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Abstract: Passive radar based on the global navigation satellite positioning system (GNSS) has
become the focus of attention in the field of radar. A parameter estimation method is proposed
in the forward scatter radar (FSR) network based on GNSS to extend the application scenarios.
For uniformly accelerating moving targets, only the instant times when the target crosses the in-
dividual baselines are used to retrieve the target motion parameters. The target position, velocity,
and acceleration information can be obtained. Firstly, the minimum network configuration is derived
theoretically. Then, the effects of crossing time error, station location error, transmitting /receiving
station deployment, and target height on the accuracy are analyzed through Monte Carlo simulations.
Finally, the simulation results indicate that the target position estimation error is in the order of
100 m. This paper provides the fundamental theory of aerial target positioning with a GNSS-based
FSR network.

Keywords: global navigation satellite positioning system; forward scatter radar; parameter estima-
tion; crossing time; passive radar

1. Introduction

Passive radar based on GNSS has been researched for more than twenty years. GNSS-
based passive radar has the advantages of wide coverage [1,2] and good concealment.
However, the great challenge is that the scattering signal is extremely weak. Long-term ac-
cumulation and super large aperture antenna are needed for long-distance target detection.
This leads to high complexity and huge cost.

As for the detection capability of the GNSS-based passive radar system in practical
scenarios, some experimental verification results of various countries are summarized
in Table 1, from when global position system (GPS) signals were used to detect civil
aircraft, military aircraft, and Russian space stations in 1995 [3]. With the support of
the European navigation system authority, a project named “Galileo-based passive radar
system for maritime surveillance-spyglass” was established in 2015. In the actual experiments,
two different maritime targets were detected by up to 12 GNSS satellites belonging to
different satellite constellations (GPS, Global Navigation Satellite System (GLONASS),
and Galileo) simultaneously. Among these satellite constellations, the time difference
of arrival (TDOA) location method is used to obtain the target position. The long-term
moving target indicator (MTI) processing of merchant ships is realized, and the detection
distance can achieve 3 km [4-6]. Table 1 indicates that the detection distance is very close,
and the application scenarios are very limited. There is an urgent need to find a new target
location method and expand the application scenarios.
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Table 1. Experimental results of GNSS-based passive radar. (LNA: low noise amplifier; MTI: moving
target indicator; CAF: cross ambiguity function; SISAR: shadow inverse synthetic aperture radar).

Number

Country

. . Recei i A lati D i
Ob]ect Detection Method eceive Gain ccumulation etection

(dB) Time Range
1 Germany [3] Space Station Signal dlstu%‘bance —5~-3 20 ms 400 km
Analysis
2 Britain [4] Merchant ship Long 1ntegrat1op time MTI 15 50 3km
(180 x 25 m) processing
3 Britain [7] Helicopter Micro-Doppler signature o o 1 A 21 ms 2.4 km
Analysis
Merchant ship Long integration time;
4 Ttaly [8,9] (150 x 23 m) Track-before-detect 15 10 1.8 km
5 Spain [10] Car Coﬁjrrlzre‘;rt‘f‘fegrgz‘;s‘ of 35 (with LNA) 1s 60 m
6 China [11] A321/A330 SISAR Imaging 4 20 ms 1 km

In bistatic radar, when the bistatic angle reaches 180 degrees, the radar cross section
(RCS) of the target increases sharply [12-19]. This characteristic can be utilized in FSR.
Regarding the parameter estimation in FSR, Professors Cherniakov [20] and Hu [21] have
studied some algorithms. However, these algorithms require the arrival azimuth or pitch
angle of the forward scattering echo. Therefore, the large aperture multi-beam antenna
must be adopted, which causes a high cost-effectiveness ratio in the practical application.

If only the flight altitude of the aircraft target (usually less than 10 km) has to be
determined, the problem of the low power limitation for GNSS-based passive radar can
be reduced. Studies have shown that there was an apparent disturbance of echo when
the target crossed the baselines [22-25]. By observing disturbances of echoes at multiple
receivers, we can detect moving targets.

