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Abstract—-I maging the sea floor using high precision sonar is at the stage where the efficiency and
robustness are of concern. Synthetic aperture sonar (SAS) has the appealing property of range and
frequency independent spatial resolution. SAS data’'s are more challenging to process than the
conventional counterparts, because the towfish is more complicated and usually non stationary. Time
domain algorithms can handle general sonar, but they are inefficient. Several frequency domain
algorithms have been modified to handle a limited number of SAS cases. In the present work, a closed
form expression for the stripmap geometry model is mathematically derived and analyzed from the high
resolution SAS imaging point of view. Further, we discussed the processing method for SAS data and
proposed a chirp scaling algorithm (CSA). We have focused on the application of CSA processor that is
based on the use of the Fourier transforms. The simulation results validate the analysis and the feasibility
of thisalgorithm.
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[.INTRODUCTION

Side looking sonar (SLS) and synthetic aperture sonar (SAS) technologies provide high resolution imagery for
mine countermeasure applications. While SLS has been well developed for several decades, SASisafairly new
technology [1-5]. SLS systems use antenna arrays to scan the seabed in a narrow beam fashion. The
reconstructed images present a resolution that is limited by the antenna aperture and that also decreases with
range. SAS overcomes these limitations: a single antenna system moves along a straight line and pings are sent
at different positions. Hence, a synthetic array, theoretically as long as desired, is built up and the resolution
increases. Furthermore, the resolution is independent of the range [6]. The use of SAS is undergoing
considerable growth in both the civilian and military domains in the discrimination, identification, and
classification of targets. It has the ability to produce higher resolution images at lower frequencies allowing
greater ranges to be achieved, while maintaining a constant cross range resolution as a function of range away
from the sonar. Although the images produced on SA S systems often have a photograph like character, there are
particular properties that demand fundamentally different interpretation than optical images[7]. Typicaly, a 100
kHz SAS would operate with 10-50 pings gives much better resolution than SLS. Synthetic aperture is sampled
finer than half a wavelength and this constrains the along track speed and limits the area mapping rate. Thus,
with a single transmitter and an array of hydrophones increases the area mapping rate. The azimuth resolution is
the ratio between the acoustic wave length and the length of the array. The typical ratio is of the order 1:60-
1:400 (resolution of 1 m at 60 and 400 m range, respectively). The theoretical azimuth resolution is half the
length of each element in the receive array, at all ranges. In general, this resolution is not practically achievable,
and the practica will be 1.5 — 2 times lower. The image formation aligning the echoes to less than 0.1
millimetres. This is made possible through broadband technology combined with adaptive focusing. In this
work, the paper is arranged as follows. The imaging geometry and the signals are analyzed in Section Il. An
overview of time domain and frequency domain algorithm for this kind of system is discussed in Section Ill,
where the chirp scaling function is highlighted. The system parameters and the simulation are discussed in
Section 1V. Finally, smulating results are shown in Section V to validate the analysis and the algorithm, and
then, Section VI concludes this paper.

I1.IMAGING GEOMETRY

Modern SAS systems provide an area coverage rate of several sguare kilometres per hour with centimetric
resolution. In addition, when combined with depth estimation techniques which exploit two SAS arrays with a
large vertical separation between them for high accuracy interferometry, SAS can deliver high quality 3D
images of the seabed which are sufficient to meet the standards for hydrographic surveys today. The Figure.1
shows the geometry of the stripmap model.
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Figure.1 Geometry of stripmap SAS

Here, the image coordinate system is denoted (X,y), while the data collection coordinate system is denoted (t,u).
Xsand Ys are the swath widths in range and along track, and H is the platform atitude. In this configuration the
system maintains the same broadside radiation pattern throughout the data collection period. The SAS moves
through the water in the y direction at an altitude z off the seafloor. The signal is sent out along the x, or ground
range, axis. The complex reflectivity distribution of the target field is given by ff(x,y). The complex reflectivity
distribution of the target field is given by ff(x,y). The raw echoes are

ECtu) ~ [ fC0 ). [0t %y = ) #¢ S (t = 21/x% + (y — ) 2)]dxdy (D)
The transmitted signal is contained in S, (t), and the time delay term describes the range migration of atarget as
the platform traverses the aperture. The LFM chirp signal is

Sm(® = rect(t/1,)exp(j(oct + nKt?)) 2
Where o isthe carrier radial frequency, w is the modulated range frequency variable, t is the temporal ordinate
and K isthe signal chirp rate. The chirped, demodulated raw datais along track Fourier transformed to form

