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Abstract

:

The frequency diversity arc array (FDAA) improves the structure of the traditional frequency diversity array (FDA) from a linear array structure to an arc array structure, so that the FDAA not only has the advantages of the FDA but also has a large angle and omnidirectional scanning capability. However, when it is equivalent to a linear array, this arc-shaped structure will lead to the phenomenon of inverse density weighting, which leads to a higher sidelobe level of the FDAA beam pattern. In order to solve the problem of a high sidelobe level at a certain position of the FDAA, a frequency diversity arc array with angle-distance two-dimensional broadening null steering is proposed for sidelobe suppression. Using a structural model of the FDAA, the problem of the high sidelobe was analyzed. The linear constrained minimum variance (LCMV) method was used to generate a null with a certain width at the position of the fixed strong sidelobe level in the angle domain and the distance domain of the FDAA beam pattern, to reduce the FDAA sidelobe level. Then, the angle domain and distance domain fixed positions of the FDAA were simulated to generate the null beam pattern. The simulation results verified the effectiveness of this method for reducing the sidelobe level.
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1. Introduction


The beam formed by traditional phased array (PA) radar only has angular dependence and is independent of range direction, which has certain limitations. The frequency diversity array (FDA) imposes a small frequency offset between the adjacent array elements of the array, which enables the FDA to form a distance-dependent time-varying transmit pattern in space, which can achieve a two-dimensional matched filtering of the distance angle and greatly improve the radar transmit beam discrimination ability [1]. FDA has attracted the attention of many researchers at home and abroad because of its angle-distance dual dependence, and has very important research value in target tracking, radar detection and wireless communication systems [2].



Beamforming technology mainly concerns the main lobe shape of the antenna pattern and the overall gain level of the sidelobe [3]. It has undergone the representative stages of adaptive beam execution control in the 1960s [4,5], adaptive zero-point control technology in the 1970s [6], and a fast beamforming algorithm research stage [7]. Beamforming technology has been widely used and has become an important part of research. In [8], a frequency-controlled array spot-beamforming method based on a random frequency offset is proposed. A method of using a particle swarm optimization algorithm to optimize the frequency offset of each sub-array is proposed in [9], and a point beam pattern with a high range resolution and low sidelobe level is realized. Refs. [10,11,12] report on the method of using the range-dependent beam of a frequency-controlled array for range-ambiguous clutter suppression. In [13], a method for accurately controlling the beam pattern of a frequency-controlled array by adjusting the frequency offset is proposed. An FDA symmetric beam pattern with a non-uniform frequency offset and density-weighted algorithm is proposed in [14], which reduces the sidelobe level in both the distance and angle dimensions. With the continuous research on beamforming technology, in order to solve the problem whereby some directions in the signal receiving and transmitting space will be affected by strong interference and noise, null beamforming technology in phased-array antenna radar has been proposed and gradually developed. The essence of null beamforming technology is to make the beam pattern form a null at the position of the interference source without affecting the main lobe level. Since the middle of the 20th century, people have begun to study and apply various methods for controlling the zero point of the antenna array pattern [15,16,17]. The commonly used null beamforming techniques include complex weight perturbation [18], array element position perturbation [19], phase perturbation [20], and amplitude perturbation [21]. In [22], an adaptive beamforming algorithm based on the maximum signal-to-interference-plus-noise ratio criterion is proposed, which can form nulls in multiple sidelobe directions. A norm-constrained, robust, adaptive beamforming method is proposed in [23]. By using the norm constraint and the worst-case performance optimization technique, it has excellent robustness to array steering vector error under limited snapshots. In [24], a null broadening robust adaptive beamforming algorithm is proposed. By reconstructing and optimizing the interference plus noise covariance matrix and estimating the true steering vector, the robustness of the algorithm against system error and motion interference is improved. The algorithm can also optimize the beam sidelobe by adjusting the main lobe width. In order to further enhance the robustness of the algorithm, a null broadening technique using a cluster of virtual discrete interference sources instead of a single interference source is proposed [25,26]. [27] propose a null broadening algorithm based on projection transformation and diagonal loading. As part of the continuous research on beamforming technology, this technology has been applied to the frequency diversity array for interference suppression. The scanning angle range of a traditional linear FDA is limited, but in [28], the concept of a frequency diversity arc array (FDAA) is proposed. The FDAA innovates the linear structure of the FDA into an arc structure. The FDAA not only has the advantages of the FDA but can also achieve large-angle and all-round scanning.



