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Abstract

:

In order to address the problems of range ambiguity and azimuth ambiguity in the wide-swath imaging of synthetic aperture radar (SAR), this paper proposes a multi-beam SAR two-dimensional ambiguity suppression method based on azimuth phase coding (APC). The scheme employs an elevation simultaneous multi-beam transmission system with azimuth under-sampling, transmitting different APC waveforms to various range-ambiguous sub-regions. After receiving the echoes, the azimuth digital beamforming (DBF) is used to separate the APC waveform echoes with multi-order Doppler ambiguity, achieving azimuth reconstruction and range ambiguity suppression simultaneously. Finally, the elevation nulling DBF is used to further suppress range ambiguity and obtain the SAR wide-swath image. The superiority of this scheme is reflected in the following aspects: the azimuth DBF simultaneously suppresses azimuth and range ambiguity, the influence of height fluctuations on the ability to suppress range ambiguity is weakened, the use of elevation nulling DBF further enhances the level of range ambiguity suppression, and different range sub-regions can adopt different range resolutions and working modes. The feasibility of this scheme is verified through theoretical analysis and simulation.
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1. Introduction


In the application of synthetic aperture radar (SAR), a larger swath width favors lessening the number of flights and ameliorating the efficiency of information acquisition [1]. Constrained by the minimum antenna size, traditional single-input single-output (SISO) SAR cannot simultaneously solve the problems of range ambiguity and Doppler ambiguity [2,3,4,5]. Single-input multiple-output (SIMO) SAR utilizes multiple receiving channels to obtain additional degrees of freedom (DOF), and the methods such as multiple azimuth beams and multiple elevation beams have been proposed to address issues of range ambiguity and azimuth ambiguity [6,7,8,9,10,11]. The azimuth multi-beam technology divides the whole synthetic aperture length into multiple azimuth sub-beams, abating the requirement for pulse repetition frequency (PRF) [6,7,8,9,10]. The elevation multi-beam method divides the range swath into multiple sub-regions, with each sub-beam pointing towards the incoming direction of echo from its corresponding sub-region, effectively suppressing range ambiguity [11].



Multiple-input multiple-output (MIMO) SAR incorporates transmission DOF into SIMO–SAR. By designing orthogonal waveforms and separating the corresponding echoes of transmission waveforms at the receiving end, equivalent transmission beamforming is achieved, greatly enhancing system DOF. This provides insights into high-resolution and wide-swath (HRWS) imaging, ground moving target indication (GMTI), and other applications [12,13,14,15]. The code-division orthogonal waveform echoes can be separated by matching filter [16,17]. However, the non-orthogonal energy between waveforms is dispersed rather than eliminated, making it unsuitable for range ambiguity suppression in huge scenes. The orthogonal frequency division multiplexing (OFDM) waveform proposed in [18,19] improves the echo separation effect. The literature [20,21] put forward a HRWS method for frequency diversity array (FDA) MIMO–SAR, introducing additional transmission DOF to achieve range ambiguity suppression in the spatial frequency domain. However, the above orthogonal waveform schemes have significant performance degradation in distributed scene imaging.



In order to solve the orthogonality problem of the same frequency waveforms, slow-time phase-coded waveforms were explored in references [22,23,24,25,26,27,28,29,30,31] and used for range ambiguity suppression [22,23,24,25,26,29,30,31]. Ref. [25] proposed the pulse phase coding (PPC) method, incorporating phases of   π   and −  π   into the transmitted pulses at different azimuth times. The echo from the ambiguous area will undergo a frequency shift in the Doppler domain, and using a Doppler domain filter can effectively suppress range ambiguity. However, this method can only result in a frequency shift of PRF/2 and cannot distinguish continuous order ambiguity. Ref. [26] combined the azimuth phase coding (APC) waveform with two orthogonal nonlinear frequency modulation waveforms to achieve the separation of continuous order ambiguity. However, it only discussed one APC waveform. In [27], a space time coding (STC) waveform was proposed. STC waveform echoes differ from Doppler shifts, and echoes of different STC waveforms can be separated through the band-pass filter in the Doppler domain. However, the requirement of PRF of several times the Doppler bandwidth severely limits the practical application of this method. Ref. [28] applied azimuth digital beamforming (DBF) technology to MIMO–SAR of APC waveforms, using azimuth DBF to separate echoes of different APC waveforms. In this scheme, the system PRF only needs to be slightly larger than the Doppler bandwidth. In [29], a MIMO–SAR extended APC scheme for suppressing range ambiguity was proposed, using azimuth DBF to separate APC waveform echoes and suppress clutters in different ambiguity areas. However, it excluded further reduction of system PRF. Ref. [30] put forward an improved reconstruction method based on a quadratic constraint optimization model for multi-channel SAR systems with non-uniform sampling in the azimuth direction of APC waveforms. Although this method achieves APC waveform echo reconstruction when the PRF is lower than the Doppler bandwidth, it merely discusses the range ambiguity suppression of a single APC waveform. The researchers in [31] constructed a method for reconstructing and separating APC waveform echoes with non-uniform sampling in azimuth. The separated APC waveform echoes can be used to realize multiple SAR modes or improve image signal-to-noise ratio (SNR). However, it only includes the reconstruction methods of two APC waveforms, and the Doppler ambiguity components of each order of various APC waveforms cannot be separated simultaneously.



