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 In this paper we present an approach for processing signals in order to identify seabed 
sediment and underwater buried target classification. This research is based on sonar 

data gathered by the Volume Search Sonar(VSS) in the VSS is a beam formed by 

multibeam sonar system with 27 fore and 27 aft beams, covering almost the whole 
volume of water.VSS can be used in two modes: volume mode and SPD mode. In the 

present study we approached to the bottom-return signals which are Convolution s 

between seabed impulse and the transmitted chirp signal. The presented method is 
based on the finding the impulse response through two methods; deConvolution and 

fractional Fourier transform (FrFT), which is a signal processing tool. As a 

generalization of conventional Fourier transform, FrFT, decomposes signals in terms of 
an orthonormal basis formed by chirps. The investigation was developed to compare 

both methods in the frequency domain. The methods are; FrFT and deConvolution. The 

signal's accurate characterization for analyzing time-frequency is indispensably 
important. Decomposition of the classification in this paper is based on the singular 

value decomposition of the Wignerville distribution applied to the impulse response. A 
comparative analysis of the experimental results for deConvolution and fractional 

Fourier transform method and also optimum order finding of FrFT is presented. Results 

show that FrFT is more effective than deconvoloution in classifications applicants. 
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INTRODUCTION 

 

A method for processing SONAR signal is represented in the paper, in order to classify metal objects and 

seabed Reported data are based on sonar data collected from... by the Volume Search Sonar (VSS) which is a 

beam formed multibeam sonar system with 27 fore and 27 aft beams, covering almost the entire water volume. 

The Method which is proposed here is based on finding impulse response by two methods: deConvolution and 

fractional Fourier transform (FrFT) which is a signal processing tool. 

FrFT is a generalization of the conventional Fourier transform which decomposes the signal in terms of an 

orthonormal basis formed by chirps. The present study was done to compare two methods in the frequency 

domain. 

These methods are FrFT and deConvolution. Accurate characterization of signal for time-frequency 

analysing is necessary. In this paper the classification is based on singular value decomposition of the Wigner-

ville distribution applied to the impulse response. A comparative analysis of the experimental results for 

deConvolution and fractional Fourier transform method and also finding optimum order of FrFT is presented. 

Results show that FrFT is more effective in comparison with deconvoloution in classifications applicants. In 

2002 Akay et al applied fractional cross-correlation for signal detecting in radar or sonar systems. In proposed 

method fractional cross-correlation had been calculated between returned signal and transmitted signal. Results 

showed that fractional cross-correlation, in noisy environment; operate better rather than classic cross-

correlation. Further, Akay applied FrFT to its applications in maximum detection in an underwater environment 

for active sonar and also considered the signal processing algorithm. 

It was when a prediction method for radiation characterization by using FrFT has been represented by 

Musha and et al 2002. Quinquis and et al used FrFT in order to represent received signal for ideal acoustic 

chanal as sum of the sinusoidal signal at 2003. Barbu in 2006 used FrFT for feature extraction and also 

representation of time-frequency which has improved the classification of buried target and seabed (Barbu, M., 

2006). Ran Tao et al (2004) have explored the properties and applications of periodic non-uniformly sampled 



82           S. Hemmatpour et al, 2015 

Journal of Applied Science and Agriculture, 10(1) January 2015, Pages: 81-90 

 

signals in FrFT domain. Their results can be used to estimate the chirp rate and the sampling offsets (Jacob, R., 

2010). 

 

General Aspect: 

In this part we have introduced to sonar system and FrFT based on chirp signal then we have represented of 

Wigner-Ville distribution and also singular value decomposition. 

 

A. Sonar system and chirp signal: 

The operation of SONAR (Sound Navigation and ranging) is based on the propagation of waves between a 

target and a receiver. The two most common types of sonar systems are passive and active. In a passive sonar 

system, energy originates at a target and propagates to a receiver, analogous to passive infrared detection. In an 

active sonar system, waves propagated from a transmitter to a target and returned to the receiver, analogous to 

pulse-echo radar (Hodges, Ricard P., 2010). 

