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Abstract

:

In the increasingly complex electromagnetic environment, main lobe jamming significantly degrades the performance of a wideband radar system. To mitigate this issue, this paper developed a wideband main lobe jamming suppression algorithm based on a distributed array radar. Firstly, this algorithm utilizes eigen-projection matrix processing in the main array to cancel out the main lobe jamming for main lobe maintenance, and then suppresses side lobe jamming through null constraint beamforming. Subsequently, the large aperture of the full array is leveraged to form a narrow beam directed toward the main lobe interference. Finally, joint beamforming using the minimum mean square error criterion is employed. In scenarios where both main lobe jamming and side lobe jamming exist, this algorithm can adaptively cancel main lobe wideband jamming, suppress side lobe wideband jamming, and effectively control the significant loss of the desired wideband signals caused by main lobe jamming within a smaller angular range. Simulation results validate the effectiveness of the algorithm.
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1. Introduction


As radar technology continues to evolve and innovate, radar systems have become indispensable technological equipment in modern society. However, in the actual application process, radar is often affected by various types of jamming, among which main lobe jamming is a common and serious form [1,2]. Main lobe jamming refers to external signal jamming from the main lobe direction of the radar system. Such jamming can lead to radar system errors in target position determination, weakened target detection ability, reduced tracking accuracy, and significant impacts on the performance and reliability of the radar system [3,4,5]. Thus, it is crucial to enhance the anti-jamming capability of the radar system’s adaptive array.



To effectively address main lobe jamming, numerous anti-jamming methods and techniques have been proposed. Adaptive beamforming technology stands out as a commonly employed approach [6]. It utilizes signal information received by the array antenna to dynamically adjust beam direction and gain, minimizing jamming signals. However, when used alone to counter main lobe jamming, this technique can result in main lobe distortion, impacting target detection capabilities [7].



Traditional single-radar array systems are inadequate for coping with the growing complexity of main lobe jamming. In response to this challenge, MIMO [8] and distributed radar technology have emerged. Distributed array radar [9,10] deploys multiple small, mobile radars in various locations, enhancing the system’s anti-jamming capability and survivability through information fusion and cooperative operations, making it a focal point in current radar technology development. An interferometric array with the same size as the main array and two antenna arrays positioned far apart is introduced [11]. However, this method only marginally reduces desired signal loss, with effectiveness decreasing as the array size increases. A main lobe jamming suppression technique based on a large aperture auxiliary array is proposed in [12], which allows for complete retention of the main lobe. On this basis, a wideband distributed array radar method based on whitening filters is proposed to suppress the main lobe jamming [13]. However, the computational complexity of the method is also significantly amplified due to the large auxiliary array. In [14], a sparse distributed phased MIMO radar algorithm with high angular resolution is proposed. The concurrent high sidelobe problem is solved by optimizing the subarray layout and receiving weighting coefficients under practical constraints. A joint jamming cancellation scheme based on sub-band processors is proposed to enhance jamming cancellation in wideband digital array radar systems [15].



In practice, the jamming environment often presents multiple sources of jamming, increasing its complexity. While distributed array radars offer anti-jamming capabilities, these capabilities are limited by the degrees of freedom, which are directly tied to the number of auxiliary arrays. However, in real-world applications, expanding the number of auxiliary arrays is often constrained by cost considerations. To address this challenge, an adaptive–adaptive joint beamforming method is proposed to simultaneously suppress main and side lobe jamming [16]. When the apertures of the primary and auxiliary arrays differ, residual jamming may occur. To mitigate this issue, a joint beamforming method based on feature projection preprocessing and zero constraints is suggested [17]. However, it is worth noting that the aforementioned methods are primarily applicable to narrowband signals. Research on wideband distributed array radar main lobe jamming suppression methods is relatively limited.



In this paper, a novel distributed array radar method is proposed to suppress wideband main lobe jamming. Firstly, a brief overview of the principles of distributed wideband radar and establishes the corresponding signal model is presented. Furthermore, the proposed wideband main lobe jamming suppression algorithm based on distributed radar, including main array, full array beamforming, and joint beamforming using minimum mean square error (MMSE), is presented in detail. Simulation results show that the proposed algorithm is correct and effective.




