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Abstract

:

Deploying Passive Multistatic Radar (PMR) on mobile platforms provides covert and cost-effective monitoring over a large area, offering certain advantages in countermeasure. However, mobile PMR faces significant challenges, such as Doppler distortion and phase deviations. A multi-parameter space target detection method is proposed for mobile PMR to achieve target detection in three-dimensional environments. By estimating the Doppler Frequency Rate (DFR), applying bistatic range phase compensation, and implementing azimuth time integration, frame division, and data fusion, the detection accuracy and the Signal-to-Noise Ratio (SNR) are improved. Simulation results indicate that the proposed method significantly enhances the SNR and produces accurate detection results, demonstrating its efficacy.
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1. Introduction


Passive radar systems detect targets by utilizing electromagnetic signals emitted from illuminators of opportunity [1], rather than transmitting their own signals. Currently, these systems commonly use static illuminators like broadcast television signals and communication base stations. This technology has reached a relatively mature stage, with various methods such as the linearization method based on Time-Difference-Of-Arrival (TDOA) and Angle-Of-Arrival (AOA) parameters [2,3,4]. Other notable methods include the quasi-Newtonian spectral method of nonlinear equation algorithms [5], and the utilization of Kalman filter class [6] and its extended class methods [7]. Recent advancements have also opened up new perspectives and innovative research areas for investigation and practical applications [8,9]. One of the most challenging issues in deploying PMR systems on mobile platforms is the estimation of Doppler frequency, which can be affected by Doppler coupling [10], Doppler distortion [11] and Doppler resolution [12,13]. These effects can result in adverse outcomes such as low SNR, increased errors, and the emergence of ghost targets. Another problem arises when multiple illuminators of opportunity are in motion at different locations, as fusing the data from these moving signals may introduce phase errors in the received echoes. Without a common reference for fusing multiple echoes, the ability to detect targets cannot be significantly enhanced.



Due to platform motion, Doppler distortion and coupling occur in the signals. Previous research has extensively explored this issue, as documented in [14,15,16,17]. Ummenhofer [14] specifically studied the use of signal characteristics from Digital Video Broadcasting-Terrestrial (DVB-T) and standard Orthogonal Frequency Division Multiplexing (OFDM) to estimate Doppler effects in situations where the receiver experiences highly nonlinear motion. However, this study did not consider the Doppler distortion caused by the movement of illuminators of opportunity, as they were assumed to be stationary in the scenario. In a different study, Mixon [15] investigated the direct localization problem of Doppler frequency shift based on illuminators of opportunity when both the receiver and transmitters are mobile. The study proposed a direct localization algorithm that converts the maximum likelihood function for target position estimation into a cost function represented by eigenvalues. However, it is important to note that this method is limited to scenarios with a small number of sample points and targets that move slowly in relation to the illuminators of opportunity. Huang [16] investigated the problem of varying range migration and Doppler parameters during echoes in different motion stages. In his study, a conjugate integral processing method was used to accumulate target energy in the Doppler Center (DC) and Doppler frequency rate domain for each stage. By projecting and combining the compensated DC-DFR map in the high-dimensional Doppler parameter space, the issue caused by multi-level Doppler parameters was effectively resolved. Palmer [17] examined the issue of reference signal mismatch on a mobile receiver platform. By reconstructing the reference signal to compensate for the Doppler distortion caused by transmitter mismatch and motion, the combined effects of these two factors were effectively addressed. The main objective of this study was to estimate the Doppler frequency rate by estimating the target bistatic range.



Recent studies have utilized satellite systems as external radiation sources for target detection. Satellites are advantageous in this regard due to their distance from the ground, which makes it easier to approximate the Doppler frequency rate [18,19,20,21]. Duan [19] constructed a pre-compensation function using the range and Doppler of the beam center pointing cell, which mitigated the Doppler frequency rate caused by different observation configurations. In a study conducted by Wen [21], the focus was on examining the acquisition of multi-station echoes in the Cartesian Doppler frequency rate domain. The study explored a single transmission scenario and proposed the design of a three-dimensional sliding window. This sliding window was aimed at achieving optimal matching of specified targets in any motion direction. The findings of this study provided a foundation for the subsequent fusion process.



