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SHORT	COMMUNICATION

A Doppler Location Method Based on Virtual Path Difference
Yu Tao 

China Academy of Management Science, Beijing, 101100, China 

ABSTRACT
This paper presents a Doppler passive location method for moving targets with fixed single station using the Doppler 

frequency shift and time difference information. First, based on the relationship between frequency shift and path 
difference, the virtual path difference is calculated from the measured value of Doppler frequency shift by means of 
mean value correction. Then, under the assumption that the target is moving at a constant speed along a straight line, two 
coaxial virtual double base arrays are constructed by using the moving track of the moving target based on the method of 
fixed period time difference. On this basis, the moving distance of the moving target can be calculated by using the ratio 
relationship between the frequency difference and the radial distance between the two adjacent detection points in the 
middle of the array, and the linear solution of the two double base path difference positioning equations. At this point, the 
relative coordinate position of the moving target can be obtained by directly using the linear solution of the double base 
path difference positioning equation again.
Keywords: Fixed single station; Passive location; Doppler frequency; Doppler frequency change rate; Frequency shift-
path difference equation; Virtual path difference

1. Introduction
In electronic reconnaissance, when the signal band-

width is insufficient, resulting in the ambiguity of time 
difference, or the phase calibration and time synchro-
nization are limited by the system complexity, the lo-
cation technology based on Doppler frequency shift in-

formation is preferred for target position estimation [1-7]. 
The above defects can be remedied by using this tech-
nology, and the requirements for receiving equipment 
are low. In addition, with the rapid development of 
frequency measurement technology and the continuous 
improvement of frequency measurement accuracy, the 
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passive location technology based on the Doppler fre-
quency shift has great development potential. However, 
due to the higher complexity of the nonlinear equation 
formed by Doppler frequency shift and target state 
compared with other positioning methods, this will not 
only lead to difficulties in analyzing the mathematical 
model, but also lead to the complexity of system design 
in practical engineering, so that the original advantag-
es may be lost at last. At the same time, because the 
positioning system based on Doppler measurement is 
a nonlinear system, it is usually necessary to study the 
observability of positioning [8-10].

The author recently proposed a method that can 
directly convert the nonlinear Doppler frequency 
shift function into a linear solution in the research of 
the Doppler passive location of fixed targets by the 
motion detection station [11]. The new method obtains 
the relationship between the Doppler frequency shift 
and the radial path difference by differential process-
ing of the radial velocity, so that the virtual path dif-
ference can be constructed according to the detected 
value of the Doppler frequency shift, and then the 
position of the target can be directly obtained by us-
ing the linear solution of the double-base path differ-
ence positioning equation. The new method not only 
has unique results, but also has very simple forms. 
The analysis complexity of passive location based on 
the Doppler frequency shift is effectively reduced.

Different from the application scenario of doc-
ument [11], which is a way to detect fixed targets us-
ing motion detection stations, this paper studies the 
detection of moving target by fixed single station. 
Its difficulty is that the moving speed or moving dis-
tance of moving target is unknown. Obviously, its 
analysis is relatively more difficult. In this regard, 
the innovative method proposed by the author is: On 
the one hand, two coaxial virtual dual-basis arrays 
are constructed by using the moving track of the 
moving target, on the other hand, the moving dis-
tance of the moving target is calculated by using the 
linear solution of the two dual-basis path difference 
positioning equations according to the ratio relation-
ship between the frequency difference and the radial 
distance between the adjacent detection points. 

2. Path difference-frequency shift 
equation

2.1 Differential processing

According to the relationship between Doppler 
frequency shift and radial range change rate: 

dr fvv
t
tr λβ ===

∂
∂ cos)(

 (1)

where )(tr  is the radial distance; rv  is the radial ve-
locity; v is the moving speed of the target; df  is the 
Doppler frequency shift; λ  is the wavelength; β  is 
the leading angle.

For radial velocity, assuming that the change of 
time is short, the differential of distance to time can 
be converted into the ratio of path difference and 
time difference by using the difference calculation 
method:

t
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t
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where r∆  is the path difference; t∆  is the time dif-
ference. 

The geometric model corresponding to the math-
ematical model is shown in Figure 1. Substitute 
formula (2) for formula (1) to obtain the virtual path 
difference expression based on Doppler frequency 
shift measurement:

tfr d∆=∆ λ  (3)
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Figure 1. Geometric model of single motion station.

2.2 Mean value correction

If the Doppler frequency shift measurement value 
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of the moving target at position 1 is used, the expres-
sion of virtual path difference is:

tfr df ∆=∆ 11 λ  (4)

If the theoretical value of path difference is com-
pared with the virtual path difference obtained based 
on frequency shift measurement:

%100
r

rr f

∆

∆−∆
×=ε  (5)

where 21 rrr −=∆  is the theoretical value of path dif-
ference; fr∆  is the virtual path difference calculated 
according to equation (3).

The simulation calculation shows that the virtual 
path difference obtained has a large calculation error. 
However, further simulation calculation shows that 
if detection is also carried out at position 2 accord-
ing to the geometric model in Figure 1, the Doppler 
frequency shift is obtained and used to calculate the 
path difference from position 1 to position 2, the vir-
tual path difference obtained is:

 tfr df ∆=∆ 22 λ  (6)

The subsequent simulation calculation shows that 
its calculation error is exactly opposite to the calcu-
lation error obtained by using the Doppler frequen-
cy shift at position 1. The upper and lower curves 
in Figure 2 describe the relative calculation error 
curves of the virtual path difference obtained based 
on the Doppler frequency shift measurements at two 
locations. 
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Figure 2. Mean value correction of path difference.

