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Abstract—This paper addresses the design of a low-cost
synthetic aperture radar (SAR) for a single dedicated application,
namely illegal vessel detection, which can be implemented using a
small satellite and is characterized by reduced transmit power and
high resolution. Minimum requirements in terms of noise-
equivalent sigma zero and resolution that ensure acceptable
detection performance are derived based on ship statistics
extracted from TerraSAR-X data. One peculiarity of the design is
that a pulse repetition frequency much smaller than the nominal
Doppler bandwidth is selected to increase the swath width beyond
the classical SAR limitation without using digital beamforming, as
azimuth ambiguities can be tolerated for this specific application.
Several design examples of SAR systems operating in X band
demonstrate the potential of this concept for small ship monitoring
over swaths of 50-90 km with antennas smaller than 0.6 m? and
very low average transmit powers comprised between 20 and 80
W.

Index Terms— Azimuth ambiguities, high-resolution wide-
swath imaging, ship detection, small satellites, synthetic aperture
radar (SAR).

I. INTRODUCTION

ynthetic aperture radar (SAR) systems provide high-

resolution, two-dimensional images independently from
daylight, cloud coverage, and weather conditions, and are ideal
to monitor dynamic processes on the Earth surface in a reliable,
continuous, and global way [1].

In order to cope with the demand for high image quality,
most state-of-the-art SAR systems are sophisticated and costly
with large antennas onboard of heavy spacecrafts [2]. On the
other hand, small satellites have been developed in recent years
with the goal to address Earth observation applications in a
rapid and affordable manner. The global space industry is thus
rapidly changing, with the rise of a large number of emerging
companies, belonging to the so-called NewSpace sector [3]-[5].

Among the realm of SAR applications, 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. The
capability of detecting ships from traditional SAR systems has
been investigated in a number of studies [6]-[20]. Furthermore,
some countries like New Zealand are considering the use of
dedicated spaceborne SAR systems for the surveillance of their
Exclusive Economic Zone [21].

The paper addresses the design of a low-cost SAR for a

single, dedicated application, namely ship monitoring, that can
be implemented using a small satellite, characterized by low
average transmit power and ideally by a small antenna, which
is one of the key elements that impact the spacecraft mass and
cost [22].

As a consequence of the low transmit power, the system
sensitivity, i.e., the noise-equivalent sigma zero (NESZ), will
be much worse compared to traditional SAR systems.
Moreover, reducing the antenna size will allow improving the
azimuth resolution at the expense of a worse NESZ and reduced
achievable unambiguous swath.

As for the specific application, it is important to note that
ships usually show up in the SAR images as individual pixels
or groups of pixels which are very bright compared to their
surroundings. Furthermore, azimuth ambiguities of the ships
appear in known positions and will be recognized as such rather
than considered as distinct ships [23]-[24]. This suggests that
one could choose a pulse repetition frequency (PRF) much
smaller than the nominal Doppler bandwidth and increase the
swath beyond the classical SAR limitation imposed by the
resolution, thus guaranteeing a shorter revisit time, from which
this application would significantly benefit.

Based on the considerations above, we follow an application-
driven design, where the main imaging requirements (NESZ,
spatial resolution, and swath width) are determined from the
main application requirements, i.e., the minimum size of the
ships of interest, the probability of detection (PD), the
probability of false alarm (PFA), and the observation
frequency, and are used as a starting point for the design of the
low-cost SAR system. This approach is sketched in Fig. 1. Here
it is important to stress that the severely-increased NESZ level
makes the ship detection problem much more challenging and
calls for specific considerations and that, due to the use of a PRF
much lower than the nominal Doppler bandwidth, the specific
SAR system design criteria will differ from those adopted in the
conventional case.

The paper is organized as follows. In Section 11 the minimum
NESZ and resolution, required to detect ships of a given
minimum size with a desired PD and PFA, are derived in closed
form. For their derivation, TerraSAR-X data with ships are
exploited to empirically characterize the statistical distribution
of the intensity of the pixels occupied by a ship. As a wide
imaging swath is another requirement for surveillance
applications, the exploitation of a new “ambiguous” SAR
concept with a PRF much smaller than the nominal Doppler
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bandwidth is discussed in Section Ill. In Section IV the design
principles for such an ambiguous SAR concept and several
design examples in X band with small antennas and low
average transmit powers are presented. Conclusions are drawn
in Section V.

Main application requir
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Fig. 1 Application-driven approach for the design of a low-cost SAR
for continuous ships monitoring.

I1. IMAGE QUALITY REQUIREMENTS FOR SHIP DETECTION

Following the application-driven approach depicted in Fig. 1
as a first step, we present in the following an original derivation
of the minimum image quality requirements in terms of NESZ
and resolution necessary to ensure the detection of ships of a
given minimum size with a desired PD and PFA.

