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Abstract

:

Ocean waves are the richest texture on the sea surface, from which valuable information can be inversed. In general, the Synthetic Aperture Radar (SAR) images of surface waves will inevitably be distorted due to the intricate motion of surface waves. However, commonly used imaging algorithms do not take the motion of surface waves into consideration. Therefore, surface waves on the obtained SAR images are rather blurred. To solve this problem, an airborne SAR imaging algorithm for ocean waves based on optimum focus setting is proposed in this paper. Firstly, in order to obtain the real azimuth phase speed of dominant wave, the geometric and scanning distortion in the blurred SAR image is calibrated. Subsequently, according to the SAR integration time and wavelength of the dominant wave, a proper focus setting variation section is selected. Afterwards, all the focus settings in this variation section are used to refocus the image, which are then compared to decide the optimum focus setting for dominant wave. Finally, by redesigning the azimuth matched filter using this optimum focus setting, a well-focused SAR image for the dominant wave can be obtained. The proposed algorithm is applied to both simulation and field data, and SAR images of surface waves are obtained. Furthermore, the obtained images are compared with those obtained with a zero-focus setting. The comparison shows that the focus of surface waves is significantly improved, which verifies the effectiveness of the proposed algorithm. Finally, how to choose the appropriate focus setting variation section under different parameters and the applicability of the algorithm are analyzed.
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1. Introduction


Synthetic Aperture Radar (SAR) is a high-resolution imaging radar, which achieves high range resolution by transmitting and receiving wide-band pulse signals. Moreover, SAR utilizes the relative motion between radar and targets to form a long aperture through signal processing, thereby obtaining a high azimuth resolution [1]. For a stationary target, it can obtain the best focus when azimuth matched filter velocity is set equal to the platform speed [2]. However, for a moving target, if the influence of its range acceleration is not considered, it can obtain the best focus when the velocity of azimuth matched filter is adjusted to be the relative azimuth speed between the target and the platform [3]. The difference between azimuth matched filter speed and platform speed is defined as the focus setting, and the focus setting that makes the target to be best-focused is called the optimum focus setting [4,5].



The scattering units of surface waves are generally in random motion. Nonetheless, commonly used SAR imaging algorithms do not take this motion into consideration. Therefore, waves on the acquired SAR images are extremely blurred or even invisible [6,7]. This will not only restrict the ability of SAR to image some small-scale ocean waves [8], but also influence the subsequent applications, such as significant wave height estimation [9,10], wave spectrum inversion [11] and wind field inversion [12,13], etc. Therefore, it is essential to obtain well-focused SAR images of ocean waves. For surface waves, it is likely to improve its focus by adjusting the focus setting. However, due to the rather intricate motion of surface waves [14,15], it is generally difficult to directly obtain its optimum focus setting.



For surface waves imaging and focusing, scientists have proposed several different SAR imaging models, such as the Lyzeng model [16,17], the ORE model [18] and the CCRS model [19,20]. There are some differences among these models, but they all believe that the optimum focus setting for surface waves is half of its azimuth phase speed. In 1983, when processing the field data acquired in the Maritime Remote Sensing Experiment (MARSEN), researchers found that the highest contrast of SAR images was achieved when focus setting is approximately equal to the phase speed of surface waves [21]. In 1990, Hayt et al. [4] processed the data acquired in the Tower Ocean Wave and Radar Dependence Experiment (TOWARD) with different focus settings. The results showed that surface waves could obtain the best focus when focusing setting is about half of the azimuth phase speed of surface waves. In 1991, Kasilingam [5] used the data acquired in the SAR and X Band Ocean Nonlinearities: Chesapeake Light Tower (SAXON: CLT) experiment to study the optimum focus setting for surface waves. The results also showed that surface waves could achieve the best focus when focus setting is set equal to half of its phase speed. In 1995, however, when studying the focusing of the waves through simulation, Shemer [22] found that when the integration time of SAR system is relatively short, or when the angle between wave propagation direction and azimuth direction is large, there would be a considerable deviation between the optimum focus setting and half of the azimuth phase speed of surface waves. Consequently, surface waves may not be able to achieve the best focus when the focus setting is set to be half of its phase speed.



In order to solve this problem, an airborne SAR imaging algorithm for ocean waves based on optimum focus setting is proposed in this paper. To obtain the optimum focus setting for surface waves, a proper focus setting variation section is firstly selected. Subsequently, the contrast of the obtained SAR images corresponding to each focus setting in that section is quantitatively compared to decide the optimum focus setting. Finally, based on the optimum focus setting, a new azimuth matched filter is generated to refocus the SAR image, and an optimum contrast image can be obtained. As is anticipated, the optimum focus setting obtained by the proposed algorithm is not necessarily half of the phase speed of surface waves. Moreover, since the integration time of spaceborne SAR is short due to its fast speed, the focus of surface waves on spaceborne SAR image is less sensitive to the variation of focus setting. Therefore, it is generally infeasible to improve the contrast of spaceborne SAR ocean images by adjusting the focus setting [23].



