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Traditional direction of arrival (DOA) estimation algorithms typically have poor

spatial resolution and robustness. In this paper, we propose a broadband high-

resolution DOA estimation method based on the generalized weighted Radon

transform (GWRT). The array signal can be converted into the frequency-

wavenumber (f-k) domain using the conditional wavenumber spectrum

function (CWSF). Then, a linear integral mathematical model for high-

resolution DOA estimation is derived by transforming the f-k domain into the

azimuth-energy domain using the GWRT. Computer simulation and sea trials

were conducted to validate the feasibility and performance of the proposed

method. The results obtained indicate that the proposed method yields a lower

sidelobe level and can more effectively suppress the output energy in the non-

target direction when compared to the conventional beamforming (CBF),

steered minimum variance (STMV), and deconvolution (DCV) methods. Further,

the proposed method provides improved spatial resolution and robustness in a

multi-target environment.
KEYWORDS

direction of arrival estimation, generalized weighted Radon transform, broadband
signal, high-resolution, low sidelobe levels
1 Introduction

Target azimuth is an important parameter for the identification, detection, positioning,

and tracking of underwater targets (Luo and Shen, 2021; Chen et al., 2023; Xie et al., 2023;

Zhao et al., 2023). Array signal processing has been shown to be effective for the direction of

arrival (DOA) estimation. The methods can be classified as traditional beamforming,

subspace-based, deconvolution (DCV), and transform domain.
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The most commonly employed traditional beamforming

method is the conventional beamforming (CBF). However, CBF

has the disadvantages of wide beamwidths and poor spatial

resolution due to the Rayleigh limit. Several high-resolution

methods have been proposed to overcome these such as the

maximum entropy algorithm (Burg, 1975) and the minimum

variance distortionless response (MVDR) algorithm (Capon,

1969). These methods improve the spatial resolution but suffer

from poor performance when used to detect broadband signals in

actual ocean environments. This is because they are sensitive to

signal mismatch and cannot estimate the DOA of coherent sound

sources (Somasundaram, 2012). The steered minimum variance

(STMV) algorithm was proposed to overcome these problems

(Krolik and Swingler, 1989). STMV has better spatial resolution

for coherent acoustic sources and fast convergence, but poor

robustness (Somasundaram et al., 2015). The Rayleigh limit was

overcome with the subspace-based algorithm multiple signal

classification (MUSIC) (Schmidt, 1986). Subsequent subspace-

based algorithms such as estimation of signal parameters via

rotational invariance techniques (ESPRIT) (Roy and Kailath,

1989), root-multiple signal classification (RMUSIC) (Rao and

Hari, 1989), maximum likelihood (ML) (Stoica and Nehorai,

1989), and weighted subspace fitting (WSF) (Bengtsson and

Ottersten, 2001) provide improved performance but have

sensitivity and snapshot deficiency problems when used in

practical applications (Baggeroer and Cox, 1999). Another issue is

that the number of acoustic sources is usually unknown and this

makes it difficult to estimate the signal and noise subspaces.

Further, existing algorithms can only be used to estimate DOA

for incoherent or weak-coherent acoustic sources, making detection

of coherent signals difficult in the actual ocean environments.

The above algorithms are either sensitive to array element

errors or limited to array aperture. Various studies on the

formation structure have been introduced to improve the

performance of the algorithms (Zhang et al., 2021; Zhou et al.,

2022; Yang, 2023; Ye et al., 2023). Additionally, in recent years,

there has been a growing focus on researching robust high-

resolution beamforming algorithms. Deconvolution (DCV)

algorithms have attracted widespread attention for underwater

acoustic applications. DCV was initially considered with both

uniform linear arrays and circular arrays (Yang, 2017; Yang,

2018). It was shown that the performance is better than CBF. The

super-directivity performance of DCV with a small-sized array was

verified using the SwellEx96 horizontal array (Yang, 2019).

However, these DCV methods are only suitable for arrays with a

shift-invariant point spread function (PSF) beam pattern, such as a

horizontal line array or circular array. Therefore, new DCV

methods were developed for shift-variant PSF beam patterns. A

DCV method based on non-negative least squares (NNLS) and an

improved NNLS method called extended Richardson-Lucy (Ex-RL)

were presented which provide high resolution, robustness, and

excellent array gain (Sun et al., 2019; Sun et al., 2020).

