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Abstract: The Doppler band compensated by the keystone transform (KT) is limited. Therefore, it 

needs to be used in conjunction with the Doppler ambiguity compensation function to correct the 

range migration (RM) caused by maneuvering targets with Doppler ambiguity. However, the KT 

implemented by sinc interpolation suffers from significant performance loss at boundaries of 

compensation Doppler bands. Additionally, in a multi-target scenario, KT implementation methods 

occupy high complexity when the Doppler range of targets spans over two compensation Doppler 

bands. To address aforementioned issues, this study presents a variable Doppler starting point 

keystone transform (VDSPKT) method, where a new form of ambiguity compensation function is 

constructed, turning the Doppler starting point of the compensation band in KT variable. Firstly, 

the position of the compensation Doppler band is changed from fixed to adjustable as needed, 

enhancing the flexibility of KT. Crucially, the connection points of the compensation Doppler bands 

in sinc interpolation are reset, avoiding the performance loss at their boundaries. Also, the 

compensation band is adjusted to cover the narrow Doppler frequency range caused by targets, 

significantly improving the computational efficiency. Finally, the simulation results demonstrate 

that the proposed approach effectively addresses the performance degradation and high 

computational complexity of KT in the aforementioned scenarios, resulting in a computational load 

reduced by approximately 50% compared to traditional methods. 

Keywords: maneuvering target detection; range migration (RM); keystone transform (KT); sinc 

interpolation; variable Doppler starting point keystone transform (VDSPKT) 

 

1. Introduction 

1.1. Review 

With the development of stealth technology and aircraft technology, there has been a large 

number of high-speed airborne maneuvering targets with weak echoes. How to enhance the echoes 

of such targets and achieve effective detection has become a research hotspot in the field of radar 

signal processing [1–9]. Long-time coherent integration is an effective means to improve the signal-

to-noise ratio (SNR) of pulse Doppler radar reception and enhance target detection capability [10,11]. 

However, for high-speed maneuvering targets, within a long integration time, the target’s movement 

distance will span multiple range cells, leading to the range migration (RM) effect. This will result in 

the spread of the target peak energy and the decrease of SNR in the coherent integration results, 

thereby affecting the radar’s detection capability. Therefore, the appropriate methods is needed to 

mitigate the RM effect. 

In [12–14], the envelope alignment method is used to correct RM, but it requires a relatively high 

SNR. The Radon Fourier Transform (RFT) [15–19] can effectively overcome the coupling between RM 

and phase modulation by jointly searching along the range and velocity directions of the moving 

target, but it has the problem of large search computation. The adjacent cross correlation function 
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(ACCF) [20,21] is a fast non-searching motion estimation method, which uses iterative adjacent cross 

correlation operations to eliminate RM. However, it requires a relatively high SNR. In comparison, 

the Keystone transform (KT) is applicable even at low SNR, with algorithm parameters depending 

only on system parameters rather than the motion parameters of the detected targets when there is 

no velocity ambiguity or when the velocity ambiguity number is known. It can simultaneously 

perform linear RM compensation on multiple targets. These advantages make it a commonly used 

method for RM compensation. 

The KT was originally proposed by Perry [22] and widely used in synthetic aperture radar [23–

26]. In [27–29], KT was applied to the ISAR imaging field. Zhang et al.[30] introduced it into the long-

time target detection field of pulse radar, proposing a weak target detection method based on KT, 

where the signal is converted to the fast time frequency dimension and then interpolates along the 

slow time dimension to achieve KT. In order to facilitate hardware implementation, a KT method 

using complex multiplication and FFT was developed in [31]. On this basis, a method based on the 

Chirp-z transform (CZT) for implementation was proposed in [32], which has lower computational 

complexity and is a commonly used implementation for KT. The computational efficiency of CZT in 

hardware has been further improved in [33]. In [34], a second-order KT was presented to eliminate 

the second-order RM. 