In this paper, the GNSS-based FSR architecture is proposed. Available target position
estimation can be obtained by using the instant times that the target crosses the baselines.
It is possible to find an effective method to estimate the crossing time by analyzing the char-
acteristics of echo in the time domain, frequency domain, and time-frequency domain.
In addition, the receivers (such as GPS receivers) have a simple structure when only mea-
suring the time. A parameter estimation method based on crossing time was studied in [26],
but the transmitters and receivers were required to be deployed at equal intervals and
in parallel. The method in this paper removes this limitation. In addition, the significance
of the crossing time is clarified, and the minimum configuration of the system is derived
theoretically. Various error sources affecting the performance of parameter estimation
are analyzed through Monte Carlo simulations, including the crossing time error, station
location error, transmitting/receiving station deployment, and target height. According
to the simulation results, the application scenario of the system is given, which provides
a reference for the deployment of the actual FSR network.

The rest of this paper is organized as follows. Section 2 defines the uniformly accelerated
motion observation model of the FSR network. Section 3 describes the parameter estima-
tion method. Section 4 shows some simulation results with different errors which shows
the potential application scenario of the system. Our conclusions are given in Section 5.

2. Observation Model in FSR Network

As shown in Figure 1, the FSR network consists of the radiation source of widely
existing satellite navigation signals and sparse receiving arrays on the ground. FSR is
a particular case of a multistatic radar configuration. It takes full advantage of the forward
scattering area of the bistatic radar cross section for target detection, and has a strong
anti-stealth ability. Moreover, the network has the following prominent advantages:
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(1) Satellite navigation signals exist widely, and any point on Earth is illuminated typically
by 20-30 satellites simultaneously from different angles;

(2) Satellite navigation signals have high time-frequency synchronization accuracy;

(3) There is no need to make a single passive antenna very large, so it is simple and easy
to deploy;

(4) Only the height information needs to be detected, which alleviates the problem of
long-distance detection.
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Figure 1. FSR network structure.
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When the target crosses the connection between the transmitter station and the receiver,
the ideal forward scattering state is formed. The existence of the target can be confirmed by
the disturbance of the receiving signal, and the movement of the target can be perceived
continuously by the detection of multiple receivers. As for the processing of the receiving
signal, the conventional GNSS signal processing method could be used. We can extract
the C/A code correlation value for every signal integration interval and confirm the satellite
serial number. Furthermore, there is no range resolution, but rather Doppler resolution
in the forward scattering region. The signal’s Doppler resolution has been proven to be
a linear function of time [25] and approaches zero when the target crosses the baseline,
and this feature can be used to estimate the crossing time.

3. Proposed Parameter Estimation Method

The coordinates of the satellites and receiving stations are three-dimensional space
coordinates in the real application scenario. Describing the target position in a three-
dimensional space can reflect the practical value of the algorithm much better, as shown
in Figure 1, assuming that the baselines that the target has crossed correspond to N transmit-
ters and K receivers. According to the order in which the target crosses, the transmitters are
numbered Ty (%}, ¥}, Zt,), (1=1,2,...,N), and the receivers are numbered Ry (x/,, v/, z..),
(k=1,2,...,K). The coordinate system is taken to be centered in Ry. The coordinate of the in-
tersection of the target and the first baseline is (x{), ¥(, z;), and (xo, Yo, z0) used in Section 4.
To reduce the impact of satellite motion, the observation time should be limited, and assume
that the crossed baselines are approximately in the same plane. The error caused by this
approximation can be converted into the crossing time error and the station location error.