With the increasing demand for wide-swath imaging in practical applications, when performing range ambiguity suppression, the maximum unambiguous range should be as large as possible. Therefore, in the presence of range ambiguity and Doppler ambiguity, designing new SAR systems to improve two-dimensional ambiguity suppression capability and achieve wide-swath non-ambiguity imaging of scenes is an urgent exploration direction.



This article investigates the two-dimensional ambiguity suppression problem in APC–MIMO–SAR. In the modeling phase, a simultaneous multi-beam transmission system in the elevation direction is adopted, a two-dimensional array receives echoes, and slow-time phase modulation is incorporated into each transmitting beam. In addition, azimuth DBF is performed on the received echoes with range ambiguity and azimuth ambiguity. At the same time, as each APC waveform echo is separated, the multi-order Doppler ambiguity components of each APC waveform echo are separated, and the APC waveform echoes are reconstructed. Moreover, demodulation and elevation nulling DBF are conducted on the reconstructed APC waveform echoes to further suppress range ambiguity. It needs to be clarified that the azimuth ambiguity and Doppler ambiguity in this article have the same meaning.



In the analysis phase, the feasibility of the proposed two-dimensional ambiguity suppression scheme was verified through the simulation of point-like targets and distributed targets.



The structure of this article is as follows: Section 2 designs a signal model for APC–MIMO–SAR. Section 3 introduces the simultaneous separation method for each APC waveform echo and each order Doppler ambiguity component, as well as the wide-swath imaging process under two-dimensional ambiguity. Section 4 presents the numerical experimental results. Finally, the conclusions are drawn in Section 5.




2. MIMO–SAR System Signal Model Based on APC Waveform


2.1. APC Waveform


This section takes four APC waveforms as examples to reveal the generation of APC waveforms and the Doppler orthogonality of their echoes. Then, the MIMO–SAR system used in this article is introduced. A linear array in the elevation direction simultaneously transmits multiple orthogonal waveforms, and the echoes are received by a two-dimensional array. Finally, the reasons for the range ambiguity and azimuth ambiguity of the system are theoretically analyzed, laying the foundation for the subsequent proposing of the two-dimensional ambiguity suppression scheme.



The APC waveform is a type of Doppler domain orthogonal linear frequency modulation (LFM) waveform that has been extensively used in MIMO–SAR. It adds a phase that varies linearly with azimuth slow time to the transmission signal, causing the corresponding echo to generate a fixed Doppler shift in the Doppler domain. The slope of the linear phase directly determines the magnitude of this Doppler shift. Therefore, the echoes of different APC waveforms can be separated in the Doppler domain.



In this article, multiple APC waveforms are transmitted to different range-ambiguous sub-regions. The expression for the APC waveform corresponding to the   q  -th range sub-region is


    s   q       t   r   ,   t   a     =   s s   q   (   t   r   ) e x p ⁡ ( j 2 π   t   a   ( q − 1 )   f   P R F   / Q )  



(1)




where     s s   q       t   r     = r e c t (     t   r       T   p     ) e x p ⁡ ( j 2 π   f   c     t   r   + j π   K   r   q       t   r     2   )  ,   j   representing the imaginary number symbol;   r e c t ( x )   represents a window function, which is equal to one for     x   ≤ 1 / 2   or zero if otherwise;   Q   is the number of sub-regions (waveforms);   q = 1,2 , 3 , … … Q   denotes the range sub-region index;     t   a     represents the azimuth slow time;     t   r     is the range fast time;     f   P R F     stands for the PRF of SAR;     f   c     represents the carrier frequency;     T   p     denotes the duration of a LFM signal; and     K   r   q     is the frequency modulation rate of the   q  -th LFM signal. It is worth noting that the transmission waveforms corresponding to different range sub-regions can adopt different     K   r   q     to achieve multiple range resolutions.



