle slope. The total number of false alarms was significantly reduced to
39 in the image of w = 0.5 from 568 before ghost removal, which is about 93% removal
of false alarms. The false alarm removal rate is important because the main purpose of
ghost suppression is to reduce the total number of unwanted detections. Although the false
alarm rate continuously decreases as the value of weight increases, the w higher than 0.5
also reduces the detection rate as in the ROC curve in Figure 10b. The detection rate reaches
the maximum at w = 0.5 with a false alarm rate of about 0.6. The maximum detection rate
did not reach 1.0, but instead reached 0.7 because of undetected small boats. Thus, the
weight of 0.5 is the optimum for this data. The area under the curve (AUC) is 0.62. The
results demonstrate its capability to effectively suppress ghosts and validate the use of
weight w = 0.5 in Equation (6) for this test data.

In summary, the proposed algorithm can be used to produce an intermediate output
that may be used for the detection of ships or other targets in coastal waters.

3.4. Discussion

The effectiveness of the proposed method can be supported by comparison with results
of the Wiener filtering. Figure 11 displays an example of azimuth ambiguity removal by
applying the Wiener filter proposed by [17] to the same area of interest in Figure 7. The
Wiener filter must be designed by considering the azimuth antenna pattern (AAP) of each
individual dataset. Figure 11a shows the AAP and its first replicas responsible for aliasing
of the TSX data used in this study (above), and the Wiener filter gain derived from the AAP
and its left and right replicas (below). Ghosts in the resulting image of Wiener filtering
Figure 11b are not completely removed. The Wiener approach usually requires some
additional steps at the cost of increasing computational burden such as [17,19] to effectively
suppress ambiguities. Compared (b) with the resulting image in Figure 7 (bottom right),
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the proposed method does very effectively suppress ghosts while preserving vessels. This
example demonstrates that the proposed approach is useful for pre-processing of SAR
images to detect vessels in coastal water.
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Figure 10. (a) Variation of the total number of false alarms and (b) ROC curve derived from different weights in Equation (6).
The total number of false alarms decreases up to w = 0.4 with a steep slope, which implies the method significantly reduces
the false alarm rate. The area under the curve (AUC) is 0.62. The false alarm rate is close to 1.0 when w = 0, which is the case
of the image before ghost removal. The detection rate reaches to the maximum at w = 0.5 with a false alarm rate of about 0.6.
The maximum detection rate did not reach 1.0 because some small boats in relation to the ground resolution of TSX fail to
be detected.
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Figure 11. An example of ambiguity removal by the Wiener filter: (a) The AAP and left and right first replicas of TSX used
in this study (above) and a transfer function of the Wiener filter derived from the AAP (below). The shaded region presents
the azimuth bandwidth used for image formation. (b) The resulting image obtained by Wiener filtering. The area of interest
is the same to that in Figure 7. Ghosts are not completely removed by the simple Wiener filtering so that it requires some
additional processing steps. A comparison of (b) with the result obtained by the proposed method (bottom right in Figure 7)
supports that the proposed approach does very effectively suppress ghosts while preserving vessels.
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The proposed method has various advantages in terms of performance and computa-
tional simplicity for the detection of vessels from SAR images in coastal water. However, the
proposed method has some limitations regarding its application. Although the proposed
method effectively reduces the azimuth ambiguities in the final output, some persistent
ghosts still exist, as shown in Figure 9b. Additional procedures must be used to determine
whether detected bright features represent a true ground target or ghost by examining
residual Doppler frequencies. The Doppler spectrum of these persistent ghosts is differ-
ent from that shown in Figure 1 and is characterized by a slight broadband at positive
high frequencies with a smaller signal power. This implies that the performance of the
proposed method depends on the degree of concentration of the spectral power of azimuth
ambiguities. As it concentrates at a narrow frequency band close to the Nyquist frequency
(or one-half of positive or negative PRF), the performance of the method significantly im-
proves. Otherwise, the band-pass filter adopted in this study to generate three multi-look
images should be modified to accommodate different spectral characteristics of the SAR
dataset being used. In addition, the optimal rotation angle about the y-axis may need to
be reviewed according to the ratio of the signal power of the high-frequency band to the
low-frequency band. The core idea of the approach is to make a broadband spectrum of
the true target into a single component by axis rotation. The TSX data used in this study
has the AAP as shown in Figure 11a (above), and the ratio of the antenna gain sum of
the central aperture (blue in Figure 1b) to the gain summation mean of the side apertures
(green and red in Figure 1b) is 1.41 which approximates to