The rest of the paper is organized as follows. In Section 2, the optimum focus settings for rigid targets and surface waves are analyzed, respectively. The proposed algorithm is introduced in detail in Section 3. In Section 4, the effectiveness of the proposed algorithm is verified by simulation and field data, respectively. In Section 5, the effect of SAR integration time, wavelength, wave steepness and wave propagation direction on the selection of focus setting variation section is analyzed. Moreover, the applicability of the proposed algorithm in also analyzed in this section. Finally, conclusions are made in Section 6.




2. Theoretical Analysis of the Optimum Focus Setting for Different Targets


In this section, the optimum focus settings for both stationary and moving rigid targets are firstly analyzed. Furthermore, the optimum focus setting for surface waves is simply analyzed. However, due to the complexity of wave motion, variation of the optimum focus setting for surface waves is rather complicated.



Figure 1 shows the probing geometry of SAR imaging of different targets, where x is azimuth direction, y is range direction, H is the height of platform, θ is radar incidence angle, and R0 is the nearest slant range of target. The SAR platform moves along the azimuthal direction with speed V. The moving rigid target moves with speed C in azimuth and surface waves travel with angle ϕ from azimuthal direction.



2.1. Analysis of the Optimum Focus Setting for Rigid Targets


For stationary target, its azimuth echo signal can be expressed as [2]:


s(t)=A0exp(−j4πλR(t))≈A0exp(−j4πR0λ)exp(−j2πV2t2λR0)



(1)




where j is imaginary unit, A0 is a complex constant, λ is the wavelength of radar system, t is azimuth time, R(t)=R02+(Vt)2 is the instantaneous slant range of the target. Generally, the azimuth matched filter has the following form [2]:


h(t)=exp(j2πW2t2λR0)



(2)




where W is the speed of matched filter. The difference between W and V is defined as the focus setting ΔV, i.e.,


ΔV=V−W



(3)







Moreover, the focus setting that makes the target achieve the best focus is generally called the optimum focus setting ΔVopt. In order to achieve the best focus for stationary target, the matched filter h(t) must eliminate the quadratic phase term in Equation (1). Therefore, the speed of the matched filter should be W=V, i.e., the optimum focus setting for stationary target is ΔVopt,st=0.



For moving target, if its range acceleration is not considered, the azimuth echo signal can be expressed as [24]:


s(t)≈A0exp(−j4πR0λ)exp(−j2π(V−C)2t2λR0)



(4)




where C is the azimuth speed of the moving target. From Equations (2) and (4), it can be seen that in order to obtain the best focus for moving target, the speed of azimuth matched filter must be W=V−C, i.e., the optimum focus setting for moving target is ΔVopt,mt=C.




2.2. Analysis of the Optimum Focus Setting for Surface Waves


Different from the rigid targets, waves are flexible surface targets, which have very complex motion states. From Equation (4), it can be seen that the Doppler frequency of moving target can be expressed as:


fd=2(V−C)λ(V−C)tR0≈fd′⋅sin(θ(t))



(5)




where fd′=2(V−C)/λ is the maximum Doppler frequency, θ(t)=(V−C)t/R0 is the angle subtended by the target at the radar. Nonetheless, when wave pattern travels forward with its phase speed, the water particles on this wave do not propagate forward. Instead, they will just oscillate around their equilibrium positions. Therefore, the maximum Doppler frequency of the water particles is fd″=2V/λ, then the Doppler frequency for the wave pattern is given by [5]:


fd=fd″⋅sin(θ(t))≈2Vλ(V−Cx)tR0



(6)




where Cx=C/cos(ϕ) is the azimuth phase speed of surface waves, C and ϕ are the phase speed and the angle between the wave propagation direction and the azimuth direction, respectively. It can be seen from Equation (6) that in order to obtain the best focus of surface waves, the speed of azimuth matched filter should be W=V(V−Cx). In general, the velocity of the SAR platform is much faster than the phase speed of surface waves, i.e. V≫Cx. Consequently, W can be approximated as W≈V−Cx/2, thus the optimum focus setting for surface waves is:


ΔVopt,w≈Cx2



(7)







It should be pointed out that Equation (7) is only a simple form of the optimum focus setting for surface waves. Due to the complexity of their motion, the real optimum focus setting for surface waves may deviate from Equation (7) under some conditions [22,23,25].



In some previous literatures, based on their SAR ocean waves imaging models, most researchers concluded that the optimum focus setting of surface waves is equal to half of its azimuthal phase speed. In their models, it is generally assumed that surface waves are sinusoidal. However, this assumption may become unreasonable when sea state gets high or when water depth decreases. In these situations, there will be a certain deviation between the real optimum focus setting and the theoretical optimum focus setting obtained by the above models (i.e., Cx/2). Burridge et al [25] verified the effect of wave shape on the focus of surface waves by optical simulation of SAR and ocean. Moreover, Ouchi et al. [23] also argued that when SAR resolution is high, radar incident angle is large, or when the velocity bunching modulation is strong, the optimum focus setting of surface waves will also have a certain deviation with half of its azimuth phase speed.