Following the main application requirements, we assume that
we want to monitor ships of a given minimum size within a
given area of interest. As in [25] we classify ships in three
different classes based on their length I: small ships with [ <
25 m, medium ships with 25 < [ < 150 m, and large ships with
150 <1 <400 m. It is expected and assumed that for high
resolution SAR images characterized by an area of the
resolution cell

Aot = 646, @

ar
being 6, the azimuth resolution and (Srgr the ground-range

resolution, the ship will occupy more than one resolution cell.
If Agnip is the ship area, the number of resolution cells occupied
by the ship is given by

Neent = Aship/Acell (2)

Practical requirements call for very low values of PFA <
10~° [26] with the aim of reducing the costs of the authorities
that should identify specific vessels and their activity within the
area of interest. The PFA can also be expressed as the number
of false alarms per million of km?. This quantity will be linked
to the PFA later on in Section 11.C. Regarding the PD, in many
situations an effective monitoring of the illegal ships is missing
and values of PD in the order of 0.5 are deemed as acceptable,
as they would represent a significant improvement with respect

to the state of the art [21]. Finally, the required observation
frequency will drive the swath width.

The minimum NESZ and resolution necessary for the
detection of a ship of a given size also depend on the detection
algorithm. We exploit a simple, conservative detection
approach that is effective for our noisy scenario and allows
deriving the main SAR system parameters. More sophisticated
detection algorithms, also including approaches where raw data
are processed in a different way, can be of course applied to the
acquired data and might further improve the performance.

For the detection problem, we model the complex focused
SAR images as the sum of three main signal components: the
signal backscattered from the ships, the sea clutter, and the
thermal noise. The last two components represent the
disturbance.

A. Disturbance and ship characterization

In conventional SAR systems with low values of NESZ (i.e.,
NESZ < -18 dB) the sea clutter is the dominant component of
the disturbance and a number of studies [27]-[29] have been
dedicated to model it. In contrast, for systems with low transmit
power the thermal noise could become the dominant
component. This was shown in [21] by simulation assuming K-
distributed sea clutter. We have extracted different patches of
sea clutter from single-look TerraSAR-X focused data acquired
in both Stripmap (with nominal resolution of 3 m x 3 m) and
Spotlight mode (with nominal resolution of 1 m x 2 m)
corresponding to different sea state conditions, added white
Gaussian noise, and observed that the sea clutter component of
the disturbance in most cases can be neglected for NESZ> —8
dB. Fig. 2 shows the comparison of the empirical PDF of two
different patches before and after adding noise (NESZ=-8 dB),
with the corresponding negative exponential distribution of
only noise (both axes are displayed in log-scale).
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Fig. 2 Comparison of the empirical PDF of two patches of TerraSAR-
X data in Stripmap mode (blue markers) and spotlight mode (red
markers) before and after adding the noise with the theoretical PDF of
only noise (green curve) for a NESZ=-8 dB.

As can be observed, there is a close match between the
theoretical PDF of noise and the empirical PDF of the sea
clutter data after adding the noise.

Moreover, the distribution can be better characterized by
estimating the noise variance from the data rather than using the
nominal NESZ.
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The next step is the characterization of the ships in single-
look focused SAR images, which appear as very bright features
because of the effect of multiple corner-reflector-like bounces
between the ship and sea and among the ship’s metallic
structure. Rather than resorting to models, we extract different
types of ships from single-look TerraSAR-X images to
empirically characterize their intensity distribution. The dataset
contains about 500 ships in HH and VV polarizations, with
incidence angles ranging from 22° to 40°. The ship class was
determined by estimating the ships' length from the images. The
same approach can be used to design systems at different
wavelengths by using different ship statistics, which can be
extracted from data of sensors with the desired wavelength and
resolution.

Different distributions were fitted to the intensity data and
the lognormal distribution, also in agreement with [21], was
shown to provide the best fit:

1 [ (Inl — ﬁ)z]
exXxp|l——————
Wz P v
where 8 and V are the mean and the variance of In I being In()
the natural logarithm and | the pixel intensity. Fig. 3 shows the
empirical PDF of the intensity of ships in Stripmap mode of all
the three classes with the corresponding lognormal distribution

fitting. In Table 1 the estimated parameters of the log-normal
distribution, i.e.,

©)

p() =

B =Tl In()
1w 1w ’ @
7= NZ‘ In(1,)? — [NZ‘ ln(Il-)l

and the mean value and standard deviation of the ship intensity
in dB are reported for all the three ship classes (for the small
one the parameters are also provided for very-high resolution
spotlight data). As expected, we observe that the mean value
and the standard deviation increase moving from small ships to
large ships. In particular, small ships have a mean value that is
9 dB smaller than large ships. Moreover, we note that for a fixed
wavelength, polarization, and incidence angle the mean value
and the standard deviation of the intensity of ships increase
moving from low to high resolution.
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B. Detection approach

The proposed simple detection approach consists of two main
stages as depicted in Fig. 4:
Table 1 Ship parameters for all three ship classes and different
acquisition modes/resolutions

Ship class Mean Standard B V

Value [dB] deviation

[dB]