Transform domain methods were originally developed to

estimate seismic wave velocity and azimuth (Cheng et al., 2018).

More specifically, the frequency-wavenumber (f-k) power spectrum
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can be obtained using the space-time two-dimensional Fourier

transform of the seismic signal. Then, the f-k power spectrum can

be converted into the transform domain to extract the velocity and

azimuth of the waves. While transform domain methods have been

widely used in seismic exploration (Zywicki and Rix, 1999), there

have been few DOA estimation applications. The least squares line

fitting (LSLF) algorithm was employed to obtain the slope of the

local peak-energy line in the f-k domain and then the sum of the

points on this line was used as an estimate of the energy output of

the azimuth spectrum (Li et al., 2019). However, this method is

sensitive to outliers in the image since it minimizes the sum of the

squares of the distances from the points to the line. Thus, the

performance can be degraded significantly, particularly in low

signal-to-noise ratio (SNR) environments or when there are

multiple adjacent targets. In this paper, a broadband high-

resolution DOA estimation method based on the generalized

weighted Radon transform (GWRT) is proposed. The array signal

is converted into the f-k domain by solving the conditional

wavenumber spectrum function (CWSF) and then the

mathematical relationship between the spatial distribution of

broadband signal energy in the f-k domain and target azimuth is

obtained. To improve performance, image gradient information is

utilized as weights for the GWRT, and a linear integral

mathematical model is derived by the GWRT processing in the f-

k domain. The resulting model contains the complete image

information in the f-k domain. This is then converted into the

azimuth-energy domain to realize high-resolution DOA estimation.

The proposed method does not require prior knowledge of the

number of sources or signal pre-estimation. In addition, it is not

sensitive to outliers in the image and the results in the f-k domain

provide higher transform gain and better robustness. Both

simulation and sea-trial experiments are conducted to validate the

proposed method. The results obtained indicate that the proposed

method has better performance and offers several advantages

compared with existing approaches as follows.
1. The proposed method produces a narrow mainlobe width

similar to, or better than, many commonly used high-

resolution methods such as STMV and DCV.

2. The proposed method produces lower sidelobe levels than

the CBF, STMV, and DCV methods.

3. The proposed method has better robustness to position

errors compared to the STMV and DCV methods.

4. The proposed method exhibits good performance when

there are multiple targets and when the target signal

is weak.
The remainder of this paper is organized as follows. Section 2

introduces the broadband signal model and DOA estimation using

the CWSF is presented. In Section 3, we derive the expression of the

mathematical model for DOA estimation using GWRT. The

performance of the proposed method is evaluated via simulation

and compared with other DOA methods in Section 4. The results of

the sea-trial experiments are given in Section 5. Finally, Section 6

provides a summary of the paper.
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2 Signal modeling

We consider a linear sensor array with M receivers uniformly

spaced at a distance d. The signal is assumed to be from a

broadband source located at the far field of the array. This signal

has a look direction q and arrives at the array as a plane wave. Then,

q is the azimuth angle of the target, which is defined as the

anticlockwise angle between the horizontal array and the target as

shown in Figure 1. Therefore, the signal received by element m at

time t can be expressed as

xm(t) = ams(t) + nm(t) (1)

where  m = 1, 2,⋯,M, s(t) is the incident signal, nm(t) is the

noise received by element m, which is uncorrelated with s(t),

am   is the array manifold factor of element m which is equal to

exp j2pf m − 1ð Þd cos q=cð Þ, and  f   and c  are frequency and the

speed of sound, respectively.

As the actual data processing is based on a discrete-time model,

the received signal should be sampled at   fs. Therefore, the signal

received by element m can be expressed as

xm(l) =   xm(t)jt=l=fs ,   l = 1,⋯, L (2)

where L is the number of samples which is an integer. The discrete

Fourier transform (DFT) of xm(l) gives the corresponding

frequency spectrum

Xm (f ) =   1LoL
l=1xm(l)e

− j2p fl
L : (3)

