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Abstract The Autonomous Navigation (AutoNav) mode of a Global Navigation Satellite
System (GNSS) utilizes Inter-Satellite Links (ISLs) to maintain satellite operations without the
service from the ground control segment. The newly launched Beidou satellites are capable
of conducting ISLs for orbit determination to improve their autonomy, integrity, reliability,
and robustness. However, the satellite orbit errors can increase over time due to various
force model errors, particularly that of Solar Radiation Pressure (SRP). Accelerometers
onboard satellites can measure non-conservative forces directly and have been successfully
used in satellite missions for gravity recovery and atmosphere study (i.e., GRACE, CHAMP,
and GOCE). This study investigates the feasibility to use accelerometers onboard Beidou
satellites to improve AutoNav accuracy and service span. The results show that in a
simulated 180-day AutoNav period, the orbit accuracy with the aid of accelerometers is two

times better than that of using ISL data only.
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1. Introduction

The concept of using ISL measurements to achieve GPS AutoNav without interfering
with the operational control segment (OCS) has been proposed since the early 1980s. The
first conceptual feasibility study of GPS AutoNav was conducted by the Aerospace
Corporation [1]. The simulation study showed that GPS could keep navigation accuracy for
180 days with the use of inter-satellite ranging measurements only. The follow-on study by
the Rockwell International and the Space Applications Corporation demonstrated its
onboard implementation feasibility [2]. IBM further developed the AutoNav algorithm and
included a measurement editing scheme to improve the robustness of the algorithm [3].
AutoNav simulation and brassboard testing activities for GPS Block IIR also confirmed the
feasibility and laid a basis for the implementation of ISL [4]. The on-orbit validation of GPS
IIR AutoNav showed that 2-6 m User Range Errors (URE) in the 15-day orbit arc could be

achieved [5].

The Chinese Beidou Navigation Satellite System (BDS) will consist of 35 satellites for
global coverage, including 5 Geosynchronous Earth Orbit satellites (GEOs), 3 Inclined
Geo-Synchronous Orbit satellites (IGSOs) and 27 Medium Earth Orbit satellites (MEOs).
Ranging measurement among the spacecraft has been proposed to overcome the problems
related to the existing Beidou system [6], especially the lack of global coverage of the ground
tracking network and the poor observation geometry for GEOs and IGSOs. The initial tests
for BDS inter-satellite ranging have been carried out with five Beidou satellites launched in

2015. Several research groups have studied the performance of BDS AutoNav. Using
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simulated ISLs with fixed bias of 8 cm, a cyclic bias of 5 cm, and measurement noise of 0.75
m, BDS AutoNav in 20 days could achieve 0.10, 0.60, and 0.20 m accuracy in orbit radial,
horizontal direction, and URE, respectively [7]. Another study showed BDS AutoNav orbit
accuracy could reach 3.0 m URE over 90 days, with ISL measurement noise of 1.0 m [8]. A
combined orbit determination experiment using ISLs of BDS and ground tracking stations in
China has also been conducted. The orbit determined with ISL data achieved 37-76%

improvement in signal-in-space (SIS) range accuracy [9].

The dominant factors affecting AutoNav orbit accuracy are the unobservable rotational
errors, including rigid body rotation and the earth orientation parameters (EOPs) prediction

errors [3, 10, 11].

The rigid body rotation problem is induced by the fact that only ISLs which can maintain
the relative distance between the satellites are used in the AutoNav mode. Without absolute
observations to the external objects, such as the Earth or other celestial bodies, the AutoNav
system cannot detect the drift of the whole constellation by a certain angle, leading to large
spurious rotations. Thus, in the AutoNav mode, GNSS satellite orbit errors are mainly
induced in the along-track and cross-track directions. A specific analysis of the observability
issue is given in the previous literature [11]. One proposed method to mitigate this problem
is using the predicted satellite angular elements from OCS to set up constraint equations in
the AutoNav process [7, 12]. Therefore, accurate prediction of these elements is of vital
importance for constellation rotation constraint. The orbit prediction accuracy depends on
the initial orbital elements and the dynamic force models. With the long arc and high
precision ground tracking observations in normal orbit determination mode, the initial
elements should be accurately estimated, and the orbit can be extrapolated for a rather long

period if the satellite perturbation forces can be well modeled. However, not all of the



satellite perturbations can be accurately modeled at present. Satellite perturbations can be
divided into conservative and non-conservative ones. For conservative forces, such as the
earth non-spherical gravitational perturbations, third-body attractions, and tide effects,
current models are capable of correcting them precisely. However, the non-conservative
forces, particularly SRP, are still difficult to model accurately. Although various SRP models
have been proposed, such as the analytical models of ROCK [13] and G2A [14], the empirical
models of ECOM [15, 16] and GSPM [17] and the semi-analytical adjustable box-wing model
[18], SRP model error is still the dominant perturbation error affecting GNSS satellite orbit

determination and prediction accuracy.

Various ways have been investigated to reduce the constellation rotation problem.
Using anchor stations [19] is the simplest way to control the rotation of the constellation.
However, links have to be established between the earth and the satellite system, which is
not fully autonomous. Using an onboard camera to observe the planet surface for landmark
tracking or image motion tracking is adopted for AutoNav of planetary flybys or missions too

far away from the earth, but not for GNSS due to its low accuracy [20].