For the APC waveform of Equation (1), Figure 1 shows its corresponding generation method and its echo in the Doppler domain when   Q = 4  , where     f   a     denotes the Doppler frequency. It can be seen that the four APC waveform echoes have different performances in the Doppler domain. In this article, the transmission DBF technology is used to send APC waveforms to multiple range-ambiguous sub-regions for subsequent range ambiguity suppression.




2.2. MIMO–SAR System and the Principle of Two-Dimensional Ambiguity


The MIMO–SAR system in this article adopts a two-dimensional array in the elevation and azimuth directions. The linear array in the elevation direction transmits signals, and the two-dimensional array receives echoes. The number of elements in the elevation direction is   M  , and the spacing between them is     d   r    ; the number of elements in the azimuth direction is   N  , and the spacing between them is     d   a    . As shown in Figure 2, SAR moves along the azimuth direction at a speed of   v   and simultaneously transmits multiple beams using the linear array in the elevation direction at each azimuth moment. Each beam corresponds to an APC waveform and points toward a range-ambiguous sub-region.



According to Equation (1), the transmitted waveform     s   m , q     of the   m  -th element in the elevation direction toward the   q  -th range sub-region can be expressed as


    s   m , q       t   r   ,   t   a     =   s   q       t   r   ,   t   a     e x p ⁡ ( − j 2 π ( m −   M + 1   2   )   d   r   s i n   θ   q   / λ )  



(2)




where   m = 1,2 , 3 , … … , M  ;     θ   q     denotes the angle between the center of the   q  -th range sub-region and the normal direction of the elevation linear array; and   λ   represents the wavelength.



If the Doppler bandwidth of the SAR echo exceeds the designed PRF, direct imaging of the echo will lead to azimuth ambiguity in the SAR image due to azimuth under-sampling. This can be addressed by using azimuth multi-channel methods [6,7,8]. The maximum unambiguous range     R   u     determined by the PRF of the SAR system can be expressed as


    R   u   =   c   2   f   P R F      



(3)




where   c   represents the speed of light. As can be seen, a lower PRF will result in a larger unambiguous range. This article digs into the issue of range ambiguity suppression with insufficient PRF to achieve two-dimensional ambiguity suppression and further augment imaging swath.



Figure 3 presents the principle of range ambiguity of echoes in different range subregions of the proposed scheme. Specifically, in the absence of range ambiguity, echoes will be received in the current receiving window after transmitting signals. When the imaging area is far from the radar, the echoes will be received after several pulse repetition intervals (PRI). At this time, multiple echoes from different sub-regions are received in the same receiving window, resulting in range ambiguity. In this scheme, the APC waveform echoes of different range sub-regions are received in the same receiving window after different numbers of PRIs. The nearest range sub-region is numbered as   Q  , and the range ambiguity can be expressed as


    2   R   1     c   −     A   1       f   P R F     =   2   R   2     c   −     A   2       f   P R F     = … =   2   R   Q     c   −     A   Q       f   P R F      



(4)




where     R   q     is the slant range between the   q  -th range sub-region and radar, and     A   q     represents the range ambiguity order of the   q  -th range sub-region. The difference in range ambiguity orders between adjacent sub-regions is 1.



Transmitted waveforms are received by the receiving elements after being reflected by the ground. Due to the coherent synthesis of the transmitted signals in space by transmitting DBF, there is no need to separately consider the echoes corresponding to each transmitting element. According to Equation (4), the range-ambiguous echo       s  ~    m , n     received by the   n  -th azimuth element (  n = 1,2 , … , N  ) in the   m  -th elevation direction can be expressed as


      s  ~    m , n   (   t   r   ,   t   a   ) =   ∑  q = 1   Q      β   q   r e c t (     t   r   −   τ   m , n , q   (   t   a   )     T   p     ) e x p ⁡ ( j π   K   r   q       ( t   r   −   τ   m , n , q   (   t   a   ) )   2   ) e x p ⁡ ( − j 2 π   f   c     τ   m , n , q   (   t   a   ) ) e x p ⁡ ( j 2 π   ( t   a   −     A   q       f   P R F     ) ( q − 1 )   f   P R F   / Q )    



(5)




where     β   q     represents the amplitude of the target in the   q  -th range sub-region. Echo delay     τ   m , n , q   (   t   a   )   refers to the two-way delay of the corresponding waveform transmitted to the ground and returned, which can be expressed as


