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The low-orbit dual-satellite passive location system provides a cost-efficient and easy implementation platform, by which positions
of unknown emitters on the Earth can be determined through measuring both the time and the frequency differences by two low-
orbit satellites in space. However, in reality, this dual-satellite location system has low positioning accuracy because of the
existence of systematic errors. In this paper, in order to address the problem of low positioning accuracy in low-orbit dual-satellite
systems, a virtualization approach, consisting of the establishment of the virtual reference station and virtual frequency con-
version, is proposed to correct systematic errors in the system. Specifically, we first analyze the coming source of systematic errors
in the dual-satellite location system, and then, a virtual reference station and virtual frequency are constructed to correct errors in
the measured time difference of arrival and the frequency difference of arrival, respectively. Simulation results show that
systematic errors caused by the measured time difference of arrival can be significantly reduced, and the correction efficiency,
defined as a ratio between remaining errors after implementing the proposed method over uncorrected ones, for the measured
frequency difference of arrival, largely relies on both the virtual frequency and the transmission frequency of reference stations.

1. Introduction

Satellites for precise positioning of unknown radiative
targets on the ground, such as radars, sonars, and tracking
radiative objectives, are of great significance in the space
information confrontation [1, 2]. Unlike active location
systems, such as the radar and sonar, the passive location
technologies were commonly adopted to detect and locate
unknown targets because this location model only sub-
jectively receives signals from unknown targets to obtain
their location information, which enhances the conceal-
ment and further protects itself. In passive location sys-
tems, the position of unknown targets can be obtained by
measuring the Doppler frequency for multiple times by

using a single satellite platform [3]. Unfortunately, the
positioning accuracy by this method is very low, and it can
be suitable for stationary targets. Alternatively, a four-
satellite passive location system [4] was proposed by only
measuring the time difference of arrival (TDOA). Even
though this method can provide a more accurate posi-
tioning result, the costs to build up and maintain this
platform is a bit higher as four satellites are needed. As a
consequence, the low-orbit dual-satellite location system
by measuring both the TDOA and the frequency difference
of arrival (FDOA) has obtained numerous attention from
both industries and academia, as this positioning system
only needs double adjacent satellites, and the positioning
accuracy is higher than that by the single satellite platform
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[5, 6]. However, because of the existence of systematic
errors in the measured TDOA and FDOA value, which
probably resulted from the transponder delay, the fre-
quency shift, and other unknown factors, the positioning
accuracy of this system is generally in the range of 3-10 km
[7-9]. In comparison to the four-satellite location system,
the positioning accuracy of the dual-satellite location
system is relatively poor and needed to be improved. In
literature, although numerous previous efforts [7, 10, 11]
have developed the efficient positioning algorithms and
provided positioning accuracy analysis for the dual-satellite
location system, limited research focused on eliminating
systematic errors so as to improve the positioning accuracy.
For example, a method based on ephemeris correction
technique to amend the errors of measured TDOA and
FDOA was put forward in [12, 13]. However, this method
needed at least four reference stations, and the correction
performance largely relied on the layout of the reference
stations. Moreover, the correction for ephemeris errors was
only considered in this paper. As a result, this method will
limit its application in practice. Therefore, to develop a
method for correcting systematic errors in both measured
TDOA and FDOA for the low-orbit dual-satellite passive
location system is practical and imperative.

To overcome existing limitations and improve the po-
sitioning accuracy for the dual-satellite passive location
system, this paper proposes a virtualization method by in-
tegrating virtual frequency conversion (VFC) and virtual
reference station (VRS) [14-16] technologies to correct
systematic errors in the measured FDOA and TDOA for the
low-orbit dual-satellite location system. Specifically, inspired
by the VRS technology in satellite navigation systems [14],
the tailored VRS technology is first applied to correct the
measured TDOA value by virtually establishing a reference
station nearby the unknown target. Then, by considering the
case where transmission frequency of reference stations may
be different from that of the unknown target, the systematic
error in the measured FDOA value will be corrected through
integrating the proposed VRS and virtual frequency con-
version technologies. Note that the proposed method can
not only eliminate systematic errors in the measured TDOA
and FDOA but also, to a great extent, reduce the ephemeris
error. Furthermore, the proposed method needs only at least
three stations to correct systematic errors. Hence, the
proposed method in this paper can be regarded as a new way
to correct systematic errors in the low-orbit dual-satellite
passive location system. The main contributions of this
paper are summarized as follows:

