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Suppression of azimuth ambiguity for the detection of ships on the
ocean by wide-swath synthetic aperture radar

Tomoya Yamaoka1, a) and Satoshi Kageme2

Abstract This study proposes the suppression of the azimuth ambiguity
with high azimuth resolution and signal-to-noise ratio in an image cap-
tured at a low pulse repetition frequency for the detection of ships on the
ocean with wide swath by spaceborne synthetic aperture radar (SAR). The
proposed scheme can reduce the azimuth ambiguity by processing the two
images divided in the Doppler frequency region, which selects pixels with
smaller values between the two images and derives their gains. After eval-
uating the proposed scheme, we discovered that azimuth ambiguity can be
suppressed, and the expected swath of the observed image is equivalent
to five times that of the conventional SAR image. The proposed scheme
improved the signal-to-azimuth ambiguity power ratio by 27.7 dB.
Keywords: azimuth ambiguity, ship detection, synthetic aperture radar
(SAR), wide-swath
Classification: Sensing

1. Introduction

Synthetic aperture radar (SAR) is crucial in remote sensing
because the target can be observed through images, regard-
less of daylight conditions [1]. This study focuses on detec-
tion ships on the ocean using spaceborne SAR. A low pulse
repetition frequency (PRF) must be set to lengthen the pulse
repetition interval (PRI) to realize wide-area observations by
SAR. However, if PRF is set to a low value, the number of
sampling points in the azimuthal direction decreases. There-
fore, the Doppler frequency component obtained through the
fast Fourier transform (FFT) resulting in aliasing, and unnec-
essary signal components, called azimuth ambiguities, are
generated in the SAR image, degrading the image visibility.
scanSAR [2] can widen the observation area without gen-
erating azimuth ambiguity but degrades azimuth resolution
and signal power. This study investigates the suppression of
the azimuth ambiguity for SAR images with higher azimuth
resolution and S/N ratio by inserting 0s into the slow time
direction of the signals at a low PRF.

In conventional studies of azimuth ambiguity, various
types of systems such as the moving target indicator [3],
polarization SAR [4], and bistatic SAR [5] have also been
investigated. Azimuth ambiguity reduction using a winner
filter is a typical method [6, 7, 8]. However, these methods
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are not aimed at widening the observation areas with low
PRF.

Multichannel SAR technology [9] can be used to reduce
azimuth ambiguity for a wide-swath SAR. However, the
suppression of azimuth ambiguity to widen the observa-
tion area requires multiple receivers and high sampling in
the azimuthal direction. Some azimuth ambiguity reduc-
tion schemes use compressed sensing [10, 11] to widen the
observation area with a single receiver. However, compres-
sive sensing requires repetition of the imaging and inverse
imaging processes 30 times, which increases the number of
calculations required and the processing delay. Currently,
the number of swaths can only be doubled.

Thus, we propose a scheme to process the images ob-
tained by dividing the Doppler frequency component into
two components to suppress the azimuth ambiguity gener-
ated by low-PRF wide-ocean observations at a low cost. The
scheme focuses on the phenomenon in the range-Doppler
frequency region of an SAR image with a low PRF. In
the image obtained by dividing the Doppler frequency com-
ponent into two components, sufficient power is provided to
both pixels at the pixel position where the target exists. Con-
versely, the pixel in which azimuth ambiguity exists has less
power on one side. As a result, we propose a scheme to sup-
press the azimuth ambiguity in SAR images. The azimuth
ambiguity of ships and land can be suppressed, and ships in
wide-area oceans at a low PRF can be detected using the pro-
posed scheme. In the demonstration using the SAR image
of TerraSAR-X, azimuth ambiguity was suppressed with a
swath five times. The remainder of this paper is organized as
follows. The proposed scheme is explained in Section II and
demonstrated in Section III. Finally, Section IV concludes
the study.

2. Proposed scheme

This section describes the proposed scheme, its precondi-
tions, problem awareness, concept, and specific processing
flow.

2.1 Precondition
In this study, the signals observed through the strip map with
less azimuth ambiguity were thinned to 1/M (M is a natural
number) in the slow time direction. Therefore, PRI is set to
M times, and PRF is set to 1/M times. Suppose fp is the
reduced PRF value. Aliases occur in the signals owing to
the low PRF and the swath width will be M times larger than
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Fig. 1 Explanation of wide swath. The satellite has a longer PRI and a
larger observation area.

Fig. 2 Precondition. The insertion of 0s discretizes the signal in the slow
time direction. Replicas of the signal occur on the Doppler frequency,
improving azimuth resolution, and signal power.

the normal observation width, as shown in Fig. 1.
The preconditions are shown in Fig. 2. Image processing

was performed after inserting (M-1) 0s between the signals
in the slow time direction. The insertion of 0s discretized the
signal in the slow time direction. Therefore, the PRF in the
Doppler frequency is increased by inserting 0s, and replicas
of the signals occur at the Doppler frequency, as shown
in Fig. 2. These replicas increase the azimuth resolution,
signal power, and ambiguity. This image is referred to as the
observed image.

