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Abstract
For global navigation satellite system ( GNSS) in the application of high earth orbit (HEO) de-
termination, there are problems such as small number of visible satellites and weak signal magni-

tude. The transmitting and receiving errors of GNSS signal in the environment of HEO space are an-

alyzed, and related compensating scheme is also proposed. Acquisition of GNSS signal is implemen-

ted by using weak signal acquisition technology based on Duffing. Precise tracking of weak GNSS

signal is also realized by adopting dynamic detection and compensation technology based on Duffing

chaotic oscillator. Simulation results show that, certain acquisition sensitivity and navigation preci-

sion can be reached, and the acquisition and tracking of weak GNSS signal can be realized by using

the proposed technology, which provides good technology support for autonomous navigation of HEO

and large elliptical spacecrafts.

Key words: global navigation satellite system ( GNSS) , high earth orbit (HEO) , chaotic os-

cillator, autonomous navigation

0 Introduction

High earth orbit (HEQ) satellites such as geosta-
tionary orbit ( GEO) and high ellipse orbit satellites
have important use in many fields, e. g. land and
ocean communication, weather forecast, education ap-
plication, television living broadcast, navigating and
positing, data relay, disaster early warning, and space
sun energy station. Therefore, HEO space tasks have
increasingly become the research hotspots'' ™' .

In order to satisfy the demand of space task,
spacecrafts deployed on HEO need to decrease relying
on the ground system. When the TT&C ( tracking te-
lemetry and command ) system is in trouble or dis-
turbed, the HEO spacecrafts should also keep survival
and have the ability to perform the tasks. What’ s
more, the space task demands that the HEO space-
crafts can maneuver fast to the target neighborhood as
in short time as possible, so as to implement acquisi-
tion and tracking of the target'”’. Hence, HEO space-
crafts need to have fast maneuvering ability. Due to the
dynamic change of the system signal is huge, the navi-
gation system should have good dynamic perform-

ance'® . Therefore, autonomous navigation with high

dynamic performance is very significant for HEO space-
crafts.

At present, HEO celestial autonomous navigation
can not completely satisfy the demand concerning the
precision aspect. The global navigation satellite system
(GNSS) has been used in satellite orbit determination
because it has advantages such as high precision, no
drift, no restriction by the TT&C station. However, it
is mostly used in the orbit determination for low earth
orbit (LEO) satellites. For those spacecrafts whose or-
bit height is above the GNSS satellites, the GNSS navi-
gation system must consider the affection brought by
poor coverage performance of navigation signal on
HEO, small number of visible navigation satellites,
and big transmission error of navigation signal. It also
should have good processing ability for weak signal,
and strong anti-jamming ability to steadily receive the
GNSS signal""*.

In this work, acquisition and tracking of weak
GNSS signal for HEO spacecrafts is implemented by
adopting acquisition and dynamic detecting technology
for weak signal using Duffing, on the basis of analyzing
the transmitting and receiving error of GNSS signal.
Related simulations are also carried out for demonstra-
tion.
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1  Analysis of transmitting performance
and error of HEO GNSS signal

According to the spherical symmetric principle,
the general geometry relationship of occultation satellite
is as follows.

The GNSS signal received by HEO satellites
comes from the GNSS satellites on the back side of the
Earth. The signal crosses the atmosphere or iono-
sphere, and related refraction may cause deflection of
transmitting path. This will bring the transmitting time
delay.

In most references, the transmitting deflection an-
gle is evaluated by using GNSS Doppler frequency
drift, then the transmitting delay of GNSS signal is es-
timated, ultimately it is deducted from the measured
value of the pseudo range of GNSS signal 7', Al-
though by this method the transmitting delay of GNSS
signal can be deducted, and the variation range of the
transmitting delay can be obtained, it can not get pre-
cise time delay.

Because the positioning error of HEO GNSS signal
mainly comes from the transmitting delay caused by the
refraction of GNSS signal, the time delay must be com-
pensated. Nevertheless, generally speaking, the time
delay of GNSS signal is hard to be determined, so a
general compensate method is adopted for the GNSS
signal time delay.