1.2. Motivation 

Although KT has achieved numerous results after more than twenty years of research, there are 

still issues worth further investigation in specific implementations. For pulse Doppler radar, the 

width of Doppler band compensated by KT is the size of one pulse repetition frequency (PRF), and 

the echo of high speed target often has Doppler ambiguity. Therefore, KT generally needs to be used 

in conjunction with the Doppler ambiguity compensation function. KT has the following issues: (1) 

KT implemented by sinc interpolation suffers from serious performance loss at the junctions of the 

compensation bands. Since these positions are near the “half-blind velocity (HBV)” points, this issue 

is referred to as the “half-blind-velocity” effect (HBVE) [35,36]. (2) When the narrow Doppler 

frequency range (NDFR) of targets crosses two adjacent compensation Doppler bands, it results in a 

large amount of computation for performing KT twice. Both of these issues are closely related to the 

fixed setting of compensation Doppler bands. Detailed issues will be discussed in Section 2 of this 

paper. To address the issues in KT, this paper proposes a variable Doppler starting point Keystone 

transform (VDSPKT) method, which changes the compensated ambiguity number from a fixed value 

to a value set as needed. The advantages of the proposed approach can mainly be reflected as follows: 

1. The compensation flexibility of KT is improved by transforming the Doppler ambiguity 

compensation function from an integer form to a fractional form, allowing the compensation 

bands to be adjusted as needed. 

2. The HBVE in sinc interpolation is efficiently addressed by defining the effective gain portion in 

compensation Doppler bands as new bands through changing their connection points. 

3. The efficiency of KT in compensating for NDFRs is significantly improved by adjusting the 

compensation band to cover a NDFR, reducing the calculation times from two to one when the 

NDFR spans two compensation Doppler bands. 

The remainder of this paper is organized as follows: In Section 2, the issues in KT are detailed. 

In Section 3, the theoretical principles of the VDSPKT are introduced. In Section 4, the effectiveness 

and efficiency of the method are verified through simulation experiments. Finaly, the conclusion is 

presented in Section 5. 

2. Comprehensive Analysis of Issues in KT 

2.1. Signal Model and Keystone Transform 

2.1.1. Signal Model 

Suppose that the radar transmits a linear frequency modulated (LFM) signal, i.e., 
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 
   

 
  
 
 

2( ) rect exp j2 j
c

p

s f
T

 (1)

where  rect  means the rectangular window function， p
T  denotes the pulse duration,   

represents the frequency modulated rate of LFM signal. 

Assuming there is a moving target in space, with a distance 
0

R  from the radar and a radial 

velocity 
0

v , the equation describing the variation of the distance R  between it and the radar is 

given by 

   
0 0n n

R t R v t
 

(2)

where 
n r

t nT   0,1,..., 1n N  is the slow time, 
r

T  denotes the pulse repetition time. 

The received baseband echoes can be stated as 

  
      
               

2
2 ( ) / 2 ( ) 2 ( )

( , ) rect exp j exp -j2n n n
r n r c

p

t R t c R t R t
s t t A f

T c c
 

(3)

where  
r

t nT  is the fast time, 
r

A  represents the amplitude of echo, c denotes the light speed, 

c
f  is the carrier frequency. 

After pulse compression (PC), the compressed signal can be expressed as 




 


    
          
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0 0
1 0 0

2 ( ) 4
( , ) sinc exp -j ( )

2 2 4 4
             = sinc exp -j exp j

n
PC n c n

n
c c n

R t
s t t A B t f R t

c c

R v t
A B t f R f v t

c c c c

 (4)

where 
1

A  represents the amplitude, 
p

B T  denotes the bandwidth of the transmitted signal. 

Equation (4) indicates that the center position of the pulse envelope shifts with slow time offset. 

When the envelope offset exceeds the distance unit, range migration occurs. The RM phenomenon in 

the PC result is shown in Figure 1. 

 

Figure 1. Phenomenon of RM in the PC result. 

According to the principle of stationary phase, the fast-time-frequency domain signal of 

equation (4) is obtained as follows: 

   
      

       
    

2 0 0

4 4
( , ) rect exp -j exp j

PC n c c n

f
S f t A f f R f f v t

B c c
 (5)
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where f  and 
c

f  represent the fast-time frequency and the carrier frequency respectively. 
2

A  

stands for the amplitude. As observed from equation (5) there is coupling between the fast-time 

frequency f  and the slow time 
n

t , corresponding to the envelope migration in the time domain. 

The faster the target velocity and the longer the integration time, the more severe the range migration 

issue becomes, which limits the coherent integration gain. The RM causes spreading of the peak 

energy of the target in the coherent integration result and leads to a decrease in the SNR, thus 

affecting the target detection performance of the radar. 