Onboard accelerometers can accurately measure the non-conservative forces and have
been successfully used in missions of gravity field recovery and atmosphere study, and their
role in precise orbit determination for low earth orbit (LEO) satellites has also been
investigated [21, 22]. Using accelerometers and ISL data for GPS satellites orbit

determination have been proposed by Ash [23].

Simulation study to evaluate the accelerometer performance in Beidou AutoNav mode
has also been carried out [24]. Using accelerometers to measure the non-conservative forces
can achieve better orbit accuracy, compared with using the empirical SRP force model.

However, in this simulation, the orbits of satellites were simulated simply using orbit
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integration with given force models; then the ISL data were simulated using these ‘perfect’
orbits and their dynamic information was accurately known. Therefore, the results from this

study may be too optimal, compared with a real situation.

In this study, we compare the performances of Beidou AutoNav with onboard
accelerometers and empirical SRP model. In data generation, we use the real GNSS satellite
orbits from IGS to simulate ISL data. The accurate dynamic information of these orbits is
unknown as in the actual situation, which will provide more reliable results than the
previous study. Moreover, more rigorous data simulation and verification process are
proposed to evaluate the orbit determination accuracy. The paper is organized in the
following way. The AutoNav observation equations, error models, AutoNav orbit
determination methods, as well as a remedy to deal with the EOPs prediction errors, are
described in section 2. Then, detailed data simulation and verification process are presented
in section 3. Section 4 shows the simulation results and accuracy analysis with the two cases.
The conclusions and recommendations for future work are given in section 5 and section 6,

respectively.

2. ISL observation equation, error model and AutoNav algorithm

For the two AutoNav modes, when only ISL data are used, the reduced ECOM which has
shown its advantages of efficiency and accuracy in orbit determination of Beidou IGSOs and
MEOs [25] is used to estimate the vehicle surface SRP; when the onboard accelerometers
are used to measure the non-conservative forces directly, corresponding error model is
needed to calibrate the accelerometer raw observations. This section describes the ISL
observation equation, accelerometer data and its calibration model, as well as the AutoNav

algorithms for two modes.



2.1. ISL observation equation

The Time Division Multiple Access (TDMA) mode is used to generate inter-satellite
range observations. The ISL data are generated and satellite orbits and clock errors are
updated every 15 min, and each 15-min interval is called an AutoNav frame. A 1.5-sec time
slot is assigned to each satellite sequentially since the start of a frame. The satellite
transmits signals to all possible directions in its corresponding slot, and other visible
satellites receive the signals and derive the crosslink pseudo-ranges. A sketch of the
measurement geometry of the ISL data is shown in Figure 1. The centralized AutoNav system
collects and processes all the measurements on one central satellite [26], and it can provide
higher overall accuracy for the satellite ephemerides and clocks than a distributed system.
Thus it is adopted in this research. The basic observation equations, orbit and clock

determination equations are described below.
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Fig. 1. A sketch of the measurement geometry of the ISLs

The crosslink ionosphere-free pseudo-range measurements corrected by relativistic
effects, satellite and receiver antenna phase center offsets, and so forth, between two

satellites are denoted as:



Py =Lij —i-c5jl —-co, +é,

(1)
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where p;; and pj; are the pseudoranges between satellites i and j, Lj; and Lj; represent
the geometric distances between satellites at signal sending and receiving epochs in
opposite directions, ¢ denotes the speed of light, §;16;1,6;2;, are satellite clock errors at
each epoch, and ¢;; €; are measurement noises and systematic biases. By subtracting these
two equations, the time synchronization equation can be obtained; adding these two

equations and applying linearization, the orbit determination equation can be deduced.

2.1.1. Time synchronization equation
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tr1tk are the signal sending and receiving epochs, t, is the initial epoch of one AutoNav

frame, a’g, a’f are satellite clock bias and drift rate, L?j,L(])-l- represent the computed
distances using the predicted satellite positions, and 6L;j, 6L;; denote the differences
between the computed and true distances. Though accurate satellite clock errors are not
known, the clock errors should be considered and taken from predicted values while

predicting satellite positions. In this way, 6L;; and 6L;; can be ignored in the clock error

updating process [27].



2.1.2. Orbit determination equation
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w(t,.t,), k=i,j,n=1,2 are the state transition matrices, and 5)?k(t0),k:i,j, denote

the state correction vectors at the initial epoch, including satellite position, velocity, and

dynamic parameters, e.g., SRP parameters or accelerometer calibration parameters;
§Xk(tkn),k=i,j,n:1,2are the propagated state correction vectors at the observation

epochs. Satellite state and state transition matrix of each epoch can be derived by
integrating its motion and variation equations. The linearization error in (4) is negligible in

AutoNav and does not show here.

2.2. Accelerometers and error model

The general concept of ultra-sensitive space accelerometer is based on the accurate
electrostatic suspension of a proof mass. The accelerometer outputs are derived from the
electrostatic forces exerted on the mass to maintain its motionless with respect to the
satellite [28]. The electrostatic forces are corresponding to the non-gravitational
perturbations on the surface of the satellite. The characteristics of the three gravity satellite
accelerometers are listed in Table 1, Y and Z refer to two sensitive axes in the Satellite

Reference Frame (SRF)[29].



