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1. Introduction

With the development of space technology, high precision passive localization
based on small satellite platform plays an important role in civil and military
fields and has broad application prospects [1]. The development trend of space
electronic reconnaissance technology is to increase the measurement informa-
tion of target and adopt joint positioning method to improve positioning accu-
racy and increase reconnaissance range [2]. In recent years, the two-satellite
TDOA/FDOA localization method has been developed both in domestic and
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global position fields, which lays a foundation for the research of TDOA/FDOA
localization system [3] [4] [5]. There are also literatures of multi-statellite
TDOA/FDOA localization method [6] [7] [8] [9] [10], However, they seldom
considered the four-satellite TDOA/FDOA joint localization problem. In this
paper, the localization performance of the four-satellite TDOA/FDOA localiza-
tion method is studied. Compared with the TDOA localization system, the ad-
vantages of the diamond configuration and accuracy of the absolute position

measurement are emphasized.

2. Principle of Four-Satellite TDOA

Suppose that the model of the three-dimensional TDOA localization system (as
shown in Figure 1) consists of 1 main satellite and three subsatellites. S; is the
main satellite, S,,S,,S; are the subsatellites. Their coordinates are denoted as
S,(%,Y;,Z),where i=0,1,2,3. p(X,Y,z) isthelocation of the target radiation
source to be estimated.

According to the position of each satellite, the distance differences between

the main satellite and the other three subsatellites satisfy the following equations:
AG =6 -1
o = (X =5)" +(y = yo)’ +(2-2,)’ M
f= (X (Y =)+ (2-2)

where I, is the radial distance between the satellite i and the target where

i=0,1,2,3. Equations (2) can be obtained with simplification and rearrange-
ment of Equation (1):

(X = X)X+ (Yo = Vi)Y +(2y — Z))Z = L, AX, +k; 2)
where k; =%[Ari2 + (X7 H Y 7)) = (X Y+ ziz)] . The matrix representa-

tion of Equation (2) can be given by
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Figure 1. Principle of four-satellite TDOA.
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Ax=f (3)
where
Xo =%, Yo = Y120~ 4
A= Xo =X Yo = Y21 20— 2, |5
Xo X3 Yo~ ¥3:Z9 — 25

x=[xy,z] ,and f =[rAr +k, LA, +ky, LA +k]

Ideally for satellites location, rank(A)=3, Equation (4) can be obtained by

using pseudo inverse to solve Equation (3):
x=(ATA)TATf (4)

The accuracy analysis of four-satellite TDOA localization algorithm is as fol-
lows.
Differentiating AT, :
d(Ar) = (c;, —Cp, )dx + (Ciy - Coy)dy +(c;, —Cy,)dz

5
=, dx; — ¢ dy; — ¢, dz; + ¢y, dx, +¢,, dy, +Cy,dz, >)
X=X Y=Y -1
where ¢, = " Gy = " ,Ciy "
Let
Clx_C(Jx’Q.Ly_COy’Clz_COz
C =| €y —CpysCyy —CoysCyy = Co, | dX=[dx,dy,dz]T,
Cax _COX’CSy _COy'C3z —Cy,
COX’COy’COZ
dY =[dAr,dAr,dAR]", dS; =[dx,dy,dz] . Uy =] C.CoyiCoy |
C0><'C0y’COZ
Ce Gy Gy 0 0 O 0 0 O
U=0 0 0], Uy=[cy C Cy|,U;=0 0 0
0 0 O 0 0 O Co Gy Gy
We can obtain
C-dX =dY —U,dS, +U,dS, +U,dS, +U,dS, (6)

Let B=(C'C)'C". Since the main satellite has an error in measuring the ar-
rival time of the radiation source signal, and the error exists in each time differ-
ence measurement. The measurement errors of each Ar, are related. we as-
sumed that the mean of the measurement error is 0 after the systematic calibra-
tion. Moreover, each element of satellite position error is uncorrelated and each
satellite position is uncorrelated. The covariance matrix of the target radiation

source localization error can be obtained as follows.
P =E[dXdX | =B{E[dvdY ]} +U E[dSds,” U,

+U,E[ds,ds, U," +U,E[dS,dS, U, +U,E[ ds ds," U, 7
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2
O-Arl UIZO_AQGAQ UIZGAHO-A@
T|_ 2 2 . .
where E[deY ]— 120 3O ar, O, N30 a,Onr, |» O 18 the variance
2
Th30aqOnrr, 1230 ar, O ar, Oan

of the measurement error of the distance between the satellite i and the main
satellite. 77, is the correlation coefficient between Ar, and Ar;. We assume
that the variance of satellite position error on each component is the same, that
; = 0'22i . We can obtain the covariance matrix of the satellite position

error as Equation (8).