2.1.2. Keystone Transform 

KT is an effective method for compensating RM. The principle of KT is to perform scale 

transformation on the slow-time signal. Using KT formula   /
n c c m

t f f f t , we can substitute 

variables in equation (5), and the signal spectrum becomes 

 
      

      
    

3 0 0

4 4
( , ) rect exp -j exp j

KT m c c m

f
S f t A f f R f v t

B c c
 (6)

where 
m r

t mT  means the transformed slow time and 
3

A  represents the amplitude of signal after 

KT. The spectrum of the signal, as represented in equation (6), shows that the fast-time frequency is 

decoupled from the slow time, thereby addressing the RM issue. Furthermore, by applying the 

Inverse Fast Fourier Transform (IFFT) to the fast-time dimension of equation (6), we obtain the time-

domain representation of the signal after KT. 

 

      

              

0
4 0 0

2 4 4
( , ) sinc exp -j exp j

KT m c c m

R
s t t A B t f R f v t

c c c
 (7)

where 
4

A  represents the amplitude of the signal after KT. From equation (7), it can be seen that for 

different pulses, the peak position of the signal remains constant at 
0

2 /t R c ,which no longer 

changes with the pulse. The echo corrections originally located in different distance units are adjusted 

to the same distance unit, compensating for RM. 

In the formulas provided, time and frequency are both represented as continuous variables. 

However, in digital radar systems, these parameters need to be converted into discrete form. Let the 

discrete sampling order of fast time t be represented by l, the discrete sampling order of slow time 

n
t  be denoted as n, the digital representation of fast-time frequency f be represented by 

l
f , and the 

index of slow-time frequency be denoted as k. After converting the variables from continuous form 

to discrete form, formula (5) becomes 

   
      

       
    

2 0 0

4 4
( , ) rect exp -j exp j

PC l l c c r

f
S f n A f f R f f v nT

B c c
 (8)

In practical radar signal processing, the implementation of KT relies on methods such as sinc 

interpolation and CZT. 

2.2. Issues of “Half-Blind-Velocity” Effect 

2.2.1. Sinc Interpolation 

Sinc interpolation is a classical method for implementing KT. However, at the points near HBV, 

its performance will significantly degrade, an effect referred to as the HBVE. The formula for 

implementing KT based on sinc interpolation can be expressed as 

 




  
 


1

1
0

( , ) exp(j2 ) , sinc( )
N

c c
l PC l

nl c c l

f f
Y f m q m S f n m n

f f f f
 (9)
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where N denotes the number of integration pulses,   0,1,..., 1m m M  is the index of the sampled 

points in the transformed slow-time domain, 
1

q  is the number for compensating Doppler ambiguity. 

For a target with velocity v, its Doppler centroid can be expressed as 


    

1 1 1

2
,      / 2

d r d d r

v
f q f f f f  (10)

where   /
c

c f  is the wavelength, 
r

f  is the PRF, 
1

q  represents the real Doppler ambiguity 

number for the targets in sinc interpolation. Only when compensating with the Doppler ambiguity 

number 
1

q  equaling to 
1

q , can equation (9) accurately compensate for RM caused by the target. 

Otherwise, there may be compensation mismatch, leading to a decrease in compensation gain. 

2.2.2. “Half-Blind-Velocity” Effect 

RM compensation gain of sinc interpolation for targets with different velocities is shown by the 

blue curve in Figure 2. When the target velocity is near   
1

0.5 / 2
r

q f , the compensation gain will 

decrease significantly. 

   

(a) (b) 

Figure 2. The curve of normalized amplitude after RM compensation by sinc interpolation varies with 

the target relative Doppler centroid ( /
d r

f f ). Simulation parameters are shown in Table 1. (a) Overall 

picture.; (b) Partial picture. 

Table 1. The Radar system parameters. 

Parameter Symbol Value 

Carrier Frequency c
f  500MHz 

Bandwidth B 20MHz 

Pulse duration p
T  4 s  

Pulse repetition frequency r
f  1KHz 

Sampling rate s
f  160MHz 

Fast-time frequency sampling points L 4096 

Integrated pulse number N 128 

Number of points in sinc interpolation  

and in CZT  

and in Doppler filtering 

M 128 

Since the Doppler frequency generated by a target has a bandwidth. At the boundary of the 

compensation Doppler bands, some of the Doppler frequency enter the next compensation band, 

leading to a decrease in compensation gain. Therefore, the velocity bands where HBVE occurs can be 

derived as 

-1.5 -1 -0.5 0 0.5 1 1.5

Relative Doppler frequency

-6

-5

-4

-3

-2

-1

0

Ambiguity compensation after sinc interpolation

Ambiguity compensation before sinc interpolation

1.4 1.45 1.5 1.55 1.6

Relative Doppler frequency

-6

-5

-4

-3

-2

-1

0

Ambiguity compensation after sinc interpolation

Ambiguity compensation before sinc interpolation
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 
 