(1) We comprehensively analyze the coming sources of
systematic errors in the low-orbit dual-satellite
passive location system

(2) Inspired by the spirit of VRS, we creatively propose a
new method to correct the systematic errors in the
measured TDOA value

(3) The VFC method is proposed in this paper, and by
combining the methods of VFC and proposed VRS,
the systematic errors in the measured FDOA value is
further corrected
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(4) We evaluate the performance of our proposed
method through extensive numerical simulations

The remainder of this paper is organized as follows. The
main source of errors, which can influence the low-orbit
dual-satellite passive location system, is firstly thoroughly
analyzed. Then, the detailed procedures including the VRS
and VFC for correcting systematic errors in the measured
TDOA and FDOA are presented. After that, simulation
results are illustrated to demonstrate the effectiveness of our
proposed method, and finally, concluding remarks and
future works are drawn. In the sequel of this paper, the
superscript symbol T represents transportation and | ||
represents 2-norm of vector . If symbol * represents a
reference station or an unknown emitter, the black symbol
*, without other explanations, will be its position in the
Earth-Centered Earth-Fixed (ECEF) coordinated system. If
(%) contains systematic errors, (%)° is used to denote the
real value of (). Since there are many symbols in this paper,
the mainly used symbols are gathered in Table 1 for retrieval
conveniences.

2. Systematic Error Analysis in the Low-Orbit
Dual-Satellite Location System

In this section, we mainly study and show the error sources
and types in low-orbit dual-satellite location systems.
Roughly, the errors in the low-orbit dual-satellite location
system could come from ephemeris errors, transponder
delays, ionosphere errors, troposphere errors, multipath
effects, and measured systematic errors, i.e., measured
TDOA and measured FDOA. The above errors can also be
classified as the spatial-correlated errors and the distance-
independent errors:

(1) Spatial-correlated errors: ephemeris errors, iono-
sphere errors, and troposphere errors

(2) Distance-independent errors: transponder delay,
measurement systematic errors, and multipath
effects

Even if there exists a number of errors affecting the
positioning accuracy, we will concentrate on analyzing the
errors that mainly influence the positioning accuracy in the
low-orbit dual-satellite location system. Suppose that an
unknown emitter on the Earth, denoted by u(X,Y, Z), has
been measured its time of arrival (TOA), i.e., t;, and fre-
quency of arrival (FOA), ie., f;, by two satelhtes, whose
positions are §;(X;,Y;,Z;) and speeds are S (X Z),
respectively, i = 1,2. Then, the TOA and FOA equatlon of
this unknown emitter u, measured by the master satellite,
ie.,, i =1, can be, respective_ly denoted as [11] ¢t; = 1/c[lu—
S;l and f, = f/c((u—S,)"S;/lu—S,[), where f_ is the
transmission frequency of the unknown emitter and c is the
signal propagation speed. Moreover, with the consideration
of existing potential systematic errors, such as the clock
offset on satellites, ephemeris errors, ionosphere errors, and
troposphere errors, the modelled TOA and FOA measured
by the master satellite could, respectively, be re-expressed as
tp=1clu=8;l+6;+0,(w) + T, (u) + I, (u) + ¢ and f,; =



International Journal of Antennas and Propagation 3

TaBLE 1: Commonly used symbols and notations.

Symbol/notation Interpretation

TDOA Time difference of arrival
FDOA Frequency difference of arrival
VEC Virtual frequency conversion
VRS Virtual reference station
DGPS Differential global positioning system
TOA Time of arrival

FOA Frequency of arrival

CvVv Combining VFC and VRS

LEO Low Earth orbit

u The position of the unknown emitter
S; The position of the ith satellite

S; ] The velocity of the ith satellite

§; and §; The total of measurement error and transponder delay of the ith satellite

0; (k) and O; (k)
T; (k) and T (k)
I;(k) and I, (k)

8y and &y

Oy, (k) and Oy, (k)
T, (k) and T, (k)
I, (k) and I,, (k)
ref;

The ephemeris error between ith satellite and unknown emitter k
The troposphere error between ith satellite and unknown emitter k
The ionosphere error between ith satellite and unknown emitter k
The difference of §; or §; on two LEO satellites

The difference of O; (k) or O; (k) on two LEO satellites

The difference of T (k) or T,- (k) on two LEO satellites

The difference of I; (k) or I; (k) on two LEO satellites

The position of the ith reference station

Viboa The comprehensive error corrections for TDOA between stations i and j

The generated error corrections of TDOA
Af The difference of transmission frequency on reference station and unknown emitter
FSC{ ; The spatial-correlated error between stations i and j with transmission frequency f,