Table 1 The main characteristics of the CHAMP, GRACE and GOCE accelerometers

Mission CHAMP GRACE GOCE Unit
Measurement range Y, Z +107* +5%107° +6.5x10° ms >
Specified resolution Y, Z 3%10”° 107" 2x107" ms 2/ Hz"?
Measurement range X +107* +5x107° +6.5%x10°° ms™
Specified resolution X 3%x10°* 10710 2%x107"? ms— | Hz"?

Taking the data of GRACE A satellite as an example of error analysis, the accelerometer
Level-1A data are dominated by the so-called peak effect, twang effect and thruster events.
The first two effects are not caused by the surface forces and would contribute to the
measurement error budget. Their influences are negligible at low frequencies, and the
low-pass filtered Level-1B data are almost unaffected. The thrust events are part of GRACE
angular control system, and they can map into the measured linear accelerations in two
cases: the proof mass is not ideally placed at the satellite center of mass; a misalignment
exists between the thrusters of a thruster pair, and the thrust forces or reaction times are
different. In the second case, the induced acceleration affects satellite motion, and it is
necessary to be measured, though much smaller, which is similar to trajectory maintaining
thrust forces for the GEOs/IGSOs. In the first case, the effect in the measurement is not
caused by an actual acceleration on the satellite and should be mitigated. The mass trim
assembly manages to keep the satellite center of mass within 100 um to the proof mass and
the acceleration due to angular motion is smaller than accelerometer or K-band

measurement errors for GRACE satellites [30].



As with GRACE, we assume that the first two non-surface effects can be effectively
eliminated by preprocessing for Beidou satellites. The attitude of Beidou satellites are
actively controlled to maintain the +z-axis orienting towards the earth, and the IGSOs/MEQOs
have to rotate about the z-axis to keep the y-axis perpendicular to the earth-sun-satellite
plane in their yaw-steering (YS) mode. To analyze the angular motion effect on the
accelerometer, we also assume that the offset of the satellite mass center to the proof mass
stays within r = 100 um. The z-axis rotates once in one satellite revolution period, e.g., 13
h for MEO satellite, the inertial angular velocity is w = 1.34 X 107%rad/s and the
centripetal acceleration rw?due to proof mass offset is less than 1.80 x 107 12m/s?. It can
be seen that the effect on accelerometers due to attitude control to keep +z-axis pointing to
the earth is smaller than the specified accuracies in Table 1. The IGSOs/MEQOs are generally
in their YS mode and switch to orbit-normal (ON) mode, yaw angle=0, when the sun
elevation angle falls below approximately 4°. Although we do not know the exact switch
process, it is expected that the maximum yaw rate is O.6°/s. If the maximum rate is
employed, only 10 s would be taken to finish the attitude switch and the induced centripetal
acceleration in the accelerometer would be 1.0 X 107®8m/s? [31]. The centripetal
acceleration is much smaller in nominal mode and thus ignorable. Besides, some
IGSOs/MEOQOs of Beidou-2 have abandoned the YS-ON mode and adopted a continuous YS
mode, which might also be favored by Beidou-3. A YS model with yaw angle fitting accuracy
of 3°during noon and midnight turn maneuvers has been proposed [32]. The modeled
maximum yaw rates are 0.159°/s and 0.085°/s for MEOs and IGSOs respectively and the
effects on the accelerometers are 7.7x 1071%m/s?and 2.2 X 1071%m/s?. Furthermore, as
the attitude control can be modeled, the angular effect on accelerometers may also be

removed with to be known mass center and proof center offset r and the equation rw?.
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On the other hand, due to instrument measurement errors, the raw Level-1B data also
need to be calibrated. The generally used calibration model contains an instrument scale

factor and a bias in each direction, and it is expressed as
fomy =bias+scalex f, (6)

Based on the analysis of routinely estimated results, a recommendation is given for the scale
and bias parameters to calibrate for the Level-1B accelerations of GRACE [33]. The
recommended scale values are usually used directly in precise gravity recovery and no
longer estimated [34]. The biases are modeled by quadratics over a long period and the

accuracy is within a few percent. The expression for the bias recommendation is:

bias = ¢, +¢,(T,~T,) + ¢, (T, T,)* (7)

where ¢,,c,c, are the coefficients, and Tq4, To are Modified Julian Dates (MID), T4 is the

current time, To is the reference time (53736 for a date after March 3, 2007).

2.3. Satellite autonomous orbit determination methods

Based on whether accelerometer data are used, two orbit determination methods are
implemented for the simulated BDS constellation. One is using only the ISLs and the other is
using ISLs together with the accelerometer data. The reference frames and common
dynamic models used in both cases are listed in Table 2. The detailed AutoNav processes of

these two methods are described below.

Table 2 Reference frames and dynamic models
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Reference Frames and Orbit Models

Inertial frame ICRF at J2000.0

Terrestrial frame ITRF2008

Precession model IAU 2000 Precession theory

nutation model IAU 2000R06 Nutation theory

EOPs Polar motion & UT1 from IERS CO4 series
Geo-potential (static) EGM2008 model 12 x 12

Solid earth tides applied according to IERS 2010 [35]

Third-body Sun, Moon, Jupiter, Venus, Mars as point masses
Ephemeris JPL DE406

Numerical integration Runge-Kutta 4, step = 60.0s

2.3.1. ISL observations only

In the case that only ISL observations are used, the SRP parameters of the reduced
ECOM need to be estimated. Five SRP parameters and satellite initial position, velocity
vectors are updated in each AutoNav frame using the derived orbit determination equation
through the Extended Kalman Filter [36]. In the meantime, satellite clock biases and drifts

are updated with the derived clock measurement through a separate Kalman Filter.