Large 0.63 10.09 0.144 5.40
(Stripmap)
Medium 0 9.37 -0.002 4.66
(Stripmap)
Small -8.64 5.30 -1.989 1.490
(Stripmap)
Small
(Spotlight) -4.03 8.46 -0.928 3.796

e Stage-1: A pixel-by-pixel detector is implemented which
compares the intensity of the single-look SAR image intensity
with a threshold T to detect pixels where a ship can be
potentially present. The threshold T is selected to ensure a
desired PFA. At the output of this stage a binary image is
obtained. Depending on the threshold T, one or more pixels
occupied by the ship may exceed the threshold.

o Stage-2: All nearby detected pixels by the first stage are
clustered together into one detected target through a two-
dimensional (2-D) binary integrator that generalizes the
standard binary integrator to the 2-D case [30]. The 2-D
binary integrator is applied to the binary image at the output
of the stage-1 through a 2-D moving window that has the
same shape, size, and orientation of the ship, which are
assumed to be known. These assumptions will be removed in
the following. Finally, a ship is declared as detected, if K (1 <
K < ngey) out of ng,y; pixels occupied by the ship exceed the
threshold T.

C. Detection performance and image quality requirements

The detection performance in terms of PFA and PD at the
output of two-stage detector can be derived recalling the well-
known binomial expression:
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Fig. 3 Comparison of the empirical PDF of the intensity of the extracted ships from TerraSAR-X data in Stripmap mode and the theoretical
lognormal distribution for (a) large ships, (b) medium ships, and (c) small ships.
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Fig. 4 Block diagram of the ship detection technique.
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where Pfaship and Pdsm.p represent the false alarm probability

and detection probability of the ship at the output of the 2-D
binary integrator, respectively; and Pfapim and Pdpixelrepresent

the false alarm probability and the detection probability of the
pixel at the output of the pixel-by-pixel detector, respectively.
For values of Pfashl.p « 1 the expression of Pfaship in (5) can be

approximated as:

~ Neell K
PfaShiP - ( K )Pfapixel (6)

Assuming a negative exponential distribution for the
background disturbance Pfapixel’ i.e., the PFA at the output of

the first stage, and the detection threshold as function of NESZ
are given by:

T
Pfapixel = exp(— NESZ) (7)
— Neer\ /% L1/ 8
T = —NESZIn [( e ) B (®)

For a fixed Pfaship’ Neerr, and NESZ the threshold T decreases

as K increases from 1 to n,,;;. This means that for K=1 a higher
threshold T is set at the first stage.

The probability of detection at the output of the first stage
(Pdpixel) depends on the NESZ and also on the PDF of the ship

and is derived as in [31]:

Pigia = | PataCOPA () ©

where Py ,(x) denotes the detection probability conditioned
over the amplitude random variable, A = /1,

Pgja(x) = J e~MAIPNESZ=x[ (2 ANXNESZ)dx

T

(10)

being I,(-) the modified Bessel function of the first kind and
order 0 and P, (x) denotes the amplitude PDF of the ship which
is still a log-normal distribution with 8, = g/2 and V, =V /2.

Once Prapiver and Pq,., are defined, in order to derive the

PFA and PD of the ship in (5) the optimum value of K must be
chosen. For a given a n..; occupied by the ship the optimum
value of K, K°Pt is defined as that K which maximizes the
Pdship for a given Pfaship and NESZ. Fig. 5 shows the Pdship as

function of NESZ and K for Py, ., = 10712 and a medium ship

with n.,.; = 106, that corresponds for example to a 40 X 8 m
ship and A,,; = 3 m2. For the derivation of the Pagy., the g and

V parameter corresponding to medium ships reported in Table
1 are used. Similar results are obtained also for small and large
ships and different values of Pfaship and n,;;. We observe that

for our cases of interest, K°P* = 1. The value of K°?* = 1 can
be explained by investigating the PDF of the intensity of the
background and the PDF of the intensity of the ships. The ship
distribution is a lognormal distribution which is part of the
family of heavy tailed distribution, whose tails are not
exponentially bounded and go down slowly. For SAR systems
where the clutter component is not negligible, the disturbance
PDF is characterized by a longer tail and the optimum value of
K might be greater than one.

0.0
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Noise Equivalent Sigma Zero (NESZ) [dB]

Fig. 5 Probability of detection of the ship, Py, , as function of NESZ
and K for a medium ship with n.o; = 106 and Py, = 107*2.

