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Preface

As a result of over 50 years of development, China has already built state-of-the-art
full-fledged spacecraft TT&C systems. TT&C means are more diversified, their
capabilities are greatly uplifted, and the scope of work of TT&C systems has been
expanding. TT&C systems play an indispensable role in fields including space
launch missions and routine operation management of spacecraft.

With the prosperous development of China’s space endeavors, TT&C systems
are facing new challenges and opportunities. They are required to support deep
space missions farther into the universe. They are required to provide more com-
plicated and higher accuracy on-orbit management of spacecraft. They are required
to maintain formations and constellations of more satellites and to play a bigger role
in detection and cataloguing of smaller space objects. To meet the new require-
ments, TT&C systems have to enhance their long-distance space information
transmission capability, weak signal extraction and processing capability, high
accuracy space instrumentation and navigation capability, and long delay operation
and control capability. Moreover, the accuracy of TT&C systems has to be further
increased to provide more reliable, secure, flexible, and efficient support to
spacecraft.

Taking “wider space for TT&C” as its theme, the 27th Conference of Spacecraft
TT&C Technology of China highlights more utilization of modern technologies to
lift the effectiveness of spacecraft TT&C systems to meet the demands of long-term
development of space activities in the backdrop of China’s growing deep space
missions, maturing Beidou satellite navigation system and explosive workload on
China’s spacecraft TT&C systems.

From over 330 papers authored by scholars and specialists from different fields,
55 are selected for publication by Springer. The objective is to further increase the



vi Preface

influence of the Spacecraft TT&C Committee of the Chinese Society of Astro-
nautics and to promote international academic exchanges by sharing China’s latest
research achievements and engineering experiences in the field of spacecraft TT&C
systems with the global space-faring community.

November 2014 Rongjun Shen
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Chapter 1

The Application of the GNSS Receiver
in the Third Stage of China Lunar
Exploration Program

Changyuan Wen, Meng Wang, Lin Qi, Dongjun Li and Yuehua Qiu

Abstract Lunar exploration puts forward higher requirements in terms of perfor-
mances for the subsystems. As for the navigation system, the GPS receiver provides
autonomous navigation service on board in Low Earth Orbit environment, so it calls
for a possible extension to Earth-to-Moon missions. This paper, referring to the
Third Stage of China Lunar Exploration Program mission which is “returning” in
the three stages “circling landing and returning”, investigates such a possibility,
considering present and foreseen available GNSS signals. Carrier-to-noise levels
achievable during the mission are evaluated. Moreover, the high-sensitivity GNSS
receiver system design is discussed.

Keywords Lunar exploration - GNSS receiver - High sensitivity - Earth orbit
determination

1.1 Introduction

With the successful task completion of Chang’E-1, Chang’E-2 and Chang’E-3,
marking China’s lunar exploration project into the Third Stage of China Lunar
Exploration Program mission. According to three step strategy, which is “circling
landing and returning”, the Third Stage of China Lunar Exploration Program
mission will be mainly probing on the moon landing and return. How to success-
fully landing on the moon, and accurately returns to the earth, asks for higher
request to the track measurement and control detector.

At present, China existing deep space exploration spacecraft mainly use ground
navigation and celestial navigation as the main means of navigation for orbit
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parameters measurement. Ground navigation takes the VLBI as the main means,
which has the limitation of the ground station, data transmission, and the real-time
and the measurement error, so it is difficult to meet the requirements of high
precision measurement of orbit. The GNSS receiver is mainly applied in the low
orbit satellite, which is used for navigation and positioning. With the deep research
of GNSS receiver, the use of GNSS receiver in the above GNSS constellation orbit,
which received the GNSS signal from the earth opposite especially side-lobe, got
more development, such as America AMSAT OSCAR-40 satellite during apogee
59,000 km has successfully received the GPS signal [1, 2].

So using the GNSS receiver in the lunar mission was considered for real-time
receiving GNSS satellite signal, through which the three-dimensional velocity and
three-dimensional position, UTC time was calculated, those results were put
together with other inertial navigation system to constitute the integrated navigation
system, which can be used to correct the orbit errors, realize the transfer phase of
the orbit control, with real-time, low power consumption, small size, high ratio of
performance to price advantage.

This paper is based on the GNSS receiver in the application of the Third Stage of
China Lunar Exploration Program mission as the background. The high sensitivity
receiver and GNSS autonomous orbit determination of Kalman filter, which is to
provide the navigation service for the lunar spacecraft, was designed through the
analysis of the visibility of GNSS receiver for the Earth-Moon-Earth orbit transfer
task and the characteristics of the weak GNSS signal power.

1.2 Lunar Mission Availability for GNSS

Take the Chang’E-1 transfer orbit parameters as an example to analyze the avail-
ability of GNSS signal in the Earth-Moon-Earth transfer orbit. The transfer
instantaneous orbit elements are numbered in the Table 1.1 [3]:
Earth-Moon-Earth transfer orbit is highly elliptical orbit (HEO), with perigee
200 km and apogee 380,000 km. Figure 1.1 shows the relative position of the HEO
satellites and GNSS geometric diagram where ¢ is unilateral GNSS satellite antenna
coverage angle, @ is the angle between the GNSS satellites unilateral main-lobe, 6
is the angle between the GNSS satellites and Earth unilateral tangent. o is for the
receiver and GNSS satellite receiver connection point geocentric angle between the

Table 1.1 Earth-Moon Epoch 2007/4/23 22:41:41
transfer orbit elements for - - -
simulation Semi-major axis (km) 212,857.337
Eccentricity 0.967199 336
Inclination angle (°) 30.983
Argument of perigee (°) 179.983
RAAN (°) 180.485
True anomaly (°) 0
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GEO orbit

GNSS Receiver

Fig. 1.1 Earth—Moon—Earth orbit GNSS signal receiver geometry schematic

direction, £ is the angle between a link of the GNSS satellite to receiver and the
direction of GNSS satellite pointing to center of the earth.

Seen from the Fig. 1.1, When the GNSS receiver orbit height less than GNSS
satellite orbit height, it is required to receive GNSS signal from the zenith; When
the GNSS receiver is higher than the height of the orbit of GNSS satellite orbit
height, it is required to receive GNSS signal from the earth opposite for positioning.

1.2.1 Simulation Setting

According to the official GPS website information, into the March 14, 2013 satellite
TLE file, the GPS constellation normal in operation is 31 satellites, not available is
PRN 27. According to the published ICD, BDS design the constellation composed
of 5 geostationary orbit (GEO) satellites, 27 circular earth orbit (MEO) satellites
and 3 inclined geosynchronous orbit (IGSO) satellites [4].

GPS transmitting power is set to 14.28 dBW, GPS satellite antenna gain pattern
(see Fig. 1.2) is saddle shaped gain, maximum gain value is 16.22 dB. Transmitting
power and antenna gain of BDS is made by GPS.
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Fig. 1.2 Transmitting
antenna gain pattern
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Consider in the ascent of Earth-Moon transfer orbit and the decent of Moon-
Earth transfer orbit, when the orbit height less than GNSS satellite orbit height, it
needs to receive the zenith signal; and the track height is higher than that of GNSS
satellite orbit height, it needs to receive signals from the earth opposite, so GNSS
receiver for lunar phase three use double antennas, antenna pointing to the earth and
from the earth. In order to adapt to the different stages of task demands, the
direction point to the zenith will use the high gain antenna, another direction will be
the wide field receiving antenna.