The aforementioned studies have provided valuable insights that have inspired our own study. However, it is important to note that these studies have primarily focused on two-dimensional (2D) planes or static illuminators of opportunity. In order to address the challenges posed by Doppler distortion and data fusion in a three-dimensional (3D) space scenario, our paper aims to investigate the performance of detecting targets using a PMR system with moving multiple illuminators of opportunity. Building upon the method described in [16,18] that utilizes Doppler frequency rate information of echoes, we have developed a mobile PMR system model and expanded the multi-parameter space target detection method to 3D space.



This paper presents two main contributions. Firstly, it proposes a model for a 3D mobile PMR system. In this model, the receiver and the illuminators of opportunity are situated on the same plane and move at low velocities, while the target is located on a distant space and moves at a high velocity. Secondly, the paper derives the relationship between the Doppler frequency rate and the target’s equivalent radial velocity and radial acceleration. Additionally, the paper proposes a method to enhance the SNR by fusing the signals from multiple illuminators of opportunity.



The remainder of this paper is organized as follows: Section 2 deduces a mobile PMR system model. Section 3 introduces the proposed target detection method. In Section 4, simulation results are presented to demonstrate the effectiveness of the method. Finally, the discussion and conclusion are provided in Section 5 and 6. The flowchart of the data fusion of target detection with multiple signals is presented in Figure 1.




2. Mobile Passive Multistatic Radar System Model


The model proposed for detecting maritime moving targets using the BeiDou satellites as illuminators of opportunity [18] relies on the long distance between the satellite, receiver, and target. However, due to its large baseline angle, errors may arise, rendering it unsuitable for target detection in a short baseline scenario in 3D space. In the model proposed in this paper, the receiver is located closer to the illuminators of opportunity, while the target is farther away, as shown in Figure 2, and a Cartesian coordinate system is established based on the right-hand rule [22]. In this case, the baseline of the model is short, and the Doppler frequency rate needs to be approximated by other methods. The parameters in Figure 2 are described below:    P k    denotes the k-th illuminator of opportunity,  O  denotes the moving receiver,    R  O , k     denotes the baseline between    P k    and  O , and    R  O , T     and    R   P k  , T     denote the distances from  O  and    P k    to the target  T , respectively. The parameters of the receiver are   ( 0 , 0 , 0 , v )  , the parameters of the target are   (  x T  ,  y T  ,  z T  ,  v T  ,  a T  )  , and the parameters of the k-th illuminator of opportunity are   (  x   P k    ,  y   P k    , 0 ,  v   P k    ,  a   P k    ) ( k = 1 , 2 , 3 … )  .



Assuming that the transmitted signals from illuminators of opportunity are continuous signals and independent of each other, as shown in Figure 3,


   s   P k    ( t ) =  A k  ⋅ exp ( j 2 π  f c  t +  φ   0 , k    ) ( k = 1 , 2 , 3 )  



(1)







The amplitude of the transmitted signals from different illuminators of opportunity is denoted as    A k   , k denotes the k-th illuminator of opportunity,  t  represents the time delay in the range direction, the carrier frequency is denoted as    f c   , and the corresponding initial phase is denoted as    φ  0 , k    . The reflected echo signals from the target experience a delay and have different amplitudes. This delay is manifested in their cross-correlation function. Cross-correlating the direct signal and the echo signal yields a range pulse compression signal that is denoted as


   s  p c ,  P k    ( t , η ) =  σ  η , k   exp  {  − j 2 π  f c     R k  ( η )  c   }  × r  [  t −    R k  ( η )  c   ]   



(2)




where  η  represents the time delay in the azimuth direction,    σ  η , k     denotes the complex scattering coefficient of the target,  c  represents the velocity of light, and   r ( · )   denotes the cross-correlation function between the echo signal and the direct signal.    R k  ( η )   represents the bistatic range, and it is equivalent to    R k  ( η ) =  R  O , T   ( η ) +  R   P k  , T   ( η ) −  R  O , k   ( η )  . The phase in the range pulse compression signal is denoted as   ϕ ( η ) = −  f c    2 π  c   R k  ( η )  , and taking the derivative with respect to the time delay in the azimuth direction yields


   1  2 π     d ϕ ( η )   d η   =  f d  ( η ) =    f ¯    d c , k   +    f ¯    d t , k   ⋅ η (  | η |  ≤  T 2  ) = −    f c   c     R k  ( η )  •   



(3)







The Doppler center and Doppler frequency rate are represented as      f ¯    d c , k     and      f ¯    d t , k    , respectively.      R k  ( η )  •    denotes the derivative of the bistatic range. Integrating this expression yields another formulation of the bistatic range:


