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Abstract 

In order to solve the Blind Speed Side Lobe (BSSL) appeared in Radon-Fourier Transform (RFT) method used for dim target 

detection, a novel method of BSSL suppression is proposed in this paper. It is based on Random Pulse Repetition Interval (RPRI). 

The process of RPRI-RFT and the BSSL properties are described, the performance of coherent integration and the modulation noise 

of RFT algorithm based on RPRI are analysed in detail. Both the theoretical analysis and the numerical experimental results show 

that RPRI-RFT can be used to improve signal-to-noise ratio (SNR) and suppress BSSL effectively, and the influence of modulation 

noise of RPRI can be suppressed by the long-time integration characteristic, thus significantly improve the ability of low pulse 
repetition frequency radar to detect and measure long-range weak high-speed multi-targets. 
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1 Introduction 

 
With the development of radar stealth technology, the 

radar cross section (RCS) of target decreases sharply, 

weakening the energy of radar echo and diminishing the 

range of radar detection. Long-time integration is an 

effective method to improve the detection performance of 

dim targets [1-3]. With the increase of integration time, 

however, the problem of across range unit (ARU) walk 

will occur inevitably. Performing directly conventional 

methods of moving target detection (MTD) on high-

velocity targets, the energy of targets spread over 

multiple resolution units [4-6] and cannot be integrated 

effectively. In this case, the increase of integration time 

cannot improve the performance of radar detection. 

Non-coherent integration and coherent integration are 

two basic methods for long-time integration. The former 

mainly accumulates the energy along with the motion 

trajectory of targets to solve the problem of ARU. As a 

typical algorithm, the Hough Transform (HT) proposed 

by Carlson does not need phase compensation, making it 

easy to implement [7-9]. However, without phase 

information, the energy of target cannot be accumulated 

completely and this method cannot work well in 

extremely low SNR scenario [10]. The latter has drawn 

extensive attention from academic community and has 

been deeply investigated in recently years, because of its 

better integrated gain in the field of dim target detection. 

Techniques for ARU compensation in the long-time 

coherent integration can be classified into two types. In 

the first type, ARU compensation can be implemented by 

shifting or expanding the envelope after pulse 

compression [11]. In order to guarantee the compensation 

precision, interpolation in range dimension should be 

adopted, so the memory cost is huge. In the second type, 

ARU compensation is realized in the transform domain of 

the range-pulse plane, such as Keystone transformation, 

achieving ARU compensation of constant-velocity targets 

[12-14]. This method is free of searching operation, but it 

cannot eliminate the ARU effect for multiple targets with 

different ambiguity number simultaneously. 

In recent years, based on the coupling relationship 

between range walk and Doppler frequency, Radon-

Fourier Transform (RFT) is proposed to realize the long-

time coherent integration [15-17] by mapping the echo 

pulse to the range-Doppler plane. RFT concentrating the 

energy to a focused peak, improves the radar detection 

performance of dim targets. However, because of the 

discrete pulse sampling, finite range resolution and 

limited integration time, the BSSL still exists in the case 

of Low Pulse Repetition Frequency (LPRF). Since the 

BSSL would increase the ratio of false alarm and 

deteriorate the detection performance, a symmetrical 

weighting method has been proposed to suppress the 

BSSL in RFT integration plane. The locations of BSSLs 

can be controlled via different weighting functions, and 

the BSSLs can be eliminated by combing the different 

weighted RFT results [16]. However, BSSLs still cannot 

be eliminated completely when the BSSLs appear 

simultaneously in both RFT outputs. Another method 

based on the design of pulse repetition interval (PRI) has 

been proposed in Ref. [18]. By jointly processing the 

RFT outputs in two adjacent Coherent Processing 

Intervals (CPIs), minimum criterion is employed between 
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the two different PRI to achieve BSSL suppression. It 

should be note that the algorithm needs at least two CPIs, 

so that the integration time is increased twice and the 

radar efficiency is halved. A BSSL suppression method 

based on CLEAN algorithm has been proposed in [19]. 