In the case of active sonars, the selection of the transmitted signal characteristics is made to minimize the 

effects of the channel, or medium (i.e. surface, bottom and volume scatters). The effects of the channel, namely 

time, frequency and angle dispersion, are largely discussed in the literature (Urick, 1975), (Burdic, 1984), 

(Nielsen, 1991). The spread of the pulse in time is a result of the presence of different propagation paths, 

whereas frequency dispersion depends on the scatterer movements with respect to the transmitter (Nielsen, 

1991). Frequency spectrum, time and space resolution of the signal, correlation function, time and frequency 

resolution are the most common sonar signal design parameters used (Barbu, M., 2006). The interest in active 

sonar signal processing has increased in the last decade. Military applications in this field included surveillance 

and defence. 

The research focused on improving the effectiveness of operating active sonar systems in an acoustically 

complex shallow water environment (Barbu, M., 2006). For detecting and classifying of acoustic underwater 

cases in sonar systems use linear chirp signal is used. A novel method for echo characterization in sonars is 

developed to identify unknown chirp signals in low signal-to-noise (SNR) environment and represent the signals 

with excellent clarity as a time frequency representation. The chirp signal is another signal whose non-

stationarily could not be conceptualized using the realistic application of Fourier principles. In section 1.3, we 

will explain about chirp signal characterization which is used in this paper. 

 

B. Fractional Fourier Transform (FrFT): 

While Fractional Fourier transform corresponds to expressing the signal in terms of an orthonormal basis 

formed by chirps, the traditional Fourier transform decomposes signals by sinusoids and therefore the former is 

more suitable for radar and sonar signal processing (Barbu, M., 2006). 

It provides us with an additional degree of freedom (order of the transform α), which in most cases results 

in significant gains over the classical Fourier transform. 

So, FrFT is most likely to improve the solutions to problems where chirps signals are involved (Jacob, R., 

2010). 

There are several ways to define the FrFT with order of the transform α, the most direct and formal one is 

given by: 

 

𝐹𝛼 𝑥 =
𝑒
−𝑖  𝜋 4  𝑠𝑔𝑛  𝜋𝛼 2  − 𝜋𝛼 4   

 2𝜋 sin  𝜋𝛼 2    
1

2 
 𝑒 

1
2  𝑖𝑥2 cot  𝜋𝛼 2   

×  𝑒
 −𝑖 𝑥𝑡

sin(𝜋𝛼 2 
  + 1

2  𝑖𝑡2 cot  𝜋𝛼 2   ∞

−∞
𝑓(𝑡)𝑑𝑡 (1) 

 

The order of α transform can be restricted to (0, 4) It has been shown that if the transform order, changes 

from 0 to 4, (i.e., the rotation angle, φ, changes from 0to2π, F α (x) rotates the signal, f (t), and projects it onto 

the line of angle, in time-frequency domain (Yufeng, Lu., et al., 2012). By α=1 and α=-1 conventional Fourier 

transform and inverse Fourier transform are obtained respectively. 

 
Fig. 1: Rotation of time-frequency axis with α angle 
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The FrFT parameter α is used to tune the transform to provide an optimal response to a given linear chirp 

signal. When the axis of rotation is matched to the chirp rate of the signal, the magnitude response of FrFT 

reaches its maximum. This procedure is known as transform optimization. The corresponding α is called the 

optimum α (Jacob, R., 2010). 

 

 
 

Fig. 2: Relationship of Chirp rate and FrFT order 

 

In section 1.3, we will explain different methods for finding optimum α, α satisfy in following properties 

 

     F4 = F0 = I, F1 = F, F2 = P, F3 = FP      (2) 

 

Where I is an identity operator, P is a parity operator. According to the above-mentioned definition, the 

zero-order transform of a function is the same as the function itself f (u), the first order transform is the Fourier 

transform of f (u), and the ±2nd order transform is equal to f(-u) and Fractional Fourier Transform operator, 

satisfies important properties such as linearity, index additively Fa1Fa2 = Fa1+a2,commutativity Fa1Fa2= 

Fa2Fa1and associatively (Fa1Fa2)Fa3=Fa1(Fa2Fa3) (Barbu, M., et al., 2005). 