2. Wideband Distributed Array Radar Signal Model


Distributed array radar is a new system of radar that can receive signals in all directions, angles, and dimensions, thereby detecting target information more accurately than a single radar. The system consists of a main radar and multiple auxiliary radars, which are deployed at specific locations and work in concert to form an equivalent large aperture distributed array. In the presence of main lobe jamming, such array characteristics are commonly exploited to transfer the main lobe jamming of the main array to the sidelobe of the distributed array, utilizing the extremely high angle resolution of the full array to counteract the main lobe jamming of the main radar [18]. These radar arrays can be flexibly selected and combined to form various apertures to suit different missions and environmental requirements.



The algorithm proposed in this paper considers two sets of apertures—the main radar array and the full array of distributed array radars. The large aperture of the full array provides high angular resolution, enabling it to form narrow beams directed towards the main lobe jamming. Assuming there are   N + 1   arrays arranged in the form of a one-dimensional linear array, where N is the total number of auxiliary radars, and each array has M elements, as depicted in Figure 1. Meanwhile, the main and auxiliary arrays are assumed to be half-wavelength uniform linear arrays. To facilitate the analysis, the distributed array radar can be regarded as a sparse array with   N + 1   array elements.



Consider that there are p interfering signals with an incidence direction of    θ i   ( i = 1 , 2 , ⋯ , p )    and an expected signal with an incidence direction of   θ 0   shot at the array, with independently uncorrelated Gaussian white noise between each array element. In this case, the received signal of the array can be formulated as


  x  ( t )  = a  (  θ 0  , f )   s 0   ( t )  +  ∑  i = 1  p   a  (  θ i  , f )   s i   ( t )   + n  ( t )   



(1)




where    s 0   ( t )    and    s i   ( t )    are the complex envelopes of the desired signal and the ith interfering signal, respectively,   a (  θ 0  , f )   and   a (  θ i  , f )   are the steering vectors of the corresponding signals in the subsequent format, and   n ( t )   is the received noise,


  a  ( θ , f )  =   [  e   j 2 π  d 0  f sin  ( θ )   c   , ⋯ ,  e   j 2 π  d i  f sin  ( θ )   c   , ⋯ ,  e   j 2 π  d N  f sin  ( θ )   c   ]  T   



(2)




where   d i   denotes the distance between the ith radar array and the array phase center, c represents the speed of electromagnetic propagation. In this context, the phase center of the first auxiliary array is regarded as the phase center of the full array.



The received signal is decomposed into J sub-bands by discrete Fourier transform, then the signal in the sub-band with center frequency   f j   can be expressed as follows.


  X  (  f j  )  = A  (  f j  )  S  (  f j  )  + N  (  f j  )   



(3)








3. Wideband Main Lobe Jamming Suppression Algorithm


In this section, we detail the proposed method for suppressing main lobe jamming, depicted schematically in Figure 2. As illustrated, the method consists of three main parts. Firstly, employing the eigen-projection matrix processing (EMP) algorithm and null constraint beamforming in the main array to achieve side lobe jamming suppression with main lobe preservation. Secondly, the main lobe jamming angle is obtained through spatial spectrum estimation, followed by the formation of a narrow beam pointing towards the main beam jamming within the full array. Finally, we combine the beamforming outputs from both the main array and the full array, leveraging MMSE criterion for joint beamforming to effectively suppress main lobe jamming.



3.1. Beamforming for Single Wideband Array


The algorithm utilized in the main array is elucidated below, taking the j-th sub-band as an example. In the event that there are p jammings, including just one main lobe jamming, the eigenvalue decomposition of the covariance matrix    R  m a i n    (  f j  )   , which encompasses solely jamming and noise in the main array, is denoted as


   R  m a i n    (  f j  )  =  ∑  i = 1  M    λ i   u i   u i H  =  U s   Λ s   U s H  +  U n   Λ n   U n H    



(4)




where    λ i   ( i = 1 , 2 , ⋯ , M )    is the eigenvalue of the covariance matrix    R  m a i n    (  f j  )    and    λ 1  ≥  λ 2  ≥ ⋯ ≥  λ  p − 1   ≥  λ p  ≥ ⋯ ≥  λ M   ,   u i   are the eigenvectors corresponding to the eigenvalue   λ i  .    u 1  ,  u 2  , ⋯ ,  u p    are tensed into the jamming subspace   U s  , and    u  p + 1   ,  u  p + 2   , ⋯ ,  u M    are tensed into the noise subspace   U n  ,