The satellite orbit in each frame is obtained by orbit integration with the equation of

motion

.. r ) )
r:—GMF—3+fo(t,r,r)+fSRP(t,r,r,pl,pz,---,pS) (8)

where r is the geocentric position of the satellite mass center and p; (i = 1,2,...,5) are
the SRP parameters [16]. The first item on the right-hand side of the equation represents the
Earth central force, the second one denotes the perturbations than can be well modeled,

and the third one is the SRP force represented by the reduced ECOM.
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2.3.2. ISL and accelerometer data

With a set of accelerometers to measure the non-conservative forces, the SRP model is
not needed under this circumstance. The accelerometer measurement biases should be
estimated instead due to its measuring error. Considering the varying pattern of the biases,
we set up a linear model in each direction of SRF Bias; = k;dt + b; (i = 1,2,3), where
dt is the time difference between the current and a reference epoch. These 3 X 2
accelerometer parameters are updated together with satellite initial position and velocity.
The constellation rotation constraints and updating methods for satellite state vectors and
clock errors are the same as those of the first case. The initial values of the accelerometer

bias coefficients are set as true values of the model at the start of AutoNav.

The satellite orbit in each frame is obtained by orbit integration with the equation of

motion
- r . 0 c
£ :_GM7+ﬁ)(t9r5r)+fSRP +fSRP(t’kl’k25k3’bl’b2’b3) (9)

where the first two items on the right-hand side of the equation are the same as those in
equation (8). The items foxp and fizp stand for the observed SRP force by the
accelerometer and the correction to the observed force to mitigate accelerometer

measuring errors, respectively.

Comparing the expressions of fszp in equation (8) and fizp in equation (9), we can
notice that the accuracy of the modeled SRP force in the first method depends not only the
quality of SRP parameters but also on the satellite orbit (r,r), whereas, only the
accelerometer calibration parameters affect the accuracy of the SRP correction in the second

case.
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2.3.3. EKF and constraint conditions

Two kinds of estimators can be used for satellite state and clock updating, one is the
batch processing Least Squares Method (LSM), and the other is the epoch by epoch
processing Kalman Filter. To realize real-time navigation, the Kalman Filter should be chosen.
Due to the non-linearity of the satellite dynamic motion equation and orbit determination
equation, the EKF is implemented in the AutoNav process. Satellite clock, position, velocity
and dynamic parameters at the initial epoch of each ranging frame are updated with

observations in the frame through the filters, respectively.

Appropriate conditions are established in the ephemeris filter to constrain the
constellation rotation. For the constraint equation in the ephemeris filter, satellite orbit
inclination i and right ascension of the ascending node (RAAN)Q, predicted from the
previous frame, are used to set up equality conditions. For GEOs, the orbit inclination is
close to zero. Thus the second non-singular orbital elements 7 = sini cosQ, k = sini sinQ

are adopted to establish the equality conditions[7].

2.4. EOPs prediction error

As mentioned before, without ground contact, the EOPs are unobservable in AutoNav
mode, and the predicted EOPs should be used in satellite AutoNav. However, the accuracy of
current predicted EOPs may not satisfy the AutoNav requirement in a long service period. To
reduce the effect of the prediction error, we first give an analysis of the roles of EOPs in

AutoNav:

(1) Calculating the earth gravitational perturbation and derivatives in orbit integration

process in the inertial reference frame (IF): the EOPs are used to transform the satellite state
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vectors from IF to terrestrial reference frame (TF), so as to obtain the earth gravitational
perturbation and derivatives using the earth potential represented by the Laplace equation
in spherical coordinates; and then transform the perturbation and derivatives from TF to IF

for orbit determination.

(2) Transforming the satellite orbits of AutoNav results from IF to TF for users on the earth.

To investigate the effect of predicted EOPs to AutoNav in these two aspects, we have
conducted experiments with accurate and predicted EOPs. The accurate EOPs are the
International Earth Rotation and Reference Systems Service (IERS) final products, IERS C04
series, and the predicted EOPs are the latest IERS bulletin-A weekly solutions on the starting

day of AutoNav.

For the first aspect, the predicted EOPs have been adopted in the AutoNav process with
SRP estimated. The AutoNav results are output in the IF, then transformed into TF with
accurate EOPs and compared with the orbits obtained in the AutoNav using the accurate
EOPs all through. The differences between these two sets of orbits are on an mm-cm level in
the horizontal direction in 180 days and almost no difference is shown in the radial direction.
These differences indicate that the EOP prediction errors only slightly affect the calculated
gravitational perturbations on BeiDou satellites, and the AutoNav results are not

deteriorated by the predicted EOPs.

