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Abstract: This paper proposes two high-resolution, wide-swath synthetic aperture radar (SAR) acqui-
sition modes for ship monitoring that tolerate ambiguities and do not require digital beamforming.
Both modes, referred to as the low pulse repetition frequency (PRF) and the staggered (high PRF)
ambiguous modes, make use of a wide elevation beam, which can be obtained by phase tapering.
The first mode is a conventional stripmap mode with a PRF much lower than the nominal Doppler
bandwidth, allowing for the imaging of a large swath, because the ships’ azimuth ambiguities can
be recognized as they appear at known positions. The second mode exploits a continuous variation
of the pulse repetition interval, with a mean PRF greater than the nominal Doppler bandwidth as
the range ambiguities of the ships are smeared and are unlikely to determine false alarms. Both
modes are thought to operate in open sea surveillance, monitoring Exclusive Economic Zones or
international waters. Examples of implementation of both modes for TerraSAR-X show that ground
swaths of 120 km or 240 km can be mapped with 2 m2 resolution, ensuring outstanding detection
performance even for small ships. The importance of resolution over noise and ambiguity level was
highlighted by a comparison with ScanSAR modes that image comparable swaths with better noise
and ambiguity levels but coarser resolutions.

Keywords: ambiguities; high-resolution wide-swath imaging; pulse repetition frequency (PRF); ship
detection; staggered; synthetic aperture radar (SAR)

1. Introduction

Maritime surveillance is very important for security and safety applications, as well
as because of the growing interest for a sustainable exploitation of the sea resources by
controlling illegal fishing activities. Synthetic aperture radar (SAR) systems are well-suited
for ship monitoring applications because they provide high-resolution, two-dimensional
images that are independent of daylight, cloud coverage, and weather conditions [1]. A
number of studies [2–16] have demonstrated the capability of traditional SAR systems to
detect ships. Furthermore, some countries, such as New Zealand, are considering the use
of dedicated spaceborne SAR systems for the surveillance of their Exclusive Economic
Zone (EEZ) [17]. It is worth noting that combining SAR data with data from transponder-
based systems such as automatic identification systems (AISs) ensures more effective ship
monitoring by identifying illegal vessels that are not equipped with an AIS or vessels that
do not broadcast AIS messages for technical reasons [4,18,19]. It is important to remember
that having an AIS transponder on board is mandatory for all vessels larger than 300 gross
tons and all passenger ships of any size [19]. The Maritime Security Lab at the Ground
Station in Neusterlitz, Germany, part of DLR’s German Remote Sensing Data Center (DFD),
has developed a possible approach for SAR–AIS data fusion for near real time applications
for maritime situational awareness [18,19].

Maritime surveillance using SAR calls for both a wide swath and a high azimuth
resolution; a wider swath ensures a shorter revisiting time, while a higher resolution allows
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for higher detection probabilities, especially for smaller ships that will occupy more than
one resolution cell and present more favorable ship statistics, as discussed in [20]. However,
the requirements for wide swath and high resolution for spaceborne SAR systems are
incompatible, as the range and azimuth ambiguities resulting from sampling at a given
pulse repetition frequency (PRF) drive the design of conventional SAR systems [21]. A
high PRF leads to stronger range ambiguities and reduces the achievable unambiguous
swath. A low PRF, on the other hand, leads to higher azimuth ambiguities, because
Doppler frequencies greater than the PRF are folded into the azimuth spectrum. As a result,
various SAR imaging modes with different tradeoffs between spatial coverage and azimuth
resolution have been developed, such as ScanSAR [22] or TOPS-SAR [23], which map a
wide swath but provide coarse resolution, and spotlight mode, which improves azimuth
resolution at the expense of noncontiguous coverage along the satellite track.

To overcome this limitation, in recent years, digital beamforming techniques and
multiple aperture recording [24–26] have been proposed to achieve high-resolution wide-
swath (HRWS) imaging at the expense of higher system complexity and costs. These
systems, however, require a very long antenna to map a wide swath. If a relatively short
antenna with a single aperture in along-track is available, an attractive solution to map a
wide swath is given by SAR systems that exploit a wide beam illuminator on transmit and
digital beamforming (DBF) in elevation to form multiple receive beams, which follow the
directions of arrival of the radar echoes of multiple transmitted pulses and can therefore
simultaneously image multiple subswaths [27,28]. A drawback of these systems is the
presence of “blind ranges” between the multiple imaged subswaths, as the radar cannot
receive while it is transmitting. However, if such systems are operated in staggered
SAR mode, i.e., if the pulse repetition interval (PRI) is continuously varied and data are
sufficiently oversampled in azimuth, it is possible to get rid of blind ranges and map a
wide continuous swath [29–32].

In [20,33], we proposed a low-cost HRWS “ambiguous” SAR system for ship detection
that can be implemented on a small satellite and has low transmit power. The design
of the system is application driven, i.e., the minimum requirements for noise equivalent
sigma zero (NESZ), resolution and swath width are determined by the main application
requirements, e.g., the minimum size of the ships of interest, the probability of false
alarm (PFA), the probability of detection (PD), and the observation frequency. TerraSAR-X
data with ships of different size were exploited to empirically characterize the statistical
distribution of the intensity of the pixels occupied by ships at X-band. Furthermore, one
peculiarity of the design was the use of a conventional stripmap mode with a PRF much
smaller than the nominal Doppler bandwidth to image a wide swath. To achieve a high
azimuth resolution, a Doppler bandwidth equal to the nominal Doppler bandwidth was
processed, because the ship’s azimuth ambiguities can be tolerated. As a result, wide-swath
imaging and high azimuth resolution were achieved at the same time. Several X-band
design examples demonstrated the concept’s potential for small ship monitoring (i.e., ship
length < 25 m) over swaths of 50–90 km using small antennas of 1–2.5 m length and very
low average transmit powers ranging from 20 to 80 W.

In this paper, we propose two ambiguous SAR modes that can be implemented in
existing, planned, and future conventional, high-power SAR systems to provide effective
ship monitoring even for small ships over wide swaths by exploiting the high resolution.
The two modes are referred to as the low PRF ambiguous mode and the staggered (high
PRF) ambiguous mode, respectively. “Staggered” in the name of the latter mode is related to
the use of a variable PRI. The low PRF ambiguous mode is an extension of the small satellite
SAR concept proposed in [20] to a mode for high-power SAR systems. Differently from
the case of small satellites, where small antennas are used, for systems with large planar
antennas some tapering should be employed in elevation in order to have a wide beam and
increase the swath width. The staggered (high PRF) ambiguous mode exploits the same
principle of staggered SAR in [29–32] but without using digital beamforming techniques.
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For both modes, the main SAR system parameters are derived following the applica-
tion driven approach in conjunction with the statistical models of disturbance and ships
described in [20].

A “maritime mode” that ensures a wide swath at the expense of azimuth ambiguities
but based on the ScanSAR mode had been already proposed by NovaSAR [34–37]. This
mode, however, is based on the ScanSAR acquisition mode with six sub-swaths, is charac-
terized by a coarser resolution of 13.7 m × 6 m, and allows detecting medium ships with a
false alarm rate of 10−7 [37].