E[dsds," ]= E[[olxi dy, dz, ] [dx, dyi,dzi]} =diag([02,02,57])  ®

is o2 =0
1

The covariance matrix of the target radiation source position error is as Eq-

uation (9).
£ dxdx ] = [[dx,dy, dz]" [dx,dy,dz]" | =diag ([ 0?07, 07 ) 9)

According to the definition of the GDOP, the GDOP of TDOA localization in

three dimensional space can be calculated as Equation (10).

GDOP = \/trace(E[dXdXT]) (10)

3. Principle of Four-Satellite TDOA/FDOA

On the basis of the four-satellite TDOA localization algorithm, the four-satellite
TDOA/FDOA localization algorithm adds frequency difference information.
The coordinate of the target is recorded as p(x, Y, z). The coordinate of the
main satellite is recorded as S; (X, Y,,2,). The speed of the main satellite is
recorded as V, (on,vyo,vzo). The coordinate of the subsatellites is recorded as
Si (X, Y;,Z;). The speed of the subsatellite is recorded as v, (in,vyi,vzi), where
i=12,3. According to the time difference and frequency difference of the
target radiation source arriving at the main satellite and subsatellites, we can ob-
tain that

f. =c-tdog, =\/(x—xo)2 +(y=Yo) +(2-2,)

(11)
_\/(x—xi)z+(y—yi)2+(z—zi)2
fdoa, on(x_xo)"'vyo(y_yo)"'vzo(Z_Zo)
fj:C' f = 2 2 2
Vo5 )+ (y=yo) +(2-2,) .

Y (X=%)+v, (Y=¥i)*v, (z-2)
Vox) +(y=y) +(2-2)

where 1=12,3, j=4,5,6. And tdoa, is the time difference of arrival, fdoa,

is the frequency difference of arrival, f is the radiation frequency of radiation
source, C is the light speed. By solving the least square solution of the equation,
the target position can be obtained. The purpose of this paper is to analyze the
accuracy of the four-Satellite localization, so the solution process of the equation

is no longer exhausted.
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Using first order linear approximation expansion for tdoa,, fdoa,, (x,v,z),
(%.,¥,2) and v, (V Vv,V ),we can obtain the Equation (13).

xi? Vyir Yzi

c[TDOA, FDOA/f '

3 3 (13)
= B[dx,dy,dz]' + B, [dx,dy;,dz]" +>.B, [dvxi,dvyi,dvZi T
i=0 i=0
where
TDOA =|tdoa,, tdoa,, tdoa, ]T , FDOA=] fdoa,, fdoa,, fdoa, ]T ,
[of 1ox of 1oy of, 1oz ] Cof lox,  of 1oy, ofloz, ]
of, lox of,ley of,laz of, lox of,ldy, of,la
o_|dlox dfioy ofiez| o |oflax ooy ot le,
Clof,lox of ley of, lez |’ M| ef,lox  of, 1oy, of,la
oflox ofloy oflaz oflox  of 1oy, of,laz,
(of, 1ox ofg 1oy ofg 1oz of, 10x, ofg 1oy, of,l0z,
Take the upper equation as
3
B[dx,dy,dz]" =c[TDOA, FDOA/f | - B, [dx;,dy;,dz; ]
i=0
(14)

_ g B, [ dv,;, v, dv, ]T

Divide the measurement accuracy of the subsatellite position into measure-
ment accuracy of absolute position and measurement accuracy of relative posi-
tion. That is

dx,dy.,dz " =[dx,,dy,,dz, ] +[dx,dy,dz '
i i i 0 0 0 i i i

The right [dx;,dy;,dz; JT is the measurement accuracy of relative position be-
tween main satellite and subsatellites. [dXx,, dyo,dzo]T is the measurement accu-
racy of absolute position of main satellite. We can obtain the Equation (15).
3
B[dx,dy,dy]" =c[TDOAFDOA/f|" =3 B, [dx,,dy,.dy, |’
-0 (15)
3 T 1 g U
- Y B, [dx.dy;,dz | =) B, [dv,dv,,dv, |
i=1 i=0

3

Let K1=Z|31i > K2=Bn > K3=Blz > K4=Bl3 > K5=Bzo > K6=821 >
K, =B,,, K:O: B,;. And we assume that the measurement accuracy of posi-
tion, the measurement accuracy of speed, the measurement accuracy of TDOA,
the measurement accuracy of FDOA are uncorrelated. We can obtain Equation

(16) by matrix operation.