In this paper for estimating the optimal order of FrFT the highest Kurtosis is applied in transformation 

domain. 

 Kurtosis is commonly used in statistics to evaluate the degree of peakiness for a distribution. Kurtosis is 

typically used as a metric to search the optimal transform order of FrFT. Different transform order directs the 

degree of signal rotation caused by FrFT, and this rotation affects the extent of energy compaction of the 

transformed signal. Kurtosis commonly is used as a metric for searching about optimal order of FrFT (Barbu, 

M., 2003). 

 

C. Wigner-Ville distribution: 

Among all time-frequency representations, WVD is the best in terms of achievable time and frequency 

resolutions. 

The Wigner distribution was originally developed in the area of quantum mechanics, back in 1932 and was 

introduced by French scientist, Ville 15 years later. It is now commonly known in the signal processing 

community as Wigner Ville Distribution. 

In active sonar, the received signal called the echo is modified in its characteristics like duration, 

bandwidth, envelope shape etc. Depending on the different types of targets (surface or submerged) and different 

aspects of the same target (ahead or behind or alongside), the echoes will be different. The first step in contact 

classification is echo characterisation. Characterising the echo will help in classifying the contact and 

understanding the medium also. The WVD-FrFT technique can be used as a pre-processing algorithm for echo 

characterisation. Wigner-Ville distribution for f(t) is given by: 

 

𝑤𝑓 𝑡, 𝜈 =  𝑓(𝑡 +
𝜏

2
 )𝑓∗  𝑡 −

𝜏

2
  𝑒−𝑗2𝜋𝜈𝜏𝑑𝜏      (3) 

 

This distribution satisfies a large number of desirable mathematical properties, as summarized in the next 

sub-section. In particular, the WVD is always real-valued; it preserves time and frequency shifts and satisfies 

the marginal properties. 

1. Energy Conservation – Energy of a signal can be deduced from the squared modulus of either the signal 

or its Fourier transform:  

𝐸𝑥 =   𝑥(𝑡) 2  𝑑𝑡 =   𝑥(𝑓) 2  𝑑𝑓 

 

By integrating the WVD of x(t) all over the time and frequency plain will give the energy of x(t). 
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𝐸𝑥 =   𝑤𝑥 𝑡, 𝑓 𝑑𝑡𝑑𝑓
+∞

−∞

+∞

−∞

 

2. Marginal Properties: Integration along time axis yields the total power spectrum. This is called the 

frequency marginal condition. Conversely, the integration along the frequency axis gives the instantaneous 

energy of the signal 

 𝑤𝑥 𝑡,𝑓 𝑑𝑡 =  𝑥(𝑓) 2
+∞

−∞
 

 

 𝑤𝑥 𝑡,𝑓 𝑑𝑓 =  𝑥(𝑡) 2
+∞

−∞

 

 

3. WVD is real-valued 

 

𝑊x 𝑡, 𝑓 = 𝑊𝑥
∗(𝑡, 𝑓) 

WVD belongs to a class of quadric TFMs which is also called energy distributions. The goal of the energy 

distributions is to distribute the energy of the signal over the two variables, while the linear TFMs decompose 

the signal on elementary component (Jacob, R., 2010). 

 

D. Singular Value decomposition: 

A decomposition of joint time-frequency signal representation using the techniques of linear algebra, called 

singular value decomposition determines a qualitative signal analysis tool. The set of representations of singular 

values is called singular value spectrum of the signal. The singular value decomposition (SVD) of the discrete 

Wigner distribution is given by: 

 

𝑤 = 𝑈𝐷𝑉𝑇 =  𝜎𝑖𝑢𝑖𝜈𝑖
𝑇𝑁

𝑖=1      (4) 

 𝑊 F
2 =  𝜎𝑖

2N
i=1        (5) 

 

Where T denotes transpose, contains singular vectors D=diag (𝞼1,2,…,𝞼N) with singular values 

𝜎1 ≥ σ2 ≥ ⋯ ≥ σN   

U and V are matrices and 𝑊 𝐹  is the Frobenius norm matrix, the properties of the Wigner distribution lead 

us to the conclusion that the volume under the surface that corresponds to a particular expansion term is equal to 

the signal energy contained in that term. Because singular values of the Wigner distribution encode certain 

invariant features of the signal, the set of singular values can be considered as the feature vectors that describe 

the signal (Barbu, M., 2006). 