The FDAA makes up for the shortcomings of the FDA’s limited scanning range, and the scanning coverage has all-round characteristics. However, when designing the equivalent linear array of the FDAA, the distance between adjacent array elements at the middle position is large, while the distance between array elements on both sides is gradually reduced. This is an anti-density weighting phenomenon, which will lead to a higher sidelobe level of the FDAA beam pattern. In [29], an FDAA pattern synthesis and optimization method based on virtual array elements is proposed, which suppresses the overall sidelobe level of the FDAA through amplitude weighting. In order to suppress the sidelobe at a fixed position of the FDAA, an FDAA with an angle-distance two-dimensional broadening null for sidelobe suppression is proposed in this paper. This method sets zero points at the fixed strong sidelobe positions in the distance domain and the angle domain, so that the strong sidelobe is in the null, while the sidelobe level of the FDAA is suppressed.



The main structure of this paper is as follows: In Section 2, the structural model of the FDAA is analyzed, and the nonlinear frequency offset design of the FDAA presented, forming a more concentrated beam pattern. In Section 3, aiming to resolve the problem of the high sidelobe level of the FDAA beam pattern, the linear constrained minimum variance criterion is used to suppress the sidelobe with the fixed interference signal in the angle domain and distance domain of the FDAA beam pattern. Section 4, the effectiveness of sidelobe suppression by broadening the nulls in the angle domain and distance domain of the FDAA based on the nonlinear frequency offset design is verified by simulation experiments. Finally, the article is summarized in Section 5.




2. FDAA Beam Pattern Synthesis


2.1. FDAA Structural Model


The structural model of the FDAA is shown in Figure 1. Figure 1a is the three-dimensional structure of the FDAA, and Figure 1b is the two-dimensional plane of the FDAA. The FDAA consists of  K  array elements arranged in a circular structure with equal angle intervals by means of transceiver sharing. The accumulated angle of  K  array elements is 360°, the array radius is  R , and the radiation surface of each array element faces outward. The angle between the two adjacent array elements is   Δ β  , the distance between the two adjacent array elements is    l c   , and the aperture angle composed of the activated array elements is  β .



Suppose there is a far-field target point  Q , and the angle between point  Q  and the north direction is  α . The array element whose beam direction is positive north is set as the reference array element    f 0   , and then the method of selecting    f 0    as the reference array element is


   f 0  = r o u n d  (   α  Δ β    )  = r o u n d  (    K α   2 π    )   



(1)




where   r o u n d  ( ⋅ )    denotes the rounding operation, and   Δ β   represents the angle between two adjacent array elements.



Since each array element in the FDAA has certain limitations on the scanning range of the main beam of the array, the feed system needs to select and activate the array elements in the FDAA according to different scanning angles, so as to select the appropriate array elements to form a set of activated working arrays. The aperture angle  β  formed by the activated working array is expressed as


  β = 2 arcsin  (    a c   2 R  f c   α  BW      )   



(2)




where  a  represents the coefficient of the beam width, the value range is    (  0.88 ,   1.2  )   ,  λ  is the wavelength,  c  is the speed of light,    f c    is the carrier frequency.



According to the characteristics of the arc geometry, the total number of activated array elements    K A    is expressed as


   K A  = 2 ⋅  ⌊   β  2 ⋅ Δ β    ⌋  + 1 = 2 N + 1  



(3)




where    ⌊ ⋅ ⌋    represents the rounding operation.