Although the predicted EOPs have a slight effect on gravitational perturbations in orbit
integration, the orbit can drift over time with increasing errors in the predicted EOPs,
especially UT1, while transformed from the IF to TF. An AutoNav experiment estimating SRP
has been done using the predicted EOPs and output the results in TF. Comparison with orbits
determined using accurate EOPs shows that the orbit radial accuracies are the same, while a

rapid increase over time is displayed in the horizontal orbit errors one month after the
15



starting epoch of AutoNav. The MEOs horizontal orbit accuracies are 2.5, 17, 36, 50, 56, and
80 m at the end of 1, 2, ..., 6 months; horizontal orbit errors proportional to the radius are
also shown for the GEOs/IGSOs. A remedy for the second aspect can be made with a
two-step coordinate transformation if higher accuracy is needed by the users. Firstly, they
can use the predicted EOPs which have been used in the AutoNav process to convert the
AutoNav broadcast orbits from TF to IF; then, with accurate EOPs which can be estimated
and predicted with other techniques (VLBI, SLR, DORIS) in real-time, the users will be able to
transform the orbits from IF to TF for their usage. In this way, the satellite orbit will be free

from EOP prediction errors in the final coordinate system transformation.

The orbit errors due to the use of predicted EOPs then mainly come from the earth
gravitational perturbation and derivatives calculation, just mm-cm in the horizontal direction,
and can be ignored. To simplify the experiment, we use accurate EOPs in this simulation

study.

3. Data simulation and AutoNav

Since BDS has not yet realized its 35-satellite full constellation, some of GPS satellites
were used in this study to represent MEOs of the future BDS. The studied AutoNav period is
six months, and the ISL data were generated with IGS precise ephemerides of MEOs and
simulated ephemerides of GEOs/IGSOs based on their available IGS precise orbits; the
accelerometer data were simulated considering the modeled SRP forces and measurement
errors. The data simulation and AutoNav were conducted using a satellite AutoNav software
developed by the authors. Detailed data simulation procedures and the verification strategy

are presented in this section.
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3.1. Ephemerides simulation and verification

Due to frequent satellite maneuvers, we cannot obtain continuous ephemerides for all
the satellites in six months to simulate ISL observations without interruption. 21 GPS
satellites with continuous ephemerides of 181 days since Jul 2, 2015, were chosen to
represent MEOs of BDS; Beidou GEOs and IGSOs are maneuvered at such a high frequency,
about 12 times and twice for each GEO and IGSO each vyear, respectively [37], that
continuous ephemerides of half a year are not available. We used IGS precise ephemerides
for the 21 MEO satellites and simulated ephemerides for the GEOs/IGSOs based on the
available precise ephemerides. A constellation of 21 MEOs, 5 GEOs, and 5 IGSOs was
considered in this experiment. The 21 MEOs are distributed on 6 planes with inclination
angles of approximately 55°, the 5 IGSOs are on 3 planes with similar inclination angles to
those of MEOs, and their distribution is illustrated in Figure 2. It should be noted that the
PRNs of GEOs/IGSOs are consistent with their actual ones in BDS; for MEOs, the PRNs are
the actual GPS PRNs added by ten. Although the satellite configuration is not entirely the

same as the future BDS, it can serve the purpose of this study.
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Fig. 2. Distribution of the IGSOs and MEQOs
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Continuous ephemerides of GEOs/IGSOs were obtained by orbit integration considering
the main perturbations. To simulate ephemerides close to reality, with other dynamical
forces accurately modeled, the SRP forces of each satellite need to be provided. Firstly, orbit
fitting was done with the precise ephemerides of 181 days starting on July 2, 2015, using the
Least Squares Method (LSM), and satellite initial position, velocity and 9 SRP parameters of
ECOM [16] were estimated daily. Then, orbit integration could be carried out with these
estimated initial parameters, and SRP forces for each satellite were calculated with intervals
of 300 s in orbit integration process using satellite position and velocity of each epoch, as
well as the SRP parameters. For satellites without ephemerides on certain days, SRP forces
were calculated by orbit integration with initial values from the previous day, which solved
the problem of the lacking ephemerides due to maneuvers. Finally, satellite ephemerides
were simulated with these modeled SRP forces and other perturbation models by orbit
integration starting from July 2, 2015 using the estimated initial orbit parameters. The
reference frames and dynamic models adopted in this process are the same as those used in
AutoNav (Table 2), except the SRP model. Satellite clock errors were from the IGS clock

products of BDS and GPS.

In order to validate the feasibility of using simulated ephemerides for GEOs/IGSOs to
generate ISLs, AutoNav for the constellation with only 21 MEOs has been firstly conducted
with ISL observations generated from the real and simulated ephemerides, respectively. The
real ephemerides are the IGS precise orbit products, and the simulated ones are generated
in the same way as the simulated ephemerides of GEOs/IGSOs. The simulation conditions of
these MEO crosslink observations and the corresponding observation errors and noises are
the same as those for the whole BDS constellation, illustrated in the following subsection.