E[[dx, dy,dz]T [dx,dy,dz]}
Lo . (16)
=c’B'M(B™) +Y.B'KEK(BY)
i1
where M is the correlation matrix of measurement accuracy between TDOA
and FDOA. E; is the correlation matrix of the measurement accuracy of posi-

tion and the measurement accuracy of speed.
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The positioning accuracy can be expressed by the measuring accuracy of 3

orthogonal directions as Equation (17)

GDOP=1/0'3+O'5+GZZ (17)

From the above analysis results, we can see that the positioning accuracy is
calculatedby M and E;.
We assume that the mean of the TDOA signal and the FDOA signal mea-

surement accuracy is 0, and they are uncorrelated. We can obtain that
M —diag| | 071, 201
=a1ag| | oy PR

where I; is a 3x3 unit matrix, o, is the measurement accuracy of time
difference, o, isthe measurement accuracy of frequency difference.

The absolute position measurement accuracy component dX,,dy,,dz, are
considered to be independent of the random variables. Therefore, the correlation
matrix of four-satellite absolute position measurement accuracy is

2
O,

E, = gs Iy

where o, is the measurement accuracy of absolute position.

Comprehensively considering the measurement accuracy of relative position
and the ranging accuracy, the correlation matrix of relative position measure-

ment accuracy can be represented as

E, :oliagﬂ"lfs ;"5 ,055;0'5 ,ajD

where i=2,3,4, and o, is the measurement accuracy of relative position,

o, is the ranging accuracy.
The correlation matrix of speed measurement accuracy can be represented as

E, = oZl, where o, is measurement accuracy of speed.

4. Simulation Results

We assume that the satellite orbit altitude is 200 km and the length of baseline is
60 km. The Y configuration, T configuration and diamond configuration are
adopted respectively. The measurement accuracy of time difference is 50 ns. The
measurement accuracy of frequency difference is 10 Hz. The measurement ac-
curacy of speed is 1 m/s. The absolute position measurement accuracy is 150 m.
The relative position measurement accuracy is 50 m. The GDOP distributions of
TDOA localization and TDOA/FDOA localization are obtained by simulation,
as shown in Figures 2-4.

Analysis and comparison of Figures 2-4 show that under the same parame-
ters, the accuracy of TDOA/FDOA localization is better than that of TDOA loca-
lization. And for the diamond configuration, the improvement of TDOA/FDOA
localization accuracy is especially obvious. The GDOP of TDOA/FDOA localiza-
tion regards subastral point as center and uniformly distributed. But the TDOA
localization of GDOP is unevenly distributed.
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Figure 2. Y configuration, the GDOP distributions of TDOA localization (left) and
TDOA/FDOA localization (right).
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Figure 3. T configuration, the GDOP distributions of TDOA localization (left) and
TDOA/FDOA localization (right).
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Figure 4. Diamond configuration, the GDOP distributions of TDOA localization (left)
and TDOA/FDOA localization (right).

Let measurement accuracy of absolute position in continuous 0 - 300 m and
continuous value. Select the Y configuration, and the remaining parameters re-
main unchanged. Taking a point on the 100 km circumference of the subastral
point, the relationship of TDOA localization accuracy and TDOA/FDOA locali-
zation accuracy with the absolute position measurement accuracy are obtained
respectively, as shown in Figure 5 and Figure 6.

Comparing Figure 5 and Figure 6, the localization accuracy of the two algo-

rithms will be improved with the increase of absolute position measurement
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Figure 5. Relationship of TDOA localization accuracy with the absolute position mea-

surement accuracy.
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Figure 6. Relationship of TDOA/FDOA localization accuracy with the absolute position

measurement accuracy.

accuracy. But the localization accuracy of TDOA is greatly affected by absolute
position measurement accuracy. The localization accuracy of TDOA/FDOA is
affected by absolute position measurement accuracy very little. Compared with

TDOA localization, the effect is almost negligible.

5. Conclusion

The principles of four-satellite TDOA and TDOA/FDOA localization algorithms

are analyzed, and the GDOP expressions of the two algorithms are derived re-
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spectively. Through simulation analysis, some useful conclusions can be drawn
as follows.

With the same parameters, TDOA/FDOA localization algorithm shows better
accuracy than TDOA localization algorithm.

When using the diamond configuration, as compared with the TDOA locali-
zation algorithm, the TDOA/FDOA localization algorithm not only has better
localization accuracy, but also improves the GDOP distribution uniformity. It
solves the problem of uneven distribution of diamond configuration and in-
creases the engineering feasibility.

As compared with the TDOA localization, the absolute position measurement
accuracy of satellite has almost no effect on the localization accuracy of TDOA/
FDOA, which reduces the localization error caused by unavoidable absolute po-

sition measuring factors.
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