Ey(t ky) = Ymxec/joc rect [ 20 exp ner (ks %o). (t = 2 Ri(kys X0)/0) %]

exp [—jy (Qoc/0) 2 =k . Xo] ©)
where K., isthe k,, dependent chirp rate

. _ c?K[(2o¢/c) 2 - k¢]3/2
Ker (k5 o) = [1—8Cn XoKec k‘;]

and R, isthe range migration through k,, space and

R (ku; Xo): +
Hence C(k,) = [1 - (%:/C) z] ~1/2 _q @

describes the spatial wave number dependent part of the signal trgjectory, and the time locus of the reference
range is given by

te(ky) = 22 (1 + Crlky)) 5)
The range Fourier transform is
EC] ((Db: kv) = V T XOc/(DKC rect [zancr(kv:)b(l"' Cf(kv))] (6)

where the interpretation of each phase term is shown to the left of the equation. The data is then windowed
across the processing bandwidths and inverse Fourier transformed in range, forming

Be
VKe

[SINC[B, (t—2 x,/C)].

oxpl-j ([ 2oe/) 2 = kg -20c/0) Xo] exp(i (ky;To) — j2—5) (7)
where the range and alongtrack processing bandwidths are Be and B, respectively. The Figure.2 shows the
base banded data in time and frequency domains.

Oc

Cp(t k) = Yo rect ()
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[T.IMAGING ALGORITHM

Synthetic aperture image reconstruction is an inverse problem. SAS traditionally involves the coherent
processing scattering information from acoustic targets. Following data reception, a variety of methods in the
Fourier or time domain may be used to construct images. For certain targets, resonances and elastic effects can
interfere with the specular portions of backscattered echoes. The time delay associated with elastic or resonant
responses destroys the uniqueness of the location to which the signal is mapped, and occasionally these resonant
features can be mapped directly on top of target specular features, causing destructive interference and reduced
image clarity. Destructive interference can be reduced and image clarity enhanced by incoherently summing
separate images generated from sub apertures of SAS data. Additionally, limiting the aperture and frequency
band of the pre processed data before applying an imaging algorithm is an effective method for understanding
and localizing various elastic and non elastic target responses.

In Time Domain, Correlation Algorithm (CA) correlates the echo data against a model for the data that would
have been received for each image pixel and records the peak value [8]. It is mathematically identical to delay
and sum beamforming and back projection that can work with all array geometries. The downside is the
computation time required to reconstruct a typical scene. Back projection algorithm (BPA) enables perfect
image reconstruction for any trajectory or array configuration as long as there is a good estimate of the bottom
topography [9]. It is computationaly intensive, that led to the development of approximations to the
beamforming techniques to reduce the computational load, so the algorithms could be loaded into a chip on the
vehicle and can be processed in real time. The gain in computational time comes at the expensive of a degraded
image. Fast Factorization Back projection (FFBP) is a recursive partitioning of the back projection integral,
adapted from medical imaging and SAR, is a phase preserving inversion method and it is more sensitive to
motion error [10]. Its usefulnessisin the ability to scan alarge areain less time than conventional methods with
the ability to pick out targets that can be reprocessed at a higher resolution.

In FFBP the computation is conducted on a pulse by pulse basis allowing for parallel processing of the above
equation. The carrier phaseis removed by base banding then the signal is up sampled prior to using the principle
of stationary phase for integration. It divides the full synthetic aperture into sub apertures and produces image
for each sub aperture. While substantially faster than standard back projection, there is uncertainty whether
FFBP produce any useful gain in speed or accuracy compared to Fourier methods. The main advantage isit can
reconstruct images in real time on standard workstation with specialized parallel computers or field
programmable gate arrays (FPGASs). Analysis of SAS imagery is based on the location of the target. So, it
becomes important to move to the spatial domain [11]. Hence, in Frequency Domain, -k or Wave number
(Seismic Migration or Range Migration) algorithm, compute fast Fourier transforms (FFTSs). It starts with a 2D
Fourier transform of the echo data into the wave number domain followed by a coordinate mapping and a phase
amplitude correction [12]. It has faster processing times, at the expense of image degradation. w-k along with
Range Doppler algorithm (RDA) is mostly used in the SAR community. In practice, the wave number data is
windowed to control the side lobe level of the reconstructed image. It handles the range dependence of the range
azimuth coupling correctly, which givesit the ability to process data acquired over wide azimuth apertures. This
is because the data are processed entirely in the two dimensional frequency domain, where the approximations
used in the CSA and RDA is not needed. The Figure.3 shows the algorithm steps of RDA, CSA and o-k.
However, some approximations have to be made, notably the constant velocity assumption, which makes their
error properties different from the RDA. Range Doppler agorithm (RDA) is computationally efficient and is
phase preserving [13]. It is the most widely used algorithm because of its favorable tradeoff between
efficiency, accuracy, maturity, and ease of implementation. It is designed for continuously collected data and
can process the full azimuth bandwidth.