   R k  ( η ) =  R  0 , k   −  c   f c      f ¯   d c , k   η −  c  2  f c      f ¯   d t , k    η 2   



(4)




where    R  0 , k     represents the baseline distance at the reference time. Taking the range domain, Fourier transform of Equation (2) yields


   S  p c ,  P k     (   f d  , η  )  =  σ  η , k   R  (   f d   )  ⋅ exp  {  − j   2 π  (   f d  +  f c   )   c   [   R  0 , k   −  c   f c      f ¯   d c , k   η −  c  2  f c      f ¯   d t , k    η 2   ]   }   



(5)




where    f d    represents the range-domain frequency, and   R  ( · )    represents the Fourier transform of   r ( · )  . This study establishes a coordinate system, as shown in Figure 1, where the position vector, velocity vector, and acceleration of the target at the reference time are denoted as     R  T   ,     v  T   , and     a  T   , respectively. The position vector, velocity vector, and acceleration of the k-th illuminator of opportunity are     R    P k     ,     v    P k     , and     a    P k     , respectively. The velocity of the receiver parameter is denoted as   0   (in practice, it is represented as     v  O   ), and the actual motion parameters of the target and illuminators of opportunity need to be corrected based on the receiver’s motion parameters. The bistatic range is represented as


     R k  ( η ) =  R  O , T   ( η ) +  R   P k  , T   ( η ) −  R  O , k   ( η ) =  |    R  T  +   v  T  η +  1 2    a  T   η 2   |      +  |    R    P k    +   v    P k    η +  1 2    a    P k     η 2  −   R  T  −   v  T  η −  1 2    a  T   η 2   |      −  |    R    P k    +   v    P k    η +  1 2    a    P k     η 2   |     



(6)







Taking the derivative of Equation (6) and comparing Equation (4) and Equation (6), the expression for the Doppler parameter of the echo at zero in the azimuth direction is


    f ¯   d c , k   = −        f c   c    d  R k  ( η )   d η    |    η = 0   = −    f c   c   {     |    R  T   |    − 1   ⋅   R  T    v  T    T  +    |    R    P k    −   R  T   |    − 1   ⋅  (    R    P k    −   R  T   )     (    v    P k    −   v  T   )   T      −    |    R    P k     |    − 1   ⋅   R    P k      v    P k      T   }   



(7)






      f ¯   d t , k   = −       f c   c     d 2   R k  ( η )   d  η 2     |   η = 0   =     −    f c   c  { −   |    R  T   |   − 3   ⋅   (   R  T    v  T  )  2  +   |    R  T   |   − 1   (   v  T    2  +   R  T    a  T    T  )     −   |    R    P k    −   R  T   |   − 3     [  (   R    P k    −   R  T  )   (   v    P k    −   v  T  )  T   ]  2      +   |    R    P k    −   R  T   |   − 1   ⋅  [     |    v    P k    −   v  T   |   2  +  (    R    P k    −   R  T   )  (   a    P k    -   a  T   ) T   ]      +   |    R    P k     |   − 3   ⋅   (   R    P k      v    P k      T  )  2  −   |    R    P k     |   − 1   ⋅  (     |    v    P k     |   2  +   R    P k      a    P k      T   )  }    



(8)







When the baseline distance is relatively small, around 10 km, and the range between the target and the receiver is more than 100 km, both illuminators of opportunity and the target move along the corresponding position vector direction. The velocity of illuminators of opportunity is 10 m/s, while the target velocity is 100 m/s. The mathematical model simplifies this scenario as an isosceles triangle, as shown in Figure 4. The vertex angle of the isosceles triangle line is calculated using the cosine theorem, and the values of the carrier frequency and the velocity of light from Table 1 are used. By applying (8), the Doppler frequency rate can be calculated as 0.0424 Hz/s. The Doppler frequency rate does not change significantly even after altering the k value, indicating that the signal has approximately equal Doppler frequency rate in different environments. This assumption is supported by simulations, as shown in Figure 5.



According to the hypothesis, Equation (8) can be simplified to


    f ¯   d t   =   f ¯   d t , k   = −        f c   c     d 2   R k  ( η )   d  η 2     |    η = 0   ≈ −    f c   c  {    |    R  T   |    − 1        v t   ¯   2  +    a ¯   r  }  



(9)




where      v t   ¯  =  |    v  T   |  · sin α   is the equivalent radial velocity,  α  is the angle between     R  T    and     v  T   ,      a r   ¯  =  |    a  T   |  · cos ϑ  , and  ϑ  is the angle between     R  T    and     a  T   .




