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Fig 1 The working principle of ISRJ
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[bookmark: _Hlk112183701][bookmark: OLE_LINK4]Interrupted sampling repeater jamming (ISRJ) is a novel intra-pulse coherent jamming based on digital radio frequency memory (DRFM). By repeatedly sampling and retransmitting the radar transmitting signal fragments, a series of false targets can be formed after pulse compression (PC), posing a severe threat to modern radar systems. Inspired by the energy function method and histogram analysis in image processing, an adaptive time-frequency (TF) filtering method is proposed in this letter. The ISRJ-contaminated regions can be accurately determined in the TF image after histogram analysis and subsequent energy accumulation. Guided by the energy function, the proposed method can automatically adjust the intensity threshold in TF image histogram analysis and therefore reveals better robustness compared with other competing methods. Simulations have verified the effectiveness and robustness of the proposed method against ISRJ under various circumstances.
Introduction: With the wide application of digital radio frequency memory (DRFM) in electronic countermeasures (ECM), many kinds of promising jamming types have been developed in recent years. In this context, interrupted sampling repeater jamming (ISRJ) is introduced according to the Chopping & Interleaving (C&I) concept [1]. Unlike the traditional deceptive jamming that intercepts and forwards the whole radar transmitting signal, ISRJ jammers sample the transmitting signal by fragments, and the intercepted fragments are then forwarded repeatedly. Due to this intra-pulse coherent formation process, the resulting ISRJ can generate multiple false target groups after pulse compression (PC), which significantly diminishes radars’ ability to acquire correct target information.
The application prospect of ISRJ has been fully studied on various wideband radar systems [2,3]. Nevertheless, methods for ISRJ suppression are relatively lacking. The existing methods can be mainly categorized into waveform design methods and adaptive filtering methods. Waveform design methods modulate the signal sub-pulses differently to reduce the intra-pulse correlation. In [4], by employing stepped linear frequency modulation (LFM) signals, the ISRJ-contaminated signal segments can be excluded based on the sub-pulse compression result. Furthermore, Zhou et al. [5] adopt genetic algorithm to optimize the waveform with the prior knowledge of jamming parameters. In general, these methods can suppress ISRJ to some extent, but at the cost of system complexity. Adaptive filtering methods build adaptive filters according to the intensity difference between ISRJ and other signal components. The mainstream methods apply energy function [6] and time-frequency (TF) analysis [7] to extracting the signal parts free of ISRJ. However, these methods rely heavily on the intensity difference and perform poorly under weak jamming conditions. Combined with image processing means, Sun et al. [8] construct a mask in the TF image to realize ISRJ removal. Although this method needs to accumulate TF data of multiple pulses as preprocessing measures, it provides a promising idea for ISRJ suppression. 
Inspired by the previous work, an advanced TF filtering method is proposed in this letter. Based on different intensity distributions among signal components, this method implements histogram analysis to locate the ISRJ-polluted regions in the TF image. Through energy function, the histogram analysis can sense the jamming-to-signal ratio (JSR) and adjust the intensity threshold accordingly, which considerably improves the robustness of TF filtering. Simulations are carried out to validate the effectiveness and robustness of the proposed method.
Jamming Principle of ISRJ: In practice, ISRJ jammers are implemented on the true targets for self-defending purposes. Figure 1 shows the ISRJ formation process, in which the ISRJ jammer first intercepts signal fragments with repeat sampling interval , and the sampling slice width is . Accordingly, the sampling function can be defined as
                (1)
where  denotes a rectangular window function with window length ,  is the convolution symbol, and is the sampling number of signal fragments. Assume that the time delay of the true target is , and radar emits LFM signals  with bandwidth  and pulse width . The intercepted fragments  are then retransmitted for  times to form ISRJ, which can be expressed as
   (2)
where  represents the intensity of the jamming signal, and  is the chirp rate of the LFM signal. Also, it is worth noting that 
De-chirping processing is an effective matching technique designed for LFM signals. In this process, the received ISRJ is conjugated and mixed with a delayed emitting signal , and the de-chirping PC result can be obtained by Fourier transform, which can be expressed as
   (3)
where  is the Fourier transform symbol, and  corresponds to different locations of the generated ISRJ false target groups. It can be seen from Equation (3) that ISRJ can form  false target groups after PC, achieving both the effect of suppression and deception.[image: ]
Fig 2 The flowchart of the proposed method