The reminder of the paper is organized as follows. Section 2 illustrates the basic
rationales for the two ambiguous modes. Section 3 addresses the main system design
aspects. Section 4 provides TerraSAR-X design examples as well as achievable detection
performances for cases of interest. Following that, a comparison of detection performance
with the ScanSAR mode and NovaSAR’s maritime mode based on ScanSAR is provided in
the same section. Section 5 concludes this paper with a brief summary and discussion.

2. Concepts for Ambiguous SAR Imaging

The low PRF ambiguous mode and the staggered (high PRF) ambiguous mode image
a wide swath using a wide elevation beam, i.e., much wider than the one resulting from
uniform illumination of the antenna aperture. This can be obtained through tapering. As
a result of the increased beamwidth in elevation, the NESZ will be much higher than for
conventional SAR modes (e.g., NESZ ≥ −10 dB), but still sufficient to guarantee detection
of the ships with the desired performance. For both modes, the high azimuth resolution is
obtained by processing the full Doppler bandwidth corresponding to the antenna size, as
described in [20].

The low PRF ambiguous mode is a stripmap mode with a PRF that is K times smaller
than the nominal Doppler bandwidth, Bd.

PRF =
Bd
K

, K ≥ 2 (1)

The use of a PRF smaller than Bd was also proposed in [38,39], but differently from our
mode, a reduced processed Doppler bandwidth was chosen to ensure a reasonable level of
azimuth ambiguity to signal ratio (AASR) at the expense of degraded azimuth resolution.
The azimuth ambiguous signals are displaced in azimuth, since they are generated during
the illumination intervals preceding and succeeding the illumination time of the main
signal [40]. Because the positions of the ship ambiguities are known, even if a strong
azimuth ambiguity exceeds the threshold in the detection scheme, it will be recognized
as such and not considered a distinct ship. Due to the low PRF, the sea clutter will also
backfold, and because the processed Doppler bandwidth is equal to Bd, an AASR ≥ −3 dB
is expected for PRF ≤ Bd/2 [20]. Range ambiguities resulting from other ships could be
dealt with by alternating the transmitted waveforms from pulse to pulse. For example, the
alternation of up- and down-chirps [41,42], also in combination with a “Doppler-matched”
azimuth phase code [43] will result in extremely smeared range ambiguities, namely over
the entire synthetic aperture and twice the compression ratio along slant range [44]. As
a result, range ambiguities of ships will appear as noise-like disturbances and are not
expected to exceed the threshold within the detection scheme. The range ambiguities
due to the sea clutter will be negligible compared to the azimuth ambiguities of the sea
clutter itself.

The staggered (high PRF) ambiguous mode employs a sequence of M distinct PRIs
with a linear trend, which then repeat periodically, as in staggered SAR systems [29–32].

PRIm = PRIm−1 − ∆ = PRI0 −m∆ , m = 1, . . . , M− 1 (2)

where ∆ is the distance between two consecutive PRIs and M is the number of PRIs
of the sequence. Another option is the use of the more elaborated sequences proposed
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in [31,32]. The average PRI should be at least equal to those required to have proper
sampling in azimuth, i.e., for the same system much smaller than that required for the low
PRF ambiguous mode. This result in an average PRF much higher than for the low PRF
ambiguous mode, hence the name staggered (high PRF) mode.

Because the PRI is continuously varied, the locations of the blind ranges will be
different for each transmitted pulse, as they are related to the time distances to the preceding
transmitted pulses. By designing the PRI sequence so that, for each slant range in the
raw azimuth signal, two consecutive samples are never missed (i.e., two consecutive
blind ranges are never present) jointly with an average oversampling in azimuth, the
missing samples can be recovered using interpolation. An accurate interpolation of the
nonuniformly sampled raw data on a uniform grid will allow them to be focused with a
conventional SAR processor and will avoid high sidelobes in the azimuth impulse response
due to missed samples in raw data [29,30]. Because of the azimuth oversampling, the mean
PRF, defined as the reciprocal of the sequence’s mean PRI, is greater than the nominal
Doppler bandwidth, PRFmean > Bd, resulting in the absence of ship azimuth ambiguities
within the swath. The AASR due to sea clutter backfolding cannot be straightforwardly
evaluated for this mode using the azimuth antenna pattern as for the systems with constant
PRI, but requires more complex analyses [32]. This effect can, however, be considered as
negligible compared to the effect of range ambiguities. Instead, the range ambiguities of
the ships will be located at different ranges for different range lines, as the time between
pulses continuously varies. As a result, the ambiguous energy is incoherently integrated
from the SAR processor and is spatially almost uniformly distributed over the whole
synthetic aperture and over a range equal to the PRI span times half the speed of light [32].
Consequently, the range ambiguities of the ships will appear as a noise-like disturbance
rather than as focused artifacts as in the case of systems with constant PRI, and are not
expected to exceed the detection threshold. The RASR will be much higher than in the
conventional stripmap mode, but the range ambiguous sea clutter will be very smeared
and will behave as a noise-like disturbance. The same applies to nadir echoes, which result
from the same phenomenon. In this case, the use of waveform diversity and postprocessing
techniques to remove them can be avoided [41,42].

Both modes are thought to be used for open sea surveillance, i.e., monitoring marine
areas far from land, such as in EEZs extending from the outer limit of the territorial sea
(12 nautical miles from the coast) out to 200 nautical miles from the coast or international
waters, where there are no azimuth ambiguities for the low PRF ambiguous mode or
range ambiguities for the staggered (high PRF) ambiguous mode resulting from strong
land scatterers that could interfere with ship detection. For coastal areas, a conventional
stripmap SAR mode could be used. Table 1 summarizes and compares the two ambiguous
modes to the TerraSAR-X stripmap mode, [45], which has the same azimuth resolution
but a 4–8 times narrower swath, and to the ScanSAR and Wide ScanSAR modes, [45],
which image roughly the same swath in ground, but with a 6–13 times lower azimuth
resolution. The values of NESZ, RASR, and AASR for the TerraSAR-X stripmap and the
ScanSAR/Wide ScanSAR modes are reported in [46]. Instead, for the ambiguous modes,
the NESZ is calculated using (10) and the wide antenna pattern in elevation, as detailed
in Section 4. The AASR for the low PRF ambiguous mode is computed as in [20] (see
Equation (18)). The RASR and the AASR values for the staggered (high PRF) ambiguous
mode are computed as in [31,32].
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Table 1. Comparison of the low PRF ambiguous mode and staggered (high PRF) ambiguous mode
with the stripmap mode and ScanSAR/Wide ScanSAR mode of TerraSAR-X.