The highest gain of the high gain antenna (see Fig. 1.3) is 10.1 dB, ensure the
+30° gain greater than 7 dBi. Wide field receiving antenna (see Fig. 1.4) installation
point to the zenith, the gain is more than O dBi for the £60° beam width.

According to the analysis of GNSS constellations and lunar exploration satellite
geometry, and the GNSS signal link budget equation, and taking into account the
current level of receiver design, it is known that in the Earth-Moon transfer orbit on
the position of 100,000 km the received power (including high-gain receiving
antenna reception gain) is about —175 dBW maximum [2], so the simulation is set
to receive power threshold —175 dBW, the minimum elevation angle of cut in 5°.

Fig. 1.3 Received antenna 0
gain patterns towards the .
down-side
3
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12 4
15 4
-18 41
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1.2.2 Earth—-Moon-Earth Transfer Process GNSS
Availability

1.2.2.1 Earth to Moon Transition Phase

In view of earth-moon transfer stage, in the stage of altitude 100,000 km below,
analysis the number of visible GNSS satellites (see Fig. 1.5), Doppler range (see
Fig. 1.6) and signal duration (see Fig. 1.7) and other information.

1.2.2.2 Month to Earth Stage

In view of moon-earth transfer stage, in the stage of altitude 100,000 km below,
analysis the number of visible GNSS satellites (see Fig. 1.8), Doppler range (see
Fig. 1.9) and signal duration (see Fig. 1.10) and other information.

According to the simulation results, on the earth-moon-earth stage when the
track height below 68,000 km, the number of GNSS satellites can be seen more
than four, the up-side receiver will not be able to receive GNSS signal above
18,000 km. Signal Doppler is large when in the low height, close to +50 kHz,
decreases as the altitude increasing; as for the duration of the signal, the GPS signal
has close to the maximum 2 h duration, some of the GEO satellite for BDS has
nearly 4 h duration.

1.3 High Sensitivity GNSS Receiver Design

1.3.1 High Sensitivity GNSS Receiver Scheme Design

The sensitivity of conventional onboard GNSS receiver (see Fig. 1.11) for
—160 dBW that can meet the application, when applied to the exploration of deep
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Doppler Frequency Shift
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Fig. 1.10 GNSS signal visibility duration
space, the signal propagation path increases, need to receive the GNSS satellite

side-lobe signal, the received signal power will become low, because the received
power of —175 dBW than traditional signal lower above 15 dB, using traditional
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Fig. 1.11 Block diagram of the high sensitivity GNSS receivers

methods to capture the value of 1 ms data the signal peak detection will be difficult,
result in the failure of demodulating navigation message. Also because the signal
submerged in noise in the tracking process, resulting in the tracking loop cannot
reach the pseudo range measurement accuracy of less than 10 m. So we need to
solve the problem of high sensitivity receiver design.

The basic idea to solve these problems is the accumulation of the energy signal,
through the accumulation of multiple 1 ms correlation values (coherent, non-
coherent accumulation) summation, bring the SNR improvement. The GPS signal
can be accumulated by the energy signal, but the BDS BII with NH code, will
result in greater different with GPS L1 C/A. The capture process, due to the
unknown NH code phase, the coherent length is limited; if only rely on the gain of
non-coherent processing to enhance the cost will be huge. In the tracking process,
the same reason as the NH code and navigation data bit jump will result in not long
pre-integration time tracking, with low precision of carrier phase and pseudo range
measurement accuracy of GPS and BDS for code loop and carrier loop. Therefore,
this paper use weak signal processing process as shown in Fig. 1.12, complete the
acquisition and tracking weak signal of the BDS B1I and GPS L1 C/A.

The biggest difference between high sensitivity GNSS receiver and conventional
baseband signal processing is during the acquisition phase and bit synchronization.
For the acquisition of —175 dBW BDS and GPS weak signal, the acquisition
process BDS and GPS signals are placed in different channels, BDS acquisition
uses 20 ms data overlay code auto correlation method [5], this method can avoid the
unknown NH code phase which causes the coherent length restriction; GPS signal
can use the coherent accumulation with non-coherent accumulation, enhance the
gain [6]. During the processing, bit synchronization is after acquisition and before
tracking, with navigation information removed, it can be long time accumulations,
to complete —175 dBW BDS/GPS weak signal tracking, and improve the mea-
surement accuracy.
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Fig. 1.12 High orbit BDS/GPS receiver weak signal processing

1.3.2 Weak Signal Acquisition Algorithm Design

1.3.2.1 Weak Signal Acquisition Processing

In this paper, the biggest difference between BDS and GPS weak signal acquisition
schemelies in whether the need for NH code processing. BDS coherent accumu-
lation is longer than the 1 ms time, should consider the removal effect of NH codes.
After the rough acquisition, in order to get more accurate parameters of signal
frequency, this also requires fine acquisition for the frequency.

BDS and GPS acquisition are used in parallel code phase search method based
on FFT/IFFT. The difference lies in the BDS capture, the length of 10 ms signal are
stored, and 0-20 ms after the FFT transform, then local 20 ms modulation of NH
code data FFT transform, the conjugate and through the input data by FFT trans-
form, and then IFFT transform. Then use the half bit method, followed by the odd
sequence and a sequence of non-coherent accumulation, and finally through the
peak detection, judge whether the signal acquisition is successfully accomplished.
GPS is the 10 ms coherent accumulation of the 1 ms data, and eliminate the effect of
data bit jump with half bit method, then the final peak detection will be done. In the
scheme of BDS non-coherent accumulation while using the 20 ms data length, the
actual loss due to zero by 3 dB, equivalent to the processing of 10 ms data.

1.3.2.2 Design Acquisition Processing Parameters

The power of the input signal —175 dBW, considering the frequency for loss, code
without synchronization loss and pre-amplifier noise coefficient and A/D quanti-
zation loss and other factors, the power energy loss total close to 5 dB, it means that
the normal signal relative to the —160 dBW, weak signal acquisition processing
needs at least 20 dB gain in order to meet the requirement.
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10 ms coherent provides 10 dB gain, non-coherent cumulative 20 provides
10.3 dB gain (false alarm probability 1077). So the —175 dBW (C/N, = 29 dB-Hz)
of weak signals can be selected for the 10 ms coherent accumulation data of 20 non-
coherent accumulation, then detect the signal peak value to judge the acquisition
whether successful. The probability of false alarm is set to Py, = le”’, when the
carrier to noise ratio is 29 dB-Hz, 20 times of non-coherent accumulation after
10 ms coherent accumulation, can achieve more than 99 % of the signal detection
probability.

1.3.3 Weak Signal Tracking Algorithm Design

1.3.3.1 Weak Signal Tracking Processing

In this paper, the weak signal tracking using phase-locked loop (PLL), frequency
locked loop (FLL) and delay locked loop (DLL). Take the accumulation data,
according to the state transition corresponding function calls to achieve ranging
code and carrier acquisition, tracking, bit synchronization and losing lock pro-
cessing; according to the process design first complete the bit synchronization, and
then complete 20 ms pre-integration time of the carrier and code tracking [7]

In the low SNR case, in order to improve the tracking processing gain, by
improving the pre-integration time, multi cycle energy accumulation, signal
tracking processing technology needs to focus on the design of frequency, phase
detector, loop filter.

