Chapter 1

Introduction

1.1 Motivation

GPS consists of 27 satellites (24 operational satellites and 3 active spares). These
satellites are distributed over 6 orbit planes separated by 60° with an inclination of 55°.
The period of the GPS satellite to travel around the earth is near 12 hours with an
altitude of about 20200 km. Each GPS is equipped with the high-accuracy atomic
clock. GPS signals derived from the fundamental frequency (f;=10.23MHz) of
satellite’s oscillator include the code and carrier phase, which are mainly used for
positioning. Two carrier phases are modulated with the codes and navigation
messages to L1 (f;= 1575.42 MHz, A ;=19.05 cm) and L2 (f,= 1227.60 MHz, A ,=
24.45 cm). Over the past decade, &PS=has beeriewidely used for the positioning of
moving objects, including LEO. Since the®FOPEX/Poseidon altimeter mission, GPS
has been wused for attitude determination, time-synchronization, and orbit
determination of LEOs. One of well-known receivers, BlackJack, is widely used in
the geodetic study (Wu et al. 2005; Schreiner, 2005; Montenbruck et al. 2006). The
BlackJack receiver was developed by JPL and was used in the CHAMP and GRACE
satellite missions.

F3/C (Fong et al. 2008) is a joint Taiwan-US satellite mission lunched on April 15,
2006, and deployed 6 micro-satellites at altitudes ranging from 750 to 800 km and at
an inclination of 72° in the final mission phase. The expected lifetime is 5 years.
The acronym COSMIC stands for Constellation Observing System for Meteorology,
lonosphere and Climate and hereafter, F3/C will be used to represent
FORMOSAT-3/COSMIC. Each satellite was equipped with the BlackJack GPS

receiver for collecting the high accuracy GPS data and it was installed with four
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antennas on the front and back faces of the satellite main frame (Fig. 1-1). Two
signal-patch antennas for POD were mounted on the upper part of the main body and
the other two antennas for atmospheric occultation research were mounted on the
lower part. A more detailed information of GPS payload for F3/C can be found in Wu
et al. (2005).

A F3/C special issue of Terrestrial, Atmospheric and Oceanic Sciences (Lee et al.
2000) documents the scientific objectives and anticipated results of F3/C. Useful
information about the status and data acquisition is available on the web site of

Taiwan’s NSPO: http://www.nspo.org.tw/2005e/projects/project3/research.htm. The

earliest research on the geodetic applications of F3/C using GPS data was given by

Svehla and Rothacher (2006).

Fig. 1-1: F3/C spacecraft


http://www.nspo.org.tw/2005e/projects/project3/research.htm

1.2 Review of recent LEO missions
1.2.1CHAMP satellite mission

CHAMP, launched on July 15, 2000, is a German satellite mission for the
scientific applications, e.g., the determination of the earth gravity field and
geomagnetic field (Reigber, et al. 1996). The altitude of CHAMP is about 500 km and
the orbit with an inclination of 87° is nearly circular. CHAMP is equipped with a
BlackJack receiver for tracking GPS satellites and a star camera for attitude control,
as well as an accelerometer for measuring the non-gravitational effects, such as air
drag, solar radiation pressure and the earth albedo radiation. Fig. 1-2 shows CHAMP
satellite body and the POD antenna is mounted on the zenith direction of the main
body. The accelerometer is helpful to generate the dynamic orbit of CHAMP for the
earth gravity recovery without modelingeaniynen-conservative force. Fig. 1-3 and 1-4
show the gravity anomaly andy/ geeid -from\ithe EIGEN-CHAMP03S model.
EIGEN-CHAMPO3S is a CHAMP:only:igravity field model derived from a
homogeneous reprocessing of all normal equations including the improved
parameterization of the accelerometer data.

Aside from above mentioned scientific instruments, CHAMP was also equipped
with a laser retro-reflector for SLR, which can be used for an independent validation
of POD result. However, F3/C satellites do not have a SLR reflector. A more detailed
information of CHAMP mission can be found at

http://op.qfz-potsdam.de/champ/index CHAMP.html.



http://op.gfz-potsdam.de/champ/index_CHAMP.html
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Fig. 1-3: EIGEN-CHAMPO03S Gravity Anomalies in mgal
(http://op.gfz-potsdam.de/champ/index CHAMP.html)
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Fig. 1-4: EIGEN-CHAMPO3S Geoid in meter
(http://op.gfz-potsdam.de/champ/index CHAMP.html)

1.2.2 GRACE satellite mission

GRACE satellite mission was n/March 17, 2002. GRACE mission
of approximately 500 km with an
inclination of 89°. The distance between two separated satellites is about 220 km,
which is precisely measured by the KBR system with an accuracy of 10 um at 1Hz
data sampling rate. Scientific instruments equipped in GRACE satellites are nearly the
same as those in CHAMP satellite, except for KBR. Fig. 1-5 shows GRACE satellite
body and the POD antenna is mounted on the zenith direction of the main body. The
main goal of GRACE mission is to observe time-varying gravity fields, with a higher
accuracy than that derived by CHAMP. Fig. 1-6 and 1-7 show gravity anomaly and
geoid from GRACE KBR measurements over 110 days. A more detailed information

of GRACE mission can be found at

http://www-app2.gfz-potsdam.de/pbl/op/grace/results/index RESULTS.html .



http://op.gfz-potsdam.de/champ/index_CHAMP.html
http://www-app2.gfz-potsdam.de/pb1/op/grace/results/index_RESULTS.html

Fig. 1-5: GRACE satellite body
(http://earthobservatory.nasa.g SE/Images/grace satellite.jpq)
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Fig. 1-6: EIGEN-GRACEO02S Gravity Anomalies
(http://www-app2.gfz-potsdam.de/pbl1/op/grace/results/index RESULTS.html)



http://earthobservatory.nasa.gov/Features/ESE/Images/grace_satellite.jpg
http://www-app2.gfz-potsdam.de/pb1/op/grace/results/index_RESULTS.html

Fig. 1-7: EIGEN-GRACEO02S Geoid model
(http://www-app2.gfz-potsdam.de/pb1/op/grace/results/index RESULTS.html)

1.2.3 GOCE satellite mission

GOCE was developed by ESA a unched on March 17, 2009. GOCE is
h ansinetination of 96.7°. The scientific objective

of GOCE mission is to determine the earth gravity field with an extremely high

deployed at an orbit of 250 km wit

accuracy and spatial resolution. GOCE was equipped with a POD GPS antenna for the
precise positioning and a 3-axis gradiometer for measuring the tiny variation of the
earth gravity field. Fig. 1-8 shows GOCE satellite body, and the POD antenna is
mounted on the zenith direction of the main body. Earlier studies of GOCE based on
simulated data can be found in Visser and Van den IJssel (2000) and Bock et al,

(2007).


http://www-app2.gfz-potsdam.de/pb1/op/grace/results/index_RESULTS.html
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Note that the POD antennas ehith direction of CHAMP, GRACE

and GOCE are to prevent the G a from multipath and excessive
ionospheric delay. On the other hand, the patch antennas of F3/C potentially will
result in large noises and systematic errors in GPS phase data, because the two solar
panels may (1) deflect the GPS signals and (2) block some of the GPS signals.
Additionally, the orbit accuracy at a centimeter level for the above satellite missions
can be used for a potential application of the earth gravity field recovery. The use of
kinematic orbits of a LEO satellite for gravity field determination was demonstrated
for the first time by Gerlach et al. (2003). Parallel to this, several alternative methods

were developed, e.g.: Reubelt et al. (2004), Mayer-Gurr et al. (2005), and Ditmar et al.

(20086).


http://esamultimedia.esa.int/docs/BR209web.pdf

1.3 Literature Review

The reduced dynamic method and the kinematic method (Svehla and Rothacher
2003; Jaggi et al. 2006 and 2007; Hwang et al. 2009) are implemented in the software
Bernese version 5.0 (Dach et al. 2007). Hwang et al. (2009) demonstrated that six
F3/C satellite orbits were determined with a proper data selection and processing, and
an accuracy of 2-3 cm was achieved using the overlap analysis. Precise orbits of F3/C
satellites can be used in many applications. For instance, the kinematic orbits can be
regarded as three-dimensional ranging data to recover the long wavelength temporal
variation of the earth gravity field (Hwang et al. 2008). Chao et al. (2000) and Hwang
(2001) showed that GPS-derived kinematic orbits of F3/C can be used to recover the
earth’s static and temporal gravity fields.

The gravity signatures from a comibified,,F3/C-GRACE gravity solution were
enhanced over those from the GRACE-only solution. However, the percentage of
usable kinematic orbits of F3/C for \gravity tietermination can be as low as 30%
(Hwang et al. 2008). This suggests that a'relatively large portion of F3/C GPS data
(both code and phase) are degraded by such factors as multipath effects, cycle slips,
excessive 10D and low number of visible GPS satellites that typically contribute to a
poor positioning accuracy (Leick 2004).

In general, the orbit accuracy is associated with the quality of F3/C GPS data,
which is inversely proportional to the magnitudes of multipath effects, IODs and the
residuals of GPS observables. However, a large multipath and 10D might result in a
cycle slip, which can be an indicator of GPS data quality. Furthermore, phase
residuals are associated with the satellite orbit determination and can be used to detect
outliers in the data processing. Subsequently, phase residuals can be used to compute
the a posteriori unit weight deviation. Such deviation also serves as an alternative

indicator of the GPS data quality and an overall fitness of the stochastic and
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mathematical model in orbit determination.

Several F3/C studies are given by Hwang et al. (2008, 2009, 2010) and in the
special issue of IEEE Transactions on Geoscience and Remote Sensing (Volume 46
2008). The objective of this study is to use F3/C GPS data to assess the achievable
orbit accuracy and GPS data quality, and to quantify attitude error. The quality
assessment in this study was based on F3/C data and GRACE data (for comparison)
and the outputs in connection to satellite orbit determination. Due to the large amount
of F3/C orbital data, selected epochs and selected F3/C satellites will be used to show
problems and solutions in the POD experiment. For convenience, FM1-FM6 will be

used to present the six F3/C satellites, following the convention of NSPO.

1.4 Outline of Thesis

Chapter 2 shortly reviews thes(GPS-obsenvahles used in this essay, such as the
ionosphere-free linear combination, \"geometry-free linear combination and the
multipath equation. Such equations are "used for the orbit determination and the
assessment of GPS data quality.

Chapter 3 focuses on the description of the structure and payload of F3/C satellite
body and discusses about the effects of satellite body, satellite center of mass and
variation, phase center offset and variation of antenna, and cable delay on orbit
determination.

Chapter 4 uses the linear combination of GPS observables mentioned in Chapter 2
to assess GPS data quality and compares the data quality of F3/C with GRACE
satellite.

Chapter 5 describes the definition and principle of attitude control system for F3/C
mission in a various space environments. An analysis of attitude control system is

given in the end of Chapter 5.
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Chapter 6 focuses on the introduction of reduced-dynamic and kinematic
strategies and the assessment of F3/C orbit quality.

