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Interrupted-sampling jamming (ISJ) is a big threat to large time-band width radar. In order to enhance anti-jamming capability of radar, it is a key problem to filter the jamming without harm to target information. To solve the problem, this letter proposes a new method to filter the jamming by designing filers dividedly after estimating the ISJ parameters. The filters change the state of jamming and make it fused with the echo. Experiments show that this method can divide the jamming and echo. The reduction of ISJ is about 6dB
Introduction: ISJ is a special jamming method that uses DRFM to store radar signals and transmit them alternately. The battlefield application of it makes radar difficult to identify targets. Thus, it is necessary to conduct in-depth research on the method of anti-ISJ now. Although there are plenty of methods to estimate the jamming parameters, most of the methods restrain the jamming with low efficiency.
Among them, [1] combines pulse compression and short-time Fourier transform to tell apart the jamming and radar echo. Then it inverses short-time Fourier transform to get echo without jamming. However, inverse short-time Fourier transform causes large energy loss and the result is not accurate enough. [2] and [3] find out the segments without jamming in the echo and employ pulse accumulation method to make apparent the target. The defect of them is that they abandon a large part of the echo. This means the lack of information inevitably. [4] proposes the method to divide the echo into pieces and construct pointed filters. This method makes full use of the echo. It still has the problem that the design of the filters is not able to remove the jamming completely. We put forward some improvement based on it.
In this letter, we propose a filtering method for ISJ to remove the jamming dividedly. By ergodic pulse compression, we can estimate the parameters of jamming quickly. The parameters help to divide the echo and construct the filters. we can divide the echo into segments according to the jamming sampling period. The filters are designed targeted based on the parameters estimated for every part of the echo. Finally, the jamming is restrained. The false targets left are far away from the target and can be easily excluded. Experiments prove that the method has good estimation accuracy and capacity of suppressing ISJ.
Model of ISJ: As shown in Fig. 1, ISJ samples the signals of radar by DRFM, and transmits them in different ways, such as interrupted-sampling direct jamming (ISDJ), interrupted-sampling repeater jamming (ISRJ) and interrupted-sampling cyclic jamming (ISCJ). Dense false targets appear in the echo radar received after pulse compression (PC).


Fig 1 Principle of ISJ.
Radar echo can be expressed as:

  (1)





Where  is the range of the signal.  is the pulse width.  is the carrier frequency.  is the frequency modulation.  is the distance between the radar and the target.  is the speed of light.
As a case, the sampling process can be expressed as

         (2)



Where  is the sampling pulse width.  is the jamming sampling period.  is the total period times of the jammer.
ISRJ can be expressed as:

    (3)

Where  is the transmitting times in a period.
So, the echo radar received can be expressed as

                 (4)
To suppress the jamming, the parameters are necessary to know. So far, most of methods succeed in estimating the jamming period and sampling times. By the power difference of jamming and signals, the parameters are easy to get. However, research on more detailed parameters is not enough.
Detailed parameters estimation: The estimation method comes from the theory of pulse compression.
1. Pulse compression
Pulse compression is an efficient method to condense energy and suppress clutter. It can be expressed as:

                        (5)

Where is the reference signal which can be regarded as the emit signal.
When the echo matches with reference signal, energy of echo condensed and the target is shown. When echo do not match with reference signal, energy of echo is dispersive and is not able to form a peak.
2. Ergodic pulse compression
This letter estimates the detailed parameters by the character of pulse compression. Pulse compression is a linear processing mode. In this way, we separate the echo into segments without jamming and segments including jamming based on the sampling period and the sampling times. The segments without jamming are regarded as the reference signal while the signal including jamming is pulse compressed. To simplify the calculation, we suppose that the echo start time is 0. The process of ergodic pulse compression can be expressed as:

           (6)

     (7)




Among them,  is the reference signal and is referred as the signal without jamming.  is the delay of the signal compressed.  is the delay of the reference signal.  is the transmitting time.
[image: ]
Fig 2 Ergodic pulse compression result of the first segment.




In the equation, decide the choice of pulse compression. When , the signal is the same as the reference signal. When , the signal is part of the segments jammed. When , the transmitting part in the signal is the same as the reference signal and forms a peak. In this way, the border of every segment is detected. Then the detailed parameters are estimated. The result of ergodic pulse compression is as fig 2. In the echo jammed by ISRJ, there are four parts of the segments coming from the first segment.
Jamming suppression: After the jamming parameters are estimated, we propose a method to filter the jamming in time domain.
The parameters help to separate the echo into segments with length equal to jamming sampling width. So, we can filter the jamming separately.
The signal including jamming can be expressed as:

  (8)
We substitute the equation (1)(3) into (8):

   (9)

 (10)


Where , which means the segment number. , which means the segment number without jamming.


Now, a filter is needed to change  into . So, we create filters:

                                (11)


In the parameters that filters needed,  and can be replaced by the mean of the segments without jamming and the segments including jamming.
In the stage of parameters estimation, the accuracy of the estimation may cause the interaction between adjacent filters. So, in this letter, the pulses are compressed separately and then superimposed.
In this way, the jamming is filtered. The whole process of the method to resist ISJ can be expressed as fig 3:


Fig 3 the process of anti-ISJ.






Simulation results: we assume that the bandwidth , the pulse width , the jamming period , the sampling pulse width  , the repetition times is 4, the sampling frequency . . The distance between radar and target is 4km.
We have carried out Monte Carlo simulation for 100 times. The process of the estimation is shown in fig 3. 
[image: ]
Fig 4 MSE of the parameter estimation change with JNR.
Fig 4 shows the change of MSE with JNR. When JNR is above 10dB, MSE of the parameter estimation method tends to be stable and precise. 
[image: ]
Fig 5 STFT result after filtering.
Fig 5 is the STFT result after filtering which shows the modification in the echo. Fig 7 shows the pulse compression result after filtering.
We can find that the jamming is suppressed and the location of the target appears. The decline range of the jamming is about 6dB. Compare with the method in [4], the false targets are suppressed and are further away from real target. It can be easily excluded from the figure. Conclusion: In this letter, we present a new method to resist ISJ in time domain. The method uses ergodic pulse compression to estimate parameters and a segmented filter to suppress the jamming. From simulation results, the method in the letter is stable and credible. The decline range of the jamming is about 6dB. But it still has some problem to be solved. It may cause some new false target if there is a gap between the parameters estimated and actual. We will continue to improve the method afterwards.


Fig 7 Pulse compression result after filtering.
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image46.emf
STFT result after filtering
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