K°Pt = 1 implies that the proposed approach simplifies to a
single stage, i.e., the first one, and the assumptions of knowing
the ship shape, size, and orientation, necessary for the
implementation of the second stage, can be removed. To set the
threshold T for a specific SAR system characterized by given
NESZ and area of the resolution cell, A,y it is sufficient to
know roughly the ship area that we are interested to detect.
Substituting in (8) K=1 and (2), we obtain:

Pro
T = —NESZIn (MAM,) (11)

ship

The maximum number of ships for a given size of the
surveillance area, Agy veitiance » 1S approximately given as

Nmaxship ~ Asurveiliance /Aship (12)
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and the following relation between the number of false alarms,
Ntaise atarms» and the Pragy;,, €aN be written:

Asurveillance
Nfalse alarms — A Pfasm-p (13)
ship
where Pragnip for K=1is:
Ao
K=1 __ *‘'ship
fasnip — Acell fapixel (14)

As for the detection probability, we can assume that the
detected pixel has a very high intensity and the contribution of
the noise component in that pixel is negligible. In this case for
the computation of the Papier in (9) the cumulative distribution

function of the log-normal distribution can be used:
1 1 /InT-8

it z———erf(i) 15

T (15)

dpixel 2 2
being erf(-) the error function. Substituting (15) into (5) and
after some simple manipulations, the Pdship for K°Pt = 1 can
be approximated as:

Aship

ln\'l/"% B )] Acell

Finally, based on equations (7), (13), (14), and (16) and after
some simple manipulations we derive an approximated closed-
form expression of the NESZ as function of the area of the
resolution cell, the PD, and the number of false alarms:

1 1
K=1 1 _ |24+ 2 (16)
P 1 [2 + 2erf(

dship

NESZ
Acell
exp [V2Verfinv (2 (1 - Pdship)AShip - 1) +p
A
1 cell N
n( surveillance false alarms)

(17)

where erfinv(+) is the inverse error function. This simplified
closed-form expression will be exploited in Section IV to
design the low-power SAR systems.

Fig. 6 shows the NESZ as function of the resolution cell,
Ao, Tor different values of Pdship and considering a large ship

of 300 x 20 m (see continuous curves), a medium ship of
40 x 8 m (see dashed curves) and a small ship of 21 x 6 m
(dotted curves) having fixed the number of false alarms per

million of km? equal to 1 (i.e., % =1). The NESZ in
(17) is computed using the lognormal parameters, g and V, of
large, medium and small ships reported in Table 1 which refers
to the Stripmap mode (resolution A, ~ 9 m?). As the
statistical properties of the ship vary with the resolution and
higher values of g and V are expected as the resolution
improves, the values of NESZ necessary to guarantee a desired
PD for Age;; < 9 m? shown in Fig. 6 are pessimistic compared

to the effective values and this in turn will lead to a conservative
system design. We observe that for a given ship and fixed
number of false alarms, as the resolution cell improves by a
factor of two, the same probability of detection is ensured for a
NESZ almost 3 dB higher. For example, for the detection of a
medium ship in Fig. 6, with P, = 0.9 for Ay = 4 m? a
NESZ = 3.7 dB is necessary, instead NESZ = 6.2 dB and NESZ
= 8.5 dB are sufficient for A.; =2 m? and Agy =1 m?,
respectively.
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Fig. 6 NESZ as function of area of the resolution cell, A, for
different values of PD and for a number of false alarms per million of
km? equal to 1. The continuous curves refer to a large ship with a
Asnip = 300 x 20 m?, the dashed curves refer to a medium ship with

Aspip = 40 x 8 m? and the dotted curves refer to a small ship with
Aship = 21 X 6 mz.

We also show two examples to verify the derived detection
performance expressions for two ships extracted from
TerraSAR-X images, to which noise has been added artificially.
Fig. 7 (@) shows a medium ship of 69 m length (image
resolution 3 m X 3 m). Noise corresponding to different values
of NESZ is added to the image and the intensity is compared to
the detection threshold defined as in (11) having fixed Pragny =

1071% We observe that the ship is detected up to values of
NESZ = 11 dB, which corresponds to a detection threshold T =
25.52 dB. Fig. 7 (b) shows the same ship as in Fig. 7 (a) after
adding noise (NESZ = 11 dB), where the ship structure is not
visible anymore. Fig. 7(c) shows the theoretical probability of
detection in (16) for the considered case study. We observe that
NESZ =11 dB corresponds to Pagy,, = 0.57. Similar results are

reported for a second ship in the Fig. 7 (d) which is a small ship
of 21 m length (image resolution 1 m x 2 m). We observed that
the ship is detected up to values of NESZ =8 dB which
corresponds to a detection threshold T =22.52 dB. Fig. 7(e)
shows the same ship after adding noise with NESZ = 8 dB and
Fig. 7(f) shows the probability of detection as function of the
NESZ. We observe that NESZ = 8 dB corresponds to a Pdship =

0.15. In both cases we observe that the critical threshold falls
on the knee of the PD vs. NESZ plot.

I1l. AMBIGUOUS SAR: WIDE SWATH AND HIGH AZIMUTH
RESOLUTION WITHOUT DIGITAL BEAMFORMING

The design of conventional SAR systems is driven by range
and azimuth ambiguities, which arise due to the fact that the,
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Fig. 7 (a) TerraSAR-X image of a medium ship of 69 m length in Stripmap mode, (b) the corresponding image after adding noise with NESZ =

11 dB and (c) the probability of detection of a medium ship as function of the NESZ from a system with A e;; ~ 9 m?and for a Prq,,,, ., =