Stripmap ScanSAR and
Wide ScanSAR

Low PRF Ambiguous
Mode

Staggered (High PRF)
Ambiguous Mode

Swath width Narrow
(30 km)

Wide
(100 km/270 km)

Wide
(120 km/240 km)

Wide
(120 km/240 km)

Azimuth
resolution

High
(3 m)

Low
(18.5 m/40 m)

High
(3 m)

High
(3 m)

NESZ ≤−20 dB (≤−19 dB/ ≤−15 dB) ≥−10 dB ≥−10 dB
Azimuth
ambiguities

Low AASR
(≤−20 dB)

Low AASR
(≤−20 dB)

High AASR
(≥−3 dB)

Low AASR
(≤−20 dB)

Range
ambiguities

Low RASR
(≤−20 dB)

Low RASR
(≤−19 dB)

Low RASR
(≤−20 dB)

High RASR
(≥−3 dB)

PRF ∼3000 Hz 3100 Hz–6000 Hz 865 Hz/360 Hz 2812 Hz–4597 Hz
PRI constant constant constant variable

3. System Design Principles

Exploiting the application-driven design approach described in [20], we assume that
we want to detect ships of a given minimum size within a given area of interest with
a desired PD and PFA against a disturbance background. Concerning the disturbance
background, which is the sum of the sea clutter component and the noise component, we
showed in [20] that for values of NESZ≥−8 dB, the sea clutter can be neglected. As a result,
we can assume the intensity of the disturbance has a negative exponential distribution.
Therefore, we have to detect ships against noise. Regarding the ships, we assume that for
high-resolution SAR images characterized by an area of the resolution cell

Acell = δaδrgr (3)

where δa is the azimuth resolution and δrgr is the ground-range resolution, the ship will
occupy more than one resolution cell. If Aship is the ship area, then

ncell = Aship/Acell (4)

is the number of resolution cells occupied by the ship. We assume that their intensity after
image calibration in a single-look SAR image follows a log-normal distribution, which is a
two-parameter distribution, as shown in [20], where different types of ships (i.e., small ships
with l ≤ 25 m, medium ships with 25 < l ≤ 150 m, and large ships with 150 < l ≤ 400 m
with l being the ship length) were extracted from single-look TerraSAR-X images and
their intensity distribution was empirically characterized. The log-normal distribution is
defined by two parameters, β and V, which are the mean and variance of ln (I), where
ln(·) is the natural logarithm and I is the pixel intensity. Different values of β and V are
obtained depending on ship size and resolution; for a given resolution, larger ships present
greater values of β and V than small ships, and for a given ship size at high resolution,
greater values of β and V are obtained than at low resolution, resulting in better detection
performances, as discussed in [20].

Under these hypotheses in [20], we derived the following closed-form expressions
for the probability of false alarm, Pf a, and probability of detection, Pd, as functions of the
NESZ and area of the resolution cell for a given ship area

Pf a =
Aship
Acell

exp(− T
NESZ )

Pd ≈ 1−
[

1
2 + 1

2 erf
(

ln T−β√
2V

)] Aship
Acell

(5)
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where erf (·) is the erf function and T is the detection threshold. Defining the average
signal to-noise ratio (SNR) as

SNR =
Ptarget

NESZ
(6)

where
Ptarget = exp(β +

V
2
) (7)

is the target power and NESZ is the variance of the noise, the expression of the probability
of detection in (5) can be rewritten as a function of SNR exploiting [47]:

Pd ≈ 1−
[

1
2
+

1
2

erf

(
ln ρ T

NESZ·SNR√
2V

)] Aship
Acell

(8)

where ρ = exp(V/2) is the mean-to-median ratio of the log-normal distribution. It is
expected that Pd in (5) and (8) for a given ship size and Pf a varies inside the swath due
to the NESZ variation within the swath. According to the previous discussion, higher
resolution leads to a more favorable statistical distribution, and also because ships will
occupy more resolution cells, the worse NESZ at far range is partially compensated in
terms of PD by the better ground range resolution. The number of false alarms is related to
the probability of a false alarm by the following expression [20]:

N f alse alarms =
Asurveillance

Aship
Pf a (9)

where Asurveillance is the size of the surveillance area.
Once the image requirements in terms of NESZ and resolution have been determined

to ensure the detection of ships of a given minimum size with a desired PD and PFA
using the equations in (5), and the swath width has been determined based on the desired
observation frequency, the other SAR system parameters must be selected. In this section,
we will go over the specific design criteria for the two ambiguous modes, which differ
from those used for conventional modes, as well as the trade-off for selecting the various
SAR parameters.

We recall then the well-known expression of the NESZ of a SAR for a distributed
target (the ship is considered as a distributed target, as we assume that it occupies several
resolution cells):

NESZ =
44 π3 R3

0 Br sin θivs k Ts F LsysLatm Laz

PTX G2 λ3 c D
(10)

where R0 is the slant range, Br is the chirp bandwidth, θi is the incidence angle, vs is the
satellite velocity, k is the Boltzmann constant, Ts is the receiver temperature, F is the noise
figure, Lsys denotes the system losses, Latm denotes the atmospheric losses, Laz denotes the
azimuth losses, PTX is the peak transmit power, G is the transmit-receive antenna gain, λ is
the wavelength, D is the duty cycle, and c is the speed of light.

3.1. Wide Beam in Elevation

A wide transmit elevation beam can be achieved using phase-only tapering with a
quadratic function [48] and for an N-element uniformly spaced array is given by

ψ(x) = π
W
λ

sin
Θ
2

x2 (11)

where W is the antenna height, Θ is the desired beamwidth, and x, |x| < 1, is the normalized
position of the n-th element of an array with N elements. The desired 3 dB beamwidth in
the elevation plane Θ is roughly defined by the difference between the look angles at far
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and near range, and is approximately related to the desired swath width in ground, Wg, by
the following expression:

Θ ≈Wg cos θi/R0 (12)

Numerical optimization techniques are typically used to obtain phase tapers that
approximate a desired beam. The obtained phase tapers can then be used as an initial guess
for numerical optimization techniques. Because of the wider beam, the antenna gain will
be lower than in the conventional stripmap, implying a worse NESZ.

3.2. PRF and Pulse Width

For the low PRF ambiguous mode the maximum selectable value of PRF is driven by
the ground swath, Wg, to be imaged:

PRFmax =
c

2Wg sin θi
(1− 2D) (13)

However, the PRF cannot be arbitrarily smaller than PRFmax because a higher duty cycle for
a given swath in ground implies the use of a long pulse width, which could be technology-
limited. The highest possible duty cycle value is desired because it implies a better NESZ
(see (10)) and thus better detection performances. The exact PRF value will be determined
using the timing diagram in order to avoid blind ranges caused by the radar’s inability
to receive while transmitting, as well as returns from nadir [21]. To relax even more the
constraints on the selection of the PRF, we can get rid of the nadir echo return by exploiting
the waveform-encoded SAR concept, i.e., alternating, e.g., up- and down-chirps on transmit
and removing the nadir echo within a postprocessing step [41,42].