3. Airborne SAR Imaging Algorithm for Ocean Waves Based on Optimum Focus Setting


The analysis in Section 2 indicates that to obtain the best focus for surface waves, it is important to obtain the optimum focus setting. In this section, an airborne SAR ocean waves imaging algorithm based on the optimum focus setting is proposed. The flow chart of the proposed algorithm is shown in Figure 2. As can be seen, the algorithm can be divided into 5 parts: sub-block selection, focus setting variation section calculation, sub-block data refocusing, optimum focus setting calculation and image block refocusing. In general, sea surface can be regarded as a superposition of waves of different amplitudes, frequencies and phases. However, changing the focus setting is generally in order to improve the contrast of some specific waves (usually the dominant wave) in the SAR image and suppress other wave components. Therefore, the optimum focus setting for dominant wave is studied in this paper.



3.1. Selection of Sub-Block Data


In the proposed algorithm, suitable sub-block data is first selected from the single-look complex (SLC) data of an SAR image block. On one hand, SLC data of an airborne SAR image block is fairly large. If the entire SLC data is taken as input, the efficiency of the algorithm would be rather low. On the other hand, SAR images usually contain other subjects apart from surface waves, such as ships and their wakes, internal waves and oil slicks. These objects will influence the subsequent processing. Therefore, it is necessary to select a suitable sub-block data from the SLC image block and use this sub-block data to calculate the optimum focus setting of dominant wave. When selecting sub-block data, the following two conditions should be satisfied: (1) the sub-block data needs to contain the surface waves; (2) no other interference is covered in the sub-block data. Since the SLC image blocks used in this paper are not very wide, waves in different parts of a SLC image block can be regarded as consistent. Therefore, the selected sub-block image is able to represent the entire SLC image block.




3.2. Calculation of Focus Setting Variation Section


After selecting the appropriate sub-block data, it is then necessary to calculate the azimuth phase speed of dominant wave. In order to obtain the correct phase speed, the sub-block data needs to be calibrated. The calibrations include slant-to-ground conversion, multi-look processing and range energy normalization [26]. After the above calibrations, the sub-block image is transformed to 2-dimensional wavenumber domain through FFT. The wave number of the dominant wave is then calculated from the wavenumber spectrum. However, the wavenumber of the dominant wave obtained from the SAR image is typically different from that of real sea surface, which is caused by the scanning distortion [27,28]. This phenomenon arises because the electromagnetic waves travels so fast that surface waves can be regard as stationary when SAR transmits and receives pulse signals in range direction. However, it usually takes a relatively long time for the SAR to obtain the complete data in azimuth direction. During this time, waves move a non-negligible distance, resulting in a deviation between the azimuthal wavelength of surface waves obtained from SAR imaging and that on sea surface. In general, the relationship between the azimuth wavelength of a dominant wave obtained from SAR image, λas, and that on sea surface, λao, is [26]:


λasλao=Vcos(ϕ)Vcos(ϕ)−C



(8)




where C is the phase speed, ϕ is the angle between wave propagation direction and azimuth direction. Equation (8) can be also expressed as:


kao=kas+gkoV



(9)




where kao and kas are the azimuthal wavenumber of dominant wave on the sea surface and SAR image respectively, ko=kao2+kro2 is the absolute wavenumber of dominant wave on sea surface and kro is the range wavenumber of dominant wave on sea surface. ko can be obtained by solving Equation (9). Subsequently, the wavelength and propagation direction of dominant wave can be calculated as λw=2π/ko and ϕ=tan−1(kro/kao), respectively. After obtaining the wavelength and propagation direction of dominant wave, the azimuthal phase speed can be acquired as Cx=λwg/2π/cosϕ. However, as pointed out in Section 2.2, due to the complexity of the motion of surface waves, its optimum focus setting is not necessarily Cx/2. Therefore, after calculating the azimuth phase speed of the dominant wave, a focus setting section ΔV∈[Cx/2−kΔv,Cx/2+kΔv] with Cx/2 as the center is determined. The selection principle of k and Δv and their influence on the proposed algorithm will be qualitatively analyzed in Section 5.




3.3. Sub-block Data Refocusing


After determining the focus setting variation section, the SAR image is refocused by using each velocity ΔVi (i=1,2,...,2k+1) in this section. In this process, the sub-block data is first transformed into Range-Doppler domain. Afterwards, the data is multiplied by the complex conjugate of the azimuth matched filter used in imaging process, thus to obtain the uncompressed data in Range-Doppler domain. Subsequently, according to different focus settings ΔVi, the azimuth matched filter speed is calculated, i.e., Wi=V−Δvi. According to this speed, a new matched filter hi(τ)=exp(j2πWi2τ2λR0) is generated to perform azimuth compression for the uncompressed data. Accordingly, the refocused images Si under different focus settings can be obtained. Furthermore, the refocused image is calibrated to obtain the corresponding image Si′. The calibrations include slant-to-ground conversion, multi-look processing and range energy normalization.