2.2. FDAA Beampattern Synthesis Analysis with Nonlinear Frequency Offset


After the activated array elements are selected as a set of working arrays, phase compensation is needed to make the array elements project to the equal phase plane, to form an equivalent linear array during beam scanning. In Figure 2, the equivalent linear array diagram of the FDAA is shown. The array element in the north direction is selected as the reference array element    f 0   , numbered    f 1  , … ,  f N    in the clockwise direction of the arc, and numbered    f  − 1   , … ,  f  - N     in the counterclockwise direction of the arc. According to the geometric relationship, the structural phase compensation of the equivalent linear array formed by the nth working array element is as follows:


    Δ  β   1 , n      =   2 π  f c   c  ⋅  A n       =   2 π R  f c   c  ⋅  [  1 − cos  (  n ⋅ Δ β  )   ]     



(4)







Here,    A n    represents the spatial distance difference between the reference array element    f 0    and the nth array element,    f c    is the carrier frequency of the central reference array element    f 0   , and  c  is the speed of light.



Figure 2 shows a working array composed of   2 N + 1   activated array elements. Assuming that the carrier frequency is    f c   , the frequency of the nth activated array element signal is designed as


   f n  =  f c  + Δ  f n   n = − N , … , 0 , … , N  



(5)




where   Δ  f n    is the frequency offset of the nth activated antenna array element. In the design of frequency offset, the Hamming window function and symmetric logarithmic function based on  e  are selected, respectively, to form a more concentrated point beam pattern.   Δ  f n    is expressed as


  Δ  f n  =  {    Δ f ⋅  [  0.54 − 0.46 cos  (    2 π n   2 N + 1    )   ]      Δ f ⋅ ln  (   | n |  + 1  )       



(6)







The transmitted signal of the nth activated array element is


   W n   ( t )  =  a n  exp  (  j 2 π  f n  t  )   0 ≤ t ≤ T  



(7)




where    a n    represents the complex weighting of the nth array element transmitted signal. Considering far-field approximation, the horizontal distance from the nth activated array element to the far-field observation point  Q  can be approximated as


     r n    ≈ r −  x n  sin α      = r − R sin  (  n Δ β  )  ⋅ sin α    



(8)




where  r  is the target distance,  α  is the target angle,    f c  ≫ Δ  f n   , and the signal at the far-field observation point  Q  can be expressed as


    W  (  t ,  r 0  , α  )    =   ∑  n = − N  N    W n     (  t −    r n   c   )       ≈ exp  [  j 2 π  f c   (  t −    r 0   c   )   ]    ∑  n = − N  N    x n  exp  [  j 2 π Δ  f n   (  t −    r 0   c   )   ]         × exp  [  j 2 π  f c    R sin  (  n ⋅ Δ β  )  sin α  c   ]     



(9)







In order to control the target at the desired position    (   r 0  ,  α 0   )   , the complex weighted vector    a n    can be expressed as


   a n  = exp  [  j 2 π  (    Δ  f n   r 0   c  −    f c  R sin  (  n ⋅ Δ β  )  sin  α 0   c  −    f c  R  [  1 − cos  (  n ⋅ Δ β  )   ]   c   )   ]   



(10)







The array factor AF of the FDAA with a non-uniform frequency offset based on a symmetric logarithm can be expressed as


  AF  (  t , r , α  )  =   ∑  n = − N  N    a n  exp  [  j 2 π Δ  f n   (  t −  r c   )   ]    exp  [  j 2 π  f c    R sin  (  n ⋅ Δ β  )  sin α  c   ]   



(11)









3. Sidelobe Suppression


In this section, the reason for the high sidelobe of the FDAA is analyzed. Aiming to resolve the problem of the high sidelobe level at a certain position of the FDAA, an FDAA with angle-distance two-dimensional broadening null steering is proposed for sidelobe suppression. The specific process is shown in Figure 3. Firstly, according to the FDAA beam pattern designed based on symmetric logarithmic frequency offset, the constraints of the angle domain and distance domain are set, respectively. Secondly, the widening of the null position in the angle domain and the distance domain is processed, respectively. Next, the Lagrange multiplier method is used to solve the optimal weight vector. Then, the solved optimal weight vector is combined with the FDAA beam pattern based on the symmetric logarithmic frequency offset. Finally, the beam patterns of the FDAA with two-dimensional broadened nulls in the angle domain and distance domain are obtained, respectively.