1.3.3.2 Design Tracking Processing Parameters

In the FLL pre-integration time 10 ms, PLL and DLL pre-integration time 20 ms
conditions, from Table 1.2 for loop tracking error analysis, the loop tracking error
will be less than a threshold value, can guarantee the normal work of the loop.
Therefore, to extend the pre-integration time can effectively solve the tracking
problem under low SNR.

This paper uses the differential coherent accumulation method of bit synchro-
nization in the process of acquisition transfer to tracking [8]; this method can

Table 1.2 Weak signal long pre-integration time tracking loop errors

Loop Input power B, (Hz) Teon Theory Simulation
(dBW) (ms) errors errors
PLL -175 1 20 2.06° 2.36°
FLL -175 1 10 1.19 Hz 1.59 Hz
DLL -175 1(Chip interval in 0.5 20 7.79 m 8.46 m
chips)
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eliminate the effect of initial frequency offset on the bit synchronization. The
cumulative length of capture in 10 ms will cause the frequency search step in
+50 Hz, according to the analysis of 25 bit data length can be solved better bit
synchronization, during this period, Doppler frequency offset to the code phase
accumulation effect for the 0.017 chips, the error can be accepted as the code loop,
so the bit synchronization before entering the loop tracking is feasible.

1.3.4 GNSS Orbit Determination Algorithm Design

High earth orbit satellite GNSS autonomous orbit determination algorithm using
Kalman filtering method is based on dynamic orbit model, combined the orbit
extrapolation without the use of visible satellite and Kalman filtering under posi-
tioning to carry out autonomous orbit determination. The main principle is to use
dynamic orbit model to forecast the orbital elements, and then use the real-time data
about the pseudo range and Doppler measurements to modify the orbital elements,
in less than 4 visible satellites can filter, with orbit extrapolation ability.

Space bore GNSS autonomous orbit determination uses the GNSS measurement
data with noise and gross error, Combined with the highly nonlinear dynamics
model, without manual intervention, to obtain optimal estimation of satellite
motion. Space borne GNSS autonomous orbit determination algorithm is to design
a high precision, without manual intervention and long-term stable operation of the
Kalman filter. In general, the model error mainly affected by three types of optimal
estimation of satellite state: one is the error caused by nonlinear state model and
observation model linearization; two is the orbit estimation process due to the
calculation error caused by the word length of the computer and other restrictions;
three is the satellite motion equation of perturbation force model selected does not
possible and actual satellite mechanical model consistent, no model or error model
is little perturbation to orbit estimation errors, that is to say, autonomous orbit
determination filtering system state equation of noise does not satisfy the Gauss
white noise characteristics, and belongs to the field of non-ferrous dynamic noise
white noise driven.

Kalman filtering system of the satellite autonomous orbit determination software
must consider the impact of these three kinds of model error, to design a stable and
efficient filter. Three types of errors, the first kind of error can be extended with the
Kalman filter (EKF) method to solve, in the filter state estimation, not used pre-
nominal trajectory linearization, but a moment ago orbit around the estimated value
of linearization, reduce the error caused by the linearization. The calculation error
caused by computer word length, similar to U-D factorization to solve, not only
avoid the state error covariance matrix for inverse matrix singular matrix operation
possible situation, but also solve the problem of state estimation for satellite
observation data in less than 4 GNSS satellites, enhance the autonomous orbit
determination ability. For the third types of errors, need to use particular stochastic
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process to describe the perturbation without models or error model, which is the
dynamic model compensation (DMC).

Space borne GNSS autonomous orbit determination Kalman filtering algorithm
is to take into account the influence of the above three errors, Kalman filter design
of a high precision, high stability, can use less than the observed data of 4 GNSS
satellites for autonomous orbit determination. Simulation results are illustrated in
Fig. 1.13.

For the Earth-Moon transfer orbit stage simulation of the autonomous orbit
determination algorithm, below 60,000 km due to the ideal number of visible
satellites, the position error can be guaranteed within 100 m. But with the orbit
height increases, fewer visible satellites, position accuracy will become worse.
Follow up for GNSS receiver in deep space applications visible satellites number
less than 4, combining other navigation systems to improve the navigation accuracy
for deep space exploration will be further research.
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1.4 Conclusion

According to the Third Stage of China Lunar Exploration Program mission
requirements, the feasibility of GNSS under high below 100,000 km in the moon
transfer orbit process was analyzed. The available number of stars under
GPS + BDS constellation in the orbit transfer process, the duration and the Doppler
characteristics of GNSS signal were obtained by STK simulation. A high-sensitivity
GNSS receiver design method was proposed, in which the capture and tracking of
BDS and GPS weak signal was completed respectively through the relevant pro-
cessing method. Finally, according to the characteristics of the task, Kalman fil-
tering method is employed to track dynamics model of orbit determination
algorithm for navigation service.

Through the analysis, with the usage of high-sensitivity GNSS receiver in the
Third Stage of China Lunar Exploration Program mission, a navigation service with
the position accuracy better than 100 m will be provided for the lunar spacecraft,
which is in great application demands and good prospects.
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Chapter 2
Chang’E-3 DOR Signal Processing
and Analysis

Ke Xu, Gongyou Wu, Kun Jiang, Yiwen Jiao and Xin Lian

Abstract This paper researches the local correlation algorithm which is aimed at the
characteristics of spacecraft DOR signal. The raw data is preprocessed to acquire the
Doppler dynamic information of the received signal firstly. Then a model signal is
generated which has the same frequency of the transmitted signal locally, and the
model signal is utilized to do correlation processing with the raw data. Because of the
error of initial delay model and estimated transmitted frequency, we propose to utilize
the correctness of the frequency and phase based on polynomial fitting to improve the
local correlation algorithm and adopt iteration to correct the model signal to solve
the problems above. Finally, the differential phases of DOR signals are processed
with Bandwidth Synthesis to calculate the DOR delay. This method has been
utilized in Chang’E-3 interferometry test data processing, the obtained residual delay
is relatively stable and verifies the correctness of the improved method.

Keywords DOR signal - Local correlation - Doppler dynamic - Polynomial fitting

2.1 Introduction

Chang’E-3 (CE-3) mission has utilized various new type TT&C techniques
including Delta Differential One-Way Ranging (ADOR). ADOR is a new type
TT&C technique based on conventional interferometry measurement technique
developed by NASA‘s JPL [1, 2], which is different with conventional interfer-
ometry measurement technique in the definition of observable, the signal charac-
teristics of spacecraft and the signal correlation processing method [3].
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Fig. 2.1 The beacon structure schematic of DOR signal

Spacecraft DOR tone is point-frequency signal, its spectral characteristics is
quite different with the radio source signal. The beacon structure schematic of
spacecraft DOR tone is shown in Fig. 2.1 [4].