Chapter 7 analyzes the quantification of attitude error based on orbit
determination. The GPS-derived baselines between POD antenna phase center and
satellite’s center of mass are compared with those given by NSPO. Such differences
reflect attitude error and positioning accuracy.

The conclusions, future work and suggestions are presented in the final Chapter.
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Chapter 2

GPS observables for orbit determination

2.1 Observation types
2.1.1 Code pseudorange

A pseudorange observation between the GPS and the receiver is measured by
GPS PRN code. The oscillator of a GPS receiver will internally generate a duplicate
signal to analogously compare with a raw one from a GPS until the highest correlation
is achieved. As a result, the time shift between the receiver and the GPS can be
estimated. Meanwhile, the ionospheric delay, clock errors, hardware delays, multipath
and noise effects are taken into account. Thus, the code pseudorange observation of

LEO satellite can be expressed as (Leick 2004)

RS = pd —cdt, +cdt® + 10, + 0. p\+Ep (2.1)
with

p_ p 2 p 2 p
PP =P —x )P +(yP -y )2 +(2° - 2,) (2.2)

oo - Geometry distance from the coordinate of GPS satellite p to the coordinate of the
receiver k

P : Code pseudorange on Li (i=1,2)

1% » - P-code lonospheric delay at Li (i=1,2).

t.: The time in the receiver clock at the epoch that the code entered the antenna and
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the receiver clock error is dt,

t?. The time in the satellite clock at the epoch that the code transmitted from the

antenna and the satellite clock error is dt”

o0, p - Hardware delay (i=1,2)

&; p - Pseudorange measurement noise, including the multipath (i=1,2)

Eq. (2.1) is a general form, but it does not take into account all effects. The
relativistic effect between GPS clock and receiver clock is not involved in Eq. (2.1),
since such effect for LEO satellite is relatively small as compared to GPS satellite.
However, such effect will be absorbed by the receiver clock correction estimated in
the procedure of the least square adjustment (Bock 2003). Furthermore, the
ionosphere-free linear combinationyofi=P;coden(sée Eq. (2.7)) is used to determine a
priori orbit and detect outliers in the POB“procedufe. Table 2-1 shows the RMS (root
mean square) of the difference betweéersred@ced-dynamic and kinematic orbits (see
Chapter 6) for FML1 in year 2008 using raw and smoothed code observations in the
earth-fixed frame. Table 2-1 addresses that no large discrepancy in orbit solutions
using raw and smoothed codes. Note that the poor solution of the finial orbit
determination is not influenced by a priori orbit from poor code solution, even the use
of the smoothed code solution with a measuring accuracy of decimeter. That is
because the quality of the final orbit solution only depends on the quality of GPS
phase observations. Here, smoothed code measurements take the mean of ‘code minus
phase’ measurements. Additionally, the raw GPS code measurement is replaced by the
corresponding phase measurement shifted by such mean difference. Meanwhile, the
ionospheric delay is taken into account in the procedure of creating the smoothed

code observation. That is so-called the smoothed code (Dach et al. 2007).
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Table 2-1: RMS of the differences between reduced-dynamic and kinematic orbits
using raw and smoothed code observations in the earth-fixed frame

X (cm) Y (cm) Z (cm)
Raw code 5.97 5.62 5.87
Smooth code 5.80 5.60 5.92

2.1.2 Phase pseudorange
For the high-accuracy requirement in geodesy, most GPS receivers provide GPS
carrier phase to precisely measure the distance between GPS satellite and receiver. In

unit of cycles, the equation for the carrier phase can be written as (Leick 2004)

g =%pk”— fdt, + f,dt® + 1) +9¢,

ki@ k iz

N m ., (2.3)

@/, : Phase pseudorange (i =1,2)
N, : Integer ambiguity of Li (i =1,2)
10;, - lonospheric Li carrier phase advance (i=1,2).

5’3

K.i,p

: Hardware delay (i=1,2)
m; , - Li phase measurement noise, including the multipath (i=1,2)

The carrier phase can be scaled to unit of length by multiplying with A, = Cf
1

Thus, (2.4) becomes

dP; = pl —cdt, +cdt® + 10+

K.i,p k.i,p

+ AN +m, (2.4)
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Eq. (2.4) differs from Eq. (2.1) because introducing the high-accuracy GPS carrier
phase and the unknown integer ambiguity. Additionally, the ionosphere distributes
about from the height 50 km to 1000 km above the earth surface and is filled with
ionized particles and plasmas resulting in the refraction of GPS signal. However, the
refracted signal depends on the frequency of the microwave emitted from GPS. Thus,
when GPS signal propagates through the ionosphere, the effects of TEC for phase and

code observations can be expressed as below (Leick 2004)

403

f2

TEC poro 803 ¢ (2.5)

f2

lono __
Aoy =

where AT s for carrier phase advance andy A2" is for code delay. It is difficult to

model the TEC due to the variousitime-dependentenvironments. Furthermore, since
the velocity of LEO is about 7 km/s resaltingrin the rapid variation of the ionosphere,
the best method to eliminate the ionospheric delay is to use the linear combination of
two different frequencies (see the following section). The ambiguity parameter in Eq.
(2.4) is the only non-epoch parameter. For handling the ambiguity term, Bock (2003)
demonstrated that an alternative PPP approach was based on forming the relative
difference between two successive phase observations in order to eliminate the
ambiguity and a priori orbit from the code solution was introduced as an absolute
position.

Additionally, Svehla and Rothacher (2005b) demonstrated that LEO orbit
solutions from the double-difference observations formed between ground IGS
stations and the LEO satellite were not significantly improved. The time of tracking a

GPS arc in a LEO and a ground IGS station is different. For a ground station, the arc
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lasts several hours to track a GPS satellite, but for a LEO satellite, the arc may lasts
15-25 minutes. Thus, if the double-difference observations are involved into the LEO
orbit determination, a large number of ambiguity parameters must be solved and very
long baselines (LEO - IGS station) will be estimated. As a result, PPP can be an
efficient strategy to determine LEO orbit by means of introducing the GPS orbit and

HRC products (Bock 2003).

2.2 Linear combination of observations
2.2.1 lonosphere-free linear combination
In order to eliminate the ionosphere effect the ionosphere-free linear combination

is used in this study, as expressed (Dach et al. 2007)

1% =— = (21— f212) (2.6)

pi=— T (t2P1-12P2) @2.7)

f2— 12

where LS. and P{ is the so-called ionosphere-free linear combination for the phase

and code, respectively. When the same propagating path of both phase and code

observations with respect to the same GPS satellite is considered, the same effect can
be eliminated by forming P —L3., except for multipath (see the following section).
Additionally, the phase multipath can be ignored because the value is relatively small
as compared to code multipath. Hence, the P2 —L% value presents the performance
of multipath effect (Hofmann-Wellenhof et al. 2001). Moreover, the user-specified

RMS value of PZ—L% in Bernese will be served as a threshold of the outlier
16



detection with respect to each tracked GPS arc.

2.2.2 Geometry-free linear combination

The geometry-free linear combination can be expressed as (Dach et al. 2007)
Lt =L1-L2 (2.8)

Eqg. (2.8) eliminates the receiver clock error, GPS satellite clock error and the
geometry distance. Only the ionospheric delay and the initial ambiguity are remained
in Eqg. (2.8), which may be used for the estimation of the ionosphere model. In the
study, this linear combination is used to observe the conduct of excessive phase data

and to detect cycle slips or outliers ipjthe GPS ddta analysis (see Chapter 4).

2.2.3 Multipath equation

Multipath effect is caused by non line-of-sight (between the GPS satellite and the
LEO receiver) GPS signal propagation (Hofmann-Wellenhof et al. 2001; Leick 2004).
This effect can be estimated by using the combination of code and phase
measurements based on the same influence of clock errors, the tropospheric delay and
the relativistic effect during the tracking period. Eq. (2.1) and (2.4) are used to form
Pi-Li (i=1, 2). The multipath equations for pseudorange P1 (MP1) and P2 (MP2) can

be expressed as (Estey and Meertens, 1999)

MPL= £,p — (L+ —2 Ny + (—2 )Ny — (L —2)m, + (—2)m, (2.9)
’ a-1 a-1 a-1 a-1
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2a 2a 2c
MP2=¢,, - (—INA + (—— DN A4, —(——)m + (——-1Dm, (2.10)
a-1 a-1 a-1 a-1

where « is ratio between the squared frequencies of L1 and L2, i.e., f?/f/. The
maximum multipath on phase is about 1/4 of the wavelength and the noise level of
phase is about 0.2 to 5 mm (Comp and Axelrad 1998; Hofmann-Wellenhof et al. 2001,
p. 92), so these values are relatively small as compared to code multipath and noise.
As such, the phase multipath and noise are ignored when estimating MP1 and MP2
with Egs. (2.9) and (2.10). If the P1 is not available, the C/A code will be used instead

(Estey and Meertens 1999).
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Chapter 3

The F3/C spacecrafts and GPS payloads

3.1 Spacecraft geometry

Fig. 3-1 shows the geometry and dimension of a F3/C satellite. The mass of each
F3/C satellite is 62 kg with a full propellant and the origin of the spacecraft coordinate
frame is the same as the geometric center of the ring. Each of F3/C satellites is
equipped with a GOX receiver, a TIP built by NRL and a TBB, also provided by NRL.
The purpose of TIP is to monitor the ionospheric electron density with an operating
wavelength of 135.6 nm (Coker et al. 2002), while TBB is used for studies of
tomography and ionospheric scintillation. A more detailed description of the TIP and
TBB can be found in Syndergaard et al. (2006).

The GOX GPS receiver, Blagklaek- (IGOR: version) is designed by JPL and
manufactured by BRE. The IGOR:recelverwas experienced in F3/C mission for the
first time. It can simultaneously procéssiGRS-signals from two POD antennas and two
occultation antennas. 24 individual channels of the receiver are allocated to 4
antennas, of which 12 channels are allocated to two patch POD antennas and the
others are allocated to two occultation antennas. A more detailed description of the
IGOR receiver can be found in Montenbruck et al. (2006). Table 3-1 shows the
coordinates of the two POD antenna centers of F3/C satellites in the spacecraft
coordinate frame. The coordinates for the F3/C satellites differ from a few mm. Table
3-2 shows the boresight vector of the two POD antennas in the spacecraft frame. The
boresight vector points toward the zenith direction of POD antennas and is helpful to
realize the relative orientation between LEO and tracked GPS satellites. The angle
between the line of coordinate origin-physical center of POD antenna and the +X or

-X axis is about 30°. The angle between the normal to the POD antenna and the X
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axis is about 15° (Fig. 3-2(a)). This design also enables ionospheric occultation
sounding using the two POD antennas. For comparison, the GPS antenna of GRACE

(http://www.csr.utexas.edu/grace/) is mounted 0.45 m above the COM along the radial

direction (Fig. 3-2(b)), and it will view more GPS satellites than any one of the two
antennas of a F3/C satellite and is less affected by the multipath effect as well as the

ionospheric delay.