(fele)(u=8)" Si/lu—S,]l +8, + O, (u) + T, (u) + I, (w) +
&, where &, and &, represent measured systematic errors and
transponder delays, respectively, O, (1) and O, (u) are the
ephemeris errors in TOA and FOA models, respectively,
I, (u) and I 1 (u) are ionosphere errors in TOA and FOA
models, respectively, T, (u) and T (u) are troposphere er-
rors in TOA and FOA models, respectively, and € represents

other errors in the system, such as multipath effects and
some unknown errors.

Since the TOA and FOA measured by the slave satellite,
i.e, i =2, have the same form as that of the master, the
TDOA and FDOA equation of the unknown emitter u can
be, respectively, calculated as the differences of TOA and
FOA between the master and the slave satellites, which can
be formulated as

1
TDOA(u) =t, —t, = E(||u =S, —[lu=8,]) + 8y + Oy (W) + Tyy () + I, (u) + &,

(u- Sz)Tsz (u- S1)TS.1

(1)

FDOA(U)=f2‘f1=J;C<

where §,; =6, - §,, 321 = 52 - 31, 0,, (u) and O,, (u) are
the differences of the ephemeris error between the master
and the slave satellites, T, (u) and T,, (u) are the differences
of the troposphere error between the master and slave
satellites, and I,, (u) and I,, (u) are the differences of the
ionosphere error between the master and the slave satellites.

[o-s] o=

) +8,, + 0y (0) + Ty, () + I, (u) +&,

Moreover, since the distance between the satellite and the
Earth is much longer than the distance between these two
low-orbit satellites, the terms T, (u), T, (u),1,, (u), and
I,, (u) can all be ignored because they are much smaller [8].
Then, the TDOA and FDOA equation of the unknown
emitter u can be re-expressed as

TDOA (u) =t, - t, = %(”u =S, —[u=8,]) + 8, + O,y () +¢, (2)
TG TG

FDOA (u) = f, - f, = %((Snzu__“s) "SZ - (S||1u_—us) "SI) +8,, +0, (u) +e (3)
2 1



Note that, by considering the fact that the unknown
emitter is on the Earth, which can be modelled as an ellipsoid
equation, the position result of the unknown emitter, i.e.,
u(X,Y,Z), can be solved by jointly considering those three
equations. Furthermore, from (2) and (3), it can be seen that
errors in the measured TDOA and FDOA are mainly
coming from spatial-correlated errors, such as the ephemeris
error, and also coming from distance-independent errors,
such as the transponder delay and measured systematic
errors. Note that, without considering d,,,O,, (u), and ¢ in
(2) and 6,,,0,, (u), and € in (3), the remaining terms in (2)
and (3) are called as the theoretical TDOA and FDOA
values, respectively.

3. A Virtualization Method to Precisely Correct
Errors in the Low Orbit Dual-Satellite
Location System

After completing the analyses of the coming source of errors
in the low-orbit dual-satellite location system, we try to
design a virtualization method to correct systematic errors in
the measured TDOA and FDOA values. The proposed
method to correct systematic errors consists of two folds. In
Section 3.1, the tailored VRS technique is used to precisely
correct the systematic error in the measured TDOA. In
Section 3.2, with the consideration of the difference of
transmission frequencies between reference stations and the
unknown emitter, a method by combining proposed VEC
and VRS, called as CVV in this paper, is proposed to correct
systematic errors in the measured FDOA value.

Consider a low-orbit dual-satellite location system, as
shown in Figure 1, which consists of two low-orbit satellites,
six reference stations, denoted by A, B,C,D,E, F, whose
positions are ref,, k € (A, B,C, D, E, F), respectively, lying
in the coverage of the low-orbit dual satellite, and an un-
known emitter that locates within the area of reference
stations. By measuring TDOA values of six reference stations
and the unknown emitter, a VRS with its position VRS that
is near the unknown emitter can be constructed. Note that,
in practice, there may be more than six reference stations
under the coverage of dual satellite, and the reference sta-
tions could be television towers in different provinces and
also can be emitters that are set up temporarily in a prior
known position. In this paper, our objective is to correct
systematic errors in the measured TDOA and FDOA so as to
obtain a more accurate positioning result. In the following
sections, for the purpose of notation conveniences, we in-
terchangeably use the subscripts k=1,2,... and
k=A,B,C,D... in this paper.