Then, the frequency-wavenumber spectrum of the received

signal can be obtained by applying the DFT to Xm (f ) with Q points

in the spatial domain as

  I(k, f ) = 1
QoM

m=1Xm (f )e−j2pmk=Q

= 1
QoM

m=1 S (f )e
j2p f (m−1)d cos q

cð Þ + Nm(f )
i
e−j2pmk=Q

h (4)

where k is the wavenumber which is an integer in the range −

Q=2 ≪ k < Q=2,Q is an integer withQ ≫ M, S (f )   is the frequency

spectrum of s(t), Nm (f ) is the frequency spectrum of nm(t).
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From Equation (4), the frequency-wavenumber power spectral

density can be expressed as

Y (k, f ) = lim
Q,L→∞

EfIH(k, f )I(k, f )g

= jS(f )j2
sin pM fd cos q=c − k

Q

� �h i

Q sin p fd cos q=c − k
Q

� �h i
������

������
2

+M
s 2

Q2

(5)

where Ef·g  denotes expectation, superscript H denotes conjugate

transpose, and s 2   is the noise power. The frequency power spectra

Y (f )   can be expressed as

Y (f ) =  oQ=2
k=−Q=2Y (k, f ) : (6)

To mitigate the impact of high-frequency attenuation and

enhance the outcomes of high-frequency components within Y
(k, f ), the CWSF (Beall et al., 1982) is employed to derive the

conditional wavenumber spectral density Y (kjf ) from Equations

(5) and Equations (6). Y (kjf ) can be expressed as

Y (kjf ) =  
Y (k, f )
Y (f )

 

=
jS(f )j2

M(jS(f )j2 + s2)
w

fd cos q
c

−
k
Q

� �����
����
2

+
s 2

Q2(jS(f )j2 + s 2)

(7)

where w(v) = j sin (pMv)
Q sin (pv) j is a periodic function with period 1. It is

symmetric about v = 0, and has its maximum value when   v = 0.

The first zero points of w(v)   are v0 = ±1=M, hence the mainlobe

width is 2=M.

In this paper, we only consider w(v) for a single cycle. From

Equation (7),Y (kjf ) has its maximum value when v = fd cos q
c − k

Q = 0,

and mainlobe width 2Q=M. Figure 2 gives Y (kjf ) for a broadband

signal. This shows that the target energy is concentrated in the

mainlobe, and the peak-energy points in the mainlobe are on a

straight line r passing through the origin. The slope   e   of the line

  r can be expressed as e = k
f =

Qd cos q
c . Therefore, e is a linear function

of   cos q .
3 DOA estimation method based
on GWRT

As mentioned above, q   can be accurately estimated using the

slope of the line r in Y (kjf ), thus realizing high-resolution DOA

estimation. However, there will be sidelobels and perhaps outliers in

Y (kjf ) due to the windowing effect of the DFT and the random

fluctuation noise which makes determining r difficult. To solve

these issues, morphological grayscale reconstruction is used to

extract regional maxima in Y (kjf ) and obtain the reconstructed

matrix Ynew(kjf ) (Vincent, 1992; Vincent, 1993). This method

utilizes erosion and dilation operations based on a structuring

element to reconstruct or eliminate specific regions in an image,

which removes most of the outliers and significantly reduces

the sidelobes.

The generalized Radon transform (GRT) is commonly used to

extract information from images (Radon, 1986; Hansen and Toft,
FIGURE 1

Uniform linear array geometry.
frontiersin.org

https://doi.org/10.3389/fmars.2023.1329898
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Lu et al. 10.3389/fmars.2023.1329898
1996; Ramm and Katsevich, 2020; Sun et al., 2021). However, it only

considers amplitude information and ignores gradient information,

which is not ideal. Image gradients provide the rates and directions

of change for the pixels, which is useful information. Therefore, we

propose a method based on the GWRT to achieve the integration of

a multivariate function over a given path. Compared with the GRT,

the GWRT makes full use of the image gradient information as its

weights, thus providing better results. For a two-dimensional

Euclidean space, the GWRT can be defined for a continuous

image as (Alpatov et al., 2015)

Uweighted(p) = ∫∫(x,y)∈c(p) 〈∇f(x, y),~n 〉2 dxdy (8)

where p is a vector containing the parameters of the line,

and   c(p),  (x, y), and   f(x, y) are, respectively, a known line,

space coordinates, and the intensity of points on a line in the

two-dimensional image   f.∇,  〈 〉, and ~n in Equation (8) are,

respectively, the gradient operator, scalar product operation, and

the unit normal vector which is perpendicular to the line c(p). As

the transform will be obtained from discrete-time data, the

GWRT in discrete form is used rather than the integral form.