    τ   m , n , q   (   t   a   ) =   R (   t   a   ,     R   q    ~  ) + R (   t   a   −     A   q       f   P R F     ,     R   q    ~  ) − ( n − 1 )   d   a   s i n ( δ ) − ( m − 1 )   d   r   s i n ( θ )   c    



(6)




where   δ   represents the direction of arrival (DOA) of echo in the azimuth direction;   θ   represents the DOA of echo in the range direction; and       R   q    ~    represents the shortest slant range from the target in the   q  -th range sub-region to the radar.   R (   t   a   ,     R   q    ~  )   represents the slant range from the target in the   q  -th range sub-region to the radar at     t   a    , which can be expressed as


  R (   t   a   ,     R   q    ~  ) =        R   q    ~    2   +   v   2     t   a   2     



(7)







It is worth noting that, in this article, the     f   P R F     in Equation (5) is designed to be smaller than the Doppler bandwidth of each sub-region echo. When azimuth ambiguity exists, the different Doppler components of the echo will be superimposed on the same Doppler frequency, which is analyzed in Section 3.





3. Wide-Swath Imaging under Two-Dimensional Ambiguity


3.1. Azimuth DBF Simultaneously Suppresses Azimuth Ambiguity and Range Ambiguity


When the SAR images of LFM waveforms obtain azimuth ambiguity due to insufficient PRF, azimuth multi-channel reconstruction can be used for ambiguity suppression. However, the APC waveforms used in this article have different Doppler shifts added to their echoes in the Doppler domain, and the azimuth ambiguity suppression algorithm needs further exploration.



In order to meet the Doppler bandwidth for the echo of each range-ambiguous sub-region, the echo of each receiving element is alternately padded with zero in the azimuth direction to achieve up-sampling. Assuming the Doppler ambiguity order of each APC waveform echo is   K  , the echoes need to be up-sampled to (  K   + 1) times the original in the azimuth direction. This article uses azimuth DBF to simultaneously separate multiple APC waveforms under multi-order Doppler ambiguity, obtaining   Q   APC waveform echoes that are separated and reconstructed. The relationship between the Doppler frequency and azimuth DOA of APC waveform echoes can be expressed as


  s i n   δ   q , k       f   a     =   λ   2 v   (   f   a   −   Δ f   q , k   )  



(8)




where     δ   q , k     ,   k = 0,1 , … , K   represents the azimuth DOA of     S   q , k    ,     S   q , k     represents the   k  -th order Doppler ambiguity component of the   q  -th APC waveform, and     Δ f   q , k     denotes the Doppler shift of     S   q , k    .



Taking   K = 3   and   Q = 4   as an example, Figure 4 depicts the relationship between the four APC waveforms with third-order Doppler ambiguity in the Doppler domain.



Due to the presence of azimuth ambiguity, there are 16 azimuth DOAs for each Doppler frequency     f   a     in Figure 4, and the relationship between the directions of different APC waveform Doppler ambiguity components constantly changes with     f   a    . To simultaneously separate multiple order Doppler ambiguity components of APC waveforms, it is necessary to perform azimuth DBF on the up-sampled echoes at each Doppler frequency, and the beams point to the desired Doppler ambiguity component of the desired APC waveform while achieving null at other Doppler ambiguity components and waveforms. Notably, to realize sufficient null directions for azimuth DBF, the number of azimuth elements needs to meet   N ≥ ( Q ∗ ( K + 1 ) )  .



Under multi-order Doppler ambiguity, the azimuth steering vector corresponding to the   k  -th order Doppler ambiguity component of the   q  -th APC waveform can be represented as


    a   q , k   =   [ 1 ,   exp  ⁡    j   2 π   d   a     λ   s i n   δ   q , k       , … ,   exp  ⁡    j   2 π   ( N − 1 ) d   a     λ   s i n   δ   q , k       ]   T    



(9)




where       ·     T     denotes the matrix transpose operation. The weight     w   q , k     of the azimuth DBF can be expressed as


    w   q , k   =   D   − 1     L   q , k    



(10)




where       ·     − 1     represents the matrix inverse or pseudo-inverse operation;     L   q , k   =   [ 0,0 , … , 1 , … , 0 ]   T     denotes the null vector with   Q   ∗ ( K + 1 )   elements, and only the   ( q − 1 ) ∗ ( K + 1 ) + k + 1  -th element is 1. The matrix   D   can be represented as