 
 

 
  

 

1 1

1

1 / 2 1 / 2
 ,    0

2 / 2 2 / 2

r r

c c

q f c q f c
v q

f B f B
 

(11)

The bands represented by equation (11) is referred to as the HBV bands. The width of HBV bands 

increases with the ambiguity number 
1

q . This problem can be suppressed by compensating for the 

ambiguity before sinc interpolation [33]. Formula (9) can be converted as 

  





  




1

1
0

( , ) , exp( j2 )sinc( )
N

l c c
l PC l

n c c l

f f f
Y f m S f n q n m n

f f f
 (12)

Using formula (12) to calculate the compensation gain, as shown by the orange curve in Figure 

1b, it can be observed that each HBV band becomes the same width. 

2.2.3. Existing Methods to Address the HBVE 

In [35], an additional calculation is performed after sinc interpolation calculation. For each HBV 

band, a modulation is applied to the PC data  ,
PC l

S f n  using a compensation function 

     ＝ - - exp j2 2
r r

h n f nT , which can shift the signal’s Doppler centroid from  
1

1 / 2
r

q f  to 


1 r

q f . Then, another sinc interpolation calculation is performed, replacing the data in the HBV bands 

with the corresponding data from the additional calculation result. This method is referred to as the 

Doppler shift. While this method can solve the HBVE, it doubles the computation time, significantly 

increasing the computational load. 

In [36], the method of compensating for the ambiguity before sinc interpolation is performed. 

The ambiguity compensation function  


 
1

exp( j2 0.5 )l c

c

f f
q n

f
 is used to correct RM of all values 

in HBV bands approximately. Then the same replacement operation is performed. This method is 

referred to as the approximately compensating. Although it avoids the additional sinc interpolation 

calculation, reducing the computational load to some extent, it still requires an additional ambiguity 

compensation and Doppler filtering calculation, and the compensation effect is not ideal for points 

not located at the centers of HBV bands. 

2.3. Issues Related to Narrow Doppler Frequency Range 

Here, the issues of large computational complexity arises when compensating for targets with a 

NDFR using KT. This problem exists for all KT implementations, and here CZT is used for 

illustration. 

2.3.1. Chirp-z Transform 

CZT is more efficient and commonly used in engineering. KT can be achieved by performing a 

discrete Fourier transform (DFT) along the slow-time dimension of  ,
PC l

S f n  with a frequency 

spacing of 
 2l c

c

f f

f M
, where M here refers to the number of DFT points. CZT, using spiral sampling 

to calculate the z-transform, is a fast algorithm for computing the M-point samples under non-

uniform sampling conditions. The formula of CZT for implementing KT is 

 





 

1

0

2
( , ) , exp( j )

N
l c

l PC l
n c

f f
X f k S f n kn

M f
 (15)

Then, by performing an IFFT calculation on the fast-time dimension of ( , )
l

X f k , the fast-time 

Doppler data ( , )X l k  is obtained, completing the RM correction. 

Unlike sinc interpolation, the compensation Doppler band of CZT is [0, )
r

f . For targets with 

Doppler exceeding this band, the Doppler ambiguity compensation function needed is given by 
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



2

exp( j2 )c

c

f f
q n

f
 

(16)

where 
2

q  denotes the number of compensated Doppler ambiguity. The real Doppler ambiguity 

number of target is defined as 
2

floor( / )
d r

q f f , where floor( )  represents the floor function. When 

 
2 2

q q , the Doppler ambiguity can be accurately compensated. The transformation formula with 

ambiguity compensation is 

 







 
  

1

2
0

2
( , ) , exp( j2 )exp( j )

N
l c l c

l PC l
n c c

f f f f
X f k S f n q n kn

f M f
 (17)

By using equation (17), the compensation Doppler band of CZT becomes     2 2
, 1

r r
q f q f . 

2.3.2. Narrow Doppler Frequency Range 

Assuming there are multiple targets in space with similar velocities, their Doppler frequencies 

are also close. When the difference between the maximum and minimum Doppler frequencies, minf  

and maxf , is less than 
r

f , this range is defined as the narrow Doppler frequency range, which is the 

precise definition of NDFR in this paper. 