3. Target Detection Method


Most studies currently focus on targets located in 2D planes [16,18,19] or static illuminators of opportunity [2,3]. This paper aims to detect targets in 3D space using a mobile PMR system model. The parameter space is expanded to include X-Y-Z-V [23], where X-Y-Z represents the target position parameter and V represents the target velocity parameter. The size of the parameter space ranges from M. In this parameter space, a series of cells are arranged, assuming that the positions of different cells represent possible targets. A velocity group is assigned to each cell, enabling the determination of the possible target’s position and velocity information using Equation (9). Subsequently, the bistatic range of the target can be obtained. By utilizing the bistatic range, the compressed signal is phase-compensated. Finally, through the accumulation of multiple illuminators of opportunity, the precise position of the actual target can be determined.



In the coordinate system shown in Figure 1, the motion target is located in the X-Y-Z space. The observation area of the X-Y-Z plane is divided into multiple grids, and the position of each cell is represented as (x,y,z). The range    |    R  T   |  =    x 2  +  y 2  +  z 2      from the grid to the receiver, the observation angle   θ = arctan (      x 2  +  y 2     z  )  , and the projection angle   φ = arctan (  y x  )   onto the x-o-y plane can be obtained. Given the extracted Doppler frequency rate     f ¯   d t     of the target, Equation (9) can be adopted to calculate the corresponding equivalent radial velocity for each grid cell.


   v t  =   −   f ¯   d t   ·  c   f c    ·  |    R  T   |  −  |    R  T   |     a ¯   r    T     



(10)







Setting K velocities    v r   , the velocity vector   v = (  v x  ,  v y  ,  v z  )   of possible targets in multiple grid cells in space can be calculated based on    v t   , observation angles  θ  and  φ , and acceleration    a r   , where   s i g n [ · ]   stands for symbolic function. This paper considers the situation where the target is in high-velocity motion, with little maneuverability in a short period of time, and the acceleration can be ignored by setting the acceleration      a r   ¯  = 0  .


   {     v x  =  v r  cos θ cos φ + s i g n [  v t  ]  v t  sin θ sin φ      v y  =  v r  cos θ sin φ + s i g n [  v t  ]  v t  sin θ cos φ      v z  =  v r  sin θ + s i g n [  v t  ]  v t  cos φ      



(11)







At this stage, the position and velocity of each cell in the space are determined, which serve as the potential target. Subsequently, the position and velocity information is incorporated into Equation (6) to calculate the bistatic range      R ^   k  ( η ; x , y , z , v )   for different illuminators of opportunity. The bistatic range is then incorporated into Equation (2) to derive the signal formula that is associated with azimuth time, target position, and velocity.


   s   P k    ( η ; x , y , z , v ) =  σ  η , k   exp  {  − j 2 π  f c       R ^   k  ( η ; x , y , z , v )  c   }  × r  [       R ^   k  ( η ; x , y , z , v )  c   ]   



(12)







In order to account for the variation of the complex scattering coefficient caused by target motion, the azimuth signal is divided into N frames. Within each frame, denoted as      s ^        P k  , n     ( η ; x , y , z , v )  , the complex scattering coefficient can be considered constant over a very short time interval. Phase compensation is then applied based on the bistatic range information in the received echo, enabling for azimuth time coherent accumulation.


   s   P k  , n   ( x , y , z , v ) =   ∑ η      s ^     P k  , n   ( η ; x , y , z , v )   exp (   j 2 π  R k  ( η )  λ  )  



(13)




where    R k  ( η )   represents the bistatic range information in the range pulse compression signal. Afterward, non-coherent summation is performed on the inter-frame signals to obtain


   s   P k    ( x , y , z , v ) =   ∑ n    |   s   P k  , n   ( x , y , z , v )  |     



(14)







The bistatic range information of all cells in the parameter space is searched and matched. The results are then projected onto the parameter space. The incoherent accumulation and summation of multiple signals of illuminators of opportunity in the spatial parameter domain yield the following results


  s ( x , y , z , v ) =   ∑ k    |   s   P k    ( x , y , z , v )  |     



(15)







A demonstration simulation of the above operations is as follows. At a SNR condition of 10 dB, three illuminators of opportunity independently detect the target. Despite having different observation configurations, it is determined that the three targets are actually the same target. After extracting the Doppler frequency rate of the target, a space search is conducted, and the phase of the echo is compensated at the corresponding position. As a result, the target is aligned, as depicted in Figure 6, and the SNR is enhanced after the alignment fusion process [24].