Multiple DOR signals with different bandwidths are generated across the
spacecraft in the vicinity of the main carrier (each DOR signal generates two
harmonics, such as DOR1 and -DOR1). The radio source signal and the spacecraft
DOR signal are recorded in the centre of the tones in multiple frequency channels.
For the spacecraft signal, the output bandwidth is 50 kHz, and the output bandwidth
is 2 MHz for the radio source signal. The wider spanned bandwidth DOR signals
are utilized to calculate the group delay, and make difference with the group delay
generated by the radio source signal which has the same centre frequency, and
obtain the ADOR measurement.

The conventional interferometry data processing algorithm for each observation
station is making integer bit delay compensation, fringe stop, Fourier transform,
fraction bit delay compensation and integral and so on [5, 6]. This method is quite
practical for radio source broadband continuous spectrum signal. The spacecraft
DOR signals are point-frequency signals, which have a few MHz interval with each
other. Processing the DOR signals with conventional FX correlation processing
method requires a very high spectral resolution to achieve the sufficient SNR and
accuracy, and most of output data are noise data, so the accuracy is relative low [7].

This paper studies the DOR signal processing method, proposes to utilize
the polynomial fitting method to improve the original algorithm, and processes the
CE-3 test data and obtains an ideal result in the end.

2.2 DOR Signal Processing Method

2.2.1 Local Correlation Algorithm

The basic idea of local correlation algorithm is to build a none-noise model signal
locally which has the same frequency of spacecraft DOR tone according to the
relative motion between the spacecraft and the station. The model signal and
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recorded signal are made cross-correlation to eliminate the high dynamic variation
of the DOR frequency and phase on account of the relative motion. The phases of
corresponding channels are made difference after cross-correlation to calculate the
final DOR delay observable by utilizing Bandwidth Synthesis.

References [7, 8] have made a complete description of the DOR signal local
correlation algorithm.

Assume the one-way light time from the spacecraft signal to the Station 1 is py,
which is p, to the Station 2. So the relation between the transmission-time ¢, and the
reception-time ¢ is:

h=t—p (2.1)
h=t—p (2.2)

Assume the spacecraft DOR signal expression at transmission-time is:
5i(t) = i+ i) (2.3)

f; is the DOR signal frequency, N is the number of DOR signals. @, is the original
phase of DOR signals, so the received signals to the two stations are expressed
respectively:

Srecl (t) = ej[21rf}(t—m)+(1>{,1] (24)
SrecZ(t) = ei[Zﬂfi(T*Pz)Jr‘Doz] (25)

The spacecraft transmits a radio frequency signal, but the stations receive a
baseband signal after down-conversion, add the equipment phase delay and the
clock delay, the two stations recorded signals are expressed as:

Sreclff,v(t) _ €j[2ﬂ(fi*f0i)l*2nfip1+(D01+<D1i] (26)

Srecr—f (1) = I 2nfi=foi) (1= Ate) =2fip2 + @+ O2i) (27)
Joi 1s the sky-frequency, Az, is the clock error of two stations. ®@;; and ®,; are the
signal phase delays through the two stations.

The none-noise local signal models of the two stations are expressed as:

ot (£) = P70 25 (2.8)

Smoda_g (1) = /2R 1822573 (2.9)

S is the estimated transmitted frequency of spacecraft signal. p|" and p}' are the
delay models of the received signal.
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The DOR signal real frequency of Station 1 can be obtained from the test data,
then obtain the estimated transmitted frequency f" of spacecraft signal.

The playback data of the station is made cross-correlation with the local none-
noise model signal. The two point-frequency signal correlation phase of Station 1 is
expressed as:

(pi'orl = 27E(ﬁ 7f0i)t - 27'51‘;[71 + Dol + Pri — [Zn(fzm 7ﬁ]i)t - 27‘[f;p'1n}

" . (2.10)
=2n(fi — fi")t = 2nfi(p1 — PT') + @1 + @1

Without considering the impact of the initial phase noise introduced by phase
noise and instrument, so:

Prort = 2(fi = f")1 = 27fi(p1 — pY) (2.11)

Similarly, the correlation phase of the two point-frequency of Station 2 is
expressed as:

q)iorZ = 27'C(f, _f;'m>t - znfi(PZ _P?) (212)

The differential phase of the two stations corresponding to the transmitted fre-
quency fj is expressed as:

ol = 2nfi(p2 — p1) + 271 (P} — 1) (2.13)

The differential phase of the two stations corresponding to the transmitted fre-
quency f> is expressed as:

dz} =2nfr(p2 — p1) + 27H2 (P — PY) (2.14)

(2.13) and (2.14) make difference to obtain the DOR local correlation model:

Py ~ Pl

D2 —p1 = (i — fo) — (1 —p3) (2.15)

2.2.2 Frequency and Phase Correction Based on Polynomial
Fitting

During the data processing, the residual frequency has much Doppler influence
because of the error between the delay model and the real propagation delay and the
error between the estimated transmitted frequency and the real transmitted fre-
quency. To obtain the final DOR delay must correct the frequency and phase of the
dynamic variation.
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The correlation residual frequency of real signal and local signal is fe(7),
residual phase i ¢,,,(?), the fi.s(¢) in N order polynomial fitting can be expressed
as:

Fres() = Zai 7 (2.16)

So the residual phase is:

N N L4t
bol0) =25 [l =20 [ St = 20 (UL ) 27
=0 0

=l

¢y is a constant.
The local model signal is corrected based on polynomial fitting of residual phase,
there are two steps:

1. Single station residual phase correction term is obtained via the polynomial
fitting of the residual frequency, and the phase of local signal is corrected to let
the residual frequency in several Hz after the correlation.

2. Based on Step (1), the raw data is made cross-correlation with the local signal,
the phase of the tone is extracted, the phase variation is made polynomial fitting,
and the phase model of Station 2 is corrected to make the residual frequency
equal to the two stations.

We can eliminate the single-station residual frequency dynamic variation and the
difference of the corresponding channel between the two stations through the steps
above, and obtain the final results with using Bandwidth Synthesis.

2.3 Test Data Processing and Analysis

The Station A and B test data of CE3 mission is processed. The test data is in 6
channels, quantized in 8bit and the bandwidth is 200 kHz. The duration is 300 s.
The main carrier signal is in 3rd channel, the DOR signals are in the 1st, 2nd, 5th,
6th, channels, which have the intervals to the main carrier signal are —19.2, —3.85,
3.85 and 19.2 MHz respectively. The 4th channel is the ranging tone which has
500 kHz interval to the main carrier. The frequency spectrograms are shown in
Fig. 2.2.

The clear tone is the DOR signal.

The raw data and the local model signal are made cross-correlation to obtain the
DOR signal residual frequency variation expressed in Fig. 2.3.

During 300 s, the residual frequency of the carrier signal of Station A varies
from —8,112 to —19.796 kHz, the same of Station B varies from —8,108 Hz to
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Fig. 2.2 Frequency spectrums of two stations. a Frequency spectrum of station A. b Frequency
spectrum of station B

—19.792 kHz, which illustrates the local signal model is not accurate enough and
the dynamic variation of the residual frequency is high.