The peak position of echo envelope is first obtained after 

RFT operation, and according to the relationship among 

BSSL, velocity and range, the positions of BSSL are 

confirmed and removed. And then the RFT peak will be 

determined. Though the BSSL of one target can be well 

restrained, the target cannot be detected when its main 

lobe overlaps the BSSL of another target. 

In this paper, a novel RFT algorithm based on 

Random Pulse Repetition Interval (RPRI) is proposed to 

suppress BSSL. And the paper is organized as follows: 

the principle of RFT algorithm is analysed, and the 

causes of BSSL of discrete RFT are presented in section 

2. In section 3, the RFT algorithm based on RPRI is 

proposed, and the analyses about the modulation noise 

and BSSL suppression performance of RFT algorithm are 

presented. In section 4, the simulation results of the 

proposed method are shown. Finally, the conclusions are 

given out in section 5.  

 

2 The characteristics of RFT  

 

2.1 SIGNAL MODEL 

 

Suppose a linear frequency modulation (LFM) signal 

( )p t is used by the radar transmitting, i.e., 

   2

P( ) rect exp jπp t t T t  , (1)  

where 
PT  is the pulse duration,   is the modulation 

frequency rate, and rect( ) is the rectangular function. 

For a point target with the RCS of Swerlling-0 type, 

the received echo signal can be written as 

     r r c
ˆ ˆ( , ) 2 exp j4πm m ms t t A p t r t c f r t c   , (2) 

where t̂  and 
mt  ( rmt mT , 

rT  is the PRI) denote the 

quick-time and slow-time respectively, 
cf  is the carrier 

frequency, c  represents the light velocity and 
rA  is the 

amplitude of target. It is supposed that the radial velocity
 

of the target is uniform. The instantaneous distance 

between radar and target can be expressed as 

  0 0m mr t r v t   where 
0r  is the initial distance from 

radar platform to target, and 
0v  is the radial velocity of 

target. 
After range compression, the echo signal can be 

represented as 

   
   

r,M 0 0 0

c 0 c 0

ˆ ˆ( , ) sinc 2

exp j4π exp j4π
m m

m

s t t A B t r v t c

f r c f v t c

  

 
, (3) 

where 
0A  is the amplitude of baseband signal, B is the 

bandwidth of LFM signal. 

For the conventional MTD method，echo envelop is 

supposed to be in the same range unit, and the coherent 

integration results can be written as 

   P r,M
ˆ( , ) , exp j4π d

CPIT m m mS t v s t t vt t   , (4) 

where   is the wavelength,  P ,S t v  is the coherent 

integration result in the range-velocity plane. 

In equation (4), the pulse integration time should 

satisfy 

r

CPI

max

T
v




, (5) 

where r  is the range resolution, and  r 2c B .   

However, in general cases, the maneuvering targets 

cannot satisfy (5) during the long integration time, so 

ARU will appear, thus affecting the coherent integration 

of energy. RFT algorithm is a solution way to deal with 

the effect of ARU. For uniform velocity motion, it can be 

expressed as 

 
 

r,M

2 4π
, , exp j d

m m

m m

r vt vt
G r v s t t

c

   
    

  
 

, (6) 

Equation (6) shows that the echo envelope of each 

slow-time is extracted along with the motion track 

  0 0m mr t r v t  , and the phase terms are compensated 

based on the relationship between velocity and Doppler 

frequency. In contrast, equation (4) shows that the sample 

points are extracted in the same range cell for different 

pulse repetition interval. Therefore, RFT can integrate the 

energy of target completely, while MTD cannot. Since 

motion track of the target is unknown before detection, 

two-dimensional joint searching of range and velocity is 

required in the RFT algorithm. 