Solar
Array

Battery
Filier

Battery Charge Regulator Torque rod
S-hand Transmitter &
Receiver
Tri-Band Beacon (TBB) — ] Fuel Tank
Flight Computer
(upper)
ACE(middle)
GPS Receiver
(hottom)

TIP Elecironics —

Tiny Ionospheric Photometer
(TIP)
GOX Antenna

S-hand Antenna

GOX Antenna

TEB Antenna
MIU(upper)
PCM(hotiom)

Fig. 3-1: F3/C spacecraft and its payloads
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Table 3-1: Coordinates of the two POD antennas (in m) in the spacecraft coordinate

frame for F3/C
Coordinates POD +X POD —X
(x/y/lz) (xtylz)

FM1
FM2
FM3
FM4
FM5
FM6

0.468/0.005/-0.257
0.469/0.005/-0.256
0.468/0.005/-0.255
0.468/0.005/-0.255
0.468/0.005/-0.256
0.468/0.004/-0.256

-0.474/0.005/-0.261
-0.474/0.005/-0.260
-0.474/0.004/-0.260
-0.475/0.005/-0.260
-0.475/0.005/-0.260
-0.474/0.005/-0.261

Table 3-2: Boresight vector of theltwo PODZntennas (in m) in the spacecraft

coordinate frame for F3/C

Coordinates

POD +X
(xlylz)

POD -X
(x/yl2)

FM1
FM2
FM3
FM4
FM5
FM6

0.9666/0.0000/-0.2561
0.9721/0.0000/-0.2346
0.9669/0.0000/-0.2553
0.9661/0.0000/-0.2583
0.9664/0.0000/-0.2571
0.9669/0.0000/-0.2553

-0.9652/0.0000/-0.2615
-0.9590/0.0000/-0.2833
-0.9643/0.0000/-0.2649
-0.9659/0.0000/-0.2588
-0.9661/0.0000/-0.2583
-0.9662/0.0000/-0.2576
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Fig. 3-2: Side view of satellites (a) F3/C and (b) GRACE, showing the normal (central
axis of boresight) of the GPS antenna for each

3.2 Satellite center of mass and variation

All force models included in the equations of motion of a satellite must refer to
the satellite COM. Thus, the pre-calibration of COMs for six satellites with stowed
solar panels have been done in the NSPO laboratory with and without propellant fuels
prior to launch. However, the incorrect exertion of thruster forces to the satellites

caused by inaccurate COMs will lead to the difficulty in maneuvering the spacecraft.
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Thus, the COMs and moments of inertia of all satellites are re-computed using refined
measurements of masses of all satellite components. Also, the new determination is
based on the case that the solar panels are deployed. Table 3-3 shows the coordinates
of the COMs for different propellant masses from the post-launch determination. The
standard errors of estimated COMs are at sub-mm level. The COMs vary with masses
of propellant from a few mm to one cm.

For any given propellant mass, the COM coordinates in Table 3-3 are linearly
interpolated. However, the rotation of the solar panels only affects COM at a sub-mm
level, so it is negligible. The propellant will be partly consumed before the satellite
reaches the final, operational orbit at about 800 km. Besides, the attitude control does
not consume propellants, so the COM at the operational orbit will keep the same mass

in the remaining mission lifetime.

Table 3-3: Coordinates of céatenafmass;(indmm) in the spacecraft coordinate
frame at diffétent.masses of propellant

Mass of 6.65 3 2 0
propellant, kg
FM1 4/-4/-33 -3/-4/-34 -4/-4/-35 -8/-41-36
FM2 4/-4/-34 -2/-41-35 -4/-4/-35 -8/-41/-36
FM3 4/-71-35 -2/-71-36 -4/-7/-36 -8/-71-37
FM4 4/-8/-34 -2/-71/-36 -4/-7/-36 -8/-71-37
FM5 4/-41-34 -2/-41-36 -4/-4/-36 -8/-41-37
FM6 4/-41-33 -2/-41-35 -4/-4/-35 -8/-41/-36

'x, y and z components in the spacecraft coordinate frame
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3.3 Gain pattern, phase center offset and variation of antenna

Most satellite missions are equipped with the BlackJack GPS receiver for
geodetic purposes, e.g. CHAMP and GRACE mission or with the follow-on version
IGOR, e.g. TerraSAR-X and F3/C missions. The IGOR receiver shows the perfect
noise level of 1 mm for L1 and L2, even 3 mm for the ionosphere-free linear
combination (Montenbruck et al. 2006). In order to obtain a better orbit accuracy of
F3/C, a precise model of PCO and PCV, therefore, are required. This is especially
designed for the kinematic solution due to the lack of any constraint imposed on the
reduced-dynamic solution (see Chapter 6). Montenbruck et al. (2009) demonstrated
the improvement in RMS values of the post-fit residual and the orbit overlap using the
absolute phase pattern for the GRACE-B satellite. Jaggi et al. (2009) further
demonstrated the improvement of GRACE arhits were based on the different phase
pattern models. An empirical phase pattern was*derived from in-flight phase residuals
and an alternative approach is to dixectlyEestimating the correction map. The above
approaches are in connection with the reduced-dynamic orbit determination.
Furthermore, Schmid et al. (2005, 2007) demonstrated the improvement of both GPS
orbit and clock products were based on the absolute phase pattern corresponding to
the calibrated antenna in the GPS-processing procedure of IGS.

In this study, the pre-flight calibration of gain pattern, PCO and PCV of the two
POD antennas, were achieved in an anechoic chamber using a mockup satellite of

F3/C built by UCAR (Schreiner 2005).
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3.3.1 Gain pattern

The mockup of F3/C used for the pre-flight calibration was placed in the
electromagnetic environment, which is similar to the ionosphere, as shown in Fig. 3-3.
Fig. 3-4 shows the absolute gain patterns for the POD antenna at L1 and L2 with a
SAD orientation of 0°. The dB value is proportional to the strength of GPS signal. As
expected, the central amplitude of the phase gain pattern has a bigger dB value, in
which the GPS signal has the better quality than that of the edge. Fig. 3-5 shows L1
and L2 with the maximum and minimum gain values at a field of view (FOV) of 120°.
The maximum amplitude values, 7.07 dB for L1 and 7.28 dB for L2, occur at the
SAD angle of 270°. The difference between maximum and minimum gains is about

12 dB, which roughly agrees with the value given by Montenbruck et al (2006).

Fig. 3-3: Picture of F3/C spacecraft mockup mounted upside down in the anechoic
chamber the solar arrays are oriented at 90 degrees. (courtesy of UCAR)
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Fig. 3-4: Gain patterns for (a) L1 and (b) L2 with the SAD angle of 0°
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Fig. 3-5: Maximum and minimum gains for L1 and L2 within FOV of 120" from
berestght

3.3.2 Phase center offset and variation@fiantenna

The phase centers of L1 and L2 were estimated with 8 different SAD angles.
Table 3-4 shows the average absolute phase center offsets of L1 and L2. As expected,
the largest offset lies in the zenith direction. Fig. 3-6 shows the PCV of L3 as a
function of azimuth angle and zenith angle for an SAD angle of 0 degree (i.e. edge on
to velocity vector). The large PCV value of + 60 mm lies at azimuths from 120° to
210° and from 240° to 360° with the elevation lower than 30°. Obviously, the PCV
in Fig. 3-6 is associated with the small amplitude of L1 gain pattern (-14 dB) in Fig.
3-4. Table 3-5 shows the maximum PCVs of L3 for different SAD angles. On average,
the PCVs are small at small zenith angles. The largest PCV (absolute values) occur at
azimuths of 1402165°and 2902350°and at large zenith angles (>809. Fig. 3-7 shows
the PCV as a function of zenith angle for L1 and L2 frequencies (averaged over

azimuths and SAD angle = zero). The PCV varies smoothly with zenith angle, and
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ranges from few mm (high zenith angle) to less than 2 cm (low zenith angle). In
general, the PCV of L1 is larger than that of L2 at higher zenith angles (> 60°). The
PCV of L3 is also important for the occultation research because ionosphere-free

excess phase is required when processing occultation data.

Table 3-4: Antenna phase center offsets (in mm) from the anechoic chamber test
(Hwang et al. 2009)

Frequency North East Up
L1 -34.5/-29.9" -1.6/1.9 59.8/59.8
L2 -39.7/-35.1 4.2/-3.9 71.3/71.4

POD+X/POD-X

60
40

20

-20

-40

-60

180

Fig. 3-6: Phase center variations of L3 as a function of azimuth (023609 and zenith
angle (02909. The zenith angle is 0°at the center and 90°at the edge
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Table 3-5: Maximum PCV of L3 for different solar array drive (SAD) angles (Hwang

et al. 2009)
SAD angle Maximum PCV

(deg) (cm)
0 6.37
45 6.24
90 491
135 6.90
180 5.29
225 12.06
270 5.70
315 6.93

phase center variation (mm)

0 10 20 30 40 50 60 70 80 90

zenith angle (degree)

Fig. 3-7: Average phase center variations of a POD antenna for L1 and L2 from the
anechoic chamber test (Hwang et al. 2009)

3.4 Cable delay difference between two GPS antennas
According to Wu et al. (2005), a 2-ns signal delay will occur due to the cable
difference between the two cables connecting the POD+X and —X antennas to the

GOX receiver. Such effect of the cable delay have to be taken into account when the
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GPS data from POD+X and —X are used simultaneously for the orbit determation.
One method to remove this delay is to solve for two receiver clock corrections,
instead of just one, in the F3/C orbit determination. As an example, Fig. 3-8 shows the
differences between the two clock corrections estimated for the two antennas for FM5,
Day 216, 2006 (based on the reduced-dynamic method). The differences in Fig. 3-8
have a RMS value of 2.89 ns, which roughly agrees with the value (2 ns) given by Wu
et al. (2005) based on a laboratory test. Some of the large differences in Fig. 3-8 are
due to estimation errors and low numbers of visible GPS satellites in one of the two
POD antennas. At any epoch, the estimation of receiver clock corrections for two
antennas can individually absorb the cable delay. Since data from the single
GPS-antenna were used for POD in this study (see Chapter 4), the effect of the cable
delay can be ignored. However, if datafrafmithe two POD antennas are combined and
the cable delay is also properly taken into-account; the GPS observations used in the
POD will increase considerably. ASa resulizsteh/a two-antenna solution will improve

the accuracy of kinematic POD.

10

cable delay difference (ns)
wn (o)}

0 2 4 6 8 10 12 14 16 18 20 22 24
time (hour)

Fig. 3-8: Differences between clock corrections for the POD+X and -X antennas of
FM5, Day 216, 2006 (Hwang et al. 2009)
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Chapter 4

Quality analysis of GPS POD data

4.1 Status and acquisition of F3/C GPS POD data

Fig. 4-1 shows the orbit maneuver schedule for the F3/C mission. Some of the
F3/C satellites stayed at a lower altitude of 525 km for as long as 520 days before
being raised to the final altitude of 711 km (FM3) and 800 km (others). At present, six
F3/C LEOs are at the final altitude of 800 km, except for FM3 (at 711 km). A
combination of low (525 km) and high (711 to 800 km) orbits can be used for gravity
recovery. A satellite with a lower orbit will be more sensitive to the higher frequency
gravity signal than the one with a higher orbit, but the former will suffer from a
relatively large air drag that might degrade, grawity.solutions if air drag is not properly
modeled. Also, during the first 13\monthsi"EM3/and FM 4 formed a tandem flight
separated by about 80 km at an altitude;ef525'km, possibly producing GRACE-like
range observables (but the accuracy inferior to that of GRACE) using kinematic GPS

baseline solutions.