Although the width of NDFR is less than that of a Doppler compensation band, when NDFR 

spans two compensation bands, two corresponding Doppler ambiguity numbers need to be set, and 

two CZT calculations need to be performed to compensate for all targets’ RM. This issue is illustrated 

in Figure 3. 

Compensation Doppler Bands of CZT

……

… …

NDFR 1


r

f 0 r
f 3

r
f 4

r
f2

r
f

2
rf

2
rf

NDFR 2

min1f max1f min 2f max 2f

2 0q 2 1q   2 1q  2 2q  2 3q 

 

Figure 3. Illustration of NDFR position and compensation Doppler bands. 

In Figure 3, the horizontal axis represents Doppler frequency, and the ranges marked by curly 

braces are the compensation Doppler bands. The band corresponding to the Doppler ambiguity 

number 2 1q    is  ,0rf , and the band corresponding to 2 0q   is  0, rf .The red bands are 2 

examples of NDFR. Within NDFR 1, CZT with 2 1q    is needed to correct the RM of targets with 

Doppler between  min1,0f , and CZT with 2 0q   is required to compensate the RM of targets with 

Doppler between  max10, f . RM correction for all targets within this NDFR is completed. 

Similarly, in NDFR 2, correction using CZT with 2 2q   is required for the RM of targets with 

Doppler between  min 2 ,3 rf f , while CZT with 2 3q   is needed for targets with Doppler between 

 max 23 ,rf f . 

When NDFR spans two compensation Doppler bands, two CZT calculations are required to 

correct all targets’ RM. The total width of the two compensation bands is 2
r

f , while the width of 

NDFR is less than 
r

f , which is less than half of the former, resulting in a serious waste of 

computation. 
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3. The Proposed VDSPKT Method 

In Section 2, two main issues were analyzed in detail. (1) The HBVE associated with sinc 

interpolation. (2) The computational complexity when a NDFR spans two compensation Doppler 

bands. Both of them are fundamentally related to the fixed setting of the compensation Doppler 

bands. 

In this section, the principle of proposed VDSPKT is elaborated. By changing the Doppler 

compensation starting point, this method transforms the position of the compensation Doppler bands 

from fixed values to values that can be changed as needed, thereby addressing the issues raised. 

3.1. VDSPKT Implemented by Sinc Interpolation (VDSPKT-SI) 

The ambiguity number used for Doppler ambiguity compensation is an integer, resulting in a 

fixed set of compensation Doppler bands. Therefore, the position of compensation Doppler bands 

can be adjusted by changing the ambiguity number used. Further, based on equation (12), the formula 

for VDSPKT-SI is constructed as follows 

  





  




1

0

( , ) , exp( j2 )sinc( )
N

l c s c
l PC l

n c c l

f f k f
Y f m S f n n m n

f M f f
 (18)

where 
s

k , an integer, represents the parameter of the Doppler starting point, which shifts the starting 

point compensation Doppler band to 
 

 
 

1

2
s

r

k
f

M
. Then the compensation Doppler band becomes 

    
          

1 1
,

2 2
s s

r r

k k
f f

M M
. 

It is worth noting that, theoretically, replacing the integer ambiguity number 
1

q  with other real 

numbers can also shift the starting point to a different frequency. However, the definition in this 

paper has its advantages. Generally, setting the total number of transformation points M to a power 

of 2 facilitates FFT computation of the slow-time signal for Doppler filtering after. For convenience, 

in this paper, the number of points in the Doppler filtering is also defined as M. When the ambiguity 

number is 0, the frequency points in the Doppler spectrum are  ( 0,1,2,..., 1)
r

k
f k M

M
. This paper’s 

definition ensures continuity between the frequency points in the Doppler spectrum after VDSPKT 

and those obtained when the ambiguity number is 0. Further, the process of addressing HBVE using 

VDSPKT-SI is illustrated in Figure 4. 

… …


r

f 0 r
f 3

r
f 4

r
f2

r
f

Sinc interpolation:

… …


r

f 0 r
f 3

r
f 4

r
f2

r
f

Propoesd method:

Effective band HBV band

Gain of Sinc interpolation

Gain of proposed method


r

fNew period

. .. .. .. .. .. .

. . . . .. .