The GWRT of Ynew(kjf ) in discrete form can be expressed as

Uweighted(q) =ofmax
fminocos q=1

cos q=−1〈∇Ynew f , k = ef = Qfd cos q
c

� �
,~n〉2 (9)

where  fmin   and  fmax  are the lower and upper limits of frequency

employed, respectively, with   fmax  ≤ c=2d. Equation (9) converts

Ynew(kjf ) into a one-dimensional matrix Uweighted(q) which reflects

the energy distribution related to the parameter   q. The position of

the maximum value of Uweighted(q) is the DOA estimation.

Asmentioned above, the slope of the peak-energy line inY (kjf ) is a
function of the signal direction q . Therefore, the lines inY (kjf ) must be

discernible so targets from different directions can be distinguished. In

other words, the difference in coordinates on the k-axis for   fmax  must be

equal to or greater than the mainlobe width of Y (kjf ) which means

fmaxQd
c ( cos q1 − cos q2) ≥ 2Q

M   (10)
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where   cos q1   and  cosq2   represent the directions of two targets.

Then, the difference in directions should satisfy

cos q1 − cos q2 ≥ 2c
Mfmaxd

:   (11)

Equation (11) is a function of   fmax, so this frequency should be

large to obtain high-resolution performance. Note that the

mainlobe of Ynew(kjf ) will be much narrower than that of Y (kjf )
due to the morphological grayscale reconstruction operation.

Therefore, the resolution of the GWRT will be less than 2c
Mfmaxd

,

which confirms that the proposed method has high-

resolution performance.

The steps of the proposed method are as follows.
1) Obtain Y (kjf ) using Equtaions (1–7).

2) Perform morphological grayscale reconstruction to obtain

the matrix Ynew(kjf ).
3) Compute the GWRT of Ynew(kjf ) to convert the image

information in the f-k domain into the azimuth-energy

domain to realize high-resolution DOA estimation.
4 Simulation analysis

The performance of the proposed method is evaluated for a

scalar towed array measurement system. Consider a line array of 32

receivers uniformly spaced at a distance d=0.25 m. The proposed

method is compared with three commonly used DOA estimation

methods, namely CBF, STMV, and DCV.
4.1 Single source

Consider a broadband target located in the direction of the

array with cos q = 0:5. The target signal is a broadband noise and is

assumed to have random amplitude and phase. The broadband

spectrum is between 1500 Hz and 3000 Hz, and   fs = 20 kHz. The

direction scanning range is cos q ∈ −1, 1½ �, the scanning interval is
1/1800 rad, and Q=256. The SNR is 10 dB, and the noise is assumed

to be isotropic and uncorrelated at the receivers. Y (kjf )
and Ynew(kjf ) obtained using Steps 1 and 2 in Section 3 are

shown in Figures 3A, B, respectively.

Comparing Figures 3A, B reveals that Ynew(kjf ) is more

prominent and the mainlobe width is narrower. This confirms the

improvement due to morphological grayscale reconstruction. The

DOA estimation results obtained from the GWRT of Ynew(kjf ) are
given in Figures 3C, D for SNRs 10 dB and -10 dB, respectively.

These results show that all methods can accurately estimate the

direction of the target for both SNR values. The sidelobe levels

increase as the SNR decreases, but the proposed method still

exhibits the lowest sidelobe levels. The GWRT method also has a

narrower mainlobe width than the CBF and STMV methods, and it

is similar to that of the DCVmethod. Therefore, the GWRTmethod

has the advantages of lower sidelobe levels and narrower mainlobe

which will result in better performance.
FIGURE 2

Y (kjf) for a broadband signal.
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4.2 Sensitivity to position errors

Sensitivity to signal mismatch is an important consideration for

DOA estimation methods. In this section, the performance

degradation due to signal mismatch is evaluated with random

position errors for the receivers. Figure 4A gives the actual

receiver positions in the line array (denoted by *) and the

erroneous positions (denoted by o). The position errors have a

mean of 0.04 m which can be considered worst case. It is assumed

that these errors are unknown and DOA estimation is conducted

assuming a straight line array. The other simulation conditions are

the same as above. The corresponding DOA estimation results are

given in Figure 4B for an SNR of 10 dB.

