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Abstract: The Doppler shift is an angle dependent function. Based on the relationship between fre-
quency shift and angle, direction-finding method can be used directly to obtain the ranging solution
based on frequency shift measurement. The Doppler ranging solution obtained by this method has
excellent calculation accuracy and can keep the same accuracy as the ranging solution based on
frequency shift difference processing.

Keywords: Single station location; Airborne passive positioning; Doppler shift; Doppler frequency
difference; Path difference equation; Direction-finding; Ranging

1. Introduction

Existing research results show that the location can be completed based on only one
detection by directly using the Doppler change rate[1-3]. Otherwise, if based on Doppler
frequency shift measurement, at least two detection are generally required. One of the
results of the author's early research on the passive ranging method based on Doppler
rate of change is that, based on the mathematical definition, the Doppler rate of change is
transformed into the ratio of the Doppler frequency difference to the time difference by
using the difference method, and at the same time, by using the velocity vector relation-
ship, an airborne Doppler passive ranging method based on two consecutive frequency
shift measurement is derived[4,5]. The result of this study is that there are both ad-
vantages and disadvantages. The advantages are that direct measurement of Doppler rate
of change is not required. The disadvantages are that two measurements of the Doppler
shift are required.

In fact, the Doppler shift is an angle dependent function. From the point of view of
pure mathematics, after measuring the frequency shift, the azimuth angle between the
movement direction of the detecting platform and the radial distance of the target can be
obtained directly according to the frequency shift if the movement speed of the detecting
platform and signal wavelength of the detecting target are also known. Based on the rela-
tionship between frequency shift and angle, this paper directly uses direction finding
method based on trigonometric function to give the ranging solution based on frequency
shift measurement. In order to compare the errors more clearly and make it easier for
readers to read, the author briefly describes the existing Doppler ranging solutions based
on difference processing after the derivation of Doppler ranging solutions by means of
direction finding method. The analysis results show that the Doppler ranging solution
given by direct direction finding method has excellent calculation accuracy and can keep
the same accuracy as the ranging solution based on frequency shift difference processing.
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2. Doppler ranging solution based on direction finding method

A Doppler receiver R is installed on the moving platform to detect the stationary or
slow-moving target T on the ground as shown in Figure 1, and the received Doppler fre-
quency shift is

Af, =vcosp 1)

where: fy is Doppler frequency shift; A the wavelength; V the moving speed of
the moving platform; g leading angle.

B v

R Direction of detection platform

Figure 1. Doppler frequency shift detection of moving single station.

Suppose there is a single station moving in a straight line, as shown in Figure 2, from
position 1 to position 2. In this process, Doppler frequency shift detection is performed
twice in a row at a single moving station.

Af,, =vcos 2)

Af,, =vcCos S, 3)

In the figure, d represents the moving distance of the sounding station, and r,
represents the radial distance between the sounding station and the target.

Direction of detection platform

T

Figure 2. Detection of fixed target by moving single station.

According to the Doppler shift equation (1), the leading angle can be solved directly
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4 A
B, = cos 1(7 fdl)

4)
B = COS_{& fdzj
v
®)
According to the geometric relation shown in Figure 2, the sine theorem is used
d o n
Sin(ﬁz _ﬂl) Sinﬁz Sinﬁl (6)

The radial distance r, from the detecting platform to the target at the current posi-

_ d sin{cos‘l(/1 fdlﬂ
dsing, v

r2:3in(ﬂ2—,31)_ : af A af A
sin| cos [v fdzj—cos (v fle

tion

)
3. Ranging error
The relative ranging error is analyzed by total differential method. First set
P
r,=d ) (8)
where:
P =sin f;
Q =sinAg
AP =P~
3.1. Ranging error resulting from frequency shift measurement
Ranging error resulting from frequency shift fg,
I.
& %(Qai_P _ p;_QJ
d1 Q d1 d1 (9)
Range error resulting from frequency shift f,,
o %[Qﬁ b Q]
afd 2 Q a":d 2 afd 2 (10)

where:
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P,
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3.2. Ranging error caused by moving distance d

aé_ sin g,

3.3. Ranging error caused by flight speed

%8 (o p0)
v Qi av  av (12)

where:
oP opy
— =cos ==~
ov Z

Q_ COSA Bp
ov ov

thereinto
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3.4. Computational formula

When the error of each observation is zero mean, independent of each other, the rel-
ative ranging error can be calculated as follows

| |
o, =— oy
"2 (13)

where: 54,091,054, o, are theroot mean square errors of angle, frequency shift, mov-

o
fq

or,

of +l=o +
dfq,

ing distance and flight velocity measurement errors respectively.