10—10

(d) TerraSAR-X image of a small ship of 21 m length in spotlight mode, (e) the corresponding image after adding noise with NESZ=8 dB and

(f) the probability of detection of a small ship as function of the NESZ from a system with A, ~ 1.6 m?*and for a Py, =

data are sampled at a given PRF [2]. A high PRF leads to
stronger range ambiguities and implies a reduction of the
achievable unambiguous swath. On the other hand, a low PRF
leads to higher azimuth ambiguities, i.e., Doppler frequencies
higher than the PRF are folded into the azimuth spectrum. The
lower bound of the PRF is classically determined by the
nominal Doppler bandwidth, B,. It is clear that wide swath
coverage and high azimuth resolution pose contradicting
requirements on the design of spaceborne SAR systems [2].
This motivated the development of different SAR imaging
modes with different tradeoffs between the spatial coverage and
azimuth resolution, such as ScanSAR [32] or TOPS-SAR [33]
which map a wide swath but provide a coarse resolution and
Spotlight mode which improves the azimuth resolution at the
cost of noncontiguous coverage along the satellite track. In [34]
was proposed the use of a PRF smaller than the nominal
Doppler bandwidth, B;, in combination with a reduced
processed Doppler bandwidth (and degraded azimuth
resolution) and then exploited for smallsat SAR in [22].
Within our system design we exploit a conventional stripmap
mode with a PRF much smaller than the nominal Doppler
bandwidth to image a wide swath, but differently from [22] and
[34] the processed Doppler bandwidth is set equal to B, in order
to have a high azimuth resolution. This is because the azimuth
ambiguities of the ships and the increased clutter power (as long
as it remains below the noise level) can be tolerated. In this way
wide-swath imaging and high azimuth resolution are

10719,

simultaneously achieved. We name this concept ambiguous
SAR. For instance, the TerraSAR-X in Stripmap mode can
image a swath width on ground of 30 km and has a nominal
azimuth resolution of 3 m. With the ambiguous mode and a PRF
that is 3 times smaller than the Doppler bandwidth, we can
image a swath width on ground of 90 km, similar to the
ScanSAR/TOPS mode (i.e., 100 km), but with an azimuth
resolution of 3 m that is 5 times better than that of the
ScanSAR/TOPS mode (i.e., 16 m). Fig. 8 compares the
ambiguous SAR mode with the Stripmap and ScanSAR/TOPS
mode.

ScanSAR/TOPS

igh

resolution

SAR

Fig. 8 Comparison of the Stripmap, ScanSAR/TOPS mode with the
ambiguous SAR mode.
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The possibility of achieving wide swaths at the expense of
azimuth ambiguities had been already proposed by NovaSAR
and implemented as its “maritime mode” [23] - [24], [35] - [36].
This mode, however, is based on the ScanSAR acquisition
mode with six sub-swaths, is characterized by a resolution of
13.7 m x 6 m, and allows detecting medium ships with a false
alarm rate of 107 [36].

High resolution and wide swath can also be obtained using
digital beamforming techniques [37]-[39], which also guarantee
a low azimuth ambiguity-to-signal ratio (AASR), but at the
expense of higher costs and greater system complexity.

Why ambiguities can be tolerated for this specific application?

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. As the positions of the ambiguities are known, even if a
strong azimuth ambiguity exceeds the threshold, it will be
recognized as such and not considered as a distinct ship. We
assume, in fact, that the scenario is sparse and it is unlikely that
a ship superimposes to the ambiguities of another ship.

Moreover, the azimuth ambiguities of ships after focusing
will be smeared in azimuth and range [40]. This implies a
decrease in the peak level for the ambiguities. Therefore, after
comparing the SAR image with the threshold T, they are not
expected to exceed the threshold. Fig. 9 shows a large ship of
260 m length and its azimuth ambiguities for an X-band SAR
system with antenna length of 2 m at an orbital altitude of 500
km that has a resolution cell Ag.; ~1.6 m? (similar to that of
the TerraSAR-X images in Spotlight mode) and PRF=1686 Hz
(i.e., four times smaller than the nominal Doppler bandwidth
B, = 6744 Hz). We note that the azimuth ambiguities are visible
but nevertheless the maximum peak value of the first
ambiguities is 14 dB below the maximum peak value of the
main signal.

—>» range

Fig. 9 Ship of 260 m length and its azimuth ambiguities for an X-band
system with a PRF four times smaller than the nominal Doppler
bandwidth.

For small ships, for which a detection of the main signal is
critical, the ambiguities are therefore likely to be well below the
noise level.

Another aspect to account for when choosing a PRF much
smaller than the nominal Doppler bandwidth is that the clutter
will backfold as well, contributing to a significant increase of
its energy, with AASR > 1 or 0 dB. Having fixed the processed
Doppler bandwidth B, equal to the nominal Doppler bandwidth
Bg,i.e., B, = By, the AASR will increase as the PRF decreases.

