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Abstract—Recently, we have proposed a new synthetic aper-
ture radar (SAR) technique, which we called “Coprime SAR”
(CopSAR), applicable to the case of bright targets over a dark
background and therefore useful in ocean monitoring for ship
detection. The CopSAR technique is based on the adaptation of the
coprime array beamforming concept to the case of SAR systems,
and, in its basic implementation, it is able to reduce the amount
of data to be stored and processed, with no geometric resolution
loss. A more complex dual-frequency implementation allows us to
additionally obtain a significant increase in the range swath size
with respect to the standard SAR technique. However, for both
practical and theoretical reasons, the simplest single-frequency
implementation is preferable. Accordingly, here, we present an
enhancement of the CopSAR basic implementation, based on the
transmission of (quasi) orthogonal waveforms, i.e., up- and down-
chirps: we name it “Orthogonal Coprime SAR” (OrthoCopSAR).
The proposed implementation is able to achieve both data
reduction and range swath extension with no appearance of
ghosts, no resolution loss, and only a limited complication of
the required technology. The only costs are the reduction in the
target-to-background ratio and the presence of a (nonstringent)
limit on maximum ship size, as it is the case in all CopSAR
implementations.

Index Terms—Coprime sampling, maritime applications,
orthogonal waveforms, synthetic aperture radar (SAR).

I. INTRODUCTION

HE demand for high resolution and coverage of synthetic

aperture radar (SAR) systems [1]-{3] for maritime ap-
plications implies a huge increase in the amount of data to
be stored and processed. Recently, a new technique based on
coprime sensing concepts [4], [5] applied to SAR, i.e., Coprime
SAR (CopSAR), has been presented [6], and it has been val-
idated by using both simulated and real SAR data [6]. It can
be used for scenes consisting of bright targets over a dark (not
necessarily homogeneous) background, so that it can be useful
in ocean monitoring for ship detection. The CopSAR technique
is able to reduce the amount of data and, at the same time, to in-
crease the range swath, with no geometric resolution loss [6]. It
has a range of applications similar to that of new SAR process-
ing techniques based on compressive sensing [7]-[9] and shares
with them the advantage of a reduction in data amount, but
it has the additional advantage of requiring no increase in
hardware and processing complexity with respect to standard
SAR [6]. The general approach consists in the transmission
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of two interlaced sequences of pulses, with two sub-Nyquist
pulse repetition frequencies (PRFs) that are equal to the Nyquist
PRF divided by two coprime integer numbers. Each sequence is
separately processed via standard SAR processing, and the two
final aliased (i.e., affected by azimuth ambiguity) images are
combined in a very simple way to cancel out aliasing. In partic-
ular, three different CopSAR implementations were proposed,
aimed at achieving data reduction and/or range swath extension.
However, each implementation presents specific drawbacks.
The “basic implementation” [6] only allows for data reduction,
but it does not support any extension of range swath, which
would produce range ambiguity. The “missing-pulse imple-
mentation” [6] is useful to reach both aims, but at the cost of the
appearance of many (attenuated) ghosts on the image. Finally,
the “dual-frequency implementation” [6], which can be also
seen as the extension to SAR systems of the direction-of-arrival
estimation technique presented in [10], obtains both goals with
no appearance of ghosts; however, it requires the use of dif-
ferent frequency bands, thus implying not only a technological
complication but also the possible inconvenience of facing dif-
ferent reflectivity patterns in the two aliased images, due to the
frequency-dependent behavior of the backscattering coefficient.