  D =   [   a   1,0   ,   a   2,0   , …   ,   a   Q , 0   , a   1,1   , … ,   a   q , k   , … ,   a   Q , K   ]   T    



(11)







The process of azimuth DBF in the Doppler domain after up-sampling the echo received by each azimuth element can be expressed as


    S   q       t   r   ,   t   a   ′     =   I F F T   t a   (   ∑  k = 0   K    ( [     F F T   t a   ( s   1   ′   (   t   r   ,   t   a   ′   ) ) ,     F F T   t a   ( s   2   ′   (   t   r   ,   t   a   ′   ) ) , … ,     F F T   t a   ( s   N   ′   (   t   r   ,   t   a   ′   ) ) ]   w   q , k   ) )    



(12)




where     S   q       t   r   ,   t   a   ′       represents the reconstructed   q  -th APC waveform echo obtained from the separation of azimuth DBF;     t   a   ′     denotes the azimuth slow time after up-sampling;     s   n   ′   (   t   r   ,   t   a   ′   )   is the echo received by the   n  -th azimuth element through azimuth up-sampling;     F F T   t a   ( · )   stands for the azimuth slow-time Fourier transform; and     I F F T   t a   ( · )   represents the azimuth slow-time inverse Fourier transform.



According to Figure 3, due to range ambiguity, the APC waveform echoes will be received after multiple PRIs. From Equation (1), APC incorporates a phase that varies linearly with azimuth slow time, generating modulated phase related to range ambiguity order in the reconstructed APC waveform echoes after azimuth DBF. Phase demodulation cannot be uniformly performed on different APC waveform echoes. The demodulation process of the reconstructed   q  -th APC waveform echo can be expressed as


    S   q   ′       t   r   ,   t   a   ′     =   S   q       t   r   ,   t   a   ′     e x p ⁡ ( − j 2 π (   t   a   ′   −     A   q       f   P R F     ) ( q − 1 )   f   P R F   / Q )  



(13)




where     S   q   ′       t   r   ,   t   a   ′       represents the echo of the   q  -th APC waveform without Doppler ambiguity after demodulation.




3.2. Further Suppression of Range Ambiguity with Elevation Nulling DBF


After azimuth DBF, this scheme achieves the simultaneous suppression of range ambiguity and azimuth ambiguity. The suppression ability depends on the nulling ability of azimuth DBF in unexpected directions. In order to enhance the ability of range ambiguity suppression, this article adopts elevation nulling DBF after range compression, forming nulls in the corresponding range ambiguity direction to realize suppression. From Figure 2 and Figure 3, it can be seen that, due to the different DOAs in the elevation direction of the echoes in different sub-regions, the elevation nulling DBF can be used to retain the energy of required DOAs and suppress the ambiguous energy of unwanted DOAs. Notably, when the number of elevation elements meets   M ≥ Q  , sufficient nulls can be achieved to generate a satisfying suppression effect.



Through Equation (13), range compression is performed on the echoes in each elevation element, expressed as


    S r   q   ′       t   r   ,   t   a   ′     =   I F F T   t r   (   F F T   t r       S   q   ′       t   r   ,   t   a   ′       ∗   H   q   )  



(14)




where     F F T   t r     ·     represents the range fast-time Fourier transform;     I F F T   t r   ( · )   stands for the range fast-time inverse Fourier transform;     H   q     represents the matched filter of the   q  -th APC waveform; and     S r   q   ′       t   r   ,   t   a   ′       denotes the result of the range compression of     S   q   ′       t   r   ,   t   a   ′      .



According to Equation (5), the elevation steering vector corresponding to the echo of the   q  -th APC waveform can be expressed as


    a r   q   =   [ 1 ,   exp  ⁡    j   2 π   d   r     λ   s i n   θ   q       , … ,   exp  ⁡    j   2 π ( M − 1 )   d   r     λ   s i n   θ   q       ]   T    



(15)







The elevation nulling DBF weight     w r   q     of the   q  -th range sub-region can be expressed as


    w r   q   =   D   r   − 1     L   q    



(16)




where     L   q   =   [ 0,0 , … , 1 , … , 0 ]   T     represents the null vector with   Q   elements, of which only the   q  -th element is 1. The matrix     D   r     can be represented as


    D   r   =   [   a r   1   ,   a r   2   , …   , a r   q   , … ,   a r   Q   ]   T    



(17)







Based on Equation (14), elevation nulling DBF is conducted on the echo of each APC waveform after range compression, expressed as


    S R   q   ′       t   r   ,   t   a   ′     = [   S r   1 , q   ′       t   r   ,   t   a   ′     ,   S r   2 , q   ′       t   r   ,   t   a   ′     , … ,   S r   M , q   ′       t   r   ,   t   a   ′     ]   w r   q    



(18)




where     S R   q   ′     represents the echo of the   q  -th APC waveform after elevation nulling DBF, and     S r   m , q   ′     denotes the echo of the   q  -th APC waveform after the range compression of the   m  -th element in the elevation direction.