In practical application, the discrete form of (6) can 

be rewritten as  

 

 

  

 

1
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, round ,
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, (7) 

where M is the number of integrated pulses. The 

maximum of integration peak can be found by searching 

in distance-velocity parameters' plane, and the peak value 

can be written as 

 0 0 0,G r v A M . (8) 
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2.2 RFT BSSL CHARACTERISTICS  

 

For LPRI Pulse Doppler (PD) radar, the accumulating 

gain of MTD method (shown in (4)) at ambiguous 

frequency point 
d rf k T , corresponding to the 

ambiguous velocity   0 bv k v kv  , where 
b r2v T   is 

the blind velocity, is the same with true Doppler 

frequency point, the true velocity cannot be ascertained. 

For RFT method from equation (7), although phase 

fluctuation of ambiguous velocity  v k  can still be 

compensated completely, only some sampling units can 

be accumulated effectively according to the false motion 

track of ambiguous velocity  v k , if they are in the same 

range unit with the real motion track   0 0m mr t r v t  . 

The valid integration number L of accumulated pulses, 

which satisfies the above condition, can be represented as 

  0 0

0

round /r rv v T v v
L

M v v

  
 




. (9) 

In this case, RFT results can be rewritten as 

   0 r

0 0

2
, k

A
G r v k A L

k
 




. (10) 

Thus, for LPRI PD radar, one main accumulating 

peak and several BSSLs are generated in RFT output, and 

the Primary Lobe-to-Side Lobe Ratio (PSLR) is 

r

20lg
2

k

Mk
I

 
  

 




. (11) 

For constant wavelength, BSSL is relevant with the 

ambiguity number k , the number of accumulated pulse 

M and the distance resolution 
r . RFT processing can 

suppress the effect of MTD method on velocity 

ambiguity, and the suppression ratio is 
kI . But RFT still 

cannot resolve the velocity ambiguity completely. In the 

case of multiple targets, the phenomena of false alarms 

will still exist when BSSLs exceed the threshold. 

 

3 BSSL Suppression of RFT based on RPRI  

 

3.1 PROCESS OF RPRI-RFT 

 

PD radar with RPRI resolves the problem of velocity 

ambiguity by adding random jitter to uniform PRI, and it 

shows good performance in anti-interception and anti-

electronic-jamming. 

In RPRI case, slow-time 
mt  is random, and it can be 

represented as 

r r( )m m mt mT d m T    ,
 

(12) 

where m  is a jitter of uniform distribution added to the 

average repetition interval 
rT , which satisfies 

0.5 0.5m   . Then the discrete expression of RPRI-

RFT can be written as 

     
  

1

r,M r

0

r

, round ,

exp 4πj

M

D m

m

m

G r v s r vmT vd R m

v mT d





   






. (13) 

Comparing (13) with (7), there are two differences 

between RPRI-RFT and RFT. First, the envelope delay of 

the former increases with the random jitter, which is 

related to md  instead of increasing linearly with slow-

time mt . When mvd R , the envelope delay jitter 

caused by RPRI is much less than the range resolution, 

and the RPRI can be considered to have no influence on 

the sampling of envelope. In fact, the condition usually 

can be satisfied in reality. Secondly, the phase term of 

RPRI-RFT is not only related to Doppler modulation, but 

also including a random term  0exp 4πj mv d  , which 

introduces random noise component to the processing 

result of RFT. Therefore, RPRI-RFT is equivalent to 

Non-Uniform Discrete Fourier Transform (NUDFT) 

along the track of range migration. The Mean and 

variance of  ,DG r v  are analysed as follows. 

The Mean of RPRI-RFT is expressed as 
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1
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0 ( , )

L

m
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. (14) 

In (14), the condition supported the final approximate 

equation is 
rmvd  , that is, the envelope jitter caused 

by RPRI is far less than the range resolution. As a result, 

( , )x r v  in equation (14) is written as 
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. (15) 

The variance of RPRI-RFT is expressed as  
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. (16) 

In (16), when 
0v v ,   0 0, 0DD G r v  , the main 

integration peak of RPRI-RFT has no noise component. 