Instead, in the staggered (high PRF) ambiguous mode, the mean PRF of the sequence
is greater than the nominal Doppler bandwidth, PRFmean > Bd, avoiding the transmission
of long pulses to achieve a higher duty cycle. It has to be kept in mind that the average
PRF determines an increased data volume.

3.3. Chirp Bandwidth

The chirp bandwidth influences both the resolution cell and the NESZ. In [20], we
showed that the mean value of small ships (i.e., l ≤ 25 m) is twice as high in single-look
spotlight TerraSAR-X images with a nominal resolution of 1 m × 2 m than in single-look
stripmap TerraSAR-X images with a nominal resolution of 3 m× 3 m. As a result, the β and
V parameter of the log-normal distribution are greater, resulting in a high SNR (see (6)) and
in a log-normal distribution with a tail that goes down slowly, as opposed to the disturbance
distribution, which has an exponential tail and thus improves ship discrimination from the
disturbance background. For example, assuming an X-band system with Br = 100 MHz,
NESZ = −7 dB, and a resolution cell Acell = 7 m2, the PD of a small ship of 21 m × 6 m size

is Pd = 0.1 for Pf a = 1.26× 10−10 (i.e.,
N f alse alarms

1012m2 = 1). The value of PD is computed
from (5) by considering β = −1.989 and V = 1.490, which are the parameters of small
ships in stripmap mode (see Table I of [20]). Instead, for the same system parameters,
Br = 300 MHz results in a 4.7 dB worse NESZ and a resolution cell that is three times
smaller than Br = 100 MHz, resulting in a Pd = 0.75 of the same small ship where the
β = −0.928 and V = 3.796 parameters of small ships in spotlight mode are used.

Therefore, it is preferable to use the highest selectable chirp bandwidth (e.g., Br = 300 MHz
for an X-band system). The large chirp bandwidth, on the other hand, increases the amount
of data that must be stored and downlinked. As a result, the chirp bandwidth selection
will be affected by the specific SAR architecture, such as the echo buffer length and the
downlink constraint.

3.4. Widening the Azimuth Beam

Because a higher resolution leads to better detection performance, azimuth resolution
could be further improved by using azimuth phase tapering.
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For the low PRF ambiguous mode, however, this will result in a worse NESZ, which
will not always be compensated enough to reach a satisfactory detection performance.
While in conventional SAR, in fact, the NESZ does not depend on the azimuth resolution
because the loss due to a shorter antenna is compensated by a high PRF (due to the greater
Doppler bandwidth), the PRF for the low PRF ambiguous mode does not depend on
antenna length but on the swath width that we want to image (see (13)); hence, for a fixed
PRF, a broader azimuth pattern would result in a worse NESZ. For example, if we take the
same X-band system with NESZ = −7 dB, resolution cell Acell = 7 m2, and chirp bandwidth
Br = 100 MHz and apply azimuth phase tapering to get a resolution cell three times smaller,
we get a NESZ loss of 9.5 dB. The probability of detecting the same small ship of 21 m× 6 m
size with the same PFA (Pf a = 1.26× 10−10) using the β and V parameters of small ships
in spotlight mode is Pd = 0.3, which is higher than without the azimuth phase tapering
for Br = 100 MHz (i.e., Pd = 0.1) but still low. Furthermore, the PD is worse than when
Br = 300 MHz is used to improve resolution by a factor of three (i.e., Pd = 0.75) because the
NESZ loss is 4.8 dB lower in this case than when azimuth phase tapering is used to improve
resolution by the same amount. As a result, rather than using azimuth phase tapering, it
is recommended to use a higher bandwidth for the low PRF ambiguous mode to ensure
a high resolution if possible. Once the SAR system has a high resolution, using azimuth
phase tapering to further improve the resolution will not result in improved detection
performance because the resolution improvement is not compensated for by the loss in
NESZ for the low PRF ambiguous mode.

Differently, in the staggered (high PRF) ambiguous mode, if we choose a PRI sequence
with a PRFmean greater than the wider Doppler bandwidth, the NESZ losses caused by the
wider beam in azimuth will be compensated with a high PRF. As a result of the improved
resolution, better detection performance is expected at the expense of increased data
volume. If the PRFmean is smaller than the new Doppler bandwidth, we will still benefit
from a higher resolution, even though there will be ship azimuth ambiguities within the
swath, but they will be much more smeared than in the conventional stripmap mode [32]
and thus will not exceed the detection threshold. The disadvantage is the increased level of
AASR caused by sea clutter backfolding, which results in a higher ambiguous sea clutter
level proportional to RASR +AASR, with an already higher RASR (RASR ≥ −3 dB, see
Table 1). As a result, the overall level of background disturbance will rise and might result
in the worst detection performance if the clutter becomes comparable to the NESZ. Hence,
for the staggered (high PRF) ambiguous mode, a phase tapering in azimuth is an option to
be evaluated for each system.

3.5. Polarization

To find the best polarization for the proposed ambiguous modes, we investigated two
different datasets of dual-polarized single-look spotlight TerraSAR-X images with ships,
namely the VV-HV dataset and the HH-HV dataset, for different incidence angles. We
found that the sea clutter signature is stronger in VV polarization, with a mean power that
is 25 dB–15 dB higher than in HV polarization for incidence angles ranging from 18◦ to
35◦. From the second dataset, we found that the sea clutter return in HH polarization is
9.5 dB–2 dB higher than in HV polarization for incidence angles ranging from 25◦ to 46◦.

In VV polarization, the sea clutter return is stronger, which is consistent with the
literature [49,50], and depending on the sea state condition, sea clutter may become the
dominant disturbance component, resulting in poor detection performance.

Regarding the ships, we have extracted thirty large ships with 150 < l ≤ 400 m (only
large ships were found on the dataset) from the second dataset (i.e., HH-HV dataset) to
empirically characterize their intensity distribution. We found that the log-normal distribu-
tion provides the best fit for the HH polarization, with βHH = 0.15 and VHH = 4.35, and
for the HV polarization, with βHV = −1.9 and VHH = 3.45. The extracted ships’ mean
backscatter level is 10.75 dB lower in HV polarization than in HH polarization. As a result,
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the HH polarization is the best polarization that provides better detection performances as
the sea clutter return is lower than the noise.

To improve detection performance even further, the proposed concept could use both
channels, HH and HV [51–54]. However, the improved performance comes at the cost
of doubling the data volume to be downlinked, which is already high due to the high
resolution and wide imaged swath.

3.6. On-Board Processing

Very-low latencies are especially important for maritime situation awareness, and the
traditional imaging chain, which includes five main steps (data acquisition, satellite flight
time to the nearest ground station, data downlink, ground centralized image generation
and processing, and transfer to the user), can be slow. On-board processing appears to be a
promising solution for reducing the time between data acquisition and product delivery
to end users. The H2020 EU project EO-ALERT [55] addresses this issue by developing a
next-generation Earth Observation (EO) data processing chain that supports both optical
and SAR measurements and moves key data processing elements that were previously
performed on the ground segment to on-board the satellite, with the goal of delivering
EO products to the end user with very low latency below 5 min [56–58]. The on-board
SAR chain includes the sequential steps SAR level 1 (L1) and level 2 (L2) processing. L1
processing consists of generating a focused SAR image from raw data, and L2 processing
consists of generating ship detection products [57].