3.1. The FDAA Has the Problem of Slightly Higher Sidelobes


Because the structure of the FDAA is arc-shaped, beam scanning is performed according to the selected activated array elements, which has the characteristics of wide coverage and all-round scanning and can realize real-time monitoring all day and in all weathers. However, when it is projected to the equal phase plane, the distance between adjacent array elements in the middle position is larger, and the distance between adjacent array elements away from the middle position gradually decreases. Figure 4 shows a comparison diagram of the traditional uniform FDA and FDAA array element spacing. Compared with the traditional uniform FDA, the array element spacing of the FDAA presents the characteristics of being “sparse in the middle and dense on both sides”, which is the opposite of the characteristics of being “dense in the middle and sparse on both sides” in density weighting. The array element spacing characteristics presented by the FDAA are an anti-density weighting phenomenon. This phenomenon will lead to a higher sidelobe level in the point beam pattern formed by the FDAA, and a higher sidelobe level will affect the aggregation effect of the main lobe beam to a certain extent.



In order to verify that the inverse density weighting phenomenon will lead to the high sidelobe of the FDAA beam pattern, according to the simulation parameters shown in Table 1, the cross-sections of the FDA and FDAA beam patterns in the angle domain were compared. The simulation results are shown in Figure 5. It can be seen that the sidelobe of the FDAA beam pattern in the angle domain is slightly higher than that of the FDA beam pattern.




3.2. The Angle-Range Two-Dimensional Widening Nulling Method for the FDAA


Since the strong sidelobe level is usually located in a certain area rather than a precise position, in order to ensure that the interference signal position is always in the null, multiple zero constraints can be used at a certain strong sidelobe level position to achieve the purpose of null broadening. In this section, on the basis of selecting the symmetric logarithmic frequency offset as an example for realizing the FDAA spot-beam pattern, the beam pattern of the FDAA with a certain width null is generated at a fixed position in the angle domain and the distance domain, respectively, so that the strong sidelobe interference signal at a certain position is suppressed.



3.2.1. The Angle-Domain Widening Nulling Method for the FDAA


A linearly constrained minimum variance (LCMV) beamformer can be used at the transmitter of antenna radar. The LCMV beamformer can ensure that for the desired signal, a distortion-free signal is obtained, and that a null is formed at the interference signal to suppress the sidelobe level. In the angle domain, the constraint condition is in the form of a set of multiple constraints, which can be expressed as


   C H  w = f  



(12)




where   w =   ∑  n = − N  N    a n  exp  [  j 2 π Δ  f n   (  t −  r c   )   ]     ,  w  represents the weight vector,   C ∈  ℂ   K A  ×  (  1 + J  )     ,  C  represents the constraint matrix,   f ∈  ℂ   K A  ×  (  1 + J  )      represents the corresponding constraint response vector, and    (  1 + J  )    represents one desired signal and  J  interference signals in    ℂ   K A  ×  (  1 + J  )     , where   J ≪  K A    and    K A    are the number of activated array elements. The target direction of the desired signal is    α 0   , the direction of the interference signal is    α J   ,   J = − i , … , 0 , … , i  , and    α J    is an arbitrary value not equal to    α 0   . Then, the constraint matrix and the constraint response vector are expressed as


  C =  [  η  (   α 0   )       A   J   ]   



(13)






   A J  =  [  η  (   α  − i    )    ⋯   η  (   α 0   )    ⋯   η  (   α i   )   ]   



(14)






  η  (   α 0   )  =  [  exp  (  j 2 π  f c    R sin  (   (  − N  )  ⋅ Δ β  )  sin  α 0   c   )  , … 1 , … , exp  (  j 2 π  f c    R sin  (  N ⋅ Δ β  )  sin  α 0   c   )   ]   



(15)






  η  (   α J   )  =  [  exp  (  j 2 π  f c    R sin  (   (  − N  )  ⋅ Δ β  )  sin  α J   c   )  , … 1 , … , exp  (  j 2 π  f c    R sin  (  N ⋅ Δ β  )  sin  α J   c   )   ]   



(16)






  f =    [  1    0    ⋯    0   ]   T   



(17)







The single zero constraint condition is only for the interference signal with a certain direction. However, due to the existence of the steering vector error, the null position is not particularly accurate for the interference signal position. In order to ensure that the interference signal position is always in the null, multiple zero constraints can be used at the position of the strong sidelobe level, so that the width of the null at the strong sidelobe position is increased, to achieve the purpose of null broadening.