Then, we convert the three-dimensional (3D) coordinate (x/, y/, z/) to a two-dimensional
(2D) coordinate (x,y) as shown in Figure 2. Assuming the equation of the plane is ax/ +
by’ + cz/ +d = 0, the receiver R; is set as the origin O, with the receivers Ry, Ry, ..., Rx
placed along the x-axis, while the line passing through the origin and being perpendicular

to the x-axis is taken as the y-axis. The direction vectors of the x-axis and y-axis are x =

(my,ny,px) and ; = (my,ny,py), respectively. Then, the 2D coordinate can be obtained by
calculating the distance from each point to the x-axis and y-axis.
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Figure 2. Positioning plane geometry structure.

Taking the solution of the ordinate of T (x},, ¥}, zi,) as an example, the orthogonal
projection of T, on the x-axis is

X!y = myt
]/;z = Nyt 1)
zl = pxt

mxx;n"!‘nx]/;n'kpxzén
my+ng+py
Therefore, the vertical ordinate of T (xj},,y},,2},) in the 2D coordinate system is

Yin = \/(lefn — %)%+ Wy —ya)* + (2, — 2)%.

For the consideration of simplification, the coordinate of the ny, transmitter is T, =
[xtn,ytn]T, (n=1,2,...,N), and the coordinate of the kth receiver is R;= [xrk,yrk]T, k=1,
2, ..., K). Assuming that the target moves in a straight line with uniform acceleration a
in the xOy plane, the initial velocity is v, vy is the velocity in the x-direction, v, is the velocity
in the y-direction, and the initial position is (xg,1o). The target coordinates change with time
as follows:

where t =

1 1
x(t) = xo + vyt + Euxtz, y(t) =yo+ oyt + antz )

The pair (n,k) corresponds to the nth transmitter and the kth receiver. The start time
(tgx = 0) is the moment when the target crosses the first baseline. The target crosses
the individual baseline (1,k) at time ¢, and thus the following equation can be derived:

1 1
(Ytn — Yrie) (%0 + Vxtuk + 5axtag) — (Yen — o) Xen = (X — Xtn)Yen — (X — Xen) (Yo + Otk + 5 aytag) 3)

2 2

where t,; represents the time required for the target to move from the initial position to
the current position. For the first baseline, f,; = 0 and the initial position (x,yo) satisfies
the following equation:

(]/tn - ]/rk)xO + (xrk — Xtn )]/0 - (ytn - ]/rk)xtn = XpkYtn — XtnlYrk 4)

In a matrix form, Equation (3) can be expressed as

1 1
Ytn = Yrk Xk — Xtn (Ytn — Yri)tak (X — Xtn) bk E(]/tn — V) o §(xrk — Xpn )t = XpYtn — XYk (5)
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Ytm —
Ytny, —
Ying —

Y rky
Y rko
Y rks

Xrky — Xtny
Xrky, — Xtny
Xrky — Xtng
Xrkp — Xtnp

(ytﬂp - yrkp)tnpkp (xrkp - xfnp)tnpkp %(]/lnp 7yrkp)t%l[,kp %(x?'kp - xmp)t,%l,k[,

where the six unknowns (target position, velocities, and accelerations) are arranged in a vec-
tor. Assuming that P intersections are available, and P > Ny, with Ny being the number
of unknowns, the unknown vector will be the solution of a linear equation set, as shown
in Equation (6)

0 0 0 0 *0 Xrky Yiny — XtnyYrky
1 2 1 2
(ytnz - yrk2)f»12k2 (xrkz - xfnz)tnzkz 2 (ymz - yrkz)t,,zkz 2 (xrkz - xf”z)tnzkz ZO XrkoYtny — XtnyYrky
1 2 1 2 x —
(ytn3 - yrks)tn3k3 (xrk3 - xtng)tngk3 Z(ytn3 - yrkg)tn3k3 j(xrk3 - xtn3)tn3k3 v = XrksYtng — XtnzYrky (6)
y .
Ay

XrkpYtnp — XtnpYrkp

For the sake of simplicity, Equation (6) can be expressed in a matrix form as follows.