Compared to Figure 3C, these results show that the sidelobe

levels increase with position errors. The STMV method has the

greatest performance degradation, and the DCV method has false

peaks which may significantly affect the estimation accuracy. The

GWRT method still has the lowest sidelobe levels and so has good

robustness even with position errors.
Frontiers in Marine Science 05
4.3 Multiple sources

To further evaluate the proposed method, the performance with

three targets is now obtained. The three broadband targets are

located at the far field of the array with directions cos q = −0:05,

cos q = 0:05, and cos q = 0:2. The SNRs of these targets are -5dB,

10dB and -5dB, respectively. The other simulation conditions are

the same as above. Figure 5A presents  Y (kjf ) and the DOA

estimation results are shown in Figure 5B.

These results indicate the CBF and STMV methods only

identify the second and third targets. This is because the

directions of the first and second targets are close and the energy

difference is large. The DCV and GWRT methods are able to

distinguish all three targets. Although these methods have similar

mainlobe widths, the former method produces false peaks and has

higher sidelobe levels, making it easy for weak targets to be missed.

The peak-energy lines in Figure 5A corresponding to the first and

third targets are barely distinguishable due to the strong

interference from the second target. However, the proposed
A B

DC

FIGURE 3

DOA estimation results for a single source. (A) Y (kjf). (B) Ynew(kjf). (C) SNR=10 dB. (D) SNR= -10 dB.
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method uses information in the azimuth-energy domain which

confirms the advantages of the GWRT. Therefore, the proposed

method herein has excellent anti-jamming capability and high-

resolution performance even with multiple targets having

different SNRs.
4.4 DOA estimation versus SNR and
array size

The performance of the proposed method is now evaluated for

different SNRs and numbers of array elements. The other

simulation conditions are the same as in Section 4.1.

4.4.1 Effect of SNR
An increase in noise and/or interference affects the sidelobe

levels and so can degrade performance as noise suppression and

interference discrimination are determined by these levels   (Ma

et al., 2021). In this section, the highest sidelobe level in the azimuth

spectrum and the root mean square error (RMSE) of the estimated
Frontiers in Marine Science 06
azimuth are considered as the SNR varies from -10 dB to 10 dB. The

RMSE of the estimated azimuth is calculated as

RMSE =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
J oJ

j=1(q̂ j − q)2
q

(12)

where J is the number of Monte Carlo trials, and q̂ j and q are the

estimated azimuth for the jth independent experiment and the true

orientation of the target, respectively. The scanning interval is 1/

18000 rad herein. The average results for 100 Monte Carlo trials are

given in Figure 6. Figure 6A shows that the highest sidelobe level

decreases with increasing SNR for all four methods. For SNR>5dB,

the highest sidelobe level with the CBF method is around -13 dB,

and the performance of the STMV method is slightly worse than

with the DCV method. The sidelobe levels with the GWRT method

are lower than the other methods for all SNR values, and at least 4

dB less than with the DCV method which is the second best. The

SNR in underwater acoustic applications is often low so the

proposed method is preferable. Additionally, the Cramér-Rao

bound (CRB) (Feng and Huang, 2007) is included as a reference

for DOA estimation performance, as shown in Figure 6B. The
A B

FIGURE 5

DOA estimation results for multiple sources. (A) Y (kjf). (B) Azimuth spectrum.
A B

FIGURE 4

DOA estimation results for four methods with position errors. (A) Top view of the array configuration. (B) SNR=10 dB.
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RMSE of the GWRT method is smaller in comparison to the DCV

and STMV methods, with only a slight increase relative to the

CBF method.