The preliminary calculation shows that the root mean square error of moving dis-
tance and flight speed measurement error has little influence on the relative ranging error.
Therefore, in the following calculation process, only the relative ranging error generated
by the frequency shift measurement error is considered

1

Oy DF = —
- r
2

or,

oy 4|02
afdl

O'f"r
afd2

of :l (14)

4. Comparison with the ranging solution based on frequency shift differential pro-
cessing

The simulation results show that the Doppler ranging solution based on the direction
finding method has excellent calculation accuracy. At this point, it seems meaningless to
analyze the calculation accuracy of different moving distances, different radial distances,
different moving speeds and different wavelengths separately. At the same time, the error
calculation also shows that the error characteristic of Doppler ranging solution based on
direction finding method is basically the same as that of the existing ranging solution
based on frequency shift difference processing. Therefore, the relative calculation accu-
racy and ranging error analysis of Doppler ranging solutions based on direction finding
method are put in the section of comparison with the existing ranging solutions based on
frequency shift differential processing.

4.1. Ranging solution of difference based on frequency shift

This section first retells the mathematical derivation results of previous studies[4,5].
Still based on the geometric model shown in Figure 2, it is assumed that the Doppler
change rate detected by the detection platform at position 1 is

<
N

— 11 (15)

where, v, is the tangential velocity of the detection platform; r, the radial distance

1

between the target and the detection platform.

From the mathematical definition (15), the rate of Doppler change can be approxi-
mated by the measured value of Doppler frequency difference between two detection
endpoints during a time period At obtained by time difference measuring

Afd — fd2 — fdl

16
At At 4o

f, =

Time difference At can also be expressed as the ratio of distance traveled to speed
traveled
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Relative calculation error &/ (%)

N
(=}

w
3
T

30 - =~

[}

w
’

4

4
T
’

’

I

W
4
’

10 - ~ q

d
At = — (17
14

By integrating equations (15) and (16), and using the relationship V' =V; +V, between
velocity vector and its components, and the relationship v, = 1f, between radial velocity
and Doppler frequency shift, the ranging formula as follows can be obtained

V2262 afv2-22¢2)
AAts] vaAf|

rl =

(18)
where: Af; =f,, —f,,.

4.2. Simulation modification

Parameter value used in calculation: I, =600km, d =100km, v=300m/s,
A=0.3m, o, =50Hz.

The radial distance and Doppler frequency shift values at the two detection positions
are respectively selected to calculate. Figure 3 shows some of the calculated curves selec-
tively.

— Take the mean of the frequency shift
- - . Use frequency shift f(12

............. Use frequency shift f |

[

0 Il Il Il Il
0 10 20 30 40 50 60 70 80 90

Front-anglel Bl /(°)

Figure 3. Relative calculation errors of ranging solution using frequency difference directly.

The results show that, assuming that the detection platform moves the distance d
uniformly along a straight line, if the average frequency shift at two positions is adopted,
the ranging formula at position 1 has the minimum relative calculation error, that is,

d(vz ~0.254%(f,, + fdz)z)

e VAAT|

(19)

The dotted line in Figure 3 shows the relative calculation error of Equation (19). This
shows mathematically that there is a lag in the detection of target distance. It is necessary
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to obtain the average value of Doppler frequency shift on a moving distance, and then
only the radial distance at the starting position can be accurately obtained.

The dot line in Figure 3 shows the relative calculation error of equation (20), which
indicates that the Doppler frequency shift at the terminating position is used to calculate
the radial distance r, at position 2, and the relative calculation error obtained is very

_diA-218)

poor

p
VA|Af | 20)
If equation (20) is simply modified to
. div2-212)
, =
VA|Af| @1

The solid line in Figure 3 shows the relative calculation error of Equation (21). The
modified results show that, in the case of only two detection, in order to directly use the
Doppler shift measurement value at the current moving distance to solve the radial dis-
tance r, at the end position more accurately, the Doppler shift value at the starting po-

sition 1 should be used to replace the frequency shift value at the second position 2.
4.3. Error calculation of frequency shift differential ranging solution