2.2 Problem awareness
The cell migration range of the target cells was obtained as
follows:

R(R0, fd) = R0/(1 − (λ2 fd2/4v2))1/2 (1)

where R0 is the shortest distance between the target and the
radar, fd is the Doppler frequency, λ is the wavelength, and
v is the velocity of the platform.

Furthermore, the corrected range of cell migration of the
target is discussed, which is obtained as follows:

Rt (R0, fd) = 0. (2)

Furthermore, the corrected range cell migration of the kth
azimuth ambiguity is expressed as follows:

Ra,k(R0, fd) = R(R0, fd − k fp) − R(R0, fd). (3)

Therefore, azimuth ambiguities exist across various range
bins, the distributions of the azimuth ambiguities in the
Doppler frequency direction differ for each range bin, and
the ambiguity components are unevenly distributed.

2.3 Concept
Based on the aforementioned analysis, the concept of the
proposed scheme is as follows: The Doppler frequency spec-

Fig. 3 Process flow of the proposed scheme.

trum S0 of the observed image s0 was divided into two parts.
These two components were divided at a Doppler frequency
of approximately 0 Hz. The obtained spectra S1 and S2 were
transformed into images, and the obtained images s1 and
s2 were processed to suppress the azimuth ambiguity. The
signal components of the target covered the entire Doppler
frequency region of the same range bin. The pixels in which
the target exists in each image had large power. However, the
azimuth ambiguities were unevenly distributed in each range
bin. The power of one pixel was large, whereas that of the
other pixel was significantly reduced. Azimuth ambiguities
can be reduced by exploiting this property.

2.4 Processing
This section describes the process flow of the proposed
scheme. A block diagram of the specific process flow is
shown in Fig. 3. This process comprises azimuth FFT, spec-
trum segmentation, azimuth inverse (I) FFT, minimum value
extraction, and gain adjustment.

The image obtained by inserting 0s in the slow time direc-
tion and image processing is denoted by s0. Suppose si(r,a)
(i is a natural number) is a pixel at the range bin position
r and azimuth bin a in the image si . In that case, azimuth
FFT is performed on the observed image s0 to obtain the
Doppler spectrum S0. Thus, the range-Doppler frequency
component of the observed image can be obtained.

Spectra S1 and S2 were obtained by dividing the spectrum
and inserting 0 into the Doppler frequency direction of S0. In
particular, spectrum S0 is divided in the Doppler frequency
direction as follows:

S1(r, fd) =
{

S0(r, fd) (−M fp/2 ≤ fd < 0).
0 (0 ≤ fd < M f p/2),

(4)

S2(r, fd) =
{

0 (−M f p/2 ≤ fd < 0).
S0(r, fd) (0 ≤ fd < M f p/2).

(5)

Azimuth IFFT was performed on each of the two spectra
S1 and S2 to obtain images s1 and s2. The amplitudes of
s1 and s2 were compared at the pixel position (r,a) and the
small value was set as the amplitude of s3(r,a) to form image
s3 as follows:

s3(r,a) = 2 min(|s1(r,a)|, |s2(r,a)|). (6)

If azimuth ambiguity is included at pixel position (r,a),
either |s1(r,a)| or |s2(r,a)| is a small value and s3(r,a) also is

634



IEICE Communications Express, Vol.12, No.12, 633–636

a small value. Because the azimuth ambiguities are unevenly
distributed between images s1 and s2, the azimuth ambiguity
of s3 is reduced. The Doppler frequency bands of s1 and
s2 are half of the total band, therefore the value is also
corrected such that it is doubled. The gain g0 was calculated
by comparing s3 with the absolute value of s0 as follows:

g0(r,a) = s3(r,a)/|s0(r,a)|. (7)
If the azimuth ambiguity is included in the pixel position

(r,a), g0(r,a) also decreases because s3(r,a) is a small value.
Further, g0 is adjusted by replacing g1, which has a value

greater than 1; with 1, g1 is generated as follows:

g1(r,a) =
{
g0(r,a) (g0(r,a) ≤ 1).
1 (g0(r,a) > 1).

(8)

This operation is aimed at suppressing noise enhancement.
Subsequently, moving average processing of q × q (q is

a natural number) is performed, and the gain obtained is
denoted as g2. To emphasize the azimuth ambiguity sup-
pression effect, g3 was obtained by calculating the exponen-
tiation with α (α is a real number) as follows:

g3(r,a) = g2α(r,a). (9)
g3 obtained was multiplied by the observed image s0 to
obtain the proposed image s4.

s4(r,a) = g3(r,a)s0(r,a). (10)
The pixel containing the azimuth ambiguity indicates a

small value in g3. Therefore, if s0(r,a) contains azimuth
ambiguity, it is multiplied by a small value g3(r,a) to obtain
s4(r,a). This makes the azimuth ambiguity in the proposed
image s4 less obvious.