In the last years, use of orthogonal transmitted waveforms
to mitigate range ambiguity has been proposed in polarimetric
SAR [11], high-PRF SAR [12], and MIMO-SAR [13]. Inspired
by those works, in this paper, we present an enhancement of
the CopSAR basic implementation based on the transmission
of (quasi) orthogonal waveforms for the two interlaced sub-
Nyquist sequences of pulses, i.e., up- and down-chirps are trans-
mitted in the first and second sequences, respectively. We name
this technique Orthogonal Coprime SAR (OrthoCopSAR).
We show (see Section III) that the combined use of orthogonal
waveforms and CopSAR significantly mitigates the drawback
of the orthogonal waveform approach highlighted in [14],
i.e., the increase in the background noise. The proposed
OrthoCopSAR implementation is able to achieve both data re-
duction and range swath extension by using a single frequency,
with no appearance of ghosts, no resolution loss, and only a
very limited complication of the required technology. The only
costs are the reduction in the target-to-background ratio (TBR)
and the presence of a (nonstringent) limit on maximum ship
size, as it is the case also for previously presented CopSAR
implementations. This very good performance is obtained over
the entire scene if two antennas, one transmitting and one re-
ceiving, are used. Otherwise, if a single antenna is used for both
transmission and reception, there will be a strip, corresponding
to “blind ranges” of some of the pulses, in which a moderate
ambiguity is present, as detailed in Section III.

This paper is organized as follows. In Section II, azimuth
and range ambiguity phenomena and the CopSAR concept
are briefly recalled. In Section III, the rationale of the pro-
posed OrthoCopSAR technique is presented, and single- and
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Fig. 1. CopSAR concept, N1 = 4, N2 = 5: locations along the SAR line of flight at which pulses are transmitted. (Blue) First sequence. (Red) Second sequence.

(White) Pulse not transmitted.

dual-antenna implementations are discussed. In Section IV,
meaningful experiments on simulated data are presented.
Finally, conclusions are reported in Section V.

II. THEORETICAL BACKGROUND

A. Azimuth and Range Ambiguity

Due to the finite value of the PREF, replicas of the reflectivity
pattern may appear on SAR images, and this phenomenon is
usually referred to as azimuth ambiguity [15] or aliasing. Such
replicas are shifted both in azimuth and, although in a smaller
extent, in range. In particular, the azimuth and range shifts of
the ith replica are [15], [16]

PRF\ Az?
Ax; = j— 10 Ary = = ()
2v 2ro

where ) is the electromagnetic wavelength, ry is the closest
range between the platform and the center of the real antenna
footprint, and v is the sensor velocity. However, these replicas
are slightly defocused for ¢ # 0, and they are weighted by the
real antenna azimuth pattern (AAP). In standard SAR systems,
the PRF is chosen in such a way that

PRFA P
A0 4 e, PRE> 22 (2)
2v L

|Azq] > X, ie.,
where X = Arg/L is the real antenna footprint azimuth size,
with L being the real antenna azimuth length (it can be also
verified that condition (2) is actually the Nyquist condition
for the SAR signal azimuth sampling); therefore, assuming
an ideal AAP that is null outside its main beam (i.e., that
has no sidelobes), all replicas are suppressed, and only the
actual targets appear on the image. In practice, the ideal AAP
condition can be only approached by using an antenna with a
high peak-to-sidelobe ratio, but it can never be exactly achieved.
However, replicas outside the AAP main beam are strongly at-
tenuated, and they can be neglected, apart from some particular
cases, for which techniques are available to strongly reduce
them [15], [16].

However, for very high resolution SAR systems, condition
(2) corresponds to a very high value of the PRF, and this, on
one hand, implies that a large amount of data has to be stored
and processed and, on the other hand, poses a strict limit on the
scene range size. In fact, to avoid range ambiguity, i.e., partial
overlapping of subsequent received pulses, the scene slant range
size cannot exceed the value

Winax = g(PRI —2r) 3)

where c is the speed of light, 7 is the chirp duration, and
PRI = 1/PRF is the pulse repetition interval.