3.4. Calculation of the Optimum Focus Setting


In this step, the focus of dominant wave in different calibrated images is analyzed to determine the optimum focus setting. Therefore, it is necessary to quantitatively compare the focus of dominant wave in the images obtained with different focus settings. Generally, the wavelength and propagation direction of dominant wave in the images obtained with different focus settings are always the same. Consequently, after transforming the calibrated images into 2-dimensional wavenumber domain, the dominant wave will appear at the same frequency points. Moreover, the higher the contrast of the signal in time domain, the stronger its energy at the corresponding frequency point. Therefore, the energy of dominant wave at the corresponding position in wavenumber domain can be used as a quantitative measure of the focus of the dominant wave, i.e., the higher the spectrum energy, the better the focus of the dominant wave. Consequently, in this step, the image Si′ is transformed into 2-dimensional wavenumber domain and the spectrum energy Ei of dominant wave is computed. Afterwards, the maximum of spectrum energy is calculated, i.e., Em=max(Ei,i=1,2,...,2k+1). According to the above analysis, the focus setting ΔVm corresponding to Em can be regarded as the optimum focus setting.




3.5. Image Block Refocusing


Finally, the focus setting ΔVm is used to refocus the SLC image block and SAR image with best focus can be obtained.





4. Validation of the Proposed Algorithm with Simulations and Field Data


In order to verify the effectiveness of the proposed algorithm, results of both simulation and field data processing are present in this section. In the process, the azimuth phase speed of surface waves is first calculated and a reasonable focus setting variation section is determined. Subsequently, imaging results with different focus settings in that variation section are obtained and the focus of surface waves is quantitatively compared. Finally, the optimum focus setting, under which surface waves obtain the best focus, is calculated and used to refocus the image.



4.1. Validation of the Algorithm with Simulations


In this subsection, the proposed algorithm is applied on the simulation data. Moreover, the imaging results of the proposed algorithm are compared with those obtained with zero focus setting (i.e., ΔV=0) and those acquired by using half of the phase speed as focus setting (i.e., ΔV=Cx/2).



4.1.1. Simulation Model


The simulation model used in this section is the SAR ocean waves imaging model proposed by Shemer [22,29,30]. The model is modified so that its output could vary as the speed of azimuth matched filter changes. The output of the imaging model is [22]


I(X=Vt)=πCxT′ρ02V(V−Cx)⋅I1



(10)




where V is the speed of the SAR platform, t is azimuth time, Cx is the azimuth phase speed of surface waves, T′ is the effective integration time [31,32,33]


2T′2=1τs2+2T2



(11)




T is SAR integration time, τs is ocean coherence time. Due to the movement of surface waves, the azimuth resolution ρ0 is reduced to


ρ0=ρ[1+4(1−α)2V2T02ρ2]1/2



(12)




where ρ=R0/kVT′ is the effective azimuth resolution, R0 is slant range, k=2π/λ is radar wavenumber, λ is radar wavelength, and


α=W2V(V−Cx)



(13)




W is the speed of azimuth matched filter. It can be seen from Equations (12) and (13) that the azimuth resolution ρ0 can be changed by varying W. The parameter I1 in Equation (10) is


I1=∫−∞∞σ0exp{−f2(ξ)ρ2[1−(ρ0(1−α)ρ)2]}dξ



(14)




where σ0 is the average scattering coefficient of surface waves. Since it does not affect the focus of surface waves, it is set to be 1 in the following simulation. The parameter f(ξ) in Equation (14) is


f(ξ)=ξ−UrR0Vcos(2π(ξcos(ϕ)λwα−(V−Cx)XVρ))



(15)




where Ur=H2ω(cos2θ+sin2θsin2ϕ)1/2 is the maximum of orbital velocity of surface waves in slant range direction, H is wave amplitude, θ is radar incidence angle, ϕ is the angle between wave propagation direction and azimuth direction, λw and ω are the wavelength and angle frequency of surface waves, respectively. For deep-water waves, the wavelength and frequency satisfy the following dispersion relationship [22,29,34]


ω=2πgλw



(16)




where g is the gravitational acceleration. Using Equations (10)–(15), imaging results of the wave at different focus settings can be obtained by altering the value of W.




4.1.2. Simulation Results


Using the theoretical model in last subsection, imaging results of surface waves with different focus settings are obtained when waves travel in different directions (0°, 30° and 60°). The basic parameters of the radar system and surface waves are shown in Table 1. These parameters refer to those of the airborne SAR and surface waves in Section 4.2.



Figure 3 shows the simulation result when ϕ=0∘, where x-axis is ocean wave phase β, y-axis is the normalized amplitude of imaged waves. The ocean wave phase β is defined as [22]


β=V−CxV⋅2πXcosϕλw



(17)







As indicated by the red-dashed box, a subimage is selected to calculate the optimum focus setting. According to the parameters in Table 1, it can be seen that the azimuth phase speed of the waves is Cx=11.2 m/s. Take half of this speed as the center and set Δv=1 m/s and k=8, then the focus setting variation section is ΔV∈[−2.4 m/s,13.6 m/s] and the speed interval is 1 m/s. Subsequently, the focus setting variation section is traversed and the corresponding azimuth matched filter velocity is obtained. Substitute this velocity into Equations (10)–(15), the corresponding imaging results can be acquired. Finally, the imaging results are transformed into frequency domain and the energy of the waves at the corresponding frequency point is calculated. The curve of the wave energy variation in frequency domain is shown in Figure 4a. This curve is generally called the focusing curve [5]. It can be seen from Figure 4a that the wave has the maximum energy in frequency domain when ΔV=5.6 m/s.