1.1 Time delay range of GNSS signal

It is assumed that the position of a GNSS satellite
is X, the geocentric distance of the GNSS satellite is
R, , the position of a HEO satellite is X, the geocentric
distance is R, , then it may yields:

S =1 X, -X; | (1)

(R, - (R +8) ]
H = Rl \/1 - 4Rf52 (2>
Assuming the radium of the Earth is R,, then we

judge that:

1) If H < R,, then it is occultation satellite, and
time delay is

A= Ay (3)
in which, A, is the biggest transmitting time delay.
Generally, it takes as 2 000 m.

2) IfH > R,, letAH = H — R,, then the time de-
lay is

A=A, —-kAH (4)

A certain value k is chosen, making A = 0 when
AH > h, , in which b, is the biggest height when the
GNSS signal deflects.

1.2 TIterative solving

Assuming that the measured value of the pseudo
range of the GNSS signal is p, the iterative deduction
with A, is set as the iterative step of the time delay
compensation. The iterative times is chosen as

A
e 5

m= (5)
The pseudo range deduction is
p=p-4 (6)
The judging principle is
J=Y (p-1 Xg-X;1) (7)

=1

and if J = J_,., then the iteration stops. In the above

—
expression X is the estimation value of the HEO satel-
lite position, and n is the number of visible GNSS satel-
lites.

2  Acquisition and tracking method for
weak signal

2.1 Detecting algorithm using Duffing chaotic os-
cillator

Because the Duffing chaotic oscillator has great
suppression effect on noises and it is very sensitive to
periodical signal, so Duffing chaotic oscillator is adopt-
ed to detect weak signal. First of all, it needs to estab-
lish a chaotic system whose dynamic behavior is ex-
tremely sensitive to weak signal. Through adjusting the
stimulating force, the chaotic system is under certain
state. Then the detected signal is input to chaotic sys-
tem. At this time, great changes of the state of the
chaotic system will take place because of the joining of
the input signal. The dynamic model is

¥+ okt - (x -x) = w'rcos(wt) (8)
If the detected signal is
y = acos[ (w + Aw)t + ] + n(t) (9)
where the amplitude a is very small and the noise n( )
is very big.
Letx, = x, x, = %/w, then it yields:
X = wx,
% = @] — kx, +x, —x + rcos(et) (10)

+ acos| (w + Aw)tdp] + n(t) ]
If £ = 0.5 is chosen, then according to Melnikov
method, the chaotic threshold value is obtained as
_ 2cosh(mw/2) (11)
327w

Therefore, when r becomes larger and larger from

c

a very small value and passes through the above chaotic
threshold value, for the system great changes will take
place. It will run into big period from the chaotic
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state. Because there is great difference between the
phase-plane loci of the chaotic state and that of the
large-scale periodical state, the weak periodical signal
can be detected by artificial or computational identifi-
cation of the phase diagrams.

2.2 Acquisition technology using Duffing weak
signal

It mainly detects the Doppler frequency when
using Duffing oscillator to detect weak signal, so as to
compensate the Doppler frequency change or to sepa-
rate the Doppler frequency. For GNSS signal, because
of the affection of data bit and code, the following de-
tecting procedure is adopted, as shown in Fig. 1.

Intermediate |gand- Nonli pr—
PE——" pass onlinear . aotic
Frequency filter ™ transformation [] Filtering —

Fig.1 The Duffing detecting flow of GNSS signal

For the acquisition of weak GNSS signal, it can
be rapidly acquired by using the 1 time-domain method
based on Duffing detection. In order to acquire the
Doppler frequency with high resolution, hierarchical
oscillator array is adopted to precisely acquire the weak
signal, as shown in Fig. 2. Using the hierarchical tech-
nology, carrier frequency of tens Hz can be precisely
acquired.