Both the low PRF ambiguous mode and the staggered (high PRF) ambiguous mode
may be suitable for on-board processing. The latter mode would particularly benefit
from this option due to the high required data downlink, but it also requires some more
elaborated processing (alignment of raw data, interpolation along azimuth). Because the sea
clutter characteristics are unknown a priori, and to account for sea clutter variation within
the image, the ship detection algorithm in [57] includes the implementation of a constant
false alarm rate (CFAR) detector at the L2 processing step, which has a high computational
complexity. According to the previous discussion, because of the worse NESZ, we detect
the ships against the noise in the proposed ambiguous modes, and the CFAR detector can
be replaced by a simple detector that compares the intensity of the focused SAR image with
a threshold T defined as in (5), which varies with range to account for variations in the
NESZ and resolution cell inside the swath. As a result, the computational complexity of
the ship detection algorithm is significantly reduced, further reducing the processing time
of the L2 processing step.

4. Design Examples

An example of implementation of the two ambiguous modes for the TerraSAR-X
satellite is shown in the following. TerraSAR-X can access a 240 km ground swath and
usually covers it using several narrow beams that map ground swaths of about 30 km each.
For the implementation of the ambiguous modes, we consider the case that the full 240
km ground swath is covered by two 120 km beams or a single 240 km beam. It has to be
remarked that some system parameters (e.g., the pulse width) are selected independently
of the technical limitations of the system. Table 2 details the main TerraSAR-X system
parameters, whereas Table 3 details the selected system parameters as well as the main
performance parameters for each scenario. We use the maximum chirp bandwidth of
300 MHz and a duty cycle of 20% for all considered case studies. A near range incidence
angle of 30◦ is considered for the near range beam of a 120 km ground swath scenario
and the 240 km ground swath scenario, whereas a near range incidence angle of 40.16◦ is
considered for the far range beam of a 120 km ground swath scenario. We do not perform
tapering of the antenna in the azimuth direction to improve azimuth resolution. Within the
240 km ground swath, the resolution cell area ranges from 2.2 m2 at near range to 1.5 m2 at
far range, with no amplitude weighting considered in the processing, and it is in the same
order of magnitude as the TerraSAR-X spotlight mode.
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Table 2. TerraSAR-X system parameters.

System Parameters Symbol Value

Peak transmit power PTX 2260 W
Wavelength λ 0.03 m
Orbit height h 511.5 km
Antenna size L×W 4.8 m × 0.7 m
Antenna mounting α 33.8◦

Number of array elements in
elevation N 32

Chirp bandwidth Br 300 MHz
Noise figure F 4.3 dB
System temperature Ts 300 K
System and atmospheric losses Lsys·Latm 3.1 dB
Azimuth losses Laz 1.5 dB
Duty cycle D 20%

Table 3. System and main performance parameters of the ambiguous mode scenarios.

System Parameters Symbol
2 × 120 km Mode

240 km Mode
Near Range Beam Far Range Beam

Swath width in ground Wg 120 km 120 km 240 km

Incidence angle at near range θi 30◦ 40.16◦ 30◦

Pulse repetition frequency
(low PRF ambiguous mode) PRF 865 Hz 565 Hz 363 Hz

Mean pulse repetition frequency
(staggered (high PRF) ambiguous mode) PRFmean 3740 Hz 3713 Hz 3689 Hz

Number of PRI
(staggered (high PRF) ambiguous mode) M 29 33 30

Pulse width
(low PRF ambiguous mode) τ 231 µs 354 µs 551 µs

Pulse width
(staggered (high PRF) ambiguous mode) τ 56 µs 56 µs 57 µs

Mean probability of detection
( small ship :
21 m × 6 m size and Pf a = 1.26 × 10−7)

Pdmean 0.97 0.99 0.8

Minimum probability of detection
( small ship :
21 m × 6 m size and Pf a = 1.26 × 10−7)

Pdmin
0.85 0.97 0.43

As described in Section 3.1, we define the phase tapers in elevation that will result
in a wide beam with a 3 dB beamwidth in elevation of Θ ≈ 9.08◦ and Θ ≈ 7.06◦ for the
near and far range beams of two 120 km ground swaths scenario, and Θ ≈ 16.13◦ for the
240 km ground swath scenario, respectively. Figure 1a,b show the phase tapers required
for TerraSAR-X, which has a 0.7 m antenna height and 32 elements in elevation, to map the
two 120 km ground swaths and the 240 km ground swath, respectively. The phase tapers
are quantized with 6 bits, but this has negligible effects on the resulting pattern. Figure 2a
shows the near range and far range beams that cover a 120 km ground swath each, and
Figure 2b shows the beam that covers a 240 km ground swath obtained using the phase
tapers of Figure 1.
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Once the antenna beam in elevation is defined, the PRF for the low PRF ambiguous
mode and the PRI sequence for the staggered (high PRF) ambiguous mode, along with
the pulse width, should be defined to ensure the desired duty cycle. For the low PRF
ambiguous mode, the exact value of the PRF is selected from the timing diagram as shown
in Figure 3. The selected PRF for the near range beam of a 120 km ground swath is
865 Hz (blue line in Figure 3), which is 3.2 times smaller than the Doppler bandwidth (i.e.,
Bd = 2807 Hz), and the corresponding pulse width is τ = 231 µs to ensure the 20%
duty cycle. We chose a PRF = 565 Hz (red line in Figure 3) for the far range beam of a
120 km ground swath, which is 5 times smaller than the Doppler bandwidth, and a pulse
width of τ = 354 µs to ensure a 20% duty cycle. Alternatively, we can select a higher
PRF for this case, PRF = 767 Hz, which is 3.6 times smaller than the Doppler bandwidth,
and eliminate the nadir echo return by exploiting the waveform-encoded SAR concept, i.e.,
alternating, e.g., up- and down-chirps on transmit and removing the nadir echo within a
postprocessing step [41,42]. In this case, we can transmit a shorter pulse with τ = 261 µs
to maintain the 20% duty cycle. Finally, we can select a PRF = 363 Hz to image a 240 km
swath width in the ground, which needs the transmission of a much longer pulse with
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τ = 551 µs to achieve a duty cycle of 20%. The lower the PRF value, the higher the AASR.
Specifically, an AASR = 1.62 dB is obtained for the near range beam of a 120 km ground
swath, an AASR = 4.38 dB and an AASR = 2.46 dB are obtained for the far range beam
of a 120 km ground swath with PRF = 565 Hz and PRF = 767 Hz, respectively, and an
AASR = 6.83 dB is obtained for the 240 km ground swath scenario.