Altitude (km |

- B R R L T S N,

100 200 300 400 500 600 700
Day UTC)
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Fig. 4-1: Orbit maneuver schedule of F3/C. The day is counted since January 1, 2006
(courtesy of NSPO)

Due to the GOX receiver software design, the numbers of tracked GPS satellites at
POD+X and POD-X are not equal. Fig 4-2 shows the numbers of tracked GPS
satellites at the two POD antennas for satellite FM2 and FM4 on Day 178, 2008. The
two patch POD antennas of the F3/C receiver can receive up to 12 channels of GPS
signals, of which 9 channels are allocated to the default antenna and 3 channels to
another (Hwang et al. 2009). In this study, only the GPS signals collected by the
default antenna will be used in POD and quality assessment. The non-default antenna
viewing less than three GPS satellites cannot be used for sufficient kinematic orbit
determination and cannot form double-differenced observables between POD-X and
POD+X.

The GPS POD and attitude datayare ayaildble on the TAAC web site of Central

Weather Bureau of Taiwan (http:#tace.cwhzgov.tw/cdaac/index.html). The sampling

interval of GPS POD carrier-phase”and code_afservables is 10s. Real-time data are
usually available within a few hours. Requests of F3/C GPS data should be sent to

NSPO using the contact information at the NSPO web site.

32


http://tacc.cwb.gov.tw/cdaac/index.html)

FM4

M

Non-default antenna

24

Default antenna

Non-default antenna

Default antenna

Time (hour)

Fig. 4-2: The numbers of tracked GPS satellites atthe two POD antennas for satellite
FM2 and’EMi4"on-Bay/178, 2008

As mentioned before, the two patch antennas are not mounted in the zenith
direction of the F3/C satellite. Since the FOV of F3/C POD antenna is restricted to
120° (Fig. 3-2 (a)), the geometry of tracked GPS satellites for F3/C is weaker than that
for GRACE (Fig. 3-2(b)). Fig. 4-3 shows the sky plots of the default antenna for F3/C
and GRACE-A satellites. The sky plot frame refers to a local antenna frame, with the
zero-zenith direction pointing to the normal of the patch antenna and the zero-azimuth
direction pointing to the —Z direction. Since the different FOVs (GRACE:180°) for
F3/C and GRACE missions, the GPS satellite visibility of GRACE-A is larger than
that of F3/C. The tracks in the sky plot of GRACE-A are smooth, meaning that the
GPS signals are stably collected by the GRACE POD antenna. However, the tracks in

the sky plot of F3/C are not smooth, and this might be associated with unstable
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attitude control (see Chapter 5) due to F3/C’s light weight of 62 kg and air-drag

disturbance.
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GRACE-A

Fig. 4-3: Example of sky plots of the default antenna for F3/C and GRACE-A

4.2 Code multipath

GPS code measurements were used to obtain a priori orbit, and such orbit was
used to detect outliers in data pre-processing prior to the final POD (Bock 2004,
Hwang et al. 2009). The multipathsgffeet/ of Cadeézmay be severe for F3/C due to the
way the solar panels are deployed=and, thé<tise of jpatch antennas. The code multipath
on F3/C and GRACE are determined‘using-the ‘software TEQC (Estey and Meertens
1999, Ogaja and Hedfors 2007). TEQC is designed for quality analysis of
GPS/GLONASS data and has the following functions

http://facility.unavco.org/software/teqc/teqc.html: (1) translation of GPS data from a

binary format to a RINEX format (Gurtner 1994), (2) editing GPS observations,
including data selection, metadata extraction and the title revision, and (3) QC of GPS
observations. In this study, the QC function of TEQC was mainly used to form the
linear combinations of pseudorange and carrier phase observations, which were used
to compute (1) MP1 and MP2 (see Egs. (2.9) and (2.10)), and (2) ionospheric delay
(10Ds) of carrier phases. A summary report of QC includes cycle slips of GPS carrier
phases, MP1 and MP2, and other statistics.

As a case study, the MP1 and MP2 of FM3 and GRACE-A on DOY 201, 2008
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were investigated using TEQC. The F3/C GPS data were obtained from the Taiwan
Analysis Center for F3/C and GRACE data was obtained from

ftp://podaac.jpl.nasa.gov/pub/grace/data (LEVEL 1B product). Fig. 4-4 shows the

patterns of MP1 and MP2 for FM3 (sampling rate: 1 Hz) and GRACE-A (sampling
rate: 0.1 Hz) for each GPS satellite. In Fig. 4-4, the interval between two consecutive
satellites along the vertical axis is 1 m and the symbol ‘S’ stands for the GPS satellite
number and one color is associated with one GPS satellite. In general, the multipath of
FM3 is larger than that of GRACE-A, and this is most likely caused by FM3’s solar
panels and antenna location. In some cases, the multipath effect can be very large - up
to 23 m for S09 on FM3. Compared to the FM3 satellite, the GRACE-A experiences
smaller multipath effects, but there are still relatively large multipath effects for some
of the GPS satellites, e.g. S14, S23 and“S30, Additionally, the pattern of MP2 for
GRACE is worse than that of MPL1.Hn 0ne\extreme case, the multipath effect of
GRACE-A reaches 4 m for S23, which¥isicatiseéd/by the unstable C/NO in the last part

of the arc, as shown in Fig. 4-5. Here C/NO'Is defined as

C/NO =20 log m(SNTZRj (4.1)

where SNR is GPS signal-to-noise ratio. In Fig. 4-5, the C/NO of L1 is associated with
the MP1 on S23, and the unstable C/NO values of L1 appear in the last part of the arc.
As a result, a large multipath will result in an unstable C/NO value. Montenbruck and
Kroes (2003) and Dickman et al. (2009) also pointed out that the variation of C/NO
can be an indicator of the code noise or the multipath effect. For most GPS signals
collected by FM3, the multipath effects oscillate rapidly, while for GRACE-A the

oscillations are relatively smaller. Fig. 4-6 shows the relationship between mean
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elevation angle and the RMS values of MP1 and MP2 for FM3 and GRACE-A in a
period of 1.5 hours on DOY 201, 2008. The elevation angle in Fig. 4-6 (and in TEQC)
is based on a reference ellipsoid of WGS84 (GRS80). For GRACE-A, the elevation
angles are always larger than zero, while for FM3 the elevation angles range from
negative values to values <25°(except S22). Since the multipath effect of GRACE-A
is smaller than that of FM3, it is expected that the a priori orbit of GRACE-A will
outperform F3/C satellite orbits. In fact, examinations of multipath effects over some
selected arcs of F3/C satellites and GRACE-A resulted in more or less the same
conclusions as here on the pattern and magnitude of multipath effects. Therefore, the
examples given in Figs. 4-4, 4-5 and 4-6 are representative of the features of

multipath effects on the GPS observations of F3/C and GRACE-A satellite.

ST A
J,,Wl-‘u.-w[lwﬂ_m., i

1 I 1 L
20:24.00 20:38:24 20:52.48 21.07:12  21:21:36  21.36:.00

Time

I
20:09:36

37



(b)

L

. | 1 . L ! !
20:09:36  20:24:00 20:38:24 20:52:48 21:07:12  21:21:36  21:36:00
Time

[}
w
o
T T T T

w
S28 -
S27 -
$26 ww J,\

S25 ”1““

© NA
R R W |

PRI SO S SRR S RS B

GPS satellite number
DOODNDNDND®N

-
N
LR S o o e |

| "

M

S06+ —nm )
5
S04 ——*M«VV“H

S0z “1

(9217}
oo
~ o
LI |
|
|
|

a M

|
| '\—\WMMWM‘I\W/"',‘FWJ‘ l .
il b

=, . =

ol

|

1 1 L 1
20:09:36 20:24:00 20:38:24 20:52:48 21:07:12 21:21:36  21:36:00
Time

38



(d)

e~ ’I

sl ) Yot
iU BN b 1]

i

]
N
(2]
T T T T T T T T T 1 F AT T 17T
i SR Y T S N T B

w
=
-
T T T T T T

S08[——~ S\ [ ' IR Y 2N
s07- ny N 1 N
S06- (R | I AATA| J“\ M
S05+- A ‘.'\‘ [T v / tsmtptsrs sy | ) 4
LTy y
8§02 F————~ AN [ | A

S01- v

1 nni 1 1 1 1
20:09:36 20:24:00 20:38:24 20:52:48 21:07:12 21:21:36 21:36:00
Time
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Fig. 4-5: C/NO values for S23 associated with Fig. 4-4 (c) (d)
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Figs. 4-7 and 4-8 show the MP1 and MP2 of F3/C and GRACE satellites (with
different scale in the vertical axis) over 126 days since DOY 240, 2008. The multipath
effect in GRACE-B (average: 0.3 m) is much smaller than that in other LEOs
presented in Figures. Furthermore, Fig. 4-9 shows the daily mean elevation angles of
F3/C and GRACE satellites. The elevations of both GRACE satellites are more than
30°, while only three of F3/C satellites, FM1, FM3 and FM®6, can occasionally reach
20° during this period. However, the elevations more than 50° for F3/C might be
caused by GPS satellites passing from the horizon to the zenith of satellite body. The
negative elevations appearing in FM5 is due to the location of POD antenna, which
differs from GRACE POD antenna location. Fig. 4-10 shows the number of daily
observations for F3/C and GRACE satellites with each data span of near 24 hours.
The number of observations of GRACE*ALis:Jarger than that of the observations of
other LEOs. However, FM4 shows;a more stable\tracking capability than other FMs,
thanks to the good quality of attitude ComtreEThergaps occurring in all F3/C data set
are caused by the short data span(less than"24 hours) and bad attitude control in our

selected F3/C data (see, Chapter 5).
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Table 4-1 summarizes the report of TEQC on the GPS data used over 126 days
since DOY 240, 2008. The acceptance ratio in Table 4-1 is defined as the ratio
between the total number of visible GPS satellites and the expected ones within 24
hours. On average, the total number of visible GPS satellites of all F3/C satellites is
about 61057 less than that of two GRACE (69690) satellites, and the multipath effect
of F3/C is 40 cm larger. The low number of visible GPS satellites of F3/C is due to the
location of the patch antenna. For all F3/C satellites, MP2 is 30 cm larger than MP1.
For two GRACE-A satellites, MP2 is 36 cm larger than MP1. However, for
GRACE-B, MP2 is just 0.07 cm larger than MP1. On average, during this period, 7
GPS satellites per epoch are collected by all LEOs, except for GRACE-A (8 GPS
satellites). A large difference between the mean elevation angles of F3/C and GRACE
(15.5° vs. 35.0°, Table 4-1) will naturallyfead to different qualities of GPS data from
these two missions: a low or evernegative elevation angle will experience a larger

ionospheric effect in the space.
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Table 4-1: A summary report of TEQC for FMs and GRACE-A based on GPS data over 126 days since DOY 240, 2008

Ave. span Num/epoch
MP1 (m) MP2 (m) Mean elev. (° ) Ave. Obs.
(hour) (0.1 Hz2)
FM1 0.90 1.08 18.1 62100 23.0 7.5
FM2 0.73 0.91 13.0 61420 23.8 7.2
FM3 0.66 0.86 17.2 62750 23.8 7.3
FM4 0.69 0.90 1271 60660 23.7 7.1
FM5 0.87 1.62 15.1 55920 23.5 6.6
FM6 0.76 0.96 17.2 63490 23.5 7.5
GRACE-A 0.42 0.78 33.1 74310 24 8.6

GRACE-B 0.29 0.36 36.9 65070 24 7.5
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4.3 lonospheric delay and cycle slip
The geometry-free linear combination of L1 and L2, abbreviated with Lc*, were
used to detect the 10D and cycle slip on GPS carrier phase. Lc* can eliminate the

receiver clock error and GPS satellite clock error, and can be expressed as

1_
L“C=7all+ﬂlNl—ﬂzN2+m1—m2 (4.2)

where I; is 10D of L1 and all denotations in Eq. (4.2) are the same as in Chapter 2.