Oscillator 1
Oscillator 2

Oscillator 1
Oscillator 2

Oscillator 1
Oscillator 2

Precise
carrie;
lfrequency

Coarse
carrier

: [frequency
Oscillator n

n<200 , n<200 , n<200

Ist layer 1st layer 1st layer
Af<500Hz Af<500Hz Af<500Hz

Fig.2 Hierarchical acquisition diagram
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If the coherent integration time is very long for the
acquisition of the weak GNSS signal, the Doppler shift
has great affection on the result. The number of FFT is
of large amount, so the computation is very complex.
In order to reduce the acquisition time, the following
improvements can be made

1) Hierarchical Duffing oscillator array is used to
precisely detect the Doppler shift, which greatly reduce
the frequency shift entering coherent integration ( cor-
relation computation ) and decreases the affection of
frequency shift.

2) Instead of using FFT computation, Duffing os-
cillator is adopted to precisely detecting frequency,
which transforms a 2-dimension search into a 1-dimen-
sion one.

3) Differential computation is utilized to eliminate
the affection of message upset, and the integration time

can reach 20 ms, which greatly enhances the acquisi-
tion ability of GNSS signal and correspondingly im-
proves the ability to suppress interference.

2.3 GNSS tracking using dynamic detection

The Duffing chaotic oscillator is used as the detec-
tor of signal tracking. Once the signal is acquired, the
Duffing chaotic oscillator is locked. Through narrow-
band filter and tracking loop, precise tracking can be
implemented. The tracking flow is shown in Fig. 3.

Narrowband Phase .
— filter ) detector || Filtsz
=
— Duffing

Fig.3 Tracking flow

For the tracking loop of GNSS signal , the dynamic
variation may cause the Doppler change, and further-
more the loop tracking precision may decrease or it will
even be unlocked. Therefore, the precise tracking
technology of high dynamic GNSS signal mainly lies in
the compensation of high dynamic problem.

For high dynamic GNSS signal, if there is no such
outside assistant information as inertial navigation sys-
tem (INS), or fault occurs on the outside inertial
measuring unit (IMU) , it is necessary to adopt the dy-
namic detection of inside signal, e. g. Doppler varia-
tion detection of high dynamic signal, to assist the loop
filtering, thus the anti-dynamic ability of the loop can
be increased.

3 GNSS autonomous navigation combined
with multi-constellation information

Exact description of mutual transforming relation-
ship between different time systems and reference
frames is important constituent part for precise orbit de-
termination of satellites. The key step of multi-informa-
tion fusion for multimode integrated navigation is space-
time unification and search of relationship between dif-
ferent systems. The multi-information compatible pro-
cessing method for multi-mode GNSS autonomous navi-
gation system is as follows: take the clock synchroniza-
tion error of different systems as the state variable of
the integrated system for filtering estimation and space-
time unification, estimate the clock error of different
systems in real time, and implement soft synchroniza-
tion.

Therefore, in order to guarantee the time synchro-
nization of different systems, the key problem for the
combination of multi-system information is to guarantee
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that the number of visible satellites of multisystem must
satisfy ;

1) Bigger than 5 for two-system fusion;

2) Bigger than 6 for three-system fusion;

3) Bigger than 7 for four-system fusion.

3.1 Multi-constellation optimal selection using
GDOP

For navigation using GNSS, it needs at least 4 sat-
ellites to satisfy the basic navigation demand, so we
choose 4 satellites whose geometric dilution of precision
(GDOP) is small for the integrated navigation compu-
tation. In this study, optimal selection using GDOP is
adopted. GDOP mainly describes the spatial geometric
relationship of satellites. For 4 satellites, the GDOP
value is of inverse ratio to the volume of the tetrahedron
formed by the observation point and endpoints of unit
vectors of satellites. When the tetrahedron volume at-
tains maximum, the GDOP value is minimum.

For HEO navigation, the satellite choice flow of
GNSS constellation is shown in Fig. 4.
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o
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_/

~—
When the number of satellites satisfies the basic conditions,
that of great GDOP value is deducted

Fig.4 The satellite choice flow of GNSS constellation

3.2 Filtering method of integrated navigation

In order to improve the filtering precision and de-
crease the computation complexity, sequential filtering
method are utilized in this paper. Firstly, take the
pseudo range as measuring information for filtering
amendment of position and velocity; secondly, choose
the pseudo-range rate as measuring information for an-

other filtering amendment of position and velocity.
4 Simulation

A GEO satellite is chosen as the HEO satel-
lite''”). The longitude of the GEO satellite is 115 ° east
of Greenwich. GPS satellites are used as the GNSS

ones.