Remote Sens. 2022, 14, x FOR PEER REVIEW 12 of 21 
 

 

a duty cycle of 20%. The lower the PRF value, the higher the AASR. Specifically, an 𝐴𝐴𝑆𝑅 
= 1.62 dB is obtained for the near range beam of a 120 km ground swath, an 𝐴𝐴𝑆𝑅 = 4.38 
dB and an 𝐴𝐴𝑆𝑅 = 2.46 dB are obtained for the far range beam of a 120 km ground swath 
with 𝑃𝑅𝐹 = 565 Hz and 𝑃𝑅𝐹 = 767 Hz, respectively, and an 𝐴𝐴𝑆𝑅 = 6.83 dB is obtained for 
the 240 km ground swath scenario. 

 
Figure 3. Timing diagram for a duty cycle of 20% The orange and black zones represent transmit 
and nadir interferences, respectively. The blue line represents the near range ground swath of 120 
km, the red line represents the far range ground swath of 120 km, and the green line represents the 
240 km ground swath. 

Now that the PRF has been selected, we can exploit the azimuth displacement ex-
pression of the azimuth ambiguities to determine whether the azimuth ambiguities of the 
ground scatterers will cause false alarms within the swath while monitoring EEZs. At a 
given azimuth distance, 𝐷௔, the smallest azimuth ambiguity order due to land scatterers 
observable within the swath is [40] 𝑝 ≈ ቔ ଶ௩ೞ஽ೌ௉ோி ఒ ோబቕ  (14) 

where 𝑝 is the ambiguity order and ⌊∙⌋ is the floor function, i.e., the largest integer not 
greater than the argument of the function. We obtain 𝑝 = 5 (𝑝 = 42) for 𝐷௔= 22 km, which 
is the outer limit of the territorial sea, i.e., the beginning of the EEZs, and a 𝑃𝑅𝐹 = 𝐵ௗ (or 𝑃𝑅𝐹 = 363 Hz for the 240 km ground swath scenario, which is ~ 8 times smaller than 𝐵ௗ). 
As a result, false alarms due to azimuth ambiguities of ground scatterers with ambiguity 
order 𝑝 ≥ 5 are not expected. We can even operate our mode 12 km from the coast in the 
azimuth direction, avoiding ambiguities up to the third order when 𝑃𝑅𝐹 = 𝐵ௗ  (i.e., the 
24th ambiguity order when 𝑃𝑅𝐹 = 363 Hz). 

For the staggered (high PRF) ambiguous mode, three different sequences are de-
signed for the two 120 km beams and the 240 km beam, so that the sequence’s mean duty 
cycle is equal to 20% and two consecutive samples are never missed in the raw azimuth 
signal for each slant range [31]. A sequence of 29 PRIs is designed with 𝑃𝑅𝐹௠௘௔௡ = 3740 
Hz, which is greater than the Doppler bandwidth and a pulse width 𝜏 = 56 µs is selected 
to ensure a mean duty cycle of 20% for the near range beam of a 120 km ground swath. 
For the far range beam of a 120 km ground swath, a sequence of 33 PRIs with nearly the 
same 𝑃𝑅𝐹௠௘௔௡ as the near range beam, 𝑃𝑅𝐹௠௘௔௡ = 3713 Hz, is designed and the same pulse 
width of 𝜏 = 56 µs is selected. A PRI sequence of 30 PRIs at 𝑃𝑅𝐹௠௘௔௡ = 3689 Hz is designed 
for the 240 km ground swath, with a pulse width of 𝜏 = 57 µs chosen to ensure a mean 
duty cycle of 20%. We achieve the same duty cycle for the staggered (high PRF) ambigu-
ous mode, ensuring the same detection performance as the low PRF ambiguous mode 
while transmitting a pulse that is 4–10 times shorter, according to the discussions in Sec-
tion 3.2. 

Figure 3. Timing diagram for a duty cycle of 20% The orange and black zones represent transmit and
nadir interferences, respectively. The blue line represents the near range ground swath of 120 km, the
red line represents the far range ground swath of 120 km, and the green line represents the 240 km
ground swath.

Now that the PRF has been selected, we can exploit the azimuth displacement ex-
pression of the azimuth ambiguities to determine whether the azimuth ambiguities of the
ground scatterers will cause false alarms within the swath while monitoring EEZs. At a
given azimuth distance, Da, the smallest azimuth ambiguity order due to land scatterers
observable within the swath is [40]

p ≈ b 2vsDa

PRF λ R0
c (14)

where p is the ambiguity order and b·c is the floor function, i.e., the largest integer not
greater than the argument of the function. We obtain p = 5 (p = 42) for Da= 22 km, which
is the outer limit of the territorial sea, i.e., the beginning of the EEZs, and a PRF = Bd (or
PRF = 363 Hz for the 240 km ground swath scenario, which is ∼ 8 times smaller than Bd).
As a result, false alarms due to azimuth ambiguities of ground scatterers with ambiguity
order p ≥ 5 are not expected. We can even operate our mode 12 km from the coast in the
azimuth direction, avoiding ambiguities up to the third order when PRF = Bd (i.e., the 24th

ambiguity order when PRF = 363 Hz).
For the staggered (high PRF) ambiguous mode, three different sequences are designed

for the two 120 km beams and the 240 km beam, so that the sequence’s mean duty cycle is
equal to 20% and two consecutive samples are never missed in the raw azimuth signal for
each slant range [31]. A sequence of 29 PRIs is designed with PRFmean = 3740 Hz, which
is greater than the Doppler bandwidth and a pulse width τ = 56 µs is selected to ensure
a mean duty cycle of 20% for the near range beam of a 120 km ground swath. For the
far range beam of a 120 km ground swath, a sequence of 33 PRIs with nearly the same
PRFmean as the near range beam, PRFmean = 3713 Hz, is designed and the same pulse width
of τ = 56 µs is selected. A PRI sequence of 30 PRIs at PRFmean = 3689 Hz is designed for
the 240 km ground swath, with a pulse width of τ = 57 µs chosen to ensure a mean duty
cycle of 20%. We achieve the same duty cycle for the staggered (high PRF) ambiguous
mode, ensuring the same detection performance as the low PRF ambiguous mode while
transmitting a pulse that is 4–10 times shorter, according to the discussions in Section 3.2.
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Now that the PRF and pulse width have been determined, the NESZ is calculated
using (10) and the antenna pattern in elevation depicted in Figure 2. Figure 4a,b show the
NESZ as a function of ground range for the two beams that image a 120 km ground swath
each and for the beam that images a 240 km ground swath, respectively. We observe that
NESZ ranges from −9.3 dB to 3.2 dB, implying that the clutter contribution is negligible in
comparison to thermal noise in accordance with [20].
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Using (5), we calculate the PD of a small ship of 21 m × 6 m size as a function of
ground range, as shown in Figure 5, for the beams of Figure 2, based on the NESZ values
shown in Figure 4. In all cases, we assume that the number of false alarms per million km2

is 103 (i.e.,
N f alse alarms

1012m2 = 103), which corresponds to a Pf a = 1.26 × 10−7 according to (9).
We note that the Pd varies due to the NESZ variation within the swath. Furthermore, we
observe that the mean value of the PD for the two sector beams of 120 km is in the range
Pdmean = 0.97–0.99, and the worst PD is achieved at the near range of the first beam due to
the antenna pattern. The mean value of Pd for the 240 km sector beam is Pdmean = 0.8, and
the worst probability of detection is obtained at near and far ranges due to the antenna
pattern and is in the order of Pdmin

= 0.43. Better detection performances are obtained for
ships larger than 21 m × 6 m size, even though they are not reported here for brevity.
Specifically, for a medium ship of 40 m × 8 m size we have a probability of detection of
approximately 1 over the whole swath even for the 240 km ground swath scenario for the
same Pf a = 1.26 × 10−7.