B. Coprime SAR

To solve both problems previously mentioned, at least for
scenes consisting of bright targets over a dark (not necessarily

homogeneous) background, we have recently proposed the
CopSAR technique [6]. In this new acquisition mode, the
system transmits two interlaced sequences of pulses: one at
PRF; = PRF;/N; and the other at PRFs = PRF;/Ns, where
PRF| satisfies condition (2),i.e., PRFy > 2v/L, and N7 and Ny
are two coprime integers (i.e., their greatest common divisor is
1). This is realized by transmitting pulses at times ¢,, = n/PRFg
only if n is an integer multiple of Ny or N (i.e., n = n1 Ny or
n = noNa, with n; and ne integers), instead that for all integer
values of n, as it is the case for the standard acquisition mode
(see Fig. 1). The two sequences can be separately processed
to obtain two SAR images, i.e., s1(z,r) and sa(x,r). Here, z
and r are the azimuth and range coordinates, respectively. The
geometric resolution of these images will not be changed with
respect to the standard SAR case, because the synthetic array
length (i.e., the processed azimuth bandwidth) is unchanged,
but of course, these images will be severely aliased. However,
if the scene consists of bright targets on a dark background
(as in the case of boats or ships on the ocean), then only
the true targets will be present on both aliased images at the
same location, whereas aliased targets (i.e., replicas) will be at
different locations on the two images. In fact, spacings of target
replicas on images s1(x,r) and so(x, r) are

A . PRF())\?“O
Tip =0
! N1 2v

respectively, with ¢; and i, integers, so that replicas on the two
images will not be at the same location unless i1 /i = N1 /Na.
Since N; and N, are coprime, this only happens if iy = i/V;
and 75 = 7Ns, so that

. PRFO /\’I“Q
—

Azy = Axjp =
2v

(5)

i.e., only at the positions of the replicas in the image that
would be obtained in the standard acquisition mode [see (1)].
Since PRF, > 2v/L, these replicas are suppressed (actually,
strongly attenuated) by the AAP. Therefore, using the simple
combination rule

sar) = {sl(x,r), if [s1(2,7)] < [s2(2,7)]

6
otherwise ©

SQ(Z‘,T),

we obtain a final image s(z, r) in which no replicas are present.
As a matter of fact, where in one of the two images there is a
target replica, in the other one there is only the sea background,
and in selecting the smallest amplitude we correctly select the
sea background. Conversely, where the true target is present,
both images have similar high amplitudes, and even in selecting
the smallest amplitude we correctly obtain a brilliant pixel.
The data rate reduction with respect to the standard SAR
acquisition mode, the maximum range swath extension factor,
and the minimum distance A,,;;, between consecutive replicas
on the two aliased images have been computed in [6] for the
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TABLE 1
TECHNIQUE PERFORMANCE INDICATORS

Configuration Dat.a rate Maximum.range swath Maximum azimuth
reduction factor extension factor target size (Apin)
N;+N, -1 PRFyAr,
CopSAR basic T NN, 1 N;N,2v
N, +N,—3 PRFAr,
CopSAR missing pulse W 2 N,Ny2v
2 M PRFyAr,
CopSAR dual frequency Ny (single antenna: M /2) NiN,2v
N, + N, PRFyAr,
OrthoCopSAR NN, M N,N,2v

different CopSAR implementations, and they are listed in the
first three rows of Table I. The value of A,;, limits the allowed
azimuth size of the bright targets [6], so that it sets a tradeoff
between data amount reduction, for which high values of N;
and N, are desirable, and maximum azimuth size of targets,
which increases if N7 and N, are decreased. Another factor
that limits the values of N7 and N5 is the TBR over the final
CopSAR image, which is reduced by a factor on the order of
N2 /(N7 + N3) with respect to the standard SAR image [6].
For N = Ny + 1, which is the choice suggested in [6], this
corresponds to about No /2.