4.1 Simulation analysis of time delay compensa-
tion for HEO GNSS signal

lterative search method is adopted, in which the
searching range is [0, A] and the termination condi-
tion is J < 1. The search scheme is that track the error
J(k) and judge the convergent trend so as to minimize
the iterative times.

Assuming the transmitting delays are that, 300 m
for No. 1 satellite, 500 m for No. 2 satellite, 200 m for
No. 3 satellite and 2 300 m for No. 4 satellite. The it-
erative step is 5 m. The simulation results are as fol-
lowing.

1) Error contrast of X coordinate

2) Error contrast of Y coordinate

3) Error contrast of Z coordinate

From Figs 5 -7, it can be seen that, if there is
no time delay compensation, the orbit determination
precision using GNSS signal would be very poor.

When the time delay is about 2 300 m, the maxi-
mum position error would be about 21 000 m. Howev-
er, after compensation for the transmitting delay, the
position error is within 15 m, which shows that the
compensation performance is very good and the com-
pensation precision is very high. Thus, it can be seen
that, the iterative compensation method by using occul-
tation satellites judging to determine the search range
can implement precise compensation.

4.2 Acquisition and tracking simulation of weak
signal based on duffing detection

4.2.1 Acquisition simulation

It is chosen to receive the signal of 21st GPS sat-
ellite, and the signal noise ratio (SNR) is —45 dB.
The coherent integration time is 200 ms and 400 ms re-
spectively, and the non-coherent accumulation times
are 3. The simulation curves are shown in Fig.8. It
shows that the acquisition result is better when increas-
ing the time of integration and times of non-coherent
accumulation.
4.2.2 Tracking simulation

The work uses 10 ms as the detection time of
tracking loop to improve the carrier noise ratio (CNR)
of the signal. It is assumed that the CNR of the weak
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Fig.7 Z-coordinate error of the HEO satellite

to tracking loop is 5 Hz. The third-order filter with sec-

ond-order assistance is adopted, and the parameters

are: wy, = B/0.53, a, = 1.414, a; = 1.1, w, =
B/0.7845, b, = 2.4, P = 2, where B is the band
width. The phase tracking result is shown in Fig.9. It
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Fig.9 Phase error curves of tracking loop of weak signal

can be seen that the tracking loop with 1 ms detecting
integration time is out of lock, while that of with 10 ms
detecting integration time can precisely track the weak
signal.

4.3 Autonomous navigation simulation

Two constellation systems, i. e. GPS and BeiDou,
are selected. The 5 satellites are No. 1 GPS satellite
with 1 000 m time delay, No. 2 GPS satellites with
200 m time delay, No.3 BeiDou satellite with 300 m
time delay, No.4 BeiDou satellite with 300 m time de-
lay, and No.5 GPS satellites with 400 m time delay.
The synchronization time error between GPS and BeiD-
ou is 100 ns. The simulation results for position error
are shown in Fig. 10 and Fig. 11.

From the simulation results it can be seen that
through integrated filtering the position precision and
speed precision can be attained within 50 m and 1m/s
respectively.

5 Conclusions

Compared with middle-low orbit, in the HEO de-
termination with GNSS, the number of visible satellites
is very small, and there is little chance that no less
than 4 satellites are visible at the same time. The
transmitting distance is so far and the transmitting con-
sumption is so large that the GNSS signal arriving to
HEO is very weak. As for these problems, in this
work , on the basis of analyzing the transmitting and re-
ceiving error of GNSS signal, related compensation
scheme is proposed. Then acquisition and tracking of
weak GNSS signal for HEO spacecrafts are implemen-
ted by adopting acquisition and dynamic detecting tech-
nology for weak signal using Duffing. At last simulation
and related analysis are given. Simulation results dem-
onstrate the feasibility and validity of the proposed
scheme.
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