In order to give the reader an idea of how the SAR images for the presented ambiguous
modes look, we provide a simulated image based on a spotlight TerraSAR-X image with
resolution cell of 2 m2 and NESZ < −20 dB acquired over South Indonesia (Figure 6a). A
simulated SAR image, as if acquired with one of the ambiguous modes, can be generated
by artificially adding noise to the data and would look like the image in Figure 6b, where
some details of the ship structure, particularly for small ships, are no longer visible. The
simulated SAR image takes into account the worse NESZ, i.e., NESZ = 2 dB, as a result
of the wide beam in elevation and the increased sea clutter level as a result of higher
ambiguities (see Table 1). The intensity of the simulated SAR image is compared with
the threshold T selected in accordance with (5) to guarantee the detection of a small ship
of 21 m × 6 m size with a Pf a = 1.26 × 10−7. Figure 6c shows the detection map of
pixels that have exceeded the threshold, with the superimposed extracted region of interest
represented by red squares after pixel clustering. We notice that all nine ships have been
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detected. Please keep in mind that azimuth ambiguities of ships which might appear in the
low PRF ambiguous mode are not taken into account here.
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Figure 6. (a) Reference TerraSAR-X image in spotlight mode, (b) simulated image as if acquired with
one of the two ambiguous modes that considers the worse NESZ and the increased sea clutter level
due to the higher ambiguity level, and (c) the detection map with the regions of interest indicated by
the red boxes.

Another important aspect to consider for the low PRF ambiguous mode is the presence
of range ambiguities from other large ships within and out of the swath due to the wide
antenna pattern in elevation and its relatively high sidelobes. Based on the PRF values
chosen (see Figure 3), we compute the position of the range ambiguities for the three beams.
We use (8) to calculate the probability that the range ambiguity of a large ship will exceed a
given threshold chosen to ensure the desired PFA and PD, but with a larger resolution cell
because the ships’ range ambiguities are smeared:

Aamb
cell ≈ Na·Acell =

p c λ

4 PRF δ2
a

Acell (15)

where Na is the number of smearing cells along azimuth of the pth order range ambiguity
due to range cell migration and assuming that the number of smearing cells in range is
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Nr = 1 [40,44]. The average signal to noise ratio of the range ambiguities used for the
computation of the PD in (8) is defined as

SNRamb =
Ptarget

NESZamb
(16)

where the β and the V parameters of a large ship in stripmap mode (see Table I of [20]),
β = 0.144 and V = 5.40, are used for the computation of the Ptarget in (7) and of the
ρ parameter, and Equation (10) is used for the computation of the NESZamb with the
corresponding slant ranges and incidence angles of the range ambiguities. The obtained
probability of detection could then be compared to the desired probability of false alarm,
taking into account that the number of false alarms resulting from range ambiguities also
depends on the actual number of large ships in and around the observed scene. If the PD
of the range ambiguities is higher than the PFA, the waveform and azimuth phase codes
concepts discussed in Section 2 could be employed to further smear the range ambiguities
even more in order to avoid possible additional false alarms. Because of the smearing
(i.e., Aamb

cell � Acell), smaller values of β and V are expected when compared to the used
values, which refer to a nominal resolution of 3 m × 3 m (i.e., stripmap mode), resulting in
a lower SNRamb and smaller ρ. As a result, the obtained PD is optimistic when compared
to the effective value, resulting in a more conservative decision to employ the waveform-
encoded concepts. The probability of detection of the range ambiguity of a medium or small
ship is lower than that of the range ambiguity of a large ship, which is why a large ship is
considered in the following analysis. For the considered scenarios, no range ambiguities
due to the previous transmitted pulse are expected, but only range ambiguities due to the
succeeding transmitted pulse, as shown by the markers in Figure 2. In accordance with the
above discussion, we compute the PD of the first- and second-order range ambiguities of a
large ship of 300 m × 20 m size for a threshold T that guarantees the detection of a small
ship (i.e., 21 m × 6 m) with a Pf a = 1.26× 10−7 within the swath and PD as shown in
Figure 5. The smearing of the first-order range ambiguities ranges from Na = 545 cells
for PRF = 865 Hz (i.e., near range beam of a 120 km ground swath) to Na = 1300 cells
for PRF = 363 Hz (i.e., 240 km ground swath beam), and the smearing of the second-order
range ambiguities ranges from Na = 1091 cells for PRF = 865 Hz to Na = 2600 cells for
PRF = 363 Hz. Table 4 reports the obtained PD using (8). We note that the highest PD is in
the order 10−3 for the near range beam of a 120 km ground swath, which is much higher
than the desired Pf a. To avoid range ambiguities exceeding the detection threshold, it is
recommended that the waveform-encoded and azimuth phase code concepts discussed
in Section 2 be used for this scenario. Now, the smearing in range of the first-order range
ambiguities will be in the order of Nr ≈ 14× 104 cells because of the alternation of the up-
and down-chirps and in azimuth will be in the order of Na ≈ 2400 cells because of the
“Doppler-matched” azimuth phase code [43,44]. For the far range beam of a 120 km ground
swath and for the 240 km ground swath the highest PD is in the order of 10−7 comparable
to the desired Pf a. Using waveform-encoded concepts for these scenarios is probably not
required, because the computed PD is more optimistic than the effective PD. In all cases,
the PD of the second-order range ambiguities of a large ship is smaller than the desired
PFA, and thus no impact on detection performance is expected.

It is worth noting that exploiting waveform-encoded and azimuth phase code concepts
will also avoid false alarms caused by potential range ambiguities of far land scatterers.