The position and velocity of the target are determined based on the peak position in the X-Y-Z-V multiple parameters spatial overlay result, where the X-Y-Z spatial coordinates are represented as a searchable one-dimensional array, and all spatial grid cell information is stored as shown in (16). If the final target detection position is 111, the corresponding parameter space position is (2, 2, 1). The algorithm flow chart of target detection method is shown in Figure 7.


  ( x , y , z ) : 100 ( x − 1 ) + 10 ( y − 1 ) + z  



(16)







The pseudocode of the target detection method based on multi-parameter space for mobile PMR is presented in Algorithm 1.



	Algorithm 1: The target detection method based on multi-parameter space for mobile PMR



	Require:



	A range pulse compression signal from the direct signal and the echo signal:    S  p c ,  P k    ( t , η )  



	The Doppler frequency rate is extracted from a range pulse compression signal:      f ¯    d t    



	1: for i = 1:1:M, j = 1:1:K, n = 1:1:N do



	2:   The range     R  T    from the cell to the receiver is calculated by    |    R  T   |  =    x 2  +  y 2  +  z 2    .  



	3:   The equivalent radial velocity    v T    is calculated by (10).



	4:   The velocity in the current cell is calculated by using the specified value for the j group velocity and the (11).



	5:   The bistatic range is calculated according to the obtained range     R  T    and velocity     v  T    and (6).



	6:  The phase compensation is performed using (13), and n-frame signals are simultaneously accumulated.



	7:   The summation of multiple signals of illuminators of opportunity in the spatial parameter domain is calculated according to (15).



	8: end for



	9: The peak position is the location of the target.



	10: return Position parameter (x,y,z)









4. Simulation Experiment


The simulation scenario is configured with the illuminators of opportunity and receiver located on a mobile platform, while the target is in 3D space and at a range of over 100 km away from both the illuminators of opportunity and receiver. Table 2 presents the positions, velocities, accelerations of the target and illuminators of opportunity. Considering the limitation of a double base angle, the study focuses on far-field targets located at a range of over 100 km. It is assumed that the target has zero acceleration and a grid cell range of 10 × 10 × 10. Other parameters are shown in Table 1. The bistatic range, calculated using Equation (6), is contained in the range pulse compression signal information, which can be used for phase compensation during subsequent spatial grid cell searches. According to Formula (9), the Doppler frequency rate of the target is independent of the k value, meaning that Doppler frequency rate does not change with the change of observation configuration. The Doppler frequency rate of the target is extracted as −0.015 Hz/s, as shown in Figure 8. The equivalent radial velocity of the target is calculated using Equation (9), and the range and velocity corresponding to each grid cell are computed, along with the dual baseline distances that need to be traversed.



The results of the traversal illuminators of opportunity are projected onto the X-Y-Z-V space individually, as shown in Figure 9, Figure 10 and Figure 11. The target is submerged in noise, and each figure shows multiple possible target results from the traversal. The incoherent accumulation is performed on the results of three illuminators of opportunity, as depicted in Figure 12. According to the final accumulated result, the target signal accumulates in the X-Y-Z-V space, resulting in a single peak at coordinates (223, 120, 1). As per (16), the position information for 223 is queried. The X-Y-Z space coordinates of 223 are (3, 3, 3), which correspond to the target coordinates of (60, 80, 100) km. Additionally, the radial velocity is measured to be 120 m/s. The target velocity is calculated to be (−38.2, −58.3, −71.3) m/s using Equation (11).



As shown in Figure 9, Figure 10 and Figure 11, when each illuminator of opportunity detects the target separately, the target located at 233 is submerged in noise, or a ghost target appears. The fusion results of multiple illuminators of opportunity in Figure 12 demonstrate an improvement in the SNR. The SNR is calculated as follows


  S N R = 10 log (    P s     P n    )  



(17)




where Ps represents signal power and Pn represents noise power. According to Formula (17), the SNR of a single illuminator of opportunity detection target is 9.43 dB, while the SNR of multiple illuminators of opportunity fusion is 11.14 dB, resulting in an increase of 18%. The threshold is set to 0.9, which is higher than this value can be judged as a target. It can be observed that a single illuminator of opportunity has false detection when detecting targets, and there are numerous ghost targets. However, the accuracy and precision of multiple illuminators of opportunity detection show a significant increase. This comparison is illustrated in Figure 13. This demonstrates a significant enhancement in detection probability and SNR through the fusion method.