On this basis, if the average value of Doppler fre-
quency shifts at two positions is used to calculate the 
virtual path difference:

( ) tffr dd ∆+=∆ 215.0 λ  (7)

Then the calculation error is just offset. The mid-
dle curve in Figure 2 shows that the relative calcu-
lation error of the virtual path difference obtained 
based on the Doppler average method tends to zero. 

The parameters used in the simulation calculation 
are: 2 600r km= 600 km, 10d km= 10 km.

3. Detection model
As shown in Figure 3, the target moves approxi-

mately at a uniform speed in a straight line, from po-
sition 1, through positions 2 and 3, to position 4. The 
fixed single station detects and receives the radiation 
signal from the target at a fixed time. If the fixed sta-
tion detects four times continuously, then according 
to the linear solution of the double base array, two 
coaxial virtual double base arrays can be constructed 
simultaneously from the target’s motion trajectory. 
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Figure 3. Geometric structure of virtual double-base array.

Based on the Doppler frequency shift measure-
ment, three virtual path differences can be obtained:

 ( ) tffr dd ∆+=∆ 211 5.0 λ  (8) 

( ) tffr dd ∆+=∆ 322 5.0 λ  (9)

( ) tffr dd ∆+=∆ 433 5.0 λ  (10)

Then, two ranging solutions are directly given by 
the double base path difference ranging solution [12]:
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4. Moving distance of target 

4.1	Ratio	of	Doppler	change	rate	of	adjacent	nodes

According to the definition of Doppler frequency 
shift change rate and the target motion trajectory, the 
following two equations can be listed at two adjacent 
detection points in the middle of the virtual array: 

2
2

2
2

t
d

v
f

rλ
•

=  (13)

2
3

3
3

t
d

vf
rλ

•

=  (14)

where 2df
•

 and 3df
•

 are Doppler change rates; λ  is 
the wavelength. 2r  and 3r  are radial distances; 2tv  
and 3tv  are tangential velocities.

The ratio of the Doppler frequency shift change 
rate between these two adjacent detection points is:

2
3 32

2
3 2

2

d t

t
d

f vr
r vf

•

• =  (15)

According to the sine theorem, the ratio between 
the radial distances of the two adjacent detection 
points is:
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where 1β  and 2β  are leading angles. 
Replace it with formula (15) to get:
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4.2 Frequency difference ratio

Use differential processing:

d
d

f
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∆
 (18)

where df∆  is the Doppler frequency difference.
Moreover, due to the constant range or period-

ic detection, the adjacent time difference is nearly 
equal, so the ratio of Doppler change rate between 
adjacent nodes can be approximately expressed by 
the ratio of Doppler frequency difference:
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where 1df , 2df  and 3df  are Doppler frequency shifts.

4.3 Solution of the equation

Substitute the two ranging solutions (11) and (12) 
into the frequency difference ratio: 
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After sorting, there are: 
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Finally, it can be solved as follows:
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including:
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5. Location of the target

5.1 Distance

After the moving distance of the moving target is 
obtained, the distance between the detection station 
and the moving target can be obtained from the dou-
ble base path difference solution again:

( )21
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Figure 4 shows the relative calculation error of 
the ranging solution at a different radial distances 
and different motion distances. It can be seen that 
the longer the radial distance, the shorter the moving 
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distance of the target, and the smaller the relative 
calculation error. Divergence will occur when it ap-
proaches 90 degrees.  
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Figure 4. Relative calculation error of ranging solution.

5.2 Orientation of the target 

Using two virtual path differences, the included 
angle between the moving direction of the target and 
the radial distance can be directly obtained from the 
double base path difference DF solution [12]:
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Figure 5 shows the relative calculation error of 
the DF solution at different radial distances and dif-
ferent motion distances. 
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Figure 5. Relative calculation error of DF solution.

5.3 Target’s movement speed 

After the azimuth angle is obtained, the moving 

speed of the target can be directly solved by Doppler 
frequency shift: 

2

2

cosβ
λ dfv =  (25)

where v  is the moving speed of the target. 
Or the moving speed of the target in the detection 

time can be approximately obtained from the moving 
distance and detection time of the target:
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6. Conclusions
Based on the innovative results of the basic ap-

plication theory of passive location technology [3],  
the Doppler location method using virtual path dif-
ference presented in this paper greatly simplifies 
the system design. In fact, the author’s research 
has shown that the path difference-frequency shift 
equation will help to construct new passive location 
methods. 

The existing mathematical description of the 
Doppler frequency shift is basically carried out in 
one-dimensional space. The author’s earlier research 
proved that when the azimuth between the wave 
source and the observer changes with time, the Dop-
pler shift should be a function on the two-dimen-
sional plane [13]. The Doppler frequency shift on the 
two-dimensional plane can always be decomposed 
into the sum of two terms, one of which is only re-
lated to the radial velocity, and the other is related to 
the radial acceleration. In addition, the given formula 
includes two Doppler frequency shifts at different 
times, which provides a mathematical method for 
obtaining the Doppler frequency shift value at the 
current time by using the Doppler frequency recur-
rence at the previous time.

The recent research results [11] show the relation-
ship between path difference and frequency shift, 
which provides a new solution for determining the 
position of the target directly using Doppler frequen-
cy shift. The frequency shift-path difference equation 
obtained by mean value correction is the analysis 
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basis of the new method proposed in this paper. It is 
based on the modified frequency shift-path differ-
ence equation with a small relative calculation error 
that can directly use the double base path difference 
positioning theory to obtain the results with good 
calculation accuracy.

With regard to the relationship between frequen-
cy shift and path difference, the author’s current con-
cern is: Can we derive a more rigorous mathematical 
formula? Can it rise to the height of a physical equa-
tion?
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