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Abstract: In order to effectively defend against the threats of
the hypersonic gliding vehicles (HGVs), HGVs should be tracked
as early as possible, which is beyond the capability of the
ground-based radars. Being benefited by the developing mega-
constellations in low-Earth orbit, this paper proposes a relay
tracking mode to track HGVs to overcome the above problem.
The whole tracking mission is composed of several tracking
intervals with the same duration. Within each tracking interval,
several appropriate satellites are dispatched to track the HGV.
Satellites that are planned to take part in the tracking mission are
selected by a new derived observability criterion. The tracking
performances of the proposed tracking mode and the other two
traditional tracking modes, including the stare and track-rate
modes, are compared by simulation. The results show that the
relay tracking mode can track the whole trajectory of a HGV,
while the stare mode can only provide a very short tracking arc.
Moreover, the relay tracking mode achieve higher tracking accu-
racy with fewer attitude controls than the track-rate mode.
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1. Introduction

In recent years, hypersonic gliding vehicle (HGV) has
attracted extensive attention [1-3]. Its velocity is more
than 5 Mach, and its flight altitude is 20—100 km [4]. Due
to its low flight altitude, a ground-based radar can detect
HGVs only when HGVs are nearby. Specifically, the
detection range of radars is typically 300—500 km, and
the warning time is only 100—200 s. Then, the defense
system, which is guided by the radar, is unable to per-
form a timely response to HGVs. Thus, in order to defend
against HGVs, it is necessary to detect HGVs much ear-
lier.

Compared with the ground-based system, the space-
based tracking system can detect HGVs much earlier
[5,6]. However, a single infrared sensor cannot track the
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whole trajectory of a HGV because of its limited field of
view (FOV). Therefore, we have to employ multiple
space-based sensors to track HGVs. There are mega-con-
stellations in low-Earth orbits (LEOs), which are perfect
platforms for those space-based sensors [7-9]. For
instance, more than 3 000 satellites have been launched to
establish the Starlink constellation. In this paper, we
assume each satellite in the constellation loads an infrared
sensor, and the HGVs are tracked by the whole constella-
tion.

One of the key issues concerning the tracking per-
formed by LEO mega-constellations is designing the
tracking mode. The infrared sensor can measure the
azimuth and elevation angles of the target relative to the
sensor, and it is a type of bearing-only sensor. Currently,
there are mainly two tracking modes for the space-based
bearing-only sensors, including the stare and the track-
rate modes [10]. In the stare mode, the sensor is pointed
at a fixed celestial longitude and celestial latitude in the
inertial frame, and the target is detected when it appears
in the FOV of the sensor. For microsatellites, the sensor
is usually fixed on the satellite and the pointing of the
sensor is adjusted by attitude control of the satellite.
Therefore, this mode is easy to achieve because the satel-
lite only needs maintain an inertially fixed attitude dur-
ing detecting and tracking without extra attitude control.
However, because the FOV of a sensor is limited, the
tracking arc of a single sensor is usually only a few tens
of seconds [11]. In the track-rate mode, in order to keep
the target within the FOV of the sensor, the satellite is
slewed to match the apparent motion of the target. The
tracking arc length of the track-rate mode is much longer
than that of the stare mode. However, an accurate infor-
mation on the trajectory of HGV is needed to ensure the
satellite can timely adjust its attitude to track the HGV.
The assumption is contradictory to the tracking mission,
the aim of which is to determine the trajectory of HGV.
In addition, the attitude of satellite is expected to be
adjusted frequently because that the relative angular
velocity between the satellite and the HGV is high and
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time-varying. Moreover, the frequent attitude controls
make the tracking accuracy of track-rate mode lower than
the star mode [12]. These two modes are unsuitable for
target tracking in mega-constellations because the satel-
lites cannot collaborate efficiently with each other. There-
fore, we need a new tracking mode that has the advan-
tages of star mode and of track-rate mode but can over-
come their drawbacks. In this paper, we exploit the
advantages of the cooperation of multiple satellites in the
mega-constellation to design the new tracking mode.