The AutoNav performance was evaluated by comparing the estimated satellite orbits and
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clocks with true values, which were used for crosslink observation generation. The AutoNav
system ensemble clock has a bias from UTC, which has an effect on timing for the users; only
the relative clock errors affect the calculated ranges between the receiver and satellite and
thus affect user positioning accuracy. The RMS errors of the whole constellation in orbit
radial and horizontal directions are expressed as RERR and PERR, and CERR for the relative
clock errors, as defined in the literature [4]. AutoNav orbit RMS errors of the purely MEO
constellation in the radial and horizontal directions are shown in Figure 3. It can be seen that
the RERR keeps within 1.1 m in the first over 100 days and then grow up to 2.0 m in the later
epochs for both cases; the PERR has a slow increase in the first over 100 days and grows
rapidly to about 34 and 28 m for the cases of real and simulated ephemerides, respectively.
The orbit errors of these two situations are comparable, and the orbit accuracy is improved
by no more than 18% while using the simulated ephemerides. Therefore, the strategy of
using simulated ephemerides for GEOs/IGSOs to make up for the unavailability of

continuous real ephemerides is feasible.

PERR (m)
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Fig. 3. AutoNav accuracy of MEOs with ISLs generated from real and simulated ephemerides
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3.2. ISL simulation

Several conditions have to be satisfied to derive a successful ISL observation: 1. The
signal should not be blocked by the earth and be free from the tropospheric effects, and
above the ionosphere, if only one frequency data is available; 2. The signal receiving satellite
should be within the beam angles of the sending satellite, and similarly, the signal sending
satellite should locate within the receiving range of the receiving satellite; 3. Considering the
signal strength, the separation between satellites should not exceed a certain distance. The
geometry of ISL for satellites SV, SV; is drawn in Figure 4. The angles [1,[, are satellite
minimum and maximum beam angle, 3 is the angle between the line from SV; to the earth
center and the line of sight between two satellites, and H is the distance of the line of sight
to the center of the earth. Denote the radius of the earth, the distance of SV; to the earth
center, and the distance between SVjand SV; asR,rand D;;. The maximum heights of
troposphere, ionosphere, and maximum signal length are Hiyop, Hiono , and Lyax. The

visibility conditions can be expressed as

H>H _+R or H>H, +R

trop iono

. H
B < aresin— <p, (10)

max

D,.j<L
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Fig. 4. Geometry of ISL

With a large number of satellites in this experiment, the ISL data could form fairly good
observation geometry even only when signals above the ionosphere were used;
thus H;,no = 1000km was adopted for the first condition. Other condition parameters are

given in Table 3.

Table 3 Crosslink pseudo-ranges simulation conditions [27]

Simulation condition Value

GEO/IGSO beam angle and receiving range 10.0° < B < 45°
MEO beam angle and receiving range 15.0° < B < 60°

Signal length L. 70000 km

Satellite ISL measurements are affected by different kinds of errors and noises. In this
study, errors due to satellite clock biases, relativistic effects, satellite and receiver antenna
phase center offsets, and transponder system fixed biases and cyclic variations, and random
noises were added to the measurements. Since the quality of the BDS ISL observations is not

available, the transmitter and receiver system biases and observation noises were simulated
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according to that of GPS Block IIR. The specified crosslink observation accuracy were used
for BDS ISL simulation, i.e., 2.5 ns (0.75 m) for both the transmitter bias and its cyclic
variation, 4.0 ns (1.2 m) and 3.5 ns (1.05 m) for the receiver bias and cyclic variation, and 2.5

ns (0.75 m) for random noises [38].

The successfully formed ISL measurement pairs are GEO-MEO, IGSO-MEO, and
MEO-MEO. The average crosslink pseudo-range pairs (p;; and pj;) obtained for each
satellite in each AutoNav frame during the first week are shown in Figure 5. About 10
satellites are tracking and tracked by each GEO/IGSO satellite and the pair number for each

MEO satellite ranges from 16 to 21.

25

20 L

Measurement pair number

01 03 05 07 09 12 17 22 24 26 30 34 36 38 40 42
PRN

Fig. 5. Average pseudo-range pair number in each frame for each satellite of the first week.

Every other satellite PRN is labeled for simplicity

3.3. Accelerometer measurement simulation

SRP and satellite attitude control forces are the main non-conservative perturbations

on navigation satellites without the trajectory adjusting maneuver. Based on the analysis in
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section 2.2., the influence of attitude control on the accelerometer is not considered in this
study. Therefore, SRP should be the primary observables of the onboard accelerometers.
The accelerometer data were simulated with the modeled SRP forces as well as the
instrument measurement errors, which are relevant to the accelerometer measuring ability.
The measurement range and accuracy requirements should be considered while designing

an onboard accelerometer.

The SRP forces of a GEO-PRNO1, IGSO-PRN06, and MEO-PRN12 on Jul 02, 2015 are
plotted in Figure 6. We can see that the SRP forces are on the level of 1077m/s?, and an
accelerometer with the range of +1.5 X 1077m/s? can be used for navigation satellites if
the maneuver thrust forces are not taken into account. According to the specifications of
accelerometers onboard gravity satellites (Table 1), all these accelerometers can satisfy the
measurement range requirement. Therefore, we generated the measurement biases
according to the accelerometer calibration model (Equation 6 and 7). The scale parameters
were assumed to have been accurately calibrated, and thus, scale=1 was adopted in this
study; the bias parameters were simulated according to the recommended values of
GRACE-A in Table 4. In addition, different levels of white noises were also added into the

observation, and the accelerometer accuracy required for AutoNav was investigated.

Table 4 Coefficients of GRACE-A satellite accelerometer biases (Unit:um/s?)