Comparing the result with the multiple illuminators of opportunity fusion 2D sea surface target detection in [25], the target position parameter was set to (1000, 0, 0) m, and the velocity parameter was set to (7.014, 7.014, 0) kn. As shown in Figure 14 and Figure 15, the target detection position is (1002, −8, 0) m and the target velocity is (7.06, 6.96, 0) kn [25]. Error calculation is shown in Equation (18), where x represents the exact value and x* represents the approximation.


  e r r o r =   x − x *  x   



(18)







The detection target error was 1%, and the velocity measurement error was 0.7%. In this paper, the 2D space target scene is transformed into a 3D space target scene. The proposed method accurately detects the target position, and the velocity measurement error is 2.8%. The Z-axis component dimension of the velocity increases in three-dimensional space. This component is also influenced by the direction angle, and any measurement error in the direction angle will further contribute to the error in the target velocity. Considering the significant range between the target and the receiver, as well as the close proximity between the receiver and the illuminators of opportunity in the scenario, the dual baseline angle is relatively small. This implies that the approximation of the Doppler frequency rate is more justifiable. The equivalent radial velocity extracted is more accurate, leading to smaller errors in the position detection and velocity measurement results.



As shown in Figure 16, the comparison of the proposed method, the method proposed in [25] which is 2D sea surface target detection method and the non-fusion method shows that the output SNR of the proposed method is significantly improved. Under the condition of −10 dB, the output SNR of the proposed method is 1.71 dB higher than that of the 2D sea surface target detection method and 3.84 dB higher than that of the non-fusion method, which is consistent with the actual fusion increase in the three illuminators of opportunity. Figure 17 shows the detection probabilities of the proposed method compared with the 2D sea surface target detection method and non-fusion method. For the same detection probability (90%), the proposed method, the 2D sea surface target detection method, and the non-fusion method require SNRS of −2.382 dB, 0.333 dB, and 1.753 dB, respectively, as shown in Table 3. However, it is evident that as the number of dimensions increases, the number of parameters to be estimated also increases proportionally, resulting in an increased calculation burden for the algorithm.



Regarding the computational complexity, the detection target in this paper is extended from 2D to 3D space, and the target parameter is changed from X-Y-V to X-Y-Z-V, which leads to an approximately twofold increase in the computational complexity and a significant rise in the computation time. However, this trade-off is acceptable because the proposed method in this paper has remarkably enhanced the SNR. The computational complexity of each method is shown in Table 4. Figure 18 more intuitively compares the computational complexity of the three methods when M is different. In the subsequent work, a two-step method can be employed to shrink the search area by minimizing the power consumption, followed by a search algorithm, which can reduce the computational complexity.




5. Discussion


Several potential limitations or challenges in our work need to be indicated. Firstly, the maneuverability of the high-velocity target is limited, but this does not have a great impact. It is only necessary to increase the radial acceleration dimension, but the calculation amount will be increased again. Secondly, when obtaining the Doppler frequency rate information of the target, it is assumed that the double base angle is very small, the distance of the illuminators of opportunity is very close, and the target is far away. The near-field target cannot be detected by the proposed method. Thirdly, when searching parameter space, the division of space units determines the calculated quantity and resolution. Too many cells will increase the calculation amount, and too few cells will reduce the resolution of the multi-object. The number of cells should be determined according to the situation. Furthermore, it is important to note that this paper does not consider the coverage of illuminators of opportunity. The geometry of the PMR can also influence the detection target [26]. Lastly, in the case of multiple targets, the Doppler frequency rate values of different targets are very close to each other. The Doppler frequency rate extracted in this paper is −0.015 Hz/s, which results from the target being far away and the bistatic angle being small. Thus, it is challenging to distinguish multiple targets, which is also the future research direction.



The scenario in this paper is aimed at a moving network radar. When part of the active radar in the network radar fails, this system can be used to improve the detection probability or to consider civil marine radars (CMR) on merchant ships as illuminators of opportunity in a PMR configuration [24]. The proposed method provides a new solution for the fusion detection of targets by PMR on 3D mobile platforms. It has great potential application value in an active radar network system.