One of the main problems of cooperative tracking with
multiple sensors is the optimal section of sensors
involved [13-15]. In HGV tracking by a mega-constella-
tion, sensor selection is achieved by choosing several
appropriate satellites because each satellite loads only one
infrared sensor. The goal of satellite selection is to
improve coverage and tracking accuracy of the mega-
constellation. Space-based infrared sensor selection was
investigated in [16]. However, [16] only considered the
coverage performance and did not discuss the impact of
sensor selection on tracking accuracy. Sensor selection
methods based on observability analysis are widely used
to improve the tracking accuracy of multiple sensors [17-
19]. A theoretical optimal sensor selection can be pro-
vided by observability analysis when the target is tracked
by multiple sensors simultaneously [20]. However, the
observability analysis can only provide an optimal selec-
tion at specific instants based on the observability of a
single moment, and cannot provide a feasible sensor
selection for the whole tracking mission. In addition, the
computational burden of the algorithm for sensor selec-
tion increases with the number of satellites that take part
in tracking. On the other hand, because of the high veloc-
ity of HGV, the algorithm for sensor selection is expected
to be computationally efficient. Therefore, a computa-
tionally efficient sensor selection is needed for the track-
ing via mega-constellation.

In this paper, a relay tracking mode for tracking HGV
via an LEO mega-constellation is designed. In this mode,
the whole tracking mission is composed of several track-
ing intervals with the same duration. Within each track-
ing interval, several appropriate satellites are selected to
track the target. Then the satellites adjust the pointings of
their sensor in advance to ensure that the target appear in
the FOVs of the sensors. Compared to the stare mode, the
relay tracking mode provides greater coverage with fewer
satellites. Compared to the track-rate mode, the satellites
require fewer attitude controls when the relay tracking
mode is employed. Furthermore, in order to improve
tracking accuracy, a rapid observability analysis method
based on the information matrix is proposed to provide an
optimal selection of sensors. The simulation results show
that the relay tracking mode performs better than the stare
and track-rate modes in the HGV tracking mission, and

the proposed satellite selection criterion can improve
tracking accuracy with a lower computational burden
than the existing observability analysis methods.

The remainder of the paper is organized as follows.
The design of the relay tracking mode is introduced in
Section 2. The process of satellite selection is presented
in Section 3. In Section 4, the superiority of the relay
tracking mode is verified by simulation. The main con-
clusions are given in Section 5.

2. Tracking mode design

In this paper, an LEO mega-constellation that includes
hundreds of microsatellites is employed to track HGVs in
the relay tracking mode. As shown in Fig. 1, the whole
tracking mission is composed of N, tracking intervals,
and the length of each interval is T;,. Within each track-
ing interval, the target is tracked by several appropriate
satellites selected from the mega-constellation. For
instance, the target is tracked by the S1 and S2 from ¢, to
t;. Then the motion state estimation of the target is trans-
mitted from the S1 and S2 to the S3 and S4 by the inter-
satellite links. Next, the target is tracked by the S3 and S4
from #, to #,. In this way, the whole trajectory of the tar-
get is tracked by the cooperation of the satellites in the
mega-constellation. In this section, the specific imple-
mentation process and advantages of the relay tracking
mode are introduced.

Transmit the motion state
estimation of the target

Ll === =y Ty, ‘:T

in

o Target; S: Satellite

Fig. 1 Diagram of the relay tracking mode

2.1 Design of relay tracking mode

Suppose the rough initial motion state estimation of the
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HGV can be given by other tracking systems, such as the
satellites with wide field infrared sensors in middle or
high Earth orbits. As shown in Fig. 2, the implementa-
tion process of the relay tracking mode is as follows.
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of the target

Predicted trajectory of
the target within the
current tracking period
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Fig.2 Flow chart of the relay tracking mode

Step 1 The predicted trajectory of the target within
the current tracking interval is calculated according to its
motion state estimation.

Step 2 As shown in Fig. 3, the coarse selected satel-
lites are determined based on the visibility of the target.
The implementation process of the coarse selection is
given in Subsection 3.1.

Refined selected
satellites

Coarse selected
¥ satellites

LA s
/&
4 / -9/

Fig.3 Diagram of satellite selection

Step 3  As shown in Fig. 3, the refined selected satel-
lites that are dispatched to track the target are determined
according to the observability of the tracking system. The
implementation process of the refined selection is intro-
duced in Subsection 3.2. In addition, the selected satel-
lites adjust their pointings to ensure that the target will
appears in their FOVs. It is worth noting that that each
selected satellite performs only once attitude control, and
then maintains an inertially fixed attitude during detect-
ing and tracking.