III. ORTHOGONAL COPRIME SAR

The direct implementation of the above-described concept
(i.e., the “basic implementation,” see [6]) only reduces the
amount of data to be stored and processed, but it does not
allow for an extension of the range swath, because the minimum
time separation between consecutive pulses is 1 /PRFy, as in the
case of standard SAR. However, at variance with the standard
SAR case, this minimum separation only occurs twice every
Nj + Ns pulses. Therefore, when the range swath size exceeds
¢ PRI, /2, range ambiguity affects standard and coprime SAR
systems in different ways. In fact, in the standard SAR case,
range-shifted replicas of true targets will appear, with intensity
similar to that of the true targets (a small attenuation is due
to the slight defocusing). Conversely, in the coprime SAR
case, range-shifted replicas will be significantly attenuated with
respect to the true targets, because only some of the pulses
will be affected by range ambiguity (this further amplitude
attenuation factor is N, see below); however, this will intro-
duce an azimuth periodicity, with frequency on the order of
PRF(/(N1Ns), that causes the appearance of attenuated az-
imuth replicas. This will be illustrated with numerical examples
in Section IV. Accordingly, no extension of the range swath is
possible for the CopSAR basic implementation. To overcome
this problem, we here propose a technique, which we name
OrthoCopSAR, that differs from standard CopSAR in the fact
that pulses of the two interlaced subsampled sequences are
mutually (quasi) orthogonal: In the first subsampled sequence,
up-chirp waveforms are transmitted, whereas in the second sub-
sampled sequence, down-chirp waveforms are used (when the
two sequences superimpose, i.e., first and last pulse in Fig. 1,
the two waveforms are summed up and transmitted). Since up-

chirp and down-chirp waveforms are quasi-orthogonal' [14],
nonaliased images can be still obtained processing each se-
quence via the appropriate up- or down-chirp matched filtering
during range compression. The energy of the unfocused target
contribution, due to the presence of the mismatched chirp, will
be spread over twice the entire pulse duration interval in the
final focused image [14]. It is important to note that in the
OrthoCopSAR case, superposition at the receiver of focused
and unfocused contributions is only partial, and it does not
happen for all pulses. To see this, let us first consider the case
in which the range swath is larger than ¢/2 times PRIy, but
smaller than c times PRI (i.e., it is approximately doubled with
respect to the standard SAR case): In this case, superposition is
present only for pulses of the two subsequences transmitted at
the same time or at distance 1/PRFy, i.e., three times out of
Nj + Na. Accordingly, the corresponding reduction in radio-
metric resolution (as predicted by the analysis in [14]) will be
negligible in the OrthoCopSAR case, and the reduction in the
TBR is expected to be similar to that of the CopSAR basic im-
plementation [6]. This expectation is confirmed by experiments
(see Section I'V). Let us now move to consider the case of range
swath larger than twice the standard SAR range swath. As the
range swath size increases, the number of pulses affected by
superposition of focused and unfocused contributions increases.
The maximum range swath extension factor that prevents the
appearance of range ambiguity is N; for the OrthoCopSAR
case, but in this case, all pulses are affected by superposition
of focused and unfocused contributions, and an increase in
background noise is expected. However, it can be verified that
if at any equi-azimuth line there is only one bright target and if
(as is usually the case in standard SAR systems) 27 < PRIy,
then in each cycle of duration N; N3PRIj, range-ambiguous
unfocused contributions affect different pulses of each sequence
in different range intervals, so that each range interval is only
affected by a range-ambiguous unfocused contribution in two
pulses out of N7 + Ns. Therefore, if the scene includes a few
bright targets over a darker background, even for the maximum
range swath extension factor, the reduction in the TBR for the
OrthoCopSAR is expected to be similar to that of the CopSAR
basic implementation. Accordingly, it can be concluded that