After elevation nulling DBF, the echoes of the   Q   APC waveforms without two-dimensional ambiguity are obtained. The azimuth compression algorithm can be used to derive   Q   range sub-region images without ambiguity. The azimuth compression methods include the range-Doppler algorithm (RDA) and chirp scaling algorithm (CSA). This article adopts RDA in the simulation.




3.3. Algorithm Flow


This article proposes a multi-beam SAR two-dimensional ambiguity suppression scheme based on APC. In order to further describe the proposed scheme, Figure 5 illustrates a flowchart of the ambiguity suppression scheme, and the specific steps are described below.



Step 1: Parameter design for APC waveforms and range sub-region division. Based on the imaging swath, design the number of range sub-regions, the range ambiguity order of the echo of each sub-region, the Doppler ambiguity order, the number of elements in the elevation and azimuth direction, and the APC waveforms.



Step 2: Based on the designed APC waveforms, multiple beams are simultaneously transmitted in the elevation direction to ambiguous sub-regions.



Step 3: After the echoes of APC waveforms are received by the receiving elements, up-sampling is carried out on the echo of each receiving element through spaced null-padding in the azimuth direction. The azimuth DBF separates APC waveform echoes with multi-order Doppler ambiguity to achieve simultaneous suppression of azimuth ambiguity and range ambiguity.



Step 4: Based on the designed encoding phase form and the range ambiguity order, after azimuth DBF and reconstruction, the APC waveform echoes are demodulated to eliminate Doppler modulation.



Step 5: By sequentially performing range compression and elevation nulling DBF on the echoes of APC waveforms, nulls are formed in the direction of range ambiguity to further suppress it.



Step 6: Azimuth compression is employed for the azimuth focusing of echoes of range sub-regions to obtain unambiguous images of range sub-regions.



Step 7: The imaging results of sub-regions are spliced to fulfill SAR wide-swath imaging under two-dimensional ambiguity.



The proposed scheme in this article utilizes azimuth multi-channel DBF to simultaneously suppress range ambiguity and azimuth ambiguity, enlarging the maximum unambiguous range, realizing range ambiguity suppression, and diminishing the impact of height fluctuations in the range direction on range ambiguity suppression. Meanwhile, the use of elevation nulling DBF further improves the ability to suppress ambiguity. In addition, in this scheme, the transmission power and bandwidth of different range sub-regions can be controlled flexibly, ensuring the feasibility of multiple range resolutions for various range sub-regions.





4. Experiment


This section conducts experiments using simulated point-like target data and distributed target data, respectively. The effectiveness of the multi-beam SAR two-dimensional ambiguity suppression scheme based on APC is verified. The experimental parameters are listed in Table 1. Particularly, the selected PRF is about a quarter of the Doppler bandwidth of the echo in each range sub-region, so the echo is azimuth ambiguous. Four APC waveforms that are orthogonal to each other in the Doppler domain are simultaneously transmitted into four range-ambiguous sub-regions. When using any sub-region as the reference, the other three observed sub-regions are range ambiguous.



4.1. Simulation with Point-like Targets


In Figure 6, one static point-like target is set within each range sub-region. Figure 6a shows the range-Doppler domain result of the echo with two-dimensional ambiguity. Figure 6b–e presents four APC waveform echoes after azimuth reconstruction and waveform separation using azimuth DBF. The echoes of different waveforms have different shifts in the Doppler domain, resulting in different APC waveform echoes within the same Doppler frequency unit having different azimuth DOAs. Therefore, while conducting azimuth reconstruction, it is possible to extract the multi-order Doppler ambiguity components of each APC waveform echo. Noticeably, after azimuth up-sampling and DBF, the equivalent PRF increases by three times compared to before.



In order to further demonstrate the two-dimensional ambiguity suppression ability of the proposed scheme, a comparative experiment with the same parameters as Table 1 is designed. The difference is that LFM signals without phase coding are adopted in the comparative experiment. Therefore, four azimuth elements are used to suppress azimuth ambiguity in the comparative experiment.