According to the results of simulation correction, formula (21) is adopted for error
analysis. Preset preestablish

Qo (22)
where:

Ay =—
0 vA

Q= |Afd|
Ranging error resulting from frequency shift 4,

ﬁ:&(%@_%%]

oy QC gy gy (23)

thereinto

P _ 2221y,

Ranging error resulting from frequency shift f,,
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The relative ranging error caused by frequency shift measurement error
1(|or, or,
=—| =0 +|==|0; |- (25)

O O
r_FD f
r2 8fdl ade

4.4. Comparison of relative calculation accuracy

During the simulation calculation, the leading angle ) at starting point 1 of the de-
tection platform, the radial distance I; =600Km from starting point 1 to the target, the

moving distance d =100km of the detection platform, the flight speed v=300m/s and
the wavelength 4 =0.3m of the detection signal are preset.

Then the radial distance I, of the target at the second position 2 and other geometric

parameters are calculated by using trigonometric function relations. According to the def-
inition (1) of Doppler frequency shift, the Doppler frequency shift value is calculated.

Figure 4 shows the relative calculation error curves of Doppler ranging solutions
based on direction finding method and existing ranging solutions based on frequency
shift measurement. Obviously, the relative calculation error of Doppler ranging solution
with direction finding method is almost zero, and the most direct reason is that there is
no approximate treatment in the process of proving the ranging solution. In terms of
mathematical expression, the leading angle tends to be the same at both probe positions
only when the leading angle is small. Now, if you just look at the denominator and it tends
to go to zero, it seems to result in a singularity. But in fact, so the leading angle is going to
zero, so the numerator is going to zero. Therefore, according to the limit rule of derivative,
the whole ranging formula tends to a fixed value.

As far as the shape of the error curve is concerned, the author thinks that the relative
error distribution of the Doppler ranging solution by means of direction finding method
should be only some chaotic burrs, and has nothing to do with physical characteristics. In
other words, there is no functional correlation between the distribution characteristics of
the relative calculation error curve and the leading angle in physical characteristics. How-
ever, the relative calculation error of the ranging solution based on approximate difference
processing is related to the physical characteristics.

According to the mathematical definition (15) of Doppler rate of change, the singu-
larity of the equation does not appear when the tangential velocity and distance are fixed.
However, after the approximate difference treatment, the Doppler change rate is directly
determined by the difference between the two frequency shifts. According to the defini-
tion (1) of Doppler, in the case of fixed velocity, the magnitude of the Doppler shift is only
related to the leading angle. Therefore, when the leading angle is small, that is, when the
leading angle at the two detection positions tends to be the same, the magnitude of the
two frequency shifts is very close, and the difference between the two frequency shifts
tends to zero. At this point, the Doppler rate of change tends to be singular, which leads
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Relative calculation error €/ (%)

to the relative calculation error of the approximate ranging solution is relatively large

when the leading angle is small.
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Figure 4. Comparison of computational accuracy.

4.5. Comparison of ranging errors

The relative ranging error curves for the two ranging solutions have been shown in
Figure 5. When the leading angle is less than 40 degrees, there is a slight difference be-
tween the two ranging methods. But when it is greater than 40 degrees and tends to 90
degrees, the relative ranging errors of the two solutions tend to be the same. The author's
existing and ongoing research results show that[6-8], under the same frequency shift
measurement method, no matter what mathematical deduction method is adopted, the
ranging error is basically the same. In other words, the ranging error seems to be only
related to the frequency shift measurement method, and has nothing to do with the math-

ematical expression of the ranging equation.
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Figure 5. Comparison of relative ranging errors.

5. Conclusion

The existing ranging method based on frequency shift differential processing has
some approximation in the process of mathematical deduction and verification, so the
calculation accuracy of the mathematical formula obtained is relatively poor. Based on the
relationship between frequency shift and angle, the Doppler ranging formula derived by
direction finding method basically has no approximation. Therefore, the calculation accu-
racy of the ranging formula obtained is very good. Furthermore, the relative ranging error
of the obtained solutions is basically consistent with that of the existing solutions directly
based on frequency shift measurement.

Improving the accuracy of formula calculation is not only helpful for engineering
design, but also for theoretical research. The research in this paper may provide a refer-
ence method for passive ranging technology of motion detection platform.
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