1Up-chirp and down-chirp may be slightly modified to obtain perfectly
orthogonal waveforms via a simple procedure described in [14]; however,
corresponding improvement is so small that the procedure is not worth being
implemented [14].
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the presented OrthoCopSAR technique also allows obtaining
a wider range swath, in addition to the reduction in the number
of transmitted pulses. The data rate reduction, the maximum
range swath, and the maximum target azimuth size for the
OrthoCopSAR case can be easily computed, and they are
listed in the fourth row of Table I. In addition, in view of the
considerations previously reported, the attenuation of the range
ambiguity of a bright target can be theoretically computed. In
fact, since the energy of the ambiguous target is spread over
twice the entire pulse duration interval, a first power attenuation
factor is present, which is equal to the ratio between c7 and the
slant range resolution ¢/(2B), where B is the chirp bandwidth.
In addition, a further power attenuation factor is due to the
fact that in each cycle of duration N1 N2PRI, range-ambiguous
unfocused contributions affect different pulses of each sequence
in different range intervals. In view of the combination rule of
(6), this further power attenuation factor is NQQ. Accordingly,
the overall range ambiguity power attenuation factor is

Ry.q = 2rBNZ. (N

It may be noted that a wider swath implies a wider antenna
beam, which, in turn, corresponds to a smaller antenna gain;
accordingly, a lower signal-to-noise ratio (SNR; with respect to
thermal noise) is obtained. However, in modern SAR systems,
the thermal noise level is so small that a reduction in SNR of
even one order of magnitude is not an issue for a bright target
such as a ship or a boat. In addition, the reduction in SNR can
be at least partly compensated for by increasing the transmitted
pulse peak power, without increasing the transmitted average
power, since the number of transmitted pulses is reduced.

The best way to implement an OrthoCopSAR system is
to use two antennas, i.e., one transmitting and one receiving.
However, the proposed technique can be also implemented
on single-antenna SAR sensors. In this case, “blind ranges”
(i.e., ct-wide ground strips from which no signal is available)
are present in the raw signal, due to the fact that the sensor
cannot receive during the transmission interval. However, when
doubling the range swath, this only happens for pulses at
distance 1/PRFy (i.e., two out of Ny + Ny). Therefore, on the
final image, this implies no blind range, but only the possible
appearance of strongly attenuated azimuth replicas, similar to
those arising in the CopSAR missing-pulse implementation [6],
over a specific slant range interval of size equal to c7. If the
range swath size further increases, blind ranges appear also in
consecutive pulses at distances larger than 1/PRFy; however, it
can be verified that in each cycle of duration N7 NoPRI, blind
ranges appear in different range positions in different pulses of
each sequence, so that each range interval can be “blind” in no
more than two pulses out of N7 + N,. Accordingly, even for the
maximum range swath extension factor /N1, on the final image,
this implies no blind range, but only the possible appearance of
strongly attenuated azimuth replicas, similar to those arising in
the CopSAR missing-pulse implementation, over specific (no
more than N7 — 1) slant range intervals of size equal to c7.

We want to stress at this point that although it may seem that
the OrthoCopSAR operation implies solving an involved timing
problem, the latter actually turns out to be quite simple if we
see it as the combination of two periodic timings, one for each
subsequence. Accordingly, a simple control logic is needed
to implement the rules for the selection of pulse transmission

IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING

TABLE 11
SIMULATION PARAMETERS

Platform height [km] 224
Platform velocity [km/s] 7.7
Look angle [°] 35
Azimuth antenna size [m] 8.6
Range antenna size ~ [m] 0.5 (0.25)
Carrier frequency [GHz] 1.282
Pulse duration [us] 30.4 (50)
Chirp bandwidth  [MHz] 12 (4.7)
Sampling rate [Mhz] 12 (4.7)
PRF, [Hz] 2800
Doppler centroid [Hz] 0

This Table refers to the case of doubled range
swath, except for the values reported in
parenthesis that are relevant to the case of
range-swath size increased by a factor N,=5.

times, of receiving windows, and of the proper sections (i.e.,
the echoes of each transmitted pulse) of the received registered
signal to be processed with the two matched filters.