Therefore, the optimum focus setting is ΔVopt,w=5.6 m/s. As can be seen, this speed is exactly half of the azimuth speed of the wave. The imaging result of the proposed method in shown in Figure 4a (the red line). As a comparison, the imaging result when ΔV=0 (the blue line) is also given. As can be seen, the contrast of the wave obtained by the proposed algorithm is higher than that when ΔV=0.



Figure 5 shows the simulation result when the angle between wave propagation direction and azimuth direction is ϕ=30∘. Similarly, we set Δv=1 m/s and k=8. Adopting the same processing steps as above, the focusing curve can be obtained, which is shown in Figure 5a. As can be seen, the peak of the curve is at ΔV=8.4 m/s. Therefore, we can take this speed as the optimum focus setting, i.e., ΔVopt,w=8.4 m/s. As can be seen, the optimum focus setting is not equal to half of the phase speed of the wave. Figure 5b shows the imaging results when ΔV=0, ΔV=6.4 m/s (i.e., Cx/2) and ΔV=8.4 m/s, respectively. It can be seen that the imaging result has the highest contrast when ΔV=8.4 m/s, which means that the wave achieves the best focus with the proposed algorithm.



The simulation result when ϕ=60∘ is shown in Figure 6. As above, we set Δv=1 m/s and k=8. Figure 6a shows the focusing curve for the wave. It can be seen that the peak of the curve is at ΔV=16.2 m/s. Therefore, the optimum focus setting is ΔVopt,w=16.2 m/s. Figure 6b shows the imaging results when ΔV=0, ΔV=11.2 m/s (i.e., Cx/2) and ΔV=16.2 m/s, respectively. As can be seen, the wave has the highest contrast in the imaging result obtained by the proposed algorithm.



It can be seen from the simulation that when waves propagate along azimuth direction, the optimum focus setting is equal to half of its azimuth phase speed. Nevertheless, if the wave travels at a different direction, the optimum focus setting is not equal to half of the azimuth phase speed. In this case, the proposed algorithm should be adopted to calculate the optimum focus setting. Moreover, it can be seen that the contrast of surface waves can be obviously improved if the obtained optimum focus setting is used to refocus the image, which verifies the effectiveness of the proposed algorithm.





4.2. Validation of the Proposed Algorithm with Field Data


In this subsection, the proposed algorithm is applied to the field data that were obtained by the Institute of Electronics, Chinese Academy of Sciences (IECAS) in the experiment in South China Sea. The experiment was conducted from September 13 to September 20, 2014. The experimental place is located about 60 km south of Sanya City Parameters of the radar system are shown in Table 2.



In this subsection, 3 different pieces of data are chosen to validate the effectiveness of the proposed algorithm. The environment parameters and wave parameters are shown in Table 3. The angle between the dominant wave propagation direction and the azimuth direction are 5°, 25° and 64°, respectively.



4.2.1. Results of Field Data Processing


The SAR image corresponding to data 1 is shown in Figure 7. As shown by the black box in the upper right corner, a piece of sub-block data is selected. The sub-image is about 1 km ∗ 1 km and does not contain other information apart from surface waves.



Using the sub-block data, the wave number of the dominant wave is firstly calculated and substituted into Equation (9) to obtain the real wave number. The wavelength of dominant wave is about 80 m, the angle between wave propagation direction and azimuth direction is about 5°, and the azimuthal phase speed is about 11.2 m/s. Subsequently, the focus setting variation section is determined. According to the simulation results in Section 4.1, we set Δv=1 m/s and k=8. Therefore, the variation section is ΔV∈[−2.4 m/s,13.6 m/s] and the speed interval is 1 m/s. Afterwards, the variation section is traversed and the imaging results corresponding to each focus setting is obtained. Finally, the imaging results is transformed into wavenumber domain and the spectrum energy of dominant wave is calculated. Figure 8a shows the focusing curve for the dominant wave.



It can be seen from Figure 8a that the peak of the curve is at ΔV=5.5 m/s. Consequently, the optimum focus setting is ΔVopt,w=5.5 m/s, which is in consistent with half of the azimuth phase speed of the dominant wave. Figure 8b shows the SAR image obtained by the proposed algorithm. It can be seen from the comparison between Figure 7 and Figure 8b that the texture of dominant wave in the image obtain by the proposed algorithm is much clearer than that obtained with zero focus setting.



Figure 9 shows the SAR image of data 2. In this data, waves do not travel in azimuth direction. As above, we choose a sub-block data, as shown by the middle-right black box in Figure 9. The size of the subimage is also about 1 km ∗ 1 km.



With this subimage, it can be obtained that the wavelength and the propagation of the dominant wave are 97.8m and 25°, respectively. Therefore, the azimuth phase speed is about 13.6 m/s. Take half of the phase speed as center and set Δv=1 m/s and k=8, we can obtain the variation section of focus setting as ΔV∈[−1.2 m/s,14.8 m/s]. The focusing curve for the dominant wave is shown in Figure 10a. As can be seen, the focusing curve achieves its maximum when the focus setting is ΔV=6 m/s, i.e., the optimum focus for dominant wave is ΔVopt,w=6 m/s. Figure 10b is the refocused SAR image with the optimum focus setting. It can be seen that the focus of the dominant wave is significantly improved in the image obtained by the proposed algorithm.