       U s  =  [  u 1  ,  u 2  , ⋯ ,  u p  ]         Λ s  =  diag (   λ 1  ,  λ 2  , ⋯ ,  λ p  )        U n  =  [  u  p + 1   ,  u  p + 2   , ⋯ ,  u M  ]         Λ n  =  diag (   λ  p + 1   ,  λ  p + 2   , ⋯ ,  λ M  )     .  



(5)







In practical applications,    R  m a i n    (  f j  )    can be replaced by the covariance matrix     R ^   m a i n    (  f j  )    of the actual received signal as


    R ^   m a i n    (  f j  )  =  1 K   ∑  k = 1  K    X  m a i n    (  f j  )   X  m a i n  H   (  f j  )    



(6)







In (6), K denotes the number of training snapshots. Various jammings and noises can be distinguished using eigenvalues, with each corresponding to a specific eigenvector. This one-to-one correspondence allows for the determination of signals associated with the obtained eigenvectors. Consequently, the correlation coefficient method is utilized to identify the eigenvectors representing main lobe jamming within the eigenvector space. Following this identification, a blocking matrix is derived for preprocessing, aimed at effectively filtering out main lobe jamming components from the received data.



The blocking matrix   B (  f j  )   for the jth sub-channel can be given by (7) as


  B  (  f j  )  = I −  u m    (  u m H   u m  )   − 1    u m H   



(7)




where  I  is the identity matrix of   M × M  . The eigenvector   u m  , corresponding to the main lobe jamming, can be obtained as


    ρ (  u m  , a  (  θ 0  ,  f j  )  )   =  max  u i     ρ (  u i  , a  (  θ 0  ,  f j  )  )    



(8)




where   ρ (  a 1  ,  a 2  )   denotes the correlation coefficient of vectors   a 1   and   a 2  , which is defined as


  ρ  (  a 1  ,  a 2  )     =  Δ     a 1 H   a 2      a 1     a 2      



(9)







The conventional eigenprojection matrix is not capable of fully eliminating the influence of the main lobe jamming, which may result in a bias in the estimation of the side lobe jamming. In order to completely remove the main lobe jamming component, the jamming plus noise covariance matrix is reconstructed by nullifying the main lobe jamming power. Furthermore, zero-constraint beamforming is performed to accurately suppress the side lobe jamming. The reconstructed covariance matrix is expressed as


   R  m a i n _ r e    (  f i  )  = V  (  f j  )  P   V  H   (  f j  )  +   σ ^  n 2  I  



(10)




where   V (  f j  )   represents the matrix composed of corrected signal steering vectors,  P  denotes the reconstructed estimated power diagonal matrix, and     σ ^  n 2  I   signifies the estimated noise power. They can be calculated as


       σ ^  n 2  =     ∑  i = p + 1  M    λ i    M   −   p            P = d i a g ( 0 ,  δ  j 1   , ⋯ ,  δ  j i   , ⋯ ,  δ  j ( p − 1 )   )          V  (  f j  )  =  [  u m  , B  (  f j  )   u  j 1   , ⋯ , B  (  f j  )   u  j i   , ⋯ , B  (  f j  )   u  j ( p − 1 )   ]      



(11)




where   u  j i    represents the side lobe jamming eigenvector in the jamming subspace, and   δ  j i    is the corresponding power estimate calculated as


   δ  j i   ≈    λ  j i   −   σ ^  n 2   M   



(12)







This reconstruction method can still achieve effective beamforming performance when the training data include the desired signal. By zeroing out the power of the main lobe jamming, it completely removes the main lobe jamming component, avoiding deviation of the main beam and does not affect the formation of nulls at the sidelobe jamming locations.



The angle of the side lobe jamming is determined through spatial spectrum estimation, which is then used to inform zero-constraint beamforming. The spatial spectrum of the main array is depicted in Figure 3. It can be observed that the side lobe jamming originates at the angle of   20 ∘  .