CX=F @)
where
Ying — Yrky  Xrky — Xtmy 0 0 0 0
- iy WVt (o~ b 3 ) B, 3ty — )2
Yty = Yrky  Xrky = Xtng Yty = Yrky )Ensk, Xrky = Xtng ) busky 2 \Ytny = Yrky Mk, 2 (Xrky — Xtmp )65,
1 1
C= | Ytng —Yrky Xrks — Xtns (ytng - yrkg)tn3k3 (xrk3 - xt"s)tn3k3 7(]/“13 - yrk;)tn3k3 E(ka3 - xf"s)t£3k3

1 2 1 2
Yinp = Yrkp  Xrkp — Xtnp (yfﬂp - yi’kp)tﬂpkp (xrkp - xtnp)tnpkp j(yl‘ﬂp 7yrkp)tnpkp E(xrkp - xt'lp)tnpkp

X
0 XrkyYing — Xtny Yriy
Yo XikyYtny — XtnyYrky
v
X = |, and F= | XrksYtns = XtnzYrk,
vy )
ay :
ay xrkp]/tnp - xtnpyrkp

Fis constructed by the locations of the navigation satellites and the receivers, which
can be obtained by the mature methods in the navigation field. Since the measurement
accuracy of the navigation satellites and the receiver locations in F is high, this equation
can be solved by the least squares method. When C”C is full rank, the estimated value of
target motion parameters is given by

X = (c'c)”'C"F ®)

Equation (8) can be solved by the square root method, the successive over-relaxation
(SOR) method, the Newton iterative method, and so on. When the Newton iterative method
is used, the initial iterative value can be obtained by randomly selecting enough equations.

According to the definition of matrix C, when the abscissa of the receiving station
and the transmitting station are equal (x,; = Yts,), the element in the second column of
the i-th row of the matrix is zero. If that is satisfied for I = 1~P, it means that the system is
composed of multiple baselines perpendicular to the horizontal plane and parallel to each
other. At this time, parameter estimation cannot be carried out.

Therefore, the estimated result of the target initial position is given by

e
1 )
C'F,

xo = [(C'C)
yo = [(CTC)

For a “one-transmitter and six-receiver” system, the rank of C is five (rank deficit of 1).
Thus, it is not possible to use T-RN or TN-R mode for parameter estimation in the FSR
network. The minimum configuration of the system is “two-transmitter and three-receiver”
or “three-transmitter and two-receiver”. The details are given in the Appendix A.
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Then, the initial position estimation result in 2D can be converted into 3D space as follows:

X(, = X0 COS &y + Yo COS &y,
Y = Xo cos By + Yo cos By (10)
Z( = X0 COS Yx + Yo COS Yy

where (ay, Bx, 7x) and (ucy, By, 'yy) correspond to the direction angles of the x-axis and
y-axis direction vectors in the 3D coordinate system, respectively.

From (7), it can be inferred that the factors that affect the estimation accuracy are
composed of the crossing time error and station location error. Considering the technical
performance of the actual system, the error sources and approximate error magnitude are
given in Table 2 (assuming each error is independent of each other and obeys the zero-mean
Gaussian distribution).

Table 2. Systematic errors.

Error Source Main Factor Standard Deviation

Space noise environment,
target crossing inaccurately,

Crossing time measurement error - <1300 ps
& RCS fluctuation, K
system synchronization error, etc.
Receiver station site error Station position measurement error 3~5m
. . . Ilite motion 11i ition
Transmitter station site error Satellite motion, satellite positio <1000 m

measurement error

Where the position of the transmitting /receiving station can be obtained by theodolite
or navigation satellite positioning in advance. The errors ex and ey measured by theodolite
are about 5~8 m, and ey, is about 1 m. The positioning error of GPS is generally about 3 m.