The SAR image corresponding to data 3 is shown in Figure 11. The upper-left black box shows the selected subimage. The size of the subimage is about 1 km ∗ 1 km. In this data, the wavelength, propagation direction and azimuth phase speed of the dominant wave are 82.3m, 64° and 30 m/s, respectively.



Here, we still set Δv=1 m/s and k=8. Therefore, the focus setting variation section is ΔV∈[7 m/s,23 m/s]. Figure 12a shows the focusing curve for the dominant wave. It can be seen from Figure 12a that the optimum focus setting for dominant wave is ΔVopt,w=10.5 m/s. The SAR image obtained by the proposed algorithm is shown in Figure 12b. As can be seen, the wave texture is much clearer than that of Figure 11.




4.2.2. Quantitative Analysis of the Focus of Surface Waves


To further validate the effectiveness of the proposed algorithm, the sub-block data are taken as examples to quantitatively analyze the focus of the above 3 pieces of data under different focus settings. When assessing the quality of images, standard deviation (SD) is a commonly used metric. Moreover, it generally take the peak-to-background ratio (PBR) as a measurement to analyze the focus of SAR ocean images [35]. PBR is defined as [16


PBR=(SI)max⟨Sn⟩



(18)




where (SI)max and ⟨Sn⟩ are the peak value and noise floor of the image spectrum, respectively. Therefore, we use both SD and PBR to quantitatively compare the performance of the 3 sub-block images under different focus settings (ΔV=0, ΔV=Cx/2 and ΔV=ΔVopt,w). The comparison is shown in Table 4.



As can be seen from Table 4, since the commonly used imaging algorithm (i.e., ΔV=0) does not take the motion of surface waves into consideration, the focus of dominant wave is generally poor. By changing the focus setting, focus of the waves can be significantly improved. Moreover, the proposed algorithm can always achieve the highest SD and PBR for different sub-block data, which verifies the effectiveness of the proposed algorithm. At the same time, it can be seen from Table 4 and the simulation results in Section 4.1 that when the angle between the wave propagation direction and the azimuth direction is small, the optimum focus setting for the dominant wave is approximately equal to half of its phase speed. In this case, we can directly take half of the phase speed of the dominant wave as the optimum focus setting.






5. Discussion and Analysis


5.1. Analysis of the Selection of Focus Setting Variation Section


In this paper, we set the focus setting variation section as ΔV∈[Cx/2−kΔv,Cx/2+kΔv]. Generally speaking, the focus of surface waves with respect to focus setting is different under different parameters. Moreover, the deviation between the optimum focus setting and half of the azimuth phase speed of surface waves is also different under different parameters. Therefore, it is necessary to properly select the focus setting variation section (i.e., the value of Δv and k) when applying the proposed algorithm.



5.1.1. Analysis of the Selection of Δv


In general, with a smaller value of Δv, the optimum focus setting obtained by the proposed algorithm is closer to the real optimum focus setting. However, with the decrease of Δv, computation of the algorithm will gradually increase. Generally, Δv can be selected based on the focus sensitivity of surface waves to focus setting. If the focus of surface waves is sensitive to focus setting, i.e., a small change of focus setting will greatly influence the focus of surface waves, then a small Δv should be chosen. On the contrary, a large Δv could be adopted.



Figure 13 is the simulation results of the focus sensitivity of surface waves under different integration times, different wavelengths and different wave steepness. Other parameters of the SAR system and surface waves are the same as those in Section 4.1.2. Figure 13a shows the focusing curves under different integration times. As can be seen, as the integration time increases, the width of the curves gradually decreases, which indicates that the focus sensitivity of surface waves increases with integration times. Figure 13b shows the focusing curves under different wavelengths. It can be that the shorter the wavelength is, the more sensitive is the focus of surface waves is to the focus setting. Moreover, the focusing curves for surfaces waves with different steepness are shown in Figure 13c. The result shows that as surface waves get steeper, the focus sensitivity becomes higher.



It can be seen from Figure 13 that for short SAR integration time, long surface waves, or low wave steepness, a large Δv can be selected, thereby reducing the computation of the algorithm. Oppositely, a relatively small Δv should be selected to make sure that the obtained optimum focus setting is close to the real one. In this paper, we generally choose Δv=1 m/s to ensure that a well-focused image of the surface waves can be obtained without too much computation.




5.1.2. Analysis of the Selection of k


As can be seen, k determines the range of the focus setting variation section. Therefore, it is also important to choose a reasonable value of k. The results in Section 4 show that when waves do not travel in azimuth direction, the optimum focus setting will deviate from half of its azimuth phase speed. Therefore, if k is too small, it is possible that the real optimum focus setting is not included in the focus setting variation section. However, if k is too large, it will increase the computation of the proposed algorithm. When adopting the proposed algorithm, k can be selected according to the deviation between the optimum focus setting of surface waves and half of its azimuth phase speed. Figure 14 shows the simulation result of the variation of the difference between ΔVopt,w and Cx/2 with integration times when waves travels in different directions.



