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A modified range-Doppler algorithm (M-RDA) for high squint synthetic aperture radar (SAR) imaging is proposed in this letter. In the M-RDA, the range walk (RW) is removed firstly by multiplying a preprocessing function in range frequency-azimuth time domain, which is the dominant component of the totle range cell migration (RCM). There is no interpolation operation in the proposed M-RDA, which greatly improves its computational efficiency. To obtain a well-focused SAR image, the fourth-order phase error is considered to achieve accurate azimuthal compression. Finally, the effectiveness of the proposed algorithm  is proved by the point target simulation results.
Introduction: As it is capable to work at anytime and under any weather conditions, and can provide high-resolution images of areas of interest, synthetic aperture radar (SAR) is widely used in many military and civilian fields.  Usually, the SAR system works at broadside mode. However, for some special activities, such as resource exploration, military reconnaissance and disaster detection, SAR system works at squint mode. By adjusting the squint angle, the squint system can implement repeated observations on the same region.  The RCS of some artificial targets is angle-sensitive, these targets can only be detected by squint SAR.


[bookmark: OLE_LINK2]However, because of the severe coupling between the range and azimuth direction caused by squint angle, it is difficult to get a focused high squint SAR image. In the past few decades, various imaging algorithms are proposed to process squint SAR echoes, such as range-Doppler algorithm (RDA) [1], polar format algorithm (PFA) [2], the omega-K algorithm (KA) [3], chirp scaling algorithm (CSA) [4]. The RDA is the most basic imaging algorithm, which corrects the range cell migration (RCM) by high-complexity interpolation operation. Due to the heavy computational burden caused by interpolation operation, it is inefficient and only works at low squint angles [5]. Similarly, due to the existence of high-complexity interpolation, PFA and KA are also inefficient and limited in practical application. The CSA corrects the RCM by chirp scaling (CS) principle without any interpolation, but it only works at low squint angle [6]. All the mentioned imaging algorithms merely consider the second-order phase error during azimuthal processing. With the increasing of the squint angle, the influence of high-order phase error is non-negligible, which is important for accurate azimuthal compression [7].
[bookmark: OLE_LINK1]To solve these problems, the letter proposes a modified RDA (M-RDA) to process high squint SAR echoes. Firstly, the features of high squint SAR echoes is analyzed, figuring out that it is necessary to consider the impact of the fourth-order phase error. As RW is the dominant component of RCM, it is corrected by multiplying a preprocessing function firstly. Then a range compression function is constructed to accomplish range compression in 2-D frequency domain. The rest of the RCM is also corrected in 2-D frequency domain. A modified azimuth compression function is constructed to achieve accurate azimuth compression in range-Doppler domain. Finally, the point targets simulation experiments demonstrate that the proposed method is an effective high squint SAR imaging algorithm.
[image: ]
Fig. 1 Geometric model of squint SAR system




Analysis of squint SAR echoes: Fig. 1. shows the geometric model of squint SAR system, where the SAR platform flies along the y-axis at a speed of , with a squint angle of . The original slant range between the SAR platform and the center of the scene is ,  is the slow time. The instantaneous slant range can be expressed as

                 (1)


In high squint mode, the approximation accuracy of  directly affects the quality of azimuthal focusing. Expanding (1) into the fourth-order Taylor series at  as follows:

 (2)











In (2), , ,  ,  is the coefficients of the Taylor series,   is a constant, and , ,  is the function of . The second term  is the RW, the amount of higher order term is RC, which can be expressed as .
The radar transmits a linear FM (LFM) pulse, and the demodulated radar signal received from target B is

  (3)






where  is the range envelope,  is the azimuth envelope, is the fast time,  is the wavelength of the signal,  is the range chirp rate,  is the speed of light.