The measurement accuracy of crossing time is analyzed in 23 through incoherent
processing. The extracted multiple crossing times are regarded as independent Gaussian
random variables. The Cramer Rao lower bound is expressed as

1

Opk = ———F——
8 ,Bn,k vV SNRn,k

where B, is the effective bandwidth of the target signal on the baseline, and SNR, y is
the signal-to-noise ratio on the baseline (, k) after coherent integration within the process-
ing interval. 7 is the transmitting station number and k is the receiving station number.
Considering the FSR network based on Beidou, B, = 20.46 MHz, SNR,,, = 13 dB, so
0,k ~ 13.6 ns. Taking other factors in Table 2 into account, the error standard deviation is
enlarged to 1300 ps.

(11)

4. Simulation Verification and Error Analysis

In this section, the impacts of the crossing time error and the location errors of the re-
ceiver and the transmitter on the parameter estimation accuracy are analyzed through
Monte Carlo simulation, and the target positioning capability of the actual system is
determined. The system simulation parameters are set as shown in Table 3.
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Table 3. Simulation parameter configuration.

Flight trajectory (2D) (m) Y =200x + 7000

Target Velocity (m/s) 350
Acceleration (m/s?) 50
Ry (m) (0,0,0)
Receiver R, (m) (400,400,10)
R3 (m) (800,800,—10)
. Tq (km) (100,200,20,200)
Transmitter
T, (km) (200,300,20,200)
The standard deviation of crossing time error 300
(us)
Errors
The standard deviation of receiver station site 5
error (m)
The standard deviation of transmitter station site 1000

error (m)

Here, the transmitting /receiving error is a three-dimensional space error. For example,
the standard deviation of satellite position error is set to 1000 m, and the random error
with a standard deviation of 1000 m is added to the coordinates of the satellite in three
directions. Moreover, it is assumed that each error follows a Gaussian distribution with
a mean of zero. Monte Carlo simulation is used for statistical error analysis.

The target position estimate refers to the coordinates of the intersection of the target
trajectory and the first baseline. In addition, the error of each dimension of the three-
dimensional coordinates is defined as follows:

1 N
RMSEy, = NZ(xi—xo)z (12)
i=1
1Y 2
RMSEy, = 4| 17 22 (vi = o) (13)
i=1
1Y ’
RMSE,, = N[V_:(z,-—zo) (14)
i=1

where (x0, ¥, 29) is the 3D coordinate of the real initial baseline intersection, (x;, y;, z;) is
the estimated value of three-dimensional coordinates obtained from the i-th Monte Carlo
simulation, and N is the number of Monte Carlo simulations.

A. Influence of measurement error on estimation accuracy

Figure 3 shows the root mean square errors (RMSEs) of the target location, veloc-
ity, and acceleration with different crossing time errors, receiver and transmitter station
site errors. It can be obtained that all the RMSEs increase with the crossing time error,
receiver and transmitter station site errors. The RMSEs of the initial location are shown
in Figure 3a,c,e. In accordance with the systematic error in Table 2, it can be seen that
the error is less than 100 m when the crossing time error is less than 1.3 ms, the error is
less than 280 m when the receiver station site error is less than 5 m, and the error is less
than 100 m when the transmitter station site error is less than 1000 m. In the real scene,
the current position measurement accuracy of the navigation satellites and receivers can
achieve the meter level. Through some special processing, higher accuracy can be obtained.
In Figure 3b,d,f, the RMSEs of the velocity and acceleration estimates exceed 200 m/s and
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200 m/s?, respectively, when the crossing time error reaches 1.3 ms and the receiver station
site error reaches 5 m. Those estimates are larger than the true values.

i o[ Y04,
e z0|.
10 ’
0 1000 2000 3000
Crossing Time Error (us)
(a)
10° : T

Qa@" o0 Ay0 o 20)
0 5 10
Receiving Station Location Error (m)

(c)

107!