It can be seen from Figure 14 that the optimum focus setting of surface waves is related to SAR integration time T and the angle ϕ between wave propagation direction and azimuth direction. When T is long or when ϕ is small, the optimum focus setting for surface waves is quite close to half of its azimuth phase speed. However, as T decreases or ϕ increases, the deviation between ΔVopt,w and Cx/2 gradually increases. The simulation results indicate that a relatively small k can be selected if SAR integration time is long or the angle between wave propagation direction and azimuth direction is small. Otherwise, a large value of k should be chosen so that the section will contain the optimum focus setting of the waves. To decide a reasonable value of k, we can firstly estimate the difference between ΔVopt,w and Cx/2 through the simulation model in Section 4.1. Subsequently, according to Δv, we can set a proper k so that kΔv>|ΔVopt,w−Cx/2|. In this paper, k is generally chosen to be 8, thus the focus setting variation section is (Cx/2±8) m/s.





5.2. Analysis of the Applicability of the Proposed Algorithm


In order to improve the focus of surface waves, the optimum focus setting for surface waves is calculated and used to refocus the SAR image. If the focus of surface waves is sensitive to the change of focus setting (i.e., a small variation in focus setting can have a significant effect on the focus of surface waves), the proposed algorithm can effectively improve the quality of surface waves on SAR image. On the contrary, however, it will be not feasible to significantly improve the quality of surface waves on SAR image by the proposed algorithm.



The simulation results in Section 5.1 shows that when SAR integration time is long, wavelength of surface waves is short, or when surface waves are steep, the focus of waves is very sensitive to the changing of focus setting (c.f., Figure 13). Under this condition, it is anticipated that the focus of surface waves will be improved considerably by the proposed algorithm. Moreover, the longer the integration time, the shorter the wavelength or the steeper the wave, the more considerable the improvement (c.f., Figure 13). However, it can be seen from Figure 13a that as T declines, the focus of the waves is less influenced by focus setting. This indicates that when the integration time is short, the focus of surface waves will not be significantly improved after applying the proposed algorithm. Due to the relatively small R/V, the integration time of spaceborne SAR is generally short. Therefore, changing the focus setting generally does not introduce great impact on the focus of surface waves for spaceborne SAR. Taking Sentinel-1 as an example, Figure 15 shows the variation of the focus of surface waves with focus setting. It can be seen that the focus of the waves when ΔV=0 is about 98.3% of that when ΔV=6 m/s, which means that the focus of surface waves is barely changed while the focus setting varies. Therefore, it is not feasible to improve the focus of surface waves for spaceborne SAR by applying the proposed algorithm.



At the same time, it can be seen from the simulation results in Section 5.1 that when the angle between wave propagation direction and the azimuth direction is large, there will be a quite large difference between ΔVopt and Cx/2. Under this circumstance, a rather broad focus setting variation section should be adopted to cover the optimum focus setting. Therefore, the computation of the proposed algorithm will be extensively increased. Moreover, when ϕ is large, the focus of the waves is less sensitive to the changes in focus settings, making it difficult to improve the focus of the waves by varying focus setting [5]. Therefore, for near-range-traveling waves, the proposed algorithm is not applicable.



Moreover, there might simultaneously be two different wave systems (e.g., wind waves and swells or two swells from different directions) on the sea surface simultaneously. Under this situation, we can recognize different wave components from the 2-dimensional wavenumber spectrum. In general, motion states of different waves are different. Therefore, the optimum focus settings for different waves are generally not the same. If the optimum focusing settings of the two wave systems are close, while the proposed method achieves the optimal focus for one of the waves, the focus of another wave component can also be improved. However, if the optimum focusing settings of the two wave components are quite different (for example, when the waves propagate in opposite directions), the focus of another wave system will inevitably get worse. Therefore, the focus of different wave systems cannot be simultaneously improved by the proposed method. Nevertheless, by selecting different wave components in the 2-dimensional wavenumber spectrum, we can use the proposed method to obtain the focusing curves of different wave systems respectively. The corresponding optimum focusing settings are then calculated and used to refocus the SAR image, respectively. Through these steps, the best focus for different wave systems can be obtained individually. In this paper, we mainly concentrate on how to make dominant wave to be best-focused. However, if another wave component is needed, we can just take the proposed algorithm to get the best focus for that wave component.





6. Conclusions


When imaging surface waves, it is necessary to change the speed of the azimuth matched filter to achieve a better focus. Otherwise, the waves in the obtained SAR images will be blurred or even become “invisible”. However, due to their rather complicated motion, it is generally difficult to decide the optimum focus setting for surface waves. In this paper, an airborne SAR imaging algorithm for surface waves based on optimum focus setting is proposed. In order to determine the optimum focus setting, a focus setting variation section is firstly selected. Subsequently, the variation section is traversed and the imaging results corresponding to each focus setting are obtained and compared to resolve the optimum focus setting for surface waves. Finally, the SAR image is refocused according to the obtained optimum focus setting. The proposed algorithm is applied to simulation and field data, and rather well-focused SAR images of surface waves are obtained. The results show that the quality of the SAR images is significantly improved by the proposed algorithm, which verifies its effectiveness.



Moreover, qualitative analysis is carried out on how to choose an appropriate focus setting variation section under different parameters. The results show that the focus setting variation section and the velocity interval should be chosen according to SAR integration time, wavelength, wave steepness and propagation direction of surface waves.