Traditional squint SAR imaging algorithms are based on the second-order approximation model of , ignoring the impact of the higher order terms, which is only suitable for processing low squint angle SAR echoes. According to (3), the azimuthal phase of squint SAR echo signal can be expressed as follows:


,   


,            (4)






where ,and  are the second-order, third-order and fourth-order of the instantaneous slant range . The azimuthal phase errors caused by th order (=2, 3, 4) approximation as follows:

                              (5)
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    (a) 
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                            (b)
[bookmark: _Hlk109332518]Fig. 2 (a) Phase errors varying with angles. (b)Details of third-order and fourth-order phase errors varying with angles.
Fig. 2(a) shows the relationship between the azimuthal phase errors and squint angles. The simulation parameters are shown in Table 1. It is evident that with the increasing of squint angles, the second-order phase error increases rapidly, especially when the squint angle is more than 40°. As a result, it is not accurate to only consider the influence of second-order phase for high squint SAR imaging. Fig. 2(b) shows the detail of the third-order phase error and the fourth-order phase error. Both the third-order phase model and fourth-order model are accurate slant range models for processing high squint SAR echoes. But when the squint angle is more than 50°, the phase error of third-order phase model increases quickly. The error of the fourth-order phase model is almost 0 at all the squint angles. So, the fourth-order phase model is an accurate slant range model for high squint SAR imaging. 
Modified fourth-order RDA: Applying the range fast Fourier transform (FFT) to (3) to obtain the signal in range frequency-azimuth time domain:

   (6)



where  is the range frequency envelope,  is the carrier frequency,  is the range frequency.
Constructing the preprocessing fuction as follows to remove the RW:

       (7)
Mutiplying (6) with (7) and applying the azimuth FFT to get the signal in 2-D frequency domain:

      (8)
where

       (9)


 is the azimuth frequency envelope, is the azimuth frequency.
The range compression and RCM correction fuction can be constructed as：

 (10)

where  is the reference slant range.
Mutiplying (8) with (10) and applying range  inverse fast Fourier transform (IFFT) to the product  yield 

       (11)

    where  is the range bandwidth.
The azimuth compression fuction can be constructed as

              (12)
Applying azimuthal IFFT to obtain the focused SAR image:

(13)

where  is the azimuth bandwidth.
In summary, the flowchart of the M-RDA described above is shown in Fig. 3.
Table 1. SAR system parameters
	Carrier frequency
speed
	10 GHz
500 m/s
	Range bandwidth
Pulse width
	80 MHz
 5 μs
	

	Doppler bandwidth
	330 MHz
	Height
	3000 m
	



[image: ]
Fig. 3 The flow chart of M-RDA
Simulation of Point Targets: To test the effectiveness of processing high squinted SAR echoes of the  M-RDA, point target simulation experiements  are conducted, using the parameters listed in Table 1. P1 is the center of scene, P2 is 100m away from P1. The contour plots of P1 and P2 are shown in Fig. 4 and Fig.5 respectly, comparing with the method in Reference [8], with the squint angle of 60°. 
[image: ][image: ]
(a)                                                 (b)
Fig. 4 The contour plot of P1. (a) method in Reference [8] (b) M-RDA
[image: ][image: ]
(a) (b)         
Fig. 5 The contour plot of P2. (a) method in Reference [8] (b) M-RDA
Table 2. Evaluation results for the simulated point targets
	Algorithm
	
	Squint angle
	Target
	PSLR(dB)

	
	
	
	
	azimuth
	range

	Method in [8]
	
	 60°
	P1
	-13.29
	-13.22

	
	
	
	P2
	-12.71
	-13.16

	M-RDA
	
	 60°
	P1
	-13.67
	-13.22

	
	
	
	P2
	-13.12
	-13.17


The contour plots show that the M-RDA is well-focused, while the imaging result of method in Reference [8] is defocusing. In the M-RDA, the RW is removed by the preprocessing function, and the RC is removed during the RCM correction. However, only the RW is removed in Reference [8], ignoring the influence of RW. As a result, the M-RDA focus better than the method in Reference [8].
To get a clearer performance comparison between the two algorithms, the peak sidelobe ratio (PSLR) is used as a measured parameter to evaluate the focusing quality, with the result listed in Table 2. The PSLR values of the M-RDA is smaller than those of the method in Reference [8], furtherly demonstrating that the M-RDA is a better high squint SAR imaging algorithm.
Conclusion: In this letter, an M-RDA is proposed to get focused high squint SAR image. By analying the features of the squint SAR echoes, the fourth-order phase error is considered to get a well-focused SAR image. Both the RW and RC is mitigated, removing the severe coupling between the range and azimuth direction. Compared with the method in Reference [8], the contour plots and the PLSR values show that the M-RDA performs well in high squint SAR imaging.
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