Direction Co 1 Cy
X-SRF -1.2095 -4.128E-5 9.7E-9
Y-SRF 29.3370 6.515E-4 -3.9E-7
Z-SRF -0.5606 -2.352E-6 3.8E-9
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Fig. 6. The SRP forces of navigation satellites. GEO-PRNO1, IGSO-PRNO6, and MEO-PRN12 on

Jul 02, 2015

Figure 7 plots AutoNav orbit accuracies of the BDS constellation when accelerometers
of different accuracies were adopted. Orbit RMS errors of the whole constellation in radial
and horizontal directions in the 180-day AutoNav period are presented. It is clear that the
AutoNav performance improves with the enhancement of the accelerometer accuracy, but
not noticeable when the accuracy is increased from 1 X 1078m/s? to 1 x 1071%m/s2. It
may be deduced that with ISL observations of decimeter level accuracy, the satellite
accelerometer with an accuracy of better than 6=1x10-8m/s2is appropriate for AutoNav.
Similarly, with reference to the accelerometer main characteristics (Table 1), we may
conclude that the accelerometers onboard CHAMP, GRACE and GOCE can also meet the
accuracy requirement of AutoNav. In this study, we simulate accelerometer measurements

with the noise of 6 =1 X 1079m/s? .
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Fig. 8. Flowchart of the AutoNav experiment

4. Results and discussions

Two AutoNav modes are investigated in this paper: using ISL observations only and ISL

observations combined with accelerometers. The ISL data were generated from MEO precise
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ephemerides and simulated ones of GEOs/IGSOs. Accelerometer data were simulated using
the SRP forces estimated from precise ephemerides and measurement errors modeled

according to satellite gravity missions.

We first verified the reliability of using simulated ephemerides for GEOs/IGSOs by
comparing the AutoNav performance of purely MEOs, with ISL data derived from real and
simulated ephemerides, respectively. The comparable results of the two cases indicate that
it is feasible to use the simulated ephemerides for GEOs/IGSOs to substitute for the
incomplete real ephemerides. AutoNav was subsequently conducted with accelerometers of
different accuracies to evaluate the accuracy of accelerometers needed for orbit
determination. The results indicate that all the accelerometers onboard CHAMP, GRACE and
GOCE satellites may satisfy both the range and accuracy requirements of BDS AutoNav if the

maneuver thrust forces are not taken into account.

In this section, the AutoNav accuracies of the two methods are compared, and satellite

Keplerian element errors during AutoNav are analyzed.

4.1. AutoNav accuracies with two methods

The AutoNav orbit errors in the radial (dR), along (dA)- and cross-track (dC) directions of
the GEO-PRNO1, IGSO-PRNO6, and MEO-PRN12 while using only ISL observations and ISL
combined with accelerometer observations are plotted in Figure 9. In both cases, orbit
errors in the radial direction for all the satellites are stable and maintain mostly within
+1.5 m during the 180-day period, and a tiny improvement can be observed with
accelerometers. Both errors in the other two directions increase steadily over time, reaching

15 and 20-25 m in the along- and cross-track component for the GEO/IGSO at the end of 180
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days, 5 and 12 m for the MEO. The variation periods of dC correspond to satellite rotation
around the earth. While using accelerometer data, orbit errors in the along- and cross-track
directions also present slow growth over time, but the magnitudes are much lower. In
particular, dA of the GEO, dC of the IGSO and MEO have reduced by half compared to those

of the first case.

ISL only
ISL and Acc

dA (m

dC (m)
)

0 20 40 60 80 100 120 140 160 180
MJD-57205

(a) GEO-PRNO1
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(c) MEO-PRN12

Fig. 9. AutoNav orbit accuracies of the GEO, IGSO, and MEO while using ISL data only and ISL

together with accelerometer data
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To evaluate the overall AutoNav accuracy, Figure 10 presents the RMS orbit errors in the
radial and horizontal directions of all the GEOs, IGSOs, and MEOs in the constellation. It can
be seen that the general AutoNav performance of using accelerometers is better than that
with only ISL data. RMS orbit errors in the radial direction are relatively steady in both cases
but can jump to 2.8 and 1.7 m for GEOs and MEOs in the first case, while keeping within 1.5
and 1.0 m for GEOs and 1GSOs/MEQOs when accelerometer data are adopted. The horizontal
RMS errors have an increasing tendency over time, and the peak points are 12 and 7 m for
GEOs/IGSOs and MEOs using accelerometers, which account for just half of the errors when
ISL data are used only. We can notice that radial orbit errors of GEOs, IGSOs, and MEOs are
quite close, while the horizontal errors of GEOs/IGSOs are nearly twice those of MEOs. This
could be explicated by the fact that the satellite orbits in the radial direction are well
determined by inter-satellite observations, and the coincident constellation rotation could

induce horizontal orbit errors proportional to their altitudes.
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Fig. 10. Radial and horizontal orbit RMS errors of GEOs, IGSOs, and MEOs while using ISL

data only and ISL together with accelerometer data
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As with errors in the radial direction, the relative clock RMS errors also remain at a
stable level, less than 0.8 m in the 180-day AutoNav period as can be seen from Figure 11.

Also, the clock RMS errors in these two AutoNav cases are almost the same.