The final adaptive weight vector for the jth subband is obtained as:


   w  m a i n    (  f j  )  =    R  m a i n _ r e   − 1    (  f j  )  C  (  f j  )      C  H   (  f j  )   R  m a i n _ r e   − 1    (  f j  )  C  (  f j  )    f  



(13)




where   C  (  f j  )  =  [ a  (  θ 0  ,  f j  )  , a  (  θ  j 1   ,  f j  )  , ⋯ , a  (  θ  j ( p − 1 )   ,  f j  )  ]   ,   f = [ 1 , 0 , ⋯ , 0 ]  .



The effect of the eigenvalues of the main lobe jamming is negated when the covariance matrix is derived, thus enabling the beam pattern main array to accurately align the null-trapping with the side lobe jamming while maintaining the main lobe. The final frequency domain output of the main array is


   Y  m a i n   =    w  m a i n  H   (  f 1  )   X  m a i n    (  f 1  )  , ⋯ ,  w  m a i n  H   (  f J  )   X  m a i n    (  f J  )     



(14)







To implement the joint beamforming technique described later, it is crucial to direct a narrow beam toward the main lobe jamming within the full array using sub-band adaptive beamforming (SAB). The narrowness of the auxiliary beam enables the main array beam to form a narrow null-trapping at the main lobe jamming, thus allowing both main and side lobe jamming to be effectively suppressed in the final output, while reducing signal loss. The main lobe jamming incidence angle can be identified from the spatial spectrum of the main array. Provided that the aperture of the full array is sufficiently large, the beam directed at the main lobe jamming can be highly focused. The frequency domain output of the full array is   Y  f u l l   .




3.2. Joint Beamforming Using MMSE


For the purpose of joint beamforming, the time–domain outputs of the two arrays are crucial, which can be obtained using fast Fourier transform as


      y  m a i n    ( t )  = I F F T   Y  m a i n              y  f u l l    ( t )  = I F F T   Y  f u l l        



(15)







The output of the full array is used as an auxiliary signal and weighted, and then the weighted signal is subtracted from the output of the main array to obtain the final signal that successfully eliminates the jamming of the main and side lobe.


  y  ( t )  =  y  m a i n    ( t )  −  w  M M S E  H   y  f u l l    ( t )   



(16)




where   w  M M S E    is weight vector calculated by the MMSE,


   w  M M S E   =   R   − 1   r  



(17)




where   R = E    y  f u l l    ( t )   y  f u l l  H   ( t )     ,   r = E    y  f u l l    ( t )   y  m a i n  *   ( t )     .



Traditional single radar main lobe jamming suppression methods create a wide null in the main lobe jamming area, which can affect the reception of desired signals. In contrast, the joint beamforming method utilizes a sufficiently large auxiliary array to form a narrower beam. By subtracting the weighted narrow beam from the main array’s output, a narrower null can be achieved in the main lobe jamming area, thereby reducing the impact on the reception of desired signals while maintaining effective main lobe jamming suppression.





4. Simulations


To validate the efficacy of the algorithm, we conduct simulations in this chapter. We consider a distributed array comprising 12 uniform linear arrays (ULAs). Additionally, we randomize the distances between the ULAs to mitigate grating lobes outside the main lobe and nulls within it. The other simulation conditions are as follows. The number of main array elements M of ULA is 20, and the spacing between array elements is half-wavelength corresponding to the highest frequency of the working band. The lowest frequency of the simulated signal is   0.7   GHz, the highest frequency is 1 GHz. The desired signal is incident from the direction of   −  5 ∘   , and the noise is Gaussian white noise with a signal-to-noise ratio (SNR) of 0 dB. There are two jamming signals, one is the main lobe jamming, and the other is the side lobe jamming. The main lobe jamming comes from the direction of   −  2 ∘    with a interference-to-noise ratio (INR) of 40 dB. The side lobe jamming comes from the direction of   20 ∘   with INR of 40 dB. The signals received by the array are divided into signal bands through DFT, with the number of sub-bands set to 128, and the number of snapshots set to 1024.



4.1. Performance Simulation under Different Array Aperture


With uniform element spacing, we adjust the array aperture by varying the number of elements. Consider an auxiliary array with 12 elements, which has a smaller aperture compared to the main array. In this scenario, the beam patterns at various stages of different arrays are shown in Figure 4.