Assuming that the null width of the zero position is   Δ α  , the constraint matrix and the corresponding constraint vector are expressed as


  C =  [  η  (   α 0   )         A   ′   J   ]   



(18)






     A ′   J  =  [  η  (   α  − i   −   Δ α  / 2   )   η  (   α  − i    )   η  (   α  − i   +   Δ α  / 2   )    ⋯   η  (   α i  −   Δ α  / 2   )   η  (   α i   )   η  (   α i  +   Δ α  / 2   )   ]   



(19)







The location range of the null is


   Ω j  =  [   α i  −   Δ α  /  2   α i  +   Δ α  /  2      ]   



(20)







At this time, the conditional extremum problem can be expressed as


   {      min  w     w H  Q w     s . t .  C H  w = f      



(21)




where the autocorrelation data matrix of the signal in the conditional extremum problem is expressed as


  Q =  Q 0  +  Q J   



(22)






   Q 0  = η  (   α 0   )   η H   (   α 0   )   



(23)







   Q J    is obtained based on the sum of the integrals of the steering vector autocorrelation in the interference zero interval:


   Q J  =   ∑  J = − i  i     ∫     α i  +   Δ α  /  2        α i  −   Δ α  /  2           η  (   α i   )   η H   (   α i   )  d α  



(24)







The Lagrange multiplier method is used to solve the objective function:


  L  ( w )  =  w H  Q w + Re  {   λ H       (   C H  w − f  )   }   



(25)




where   Re  { · }    is the real part and   λ ∈  ℂ   K A  ×  (  1 + J  )      is the Lagrange multiplier factor.



The gradient of Equation (25) is


  ∇ L  ( w )  = 2 Q w − C λ = 0  



(26)







There is


  w =  1 2   Q  − 1   C λ  



(27)







Substituting Equation (27) into    C H  w = f  , we obtain


  λ = 2    (   C H   Q  − 1   C  )    − 1   f  



(28)







Substituting Equation (28) into Equation (27), the optimal weight vector of the LCMV null broadening algorithm in the angle domain is


   w  o p t   =  Q  − 1   C    (   C H   Q  − 1   C  )    − 1   f  



(29)







Therefore, the complex weighted vector      a n   ′    for generating zeros at the interference signal position    α J    is


     a n   ′  = exp  [  j 2 π  (    Δ  f n   r 0   c  −    f c  R  [  1 − cos  (  n ⋅ Δ β  )   ]   c   )  +  w  o p t    ]   



(30)







The array factor (AF) of a non-uniform frequency offset FDAA based on using a symmetric logarithm to generate nulls in the angle domain is


  AF  (  t , r , α  )  =   ∑  n = − N  N      a n   ′  exp  [  j 2 π Δ  f n   (  t −  r c   )   ]    exp  [  j 2 π  f c    R sin  (  n ⋅ Δ β  )  sin  α i   c   ]   



(31)








3.2.2. The Range-Domain Widening Nulling Method for the FDAA


Similar to the angle domain, in the distance domain, the constraint condition takes the form of a set of multiple constraints, which can be expressed as


   D H  v = g  



(32)




where   v =   ∑  n = − N  N    a n  exp  [  j 2 π  f c    R sin  (  n ⋅ Δ β  )  sin α  c   ]     ,  v  represents the weight vector,   D ∈  ℂ   K A  ×  (  1 + K  )      and  D  represent the constraint matrix,   g ∈  ℂ   K A  ×  (  1 + K  )      represents the corresponding constraint response vector, and    (  1 + K  )    in    ℂ   K A  ×  (  1 + K  )      represents a desired signal and  K  interference signals, where   K ≪  K A    (   K A    being the number of activated array elements). The target distance of the desired signal is    r 0   , the distance position of the interference signal is    r K   ,   K = − i , … , 0 , … , i  , and    r K    is an arbitrary value not equal to    r 0   . Then, the constraint matrix and the constraint response vector are expressed as