Finally, the applicability of the proposed algorithm is analyzed. Due to the short integration time, improving the focus of surface waves for spaceborne SAR by the proposed algorithm is generally infeasible. In addition, for the near-range-traveling waves, it is unlikely to improve the focus of surface waves by the proposed algorithm. When there exist multiple wave systems on sea surface, the proposed algorithm can be used to separately focus different wave components.
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Figure 1. Probing geometry of SAR imaging of different targets. The moving rigid target moves with speed C in azimuth direction. The angle between surfaces waves travel direction and azimuth is ϕ. 
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Figure 2. Flow chart of the proposed algorithm. As can be seen, the proposed algorithm mainly contains 5 parts. 
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Figure 3. Simulation result of SAR surface waves imaging when waves travel along azimuth direction. The red-dashed box in the figure is chosen to calculate the optimum focus setting. 
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Figure 4. Simulation result when ϕ=0∘. (a) Focusing curve for the simulated wave. (b) Imaging results of the wave when ΔV=0 (the blue line) and ΔV=5.6 m/s (the red line). 
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Figure 5. Simulation result when ϕ=30∘. (a) Focusing curve for the simulated wave. (b) Imaging results of the wave when ΔV=0 (the blue line), ΔV=6.4 m/s (the red line) and ΔV=8.4 m/s (the yellow line). 
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Figure 6. Simulation results when ϕ=60∘. (a) Focusing curve for the simulated wave. (b) Imaging results of the wave when ΔV=0 (the blue line), ΔV=11.2 m/s (the red line) and ΔV=16.2 m/s (the yellow line). 
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Figure 7. SAR image of data 1. The black box in the upper-right corner shows the selected sub-block data, which contains only surface waves. 
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Figure 8. Processing result of data1. (a) Focusing curve for the dominant wave. (b) Imaging result obtained by the proposed algorithm. 
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Figure 9. SAR image of data 2. The black box in the middle-right is the selected sub-block data, which contains only the surface waves. 
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Figure 10. Processing result of data 2. (a) Focusing curve for the dominant wave. (b) Imaging result obtained by the proposed algorithm. 
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Figure 11. SAR image of data 3. The upper-left black box is the selected sub-block data, which contains only the surface waves. 
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Figure 12. Processing result of data 3. (a) Focusing curve for the dominant wave. (b) Imaging result obtained by the proposed algorithm. 
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Figure 13. Variation of the focus sensitivity of the waves under different parameters. (a) Focusing curve as a function of integration time. (b) Focusing curve as a function of wavelength. (c) Focusing curve as a function of wave steepness. 
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Figure 14. The variation of the difference between ΔVopt,w and Cx/2 with integration time when waves travels in different directions. 
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Figure 15. The focus curve of surface waves for spaceborne SAR (Sentinel-1). 
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Table 1. Parameters of the SAR system and the waves in the simulation. The parameters refer to those of the real SAR system and surface waves in Section 4.2.
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	Parametric Name
	Parametric Symbol
	Parametric Value





	Radar Wavelength (m)
	λ
	0.25



	Platform Speed (m/s)
	V
	130



	Slant Range (m)
	R0
	10,000



	Integration Times (s)
	T
	4



	Coherence Time (s)
	τs
	0.14



	Incidence Angle (deg)
	θ
	45



	Wavelength of the wave (m)
	λw
	80



	Amplitude of the wave (m)
	H
	1.6



	Propagation direction of the wave (deg)
	ϕ
	0, 30, 60
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Table 2. Parameters of the SAR system.
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	Parametric Name
	Parametric Symbol
	Parametric Value





	Radar wavelength(m)
	λ
	0.25



	Pulse length(um)
	Tr
	5.4



	Radar bandwidth (MHz)
	Br
	125



	Platform speed (m/s)
	V
	130



	Platform height (m)
	H
	8100



	Squint angle (deg)
	θsq
	0



	PRF(Hz)
	Fa
	900



	Antenna length (m)
	D
	4



	Polarization mode
	/
	VV
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Table 3. Environment and wave parameters for the selected data.
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	Data 1
	Data 2
	Data 3





	Date
	September 13
	September 14
	September 18



	Wind speed (m/s)
	10
	11
	8



	Wind direction (deg)
	5
	25
	65



	Significant wave height (m)
	1.5
	1.3
	1.2



	Mean wave period (s)
	7.2
	7.9
	7.3



	Peak wave period (s)
	8
	8.6
	8.1



	Mean wave direction (deg)
	5
	25
	65
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Table 4. Comparison of SD and PBR of the 3 sub-block SAR images under different focus settings.
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Focus Setting

	
ΔV=0

	
ΔV=Cx/2

	
ΔV=ΔVopt,w






	
SD

	
sub-block data 1

	
40.09

	
42.45

	
42.49




	
sub-block data 2

	
33.89

	
36.67

	
37.73




	
sub-block data 3

	
41.76

	
43.53

	
45.79




	
PBR

	
sub-block data 1

	
6.03

	
11.06

	
11.61




	
sub-block data 2

	
17.22

	
25.37

	
30.23




	
sub-block data 3

	
24.74

	
33.78

	
43.56
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