3.1. VRS Technique to Precisely Correct Errors in the Measured
TDOA Value. Inspired by the VRS technique in DGPS, we
are trying to apply it in the low-orbit dual-satellite location
system. As shown in Figure 1, u is the unknown emitter
which is surrounded by several reference stations. The key
problem is how to establish a virtual station nearby the
unknown emitter through using these existing reference
stations. Note that we observe from (3) that the spatial-
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FiGure 1: Considered system model with six reference stations in
the coverage of LEO satellites.

correlated errors will remain by eliminating the distance-
independent errors through making a difference to the
TDOA equations between any two reference stations. Ac-
tually, this intuition and observation provide a possibility for
the realization of VRS technique in the low-orbit dual-
satellite location system.

In the dual-satellite location system, VRS technique
is easier to implement than in the DGPS. This is mainly
because only two satellites are under consideration in
the system, while in DGPS, at least four satellites are
needed to solve the location, which causes more diffi-
culty in implementing the VRS technique. Our proposed
method in the first part involves the following four main
steps.

3.2. 'The Generation of Comprehensive Error Corrections.
From (2), the TDOA equation of reference station k can be
rewritten as

1
TDOA (ref,) = Z (r’; - r'l‘) +8y + Oy (ref) +e,  (4)

where rf-‘ = |ref, — S;|I, i = 1,2. We further consider other
two reference stations on the Earth surface, i.e., A and B, so
the difference on the TDOA equation between stations A
and B can be expressed as

TDOA™® (ref) = TDOA (ref ;) — TDOA (ref)

A__A B, B AB
:Z(rz -1 —r2+r1)+O21 (ref) + ¢,

(5)

where 02” (ref) is the difference of the ephemeris error
between stations A and B. Based on (5), it can be seen that
the ephemeris error is the main factor to affect
TDOA™8 (ref), and other errors, compared to Ofl‘B (ref), are
much smaller, which can be almost omitted.
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Let the sum of O%; (ref) and other errors be equal to
VAigo A Then, the comprehensive error corrections, i.e.,
Viboa» for the TDOA equation between stations A and B
can be

1
vaE = TDOA™® (ref) - - (r‘;‘ -l rlf). (6)

In the low-orbit dual-satellite location system, a master
reference station has to be chosen as a reference in order to
implement the proposed method, and all other compre-
hensive error corrections should be made based on this
master station. As a result, the comprehensive error cor-
rections at the established VRS are also obtained on the basis
of this chosen master station. In the following analysis, the
station A, without other explanations, is chosen as the
master.

3.3. The Generation of VRS Error Corrections. To make the
constructed TDOA value at the VRS to be envisaged as the
value that is measured by an actual physical reference sta-
tion, it can be shown later that the established virtual TDOA
value at the VRS can be obtained by using the compre-
hensive error corrections, the measured TDOA value at the
master station, the geometric corrections which contain
both the theoretical TDOA value at the VRS, and the the-
oretical TDOA value at the master station. Therefore, from
(2), the TDOA equation at the master station A can be

1
TDOA (ref,) = - (r‘;‘ - rf) +0, + 0, (ref)) +e. (7)

Likewise, the established TDOA value at the VRS has the
same form as that of the master. Thus, (8) can be obtained by
subtracting the TDOA equation at the VRS from that TDOA
equation at station A. Then, we have

AVRs _ L/, a4 A VRS . VRs AVRS
TDOA = (r2 -1y =1y +7 ) +Vibor  (8)

After moving the term TDOA (VRS) to the left side of
(8), there is

TDOA (VRS) = TDOA (ref )

1,4 A VRS & _VRS A VRS
—(E(r2 —r; =1,  +71 )+VTDOA)'
9)

It is worth noting that the virtual constructed TDOA
value at the VRS, i.e., TDOA (VRS), can be obtained from
(9) as long as the value of V453 can be obtained. Actually,
VASSY can be derived from the interpolation algorithm,
which will be introduced in the subsequent section.
Therefore, once the comprehensive error corrections, i.e.,
VAR, are solved, the virtual constructed TDOA value at

the VRS can also be obtained.