  D =  [  σ  (   r 0   )       A   K   ]   



(33)






   A K  =  [  σ  (   r  − i    )    ⋯   σ  (   r 0   )    ⋯   σ  (   r i   )   ]   



(34)






  σ  (   r 0   )  =  [  exp  (    j 2 π Δ f ⋅ ln  (   (  − N  )  + 1  )   r 0   c   )  , … , 1 … , exp  (    j 2 π Δ f ⋅ ln  (  N + 1  )   r 0   c   )   ]   



(35)






  σ  (   r K   )  =  [  exp  (    j 2 π Δ f ⋅ ln  (   (  − N  )  + 1  )   r K   c   )  , … , 1 … , exp  (    j 2 π Δ f ⋅ ln  (  N + 1  )   r K   c   )   ]   



(36)






  g =    [  1    0    ⋯    0   ]   T   



(37)







Assuming that the null width of the zero position is   Δ r  , the constraint matrix and the corresponding constraint vector are expressed as


  D =  [  σ  (   r 0   )         A   ′   K   ]   



(38)






     A ′   K  =  [  σ  (   r  − i   −   Δ r  / 2   )    σ  (   r  − i    )    σ  (   r  − i   +   Δ r  / 2   )    ⋯   σ  (   r i  −   Δ r  / 2   )    σ  (   r i   )    σ  (   r i  +   Δ r  / 2   )   ]   



(39)







The location range of the null is


   Γ j  =  [   r i  −   Δ r  /  2    r i  +   Δ r  /  2      ]   



(40)







At this time, the conditional extremum problem can be expressed as


   {      min  e     v H  R v     s . t .  D H  v = g      



(41)




where the autocorrelation data matrix of the signal in the conditional extremum problem is expressed as


  R =  R 0  +  R K   



(42)






   R 0  = σ  (   r 0   )   σ H   (   r 0   )   



(43)







   R K    is obtained by the sum of the integrals of the steering vector autocorrelation in the interference zero interval:


   R K  =   ∑  K = − i  i     ∫     r i  +   Δ r  /  2        r i  −   Δ r  /  2            σ  (   r i   )   σ H   (   r i   )  d r  



(44)







Using the Lagrange multiplier method, the optimal weight vector of the LCMV null broadening algorithm in the distance domain is obtained as follows:


   v  o p t   =  R  − 1   D    (   D H   R  − 1   D  )    − 1   g  



(45)







Therefore, the complex weighted vector      a n   ′    for generating zeros at the interference signal position    r K    is


     a n   ′  = exp  [  j 2 π  (  −    f c  R sin  (  n ⋅ Δ β  )  sin  α 0   c  −    f c  R  [  1 − cos  (  n ⋅ Δ β  )   ]   c   )  +  w  o p t    ]   



(46)







The array factor (AF) of the non-uniform frequency offset FDAA based on using the symmetric logarithm to generate nulls in the distance domain is


  AF  (  t , r , α  )  =   ∑  n = − N  N      a n   ′  exp  [  j 2 π Δ  f n   (  t −    r i   c   )   ]    exp  [  j 2 π  f c    R sin  (  n ⋅ Δ β  )  sin α  c   ]   



(47)










4. Simulation Analysis


According to the simulation parameters set in Table 1, the FDAA beam pattern is designed based on the Hamming window function, and the nonlinear frequency offset based on the symmetric logarithmic function. In Figure 6a–c, the FDAA beam pattern based on the frequency offset of the hamming window function without nulling is generated. In Figure 7a–c, the FDAA beam pattern without null generation based on the symmetric logarithmic frequency offset is shown. Both Figure 6a and Figure 7a show a clear point beam pattern in the angle-distance two-dimensional domain. In the distance domain, the comparison between Figure 6b and Figure 7b shows that the main lobe beam width of the FDAA beam pattern based on the frequency offset of the Hamming window function is wider. In the angle domain, the comparison between Figure 6c and Figure 7c shows that although the FDAA beam pattern based on the frequency offset of the Hamming window function has little effect on the sidelobe level at the position far from the main lobe beam, the sidelobe level near the main lobe position is not much different from that of Figure 7c. On the whole, the focusing effect of the FDAA beam pattern based on the symmetric logarithmic frequency offset is better. Therefore, the FDAA beam pattern based on the symmetric logarithmic frequency offset is selected for null generation, to achieve the purpose of suppressing the strong sidelobe at a certain position.