Step 4 The target is detected and tracked when it
appears in the FOVs of the sensors on the selected satel-
lites. The tracking algorithm is adopted to obtain the tar-
get motion state from the measurements, and the motion
state estimation of the target is updated.

Step 5 If the current tracking interval is over, go to
Step 6. Otherwise, go to Step 4.

Step 6 If the tracking mission is over, end the mis-
sion. Otherwise, go to Step 1.

2.2 Advantages of relay tracking mode

The relay tracking, stare and track-rate modes are com-
pared in Table 1. For HGV tracking missions, the track-
ing arc lengths of the relay tracking and track-rate modes
are usually longer than 500 s, which means these two
modes both can track the whole trajectory of the target.
while the tracking arc length of the stare mode is typi-
cally less than 20 s. This conclusion is verified in Subsec-
tion 4.2. The attitude controls required by the relay track-
ing is remarkable fewer than that of the track-rate mode.
This is because that each selected performs only once
attitude adjustment in each tracking interval when the
relay tracking mode is employed, while the satellites need
to adjust their attitudes in real-time to match the apparent
motion of the target when the track-rate mode is adopted.
As a result, the measurement accuracy of the relay track-
ing is higher than that of the track-rate mode [21]. In
addition, the priori information about the target required
by the relay tracking is easier to be obtained than that of
the track-rate mode. Therefore, the relay tracking mode is
more suitable for tracking HGVs via an LEO mega-con-
stellation than the other two traditional tracking modes.

Table1 Comparison of the three tracking modes

Tracking Attitude control Measurement Required priori

Modes arc required by accuracy/ information about
length/s the satellite arcsec the target
Relay Once in each Rough initial
tracking >500 S 5-10 :
tracking interval motion state
mode
Stare mode <30 - 5-10 -
Track-rat
AT o500 Realtime  30-60 Accurate
mode trajectory
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3. Satellite selection

When the relay tracking mode is employed by a mega-
constellation, sensor selection is achieved by choosing
several appropriate satellites because each satellite loads
only one infrared sensor.

3.1 Coarse selection based on visibility analysis

The coarse selected satellites include all the satellites that
are available for target tracking in each interval. The visi-
bility of the target is determined by observation con-
straints which include the Earth occlusion, distance from
the satellite to the target, sensor FOV and so on. In the
relay tracking mode, the pointing of the sensor is adjusted
in advance according to the predicted trajectory of the tar-
get, and the coarse selected satellites are determined
before the pointing adjustment. Therefore, the influence
of the pointing adjustment on the target visibility should
be considered. As shown in Fig. 4, the virtual FOV of the
sensor is introduced to show the influence of the pointing
adjustment.

Fig. 4 Constraint of the sensor FOV

In Fig. 4, P is the pointing of the sensor; 6 is the full
width half maximum (FWHM) of the sensor FOV in
degrees, and 6 is the FWHM of the virtual FOV after
considering the adjustment range of the pointing of the
sensor. The constraint of virtual FOV used to determine
the coarse selected satellites is given by

Opr =cos'1(rgT-P)<9 (1)
and
0 rr—rg
Tor = 2)
ST lrr—rsl| (

where r; is the predicted position of the target, and rg is
the position of the satellite.

The coarse selected satellites can be determined
according to whether the observation constraints are all
matched. Then, due to the actual trajectory of the target
being unknown, the predicted tracking arc (PTA) is
adopted to describe the coverage of the satellite based on
the predicted trajectory of the target. In order to calculate
the PTA, the expected pointing of the sensor in the earth-
centered inertial (ECI) coordinate system after the point-
ing adjustment is required. In order to maximize the PTA,
the expected pointing should ensure that the target is in

the center of the FOV at the middle time of the current
tracking interval ¢, because the shape of FOV is circle.
Therefore, the expected pointing is obtained by
P sensor — g (3)
|[Fr—Fsl|
where 7 is the predicted position of the target at ¢,,, Fs is
the position of the satellite at z,,.