 

I. Application Of Frft In Classification: 

Sonar signal processing comprises of a large number of signal processing algorithms for implementing 

sonar functions such detection, localization, classification, tracking, and parameter estimation. 

 

A. FrFT for classification of seabed and buried metal objects: 

In this paper SVDs, from Wigner distribution has been obtained for determining seabed impulse response. 

The impulse response of the seafloor can be determined using the classical deConvolution method or by 

using FrFT. Impulse response is obtained by tw0 methods for return signal and chirp signal. 

As it mentioned earlier, fractional Fourier transform 'that is generalization of classic Fourier 

Transformation' requires finding the optimum order of the transform for the best impulse response. Finding 

optimum order of FrFT can be estimated based on the properties of the chirp signal. Two parameters completely 

define a chirp namely the start frequency f 0 and slope of the chirp. 

Linear chirp signal and its phase and also instantaneous frequency are mentioned in Table 1  

 
Table 1: 

Chirp Signal 𝑒j(at2+f0t+c) 

Phase j(at2 + f0t + c) 

instantaneous frequency 2at+f0 
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That f0 is the start frequency of chirp, c is the initial phase, and 2a is the chirp rate or the slope [5]. Equation 

for optimum α is given by: 

 

Α =  2 Π  𝑡𝑎𝑛−1  
 𝑓𝑠

2 
 2𝑁𝜆 
                                                                                                                                                                  (6) 

 

Where λ is changes rate, f0 is sampling rate, and N is segments length. In this paper active sonar data has 

been used, hence we have characterization of transmitted chirp signal and so different values of α will be 

obtained from (6). 

The optimum FrFT order cannot be found analytically in general. So, a one-dimensional search for α is 

necessary to find the optimum order, with which the chirp focuses well. ie. On a given block of data, FrFT is 

done for different values of α, and we select the one that yields the maximum peak value. We can scan values of 

α (Barbu, M., et al., 2005; Barbu, M., 2006) using a finer spacing to get a good estimate and also the chirp 

signal 60ms with the length bound300 HZ and the start frequency of 40 KHz has been applied in this paper. 

 
Fig. 3: Time-Frequency of chirp signal (Jacob, R., 2010) 

 

After computing α the best result is for α=0.9.from fig(5) it is observed that the optimal order of 

transformation is sensitive about small changes in order. For example there exists significant difference in 

diagram for different values of α for α=0.7 and α=0.9. in α=0.7 there are more than one peak and the diagram 

doesn't have significant sharpness.therefore, by considering kurtosis criterion which has been discussed earlier, 

α=0.7 is not optimal order of transformation then by using kurtosis criterion and practical results an approach 

for finding optimal order of FrFT is presented in ultrasonic signals. 

According to Figure 5 it can be seen that α=0.95, α=0.9 and there is more symmetry than in other shapes 

and also they are more similar to the normal distribution. The process of this paper is presented in the following 

schematic diagram(Fig4).  

 

 
Fig. 4: Implementation Block Diagram 
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As stated in section ІІB with regard to kurtosis criterion, our distribution is compared with Gaussian 

distribution then by considering their similarity of them with Gaussian distribution optimal value of α will be 

obtained. The normal distribution is symmetric around its mean i.e. half of the area under the curve is more than 

the mean value and the other half greater than mean and also when we approach the centre from the sides the 

possibility of occurrence will be increased then ideal condition is that the probability around mean be more than 

other points. It means that the area below the curve at mean should be more than other points(Fig 5). 