TF Filtering based on Histogram Analysis: A novel ISRJ suppression method is presented in this section, the flowchart of which is illustrated in Figure 2. 
Firstly, the received echo signal  is transformed into the TF domain through short-time Fourier transform (STFT). Based on the different intensity distribution characteristics among signal components, the obtained TF image  is then performed histogram analysis to locate the ISRJ-contaminated spectrums. Specifically, the intensity distribution of each component is analyzed below:
1. For noise: noise signal cannot obtain coherent processing gain in this de-chirping process. As a result, it scatters throughout the whole TF image, with relatively low intensity.
2. For ISRJ: in practical application, the jamming power should be large enough to ensure effective jamming. Therefore, the ISRJ-contaminated spectrums contain high-intensity component.
3. [bookmark: _Hlk118570361]For target echo signal: the target echo signal is fully matched during de-chirping, so that its intensity is evidently higher than that of noise. Consequently, its intensity ranges between noise and ISRJ.
The located spectrums  can be represented as
        (4)
where  is the maximum result,  is the energy threshold, and  means conducting histogram analysis with  histogram bins along the time axis.
After histogram analysis, the located spectrums are extracted for subsequent energy accumulation, through which the temporal position of ISRJ  can be determined. Thus,  can be calculated as
             (5)
where  represents Hadamard product, and  is small due to the highly distinguishable result of energy accumulation. Hence, the located ISRJ area can be denoted as . 
[bookmark: _Hlk85184016]According to the results of histogram analysis and energy accumulation, a TF mask can be built to remove the ISRJ-polluted area in the TF image, which can be modelled as
                        (6)
On this basis, the filtering function  can be given as 
                   (7)
where  denotes the inverse STFT (ISTFT) operation.
Finally, the jamming-free PC result can be obtained as
                        (8)
The ISRJ false targets are eliminated to a significant extent by carrying out the proposed scheme, and the effect brought by the noise component is also mitigated.
Energy Function Guided Threshold Decision: In order to accurately locate the ISRJ regions in the TF image, the intensity threshold  must be adaptive to the various jamming situations. Therefore, energy function  is introduced in this letter to estimate JSR and adjust    accordingly.
Suppose the maximum and minimum envelope of  is  and , respectively, then the ISRJ-extracting function  can be formulated as
          (9)
where  is the mean value of .
The estimated JSR can be obtained by the equation below:
      (10)
and the intensity threshold  is thus set as  to achieve adaptive adjustment. Guided by this, the whole ISRJ locating process is demonstrated in Figure 3.
Experiments and Results: To verify the effectiveness of the proposed method, Monte-Carlo simulations are carried out under the experimental setting listed in Table 1. The proposed method is compared with the classic energy function method [6] and max-TF method [7]. [image: ] [image: ]
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Fig 4 The SJR improvement versus SNR.
a. JSR=5dB; b. JSR=10dB; 
c. JSR=15dB; d. JSR=20dB
[image: ]
Fig 5 The typical suppression result of the proposed method.

[bookmark: _Hlk85789635]Table 1. Experimental setting
	Parameter
	Value

	Sampling rate  (MHz)
	50
1500
30
30
6
2

	Target position  (m)
	

	Pulse width  ()
	

	Bandwidth  (MHz)
Repeat sampling interval  ()
Retransmission time 
	


In the Monte-Carlo simulations, the test datasets are generated from -10dB to 10dB at 5dB SNR intervals and from 5dB to 20dB at 5dB JSR intervals, respectively. In different JSR scenarios, the signal-to-jamming ratio (SJR) improvement of these methods are shown in Figure 4, and each result is the average of 500 Monte-Carlo simulations.
As can be explicitly seen from Figure 4, on account of the strong reliance on the intensity difference, the energy function method and the max-TF method perform poorly when the relative jamming power is weak. This is especially the case under low JSR and SNR scenarios. In contrast, the proposed method applies the energy function to TF filtering and can adaptively adjust the ISRJ locating threshold in accordance with the external jamming conditions, which remarkably improves the suppression robustness with the extended scope of SNR and JSR.
Figure 5 displays a typical ISRJ suppression result in the condition that SNR=-10dB and JSR=10dB. The rest parameters remain the same as those in Table 1. The result demonstrates that the proposed method can effectively suppress ISRJ even under low SNR and JSR circumstances. [image: ] 
Fig 3 The ISRJ locating process.

Conclusion: Guided by the energy function, an improved TF filtering method against ISRJ is proposed in this letter. Based on different intensity distributions among signal components, this method can accurately determine the ISRJ-polluted regions in the TF image with histogram analysis. Specifically, the application of energy function enables this method to set the intensity threshold according to the perceived situations, which significantly improves the filtering robustness. Simulation results show that the proposed method can achieve effective ISRJ suppression with better robustness.
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