Finally, it is worth mentioning that, as in the CopSAR
case, also for OrthoCopSAR systems, the condition on the
maximum target azimuth size can be relaxed by computing
the correlation coefficient between si1(x,r) and sa(z,7) over
a window in correspondence of each bright spot of s(z,r) and
retaining as valid bright spots only those corresponding to a
nearly unitary correlation coefficient [6]. This also solves for the
very unfortunate circumstance that a replica of one target in
the image s1(x,r) overlaps with a replica of another target in
the image sa(z,r), thus causing the appearance, on the com-
bined image s(z, ), of a “ghost,” i.e., of a false bright target [6].
This solution, already suggested in [6], leads to low false-alarm
rates, but it is not fully automated, since it requires user inter-
vention in the selection of windows on which to compute the
correlation coefficient. Conversely, based on the same concept,
we here suggest the following fully automatic OrthoCopSAR-
based ship detection strategy. The two aliased images s1 (z, )
and so(z, ), in addition to be combined by using (6) to generate
the OrthoCopSAR image s(x,r), are also used to generate a
correlation coefficient (or coherency) map c(x,r), i.e.,

(510,53 (2.7)) ©
s (Jsa )

where (.) stands for the average over an n X n window
centered on the considered pixel x, r.

The final image, in which the ghosts are “cleaned up,” is
finally obtained by multiplying s(z,r) by c?(x,r), where the
square is considered to increase ghost damping. This image can
be used as input for a standard ship detection algorithm. Note
that such final image retains the full geometric resolution of
s(z,r), whereas in the coherency map c(z,r), the geometric
resolution is worsened by a factor n. An example of application
of such a strategy will be reported in Section IV, in which a
proper choice for the window size n will be suggested.

c(x,r) =
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Fig. 2. Plots of (a), (c), and (e) range and (b), (d), and (f) azimuth IRFs normalized to their maximum value for (a) and (b) the standard SAR case, (c) and (d) the

standard CopSAR case, and (e) and (f) the OrthoCopSAR case.

IV. EXPERIMENTAL RESULTS

In this section, we test the proposed approach by applying it to
simulated SAR raw signals. All the employed SAR raw signals
have been generated using the SAR raw signal simulator in [17]
and [18] and have been focused via the Fourier-domain SAR
processor described in [2]. The considered SAR system parame-
ters are listed in Table II. Note that, for this system, condition
(3) is not satisfied; in fact, the range swath is about 160 km, i.e.,
about twice the size of the maximum swath allowed according
to condition (3). Consequently, range ambiguity is expected to
appear for standard SAR and CopSAR acquisition modes.

First of all, to analyze the system amplitude impulse response
function (IRF), we consider a scene consisting of a single
pointlike target. In all the following examples, we assume N1 =
5 and N2 = 6. The performed simulations are relevant to stan-
dard SAR, standard CopSAR, and OrthoCopSAR cases. The
obtained results are shown in Fig. 2. In particular, the standard
SAR case range and azimuth IRFs are reported in Fig. 2(a)
and (b): As expected, the occurrence of range ambiguity can
be observed in the range IRF of Fig. 2(a). The amplitude of
the ambiguous signal is about 6 dB lower than that of the true
target, due to nonperfect focusing. In the standard CopSAR IRF,
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Fig. 4. Plots of (a) range and (b) azimuth IRFs normalized to their maximum value for OrthoCopSAR with range swath size increased by a factor N1 = 5.

the range ambiguity is still present: However, the amplitude
of the ambiguous signal is reduced by about 21 dB (i.e., of
an additional factor Ny = 6, corresponding to about 15 dB,
as theoretically predicted in Section III), due to the limited
number of pulses affected by range ambiguities [see Fig. 2(c)].
As discussed in the previous section, however, the presence of
the periodicity related to the pulses affected by range ambiguity
is responsible for the appearance of azimuth ambiguities: The
peak amplitude of these ambiguities is about —15 dB with
respect to the amplitude of the true target [see Fig. 2(d)]. Both
range and azimuth ambiguities are almost removed using the
OrthoCopSAR implementation, as testified by Fig. 2(e) and (f),
where the level of the residual ambiguity is less than —40 dB.
As expected, in the range IRF of Fig. 2(e), the energy of the
unfocused contributions is spread over twice the pulse duration,
and the residual range ambiguity level is attenuated with respect
to the standard SAR case of about —44 dB, which is the
theoretical value predicted by (7). Finally, to verify the absence
of resolution loss in the OrthoCopSAR case in Fig. 3, we
show enlarged views of range and azimuth IRFs centered on
the target, which allow us to appreciate how the width of the
main lobe is the same in the standard and OrthoCopSAR cases,
whereas its amplitude decreases by a factor 1/No = 1/6, as
theoretically expected.