In order to suppress the strong sidelobe interference signal at a certain position in the angle domain, a null with a certain width is generated at the fixed angle position of the FDAA beam pattern. Figure 8 shows an FDAA beam pattern based on a symmetric logarithmic frequency offset angle domain with a null width of 1.5°. In the angle domain, the positions of the nulls are set at −12.5°, −11.75°, −11°, 11°, 11.75°, and 12.5°, respectively. Compared to Figure 7a, it can be seen that the highlight at the angle positions of −12.5°, −11.75°, −11°, 11°, 11.75°, and 12.5° becomes blurred, which indicates that the sidelobe level of the null position is suppressed to a certain extent. The position marked in the Figure 8 is the null generated at the position of strong sidelobe interference. In order to more clearly demonstrate the generation of nulls, in Figure 9, a comparison of the angle domain patterns with a null width of 1.5° and no null is shown. By comparing the beam profile generated by the FDAA with a null width of 1.5° in the angle domain with the beam profile without null generation, it can be seen that the beam profile arising from null generation produces a null depth of about −62 dB at the −12.5°, −11.75°, −11°, 11°, 11.75°, and 12.5° positions, and that the strong sidelobe level at these positions is suppressed.



Figure 10 shows the beam pattern of the FDAA based on the symmetric logarithmic frequency offset angle domain with a null width of 3°. In the angle domain, the position of the nulling is set at −13°, −11.5°, −10°, 10°, 11.5°, and 13°, respectively. It can be seen that the brightness at the angle positions of −13°, −11.5°, −10°, 10°, 11.5°, and 13° becomes lighter, and the position marked on the Figure 10 is the nulling generated when the nulling width is 3°. In Figure 11, a comparison of the pattern of the angle domain with a null width of 3° and the pattern without a null is shown. It can be seen that the beam profile arising from nulling generates a null with a depth of about −48 dB at −13°, −11.5°, −10°, 10°, 11.5°, and 13°. When comparing Figure 9 and Figure 11, it can be found that Figure 11 has a large null width but its null depth is shallower than that in Figure 9. Therefore, the simulation results show that the strong sidelobe of the FDAA can be suppressed by generating nulls at the fixed angle position of the FDAA beam pattern.



Next, a null with a certain width is generated at a fixed position in the distance domain of the FDAA beam pattern. Figure 12 shows an FDAA beam pattern based on a symmetric logarithmic frequency offset with a null width of 1.5 km in the distance domain. In the range domain, the positions of the fixed nulls are set at 12 km, 12.75 km, 13.5 km, 36.5 km, 37.25 km, and 38 km, respectively. It can be seen that a concave with a certain width is formed at the fixed distance position, and the concave extends to a position away from the main lobe beam with the distribution of sidelobes. The position marked in the Figure 12 is the null formed by the strong sidelobe interference position in the range domain. In Figure 13, a comparison of the range domain patterns with a null width of 1.5 km and no null is drawn. It can be seen that a null with a depth of about −67 dB is generated at the 12 km, 12.75 km, 13.5 km, 36.5 km, 37.25 km, and 38 km positions.



Figure 14 shows an FDAA beam pattern based on a symmetric logarithmic frequency offset with a null width of 3 km in the distance domain. In the distance domain, the positions of the fixed nulls are set at 12 km, 13.5 km, 15 km, 35 km, 36.5 km, and 38 km, respectively. It can be seen that the notch formed at the corresponding distance position is similar to that in Figure 12, but the area of the notch is slightly larger than that in Figure 12. The position marked in the Figure 14 is the null generated when the null width in the distance domain is 3 km. In Figure 15, a comparison of the range domain pattern with a null width of 3 km and no null is drawn. It can be seen that a null with a depth of about −49 dB is generated at the 12 km, 13.5 km, 15 km, 35 km, 36.5 km, and 38 km positions. However, by comparing Figure 13 and Figure 15, it can be found that when the width of the null is wider, the null depth generated will become shallow, so the appropriate null width should be selected to suppress the sidelobe at a certain position. As such, the simulation results show that the null generated at a fixed distance position of the FDAA beam pattern can suppress the strong sidelobe of the FDAA and reduce interference with the main lobe beam.