 
Fig. 5: Graph of normal density distribution around the mean 

           http://en.wikipedia.org/wiki/Probability_density_function 

 

The functional Fourier transform (FRFT), which is a generalization of the classical Fourier transform, was 

introduced a number of years ago in the mathematics literature but appears to have remained largely unknown to 

the signal processing community, to which it may, however, be potentially useful. The FRFT depends on the 

parameter α and can be interpreted as a rotation by an angle α in the time-frequency plane. An FRFT with α=π/2 

corresponds to the classical Fourier transform, and an FRFT with α=0 corresponds to the identity operator. On 

the other hand, the angles of successively performed FRFTs simply add up, as do the angles of successive 

rotations. The FRFT of a signal can also be interpreted as a decomposition of the signal in terms of chirps. The 

FRFT and a number of its properties are introduced by the authors and then some new results are presented: the 

interpretation as a rotation in the time-frequency plane, and the FRFT's relationships with time frequency 

representations such as the Wigner distribution, the ambiguity function, the short-time Fourier transform and the 

spectrogram. These relationships have a very simple and natural form and support the FRFT's interpretation as a 

rotation operator, in this paper we focused on finding the optimum order of the α which is obtained by 

comparing different values observable in Fig 6. 

 

   
(a)                                                                        (b) 

 

http://en.wikipedia.org/wiki/Symmetric_distribution
http://commons.wikimedia.org/wiki/File:Boxplot_vs_PDF.png?uselang=fa
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           (c)                                                                     (d) 

 

Fig. 6: Different outputs FrFT of chirp signal for different values of α.(a) FrFT equivalent α=0.1,peak at 

mean(µ=30),no maximum sharpness at 30,probability is equal to the area of the rectangle drawn.(b) 

FrFT equivalent α=0.9,peak at mean(µ=30), maximum sharpness at 30,probability is equal to the area 

of the rectangle drawn.(c) FrFT equivalent α=0.7,peak at mean(µ=30),no maximum sharpness at 

30,probability is equal to the area of the rectangle drawn.(d) FrFT equivalent α=0.85,peak at 

mean(µ=30),less sharpness rather than α=0.9 ,probability is equal to the area of the rectangle drawn 

 

The Sonar consists of a transmitter, transducer, receiver and display. To repeat a well quoted text book 

material explaining the operating principle of sonar, an electrical impulse from a transmitter is converted into a 

sound wave by the transducer and sent into the water. When the resultant wave strikes an object, it rebounds. 

This echo strikes the transducer, which converts it back into an electric signal, which is amplified by the 

receiver and presented for aural or visual assimilation. Since the speed of sound in water is constant in standard 

water columns of operation (approximately 1500 meters per second), the time lapse between the transmitted 

signal and the received echo can be measured and the distance to the object determined. This process repeats 

itself many times per second. 

Here are basically two types of sonar, active and passive as mentioned in ІІ-A classified according to 

whether a signal is transmitted or not, in order to detect an object. In active sonar, a transmitter emits sound 

signals, which is reflected by the contacts or targets. The received echo is processed to detect the contact. On the 

other hand, passive sonar does not transmit any signal. Through listening to the sound radiated by underwater 

objects like submarines, surface ships and torpedoes, it detects the contact. The procedure which is followed by 

the active Sonar (which involves a two-way transmission) is called echo-ranging and can be very sophisticated, 

when the direction, range, speed and contact type are also computed, with directional multiple sources and 

multiple receivers (Jacob, R., 2010). 

 

 
 

Fig. 7: Passive and (b) Active modes of SONAR system (Physics Online) 

 

Depending on the different types of targets (ships/submarines etc) and different aspects of the same target 

(aft/port/starboard), the echoes will be different. Extraction of these differences can be then used for target 

classification. As pre-processing algorithm in this paper, in order to describe these characteristics WVD-FrFT 

technique has been applied. 

Transmitted signals may have any characteristics such as chirp signal which is used in our study. Since 

active sonar detector as a function of the fractional Fourier methods for the time - frequency is considered ideal 

and then the Distributor Wigner-Ville addition to high-resolution time - frequency sonar to detect sound 

characteristics of an ideal analytical method time - frequency categories used in the survey results. 
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B. Exprimental result for classification: 

After getting the returned signal using Chirp signal Convolution and impulse response in order to obtain the 

singular values of Wigner-Ville distribution, the next step would be classifying the two classes. 