When 0v v ,   r 0 rround /L v v T  , however, 

  D ,DG r v  becomes smaller with increasing the 

deviate degree of v  from 
0v  according to equation (9). 

From (15) and (16), it can be seen that both the mean and 

variance of  ,DG r v  have no relationship with the 

number of integrated pulses M . Therefore, the 

advantage of RPRI-RFT is that the amplitude of main 

peak corresponding to target parameter  0 0,r v  increases 

with the same proportion as M , while the variance of 

modulation noise corresponding to other range-velocity 

parameter points decreases when v  deviates from 
0v . 

Although noise is introduced by random modulation, it is 

still restrained after RFT processing so that target can be 

detected in low SNR when M reaches a certain value. 

 

3.2 BSSL PROPERTIES OF RPRI-RFT 

 

For the case of
0v v , L M ,   0 0,DE G r v 

0A M  

and   0 0, 0DD G r v  , the random modulation has no 

influence on the integration amplitude of RFT Primary 

lobe. 

The BSSL of RPRI-RFT output is random, and its 

mean is written as 

    0

0

2
, sinc(2r

D

A
E G r v k k

k
 )





. (17) 

Compared with (10), the improvement factor of BSSL 

for RPRI-RFT can be written as 

sinc(2 )aI k  . (18) 

It can be seen from Equation (18) that, the 

improvement of BSSL suppression is related to the jitter 

  and ambiguity number k . Specifically when 0.5 , 

the mean of BSSL is 0. 

The noise variance introduced after RPRI –RFT is 

computed to be 

   
 2 2

r 0

0

2 1 sinc (2 )
D ,D

A k
G r v k

k




 


. (19) 

In this case, PSLR of RPRI-RFT can be rewritten as 

 

2

2
2r r r

2 2

10lg
4 2 2

sinc 2

k

M
I

k
k kk

 
 
 
  
    
  

  


 

. (20) 

Equation (20) shows that, PSLR of RPRI-RFT can 

increase with the increase of M  or the jitter  , so the 

performance of PSLR can be improved effectively by M 

and  . Formula (19) also shows that BSSL variance will 

reduce when ambiguity k  increases, and however, BSSL 

variance cannot be completely zero even if  =0.5. 

Therefore, in order to eliminate BSSL, parameters   and 

M  should be chosen reasonably. 

 

4 Numerical experiments 

 

Numerical simulations are done to verify the above 

analysis. The parameters of targets and radar are as 

follows: the radar carrier frequency is 2.5 GHz; the signal 

bandwidth is 5MHz; the complex sampling frequency is 

10MHz; the pulse duration is 10μs; and average 

repetition frequency is 1 kHz. Three targets are assumed, 

and their distance and velocity are T1(96 km, 680 m/s), 

T2(96 km, 620 m/s) and T3(94 km, 680 m/s) respectively. 

 

4.1 UNIFORM PRI PROCESSING 

 

The range walk does not occur when M = 32. For 

uniform PRI, the result of MTD is shown in Figure 1. 

Velocity ambiguity has emerged on three targets so that 

the real velocity cannot be obtained correctly. In addition, 

MTD processing cannot distinguish T1 from T2 in the 

same distance and Doppler unit in Figure 1. 

 
FIGURE 1 MTD results of uniform PRI when M=32 
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The ARU effect become much more evident when 
M =1024. The results of MTD and RFT are shown in 

Figure 2. Figure 2(a) shows that MTD processing cannot 

distinguish the three targets, because of ARU effect. 

Figure 2(b) shows that the targets cannot be distinguished 

because of BSSL, in this case, the PSLR is 6.2dBkI  . 