3.4. Interpolation for Comprehensive Error Corrections.
We consider a more general case by assuming that there are
N reference stations whose positions are ref, = (x;, ¥, 2.),

k=1,2,...,N, separately, where the station k = 1 is defined
as the master reference station. Then, the comprehensive
error corrections for TDOA between the reference k and the
master reference station 1 can be calculated as

LVRS _ 12 13 LN-1
Vipoa = %V 1poa + %V 1poa + -+ &y Vipoa-  (10)
Apparently, the comprehensive error corrections be-
tween the VRS and the master station is a linear combination
of others, ie, V%O A-  Moreover, the parameters
N T h . ..
o = (ap,q,,...,0y) satisfy the following conditions:

N
Z a =1,
k=1

N - -

Z“i(XVRS_Xk>=1’ (11)

where T()VRS and 7(),( are the positions of the VRS and
reference station k in the Gauss plane coordinate system,
respectively.

After reformulating (11) into a matrix form, the pa-
rameters (o, a,,...,ay) can be solved by condition ad-
justment technology [17]. From (11), in order to get the
results of those parameters, we can know that the linear
combination model needs at least three reference stations,
and the outcome of @ is related to the positions of the
reference stations. Moreover, the more reference stations are
added to adjust, the more accurate the « in theory is. On the
contrary, based on the error propagation theory [18], with
the number of reference stations increasing, more errors will
be introduced to &. Therefore, the number of reference
stations to solve the parameters & cannot increase all the
way. There should be a trade-off between the adjustment
accuracy, i.e., the result of @, and the number of considered
reference stations. This topic is out of the scope in this paper
and will be studied in our future research.

3.5. The Generation of TDOA Error Corrections for the Un-
known Emitter. Since the virtual TDOA value at the VRS
can be constructed by applying the previous procedures, the
error corrections for the measured TDOA value for the
unknown emitter can be expressed as

AT = TDOA(VRS) —(|[VRS - S,| - [VRS - §,]|).  (12)

Note that the TDOA error corrections, i.e., AT, contain
most errors for the unknown emitter due to the fact that the
position of the established VRS is very close to the position
of the unknown emitter, and their errors are highly related.
Therefore, AT can effectively correct the systematic errors of
the unknown emitter. The corrected TDOA equation can be

TDOA®W) - AT =~ (Ju-8 ~[u-s,[). (3

From the above analyses, the distance-independent error
can be eliminated, and the spatial-correlated error can be



suppressed because of the short baseline distance between
the VRS and the emitter. Thus, the systematic errors in the
measured TDOA value for the unknown emitter can be
alleviated by applying the tailored VRS technique.

3.6. CVV Technique to Precisely Correct Errors in the Measured
FDOA Value. In the previous sections, the first part of our
proposed method for correcting the systematic errors in the
measured TDOA value is introduced. Intuitively, is it
possible to use this tailored VRS method to correct the
systematic errors in the measured FDOA value. Unfortu-
nately, the answer is no because two following troubles have
to be confronted. One is that the accuracy of the constructed
virtual FDOA value at the VRS is worse than that of the
constructed TDOA value at the VRS. Another one is that the
different transmission frequencies between reference sta-
tions and the unknown emitter will lead to a large deviation
from the true FDOA value at the established VRS. Moreover,
it is acknowledged that compared to the measured TDOA
value, the errors in the measured FDOA value will find it
more easier to degrade the positioning accuracy in the low-
orbit dual-satellite location system. Therefore, in order to
correct the errors in the measured FDOA value, a new
method, i.e., CVV, is proposed in this paper. This method
consists of two steps. In the first step, VFC is used to correct
the distance-independent error in the measured FDOA
value, and the tailored VRS technique is employed to correct
the spatial-correlated error in the second step.

3.7. VFC Method for Correcting Distance-Independent Error in
the Measured FDOA Value. Without loss of generality,
transmission frequencies of reference stations and the un-
known emitter are given as f, and f, respectively, and they
satisfy f.= fo+Af, where Af is the difference of the
transmission frequency between reference stations and the
unknown emitter. Based on (3), the FDOA equation at
reference station A with transmission frequency f, and the
unknown emitter with transmission frequency f. can be,
respectively, expressed as

FDOA (A) = f 0( — 1) + 8, + 0, (A), (14)

FDOA (u) = f? (4 = ) + 8, + Oy (). (15)

If station A is chosen as the master, the method, used for
correcting the measured TDOA value in the previous sec-
tion, can be firstly used to eliminate the distance-inde-
pendent error in (15). However, another unexpected error,
caused by A f, will be brought into the FDOA equation using
the unknown emitter. In order to simultaneously reduce the
distance-independent error and the ephemeris error at the
unknown emitter, the method, called VFC, is proposed as
follows.