ISL only
ISL and Acc

0.8

CERR (m)

08 L

0.6

02 L

0

0 20 40 60 80 100 120 140 160 180
MJD-57205

Fig. 11. Relative clock RMS errors of GEOs, IGSOs, and MEOs while using ISL data only and ISL
together with accelerometer data. Top panel: GEOs, middle panel: 1GSOs, bottom panel:

MEOs

4.2. Accuracy of satellite Keplerian elements

To better study the constellation rotation problem, the accuracies of satellite Keplerian
elements were also analyzed. Among the ellipse parameters, satellite semi-major axis and

eccentricity (a, e) are the ellipse geometric parameters and determine its size and shape. The
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orbital inclination and RAAN (i, (1) represent the vertical and horizontal orientation of the
orbital plane; the argument of perigee (w) defines the orientation of the ellipse inside the
orbital plane, the true anomaly (f) indicates satellite position along the ellipse referenced
to the perigee, and the argument of latitude (u = w + f) illustrates satellite position from

the ascending node, which is studied here.

Figure 12 illustrates the errors of the orbital geometric parameter (a,e) of an MEQ,
PRN12, in two AutoNav cases. The errors in the two AutoNav situations have the same
characteristics, varying around zero with nearly constant amplitudes and no increasing
tendency with respect to time. The analogous variation patterns are seen for the other two

types of satellites, which are not plotted here for simplicity.

ISL only ISL and Acc

0 20 40 60 80 100 120 140 160 180
MJD-57205

Fig. 12. Geometric parameter (a, e) errors of MEO-PRN12 while using ISL data only and ISL

together with accelerometer data
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The orbital angular parameter errors of GEOs, 1GSOs, and MEOs of the same plane are
shown in Figure 13. The errors of angular parameters (i, {, u) of IGSOs/MEOs and Q + u
of GEOs increase over time in both AutoNav cases. It is clear that the angular parameter
errors for satellites of the same plane have the same changing tendency, indicating that
satellite orbits of the same plane have the consistent rotation speed with respect to their
true orbits. Comparatively speaking, most of the angular element errors are reduced with
the aid of accelerometers, especially Q+u of GEOs, i of IGSOs and u of MEOs.
Furthermore, considering the radius of the satellite ellipse, an angle error of 1.0 x 10~%deg
can induce about 0.74 and 0.47 m orbit errors for GEOs/IGSOs and MEOs. It can be seen that
satellite orbit horizontal errors in Figure 10 are corresponding to the errors contained in the
angular elements. In addition, considering the ratios between the radii of satellites and the
earth ( Rgrojigso = 1.6 Rygo =~ 6.4Reqren), and the SPS SIS accuracy standard of 2 m
orbit induced URE (DoD 2008), the horizontal orbit errors of MEOs and GEOs/IGSOs should
be less than 8 and 12.8 m, respectively. Figure 10 indicates that AutoNav accuracies with
accelerometers satisfy this standard throughout the 180 days, but only the first 100 days are

within the specified level when only ISL observations are used.
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Fig. 13. Angular parameter errors for GEOs, IGSOs and MEOQOs of the same plane. Left panels:

ISL data only, right panels: ISL and accelerometer data
5. Conclusions

The AutoNav system would suffer from the constellation rotation problem due to the
lack of absolute measurements and the inaccurate non-conservative force models [11].
Using onboard accelerometers to provide accurate dynamic information in AutoNav mode

could be a way to mitigate this problem.

With accelerometers of decent accuracy,c = 1 X 10~%m/s?, and similar measurement
biases to those onboard GRACE satellites, AutoNav has been carried out for BDS during 180
days. The AutoNav accuracy using accelerometers and ISL data has been compared to that of

using only ISL data. According to the results, the following conclusions can be drawn.

1. AutoNav performance has been significantly improved by using accelerometers together
with ISL data. For better than 2 m positioning error on the earth, orbit accuracy of AutoNav
with accelerometers can satisfy this standard throughout its 180-day service period; only the

first 100 days can remain within this requirement when only ISL data are used.

2. The constellation rotation can be seen on orbital ellipse parameters. In both AutoNav
cases, satellites of the same plane have the similar plane rotation tendency in the horizontal
(€2) and vertical (i) directions as well as the along-track direction (« ). The rotation speed

can be largely reduced by using onboard accelerometers.

In summary, accelerometers onboard BDS can improve AutoNav accuracy and extend

its service span.
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6. Future work

In the current study, the frequent maneuvers of Beidou GEO/IGSO satellites are not

taken into account.

For the maneuver thrust forces, an adaptive Kalman Filter is a choice to automatically
detect maneuver and abandon dynamic models during these periods, only using
measurements to calculate satellite position geometrically, and reuse the dynamic
information when the maneuver finishes. The maneuvered satellite should be excluded from
the AutoNav system once detected and have its orbit determined separately with ISLs and
positions of other satellites, and then reincorporated into the system when the orbit returns
to normal. As the future BDS has 35 satellites, its overall AutoNav performance can merely

be affected due to the loss of an individual maneuvered satellite during some periods.

Additionally, if accelerometers with a measurement range satisfying the amplitudes of
thrust forces (107> — 103m/s?) (Qiao and Chen 2018) are implemented onboard, dynamic

models can still be used for AutoNav, and successive satellite ephemerides may be derived.
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