3.2 Refined selection based on rapid observability
analysis

Typically, observability is used as a sensor selection cri-
terion to improve tracking accuracy. In this Subsection,
the refined selected satellites used for target tracking in
each tracking interval are determined based on a rapid
observability analysis method. Defining the target state as
x=[x,y,z,vx,vy,vz]T, where [x,y,z]T and [vx,v).,vz]T are
the position and velocity of the target. The measurement
of the ith satellite is z' = [a/,8]", where o/ and B’ are
azimuth and elevation, respectively [22]. x; and %, are
the true and estimated values of the target state at time
step k, and 0x; = x,—X;. Thus, the state and measure-
ment equations of the tracking system are given by

0Xe1 = DOX, + Wy, 4)
67, = H.ox, + &, (5)

and
0z, =20 —h(® ), (6)

where %;_; is the predicted state of the target; A(-) is the
measurement function; w; and € are independent zero
mean white Gaussian noises with covariances Q, and R,
respectively; @, and H, are the state transition matrix
and measurement matrix [23,24].

The information propagation is usually used for
observability analysis, which is equivalent to the vari-
ance propagation. According to [25], the propagation pro-
cess of the information matrix is given by

Y, = (dik,lY,;lldjz,l +Qk—l)_l + Jknews @)
My
i = () R;HL, ®)

i=1
where J, .. is the new information added from the mea-
surement at time step k, which is also called the measure-
ment Fisher information matrix; M, is the number of
satellites that can track the target.

Due to the actual trajectory of the target being
unknown, the PTA is used to describe the coverage of the
satellite based on the predicted trajectory of the target.
Suppose the target is measured N times during the PTA
within the jth tracking interval, the final information
matrix in the jth tracking interval is Y}, . After that, the

inal *
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determinant of Y}, , can be used to quantify the observ-

Defining as follows:

Final
ability of the tracking system because its reciprocal can
: N o 522[&; 672 -+ 62 67) 672 -+ 57" -
represent the size of the estimation error ellipsoid of the
ST .
target state. Namely, as the value of det (Y}, ) increases, 6z, 624 - (5Z%N]

the tracking accuracy of the target similarly increases. In
this way, the satellite selection is optimized by maximiz-
ing det (¥/,,,,).

The computational burden of the recursive information
matrix (RIM) method is high because (7) and (8) need to
be calculated N —1 times, thus, many matrix operations
are required. The satellite selection in the mega- constel-
lation must be implemented rapidly because the veloci-
ties of the target and satellites are very high, while the
computing power of satellites is limited. Therefore, an
observability analysis method with a lower computa-
tional burden is proposed to achieve rapid satellite selec-
tion, and its formulation process is as follows.

According to (5), there is

H=H| H} - H" H, H®,, - H)®,, -
H\®y, Hi®y, - Hl' 0y
g=lel & - &l el &) - g 6 ng'
(12)
Then, (11) can be rewritten as
0Z = Héx, +&. (13)
According to (7) and (8), there is
Y, . =Yyu+HR'H. (14)

Suppose Y, =0 and the variances of all measure-

[ oz, [ H, ] [ & ments are o2, then
6z} H: g |
= 6 + . _ R
: a Yl{‘inal - OTzHTH (15)
M, M, M,
: ‘?11 o 111111 - . 811 - In order to simplify the calculation process of the final
613 H% zg information matrix, an equivalent measurement model is
N R P adopted, this is given by
: : ) . r—r
Loz || Ay 8" 2=k =g =
X=X, A 1
1 17 1
o2y iy o V=2 (=30 + -2
0Zy B H;, s &y I n,
' Sy N E e I
X— X —Zs =3
ozy" Y| &Ny ’ Zy_ 2 1,
According to (4), there is \/(x— X+ =y +—2)
0Xpr = DPyx, (1=1,2,--,N-1) (10) . . . o
o ) ) where r is the position of the target, r, is the position of
Substituting (10) into (9) gives the satellite, n = [n,, n,, n, ]T is the line of sight vector
5Zi H i Si from the satellite to the target. Because the measurement
0z} H; Sxn + & of the infrared sensor is only related to the position of the
. 1 .
: : : target, there is
oz H" M - . . . . . .
s ] e o OhG) (0% 0% bz 0f 0 0%
2 2 2 k a T - a s a ) a 5 a s a s a -
622 H? & X, X y b4 Vy vy v,
= . ¢2,15x| + —i 17
: : a1 H, 0y |- arn
o | L my
According to [26], we know that
52, H. &l ®,, ~ I+ (k- )ATF =
6z}, H;, &y ) (k= 1)AT Ly,
S I I [ (k= 1)ATS, Ls } k=2,3.N (18)