The difference between two consecutive Lc* values is

D, = L‘E,k+l - Lt,k

l-«a + +
=7[|1k = |1k]+(Am1k21_Am1kz) (4-3)
where k is epoch number and Am,, =m;*='m, . If no multipath and cycle slip occur,
the variation of D, in Eq. (4.3) will be just due to the variation of 10D (l,), and such a

variation is expected to be smooth over time. The noise of GPS phase observables for

F3/C can be estimated using

OLiia =+ O-El + O-EA (4.4)

where o, is the noise of C/A code. Fig. 4-11 shows that the noise level of the

carrier phase observation for FM4 is about 1.8 mm on DOY 27, 2008. This outcome

agrees with the result of Montenbruck and Kroes (2003). Fig. 4-12 shows the
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time-variations of D, and C/NO for FM4 on DOY 27, 2008. Both variations are

faster than normal at the later part of the arc, where the elevation angle approaches

zero. Thus, the major cause of the fast variations of D, and C/NO is the low

elevation angle (Montenbruck and Kroes 2003).
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Fig. 4-11: Noises of GPS phase gbservations for FM4 on DOY 27, 2008
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antenna frame for S20 on DOY 27, 2008
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Any high-frequency oscillations in D, with amplitudes exceeding few
millimeters are likely caused by multipath effects, and a sudden, large jump in D, is

caused by cycle slip. The time-derivative of D, can be approximated by

D, =—% (4.5)

where At=t,, —t . Fig. 4-13 shows D, of FM3 and GRACE-A at selected
satellite arcs. In Fig. 4-13(a) and (b), a cycle slip is associated with a discontinuity

in Dk. A gap in Dk is most likely caused by bad attitude control or low SNR. A

sudden change in Dk might be causeg-by-a<gycle slip or an outlier (Bock 2004), so
Bernese uses a criterion based on=differences’between two successive observables of

L1, L2 or L3 to distinguish cycle stips-from.a@fliers in the data preprocessing (Dach

et al. 2007). The If)k values (shown in brown to blue colors in Fig. 4-13) in the later

part of each arc were caused by discontinuities in the phase data. For FM3, the
occurrence frequency of cycle slip is relatively large in the GPS signals from S03, S05,
S06, S09, S12, S18, S23 and S26. In the case of S06 for FM3, the cycle slip was
associated with the low SNR of L2 (no SNR of L1 in the RINEX file), see Fig.
4-13(c). For GRACE-A, a relatively large number of cycle slips occur in the GPS
signals from S23, S28 and S29. No 10D effect was found by GRACE-A. In Fig. 4-13,
147 cycle slips in FM3 were detected, compared to 67 cycle slips in GRACE-A. On

average, the occurrence percentages of cycle slip for FM3 and GRACE-A are 1/29

and 1/84, respectively. Also, at the ending section of a FM3 arc, the variation of Dk
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is relatively large due to the negative elevation angles that give rise to a large 10D
variation. For GRACE-A, such a fast variation of D, did not occur because the

elevation angles are always larger than zero. Again, large 10D and low C/NO are
mostly associated with low elevation angle. Fig. 4-14 shows the number of daily cycle
slips and outliers for F3/C and GRACE over 126 days. Table 4-2 shows the statistic of
Fig. 4-14. GRACE-B has the less cycle slips and outliers than other LEOs. During
this period, GRACE-B has an excellent quality of GPS data due to the lower number
of cycle slips and outliers (38), and the GPS data qualities of FM4 and FM2 are closed
to that of GRACE-A. For other FMs, the cycle slips and outliers more than 1000 most
likely are caused by multipath effect and the solar panel might block some GPS

signals, as mention previously. It is not clear why the cycle slips and outliers in
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Fig. 4-14: Number of daily cy€le sltps<and outliers of F3/C and GRACE satellites

Table 4-2: Number of daily cycle slips and outliers of F3/C and GRACE satellites
over 126 days since DOY 240, 2008

FM1 FM2 FM3 FM4 FM5 FM6 GRACE-A GRACE-B

Cycle slips and
outliers

1804 402 2030 314 2179 1939 828 38

Fig. 4-15(a) and (b) shows the daily numbers of GPS observation epochs and
daily numbers of ambiguity parameters for satellites FM3, FM4 and GRACE-A over
300 days starting from DOY 100, 2007. A large number of cycle slips will result in a

substantial reduction of degree of freedom and degraded orbit accuracy. To save the
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computing time, we used a sampling rate of 0.1 Hz for both F3/C and GRACE-A.
Over the time span in Fig. 4-15, the average daily number of effective observation
epochs for FM3 and FM4 is under 8640 (an effective observation epoch means an
epoch with at least one GPS signal). This suggests that tracking of GPS signals by
FM3 and FM4 are not stable. The number of daily ambiguity parameters for FM3 or
FM4 varies rapidly, but is a uniform for GRACE-A (about 400 daily). FM3 is the
worst in terms of stability of GPS signal. The low number of ambiguity parameters of
FM3 is simply due to the low number of effective observation epochs. Table 4-3
shows the average daily ambiguity parameters for F3/C and GRACE-A over 300 days.
Because the number of ambiguity parameters of FM4 is close to that of GRACE-A,

the GPS signal of FM4 is less interrupted, as compared to other satellites of F3/C.
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Fig. 4-15: (a) Number of daily GPS ghsenvation epochs and (b) number of daily

Table 4-3: Number of average daily GPS ambiguity parameters

FM1 FM2 FM3 FM4 FMS5 FM6 GRACE-A

Daily ambiguity 198 253 286 406 212 158 413
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Chapter 5

Attitude determination and control system for

FORMOSAT-3/COSMIC

5.1 Spacecraft attitude definition

During the in-flight operation, ADCS is responsible for controlling the flight
direction of a spacecraft and transforming satellite coordinates from the inertial frame
to the spacecraft frame, especially for LEOs with the requirement of high accuracy
orbits. Different missions require different accuracies of attitude control. Some

general requirements for ADCS are listed as follows (Jan and Tsai 2005):

1. to provide the information foptheftbit maneuver,

2. to stabilize the orientation/of defined\3 axes based on the LVLH frame,

3. to transit the satellite from\a posiElatnchiseparation to a stable status,

4. to stabilize the spacecraft from a tumbling status to a safe status

autonomously.

In general, during the initial phase, the spacecraft is tumbling after the
post-launch separation and no a priori attitude knowledge can be available. One useful
method to solve this difficulty is to use a magnetic control system which will stabilize

the spacecraft without a priori attitude information.

Let X, Y, Z denote a spacecraft frame. The +Z axis points to the nadir direction,
the +X axis points to the velocity direction and the +Y axis is given by the right-hand
rule. In the F3/C mission, the ADCS refers to a LVLH coordinate system, and the

LVLH is defined by a spacecraft position and velocity, which are determined by the
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navigation GPS system, as follows (Wertz 1991):

_—Rg 5.1
o= o G

—(Rge x Vo)
e, = sC SC (52)
Y ﬁRsc X Vsc”
Ex =€y x€; (5.3)
where
e..ey,e,  =the unit vectors of LVLH reference frame
Rsc, Vs = the spacecraft position and velocity vectors in an inertial frame

According to Euler’s theorem; the=rule’that any figite rotation of a rigid body can be
expressed as a rotation through a certaimangle@bout a certain fixed axis and a rotating

sequence 1-2-3 is used in this study (Wertz 1991). The Euler angles, roll (¢), pitch (8)
and yaw (), are defined by the rotation around the basic vector (e,.e,,e,) of a
spacecraft, as shown in Fig. 5-1. According to the rotating sequence 1-2-3, the attitude

ATM can be expressed as (Wertz 1991)

COSy -Cc0s@  cosy -sin@-sing+siny -cos¢p  —CcoSy -Sin @-CoS¢+Siny -sin ¢
A=|-siny-cos@é -—siny-sin@-sing+cosy -cos¢ Siny -sin @-coS¢ + Cosy -Sin ¢
sin @ —Ccosé-sin ¢ c0sé-cosg

(5.4)
Although Euler angles can be represented as a three-axis attitude, it involves the

trigonometric function and suffers from singularities at some angles of pitch (see Eq.
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(5.8)). For this reason, a quaternion (Euler systematic parameters) can be used for an

alternative ATM instead of Euler angles and are defined by (Wertz 1991)

q, =l |-sin9
1 X 2
g, =le |-sin9
2 Y 2
. D
Gy =le,|-sin > (5.5)
—cos>
q,= 2

® = rotation angle around the Euler axis

g, = a scalar factor of the quaternion

The quaternion parameters satisfy the fallowing constraint

0 +0;+0; +0; =1 (5.6)

The ATM can also be written as follows (Wertz 1991)

0f —0; —Cs +0;  2(0,0, +Gy0,) 2(0,05 —0,0,)
A=| 20, -00) -F+F-+q>  2(q,0%+d) |=(A) (5.7)
2(0,95 +9,0,) 2(0,0, - G,0,)  —0f —0; +05 +0;

A relationship can be established by Egs. (5.4) and (5.7). If the quaternion is known,

the Euler angles can be determined by (Wertz 1991)
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¢=tan‘l[_TA32], =sin"!(Ay,), —tan‘l(_TAﬂj (5.8)

3 1

In Eqg. (5.8), a singularity occurs at & =+90° because ¢ and y have the similar
effects for this case. On the other hand, if the Euler angles are known, the quaternion

can be determined by (Wertz 1991)