< T [ex0 A-y0 = 20]
107 ‘
0 500 1000
Transmitting Station Location Error (m)

(e)

“lT#-ax —¢—ay —taz

107 ‘
0 1000 2000 3000
Crossing Time Error (us)
(b)
10°
10° |
m
2|
S 10
a4
10°
-1
10
0
Receiving Station Location Error (m)
(d)
10 = o
10-1 i = :
LU o e X 990
n / Y 0.007538
S 107 r——— ;
i ==
4 j | —fE—gqx +ay +—az
107 '
0 500 1000
Transmitting Station Location Error (m)
®)

Figure 3. Influence of error sources on parameter estimation accuracy. (a) Initial position estimation.
(b) Velocity and acceleration estimation. (c) Initial position estimation. (d) Velocity and acceleration
estimation. (e) Initial position estimation. (f) Velocity and acceleration estimation.

In general, the RMSE of the target position estimate is in the order of 100 m. Addi-
tionally, the estimation error of the coordinate component in the z-direction is much larger
than that in the x- and y-directions, which is the main component of the position error.
Moreover, the measurement error greatly affects the estimation accuracy of velocity and
acceleration. In the case of a large measurement error, the RMSE of acceleration estimate
reaches an unacceptable level in the z-direction. In this condition, there is less reference
significance to use the velocity and acceleration estimates in this model.
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B.  Influence of system structure on estimation accuracy

The system sensitivity analysis consists of the different geometric structures of the FSR
network and different heights. The following simulation shows the influence of the spacing
between receivers, the spacing between transmitters, and target height on the position-
ing. The error setting is shown in Table 3, and the minimum system structure of T>-R3
is adopted. In the simulation, the variation range is 100-1000 m for receiver spacing,
10-1000 km for transmitter spacing, and 1000-10,000 m for target height. The results
are shown in Figures 4 and 5. As shown in a, the RMSE of positioning decreases grad-
ually with the receiver spacing. When the spacing exceeds 500 m, the error change is
no longer obvious. Moreover, a larger receiver spacing is unfavorable for data transmis-
sion and synchronization. In Figure 4b, as the transmitter spacing increases, the RMSE
of positioning decreases. In addition, the error reduction is no longer obvious when
the spacing exceeds 70 km. To obtain a high-precision measurement of the crossing time
and small RMSE of positioning, satellites far from each other with better signal quality
should be selected as transmitters. In Figure 4c, the positioning error in the z-direction
increases gradually with the target height, and we approximate the height as the z co-
ordinate of the initial position of the target; however, the positioning RMSE remains
within the acceptable range, and the error is less than 5% when converted into relative error,

N
RMSE;,/zy = % Y (zi — 20)2/20 ~ 420.5/10,000 = 4.205%, where N is the number of
i=1

Monte Carlo simulations, and z is the z-axis coordinate of the initial position of the target
obtained by each simulation. Therefore, high-precision positioning can be achieved for

general target heights.
10° F e 10
[--x0 -y0 = 20| T e 0
o —é—yo
X 520 — L R i
5102~~~~~-~Y2°°-4--~~~ é --‘”26-?--“-” 20
o 202k
E 10! E
o <
10
0 1000
Receiving Station Spacing (m) Transmitting Station Spacing (km)
(a) (b)

X 10000
Y4333

Target Height (m)
(c)

Figure 4. Influence of system structure on the accuracy of the initial position. (a) Influence of receiver
spacing. (b) Influence of transmitter spacing. (c) Influence of target height.
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1=-vx vy —#-vz

; ——vx vy —¥-vz
—Sax —*—ay az

. 10°
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(a) (b)
10° H-o—vx vy vz e
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0 5000 10000
Target Height (m)

()

Figure 5. Influence of system structure on parameter estimation accuracy. (a) Influence of receiver
spacing. (b) Influence of transmitter spacing. (c) Influence of target height.