Traditional methods for suppressing main lobe jamming suffer from a wide null along the main lobe jamming, which can lead to distortion and peak shifting of the main lobe. In contrast, the proposed joint beamforming method forms separate beams targeting the desired signal and main lobe interference, effectively mitigating the impact of main lobe jamming on the desired signal. Simultaneously, this joint beamforming approach subtracts a weighted narrow beam from the main channel, resulting in a narrower null at the main lobe jamming. With a sufficiently large auxiliary array aperture, the null caused by main lobe jamming can be controlled within a certain range, thereby minimizing its impact on the beam’s main lobe to the greatest extent possible.




4.2. Performance Simulation under Same Array Aperture


The method proposed in this paper theoretically demonstrates better performance when the array has a large aperture size. Therefore, this section will present and discuss performance simulation and analysis under the condition of the same aperture for the main and auxiliary arrays.



Figure 5 shows the beam patterns at various stages of the proposed method under the same array aperture. From Figure 5a, it can be observed that the main array forms nulls at the angles of side lobe jamming, while the main lobe remains undisturbed. The full array forms a pattern with high gain at the main lobe jamming angle in Figure 5b. In Figure 5c, the beam pattern diagram after joint beamforming using MMSE exhibits nulls at the angles of both main lobe jamming and side lobe jamming, while achieving a relatively complete preservation of the main lobe. Compared to traditional SAB methods, this approach can accurately suppress jamming with minimal impact on the desired signal and main lobe.



Figure 6 shows the variation of output signal-to-interference-plus-noise ratio (SINR) with respect to input SNR. Under identical conditions, the proposed algorithm clearly outperforms the conventional SAB algorithm of individual arrays in terms of output SINR.



The variation in output signal-to-interference-plus-noise ratio (SINR) with respect to snapshots is shown in Figure 7. It can be observed that the algorithm proposed herein exhibits a convergence speed similar to conventional SAB methods. However, due to its superior maintenance of the main lobe, which reduces signal loss, the proposed algorithm achieves higher SINR output compared to conventional SAB.



Figure 8 provides a further analysis of the specific impact of the proposed algorithm on target detection through the quantitative evaluation of SINR loss. Given all other conditions remain unchanged, if the desired signal enters from within the main lobe at an angle  θ , the signal loss can be defined as


  S I N  R  l o s s   =     P ^   s ( θ )         P ^   s ( θ )       P ^  i  +   P ^   n o i s e              P ^  i  +   P ^   n o i s e        P  s ( θ )        P  s ( θ )    P  n o i s e         P  n o i s e      



(18)




where   P ^   denotes the output signal power of the beam formation, and P denotes the output signal power without the beam formation. It is clear that only when the deviation between the main lobe jamming angle and the desired signal angle is small, the SINR loss is significant. In other main lobe regions, the SINR loss is acceptably small.





5. Conclusions


A wideband main lobe jamming suppression method based on distributed array radar is proposed in this paper. This method applies the EMP algorithm and null constraint beamforming in the main array to achieve sidelobe jamming suppression while maintaining the integrity of the main lobe. In the full array, a narrow beam directed at the main lobe jamming is formed. Finally, by combining the beamforming outputs of the two arrays, joint beamforming using the MMSE criterion suppressed the main lobe jamming. Jamming cancellation performance verified the correctness and simulation results. However, it is important to note a limitation of our approach: it relies on high accuracy in spatial spectral estimation. Achieving this level of precision may pose challenges in practical scenarios. Addressing this limitation could be a focus for future research efforts.
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Figure 1. Schematic diagram of the distributed array radar. 
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Figure 2. Block diagram of the proposed algorithm. 
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Figure 3. Spatial spectrum of full array. 
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Figure 4. Beam patterns under different array aperture. (a) Main array, (b) full array, (c) joint beamforming. 
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Figure 5. Beam patterns under same array aperture. (a) Main array, (b) full array, (c) joint beamforming. 
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Figure 6. Output SINR versus input SNR. 
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Figure 7. Output SINR versus snapshots. 
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Figure 8. SINR loss by adaptive beamforming. 
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