In this study, the obtained returned signal achieved by two methods Deconvolution and Fractional Fourier 

transform have been compared and after analysing results FrFT and Deconvolution have been compared. 

 

 
 

Fig. 8: Scatterplots of Eigen vectors of Wigner-Ville Distribution corresponding impulse response using FrFT 

and deconvoulotion methods. 

 

One of the features of fractional The set of the singular values represents the desired feature vectors that 

describe the properties of the signal. This set can be titled as singular value descriptors. The first pair of singular 

values are the most Significant value as plot demonstrates. Because feature analysis involves dimensionality 

reduction, we consider the first two terms from the S.V. spectrum. One can notice the clustering and separability 

provided by the S.V. descriptors. Although only the two largest singular values descriptors have been used, clear 

separation is resulted. As Fig.8 shows, using FrFT method leads to an obvious separation between the red and 

blue indicating that the selected eigenvectors resulted by wigner-ville distribution that is impulse response 

calculated by using FrFt can separate two classes i.e. metal objects and seabed. 

Fourier transform is a rotation in the time-frequency domain. Fractional Fourier transform can be used in 

time frequency analysis and DSP. It is useful to remove noise affects, but if it has no overlap with the desired 

signal in the time and does not overlap with the desired signal in the time frequency domain, we cannot apply a 

filter directly to eliminate the noise. But by utilizing fractional Fourier transform, at first the signal will be 

rotated (including the desired signal and noise) then by applying a specific filter which will only pass the desired 

signal. The noise will be removed completely. Then, we use the fractional Fourier transform again to rotate the 

signal back and obtain the desired signal (Fig9).As it was mentioned earlier, Fig.8 illustrates the impulse 

response using both methods discussed in this paper. Although only the two largest singular values descriptors 

have been used, clear separation has been achieved. This method provides more accurate results in comparison 

with the deconvolution method. 

This procedure also has been used by deconvolution.It is shown in Fig.8.In scatterplot, there is no obvious 

separation between the blue and red stars and overlap can be clearly seen. 

 
Fig. 9: example of frft for denoising [http://en.wikipedia.org/wiki/Fractional_Fourier_transform] 

http://en.wikipedia.org/wiki/Digital_signal_processing
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It should be highlighted that if there is not exact linear boundary between classes we cannot come to this 

conclusion that the mentioned separating method does not work well because borders may not be through a 2D 

line and would not be able to see these classes separation, while we can show very clear 2D lines in 3D. To see 

border line, the blue and red stars are more clearly show in which figure 10 logarithm scale has been applied. 

 

 
(a)                                             (b)                                 

 

Fig. 10: Wigner-Ville eigenvectors corresponding impulse response resulted from Deconvolution and FrFT 

methods in logarithmic scale  

 

As illustrated in Fig.10 and Fig.11. The distance between the blue and red shows the classification has been 

done well in FrFT case and not very well in deconvoulotion. More distance indicates a better classification. 

 

 
 

Fig. 11: Wigner-Ville eigenvectors corresponding impulse response resulted from Deconvolution and FrFT 

methods in non-logarithmic scale  

Conclusions: 

In this paper we present an approach for processing sonar signals with the ultimate goal of classifying metal 

objects and seabed. The approach is based on Fractional Fourier Transform (FrFT), a newly developed time-

frequency analyzing tool which has become attractive in signal processing. The final classification is based on 

singular value decomposition of the Wigner distribution applied to the impulse response obtained by using two 

different methods: FrFT and classical deConvolution method. The separation between the two classes, metal 

objects and seabed, using our FrFT method is approximately 50 % better than when classical deConvolution is 

used. When the deConvolution method was employed two classes were not linearly separable but they were 

linearly separable in FrFT. Experimental results for the seven data sets are presented in Fig.6 for different values 

of α and the best result is obtained for α=0.9 as the optimum value of α. 

Comparing the two methods and also scatterplots indicates that the FrFT method has a better performance 

for Sonar data. 
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