To demonstrate the maximum increase in the range swath
size attainable with the OrthoCopSAR approach, in Fig. 4, we

report the range and azimuth IRFs obtained for an increase by a
factor N1 = 5. Some of the parameters used for this simulation
have been accordingly modified in such a way as to obtain a
range swath size five times larger than the maximum swath
allowed by condition (3). The modified parameter values are
reported in parentheses in Table II. As theoretically expected, in
Fig. 4, it can be appreciated that the level of residual ambiguity
is less than —40 dB. In particular, also in this case for all the
four range ghosts present on the scene, the residual ambiguity
level is lower than —42 dB, which is the theoretical value
predicted by (7) with the new parameters.

Now, we move to a more complex scene composed of
two very large ships (whose reflectivity functions have been
obtained from an actual SAR image) over a uniform speckled
dark background: One of the ships is oriented along the range
direction, whereas the other presents a 45° angle with respect
to the range direction. Moreover, in the following examples,
we use for the CopSAR and OrthoCopSAR implementations
N; = 5 and N2 = 6. The obtained results are shown in Fig. 5,
where an appropriate spatial multilook has been performed,
thus obtaining an approximately square pixel. In Fig. 5(a), the
image resulting in the standard SAR case is reported: As
expected, range ambiguity is present. The true ships are those
located in near range. Note that a region with a darker back-
ground is present at middle range, where nonambiguous and
range-ambiguous focused signals are not overlapped.
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Fig. 5. Simulation results. (a) Standard SAR case. (b) Standard CopSAR case. (c) OrthoCopSAR case. Near range is on the left.

Fig. 6. Simulation results. OrthoCopSAR case with a ship placed in the region influenced by “blind ranges.” Near range is on the left.

The result obtained with the application of the standard basic
CopSAR implementation is presented in Fig. 5(b). In this case,
attenuated azimuth replicas of the true target are still visible.
Moreover, attenuated range ambiguities and associated azimuth
ambiguities of the range ghost ships are also visible in the far
range of the image. All these phenomena are consistent with the
above reported IRF analysis.

In Fig. 5(c), we show the image obtained applying the
OrthoCopSAR implementation: In this case, only a very low
residual azimuth ambiguity is (hardly) visible, while no range
ambiguity can be appreciated. Note that the reduction in the
TBR with respect to the standard SAR case is equal to about
2.1, and it is almost the same for both the standard CopSAR
and OrthoCopSAR cases: This value is significantly lower than
the approximate theoretical one computed as in [6], which, in
this case, is equal to about N5/2 = 3. Finally, to provide an
example of the effects related to the presence of “blind ranges”
on the raw signal, in Fig. 6, we show the result of the application
of the OrthoCopSAR implementation for a scene consisting
of a ship placed in the image area affected by “blind ranges.”
As theoretically expected, in this situation, strongly attenuated
azimuth replicas of the ship, similar to those obtained in the
CopSAR missing-pulse implementation [6], can be appreciated.

To better show that the OrthoCopSAR approach implies no
resolution loss, in Fig. 7, we compare the enlarged view of the
ship (the minimum spatial multilook necessary to obtain square
pixels has been performed) obtained by using standard SAR
[see Fig. 7(a)] and OrthoCopSAR [see Fig. 7(b)]. It is evident
that the ship details appearing in the standard SAR image are
retained in the OrthoCopSAR one. The expected reduction in
the TBR, i.e., of the contrast, with respect to the background, in
the OrthoCopSAR case is also evident.