[

Gy =% 5 (L Ay + Ay Ay (5.9)
G = (A, — Ay) (5.10)
1 4q4 3 2 .
G = (Ay—Ay) (5.11)
2 4q4 1 3 -
Gy = — (A, — Ay,) (5.12)
> 4q, ' '

Quaternion provides a very convenient parameterization of attitude transformation
since only four parameters are dominated without any singularity case. However, the
disadvantage of quaternion is that cannot be explained with any obvious physical
interpretation. Therefore, the Euler angles are usually used to present the operation of

ACS during the in-flight operation.
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Fig. 5-1: Spacecraft coordinate frame of a F3/C satellite, +X points to the direction of
flight and +Z points to the nadir direction

5.2 Attitude determination and control’system
The ADCS consists of two earth-harizen sensors, a magnetometer, eight course
sun sensors, and a navigation GPS)\system:=The/function of each sensor is listed as
follows:
® Earth horizon sensor: determining directly the orientation of a spacecraft with
respect to the Earth;
® 3-axial Magnetometer sensor: measuring the strength and the direction of the
geomagnetic field;
® Coarse sun sensor: measuring the sun vector in the spacecraft frame and
providing a reference for onboard attitude control;
® GPS: proving position and velocity in the inertial true-of-date frame.
Additionally, the ADCS is equipped with three torque rods, a reaction wheels, and
four thrusters for the active attitude control of the spacecraft. The function of each
actuator is listed as follows:

® Torque rod: generating a 3-axis torques to resist the perturbation from the space
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environment;
® Reaction wheel: providing a yaw-axis precise maneuver by torques;
® Thruster: producing a thrust for the orbit transfer and attitude maneuver of the
spacecraft.
Fig. 5-2 shows the ADCS Functional Block Diagram. The major estimator, ARS,
primarily collects the data from the scientific sensors and environment models.
Eventually, ARS calculates the reference attitude information for the controller
sending the command to SAD and actuators. The following sections will describe
mode transitions in the mode-logic block which dominates the ARS block under the
different conditions, as shown in Fig. 5-3. The mode logic block supports six modes:
launch, stabilized, safehold, nadir, nadir/yaw, and thrust. In this study, only stabilized,
safehold, nadir and nadir/yaw modessweféugoncerned, since F3/C satellites were
already working in the space. Additiohally,-for'a\rormal operation, the ARS will not
enter the thrust mode and should ahwaysistaydn madir/'yaw mode. However, once the
F3/C suffers from anomalies, the ARS will again enter to safehold mode or stabilized
mode in order to track the geomagnetic field or be reinitialized. In the mode logic

block, the mode transitions depend on the status of the spacecraft in the space.
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60

A\ 4

Reaction wheel

A 4

Thruster




Not nadir pointing

A 4

< Nadir- < i >
Thrust |¢ adir-yaw | < Nadir PoTAGng Nadir >
ARS converdenge ARS convergepee
and nadir pointing butnot nagh”pointing
Safehold
(ARS transition) T
Stajz lized (+Z aligned)
Tumbling
Launch Stabilize |¢

Fig. 5-3: Mode transition diagram of ADCS in the mode-logic block

61




5.3 Safehold/Stabilized mode in ARS

Safehold mode is a temporary and transitional mode among stabilized, nadir and
nadir/lyaw modes when launch mode is terminated. In this mode, ARS is forced to
determine the attitude of F3/C using only the 3-axis magnetometer to measure the
angle between the defined axis and the geomagnetic field vector. Subsequently,
magnetic torquers are used to damp the spin rate resulting from the reaction wheel. In
other words, safehold mode serves as an energy damper and attempts to reduce the
residual rotational energy left by stabilized mode (discuss later). In the safehold mode,
the solar array is commanded to face toward the Sun. However, the efficiency of the
sun exposure is not sufficient due to lack of the yaw control knowledge (without
entering the nadir-yaw mode, which will be discussed later). Besides, the safehold
mode can also be switched on in ARSevérunder a diverged condition or an unstable
condition for the attitude estimation. Jh-the safehold mode, the ARS will be switched
on after an initialized period of 6@\secands;and:then, the spacecraft will transit to

nadir or nadir/yaw mode for a more stable"attitude control.

The spacecraft may enter the stabilized mode when measuring high angular rates,
tumbling, or even an anomalous thrust maneuver. From Fig. 5-3, ARS can directly
execute the stabilized mode from other modes when F3/C suffers from anomalies.
Under the stabilized mode, ARS also use the magnetometer to determine the F3/C
attitude. Furthermore, the Z axis of F3/C is forced to align with the geomagnetic field
vector (see Fig. 5-4) and torquers are used to dampen the disturbance of the spacecraft.
If a high angular rate is detected in this mode, the spacecraft might have the bad
quality of the GPS signal resulting in a weak POD stemming from poor ambiguity
resolutions (Hwang et al. 2009). The stabilized mode is usually terminated near the

north pole, where the acceptable attitude information is available. Once the spacecraft
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is adequately aligned with the geomagnetic field vector, the ARS will transfer into the

safehold mode (see Fig. 5-3).

Orbit

Geomagnetic
field

Fig. 5-4: F3/C=in the safehold/stabilized mode

In stabilized, safehold and nadir modes, the 3-axis magnetic torquers are primarily
used for the attitude control of F3/C. Here, the theory of magnetic torque will be
addressed. When F3/C has a magnetic moment M obtained from the on-board
magnetic torquer and an external geomagnetic field vector B obtained from the
on-board magnetometer and the consequent moment N can be read as (Hughes

1986, p. 264),

N=MxB (5.13)

The purpose of magnetic torquer is to align Z axis of F3/C with geomagnetic field

direction and to damp the spin rate of F3/C satellite body. Thus, M can be
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decomposed by M, and M as (Jan and Tsai 2005)

align !

d| B, xB,
M =My + Mg =B, x[— Ky a[WJ+ K, -(Zb X B.)] (5.14)

where M, denotes the moment of damping the spin rate of satellite body; M

align
denotes the moment of aligning +Z axis with geomagnetic field vector; B, and B,

denote the geomagnetic filed observed by the on-board magnetometer at epochs i and

i-1, respectively; Z, denotes the unit vector of +Z axis of satellite body; K, and

B

K, is the control gain for damping and aligning, respectively.

For the angular rate reduction, %{%J can be approximated by the angular
Bi

rate o of satellite. Thus (Jan and=Iisai ‘2005),

d [ B, xB,
Mg =B, x{KB- E( |'|;”2'1}= K, (B, x®) (5.15)

and the external magnetic torque N, can be expressed as

Nearp = Meamp % B, (5.16)

However, the variation of the magnetic field B, can be expressed as

B, =®xB, (5.17)
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Additionally, according to the formula of rotational kinetic energy T with respect to

time t for an arbitrary body, it can be expressed for damping as (Jan and Tsai 2005)

—(T)=T =Ndan'p "0 (518)

Therefore, according to Eq. (5.15) to (5.18), we can obtain (Jan and Tsai 2005)

T =B, Mg, =—K;B=-K;[B xa| (5.19)

i damp B

where the variation of T is given with the negative energy standing for angular rate

reduction.

For the torque of aligning +Z axi§\with-géomagneétic field can be expressed as (Jan

and Tsai 2005)

Naign = Majgn X B, =[Bi XK@'(ZbXBi)]XBi = K9'||Bi||2(_ Byi+ij) (5.20)

align
where the By and By is denoted as the components of the geomagnetic field along with
X- and y-axis, which is measured by the on-board magnetometer. The unit vector of x-

and y-axis is i and j, respectively. Eq. (5.20) will be used to align +Z axis of F3/C with

geomagnetic field.

5.4 Nadir mode in ARS
The purpose of nadir mode is to achieve nadir pointing regardless of the

spacecraft current yaw orientation. When staying in a deterministic status or attitude
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convergence, ARS will enter into the nadir mode. In addition, if the nadir-pointing

error exceeds an user-specified value, ARS will again enter into the nadir mode.

5.5 Nadir-Yaw mode in ARS

The nadir-yaw mode is primarily used to maintain the +Z axis pointing to the
nadir direction whenever the spacecraft travels around the earth. Under the nadir-yaw
mode, ARS keeps the roll and pitch angle to 0° and yaw angle is commanded to a
constant value. That is called the “Fixed-Yaw” sub-mode. However, the yaw angle
constantly varies with beta angle (see the following section) in order to maximize the
solar array efficiency. That is called the “Yaw-Steering” sub-mode, which provides a

more stable power supplement environment as a default state in the nadir-yaw mode.

5.5.1 Nadir Yaw-Fixed
Yaw-fixed mode commands the _spaeecraft ody frame to align with the LVLH

frame according to Eq. (5.21) (Jan 2003)

Zomd = Livin
Yema = TYiun (5.21)
Remg = X

cmd LVLH

The negative sign in x and y in Eq. (5.21) stands for the fixed yaw angle alternatively
0 or 180 degrees with respect to the z-axis. This is called “yaw-flip” which is
periodical maneuver in response to the beta angle form the positive to negative or vice
versa in order to keep the solar panels maximizing the sun exposure. The period is

about 60 days and commands of the yaw-fixed are specified by
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¢cmd = Hcmd = Odeg

Weng =0 Or 180 deg

To avoid large rotation in yaw angle during the period of yaw-flip maneuver, the

commands of yaw angle are computed by (Jan 2003),

l/]cmd (n) = i‘/‘/max

5.22
‘//cmd (n) = l//cmd (n _1) i l/)maxAt ( )

where y_.,(n) and . ,(n)denotes the yaw-command rate and angle at the ng
control cycle, respectively; v, is the maximum allowable yaw angular rate given
by the ground control center, and A4S the ADGCS control cycle interval between two
consecutive control cycles. Eq. 5(5.:22) 1s7@ised =to adjust the ny yaw command
sufficiently closed to the desired yawsfixed attitdde. So, no oversize yaw angular rate

exceeds the user-specified value (Jan 2003).

5.5.2 Nadir Yaw-Steering

Yaw-steering provides a more stable power supplement environment and
manipulates the solar panel to maximize the sun exposure. The F3/C will be
dominated by two sub-modes, “optimal” and “inverse” yaw steering, when
performing the yaw-steering mode. They depend on the sun beta angle (B) which is
the angle between the vector from the earth to the sun S and a vector normal to the

orbit plane N. The f is defined as (see Fig. 5-5)

N.-S=1= B=090°

(5.23)
N-S=0= B=0°
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Fig. 5-5: B=0° (left) and B=90° (right)

Pitch and roll angles relative to the LVLH frame are always controlled to 0° as in the
yaw-fixed sub-mode. The optimal yaw steering is implemented with a large  angle,
whereas the inverse yaw steering is implemented with a small B angle. The transition
point between the two steering mades occursiat 3 angle of 42° that implicitly means

an unstable attitude control easily appedrs due ta<he shift of sensors.