Suppose that a virtual frequency f, is created in the low-
orbit dual-satellite location system. Then, by making VFC
for (14) and (15), we have
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&TDOA(A) _f (75 =)+ &821 + O{{ (A), (16)
fo ¢ fo

%TDOA(u)z%( ry -

c

)+ Jffva O, (17)

where O{l (A) and O{{ (u), respectively, represent the
ephemeris errors at reference A and the unknown emitter
whose transmission frequency is f,. It is shown in Appendix
that O,, is linear with the transmission frequency. This
means that when FDOA equation is making VFC, the term
O,, only needs linear transformation.

In order to eliminate the distance-independent error,
(18) can be calculated by making a difference between (16)
and (17). There is

FDOA’" (u) = FDOA* (A)+=- L (7’2 - r1 - 7’2 +7 )

(fv fV)azl +FSCl,.

fc fO
(18)
Note that FDOA'"(u) = (f,/f )TDOA(u) FDOA/"
(A) = (f,/fo)EDOA (A), and FSC/", = Of () - OJ; (A).

From (19), the distance- 1ndependent error can be written as

(L . ) 5. AS
fc fO fch 21

Considering that the value of f, or f, could be much
larger than both the values of Af and J,, in practice, a
suitable virtual frequency f, can always be chosen to meet
the inequality, i.e., (f,Af/f,f)85 < 1. Therefore, (19) can
be simplified to

(19)

, , fv . . A LA B
FDOA’" (u) = FDOA'" (A) + (A ) FSC/,.
(20)

As shown in (20), the distance-independent error in the
measured FDOA value is eliminated by the VFC, and only
the spatial-correlated i ined, i.e., FSC/”

patial-correlated error is remained, i.e., "

3.8. VRS for Correcting Spatial-Correlated Error in the
Measured FDOA Value. Note that since the comprehensive
error corrections between station A and the VRS for the
FDOA equation, i.e., VFD\g‘If, equals the sum of the spatial-
correlated error and a small systematic error, it may be
possible to use Vi to approximate FSCQ\,RS. Therefore,
the comprehensive error corrections can be employed to
amend the spatial-correlated error in the measured FDOA
value.

To successfully cancel the spatial-correlated error in the
FDOA equation, another key problem is to construct the
comprehensive error correction, i.e., Vi, whose virtual
frequency is f, through applying the reference stations
whose transmission frequency is f,. To address this issue,
the master station A and other adjacent stations should
firstly make VFC so that all reference stations are with the
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same virtual transmission frequency of f,. Then, by applying
the abovementioned VRS technique, the comprehensive
error corrections with frequency f, can be successfully
constructed. Therefore, (21) can be amended by Vi,

which is described as

FDOA’" (u) = FDOA’" (A) + %(f;‘ — P =75+ 7)
+ESCly ~ Vipox
(21)

Since the baseline between the VRS and the unknown
emitter is not far away, there will be a strong correlation
between the VRS and the unknown emitter on their spatial-
correlated error. Hence, the spatial-correlated error in (21)
can be corrected due to the approximate formula
ESC/, — VAR ~ 0.

From the above analyses in the aforementioned sections,
it turns out that the errors in the measured FDOA value can
be approximately suppressed by the method of CVV. The
methods for correcting the errors in the measured TDOA
and FDOA values have been completely introduced; for
better understanding the procedure of this method, we
summarize our proposed error correction method in
Figure 2.

In the following, we continue to analyze the performance
of the proposed method in terms of computation com-
plexity, which applies the computation times of the un-
known variables as a metric. As for the VRS technique, it
includes four main steps. In the first and second steps, they
contain only 5N times add operations, where N is the total
number of reference stations. In the third step, it needs (N —
1)N? + 2N + 1 times add operations and N* + 2N + 3 times
multiplication operations. In the last step, it needs 18 times
add operations and 6 times multiplication operations as well
as 2 times square root operations. Thus, 2N° + 8N + 10
times add operations, N+ 2N +9 times multiplication
operations, and 2 times square root operations are totally
needed for the VRS technique. As for the CVV method, it
includes two steps. Thus, it totally needs (N — 1)N? + 7N +
2 times add operations and N° + 4N + 3 times multiplica-
tion operations. Therefore, the total computational com-
plexity of our proposed method is O (N?).