Figure 7a depicts the direct imaging result of two-dimensional ambiguous echo in the comparative experiment. It indicates that the traditional imaging method cannot directly image two-dimensional ambiguous echo, leading to azimuth ambiguity and range ambiguity. This article takes the nearest range sub-region as an example to compare the effects of ambiguity suppression. Figure 7b shows the suppression result of azimuth ambiguity and range ambiguity after azimuth DBF using the proposed scheme. It can be seen that the proposed scheme converts range ambiguity suppression into azimuth ambiguity suppression. By separating the echoes of APC waveforms through azimuth DBF, the azimuth reconstruction of APC waveform echoes is achieved while suppressing azimuth ambiguity and massive range ambiguity.



The numerical analysis results of the two-dimensional ambiguity suppression ability in Figure 7 are shown in Figure 8 and Figure 9. Figure 8a,b analyzes the range ambiguity suppression ability of the azimuth DBF. Compared to two-dimensional ambiguous echo, the azimuth DBF proposed in this article achieves about 25 dB of range ambiguity suppression effect. However, there is still minor residual range ambiguity. Figure 9a,b exhibits the analysis of the azimuth ambiguity suppression ability of azimuth DBF. After azimuth reconstruction, azimuth DBF yields about 35 dB of azimuth ambiguity suppression effect, basically achieving the goal of two-dimensional ambiguity suppression.



To solve the problem of residual range ambiguity in Figure 8b, this article applies elevation nulling DBF to further suppress range ambiguity. Figure 10a displays the imaging result of the nearest range sub-region after elevation nulling DBF. It can be seen that the elevation nulling DBF further suppresses the residual range ambiguity based on azimuth DBF, achieving wide-swath imaging. Figure 10b illustrates the range profile of the point-like targets in Figure 10a. Elevation nulling DBF provides about 10 dB of range ambiguity suppression effect.




4.2. Simulation with Distributed Targets


This section employs a complex scenario containing distributed targets to demonstrate the effectiveness of the proposed scheme, with the same parameters in Table 1. The distributed scene consists of four sub-regions with mutual range ambiguity, and the echoes have two-dimensional ambiguity. The proposed scheme is used to separate and reconstruct the APC waveform echo of each sub-region. Elevation nulling DBF is adopted to further suppress range ambiguity. Finally, RDA is employed to obtain imaging results of various range-ambiguous sub-regions. Figure 11 exhibits the imaging results of range-ambiguous sub-regions after azimuth DBF. Plenty of range ambiguity is suppressed by azimuth DBF, and only a little remains in range sub-regions.



Figure 12 shows the imaging results of range-ambiguous sub-regions after two-dimensional DBF. Comparing with Figure 11, it can be seen that, after two-dimensional DBF, the ambiguous energy in the four images almost completely disappears. After azimuth DBF, the elevation nulling DBF of the proposed scheme in this article further suppresses residual range ambiguity and improves wide-swath imaging capability.




4.3. Advantages Compared to Conventional Scheme


The conventional scheme mentioned in Section 4.1 is used as a comparative experiment to demonstrate the advantages of the proposed scheme in range ambiguity suppression. The conventional scheme uses azimuth DBF to achieve azimuth reconstruction and suppress azimuth ambiguity, while range ambiguity is suppressed solely through elevation nulling DBF. Figure 13a depicts the imaging result of point-like targets after two-dimensional ambiguity suppression using the conventional scheme, and Figure 13b presents the range profile of point-like targets in Figure 13a. The conventional scheme and the proposed scheme after azimuth DBF exhibit similar range ambiguity suppression capabilities, both of which have about −35 dB of residual range ambiguity.



Figure 14a,b illustrates the imaging results of the distributed targets using the conventional and proposed schemes for the same range-ambiguous sub-region, respectively. In contrast with the conventional scheme, the proposed scheme uses APC waveforms to convert range ambiguity into azimuth ambiguity, and azimuth DBF simultaneously suppresses azimuth ambiguity and range ambiguity, possessing a superior range ambiguity suppression ability. Furthermore, the proposed scheme uses azimuth DBF to suppress range ambiguity, which can abate the impact of height fluctuations in the range direction on the ability to suppress range ambiguity.