The residual frequency is made polynomial fitting to correct the residual phase of
the local signal model, the corrected residual frequency of each channel is
expressed in Fig. 2.4.
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Fig. 2.4 Residual frequency dynamic variation of two stations via polynomial fitting correction

The residual frequency variation decreases obviously in 300 s, the maximum
variation is about 0.69 Hz. The tiny fluctuation may be caused by the instability of
the spaceborne oscillator. The variations of Station A and B are similar, this is
consistent with the expected result. The differential residual phase of corresponding
channel is shown in Fig. 2.5.
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Fig. 2.5 Differential residual phase of two stations

The differential residual phase variation tendency of each channel is steady and
similar, the differential residual phase of 20 s integral is shown in Fig. 2.6.

The variation tendency of differential residual phase decreases via integral. The
residual delay is obtained by Bandwidth Synthesis which is shown in Fig. 2.7.
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Fig. 2.6 Differential residual phase via 20 s integral
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Fig. 2.7 Residual delay via bandwidth synthesis

The average residual delay is —39.576 ns, the mean square error is 43.3 ps. The
stability and precision of the residual delay verify the correctness of the improved
algorithm.

2.4 Conclusion

This paper studies the local correlation algorithm. Polynomial fitting method is
utilized to improve the algorithm. The CE-3 test data is processed and obtain an
ideal result. We can compare the result with the spacecraft subsequent precise obit
for further analysis.
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Chapter 3

Research on Technique of VLBI Data
Correlation Post Processing in Deep Space
Navigation

Jia Wang, Shilu Shen, Gongyou Wu, Dong Zhang and Ke Xu

Abstract Correlation post handling includes accomplishing error corrections and
outputting delay and delay rate in VLBI data processing. For multicenter VLBI
observation data, there is interchannel delay which should be calibrated with quasar
phase, which is phase calibration. Correlation post handling makes bandwidth
synthesis to phase after calibration and gets high precision delay consequently. We
focus on interchannel data in data processing of Chang’E-3 Project, adopt differ-
ence methods to make correlation post handling and simulating analysis. The
results show correctness and validity of method which is put forward in this paper.

Keywords Correlation post processing - Bandwidth synthesis - Phase delay -
Group delay - Channel delay - Phase calibration

3.1 Introduction

Deep space exploration is a new domain in space technique after satellite application
and manned space. Deep space exploration, especially lunar exploration has higher
request in precision and real time performance of orbit measurement, which guar-
antee lunar Lander landed in destining position accurately and return equipment
returned earth in scheduled orbit. Mastery of high precision measurement of deep
space explorer orbit will support and promote the advancement of high tech and
quicken up the development of deep space exploration science in our country [1].
Very Long Baseline Interferometry (VLBI) is one of a finite list of methods which
can be depended in deep space exploration. VLBI has been widely used in fields of
astrophysical radio astronomy and mother earth survey since its coming in 1965.
Furthermore, VLBI has been widely used in tracking and navigation of satellite, lunar
explorer, even interplanetary explorer from 1970s because of its high precision
ability of measuring angle [2, 3]. We have launched Chang’E-1, Chang’E-2 and
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Chang’E-3 exploration moon satellites in succession in our country since 2007. In
order to make high precision tracking and navigation for exploration moon satellite,
Chinese Academy of Sciences VLBI measuring system has been orbit measuring
subsystem of Chang’E-1 TT&C system and joined in orbit measuring task [4].

It is to accomplish error correction and get correlation phase and delay in VLBI
data correlation post process [5]. We make comparative analysis between two
different handling methods in correlation post process of Chang’E-3 task.

3.2 Questions and Phenomenon Analysis

In correlation post process of Chang’E-3 task, for multicenter datum, we should
make use of bandwidth synthesis [6] to get group delay. Due to the accretion of
frequency bandwidth, bandwidth synthesis group delay measure errors are less than
single channel group delay ones. Furthermore, we should carry out phase calibra-
tion between different channels and bandwidth synthesis.

In Ref. [7], Chen Guan lei et al. introduced method of calculating bandwidth
synthesis group delay which named ‘calibration method’ for short hereinafter
particularly. Firstly, it needs channel initial phase and single channel initial delay of
quasar to calibrate satellite’s initial channel phase, which called interchannel delay
correction. Then, it makes use of satellite’s single channel initial group delay and
each channel phase after correction to put up bandwidth synthesis and get band-
width synthesis group delay finally.

We come up with a method to calculating bandwidth synthesis group delay
aiming at initial channel phase in Chang’E-3 task, which called ‘subtraction
method’ for short hereinafter. Firstly, we use satellite’s and quasar’s initial group
delay and each channel phase without interchannel delay correction for bandwidth
synthesis directly and get satellite’s and quasar’s bandwidth synthesis group delay
with deviation. The difference between satellite’s and quasar’s bandwidth synthesis
group delay is bandwidth synthesis group delay after correction.

Aiming at calibration method and calibration method, we make calculating and
analysis to get result, that is two methods result delay difference is 107'°~107'* ns,
which show subtraction method and calibration method are equivalent.

3.3 Principle of Correlation Post Process

Generally, each channel phase can be expressed in Eq. (3.1)

©; =21fi(1i + Terr) + 20N + @ 1=1,2... (3.1)

There into, f; is signal frequency in corresponding point in channel i, 7; is signal
residual phase delay in channel i, 7,,, is delay which caused by troposphere, ion-
osphere or observation instruments, N; is phase integer ambiguity in channel i, g, is
initial phase which caused by receiver in channel i.
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3.3.1 Principle of Bandwidth Synthesis Method

Bandwidth synthesis method [8] is to make use of carrier wave and DOR side tones
phases and their corresponding frequencies to calculate phases after eliminating
ambiguity according to special steps and make linear fitting phases to get bandwidth
synthesis delay. Figure 3.1 shows carrier wave, DOR side tones phases and cor-
responding frequencies.

Firstly, we make use of ¢,psc, @opsi and 7;,; to get predicted phase value ¢,
and correction phase value after eliminating ambiguity ¢, at the frequency point
Jf1 and group delay 7g,,,,c1 between fc and f;, which shows in Eqs. (3.2)—(3.4). INT
means taking the whole.

Ppret = Pobsc + 27'5(f] _fc) * Tini (32)
Peorrt = Pobst — INT((@obsl - qurel)/zn) 2n (33)
TeroupCl = (Peorrt = Ponsc)/ (27 (fi = fc)) (34)

Secondly, we make use of @corr1, Pops2 ANd Tgroupc1 10 get predicted phase value
@pre2 and correction phase value after eliminating ambiguity ¢, at the frequency
point f, and group delay 7,12 between f; and f, which shows in Egs. (3.5)—(3.7).