5. Conclusions


The FDAA not only has the advantages of the FDA but can also achieve a large field of view and all-round scanning characteristics. However, the inverse density weighting phenomenon caused by the FDAA will lead to a higher sidelobe level of the FDAA. In order to suppress the strong sidelobe level interference at a certain position, an FDAA with angle-distance two-dimensional widening null guidance is proposed for sidelobe suppression. The linear constrained minimum variance method is used to generate the nulls. By setting constraints, the Lagrange multiplier method is used to solve the optimal weight vector. The optimal weight vector is combined with the FDAA beam pattern that does not generate the nulls. A beam pattern with a certain width of nulls can be generated at the strong sidelobe interference position in the angle domain and the distance domain. This method can suppress the strong sidelobe level at a fixed position and reduce the strong sidelobe interference signal of the FDAA at the angle-distance position under the premise that the main lobe beam is almost unaffected. According to the simulation results, it is effective to generate nulls at fixed positions in the angle domain and the distance domain to reduce the strong sidelobe level at this position. In the future, this method will continue to be optimized and improved, and new methods will be applied to frequency diversity arc arrays to improve the efficiency and accuracy of radar antennas.
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Figure 1. Structure model of the FDAA. (a) The three-dimensional structure of the FDAA. (b) The two-dimensional plane of the FDAA. 
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Figure 2. Equivalent linear array of the FDAA. 
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Figure 3. Flow chart for our proposal of the angle-distance two-dimensional null widening design. 
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Figure 4. Comparison of FDA and FDAA array element spacing. 
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Figure 5. Comparison of FDA and FDAA angle domain profiles. 
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Figure 6. Beam pattern of the FDAA based on the Hamming window function frequency offset without null generation. (a) Hamming-FDAA. (b) Hamming-FDAA in the range domain. (c) Hamming-FDAA in the angle domain. 
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Figure 7. Beam pattern of the FDAA based on the Sym-Log frequency offset without null generation. (a) Sym Log-FDAA. (b) Sym Log-FDAA in the range domain. (c) Sym Log-FDAA in the angle domain. 






Figure 7. Beam pattern of the FDAA based on the Sym-Log frequency offset without null generation. (a) Sym Log-FDAA. (b) Sym Log-FDAA in the range domain. (c) Sym Log-FDAA in the angle domain.



[image: Electronics 13 01640 g007]







[image: Electronics 13 01640 g008] 





Figure 8. Beam pattern of the FDAA with a 1.5° null width in the angle domain based on the Sym-Log frequency offset. 
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Figure 9. Comparison of angle-domain patterns with a null width of 1.5° and without nulls. 
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Figure 10. Beam pattern of the FDAA with a 3° null width in the angle domain based on the Sym-Log frequency offset. 
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Figure 11. Comparison of angle-domain patterns with a null width of 3° and without nulls. 
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Figure 12. Beam pattern of the FDAA based on the Sym-Log frequency offset with a 1.5 km null width in the range domain. 
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Figure 13. Comparison of distance-domain patterns with a null width of 1.5 km and without nulls. 
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Figure 14. Beam pattern of the FDAA based on the Sym-Log frequency offset with a 3 km null width in the range domain. 
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Figure 15. Comparison of distance-domain patterns with a null width of 3 km and without nulls. 
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Table 1. Simulation parameter design.






Table 1. Simulation parameter design.





	Parameter
	Symbol
	Value





	Frequency offset
	   Δ f   
	30 KHz



	Carrier frequency
	    f c    
	10 GHz



	Array element spacing
	    l c    
	0.015 m



	Element amount
	  K  
	100



	Number of activated array elements
	    K A    
	33



	Angle of array
	  β  
	π/2



	Array radius
	  R  
	0.378 m



	Target distance
	    r 0    
	25 km



	Target angle
	    α 0    
	0°
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