4.4.2 Effect of the number of array elements
Angle resolution is the smallest angle difference between the

directions of two targets and is an important criterion in evaluating

DOA estimation methods. The angle resolution Dq of the four

algorithms was evaluated for different numbers of array elements

and frequency bands. The number of elements varies from 12 to 36,

and the frequency bands are 2500 Hz to 3000 Hz and 1500 Hz to

3000 Hz, respectively. The average angle resolution for 100 Monte

Carlo trials for an SNR of 10 dB is given in Figure 7. This shows that

the angle resolution improves with an increase in the number of

elements with all four methods. The DCV method exhibits the

highest resolution, followed by the GWRT method and the STMV,

all of which outperform the CBF. Comparing Figures 7A, B

indicates that the performance of the STMV method is severely

degraded with a wider frequency band. The main reason is that the
Frontiers in Marine Science 07
covariance matrix is obtained by averaging the covariance matrices

for each frequency point, and increasing the number of frequency

points decreases the accuracy of this matrix and thus the angle

resolution. However, the GWRT method has better robustness with

broadband signals. Furthermore, as discussed in Section 3, the

resolution of the GWRT can be less than 2c
Mfmaxd

, which is

consistent with these results.
5 Sea-trial results

To evaluate the performance of the proposed method in

practical applications, DOA estimation results were obtained for a

towed line array with 32 elements uniformly spaced at 2 m. The

experiments were conducted in Huanghai Sea, China in the summer

of 2014. The water depth was approximately 40 m and the towed

array was about 20 m above the sea floor. The recorded data

suggests that the received signals include signals from passing

vessels, experimental vessels, and the broadband pulses
A B

FIGURE 7

The angle resolution versus the number of array elements for two frequency bands and four methods. (A) 2500~3000Hz. (B) 1500~3000Hz.
A B

FIGURE 6

The performance versus SNR for four methods. (A) The highest sidelobe level versus SNR for four methods. (B) The RMSE versus SNR for
four methods.
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transmitted by the experimental vessels. The sampling frequency

was equal to 8 kHz, with a total of 120 data frames, each comprising

4096 samples. The data within the frequency range of 1500 to

3000 Hz was processed using the CBF, STMV, DCV, and GWRT

methods and the bearing time records (BTRs) are given in Figure 8.

Additionally, the low-frequency analysis and recording (LOFAR)

for the data from one element is shown in Figure 9.

The BTRs for the CBF method in Figure 8A show that due to

the Rayleigh limit and the ambient ocean noise, the mainlobe width

for each target is relatively wide so it is not possible to distinguish

the targets located in the directions around  cosq = 0:78   and

cosq=0.88. Figure 8B indicates that the STMV method has a

narrower mainwidth but still fails to distinguish the two targets.

The BTRs for the DCV and GWRT methods in Figures 8C, D,

respectively, have much clearer backgrounds than with the CBF and

STMV methods. The target trajectories are clearly distinguishable

with a much narrower mainlobe width for each target. Figure 8 also

shows a set of broadband pulse signals in the direction of around

cos q = 0:30. There are two clear focused points in the red circle in

Figure 8D which are not as well distinguished by other methods.

This indicates that the GWRT method has a lower background
Frontiers in Marine Science 08
noise level and thus better weak target detection and anti-

interference capability.

Figure 10 gives the BTRs for the four methods at 60 s. These

results indicate that the target located in the direction of around

cos q = 0:78 cannot be distinguished by the CBF and STMV

methods due to the strong inference from the target located in

the direction of around cos q = 0:88. Conversely, both the DCV

and GWRT methods clearly distinguish these targets. The GWRT

method has a mainlobe width similar to that of the DCV method

but the sidelobe levels are lower. Thus, it is better able to suppress

the interference due to strong targets and noise which makes it

easier to detect weak targets. Therefore, the proposed method

provides better high-resolution performance in multiple

target environments.
6 Conclusion

A generalized weighted Radon transform to estimate the DOA

for broadband targets was proposed. The GWRT was used on the

conditional wavenumber spectrum density to convert image
A B

DC

FIGURE 8

BTRs for four methods. (A) CBF. (B) STMV. (C) DCV. (D) GWRT.
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information in the f-k domain to the azimuth-energy domain for

high-resolution DOA estimation. Simulation and sea-trial results

were presented which show that the proposed method is simple and

effective and does not require a priori information. It is not sensitive

to the outliers and thus provides good robustness even with position

errors. Furthermore, it produces a narrow mainlobe with low
Frontiers in Marine Science 09
sidelobe levels which results in good performance when there are

multiple targets and the target SNR is low. However, the proposed

method is only applicable for broadband signals and it is not

suitable for real-time applications. Therefore, a short-time model

for DOA estimation with narrow-band signals will be considered as

future work.
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