(pprez = (pcorrl + 27T(fz _fl) ! TgmupCI (35)
Peorra = Pobs2 — INT(((pobXZ - Qmez)/ZTE) 27 (36>
Tgroup12 = (gocorrZ - (pcorrl)/(zn ’ (fz _fl)) (37)
Fig. 3.1 DOR signal o Observed phase value
bandwidth synthesis handling
sketch map “'}’ Predicted phase value
+7 Correction phase after
eliminating ambiguity + Pprez
.(oobﬁ Peorrl Peor2
i PobsC
+¢pr€l
(pcorrS i ‘ (00}73'2

+ Ppre3

‘ ‘E Pobs1 |
Iz fo h 2

v
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Similarly, we make use of @42, Pobs3 aNd Tg0up12 to get predicted phase value
@pre3 and correction phase value after eliminating ambiguity ¢.,,,3 at the frequency
point f3, which shows in Egs. (3.8)—(3.9).

qureS = Pcorr2 + 27'C(f3 7f2) * Tgroup12 (38)
Peorr3 = Pobs3 — INT(((Pobe - Qopre.’,)/zn) -2z (39)

Finally, we make use of ¢,,,c and correction phase value after eliminating
ambiguity @c,.r1, Peorr2, Peorr3 at the frequency point fi, f> and f; to get bandwidth
synthesis group delay adopting least square fitting method. The flow is shown in
Fig. 3.2.

3.3.2 Principle of Calibration Method

Via the measurement of calibration quasar, delay in measurement mainly reflects
the interchannel difference. So we make use of calibration quasar signal to calibrate
system delay and initial phase in incepting channel. Furthermore, we get correction
phase @opscs Pobst> Pobsz AN 1.3 and calculate satellite bandwidth synthesis group
delay 74,0, by using Egs. (3.2)-(3.9).

3.3.3 Principle of Subtraction Method

By using Egs. (3.2)-(3.9), we get calibration quasar bandwidth synthesis group
delay 74,040 and make use of satellite’s phase with initial phase to get bandwidth
synthesis group delay 74,1, directly. Then, we use calibration quasar bandwidth

Fig. 3.2 The handling flow | Tnpat o finf |
of DOR signal bandwidth PUt Gobsc > Pobt-tinir J1, J€
synthesis ¢

| CalCUIating (pprel agacnrrl *D TgrmlpCl | | InPUI (pob.ﬂfuﬁ ‘

h 4
| Calculating @p.e2 s @cor2 MTgroupia | | Input @351 f3 ‘

v
| Calculating @3 903 |

v

Least square fitting @opsc, @corrs>
0corr2 and Pcorr3 and getting bandwidth
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synthesis group delay g0 t0 calibrate g,y Which with initial phase. Finally,
we get satellite bandwidth synthesis group delay after correction, which is 74,4,

3.4 Calculating Example and Analysis

Using Chang’E-3 task observation data of station Tianma and Kunming of
Shanghai astronomical observatory (SHAO) in Dec. 8th, 2013, we calculate and
analyze calibration method and subtraction method.

4
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Firstly, we calculate each channel phase of satellite, quasar and satellite cor-
rection with quasar calibration, which shown in Fig. 3.3. Bandwidth synthesis
group delay which using calibration method or subtraction method is shown in
Figs. 3.3 and 3.4 separately.

From Figs. 3.3, 3.4 and Table 3.1 we can see that bandwidth synthesis group delay
difference between calibration method and calibration method is 10~ '°~107"* ns and
can be neglected, which show that calibration method and subtraction method is
equivalent.

Compare to calibration method, subtraction method use quasar and satellite
bandwidth synthesis delay to subtract directly and needn’t consider interchannel
variance, which flow is so easy that can be realized in engineering easily.

3.5 Conclusions

Comparing and contrasting subtraction method with calibration method, we can
educe that there is coherence and equivalence in results of two methods. Correlation
post handling method which we put forward in the paper, that is subtraction
method, needn’t consider interchannel initial phase variance, which would be
corrected with else in quasar calibration. Compare to calibration method, subtrac-
tion method has brief flow and steps and can be realized easier in VLBI engineering
which is high sampling ratio and magnitude data size.
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Chapter 4

Research on Simulation of Inter-satellite
Link Based on the Navigating
Constellation

Bo Jiang, Jing Li and Bo Guo

Abstract Establishing the inter-satellite link which connects the navigating con-
stellation can optimize the resource of TT&C, and enhance management capacity of
the ground station. For researching and validating topology, protocol and TT&C
capacity of the ground station, an integrated simulating platform has been designed
based on STK and OPNET. This platform includes the topology of inter-satellite
link, the model of satellite node and ground station. Furthermore, the data format of
telemetry between satellites and stations complies with Space Communication
Protocol Specification. Finally, with constellation and stations combined, telemetry
transmission is simulated in both normal mode and another mode with one satellite
invalidated. Through analyzing indices like telemetry time delay and throughput,
correctness and effectiveness is validated in the topology of constellation and
routing algorithm. This platform has achieved a certain degree of universal prop-
erty, and can provide technical method for researching other satellite communica-
tion networks.

Keywords Navigating constellation - Inter-satellite link - OPNET - Telemetry
simulation - Telemetry time delay

4.1 Introduction

Inter-satellite link is an important part of the navigating constellation, which can be
used for communication and ranging. There is necessary requirement in the field of
TT&C using inter-satellite link, which is one of the crucial technique for improving
the performance of navigating system. Recently, domestic research for inter-satellite
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link has been studied, including topology, routing protocol and so on. Based on these
researches, the topology and routing protocol of inter-satellite link should be simu-
lated to validate whether it could support TT&C through the use of computer
simulation.

Network simulation technology can set up virtual network on the computer,
which simulates all kinds of action to evaluate and forecast performance aiming to
enhance the designing accuracy of network. It includes the simulation of both
constellation and network protocol. SaVi and STK are commonly used to simulate
designing constellation. OPNET, NS-2 and GloMoSim are used to simulate pro-
tocol of network. OPNET is a useful tool in the field of network simulation, which
can perfectly model and construct wireless circumstance. The model of OPNET has
been used broadly in the communication of satellites. SHEN [1] proposed the
protocol and algorithm suiting LEO satellite network, and built simulating platform
based on the IP. However, SCPS existing in navigating constellation in actual use
differs from IP considerably [2]. The model of network, node and process for
simulating performance of AOS protocol has been implemented in paper [3], which
could simulate the curve illustrating relation of throughput and packet length on the
condition of diverse BER. The function of SCPS-NP protocol based on OPNET
was implemented in paper [4], which could analyze the performance of SCPS-NP.
However, it didn’t focus on concrete satellite traffic and application.

The simulating platform in correlative research rarely aims at combining the
navigating constellation and ground stations using inter-satellite link. Conse-
quently, this paper builds simulating platform of navigating constellation based on
OPNET, which can analyze the performance of inter-satellite link, and research
topology and routing algorithm of SCPS. The concrete telemetry data are simulated
to relay through inter-satellite link and reach ground station on this platform.
Finally, indices including telemetry time delay and throughput are counted and
analyzed for statistics. In conclusion, this platform can validate the performance of
network that includes navigating constellation and ground station, and the data
originated from the correlative simulation can be used to analyze and research.