4. Simulation Results

This section contains simulation results to demonstrate the
theoretical development and evaluate the performance of
our proposed virtualization method. In the simulation, the
receivers are Low Earth Orbit (LEO) satellites with the same
orbit having a distance of 800 km from the Earth surface, and
the distance between two satellites is 50 km, adding the
ephemeris errors, respectively. Basing on the current level of
the error control, the measured systematic errors for the
TDOA is 80 ns, the measured errors for the FDOA are 10 Hz,
and the transponder delay is 20 ns. Three stations, which
compose an equilateral triangle, are chosen as the reference
stations in the coverage area of dual-satellite, and the

baseline between separated reference stations is set to
500km in our simulations. In the following analyses, as
shown in Figure 1, A is selected as the master and both
station B and C are slaves. Meanwhile, in order to evaluate
the performance of VRS technology, a sufficient number of
selected points are regarded as the positions of the con-
structed VRS within this triangle.

Figure 3 is the comparison of the constructed virtual
TDOA value and its corresponding true value. As shown in
Figure 3, the constructed value for the TDOA at the VRS is
very near to its true value, which demonstrates that the
proposed method of VRS for correcting the systematic errors
in the measured TDOA value is effective and can be applied
in the low-orbit dual-satellite location system. Moreover, the
constructed errors for TDOA value will reach the maximum
of 1.8 ns in the area where the point numbers are located in
200 ~ 280. This is because the selected point numbers be-
tween 200 ~ 280 denote that the position of VRS are in the
middle area of these three reference stations, which defi-
nitely degrades the performance of the VRS technique.

Since the baseline length between the constructed VRS
and the unknown emitter has a remarkably influence on the
correction performance for the unknown emitter, Figure 4
shows a comparison of the uncorrected and corrected errors
in the measured TDOA value with different baseline lengths
between the unknown emitter and the constructed VRS. As
shown in Figure 4, the error after correction in the measure
TDOA value is around 6.1 ns under the condition that the
baseline is 50 km, while the uncorrected systematic errors in
the measured TDOA value at the unknown emitter is almost
100 ns. We can see that the systematic errors in the measured
TDOA can be greatly corrected at the unknown emitter,
which shows the effectiveness of our tailored VRS method.
Meanwhile, the correction performance is close to the ideal
corrected one with the baseline increasing, and the cor-
rection performance becomes a little worse with the baseline
increasing.

In order to make direct comparisons of the correction
performance in the measured TDOA value by the con-
structed VRS, Table 2 lists the error correction efficiencies
for the unknown target with different baselines. From Ta-
ble 2, when the baseline is 10km, the TDOA correction
efficiency for the unknown target is 97%. Therefore, in order
to decrease the baseline between the unknown emitter and
the constructed VRS, the initial positioning of the unknown
emitter can be determined by using the method of single
station differential positioning.

Consider that since the situation where reference sta-
tions and the unknown emitter have the same transmission
frequency is a special case, ie., Af =0, the case where
reference stations and the unknown emitter have different
transmission frequencies is simulated in follows, which is
defined as scheme B. Besides, in order to make a comparison
with the proposed method in this paper, another simulation
experiment is also conducted, where the systematic error in
the measured FDOA value is corrected by the VRS technique
with the assumption that the reference stations and the
unknown emitter always keep the same transmission fre-
quency f, which is defined as scheme A. Note that scheme
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FiGUre 2: The flowchart of the proposed systematic error correction method.
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International Journal of Antennas and Propagation

9
TaBLE 2: TDOA correcting accuracy at the target with longer distance.
Befor rrection 1km 3km 10 km 30 km
elore correctio After correction  After correction  After correction  After correction
Errors of TDOA (ns) 122.90 1.76 1.94 2.58 4.38
Correction efficiency of TDOA (%) 0 98.57 98.42 97.90 96.44
f0=800 MHz f0=2 GHz
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FIGURE 5: Errors in measured FDOA corrected by the proposed method.

TaBLE 3: Comparisons of correction efficiency in the measured FDOA value.

fo =800 MHz fo=2GHz

Af (GHz)  Before correction After correction Correction Before correction After correction  Correction
(Hz) (Hz) efficiency (Hz) (Hz) efficiency

2 12.61 2.63 79.15 13.73 0.70 94.90

5 15.41 3.19 79.34 16.53 1.02 93.82

8 19.15 3.36 82.46 19.33 1.15 94.05

10 20.08 3.42 82.96 21.2 1.20 94.34

15 24.75 3.51 85.82 24.98 1.27 94.89

Aisaspecial case, i.e., Af = 0, that hardly meets in the actual
situation.