Here, we describe the azimuth resolution. The azimuth
resolution of the observed image, s0, increased after the
insertion of 0s. The proposed image s4 is the observed image
s0 multiplied by the gain g3, which reduces the azimuth
ambiguity. Therefore, the proposed image s4 is not degraded
in azimuth resolution relative to the observed image s0. The
proposed image, s4 maintains a high azimuth resolution after
the insertion of 0s.

Moreover, we discuss the S/N ratio. The S/N ratio is in-
creased by the insertion of 0s but does not decrease when
processed for the reduction of azimuth ambiguity. The am-
plitudes of the target from S1 and S2 are halved; however, the
signal power of the target is not influenced by the doubling in
Eq. (6). Conversely, the noise amplitude seems to increase;
however, based on simulations, the average amplitude of
the noise is not changed by the minimum value selection
in Eq. (6) (an additive white Gaussian noise is assumed).
Therefore, the S/N ratio is not significantly changed by the
azimuth ambiguity suppression process.

Notably, the range resolution of the proposed scheme must
be high. This is because the range walking of the azimuth
ambiguities in the two split bands does not overlap in the
corresponding SAR images. The proposed scheme may not
be effective when the range resolution is low.

3. Demonstration

To demonstrate the effectiveness of the proposed scheme,
we describe its application to TerraSAR-X data. A reference

Fig. 4 Reference images (M = 1). (left) wide-area image. (right) en-
larged image. Pink dashed circles are ships.

Fig. 5 Observed images (M = 5). (left) wide-area image. (right) enlarged
image. Pink dashed circles are the truth ships. Red and yellow squares are
the regions of ship and the first azimuth ambiguity for calculation of S/A,
respectively. Azimuth ambiguities occur along the azimuth.

image of TerraSAR-X with coastal areas, as shown in Fig. 4,
was used. This corresponded to an image with M = 1, which
is the correct image. This image showed Hong Kong, the
ocean, the land, and ships on the sea, circled by pink dashed
lines. The dynamic range width was ±3 times the standard
deviation of the amplitude. This image was decompressed in
the azimuth direction, range-cell migration was added, and
the data in the slow time direction was thinned with M = 5.
This simulates the range-compressed raw data at a low PRF.
For the data obtained, we inserted 0s, corrected the range
cell migration, and compressed the data in the azimuthal
direction. The images obtained (observed images) are shown
in Fig. 5. The horizontal and vertical axes represent the
range and azimuth, respectively. The expected swath of
these images was five times that of a conventional SAR
image. However, azimuth ambiguity was excessive, and the
positions of ships cannot be confirmed. In contrast, the
image in Fig. 6 was generated through the proposed scheme
for the observed image with q = 9 and α = 10. The azimuth
ambiguities for the land and ships were suppressed in the
generated image, and the correct positions of the ships were
confirmed.

Here, the effect of suppressing the azimuth ambiguity is
validated. Table I summarizes the power of the ship sur-
rounded by the red squares in Fig. 5 (left) and Fig. 6 (left),
the power of the yellow square at the first position of az-
imuth ambiguity generation for this ship, and the signal-
to-ambiguity (S/A) power ratio calculated from the results
obtained with a changing α. As α increases, the power of
target decreases, but azimuth ambiguity decreases more, and
the S/A power ratio increases. If α is too large, the azimuth
ambiguity decreases very much but extremely reduced signal
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Fig. 6 Proposed images (M = 5, α = 10). (left) wide-area image. (right)
enlarged image. Pink dashed circles are the ships. Red and yellow squares
are the regions of ship and the first azimuth ambiguity for calculation of
S/A, respectively. Azimuth ambiguities are reduced.
©2023 DLR, Distribution Airbus DS/Infoterra GmbH, Sub-distribution
[PASCO]

Table I Evaluation result of the S/A power ratio

power increases dark areas. α must be appropriately pro-
vided. Therefore, based on the visibility conforming to the
dynamic range width, we set α = 10 in Fig. 6. Here, it was
difficult to set α quantitatively, so it was determined visu-
ally. The S/A power ratio was 2.7 dB in the observed image,
whereas it increased to 30.4 dB in the proposed image. Thus,
the improved gain is 27.7 dB. However, a notable issue is a
change in the shape of the island. This is because azimuth
ambiguities superimposed on different lands are maintained,
as the amplitude of s3 is not reduced. Furthermore, in Fig. 6
other azimuth ambiguities are also maintained.

4. Conclusion

This study proposed the suppression of azimuth ambiguities
for the detection ships on the ocean using satellite-borne
SAR. The proposed method suppressed azimuth ambiguity
with a high azimuth resolution and S/N ratio by dividing the
Doppler frequency spectrum of the observed image into two
and processing them. Based on the results obtained using
the TerraSAR-X image, the proposed scheme significantly
suppressed the azimuth ambiguities through wide-area ob-
servation and validated the positions of ships, with an S/A
improvement of 27.7 dB. However, azimuth ambiguities
superimposed on different targets might be maintained. Re-
duction in residual azimuth ambiguities and addressing of
dark areas are the directions for future research.
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