and
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S - da, (19) where AT is the sampling interval. Based on (17) and
T (18), the expression of H in (12) can be simplified as
-1 2 oM 1 _2 M, 1 —2 ~ My T
He H H, - H, Hiu szz szjw2 H, y H, S H, o
033 055 -+ 0553 ATH, ATH, --- ATH, --- (N-1)ATH,, (N-1)ATH, --- (N-1)ATH,
So (15) can be rewritten as
N M, AT N M,
| SnfE)E ey Yeen(n)
YIj:mal _2 N= Ml= Tvi = 11\1 = 1\1/1‘ (21)
Ty > (k- 1)(Hk) H, (ATY ) > (k=1 ( )
k=1 i=1 k=1 i=1

According to (17), there is

where p, is the distance from the satellite to the target,

on, On, On, which gives
ox 0y 0z ~i\T 1 T o
O T A A (H) H, = —2(13x3—n;(n;,) ) (13X3—n;(n;) )=
k ox 0y Oz : Pi : .
% % % - (I3><3 — n;((njc) )(I3X3 - nj{(n’k) ) =
ox 0y 0z Pr
nr+n? -nn, -nn ! () +ni(n) ni(n)
1 y Tl i M —2(I3X3—2nk(nk) +nk(nk) nk(nk) ) (23)
—| -man, n4n; -nn, |= Py
Pk _ _ 24 52 T
A Because (1) 'ni =1, there is
—n? = —
1 1-n? nxné n.n, 1 o AT, 1 o
—| -nny 1-n -nn, =—(13Xg—nk(nk)) H|H, = —2(13x3—n;(n;) ) (24)
K —— -nn, 1-n’ P Pr
(22) So (21) can be simplified as
N M 1 N M
ZZ—Z(IM i (n) ) ATZZ—(k 1)(1“3 n(n) )
Y., = k=1 i:lpk k=1 i=1 Tk 25
Final 0_2 N M T N M ( )
ar S Lk Dl -ni(m)') a7y’ ZZ—(k— 1 (s = i)
o1 =1 Pk k=1 i=1
From (25), we can see that the computational burden of 0,
the proposed calculation method for the final information 0,
matrix is lower than that of the RIM method because 0. = 0,9 o} (28)
many matrix operations are not required. :
In addition, the condition number (CN) of the observ- 0\ & - !

ability matrix is also typically used for observability ana-
lysis. Based on the system model given by (4) and (5), the
observability matrix at time step k can be obtained
[27] as

_ T
O;=| Hf @[H] - (®)'H] |  (26)
and
H|
H;
H. =| . i=1,2,---,M; (27)
H,

Then, the observability matrix over the entire jth track-
ing interval is given by

The observability of the tracking system is quantified
by the CN of the observability matrix, which can be used
as a criterion to optimize satellite selection. The CN is
defined by

J
O max (OTotal)
J
T min (OTOtal)

where 0. (0401;11) and 0 i, (0
minimum singular values of the observability matrix. The
satellite selection based on the CN usually has high com-
putational burden because of the singular value decompo-
sition of the high-order observability matrices. This

CN = (29)

Tml) are the maximum and
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makes the CN unsuitable for rapid satellite selection.
4. Performance evaluation
4.1 Simulation setup

In this simulation, a HGV is tracked by an LEO mega-
constellation with infrared sensors. The initial altitude of
the target is 40 km, and its initial speed is 5000 m/s. The
actual trajectory of the target in gliding phase in the ECI
coordinate system is shown in Fig. 5. As we can see in
Fig. 5(b), the trajectory of the target in the Z-axis has
three inflection points which are at 120 s, 320 s, and 460 s
respectively. At each inflection point, the acceleration
direction of the target is changed [28]. Because the actual
motion mode of the target is unknown, the constant accele-
ration (CA) model is employed in the tracking filter [29].
As a result, the tracking error may display large jumps
because of the error between the actual motion model of
the target and the CA mode. In order to reduce the impact
of the model error on tracking accuracy, the adaptively
robust unscented Kalman filter (ARUKF) proposed in
[30] is used to estimate the target state.