 

Figure 4. Illustration the proposed method to address the HBVE. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 28 March 2024                   doi:10.20944/preprints202403.1728.v1



 9 

 

According to the conclusion in Section 2.2, by compensating ambiguity before sinc interpolation, 

the widths of the HBV bands under each ambiguity number become the same. The Doppler range 

excluding the HBV bands are defined as the effective bands. Taking the ambiguity number 0 as an 

example, the effective compensation Doppler band is given by 

   
    

 2 2/ 2 / 2
c r c r

d

c c

f f f f
f

f B f B
 

(19)

Since the Doppler value obtained from signal processing corresponds to the value at the 

frequency points in the Doppler spectrum, the frequency corresponding to the 

  0,1,2,..., 1 thk k M  point in the Doppler spectrum is 
 


,

/ 2
r

d k

k M f
f

M
. Further, the smallest 

value of k that satisfies 
 

  


,2/ 2
c r

d k

c

f f
f

f B
 is defined as 

min
k , and the largest value of k that 

satisfies 
 

 


, 2/ 2
c r

d k

c

f f
f

f B
 is defined as 

max
k . Therefore, the frequency corresponding to 

 
min max

k k k  falls within the effective compensation Doppler band. And the number of points in 

the band is   
max min

M k k . 

The width of effective bands   /
r r

f M Mf  is taken as the new Doppler compensation period. 

The new ambiguity number with M  is represented by  
1s

k q M , which is set in equation (18) to 

ensure the continuity of each effective band, i.e., the frequency difference between adjacent points of 

two neighboring effective bands is r
f

M
.This approach ensures that there is no longer HBVE in the 

new compensation Doppler bands. 

3.2. VDSPKT Implemented by CZT (VDSPKT-CZT) 

The principle of the VDSPKT has been explained in Section 3.1. For CZT, by modifying the 

ambiguity compensation function in equation (17), we obtain the formula for the VDSPKT-CZT 

 







 
  

1

0

2
( , ) , exp( j2 )exp( j )

N
c s c

l c l
n c c

f f k f f
X f k S f n n kn

f M M f
 (20)

The simplified equation is obtained by combining the two exponential terms to be 

   





  

1

0

2
( , ) , exp( j )

N
c

l PC l s
n c

f f
X f k S f n k k n

M f
 (21)

The compensation Doppler band of CZT becomes 
  

       
, 1s s

r r

k k
f f

M M
. 

The illustration of VDSPKT addressing the issue of large computational complexity when the 

NDFR of targets spans two compensation Doppler bands is shown in Figure 5. To ensure that the 

compensation Doppler band 1 includes NDFR 1, the value of 
1s

k  is set to satisfy 1
min1

s
r

k
f f

M
 and 

 
  

 

1
max1

1s
r

k
f f

M
. Additionally, in order to leave some margin, the center of Band 1 is aligned as 

much as possible with the center of NDFR 1. Similarly, the value of 
2s

k  is set to satisfy 2
min 2

s
r

k
f f

M
 

and 
 

  
 

2
max 2

1s
r

k
f f

M
to make sure that the Band 2 covers NDFR 2. Likewise, the center of Band 2 is 

set to be aligned with the center of NDFR as far as possible. 
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Figure 5. Illustration of VSDPKT-CZT addressing the issues related to NDFR. 

For targets with NDFR spanning two compensation Doppler bands, the VDSPKT-CZT can 

include the compensation band in NDFR, reducing the CZT calculation times from two to one, which 

significantly reduces the computational complexity. 

4. Simulation Experiments 

Here, the effectiveness of the VDSPKT is validated through simulation experiments. The radar 

parameters for simulation are shown in Table 1. 

4.1. Effectiveness in Addressing the HBVE 

Under the current radar parameter settings, the parameters of the effective compensation 

Doppler bands is calculated. According to equation (19), we calculate the minimum value of k such 

that 
 

 
  



/ 2

2/ 2

rc r

c

k M ff f

Mf B
, resulting in 

min
2k ,and calculate the maximum value of k 

such that 
 

 


 


/ 2

2/ 2

r c r

c

k M f f f

M f B
, resulting in 

max
126k . When the ambiguity number is 0, 

the range of the frequency points indices in the Doppler spectrum that fall within the effective 

compensation Doppler band is  
min max

k k k . The new unambiguous Doppler frequency point cycle 

is calculated as   125M . 

4.1.1. Effectiveness for HBV Points 

A point target is set in the detection space, with a distance of 0.4 km from the radar. The 

maximum unambiguous velocity of the radar is  
max

/ 2 300m/s
r c

v f c f , therefore, the target 

velocity is set to  
max

/ 2 150m/sv v , which lies at a HBV point. The SNR of echo is -35dB. Simulated 

coherent target echoes are generated. 