Figure 5 describes the uncorrected systematic errors in
the measured FDOA value and the systematic errors after
corrected by different schemes. We consider two different
scenarios where the reference stations have two different
transmission frequencies, ie., f,=800MHz and f,
=2 GHz. As shown in Figure 5, the following conclusions
can be drawn. (1) The uncorrected systematic error curve in
the measured FDOA value is soaring with the increase of the

difference of the transmission frequency between reference
stations and the unknown emitter. This phenomenon can be
simply explained that the transmission frequency has an
influence on ephemeris error that will cause the deviation of
the FDOA equation. (2) If f, remains unchanged, the higher
the transmission frequency of reference stations, the better
the correction performance for the measured FDOA value.
Thus, the emitter with higher frequency should be preferred
to be selected as reference stations. (3) Theoretically, no
matter how large the deviation of f, and f_, a suitable f, can
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always be found to achieve the correction performance as
that in scheme A. However, a smaller chosen value of f, will
result in smaller value of FDOA at the unknown emitter after
the VFC, which may lead to worse positioning accuracy
[7, 12]. Therefore, the choice of f, must ensure a certain
positioning accuracy.

In order to quantitatively describe the correction per-
formance in the measured FDOA value, Table 3 lists the
correction efficiency with different Af when the created
virtual frequency is set to 300 MHz. As can be seen from
Table 3, when the transmission frequency of reference
stations is 800 MHz, the correction efficiency can almost
reach 80%. When the transmission frequency is 2 GHz, the
correction efficiency can be more than 90%.

5. Conclusions

In this paper, we first provide an analysis for the coming source
of the systematic error in the low-orbit dual-satellite location
system. Then, a virtualization method for precisely correcting
the errors in the measured TDOA and FDOA for the low-orbit
dual-satellite location system is proposed. The proposed
method applies the VRS technique to correct systematic errors
in the measured TDOA and leverages the proposed CVV
technique to correct systematic errors in the measured FDOA.
The main conclusions of this study are summarized as follows:

(1) By the leverage of the VRS technique, the con-
structed error for the TDOA can be the maximal
value of 1.8ns, while the uncorrected systematic
error in the TDOA is more than 100 ns. Therefore,
the correction efficiency for the TDOA is 97%.

(2) By applying the proposed technique of the CVV, the
correction efficiency for the FDOA is related to the
constructed virtual frequency and the transmission
frequency of both reference stations and the un-
known emitter. Moreover, when the virtual fre-
quency is 300 MHz and the transmission frequencies
of reference stations are 800 MHz and 2 GHz, the
correction efficiencies in the measured FDOA can be
about 80% and 90%, respectively.

Future work can be done according to the following two
aspects. (1) Although the linear combination algorithm, in this
paper, can be successfully applied to generate comprehensive
error corrections, the constructed accuracy for TDOA at the
VRS could be further improved by exploring potential new
interpolation algorithms. So, it is meaningful to figure out a
more accurate interpolation algorithm. (2) The simulation
results are conducted under the assumption that the layout of
reference stations is equilateral triangle. However, equilateral
triangle mode may not be always met in practice. It is im-
perative to study if other layouts of reference stations have an
impact on correction performance.

Appendix

Suppose that the position and Ve10c1ty of satellite i are
denoted by S. =S} +AS; and S, = S +AS;, respectively,
where S and S; are true position and Veloc1ty of the satellite,
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which are unknown to us, and AS; and AS; are position error
and Velocity error.

Let 70 be the true range rate between satellite i and
emitter k It is equal to r = (S) - k)TS /lik - SY1, and after
expanding 7! around the position S; and velocity S, and
retammg up to the linear term of AS and AS;, there is
7 = (S, - K)S/|lk - S| - D; (k) ) where D;(k) =1/
IS, ~ KI(S; ~ (L, S)ps, 107 + pL A,

Considering a reference station A on the ground whose
transmission frequency is f,, the FDOA equatlon is
FDOA(A) = (fo/c)(fg 0) +6,,. After subst1tut1ngr into
FDOA equation, we have FDOA(A)= (fo/c) (r2

)+ 821 + (fo/c) (D, (A) — D, (A)). Thus, O21 has a linear
relatlonshlp with the frequency
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