7
_ T5800
~6.000
£ 6200}
6400 ' ' '
0 100 200 300 400 500
3000
E 2000F
£ 1000 \
0
0 100 200 300 400 500
400
460
g 200} 320
N
0 120 , ,
0 100 200 300 400 500
Time/s

(b) Projections of the trajectory on coor

Fig.5 Trajectory of the HGV target

The mega-constellation used in the simulation is a
Walker constellation whose configuration parameters are
given in Table 2, where / is the orbital height, i is the
orbital inclination, 7 is the total number of satellites in the
constellation, P is the number of orbital planes, and F is
the phase spacing between two adjacent satellites in adja-
cent orbital planes. The observation constraints, includ-
ing the Earth occlusion, the distance from the satellite to
the target, the sensor FOV, are considered in the simula-
tion. The initial condition of parameters that would be
used in the simulation are listed in Table 3.

Table 2 Parameters of the mega-constellation

Parameter Value
—6200 hfkm 821.820
<, —6000 2500 i/ 98.7
%, T 500 2000 ©)
=5 800 500 T 200
Y/km P 10
(a) Three-dimensional trajectory F 1

Table 3 Initial condition of pa

rameters in the simulation

Parameter type Item

Values

Initial state error

Axo=[10 km; 10 km; 10 km; 10 m/s; 10 m/s; 10 m/s]

Initial condition of the target tracking

Process noise matrix

0 = diag(|q1.41.47.45.45.43)

where ¢ is 1072, q2 is 1073

Simulation duration/s 500
Measurement period/s 1
. -, . Measurement error/arcsec 5
Initial condition of the infrared sensor FWHM/(®) 5
Maximal detectable distance/km 5000
Initial condition of the satellite selection V‘““*?I FWHM/( ) 30
Tracking interval/s 30

4.2 Simulation results

For performance comparison, the root mean-squared error
(RMSE) of position estimate is used as a performance
metric. The RMSE of position estimate at time step & is
defined by

1

RMSE, (k)= | -

3 (G- 8+ 0550 + (- 2°)
. (30)

where N, denotes the number of Monte Carlo runs, which
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is set as 500 in the following simulation cases; (x},y:,z;)
and (2,91,2}) are the true and estimated positions of the
target at time step & in the sth Monte Carlo run.

First, the tracking performances of the three different
tracking modes are compared. The measurement errors of
the stare and relay tracking modes are both 5 s, while
that of the track-rate mode is 20 ' s. In the track-rate
mode, two satellites are used for target tracking at each
time, and the adjustment range for the pointing of the sen-
sor is 30°. In the relay tracking mode, two satellites are
selected for target tracking in each tracking interval based
on the determinant of the information matrix.

In Fig. 6, the coverage performances of three tracking
modes are given.

—_
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Number of
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Time/s
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(b) Tracking mode
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Fig. 6 Coverage performances for different tracking modes

The ordinate is the number of satellites that can detect
and track the target at each time. The stare mode can only
achieve single coverage of the target for 11 s because all
the pointings of the sensors are fixed and no pointing
adjustment is performed according to the target trajec-
tory. In the track-rate mode, the tracking system can
maintain double coverage of the target throughout the
whole tracking mission because frequent adjustments for
the pointings of the sensors are performed to keep the tar-
get in the FOVs. The coverage performance of the relay
tracking mode is slightly worse than that of the track-rate
mode because the pointing of the sensor is adjusted in
advance based on the predicted trajectory of the target.

In Fig. 7, the tracking accuracies of the three tracking
modes are compared.
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The tracking errors of the stare mode diverge because
the tracking arc is too short. The relay tracking mode can
provide higher tracking accuracy than the track-rate mode
because of its superiority in terms of measurement accu-
racy. For the relay tracking mode, the jumps of the error
curve at 120 s, 340 s and 450 s are due to the motion
model errors, which are caused by the lag effect of the
CA model when the acceleration direction of the target is
changed. In addition, the reason for the jump of the error
curve at 400 s is that the observability is poor when the
target is tracked by one satellite. Based on the above
results, we know that the relay tracking mode can track
HGVs accurately, and it is more suitable for the HGV
tracking via a mega-constellation than the stare and track-
rate modes.