In order to elaborate on the advantages of the proposed scheme in range ambiguity suppression, Figure 15 depicts the range profile near the yellow box in Figure 14. The range ambiguity suppression effects of the proposed scheme after azimuth DBF, the proposed scheme after two-dimensional DBF, and the conventional scheme are compared. In Figure 15, only the middle portion with approximately 20 points represents the signal, while the rest can be considered as noise. Since the ambiguity energy added to the noise is often more apparent, this article compares the ambiguity suppression effect in the noise portion. It can be concluded that the azimuth DBF of the proposed scheme has a similar range ambiguity suppression capacity to that of the conventional scheme, and the final result of the proposed scheme further achieves about 10 dB of ambiguity suppression on this basis. In addition, this article also calculates the signal-to-ambiguity ratio using the signal amplitude and ambiguity amplitude for each scheme in Figure 15. By averaging the results of multiple range profiles, the signal-to-ambiguity ratios of the conventional scheme, the proposed scheme after azimuth DBF and the proposed scheme after two-dimensional DBF are −11.0 dB, −6.4 dB, and −1.1 dB, respectively. It can also be seen that the proposed scheme in this article provides about 10 dB improvement in signal-to-ambiguity ratio compared to the conventional scheme.





5. Conclusions


This article proposes a multi-beam SAR two-dimensional ambiguity suppression scheme based on APC. Under the condition of azimuth under-sampling, azimuth DBF is adopted to achieve the separation and azimuth reconstruction of multi-order Doppler ambiguity components of different APC waveform echoes. Compared to conventional schemes, this scheme has a superior ambiguity suppression capacity, better adaptability to height fluctuations in the range direction, and more flexible range resolutions of various range sub-regions. The effectiveness of the proposed scheme is demonstrated through the simulation results of point-like targets and distributed targets. On this basis, future research can achieve multiple SAR imaging modes simultaneously in diverse sub-regions. In addition, the scheme proposed in this article has the potential to achieve SAR imaging of moving targets in wide-swath scenes.
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Figure 1. APC waveform generation. 
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Figure 2. The MIMO–SAR elevation multi-beam system. 
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Figure 3. The principle of range ambiguity of the proposed scheme. 
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Figure 4. The schematic diagram of APC waveform echoes with multi-order Doppler ambiguity in the Doppler domain. 
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Figure 5. The flowchart of the proposed scheme. 
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Figure 6. The echoes in range-Doppler domain of different APC waveforms before and after azimuth DBF. (a) The two-dimensional ambiguous echo. (b) The 1-st APC waveform echo after azimuth DBF. (c) The 2-nd APC waveform echo after azimuth DBF. (d) The 3-rd APC waveform echo after azimuth DBF. (e) The 4-th APC waveform echo after azimuth DBF. 
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Figure 7. The imaging result of the comparative experiment and the proposed scheme after azimuth DBF. (a) The comparative experiment. (b) The proposed scheme after azimuth DBF. 
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Figure 8. The numerical analysis of the range ambiguity suppression ability of azimuth DBF of the proposed scheme. (a) The range profile of the two-dimensional ambiguous echo imaging result. (b) The range profile of the imaging result after azimuth DBF. 
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Figure 9. The numerical analysis of the azimuth ambiguity suppression ability of azimuth DBF of the proposed scheme. (a) The azimuth profile of the two-dimensional ambiguous echo imaging result. (b) The azimuth profile of the imaging result after azimuth DBF. 
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Figure 10. The imaging result of the proposed scheme in this article. (a) The imaging result of two-dimensional ambiguous echo after two-dimensional DBF. (b) The range profile. 
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Figure 11. The imaging results of two-dimensional ambiguous sub-regions after azimuth DBF. (a) The 1-st sub-region. (b) The 2-nd sub-region. (c) The 3-rd sub-region. (d) The 4-th sub-region. 
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Figure 12. The imaging results of two-dimensional ambiguous sub-regions after two-dimensional DBF. (a) The 1-st sub-region. (b) The 2-nd sub-region. (c) The 3-rd sub-region. (d) The 4-th sub-region. 
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Figure 13. The imaging result of two-dimensional ambiguous sub-region using the conventional scheme. (a) The imaging result of the conventional scheme. (b) The range profile. 
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Figure 14. The comparison of imaging results of distributed targets between conventional and proposed schemes. (a) The conventional scheme. (b) The proposed scheme. 
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Figure 15. The range profile of distributed targets. 
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Table 1. Simulation system parameters.
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	Parameters
	Value





	Carrier frequency
	9.6 GHz



	Waveform bandwidth
	150 MHz



	Pulse width
	2 µs



	PRF
	470 Hz



	Platform velocity
	7.4 km/s



	Platform altitude
	1000 km



	Elevation elements
	4



	Azimuth elements
	16
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