√
2. The rotation by Equation (3)

projects
(

1, 1,
√

2
)

in (X, Y, Z) to (0, 0, 2) in the rotated space (X′, Y′, Z′), and it theoretically
works well for the TSX data used in this study. The gain ratio depends on the AAP of each
SAR system and the Doppler centroid of individual SAR image. It would be necessary to
determine the optimum rotation angle for each SAR systems or images. Rotation aligning
to eigenvectors would be an alternative approach, but it is not as effective as Equation (3) in
the author’s experience. Eigenvectors of a small area of interest would be meaningful, but
eigenvectors estimated over the whole scene (excluding landmass) are corrupted by ambi-
guities and various sea surface features including currents and waves. The axis rotation
by 45◦ for both ψ and θ as in Equation (3) also works well for data obtained by other SAR
systems, for instance KOMSAT-5 X-band SAR. It is necessary to carry out further study on
determination of the optimum rotation angle for various SAR systems in the future.

The Doppler centroid of the SAR SLC image must also be checked before applying
the proposed method. Some SAR systems provide a zero-Doppler SLC image in which
the Doppler centroid has a near-zero frequency. These require precise maneuvering of the
satellite attitude and antenna beam [8,30], but many current SAR systems have a limited
capability for satisfying these requirements. In such cases, the band-pass filter should be
shifted in frequency according to the given Doppler centroid of the SAR SLC data used.

Once the three multi-look images are projected to the new coordinate (X′, Y′, Z′) by
the rotation matrix, Equation (5), a simple arithmetic computation in Equations (6) and (7)
is applied to obtain the ghost suppressed output. This is a calculation of weighted sum and
difference using a weight of 0.5 for both the X′- and Y′-components. This worked very well
for the test data used in this study. Although this method is simple and straightforward,
the optimal weight differs according to the spectral characteristics of the input data.

4. Conclusions

A new approach for the suppression of azimuth ambiguities or ghosts in high-
resolution SAR SLC images using simple axis rotation was introduced and discussed
in this paper. While Wiener or other types of filtering of ghosts are effective for azimuth
ambiguity reduction, these methods carry the risk of unintentionally removing fast cruising
ships. Instead of directly filtering ghost signals, the method exploits different patterns of
signal power distribution of vessels and ghosts in three sub-aperture images. A simple axis
rotation projects the dispersed signal powers of the vessels onto a single axis while making
those of ghosts disperse among three axes. In the new rotated coordinate, the ghosts can
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easily be suppressed by a simple arithmetic operation while effectively maintaining the
signals of true targets. The results obtained by applying the method to TSX SLC data
demonstrated that the method can effectively suppress ghosts while preserving small and
fast cruising ships in coastal waters. The capabilities of ship detection from the test image
were significantly improved by reducing 93% of false alarms. The computational burden is
low, so it can be used to efficiently provide images for use in coastal ship detection.

Although the results obtained by applying the proposed method to the test data
demonstrated its capability of ghost suppression, the proposed method has some limita-
tions regarding its application. It requires investigation into the optimum rotation angles in
Equation (3) according to characteristics of various SAR systems and ghosts in the future.
In addition, it is also necessary to further examine the methods of summation to replace
Equation (6). Although this approach is simple and straightforward, the optimal weight
might differ according to the spectral characteristics of the input data.

In the future study, it would be valuable to investigate the use of optical images com-
bined with SAR images in this region through information fusion. For instance, the Visible
Infrared Imaging Radiometer (VIIRS) day/night band (DNB) satellite images are proven to
be a useful tool to monitor ships at nighttime with a limited spatial resolution [31,32]. A total
number of ships and boats involved in illegal activities usually increases during the night.
Thus, the combined use of SAR and VIIRS DNB as well as high resolution optic images
would improve the capability of monitoring vessels from space in coastal waters.
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