Comparison with the ScanSAR

For comparison, we compute the rough detection performance of TerraSAR-X for a
small ship in ScanSAR mode (i.e., 100 km swath), which has a nominal NESZ ≈ −19 dB
and a resolution cell of 18.5 m × 5 m [46]. Because of the better NESZ compared to the
ambiguous modes, for the ScanSAR mode it is expected that the sea clutter contribution
will be the dominant component of the disturbance, i.e., it will be well above the noise level.
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We therefore assume that the sea clutter follows a K distribution with scale parameter µ
and shape parameter ν [59,60]; thus, the clutter to noise ratio is

CNR=
µ

NESZ
(17)

The shape parameter defines the spikiness of the sea clutter and it varies from 0.1, corre-
sponding to very spiky data, to greater than 20, corresponding to approximately Rayleigh
distributed data. In the absence of a statistical characterization of ships from the X-band
system in ScanSAR mode, we conservatively assume that they follow a log-normal distribu-
tion with the same parameters as in the stripmap mode with nominal resolution 3 m × 3 m
(see Table I of [20]). The statistical proprieties of the ship, as discussed in previous sections,
vary with resolution. As a result, it is unlikely that a small ship of 21 m × 6 m size, which
occupies ∼ 14 resolution cells in stripmap mode, will have the same SNR = 13.6 dB in
ScanSAR mode, where the small ship occupies 1 resolution cell. Thus, the computed
PD will be significantly higher than the effective value. For the computation of the SNR,
Equation (6) along with β = −1.989 and V = 1.490 (from Table I of [20]) are used. To
calculate the detection performance, we set a global threshold that ensures the desired PFA
and then declare any pixel intensities above this threshold as targets of interest. Ref. [60]
gives the closed-form expression of the PFA as a function of the detection threshold T, scale,
and shape parameter for a K-distributed background:

Pf a =
2

Γ(ν)

(
Tν

µ

) ν
2
Kν

(
2

√
Tν

µ

)
(18)

where Kν(·) is the modified Bessel function of order ν. For the probability of detection, we
use the same closed-form expression in (8) with Aship/Acell = 1, NESZ = −19 dB, and
SNR = 13.6 dB. We assume here that the scale and shape parameters of the sea clutter are
known a priori, which is not in general the case. As a result, it is far more common to
employ a CFAR detector that estimates the parameter distribution, resulting in a PD lower
than the computed one. Figure 7 shows the PD of the same small ship (i.e., 21 m × 6 m size)
as a function of the CNR and shape parameter for Pf a = 1.26 × 10−7. We note that for
all case studies the PD is below 0.3, even for a CNR = 0 dB (i.e., µ = −19 dB) and shape
parameter ν = 20. The achieved PD is therefore much lower than the PD obtained with
the ambiguous modes, which was equal to 0.97 and 0.8 for the 120 km and 240 km ground
swath cases, respectively.

Table 4. Probability of detection of the first- and second-order range ambiguities of a large ship of
300 m × 20 m size for the different beams.

Scenario Near Range Far Range

p = 1 p = 2 p = 1 p = 2

Near range beam
Wg = 120 km 1.6× 10−3 1.8× 10−8 3.7× 10−7 2.9× 10−9

Far range beam
Wg = 120 km 4.4× 10−7 2.4× 10−9 2.9× 10−8 2.7× 10−13

Wg = 240 km 3.2× 10−8 3.9× 10−14 1.3× 10−7 4.9× 10−11

The Wide ScanSAR mode of TerraSAR-X is characterized by a NESZ ≈ −15 dB and
a resolution cell of 40 m × 7 m size [46]. A small ship of 21 m × 6 m size will occupy a
portion of the resolution cell and therefore it will be much harder to detect it.

The “maritime mode” of NovaSAR, which is also based on the ScanSAR mode, has
a resolution cell of 13.7 m × 6 m, which is 37 times lower than the proposed ambiguous
modes for TerraSAR-X (i.e., the resolution cell ranges from 2.2 m2 to 1.5 m2) and allows for
the detection of medium ships with a false alarm rate of 10−7 [37].
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5. Conclusions

Two HRWS modes are presented that can be adapted to existing, planned, and future
SAR systems to provide additional modes for efficient ship detection across ultra-wide
swaths. The two modes image a wide swath employing a wide elevation beam obtained
through phase-only tapering and achieve high azimuth resolution. The low PRF ambiguous
mode is a stripmap mode with a PRF smaller than the nominal Doppler bandwidth because
the azimuth ambiguities of the ship can be tolerated. The staggered (high PRF) ambiguous
mode employs a sequence of M distinct PRIs that then repeat periodically because the
range ambiguities of the ships are smeared and do not impact the detection performances.
Both modes are thought to operate in open sea surveillance where there are no azimuth
ambiguities for the low PRF ambiguous mode or range ambiguities for the staggered
(high PRF) ambiguous mode from strong ground scatterers that could interfere with ship
detection, whereas for coastal areas a conventional SAR, such as a stripmap mode, could
be used. The low PRF ambiguous mode requires the use of long pulses in order to achieve
a higher duty cycle and, as a result, a better detection performance. Instead, because the
mean PRF of the sequence is greater than the nominal Doppler bandwidth, the staggered
(high PRF) ambiguous mode does not require the transmission of long pulses to achieve
a higher duty cycle. In the examples in this paper, the same detection performance is
achieved with the staggered (high PRF) ambiguous mode while transmitting a pulse that
is 4–10 times shorter than in the low PRF ambiguous mode. However, the data volume
in the staggered (high PRF) ambiguous mode is significantly higher than in the low PRF
ambiguous mode, which is why this mode would benefit most from on-board processing.
When compared to the low PRF ambiguous mode, the L1 processing step for the staggered
(high PRF) ambiguous mode requires some more elaborated processing, such as raw data
alignment and interpolation along azimuth.

Knowing the specific SAR architecture and limitations, such as the system’s minimum
and maximum selectable pulse width, maximum allowable duty cycle, echo buffer length,
minimum and maximum selectable PRF, the system’s ability to change the PRI, and the
possibility of on-board processing, will allow us to determine which of the two ambiguous
modes is more suitable for ship monitoring.

From the examples in this paper, it is shown that using the ambiguous modes, it
is possible to detect small ships (i.e., 21 m × 6 m) by imaging a wide swath of 120 km
and 240 km and having a resolution cell of 2 m2, similar to the spotlight mode, with a
very low false alarm rate and a detection probability of 0.97 and 0.85, respectively. The
comparison of detection performances with the ScanSAR mode, which images a wide
swath but has a coarse resolution cell (i.e., 46 times lower than the ambiguous modes) and
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a better NESZ (i.e., ∼10 dB higher), demonstrated the significance of resolution for ship
detection applications. The probability of detection in the ScanSAR mode of the same ship
with the same PFA as for the ambiguous mode is less than 0.3, which is the PD for the
optimistic case.

As for the specific application, ship ambiguities can be tolerated, and the system
design does not need to follow conventional design principles, which are driven by range
and azimuth ambiguities, ensuring wide swath and high resolution at the same time.

In the near future, a TerraSAR-X experimental acquisition is planned to demonstrate
the effectiveness of the proposed ambiguous mode. For the experimental acquisition,
we must consider the technical constraints (e.g., allowed selectable PRF value, longest
selectable pulse width, echo buffer length). As a result, we must adopt some parameters
to meet the constraints, which will affect the performance in terms of swath width or
detection performance. For TerraSAR-X, the staggered (high PRF) ambiguous mode is
preferable to the low PRF ambiguous mode due to the constraints of the echo buffer length
and duty cycle.

Other applications that might exploit these modes, such as deformation monitoring
using permanent scatterers interferometry, are currently under investigation.
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