Figure 5 shows the RMSEs of the target velocity and acceleration. As shown in Figure 5a,b,
the RMSEs of velocity and acceleration estimates decline with the receiver spacing and
transmitter spacing. The RMSE of acceleration estimate in each direction reduces to approx-
imately 10 m/s?, while the RMSE of velocity estimate in the z-direction exceeds 100 m/s.
It is difficult to meet the practical requirements by changing the observation configuration.
In Figure 5c, the RMSEs of velocity and acceleration estimates in the x-direction and ydirec-
tion hardly change with the increase in target height, while that in the z-direction increases
gradually. The RMSE of the acceleration estimate is more than 100 m/s? in the z-direction,
so the estimated results cannot be utilized for the target track.

C. Influence of target motion on estimation accuracy

The following simulation shows the influence of the target initial velocity and acceler-
ation on the positioning. The error setting is shown in Table 3, and the minimum system
structure of T>-R? is adopted. In the simulation, the variation range is 1001000 m/s for
initial velocity and 10-100 m/s? for acceleration. Figure 6a shows the RMSE of the coor-
dinate component estimate in each direction with different initial velocities. The RMSE
of positioning decreases gradually with the initial velocity increasing. When the initial
velocity exceeds 500 m/s, the error change is no longer obvious. Additionally, the RMSE
in the z-direction is basically around 260 m. Figure 6b shows the RMSE of positioning with
different accelerations. The initial velocity is set to 350 m/s. As we can see, the RMSE
of positioning gradually increases with increasing acceleration; however, the increase is
limited and the impact can be ignored. Therefore, the target acceleration has little effect
on the initial position estimation accuracy.
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Figure 6. Influence of target motion on parameter estimation accuracy. (a) Influence of initial velocity
(a =50 m/s?). (b) Influence of acceleration (v = 350 m/s).

Summarizing the above simulation analysis, we can obtain the following conclusions:

(1) The location of a moving target with uniform acceleration can be estimated only
using the multiple crossing times in a FSR network. Under the condition of existing
systematic error, the RMSE of positioning is less than 100 m.

(2) The system structure has an impact on target positioning and motion parameter
estimation. It is better to set the receiver spacing to about 500 m and choose the trans-
mitters with good signal quality and large spacings.

(3) Target velocity and acceleration have an impact on target positioning and motion
parameter estimation. A high velocity leads to a shorter time for the target to contin-
uously cross multiple baselines and a higher accuracy of target position estimation,
while the impact of acceleration can be ignored.

(4) The velocity and acceleration estimate can be referenced when the systematic error
is small. However, it is necessary to use position tracking filtering to obtain higher
accuracy when the error is large.

5. Conclusions

In this paper, a motion parameter estimation method only using the crossing times
is proposed in the FSR network with GNSS satellite as the radiation source. Additionally,
the minimum network configuration is derived theoretically. The effect of error sources and
system structure on the parameter estimation accuracy is analyzed. The simulation results
indicate that the initial position estimation error is in the order of 100 m for moving target
with uniform acceleration under the condition of actual measurement error. This magni-
tude of error meets the accuracy requirements of early warning detection. The proposed
method provides a potential application scenario for passive radar based on GNSS. How-
ever, there is a problem that the error values of velocity and acceleration estimates are large.
We could obtain higher accuracy by continuously positioning and tracking filtering. In fu-
ture research, we will further quantitatively analyze the impact of the inaccurate crossing
(the target trajectory has a certain distance from the baseline) on the crossing time mea-
surement accuracy. Based on that, the acceptable inaccurate crossing could be determined,
which can provide theoretical support for the optimal station layout. A Multi-baseline FSR
experimental system is currently being designed and it will be used for the experimental
verification of the proposed method later.
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Appendix A

Assuming that a FSR network is composed of only one transmitter and multiple
receivers, multiple equations for the motion parameters of the uniformly accelerated motion
target can be obtained. Since there are six unknown parameters, at least six equations are
required. The simplest system is the “one-transmitter and six-receiver” system, as shown
in Figure A1.

y

T(x,y,)

Ry(X,457,0) Bs(X,5,,5) Ro(%,6,3,6)
)

330037

X

Figure A1. FSR system structure diagram of one-transmitter and six-receiver.