The AASR as function of szl% for M= 2 can be

approximately fitted by the following expression:

AASR ~ —0.98 + 0.75M (18)

Fig. 10 compares the AASR as function of M with the
approximated expression in (18) and a good agreement is
observed validating the above closed form expression.

14§ i f f
— AASR
12 — Approximated AASR
10}
8
B — |
S gl //
o
g
2 }
0.
2 4 6 8 10

M = By/PRF
Fig. 10 Comparison of the azimuth ambiguity-to-signal ratio with the
approximated expression of AASR in equation (18) as function of M
having set the processed Doppler bandwidth equal to B,.

Always under the assumption M> 2 the clutter-to-noise ratio of
the ambiguous SAR can be therefore expressed as:

CNRgympy = (AASR + 1) CNR (19)
~ 0.75M - CNR

where CNR is the clutter-to-noise ratio of the hon-ambiguous
SAR and the expression in (18) has been used.

As the sea clutter component is the sum of one unambiguous
and M ambiguous components and the latter components are
also “smeared”, it is likely to be characterized by a distribution
with a tail that goes down faster compared to that of the non-
ambiguous SAR.

Selecting a PRF M times smaller than B, will allow imaging
a swath that is approximately M times wider. Nevertheless, the
PRF cannot be arbitrarily small because the wider the swath to
be imaged, the greater the power to be transmitted and our
system is power limited.

Once the range of selectable PRFs is defined from the swath
width requirement, the exact PRF value will be chosen using
the timing diagram in order to avoid blind ranges, due to the
fact that the radar cannot receive while it is transmitting, and
the returns from nadir [2]. To relax even more the constrains on
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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 remove
the nadir echo within a postprocessing step [41]-[42].

How to get a high azimuth resolution?

The received raw data are sampled in azimuth direction by a
PRF that is M times smaller than B, and after accomplishing
the range compression and the range cell migration correction,
in order to focus the data along azimuth direction with the
highest azimuth resolution, i.e., the one given by the antenna
length/nominal Doppler bandwidth, a zero padding of the data
along azimuth can be done by adding between each consecutive
range line M range lines of zeros before convolving it with the
azimuth filter of a system with a PRF M times higher.

For a system with a PRF much smaller than the nominal
Doppler bandwidth, azimuth ambiguities do not originate from
the sidelobes of the azimuth antenna pattern, but from its main
lobe. By processing the full nominal Doppler bandwidth as
explained above, we therefore exploit through coherent
integration the energy of M orders of azimuth ambiguities to
achieve high azimuth resolution.

IV. SYSTEM DESIGN

Once the image requirements, i.e., NESZ, resolution, and
swath width, have been derived from the application
requirements we need to choose the system parameters of our
SAR. In this section we present the specific SAR system design
criteria for a system operated in “ambiguous” mode, which
differ from those adopted in the conventional case.

Following the discussion in Section Il, where we noted that
we can roughly trade 3 dB of spatial resolution with 3 dB of
NESZ, (17) can be rewritten by multiplying NESZ on the left
by A..; and dividing A,.; on the right by A..;; as:

NESZ " Aceu
1
exp [\/ZVerfinv (2 (1 - PdShip)AShip - 1) + B]
T In (Zfalse alarms)
surveillance

(20)

obtaining an expression where the product of the image quality
requirements, NESZ-A.,; depends on the detection
performance and ship size.

We can then recall 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):

4* 13 R3 B, sin6; vs k T Lo, F Lgys

NESZ =
Pog G2 A3 ¢

(21)

where R, is the slant range, B, is the chirp bandwidth, 6; is the
incidence angle, v; is the satellite velocity, k is the Boltzman
constant, Ty is the system temperature, L, is the azimuth losses,
F-Lgy, is the loss factor that includes all other losses

(atmospheric, system, etc.) and the noise figure, P, is the

average transmit power, G is the Tx-Rx antenna gain, A is the
wavelength and c is the speed of light. For a processed Doppler
bandwidth equal to the nominal Doppler bandwidth L,, = 1.3
dB.

Substituting in (21) the expression of the antenna gain as a
function of the antenna size for a rectangular antenna:

4n
G =31 LW, (22)

where L, is the antenna length, W, is the antenna height and n
is the antenna efficiency and using the definition of the swath
width in ground, Wj:

=— 2
W W, cos 6; (23)

the expression of NESZ in (21) can be written as:

NESZ - Aceyy 41 Ry 0S? 0; Vs k Ty Loy F Loy Lpattern
Wgz B Payg La A n?
(24)

where we have further introduced a term Ly 4¢¢ern, Which takes
into account the NESZ variation between the swath center and
far range due to the antenna elevation pattern, the slant range
and incidence angle. This is because we want to guarantee the
detection of the ships with the desired performance over the
whole swath. This implies that better detection performance
will be obtained at the swath center. From (24) we can obtain
the pair of P,,, and L, which guarantee the desired image
requirements on the left side of the equation.