We then analyze the performance of the OrthoCopSAR ap-
proach in the presence of a nonuniform speckled background.

(a) (b)

Fig. 7. Zoomed-in view of one of the ships in Fig. 5 for (a) standard SAR and
(b) OrthoCopSAR.

More specifically, the reflectivity function of the same ships
used in the previous examples is superimposed on the reflec-
tivity of a typical ocean surface (where an ocean swell pattern
is present), obtained using the simulator of maritime scenes
described in [18]. The parameters used for the simulations
are those reported in Table II. In Fig. 8, we show the results
obtained in the standard SAR and OrthoCopSAR cases: We
report both the near-range regions, where the actual ships are
located, and the far-range regions, where, for standard SAR,
range ambiguities are present. As expected, these ambiguities
are effectively suppressed by the OrthoCopSAR approach.
Moreover, it can be noted that in the OrthoCopSAR image, the
visibility of the swell is attenuated, due to the effects of the
CopSAR combination rule [6], and therefore, the background
tends to be more uniform than in the standard SAR case.

In the last simulated scenario, we demonstrate the use of the
correlation coefficient map to reduce the presence of residual
ambiguity, considering the case of a ship aligned to the azimuth
whose azimuth size exceeds A,n. As shown in Fig. 9(a), in
this case, azimuth ambiguity is present on the OrthoCopSAR
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Fig. 8. Simulation results in the presence of ocean swell. (a) Standard SAR case in near range (actual ships). (b) Standard SAR case in far range (range ambiguity
is visible). (c) OrthoCopSAR case in near range (actual ships). (d) OrthoCopSAR case in far range (range ambiguity is not visible). Near range is on the left.

image. To mitigate this phenomenon, we used (8) to evaluate the
correlation coefficient map ¢(z,r): In particular, we chose to
set n = 4, which represents a good tradeoff between accuracy
of the correlation estimates and resolution of the obtained
correlation map. We then multiplied the OrthoCopSAR image
by c?: The obtained result is reported in Fig. 9(b), where
residual ambiguity can be hardly appreciated. In addition, it
can be noted that fine details of the ship are preserved, this
showing that the full resolution of s(x, ) is maintained in the
“cleaned up” image.

V. CONCLUSION

In this paper, an enhancement of the recently introduced
CopSAR technique has been presented. It is based on the
transmission of (quasi) orthogonal waveforms (namely, up-
and down-chirps) for the two sub-Nyquist sequences of pulses
transmitted by the CopSAR sensor, and therefore, it has been
here called Orthogonal Coprime SAR. The proposed technique
is suitable for application to ship detection. In fact, it has been
shown that, for a scene consisting of a few bright targets over
a darker background, the use of two interlaced sequences of
pulses, with two sub-Nyquist PRFs that are equal to the Nyquist
PRF divided by two coprime integer numbers, allows us to
avoid azimuth ambiguity even in cases in which condition (2) is
not satisfied and that the use of up- and down-chirps for the two
sequences of pulses allows us to avoid range ambiguity even in
cases in which condition (3) is not satisfied. Accordingly, the
proposed implementation is able to achieve both data reduction
and range swath extension by using a single frequency, with no
appearance of ghosts, no resolution loss, and only a very limited
complication of the required technology. The only limitations
are those intrinsic to any CopSAR implementation: a reduction
in the TBR and the presence of a (nonstringent) limit on
maximum ship size. The performance of the algorithm has been
tested on simulated SAR signals.

() (b)

Fig. 9. Simulation results in the presence of a ship aligned along the azimuth
and presenting an azimuth size larger than A);y,. (a) Standard OrthoCopSAR
result. (b) Result after multiplication by c2(z, r).
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