The signal processing results are shown in Figure 6. Figure 6a shows the result after PC, where 

the target is not yet discernible due to RM and low SNR. Figure 6b shows the result after Doppler 

filtering, where the target’s peak amplitude is low due to target motion causing energy spread. Figure 

6c shows the result of the traditional sinc interpolation, which compensates for RM to some extent 

but is affected by the HBVE, resulting in only a 0.5dB improvement in the SNR. 
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(a) (b) 

  
(c) (d) 

Figure 6. Result of coherent integration. (a)Result after PC; (b)Result after doppler filtering; (c) Result 

of the traditional sinc interpolation; (d) Result of the VDSPKT-SI. 

When using the VDSPKT-SI, setting the Doppler starting point parameter  32
s

k  (
s

k  can be 

set to other values that meet the requirements) ensures that the target’s Doppler falls within the 

effective band. It overcomes the HBVE, resulting in a target SNR increase of 5.5dB, which is shown 

in Figure 6d. 

4.1.2. Effectiveness in Solving the HBVE 

In Section 2.2, two other methods, Doppler shift and approximate compensation, for solving the 

HBVE were introduced. In the following simulations, these two methods are compared with the 

proposed method in terms of their effectiveness. 

The velocity range is set to   300m/s,300m/s , within which there are two HBV bands centered 

at -150 m/s and 150 m/s. According to the previous calculation, use proposed method with the 

Doppler starting point parameter  
1s

k q M . 

The traditional sinc interpolation and three improved methods is used to correct RM of targets 

within the preset velocity range, and the peak of the processing results is recorded to obtain the gain 

curves, which is shown in Figure 7. Due to the shape of sinc interpolation filter, there are slight losses 

in gain for points near the HBV bands, which fall within an acceptable range. Because the proposed 

method does not involve replacement operations, the gain range is smoother near the HBV bands 

compared to the other two methods. Furthermore, the smoothness can be further improved by 

reducing the value of M . 
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(a) (b) 

Figure 7. Gain curves of different target velocities using sinc interpolation and three improved 

methods. (a) Overall picture; (b) Partial picture. 

4.1.3. Computational Complexity 

In this subsection, the number of complex multiplications is used to compare the computational 

complexity. The number of complex multiplications for compensating a period with a Doppler 

ambiguity number of 0 using sinc interpolation is 2LM . For periods requiring Doppler ambiguity 

compensation, using the method of Doppler ambiguity compensation first, the number of complex 

multiplications is 22LM . For processing at one HBV band: (1) the number of complex multiplications 

for shifting is LM , and the number of complex multiplications for sinc interpolation is 22LM ; (2) 

the number of complex multiplications for the approximate compensation is LM ; (3) the 

computational complexity of the VDSPKT-SI within one period is 22LM . The number of 

multiplications for Doppler filtering of the result obtained by sinc interpolation is  2
log / 2LM M . 

The number of complex multiplications of three improved methods for different compensation 

Doppler ranges is shown in Figure 8. It can be observed that the proposed method requires much less 

computation than the Doppler shift, and is almost the same as the approximate compensation. 

 

Figure 8. The number of complex multiplications of three improved methods. (Ps: The relative 

Doppler width is the targets’ Doppler width divided by 
r

f , and the Doppler center is at 0.). 

When compensating for the Doppler range including the HBV band, which corresponds to the 

part in the Figure 8 where the relative Doppler is greater than a certain value (slightly less than 1), 

the HBVE needs to be addressed. The proposed method exhibits lower computational complexity 

than the approximate compensation method at the majority of points, and the computational load is 

reduced by 50% compared to the traditional Doppler shift method at all points. Therefore, 

considering both effectiveness and computational complexity, the proposed approach outperforms 

the other two methods in addressing the HBVE. 
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4.2. The Effectiveness of VDSPKT-CZT 

Here, we simulate example 1 in Section 3.2 to verify the effectiveness of VDSPKT-CZT. NDFR 1 

is set to        ，
min1 max1

, 400  400 Hzf f , and 3 point targets is placed within it. The target parameters 

are shown in Table 2. In addition, to make the comparison between the results before and after RM 

correction clearer,   256M N  is set. The SNR of echo is -20dB. 

Table 2. The target parameters. 