 
(a) MTD results 

 
(b) RFT results 

FIGURE 2 Results of uniform PRI when M =1024 

 

4.2 RESULT OF RPRI-RFT 

 

On the basis of uniform PRI, RPRI status is presented, 

and the suppression of different jitters on blind side lobe 

is analysed, which is shown in Figure 3: (1) When 

0.3 , MTD shown in Figure 3(a) is directly applied, 

and the velocity dimension accords with noise 

distribution; (2) When 0.3 , the RFT processing 

results are shown in Figure 3(b). The BSSL is further 

suppressed, and 1I =10.9dB, which is 4.7dB higher than 

Figure 2(b); (3) When 0.5 , the RFT processing 

results are shown in Figure 3(c). The BSSL of RFT is 

reduced sharply, and the PSLR is 1I =27.7dB.  

From the above simulation results, it can be observed 

that the noise does not affect distance resolution along the 

distance dimension, and the effect of modulation noise is 

small out of range resolution unit after RPRI-RFT 

processing; along the velocity dimension, the random 

modulation noise can be further suppressed, and the 

influence of modulation noise will be smaller when a 

certain pulse number M  is selected. 

 
(a) MTD results of 0.3  

 
(b) RPRI -RFT results of 0.3  

 
(c) RPRI-RFT results of 0.5  

FIGURE 3 Results of RPRI at M =1024 

The following Figure 4 shows that PSLR values of 

different jitter  and the number of accumulated pulse 

M  correspond to the position of the first side lobe. 
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FIGURE 4 PSLR value of different α and M 
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From Figure 4, it shows that the PSLR can be 

improved to 20 dB when M is more than 600 and 

0.45 , and the PSLR can be improved to 30 dB when 

M is more than 1000 and 0.48 . These results show 

different ability to suppress of the BSLL at different 

parameters. 

 

4.3 PERFORMANCE ANALYSIS OF RPRI-RFT IN 

LOW SNR 

 

On the basis of section 4.2, Gaussian white noise is 

introduced, and the input SNR is -20dB. Experimental 

results are shown in Figure 5. Figure 5(a) shows that 

targets are submerged in noise after MTD processing. 

Figure 5(b) shows that signal energy can be integrated so 

that SNR can be improved substantially after RPRI-RFT 

processing. Figure 4(c) shows that after the increase of 

the PRI jitter, BSSL is submerged in noise, and the three 

pecks of the  targets are all much higher than the noise 

background when the pulse number M is large enough 

( M =1024),in this case, the output SNR is 20.7dB.  

 
(a) MTD results at 0.3  

 
(b) RPRI-RFT results at 0.3  

 
(c) RPRI- RFT results at 0.5  

FIGURE 5 Results of RPRI at M=1024 and SNR=-20dB 
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FIGURE 6 Detection performance at different input SNR 

In order to analyse the detection performance at low 

input SNR, the results are given at different input SNR of 

1000 Monte-Carlo simulation experiments in Figure 6. 

With detection probability 
dP =80% and a given constant 

false alarm ratio 
fP =10-6, Figure 6 shows that the needed 

input SNR is -34.3dB at RPRI-RFT method. 

Simulation results illustrate that RPRI-RFT can be 

well applied to resolve the problem of dim target 

detection and anti-velocity ambiguity, thereby achieving 

accurate velocity and distance of targets. 

 

5 Conclusion 

 

For the detection of the high-velocity dim target, the 

problem of ARU in long coherent integration time can be 

solved by RFT algorithm. However, BSSL of RFT 

algorithm may affect the detection when multiple targets 

exist in the observed scene. Therefore, a RFT algorithm 

with RPRI modulation has been proposed to restrain 

BSSL in this paper. The process of RPRI-RFT has been 

described and the BSSL properties of RPRI-RFT have 

been analysed in details. The experimental results have 

shown that RPRI-RFT can effectively restrain BSSL and 

the influence of modulation noise of RPRI can be 

suppressed by the characteristic of long-time integration 

of RFT. Therefore, the ability to detect long-range and 

high velocity dim targets has been improved effectively 

by RPRI-RFT, and proved by the simulation results. 
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