5.5.2.1 Optimal Yaw-Steering

In optimal yaw-steering model, +X of the spacecraft is aligned with the velocity
direction and the solar array illumination can be maximized for the power output.
However, the error in yaw command will reduce the solar array illumination and a

algorithm of computing yaw command is shown below:
Wemg (N) ~ taN ™ (ﬂ) (5.24)
sinv

where v is the angle between the vector S projected onto the orbit plane and the

zenith direction of F3/C. In the case of high B3, Eq. (5.24) is usually used to estimate
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the yaw command in order to make the maximum sun illumination of the solar panel
as much as possible. Fig. 5-6 shows the angle of the solar array for FM3 DOY 219,
2008. According to Fig. 5-5 (right), the sun is always at right hand side or left hand
side with respect to the flight direction of F3/C. That means the angle of the solar
array will keep a constant value around the Y axis. For negative  angles, the

estimated yaw angle is presented by adding 180°.

The yaw rate command is computed by

) — Y emd (n) ~V¥emd (n _1) (525)

Wcmd (n At

Eq. (5.25) is used to implement the y/aw-rate command until the ny, yaw command is
sufficiently close to the desired attitude. This*way=can prevent the occurrence of the
oversize angle from the yaw manipulation durfing a transition from fixed-yaw to

yaw-steering sub-modes.
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5.5.2.2 Inverse Yaw-Steering

The transition point between the optimal and inverse sub-modes occurs at (3
angle of 42°. Fig. 5-7 shows the angle of SAD and yaw attitude at f=43° degrees for
FM1 DOY 108, 2008. An anomaly attitude control usually occurs at  near the
transition angle due to the shifts of scientific sensors. The following equation can be

used for inverse yaw-steering algorithm:

Yema(N) = B-siN(V) (5.26)

Fig. 5-8 shows the angle of SAD at = 2.21° for FM4 DOY 148, 2008. According to
Fig. 5-5 (left), as the sun transits, the spacecraft rotates the solar panel from a
forward-looking to a backward-looking*s6ithat the spacecraft can continue to track
the sun. For negative B angles, thesestimated yawrangle is presented by adding 180°.

Fig. 5-9 shows the yaw angle of F3/C, sat@litesay near 0°.
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5.6 Analysis of attitude control

In this section, we assess formal errors due to attitude errors using a priori
knowledge of the attitude accuracy of F3/C given by the F3/C mission center. The
attitude determination of a F3/C satellite is based on a combination of outputs from a
magnetometer, two earth sensors and eight sun sensors. Different weights are given to
these sensors to obtain the optimal attitude of a F3/C satellite via the Kalman filter
estimator. In general, the earth sensor has the largest weight, but it is less accurate at
higher latitudes where the ice-covered surface may lead to an erroneous determination
of attitude. The Euler angles, the position and velocity determined by an onboard GPS
navigational receiver, are combined with those onboard sensor data to form the
quaternion through an extended Kalman filter (EKF) method.

The quaternion is used for thewéedtdinate frame transformation from the
spacecraft frame to the inertial frame - (Wertz;\29¢8). Table 5-1 shows the estimated
errors of Euler angles at the altitudes\of’550:and 800 km based on NSPO ground tests.
Such errors will be introduced into the coordinate transformation. To estimate such

errors, it is convenient to express transformation in Euler angles:

r,=A'r, (5.27)

where 1,1, are coordinate vectors expressed in the inertial and spacecraft frames,

respectively. A is the rotation matrix and is obtained from Eq. (5.4) using Euler angles

(Long et al., 1989, p. 3-72). Matrix A can be expressed as

A= R1(¢)R2(_ Q)Rs(l//) (5.28)
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whereR,, i =1, 2, 3, are rotation matrices about X, Y and Z (Seeber, 2003, p. 11). Let
vector P=(4,0,p)" =(p,)" contain the Euler angels. The following differential

relationship holds:

or,
dp =Bd 5.29
opr oP=Bdp (5.29)

dr, =

and

B:M=ier®(aAT rvj (5.30)

op’ op,
where e;is a 3x1 vector of all 2Zeres;fexéeptifor the ith element, and ®is the
Kronecker product. Given the noniinal Stah@ard effors of ¢,0, (Table 5-1) and the

coordinates of the two POD antennas{Fahle8-1), the error covariance matrix of the

inertial coordinates are derived as

Y., =B> B (5.31)

Table 5-1 also shows the standard errors of the inertial coordinates caused by errors in
Euler angles at the altitudes of 550 and 800 km. The coordinate errors in Table 5-1 are
associated with typical Euler angles from F3/C and such errors at cm level will
propagate into the orbit determination. For comparison, the two GRACE satellites are
equipped with a star-camera for attitude control and the attitude accuracy of GRACE
satellites are controlled under less than 0.4° Alternatively, “nominal” attitudes can be

used to replace observed attitudes and determined by the satellite’s position and
73



velocity vectors (Neumayer et al., 2005). Kang et al. (2006) demonstrated that the
mean orbit difference between the cases of using nominal and measured attitudes data
was 0.1 mm for GRACE mission, which was significantly less than those given in
Table 5-1 (for F3/C satellites). However, in the real POD data processing, Eq. (5.7)
are truly used for the coordinate frame transformation due to no singularity is

involved in the ATM.

Table 5-1: Attitude errors and attitude-induced coordinate errors (in X, y, z) in the
inertial frame (Hwang et al. 2009)

Altitude Attitude errorin  Coordinate error, Coordinate error,
(km) roll, pitch, yaw POD+X POD-X
(degree) (mm) (mm)
550 0.6/0.9/1.3 6.8/9.9/0.762 6.4/9.8/7.2
800 2.0/1.0/2.09 10:7/16.6/8.5 9.9/16.5/8.0

Additionally, the magnetometer:and the eafth horizon sensors are used to collect
attitude data when F3/C enters the eclipse where the sun sensors are not involved. Fig.
5-9 shows the yaw variation in eclipse for FM4 DOY 178, 2008. The shift from one
sensor to another before and after the eclipse will result in anomalous attitude
observations (spikes). Such spikes might be mostly absorbed by the pseudo stochastic
pulses (see Chapter 6) in the reduced-dynamic orbit determination, but not in the case

of kinematic orbit determination.

74



20

Yaw (degree)
o w
-
x
al je—-
A
=
¥
x
¥

Il

N
| ™

l iop
",;»‘" “J’.’L‘

¥ <
=
=
By
=
<
_

10- entering exiting ‘

| | I | | .
0.03 0.06 0.09 0.12 0.15 0.18 0.21 0.24 0.27 0.3
Time (day)

Fig. 5-9: The yaw variation in eclipse for FM4 DOY 178, 2008

The nadir-yaw-steering mode is implemented mainly depending on the 3 angle to
keep the solar panel maximizing suf’exposureand to obtain a better attitude control.
Fig. 5-10 shows the daily attitude €xcurston-of each F3/C in 2008. The spikes in Fig.
5-10 mostly occur at the transition anglejbut-also at the non-transition angle. For FM6,
the large attitude excursions in first 100 days compared to other days are due to some
unexpected errors result from the in-flight software design (private communication:
NSPO). Table 5-2 shows the daily mean attitude excursion associated with Fig. 5-10.
For, FM®, if we removed the excursions of first 100 days, the value will be down to
4.42° that roughly agree with those given in other FMs, except for FM1. However,
there is no clear reason for the large excursion (8.49°) in FML1, but it might be caused
by poor attitude controls (private communication: NSPO). Furthermore, such effects
will affect the orbit determination (see Chapter 6 and Chapter 7), especially for the

kinematic approach.
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Table 5-2: The mean attitude excursion associated with Fig. 5-10

FM1 FM2 FM3 FM4 FM5 FM6

Mean att.
8.49° 3.24° 3.56° 3.60° 4.09° 9.10°
excursion
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Chapter 6

Precise orbit determination for FORMOSAT-3/COSMIC

6.1 GPS ephemeris and clock correction products

In this section, we will demonstrate the POD of F3/C using PPP approach. Two
approaches are available in Bernese 5.0 for POD with GPS: the reduced dynamic and
kinematic approaches; see Svehla and Rothacher (2003) and Dach et al. (2007). We
use undifferenced GPS phases for both approaches, which require high precision GPS
satellite orbits and clocks (Bock et al. 2002 and 2004). Fig. 6-1 shows the flowchart of
F3/C POD procedure. A priori orbit is first obtained using code observations, and such
orbit is used for clock synchronization and outlier detection. Finally, the remaining
observations are used for the orbit determination of F3/C. Hereafter, the reduced

dynamic orbit is called the dynamic gybit.

Input files
GPS:high-rate clock
GPS final orbit
Earth orientation parameter
LEO GPS observation

A 4

Create of a priori orbit
Synchronize with GPS clock
Screen observation using a priori orbit

Detect outlier

A 4

Output
Reduced dynamic orbit (6 Kelperian parameters and 9
dynamic parameter and pulses) or

Kinematic orbit

Fig. 6-1: Flowchart for POD procedure
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The GPS ephemeris for the geodetic applications has been provided by IGS as
early as 1994 (Kouba 2002). The various GPS orbit and HRC products from different
analysis centers are combined into I1GS final products using the weighting and quality
control. The final GPS orbit is available about after 2 weeks and the position is
presented with an accuracy of better than 5 cm at 15-minute interval in a SP3 format.
The rapid product of GPS orbits can be available and reach an almost identical
accuracy (< 5 cm) after 3 days. The GPS orbits in the final and rapid products are
estimated for the central day of a 3-day long-arc analysis. However, for a NRT study,
since 2004, 1GS provides the product of ultra-rapid GPS orbit with 1 m prediction
error. This orbit product contained the GPS clock with the code accuracy and the GPS
orbit with an accuracy of 10 cm, which are updated four times per day within a
latency of 3 hours (IGSCB 2004). Caonségtiéntly, the ultra-rapid product is suggested
for the application of differential positioning, due\to the insufficient accuracy of GPS
clock correction (Montenbruck et at:\2005):

Currently, only four analysis centers are able to deliver the 30-s HRC, namely
CODE, JPL, MIT and NRCan. As mentioned before, the products of CODE were
used for POD of F3/C in this study and also in Svehla and Rothacher (2002), Jaggi et
al. (2007) and Bock et al. (2009a). The products of CODE and IGS for GPS orbit and
HRC are shown in Table 6-1 (Dach et al. 2007). The post-processing accuracy of LEO
POD using PPP strategy primarily relies on the sampling interval of HRC.
Montenbruck et al. (2005) demonstrated the use of the 5-minute HRC was not
sufficient to achieve the high accuracy (cm level) POD of LEO with the 30-s GPS
phase data. Additionally, CODE still provides another clock product, 5-s HRC,
delivered since DOY 118, 2008. Bock et al. (2009b) demonstrated the significant
improvement on the difference between dynamic and kinematic orbits for GRACE-A

using 5-s HRC, compared with those using 30-s HRC. In order to be consistent with
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the GPS data sampling interval, the linear interpolation of HRC is applied rather than
a high-order polynomial interpolation due to the underlying random noise. The errors
from the clock interpolation depend on the interval size of the consecutive clock data
(Kouba 2002 and Zumberge and Gendt 2001). Fig. 6-2 shows the 1-day (DOY 2009,
2008) residuals of FM6 using 30-s and 5-s HRC, respectively. The RMS value of the
phase residuals is 1.74 cm using 30-s HRC, compared to 1.35 cm using 5-s HRC. A
measurement error at a 4 mm level is introduced by the different HRC product for

1-day GPS data in this study case.