6. Conclusions


This paper proposes a novel target detection method based on multi-parameter space for mobile PMR. The proposed method can detect mobile 3D spatial targets with multiple illuminators of opportunity and receivers. By introducing a multi-parameter spatial method and using the extracted Doppler frequency rate of the target to compensate phase, this paper performs to search the amplitude maximum through the multi-parameter spatial method. Meanwhile, the accuracy of localization and SNR are improved through multiple steps such as azimuth-time accumulation, frame segmentation, and data fusion. Additionally, the detection of a moving single target is simulated. Compared to a single illuminator of opportunity, the SNR of three-signal detection is enhanced by 1.71 dB, showing significant improvement through incoherent fusion. The mobile PMR system model proposed in this paper exploits the target’s Doppler frequency rate information to achieve 3D spatial target detection and velocity estimation. This provides a new solution for the fusion detection of targets by PMR on 3D mobile platforms.
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Figure 1. The flowchart of target detection with multiple signals fusion. 
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Figure 2. Mobile PMR system model with three illuminators of opportunity. This is an example where the illuminators of opportunity are actually close to the receiver, and the baseline is very short. Multiple illuminators of opportunity are in motion on the sea surface, and the receiver has the capability to receive direct signals of different illuminators of opportunity in the same plane and echoes reflected by the target. 
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Figure 3. A continuous signal with noise emitted by an illuminator of opportunity. 
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Figure 4. The mathematical model simplifies this scenario as an isosceles triangle. 
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Figure 5. Doppler frequency rate varies with the different illuminators of opportunity. 






Figure 5. Doppler frequency rate varies with the different illuminators of opportunity.



[image: Remotesensing 15 04961 g005]







[image: Remotesensing 15 04961 g006] 





Figure 6. Schematic drawing about aligning and fusion. 
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Figure 7. The algorithm flow chart of target detection method. Three illuminators of opportunity extract the same Doppler frequency rate. M represents the number of cells in the space, and K represents a set of velocity numbers. This is conducive to calculating the complexity of the subsequent algorithm. 
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Figure 8. Extracting the Doppler frequency rate of a target. 
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Figure 9. Accumulated result from illuminator of opportunity 1. 
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Figure 10. Accumulated result from illuminator of opportunity 2. 
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Figure 11. Accumulated result from illuminator of opportunity 3. 
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Figure 12. The fused results of multiple illuminators of opportunity. 
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Figure 13. Comparison of single illuminator of opportunity and multiple illuminators of opportunity fusion results. 
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Figure 14. The position detection results of 2D sea surface target. 
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Figure 15. The velocity estimation results of the 2D sea surface target. 
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Figure 16. Comparison of proposed method, 2D sea surface target detection method and non-fusion method. 
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Figure 17. The detection probability of the proposed method compared with the 2D sea surface target detection method and non-fusion method. 
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Figure 18. The computational complexity of the three methods. 
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Table 1. Other parameters.
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	Name
	Value





	SNR/dB
	−10



	Doppler frequency rate/(Hz/s)
	−0.015



	Velocity of light/(m/s)
	299, 792, 458



	Carrier frequency/Hz
	1.26852 × 109



	Number of frames
	N = 10



	Target observation time/s
	20



	Target complex scattering coefficient
	1










 





Table 2. Various simulation parameters.
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	Name
	Position (km)
	Velocity (m/s)
	Acceleration (m/s2)





	Illuminator of opportunity 1
	(20, 19, 0)
	(20, 10, 0)
	(0.1, 0.1, 0)



	Illuminator of opportunity 2
	(10, 15, 0)
	(10, 20, 0)
	(0.1, 0.1, 0)



	Illuminator of opportunity 3
	(5, 10, 0)
	(10, 10, 0)
	(0.1, 0.1, 0)



	Target
	(60, 80, 100)
	(−40, −60, −70)
	(0, 0, 0)










 





Table 3. The SNRs required for the same detection probability (90%).
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	Name
	SNR (dB)





	Proposed method
	−2.382



	2D sea surface target detection method
	0.333



	Non-fusion method
	1.753










 





Table 4. The computational complexity of each method.






Table 4. The computational complexity of each method.





	Name
	Computational Complexity





	Proposed method
	   O (  n  M + K + N   )   



	2D sea surface target detection method
	   O (  n   2 3  M + K + N   )   



	Non-fusion method
	   O (  n   2 3  M + K   )   
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