4.2 Design and Implementation of a Simulating Platform

According to the characteristics of the inter-satellite link, simulating model of
navigating constellation based on STK, and that of network protocol based on
OPNET are established, which introduce real orbit parameters. Consequently, an
integrated simulating platform of navigating constellation is set up. Since there is no
standard satellite node and ground station model in OPNET, and wireless models in
OPNET are not suitable for satellite network, so a special navigating network is
proposed based on wireless mechanism of OPNET in this section. This model
includes three layers from the bottom up: process field, node field and network
field. Process field realizes the algorithm protocol and queuing strategy, which has
been implemented by Proto-C language. The basic data packet, detailed protocol
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Fig. 4.1 Overall block diagram of a simulating platform

and queuing state are described by finite state machine (FSM). Forwards, FSM and
packet stream constitutes node field, which simulates hardware or software resource
inside the satellite node, like transmitter machine, data process unit and so on.
Network field has implemented the function of satellite network, in order to reflect
the performance of topology. The whole structure is described in Fig. 4.1 that is
divided into two parts: satellite platform and ground platform. The satellite platform
creates telemetry data, and sends them to ground station through inter-satellite link
or direct link. The ground station is responsible for processing the telemetry data
and completing the statistics. At the same time, the control command originated
from ground station can reach the target satellite through the same route.

4.2.1 Constellation and Orbit Determination

This paper is based on the Walker constellation and its parameters is named 24/3/1
(it denotes the satellites number of 24, orbits number of 3 and phase factor of 1).
The network is formed through inter-satellite link in the inner constellation, and
each satellite is in procession of some links within one orbit plane and some ones
within different orbit planes. Of course, the permanent link has priority.

The navigating constellation has been established based on STK [5]. The STK
orbit files in accordance with the orbital parameters are imported into OPNET, so
that the moving of satellites will comply with these orbits in the simulating process.
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Fig. 4.2 Satellite simulating node model

Constellation is constituted by inter-satellite links and satellite nodes that include
transmitter, receiver, antenna, telemetry source unit, data processing unit and so on,
as shown in Fig. 4.2. The transmitter, receiver, and antenna unit are based on
OPNET and wireless transmission is described by 14 pipeline stages, which are
performed successively to simulate radio channel, wireless gain calculation, BER
statistics and other processes.

4.2.2 The Source Module of Telemetry Data

It demonstrates the entire process of the telemetry package from generation to the
physical transmitter layer, which is denoted as finite stat machine in Fig. 4.3. As
shown in Fig. 4.3, the internal structure comprises three kinds of state modules,
named the initial state of INIT, telemetry packet generation state of GENERATE,
and end state of STOP. The broken line represents the transfer diagram, which can
be transferred between two states according to the state transition condition when
interrupt request is received.
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The internal processes of finite state machine are implemented in Proto-C lan-
guage, which includes core function and standard C/C++ language can efficiently
describe the discrete event of system. Meanwhile, the module can be customized for
a plurality of telemetry frame types, size and period to simulate the real telemetry
state of the navigating satellite.

4.2.3 Network Routing Module

After the establishment of topology for inter-satellite link, the network routing
problem should be considered firstly. For implementing routing of network, you
can use a dynamic routing protocol, or plan-based routing scheme [6]. Different
from dynamic routing schemes, plan-based routing is determined in advance, rather
than relying on dynamic routing. It does not mean that routing tables always keep
the same but in a period of time. As the satellite network has the characteristics of
low data processing capability, limited bandwidth resources and long time delay,
plan-based routing becomes the scheme of priority. Therefore, this paper adopts
static routing scheme based on plan, which makes use of determined routing tables.
The specific program is selected as follows: the system cycle is divided into several
time slots by 15 min, and the satellite network route is fixed within a time slot. The
routing table of next time slot will be enabled at the end of this time slot.
The satellite does not require computing in real time, and you only need to switch
the routing table at the end of the time slot. The real-time calculation of static
routing tables by ground will be implemented and updated by remote control
command after failure of a satellite or ground station.
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The steps generating static routing tables are: (1) the report of visibility among
satellite nodes and ground stations has been implemented using STK and some
constraints [7]. The adjacent matrix of visibility has been obtained through STK/
Matlab interface using the powerful computational function of Matlab, and the
corresponding position in this matrix is 1 if the source node is constantly visual to
the destination node or else 0. (2) These routing tables can be established through
the adjacent matrix of visibility and ant colony algorithm [8] depending on inde-
pendent search and mutual cooperation of ant colony. Consequently, the static
routing tables can be calculated within the cycle of static routing slot. Starting with
the first 15 min of a period, for example, the ground-based monitoring scheme
generated from the static routing tables is shown as Fig. 4.4.
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Fig. 4.4 Routing strategy between navigating satellites and ground stations
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4.2.4 Data Transmitting and Processing Module

Advanced orbiting system (AOS) replaces the traditional PCM telemetry at this
module. A series of protocol by CCSDS can be assorted to the physical layer, data
link layer, network layer, transport layer and application layer like TCP/IP. AOS is
adopted at data link layer, which suits large spacecrafts and scenarios for types of
traffic. While at the network layer, transport layer and application layer, CCSDS has
developed space communication protocol specification (SCPS) including SCPS-NP
and SCPS-TP, which aims at satisfying the space as much as possible to achieve
compatibility and interoperability with the Internet protocol.

Due to space limitation, the detailed designing process of other modules in
Fig. 4.1 will not be elaborated here.

4.3 Simulating Experiment and Analysis

The simulating scenario includes: (1) a constellation comprises 24 MEO satellites;
(2) 5 USB facilities located on the territory of China; (3) each single MEO satellite
has 4 antennas, which are used to communicate with other satellite nodes. The
operating model is: 5 facilities track 5 satellites as main nodes and communicate
with other MEO node through inter-satellite links, so all of telemetry data from 24
satellites can be received by these 5 facilities. Next based on this scenario, the
telemetry transmission is simulated both on the scene of normal mode and another
mode with one satellite invalidated. Through analyzing telemetry time delay and
throughput, correctness is validated about the topology of constellation and routing
algorithm.

4.3.1 Telemetry Time Delay

Telemetry time delay is a crucial parameter that could measure performance of
topology and routing. For the satellite network formed of moving nodes, the sta-
bility of network has a considerable significance, because re-constructed routing
will seriously affect the delay of communication. Therefore, the changing of time
delay should be test within 1 day on the simulating platform firstly. This paper sets
the simulating time of 24 h, the frame period of 1 s, and the frame length of 2,048
bits during operating simulation. The ground stations receive telemetry data of 24
satellites in real time, and make the correlative statistics. The telemetry time delay
and other types of indicators can be obtained after the completion of simulation.
The graph curve of telemetry time delay obtained is shown in Fig. 4.5, which
belong to MEO-s11, MEO-s12 and MEO-s13.
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Fig. 4.5 The statistics curve
of telemetry time delay (units s)
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The variation of telemetry time delay is mainly affected by two factors: the first
is the changing distance between satellite and the ground station, and switched
static routing table on the other hand. As seen from Fig. 4.5, the impact introduced
by changing distance is smooth and continuous, while the great jumping point of
graph curve indicates the impact from switching of routing table. In order to analyze
the specific value coming from this impact, this paper has made a correlative
statistics within 24 h as shown in Table 4.1.