The performances of the relay tracking mode under
four satellite selection criteria are studied, including the
determinant of the information matrix based on the pro-
posed method, the determinant of the information matrix
based on the RIM, the CN of the observability matrix,
and the length of the PTA. The coverage performances
and tracking accuracies of the relay tracking modes under
different satellite selection criteria are compared in Fig. 8
and Fig. 9. The satellite selection based on the PTA
length has the best coverage, but its convergence rate and
accuracy are worse than those of the three satellite selec-
tion criteria based on observability analysis. This illus-
trates that the impact of the observability on tracking per-
formance is more significant than that of the tracking arc
length. The coverage performances and accuracies of the
satellite selection criteria based on the proposed method
and the RIM method are close. This proves that the calcu-
lation method of the information matrix proposed in this
paper is equivalent to the recursive method. Furthermore,
in order to compare the computational burdens of diffe-
rent methods, the average computing times of a single
satellite selection for the four criteria are given in Table 4.
As we can see, the computing time of the proposed
method is remarkably shorter than those of the RIM and
the CN, and is close to that of the PTA. Based on the
above results, we know that the tracking accuracy can be
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improved with a lower computational burden when the
satellite selection criterion base on the proposed observ-
ability analysis method is employed.
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Table 4 Computing time of different satellite selection criteria

. R . Average computing time of a single
Satellite selection criterion g p 5 . &
satellite selection/s

Length of PTA 0.0286

CN 0.2293

Det(Y) based on RIM 0.1072
D h

et(¥) based on the 0.0347
proposed method

Finally, the influences of the number of satellites used
in each tracking interval and the length of the tracking
interval are analyzed, respectively. The coverage perfor-
mances and tracking accuracies for the relay tracking

mode with different number of satellites are presented in
Fig. 10 and Fig. 11. As we can see, when only one satel-
lite is used, the target cannot be covered continuously in
the whole mission, and the error curve tends to diverge in
most tracking intervals because the observability is too
poor. For example, the estimation error increases from
768 m to 7397 m in the tracking interval from 331 s to
360 s. However, the error curve is not always divergent
because the observability is improved when the satellite
used to track the target in two adjacent tracking intervals
are different. The coverage performances of three satel-
lites are obviously better than that with two satellites,
while the tracking accuracies in these two cases are close.
Therefore, the number of satellites used in each tracking
interval should be two to ensure tracking accuracy and
reduce the number of satellites involved in the target
tracking, which can improve the cost-effectiveness ratio
of the tracking system.
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Fig. 10 Coverage performances for different number of satellites
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Fig. 11 RMSE values of position estimates for different number of
satellites

In Fig. 12, the coverage performances of the relay
tracking mode with two satellites under different lengths
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of the tracking interval are given. We can see that the
coverage performance degrades with the increase of the
tracking interval. The reason for this phenomenon is that
the pointing of the sensor is adjusted in advance based on
the predicted trajectory of the target whose errors
increase with time. The tracking errors under different
tracking interval lengths are shown in Fig. 13. Due to the
impact of the errors of the predicted trajectory on the cove-
rage performance, the tracking accuracy also decreases
with the increase of the tracking interval length. For
instance, when the tracking interval is 60 s, the error
curve jumps at 126 s, 245 s, and 476 s because only one
satellite can track the target. However, the relay tracking
mode under a short tracking interval means that more
satellites need to perform attitude controls to adjust the
pointings of their sensors. Therefore, the length of the
tracking interval should be set reasonably to balance the
relationship between the tracking performance and the
system burden, which requires further research.
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lengths
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Fig. 13 RMSE values of position estimates under different track-
ing interval lengths

5. Conclusions

In this paper, a relay tracking mode is designed to track
HGVs via a LEO mega-constellation with infrared sen-
sors. According to the simulation results, the main con-
clusions are summarized as follows: the relay tracking
mode can provide higher tracking accuracy with fewer
attitude controls for the satellites compared to the track-
rate mode, while the stare mode cannot track HGVs
because of its poor coverage. Furthermore, an observabi-
lity analysis method is proposed to optimize satellite
selection. Compared with the existing observability ana-
lysis methods, the proposed method can improve the
tracking performance with a lower computational burden,
which is conducive to rapid satellite selection. In addi-
tion, it is appropriate to use two satellites in each track-
ing interval by considering the cost-effectiveness ratio of
the tracking system. Also, the length of the tracking inter-
val should be set reasonably to balance the relationship
between the tracking performance and the system
burden.
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