Figure.2 Baseband data (a) Time Domain (b) Frequency Domain
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Figure.3 Algorithm steps of &) RDA b) CSA c) o-k

It requires knowledge of the transmitted pulse for range compression and of the imaging geometry such as the
range and towfish velocity for construction of the azimuth matched filter. It uses the large difference in time
scale of range and azimuth data and approximately separates processing in these two directions using Range
Cell Migration (RCM) correction. The time consuming computation in RDA and o-k agorithms are the
interpolation. Chirp Scaling Algorithm (CSA) is a good choice because it preserves the phase [14-15]. It
requires the transmit signal to be a LFM chirp and uses a sequence of 2D phase multiplicationsand 2 D FFTsto
reconstruct an image. It precompute full size complex arrays in addition to the input data array and the output
image array. It is amethod of curvature equalization where no grid interpolation is required. After wavenumber
transformation, the range migration trajectories have been adjusted to have congruent loci, equivalent to the
trajectory at a selected reference range. Pulse compression, including secondary range compression, bulk range
migration correction, deconvolution of the frequency dependent amplitude term and windowing are performed
across the bandwidth.

IV.SIMULATION

At sea, experiments are expensive. So models of the acoustic environment and the parameters are used to probe
the performance limits of the sonar. The Figure.4 shows the SAS processing chain. Software tools such as
Shallow Water Acoustic Tools (SWAT) do exist but have restricted availability and it can be difficult for users
to determine the internal workings of the models used in the program. Many simple models just assume that the
targets and seafloor are a cloud of point reflectors where each point reflector that comprises the seafloor is
visible from all aspect angles within the physical beamwidth of the sonar. A faster approach to model realistic
SAS imagery isto just model the scattering from the desired targets of interest and to superimpose these on real
SAS data. In the SAS processing, the time domain methods can focus the data well but it is paid for by a huge
computational cost. The BPA [16] can serve most cases, but its low efficiency makes it not a good choice. The
efficiency of processing can be highly improved by performing the focusing in the frequency domain. CSA [17]
iswidely used in SAR imaging for its high efficiency and good precision. Wong and Y eo [18] pointed out that,
if the RCM can be considered as unchangeable with azimuth, the CSA can be used to identify the azimuth FM
rates within the same range.
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Figure.4 SAS Processing Chain

To facilitate the application of CSA, the range variant and range invariant terms are expanded as a series in
terms of the range frequency. In this algorithm, a CS procedure is used to equalize the RCMs of the different
range cells, and then, a bulk RCM correction operation is used to correct the RCMs of the entire target field.In
the present work, we carried out the processing in the MATLAB and simulate the LFM down Chirp signal for
the duration of 150 msec .The signal bandwidth is 20 kHz and the center frequency is 30 kHz. We assume the
receiver width for 22 cm. The range resolution is 5 cm and the along track resolution is15 cm. The propagation
speed is 1500 m/sec and the sampling frequency is 15 kHz.

V. RESULTSAND DISCUSSIONS

Simulated images were focused using the o-k and CSA. These agorithms are capable of diffraction limited
imagery, but the accuracy is dependent upon the range extent of the image. Seven point targets were generated
and focused over a range of 30 m, as shown in the Figure.5 that contains the output of the CSA and -k
algorithm using (linear Stolt interpolation). Each algorithm used 100 m as the reference range. As the range is
increased to 130 m, these effects are quite noticeable: the response due to CSA is significantly attenuated and
the sidelobe structure is completely degraded. It is apparent that as the processing complexity of the w-k
algorithm is increased, so is the accuracy, as expected. The assertion thus far has been that CSA should
theoretically outperform w-k based on the assumption that the interpolation step requires much computational
complexity in order to attain an adequate image quality. This result confirms that the w-k agorithm actually
attains good image quality with the use of simple linear Stolt interpolation and time domain zero padding. In
terms of processing requirements, the CSA algorithm images displayed main |obe attenuation more quickly than
the w-k processed images. Thus, based on these tests, CSA algorithm should be the image processor for this
system. The Figure.5 shows the images obtained by CSA and w-k Algorithm processing.

Figure.5 Focused Image of seven point targets CSA (Top) and -k Algorithm (Bottom)
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Figure.5 Images obtained by CSA (Left) and w-k Algorithm (Right)

VI.CONCLUSION

For high resolution stripmap SAS, there are azimuth dependence component of RCM and the quadratic phase
after linear RCM correction. In this work, the azimuth CSA has been used to correct the azimuth dependence
component of RCM and the quadratic phase in the range frequency domain. Then, we performed a chirp scaling
along the range to correct the range dependence component. Finally, we have presented some simulations to
illustrate the efficiency of the proposed algorithm. The simulation results about the imaging quality and the
phase behavior validate the feasibility of the imaging algorithm and the correctness of the analysis. All of the
approximations are valid based on the special precondition. Therefore, when applying the CSA agorithm for the
real SAS data imaging, especidly in the long wavelength, an evaluation on the validity of the preconditions
should be first carried out according to specific parameters. The evaluation can help users to determine the
reasonable approximations in algorithm derivation and can make sure that al of the approximations are valid
and accurate.
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