As seen from Table 4.1, the average time delay value of all satellites is 634 ms,
at the same time minimum of 147 ms and maximum of 1,420 ms, respectively. It

Table 4.1 The statistics of telemetry time delay from navigating satellite within 24 h (units s)

Maximum Minimum Mean value Standard deviation
MEO-s11 1.261 0.148 0.794 0.366
MEO-s12 1.066 0.148 0.547 0.322
MEO-s13 1.071 0.147 0.454 0.310
MEO-s14 1.052 0.156 0.555 0.265
MEO-s35 1.367 0.536 0.945 0.272
MEO-s36 1.271 0.148 0.511 0.319
MEO-s37 0.687 0.150 0.413 0.204
MEO-s38 0.908 0.371 0.745 0.175
Mean value 1.077 0.196 0.634 0.275
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indicates that switching the routing table causes some impact, however the par-
ticularly serious delay and packet loss does not occur. The standard deviation of
time delay is 275 ms, which reflects the fluctuations of telemetry delay value within
an entire period.

4.3.2 Scenario with the Failure of Single Satellite

This paper has considered the condition that one satellite within the constellation
fails and could not participate in the network. The scenario like that has been
simulated and counted about telemetry throughput and time delay. Now supposing
the failure of MEO-s11 satellite, the re-counted routing table should be generated
and updated to the remaining satellites, in order to keep the constant communica-
tions. The comparison with the normal mode is simulated and shown as Fig. 4.6.

As seen from Fig. 4.6, after the failure of MEO-s11 satellite occurs, the average
value and standard deviation are as much as the value of normal state in addition to
improve the maximum delay value.

In order to measure the impact of throughput on the ground station under re-
routing, this paper validates the capability of telemetry throughput on ground sta-
tion under the normal mode and single satellite failure mode. The simulation results
include the average value of throughput and standard deviation, and the latter
represents the value deviating from the average in Figs. 4.7 and 4.8 respectively.

As seen from Fig. 4.7, after the failure of MEO-s11 satellite and re-routing
occurs, ground stations can normally receive all telemetry data of 23 satellites, and
the average value has little changes. Further, the statistical value of standard
deviation is shown as Fig. 4.8.

As seen from Fig. 4.8, after the failure of MEO-s11 satellite and re-routing
occurs, the value of standard throughput deviation is greater than the prior one. This
job indicates that the telemetry throughput of ground station from the average
fluctuation becomes great when one satellite within the constellation fails and can
not participate in the network, but the receiving of the ground station meets the
overall requirements without affecting the normal receipt and demodulation.
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4.4 Conclusion

A simulating platform of navigating constellation has been established, which
models the satellite node, inter-satellite link and ground station, and simulates the
specific scenarios. It simulates telemetry reception for the constellation and ground
station in normal mode and another mode with one satellite invalidated. This
platform has achieved a certain degree of universal property, and can provide a
simple and effective technical means for analyzing and researching inter-satellite
links and satellite network.
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Chapter 5
The Co-simulation of Airborne Stable
Platform Based on Adams/Simulink

Qiang Dong, Xiaoxu Yang, Junfeng Han and Yan Li

Abstract This paper proposes an approach to design a simulation method based on
Adams and Simulink to improve performance of the stable platform. First, this
paper gives an Adams/Simulink co-simulation method of airborne stable platform.
Second, it designs mechanic model in Adams and control model in Simulink.
Finally, simulate mechanic and control model of airborne stable platform, the
simulation result shows that the co-simulation of Adams and Simulink is feasible.
In the Adams model, it designs different error factors as follows: friction distur-
bance, motor disturbance, aircraft vibration disturbance and gear backlash. The
simulation result is further close to the actual situation. Therefore, the co-simulation
method of this paper is better than traditional simulink method. The design of
co-simulation has guiding significance for improving the mechanic and control
module of airborne stable platform.

Keywords Adams - Simulink - Co-simulation - Stable platform

5.1 Introduction

The airborne stabilized platform is a carrier in aviation field. It separates the load
from aircraft’s effects and provides a simple working environment for the target
load. In an airborne stabilized platform project, control system frequency bandwidth
and mechanical system frequency bandwidth cannot be effectively combined.
System bandwidth greatly limits the platform performance. The reasonable distri-
bution of control system frequency bandwidth and mechanical system frequency
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bandwidth will reduce development costs and improve system performance.
Knowing the bandwidth of stabilized platform control system and mechanical
system has great significance on airborne platform bandwidth allocation.
According to the experience of practical engineering, the principle of frequency
allocation is improving control system frequency and reducing the mechanical
system frequency as much as possible. The principle will inevitably lead to the rising
of design and manufacturing costs, and bring resonance effect. This paper designs a
co-simulation system based on Adams and simulink, the system analyze airborne
stabilized platform control system and mechanical system in time-domain and fre-
quency-domain, provides the simulation data. The simulation date provides the basis
for the subsequent work frequency allocation on airborne platform and a reference
for the improvement of airborne platform control system and mechanical system.

5.2 The Co-simulation of Stable Platform Based on Adams
and Simulink

Adams has a very strong kinematics and dynamics analysis. The users have
modeling, simulation and analysis to all kinds of mechanical system with Adams’s
powerful modeling and simulation environment. Matlab is indispensable in control
system simulation because of powerful calculation capabilities. The co-simulation
based on Adams/Simulink puts together mechanical system and control design
simulation. It makes the combination analysis of mechatronics to be realized [1].
The flow chart to co-simulation of airborne stabilized platform’s Mechanical
structure and control system, as shown in Fig. 5.1 [2].
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The flow chart of co-simulation is as follows. Firstly, it designs dynamics
analysis model of airborne stabilized platform, and loads the different motion
parameters of dynamics in Adams, as shown in Fig. 5.1, Mechanical Model.
Secondly, it designs control system model of airborne stabilized platform, and load
the different control parameters in Simulink, as shown in Fig. 5.1, Control Model.
Thirdly, it turns airborne stable platform’s nonlinear mechanical model into S-
Function which Simulink identifiable function by Plant Export module outputs of
Adams. Fourthly, it loads S-function into the load part of Simulink control system,
realizes the co-simulation of Adams/Simulink [3].

5.3 The Design of Airborne Stabilized Platform Mechanical
Module

The Adams model of airborne stabilized platform designed by Solidworks. Adams
model includes airborne stabilized platform components. It imports module into
Adams/View after each component module being assembled. In Adams/View,
material of parts of each module will be specified, azimuth axis and horizontal roll
axis will be constrained, load actual work load to simulate part [4]. Automatic
Dynamic Analysis of Mechanical Systems model of airborne stabilized platform
including azimuth gimbal, Horizontal roll gimbal, azimuth axis, Horizontal roll
axis, simulated load, motor, reducing mechanism, angular velocity trans, IMU
(Inertial Measurement Unit) etc. The Adams simulation mode of airborne stabilized
platform, as shown in Fig. 5.2.

Fig. 5.2 Adams model of Azimuth
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5.4 The Design of Airborne Stabilized Platform Control
Module

The airborne stabilized platform uses azimuth—roll designs. Stabilized platform
uses traditional rate—position control method. The control principle block diagram,
as shown in Fig. 5.3.

The circuit for power conversion of Servo driver adopts H bipolar four-phase full
bridge circuit which composed of IGBT power modules. It works in PWM (Pulse-
Width Modulation) mode. In general, the driving cut-off frequency of PWM
modulation circuit is far great than the cut-off frequency of torque motor in Air-
borne stabilized platform drive system. The transfer function of power amplifier
simplifies to an amplifier [5], as shown i