Target Number Initial Range Radial Velocity Doppler Centroid 

1 8km 120m/s 400Hz 

2 7km 30m/s 100Hz 

3 6km -120m/s -400Hz 

The simulated echoes are processed with frequency-domain PC to obtain the compressed results 

in the fast-frequency domain, denoted as  ,
PC l

S f m . Then, a M-point FFT is applied to the slow-time 

dimension of  ,
PC l

S f m  to obtain the Doppler filtering result ( , )C l k , as shown in Figure 9. The data 

are affected by RM, causing the target energy to spread to surrounding cells. Since the velocity of 

Target 2 is relatively small, and the impact of RM is not significant. 

 7  

(a) (b) 

Figure 9. Doppler filtering result. (a) Side view; (b) Top view. 

RM compensation is performed using CZT formula (17) with ambiguity numbers 
2

0q  and 

 
2

1q , respectively. The results are shown in Figure 10 and Figure 11. From Figure 10, it can be 

observed that only the RM of target 1 and target 2 can be effectively compensated, while that of target 

3 cannot be compensated, leading to further energy diffusion conversely. Because when the 

compensation ambiguity number is 0, the compensation Doppler band is      ，0, 0  1000 Hz
r

f  and 

the Doppler of target 3 is not within it. Similarly, when the compensation ambiguity number is -1, 

the compensated Doppler band is     ,0 -1000,0 Hz
r

f , and only target 3 can be effectively 

compensated. When using traditional CZT, a total of two compensation operations is required to 

complete the RM correction for all 3 targets in the NDFR. 
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(a) (b) 

Figure 10. Result of CZT with an ambiguity number of 0. (a) Side view; (b) Top view. 

  

(a) (b) 

Figure 11. Result of CZT with an ambiguity number of -1. (a) Side view; (b) Top view. 

Using the proposed VDSPKT-CZT, the Doppler starting point 
s

k  is set to  2M , so that the 

compensation Doppler band becomes 
 
   
 

，, 500  500 Hz
2 2

r r
f f

, covering the NDFR where targets 

are located and aligning its center with the center of the NDFR. The result is shown in the Figure 12. 

It can be observed that after VDSPKT-CZT, RM of the 3 targets is effectively compensated 

simultaneously, the energy of the targets is more concentrated, the peak amplitudes are higher, and 

the gain of integration for the three targets is increased by 8.4 dB, 1 dB, and 8.9 dB, respectively, 

compared to the result of Doppler filtering. 

  
(a) (b) 

Figure 12. Result of VDSPKT-CZT. (a) Side view; (b) Top view. 
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Finally, PC results before and after the RM correction are compared. An IFFT calculation is 

performed on the fast-time frequency dimension of  ,
PC l

S f m  to obtain the fast-time domain PC 

result, as shown in Figure 13a. It can be seen that the positions of the targets echo envelope change 

continuously with the slow time. A M-point IFFT is performed on the range-Doppler matrix ( , )X l k  

obtained after VDSPKT-CZT in the Doppler dimension to calculate the PC result after RM correction, 

as shown in Figure 13b. The positions of the target signal envelope no longer change with slow time, 

indicating effective compensation for RM. 

  

(a) (b) 

Figure 13. Top view of the PC result. (a) Before VDSPKT-CZT; (b) After VDSPKT-CZT. 

The proposed VDSPKT-CZT in this paper only needs to perform one calculation to complete the 

RM correction of targets with NDFR spanning two compensation Doppler bands, which improves 

computational efficiency. Compared to traditional CZT, this approach reduces computational 

complexity by approximately 50%. 

5. Conclusion 

In this paper, we proposed the VDSPKT, which transformed the Doppler ambiguity 

compensation function from an integer form to a fractional form. This transformation enabled the 

starting point of compensation Doppler bands in KT to be adjusted as needed thus enhancing the 

flexibility. For the HBVE in sinc interpolation, a solution based on VDSPKT-SI was proposed. This 

approach effectively addressed the HBVE problem by changing the position and connection points 

of the compensation Doppler band. Moreover, it reduced the computational complexity by 

approximately 50% compared to the traditional Doppler shift method. Furthermore, to improve the 

computational efficiency of KT in RM compensating for targets with NDFR, using CZT as an 

illustration, VDSPKT-CZT was introduced. This approach changed the position of the compensation 

Doppler band, enabling it to encompass a NDFR. As a result, the CZT calculation times were reduced 

from two to one, greatly improving the computational efficiency. The effectiveness of the proposed 

algorithms was validated through simulation experiments. 

Since we only consider the first-order range migration of moving targets in this paper. In the 

future, it will be interesting to study how to combine this approach with Doppler frequency migration 

correction methods and apply it to more scenarios. 
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