The antenna height, I, and the maximum value of PRF,
PRF;,4, are driven by the value of the ground swath W;:

W, =——2_
* W,cosb; (25)
c
PRE =—(1-2D 26

where D is the duty cycle and the factor 2 considers pulse
compression.

Once we have selected the antenna length, the nominal
Doppler bandwidth of the system is defined and the value of M
is given by:

B,
M =
PRE, o

@7)

One can notice from (24) that the chirp bandwidth does not
influence the performance. This is due to the fact that the
performance approximately depends on the product of spatial
resolution and NESZ and the chirp bandwidth is inversely
proportional to the range resolution and directly proportional to
the NESZ. A smaller chirp bandwidth allows reducing the data
rate, which might be critical for a low-cost system with high
azimuth resolution and wide swath. However, the overall
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assumption for the system requires that the resolution is much
smaller than the ship size and the resolution further influences
the statistical parameters of the ship, as mentioned in Section II.
A very high resolution leads to more favorable statistics and is
therefore the key to detect very small ships.

In the following, five different examples of X-band systems
exploiting the ambiguous SAR concept are presented. Table 2
collects for each of the five scenarios and systems the
application requirements, the main imaging requirements, and
the main SAR system parameters. For all the considered
scenarios we select an orbit height of 500 km, an incidence
angle 8; = 30°, a chirp bandwidth B, = 300 MHz and a duty
cycle of 10%. We also assume L,, = 1.3 dB and F - Ls,s = 5
dB.

For the scenario A we are interested to detect medium ships

(40mx8m)witha Pq,,, ., = 0.5and % =1overa
ground swath W, = 90 km. To image a 90-km ground swath an
antenna height W, = 0.22 m is needed at X band and the upper
bound on the PRF to receive the full echo from the swath is
PRE,, ., = 2665 Hz. Based on (20) the product of the image
quality parameters, NESZ - A0y, is computed using the 8 and
V parameter of medium ships in Stripmap mode reported in
Table 1. From (24) different pairs of £,,,;, and L, are computed,
which satisfy the image requirements. In (24) L,q¢tern for the
considered scenarios is assumed equal to 6 dB. For this scenario
we select an antenna length L, = 1 mand F,,,;, = 46 W. From
the antenna length the nominal Doppler bandwidth and the
azimuth resolution are obtained as B; = 13489 Hz and §, =
0.5 m, respectively. For this case, the PRF,,,, is M = 5 times
smaller than B,;. Now that the A,,;; = 0.5 m? is defined, from
the product NESZ - A..;; We derive the NESZ which is 15.3 dB.
One can note that the NESZ is much greater than -8 dB and the
clutter contribution, following the discussion in Section Il, can
be considered negligible with respect to the thermal noise. From
the timing diagram the exact value of the PRF is selected.

For the scenario B we are interested to detect again medium
ships with the same detection performance as in scenario A but
we want to image a smaller swath, i.e., 60 km. Based on (25)
and (26) we need a W, = 0.33 m to image 60 km swath in
ground and PRE,,,, = 4000 Hz. As before after deriving the
product of NESZ - Ay, We select the pair of F,,, and L, that
ensures the desired requirements. For this scenario we select the
same antenna length of L, = 1 m and as the swath width that
we want to image is smaller we need a P,,,;, = 20 W. For this
scenario we have the same A,.; = 0.5 m?and NESZ = 15.3 dB
as for the scenario A. Instead the PRE,,,, is 3.4 times smaller
than B.

For the scenario C we are interested in the detection of small
ships (21 m x 6 m) with the same detection performance as in
scenario B and same swath width in ground of 60 km. The
antenna height and the PRE,,,, are the same as for the scenario
B. As before we firstly compute the NESZ - A_.;; using the B
and V parameter of small ships obtained from Spotlight data
reported in Table 1. For this scenario we select then a longer
antenna of 2.5 m and F,,, = 68 W to guarantee the desired
requirements. We note that because we want to detect a small

ship a greater P,,,, and a longer antenna is need to have the same
detection performance and image the same swath as for the
medium ships of scenario B. For this scenario we have an
Acenn = 1.25 m2and NESZ = 2.1 dB. Instead the PRE,,,, is 1.3
times smaller than B; = 5395 Hz.

Scenario D is similar to the previous scenario but the
detection probability is set equal to 0.4, i.e., smaller compared
to the previous case. For this scenario we use a shorter antenna
of 1.8 mand P,,, = 77 W. Because of the lower probability of
detection we have almost the same P,,,4 as for the previous case
but using a shorter antenna. In this case we get A..; = 0.9 m?,
a NESZ = 4.4 dB and a PRE,,, that is 1.8 times smaller than
B, = 7494 Hz.

In the scenario E we are interested to detect even smaller
ships of 16 m x 5 m size with the same detection performance
as in scenario D and image a smaller swath in ground of 50 km.
Following the same strategy, for this case we have an antenna
height of 0.39 m and a PRE,,,, = 4800 Hz. Afterwards we
select for this scenario the same antenna length as for D, L, =
1.8 mand P, = 72.2 W. Almost the same average transmit
power is need in this case compared to the scenario C, even
though we want to detect a smaller ship. This is because we
image a swath width in ground 16% smaller. In this case we
have an A..; = 0.9 m?, a NESZ = 2.6 dB and a PRE,,,, that is
1.4 times smaller than B;.