According to the target motion parameter equation derived in this paper, the position-
ing matrix Cis

Yi—VYr1  Xp1 — Xt 0 0 0 0
Yi—Yr X —xt ( ) (X2 —xt)tn 05(yr —yr)B, 0.5(x2 — Y1),
c— | yi—ys x3—x ( s (% —x)ts 05(ye — yra)tis  0.5(xi3 — vty (A1)
Y —Yra Xpg — Xt (yt - yr4)t14 (xr4 - xt)t14 O~5(yt - 3/74)‘%4 0'5(xr4 - yt)t%zl
Vi—Yrs X5 —xr ( s (x5 —x)tis 0.5(y — Yrs)tis  0.5(xs5 — yi)tis
Yi—Yre Xre— Xt ( ) ( ) ( ) ( )

The first four columns of the matrix can be transformed as follows
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[ ye—yn x1—xt 0 0
Ye—Yr2 X2 — Xt —Yn)to

( )
Yi— Y3 X3 — Xt —yn)tiz  (x3 —x)ti3 ”2X<yt‘g)‘c4”y
Ye—Yra Xpa — Xt —Yra)tia  (Xpg — xt)t1g
Yt — Y5  Xp5 — Xt —Ys)ts (X5 — xt)tis
L Ye—Yre Xre — Xt —Yre)tie  (Xre — Xt)t1s
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ye—yn (X1 —x

) (
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(

)
)
)
)
)
)
)
yi—vr2 (X2 —x) yo —vyti2) = (yr —yr)oxtiz (e jrz)flz (xr2 — xt)t2
Y=Y (X3 —x1) yo —vyha) = (Ve —yn)oxhiz (Y =yt (v3 —x)h3 | e-ax@o—x) (A2)
Ve —Yra  (Xra—xp) Yo —vytia) — (Yt —Yra)oxtia  (Yr —yra)tia (s — Xt)t1g
Y= Y5 (X5 —xt) Yo —vytis) — (Yr — Yr5)oxtis (Yt — Y5tz (X5 — Xi)tia
Lyt —Yre (%6 — %) (Yt — Yo — Vytis) — (Yt — Yre)vxtie (Yt jre)f14 (%r6 — Xt)t1a
Yi—yn (xn —x) Yo) — (Yt — yr1) (x0 — x¢) 0 0
vi—vr (X2 —x) Yo — vytiz) — (Yt — yr2) (X0 — Xt +0xt12) (e — Y2tz (X2 — xp)t2
ye—yrs (%3 —x)(yr —yo —vytiz) — (yr —yr3) (xo — x¢ +oxt13) (v — Ytz (i3 —xt)his | _
Yi—Yra (Xpg— 1) ~Vo- oyt1a) = (e ]/r4)(x0 —x+oxte) (Y — Yt (X —x1)ta
i —yrs (X5 —xt) Yo —vytis) — (t — ¥rs) (X0 — Xt +vxt1s) (Ve —yis)tis (X5 — Xt )5
L ye—yrs  (%r6 — Xt) —vytis) — (Yt yr6)(xo —xt+oxtie) (yr— yr6)t16 (%r6 — xt)t16
Yt—Yn 0 0
yi—yr2 0 (ys yrz)tlz (%2 — xt)t12
yi—Yyis 0 (Yyr—ym)tiz (%3 —x)t13
Ye—Yru O (Yr—yrtia (X —xt)t1a
yi—vrs 0 (Yt —yis)tis (x5 —xt)bs
Lyt—yre O (vt yre)tle (%6 — xt)t16

The rank of the positioning matrix is 5, which is less than the number of unknown
parameters. Moreover, for the number of receiver stations N > 6, the rank of the position-
ing matrix is also 5, so neither T-RN nor TN-R mode can be used for motion parameter
estimation. The minimum configuration of the FSR network can be determined as a “two-
transmitter and three-receiver” or a “three-transmitter and two-receiver” structure.
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