These design examples show that is possible to detect small
ships (i.e., size 21 m x 6 m or even 16 m x 5 m) with small
antenna length in the order of 1-2.5 m by transmitting an
average transmit power lower than 80 W, i.e., at least one order
of magnitude smaller than conventional SAR systems such as
TerraSAR-X or even microsatellite SAR, such as ICEYE’s
ones, if one also considers that for our design examples the
swath is wider [5].

It is important to remember that the required probability of
detection (see Minimum Probability of detection in Table 2) is
guaranteed at the near and far range of the swath. Because of
the 6 dB variation of NESZ between the swath center and far
range we ensure for all the case studies a probability of
detection at mid swath greater than 0.95 (see Maximum
Probability of detection in Table 2).

In addition, the maximum and the minimum probability of
detection refer to the given ship size for each considered
scenario. This means that ships of greater dimensions will be
detected with a better probability of detection for the same
number of false alarms.

The proposed concept could exploit an additional
polarization (dual-pol) to improve the detection performance
[43] - [50]. The improved performance, however, comes at the
expense of an increased complexity and cost. In particular, the
data volume to be downlinked, already intrinsically huge due to
the high resolution and the wide imaged swath, would increase
by a factor of two.

A further issue is, even for single-pol systems, the selection
of the optimal polarization on both transmit and receive that
maximizes the detection performance. This could be derived
from existing data and depends on the wavelength and the
incidence angle.
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Table 2 System design examples in X band operating in ambiguous mode

Application requirements

Scenario A Scenario B Scenario C Scenario D Scenario E

Ship size 320m’ 320m’ 126 m’ 126 m’ 80m’
Atarget
(40 m x 8 m) (40 m x 8 m) (21 mx6m) (21 mx6m) (16 m x 5m)
Number of
false alarms N,
T false alarms 1 1 1 1 1
perzmllllon 1012 m2
km
Minimum
probability of P, 0.5 0.5 0.5 0.4 0.4
detection
Maximum
probability of
detection (for  pmax 0.9868 0.9868 0.9859 0.9649 0.9524
the below
system
parameters)
Main imaging requirements
Noise
Equivalent NESZ 15.3dB 15.3dB 2.1dB 4.4dB 2.6 dB
Sigma Zero
Grounq range Org im 1m im 1m im
resolution
Azimuth 5, 0.5m 0.5m 1.25m 0.9m 0.9m
resolution
Swath widthin =, 90 km 60 km 60 km 60 km 50 km
ground
System parameters

Orbit height h 500 km
Incidence ; 30°
angle
Wavelength A 0.03m
Chirp
bandwidth By 300 MHz
PRF PRF 2442 Hz-2665 Hz 3762 Hz-4000 Hz 3762 Hz-4000 Hz 3762 Hz-4000 Hz 4620 Hz-4800 Hz
Antenna
length Lg Im Im 25m 1.8m 1.8m
Antenna W, 0.22m 0.33m 0.33m 0.33m 0.39m
height
Average Pavg 46 W 20W 68 W 77TW 722W

transmit power

NESZ and resolution to the desired detection performance
V.CONCLUSIONS AND OUTLOOK based on ship statistics extracted from TerraSAR-X data. The
second insight is the use of an ambiguous SAR mode with a
PRF lower than the nominal Doppler bandwidth, ensuring
simultaneously wide-swath SAR imaging and high azimuth
resolution and tolerating azimuth ambiguities.
From the examples in this paper, it has become clear that
using the ambiguous mode it is possible to detect small ships by
imaging a wide swath in the order of 60 km and transmitting an

An application-driven approach for the design of a low-cost
SAR that can be implemented on small satellites and dedicated
to the ship monitoring application has been presented.

The proposed approach relies on two key insights. The first
is the use of a small antenna that can fit in a small satellite and
transmits a very low power. For this reason, we derived an
original, approximated closed-form expression that relates the

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License. For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JSTARS.2021.3136935, IEEE Journal

of Selected Topics in Applied Earth Observations and Remote Sensing

> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 11

average power lower than 80 W with a small antenna of 1-2.5
m length.

These very-low-power SAR systems can be very effective in
detecting illegal (non-cooperating) fishing vessels. In order to
distinguish them from cooperating ships, the satellite should be
equipped with an automatic identification system (AIS) [24].
From the combination of SAR and AIS data it is possible to
identify the illegal vessels and handle this information to the
authorities.

The ambiguous SAR mode could be in principle adapted to
existing, planned and future SAR systems to have an additional
mode for efficient ship detection over ultra-wide swaths.
Compared to the design of a smallsat, the latter systems can
benefit of a much higher average transmit power, while high
azimuth resolution and wide swath can be obtained in systems
with larger antennas using tapering [51].
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