Table 6-1: A comparison of GPS orbit and clock products from CODE and IGS

Orbit and clock types Agcuracy Latency

CODE Ultra-rapid orhits <10\eém Real-time

CODE Rapid orbits <lhem | After 12 hours
CODE Final orbits <5cm | After5-11 days
CODE Rapid clock 20-30 ps | After 12 hours
CODE Final clock 15 ps After 5-11 days

IGS Ultra-rapid orbits (pred) | ~10cm Real-time
IGS Ultra-rapid orbits (obs) | <5cm After 3 hours

IGS Rapid orbits <5cm After 17 hours

IGS Final orbits <5cm After 13 days
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Fig. 6-2: 1-day phase residuals of FM6 using 30s (blue) and 5s (red) HRC

However, for the orbit determinatiol RT LEO satellites using PPP, the

precise GPS orbit and HRC produg imely available. Since the accuracy of

(2009Db) estimated the NRT HRC by means of using IGS ultra-rapid orbit as a priori
orbit. Additionally, the study also introduced the IGS ground network stations to
refine the a priori orbit and simultaneously estimated the NRT HRC within a latency
of less than 2-3 hours. Bock et al. (2009b) shows a significant improvement of the
NRT orbit solutions, compared to the JPL orbit solution for GRACE-B solution using
the NRT HRC. Therefore, the NRT HRC primarily depends on the accuracy of the
GPS predicted orbit and the limitation of collecting timely the data from 1GS ground
network stations. Hauschild and Montenbruck (2009) estimated the NRT HRC based
on Kalman filter strategy. The clock quality was assessed by estimating LEO orbit
using different products from different analysis centers and also by RMS values of

SISRE (Signal In Space Range Error) (Warren and Raquet 2003), postfit phase
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residual and 3D position error. The above information can be helpful for the NRT

GPS-based POD for the upcoming COSMIC follow-on mission.

6.2 Reduced dynamic orbit determination
All perturbation in the equation of motion of a satellite in the inertial frame can

be expressed as (Dach et al. 2007)
" r : .
r=—GM F+ fo(t,r, b, p,...,pg) = (6, F P Py) (6.1)

When determining the orbit of a satellite, we use the osculating elements of
Keplerian to define an initial state vector r,=r(a,e,i,,@,u,) at the initial epoch
t, . The parameters, pi...ps, in EBG~ (6.1)@re usually used to describe the
deterministically perturbing accelerometer~acting=on the satellite. However, those
parameters in the case of GPS satellites’are usually associated with radiation pressure.
We assume that there are n, dynamic parameters, and the orbital parameterization can
be estimated by n=6+n, parameters. According to (Beutler et al. 1994), the radiation

model in Bernese can be estimated by (Dach et al. 2007)

A, =8gook T8p +ay +ay (6.2)

rpr

where arock IS the radiation pressure model of ROCK 4 (GPS Block I satellites) and
ROCK42 (GPS Block II satellites). However, we only concern the ap,ay,ax terms and

they are written as below,
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ap =(apy +apc - COSU+ap -sinu)-ny =D(u)-ny
ay =(ay, +ayc-cosu+ayg-sinu)-ny, =Y (u)-n, (6.3)
ay =(a, +a,c -COSU+ay -Sinu)-n, =X (U)-Nny

where apg, ayo, axo, apc, ayc, axc, aps, adys and axs, are the nine parameters of the
radiation pressure model in Bernese,

n, Iis the unit vector sun-satellite

Ny xr

= | | is the unit vector along the spacecraft’s solar panel axis
Ny xr

Ny

Ny =Ny xNy, isgiven by right-hand orthogonal rule
D(u), Y(u) and X(u) are the total acceleration of radiation pressure in the direction np,
ny and nx

u is the argument of latitude at time t

The true orbit r(t) can be extended by Aaylor Series with respect to the unknown

parameters as below (Dach et al. 2007),
5 O,

r(t) = ro(t)+Z£-(pi — Pio) (6.4)
i-1 OMj

where ro(t) is a priori orbit, e.g., from code solutions, n=6+d denoted the total number
of orbit parameters, e.g., 6 initial state vector for position and velocity and d dynamic
parameters. Eq. (6.4) allows us to improve the a priori orbit using the phase solutions
from second iteration instead of the code solutions and to improve the partial
derivative of the a priori orbit with respect to unknown parameters (Jaggi et al. 2006).
Therefore, we assume pe{r,r, pl,...,pd} as defined in Eqg. (6.1) and the partial

derivative of the a priori orbit with respect to the parameter p is expressed by
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Y - or,(t)
p ap

(6.5)
Eq. (6.6) is associated with the initial value problem and the variation equation. The

expression can be written as
8 . of
Vo= Ass Y, +Bag- Yy + () (6.6)

where A and B are defined by

A:%f,:aaf_; (6.7)

For 6 initial state vector, Eq. (6:6), s ‘assogiated with the linear, homogeneous,

second-order differential equation-and<can-be’ solved with the initial value Y, =0

and Yp;tO using the numerical integration; for {pl,...,pd} in fr , Eq. (6.6) is

solved with the initial value of zero due to the nonhomogeneous equation. Thus, the a
priori orbit can be improved by the solution.

The dynamic approach in Bernese applies the pseudo-stochastic pulses model to
absorb the non-gravitational effects on the spacecraft. The concept addresses that the
use of the changes of the instantaneous velocity can be a kind of empirical parameters
to improve the GPS orbit quality efficiently (Beulter et al. 1994). The pulses
compensate the deficiencies from one-cycle-per-revolution, solar radiation pressure
and other non-gravitational effects. Focusing on one pulse v; at time t; in the
predetermined direction n(t;), the contribution of pi= v; in fgr of Eq. (6.1) may be

expressed as (Jaggi et al. 2006)
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1 t=t
' 6.8
0, t=t (68)

o(t—t)-n(t) ={
where o(t) denotes Dirac’s delta distribution. If g; does not explicitly depend on the

velocity, the corresponding variation equation can be written as
Y =Ags- Y, +3—t)-n(t) (6.9)

Eq. (6.9) can be solved efficiently with the initial value of zero, but a drawback is that
the improved orbit is discontinuous at time t; (J&ggi et al. 2006). Fig. 6-4 shows the
difference between two dynamic orbits determined from two different force models in
the along-track direction for FM1, DOY 360,.2008. One of two orbits was estimated
using 12 sets of empirical parametersfor eneday arc and the other one was estimated
using pseudo-stochastic pulses with;atime regglution of 6 minutes. The difference
shows the piecewise continuation resulting from the instantaneous velocity changes

(pulses influence).

Along-track {(mm)
N - N S
—

~ I I I I I I 1 I
?20 240 360 480 600 720 840 960 1080 1200
Time (minute)

Fig. 6-3: Differences between two dynamic orbits determined from two different force
modes in the along-track direction for FM1, DOY 360, 2008
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In Bernese, the pseudo-stochastic pulses, characterizing instantaneous velocity
changes at user-defined epoch in predetermined directions is a very powerful tool to
improve the orbit quality. However, the result from the final parameter estimation
leads to the discontinuity of the finial orbit (see Fig. 6-4), which may be removed by
the use of Kalman filter (Dach et al. 2007). Furthermore, Jaggi et al. (2006) and
Beutler et al. (2006) investigated the performance of different pseudo-stochastic
parameters, such as instantaneous velocity changes (pulses), piecewise constant
accelerations and continuous piecewise linear accelerations in the dynamic orbit
determination. The options of pseudo-stochastic accelerations are not implemented in
the official Bernese GPS software version 5.0.

All parameters of dynamic models for the satellites in Bernese are estimated in
the module “GPSEST”. These paramete¥sfinclude the 6 initial state vector, 9 solar
radiation coefficients and three psetido-stoehastic pulses every 6 minutes in the radial,
along-track and cross-track directions,Additionatly, the other force models, such as
solid, pole and ocean tides (IERS Conventions 2003), JPL planetary ephemeris
DE200 and the earth gravity model GGMO02S (Tapley et al., 2005), were used to
integrate LEO satellite equations of motion in the module “ORBGEN”.

PPP is a very efficient approach compared to that based on double-difference
method requiring 1GS ground stations in the GPS positioning. A large number of
ambiguity parameters will be needed due to short LEO satellite arc and a large
number of the very long baselines will be solved, when double-differenced

carrier-phase measurements are involved (Svehla and Rothacher 2003).
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6.3 Kinematic orbit determination
In the kinematic approach, satellite coordinates are estimated together with one

GPS receiver clock parameter every epoch, as follows,

80(X)

O(X)=0(x")+ e

Ax (6.10)

where O(x) denotes the real GPS measurement data, O(xo) denotes the computed
value with the initial value and Ax denotes the corrections of x, with x=x’+Ax. Vector
X contains the coordinate (x;Yi,zi) at the epoch t; and receiver clock error & .The

solution of Eq. (6.10) can be solved by the least-squares method:

Ax = (ATWA) " ATW(O(x)-O(x*)) (6.11)

Ax = (N) 'ATW(O(x)-O(X%)) (6.12)
o0(x°) . : . . .

where A = is the design matrix and W denotes the weight matrix of phase

OX

observations. In general, the measured data of 24 hours exists 8640 epochs with 10-s
sampling interval in a case of no data gap. Due to the fast changes of the tracked GPS
geometry for LEO, the number of ambiguity parameters is about 400~500 over a
24-hour arc (see Fig. 4-15(a)). In addition to 400~500 ambiguity parameters, the
epoch parameters, 3-dimension coordinates and 1 receiver clock error, are to be
estimated. Therefore, the total number of parameters for the LEO kinematic
positioning is about 4*8640+400=34960. With an average number of 7 observations
per epoch for F3/C, the total number of GPS observations is about 7*8640=60480

(see table 4-1). Because about 35000 parameters are estimated in the normal equation
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system, we can divide the estimated parameters into 2 parts, as follows. Let
X1=(X1,X2,...... Xn) contain the parameters of 3-dimension coordinates and 1 receiver
clock error, and n=86400. Let X,=(by,b,,...... bm) contain the ambiguity parameters,
and m=400. According to Eqg. (6.10), A can be partitioned into the partials of X; and

Xa. Thus, the corresponding normal equation can be written as

e W 5 oo oo
a(X,, X,) a(X,, X,) ) \AX, | | a(X,, X,)

(6.13)
0
where | ———— | can be replaced by (A1, Ay) and Eqg. (6.13) leads to
)
AJWA, ATWA,) (AX)) [ AAWOOG XA 0(X], X3)) (6.14)
AJWA, AJWA, ) |AX, ATW(OEKTTX,) - O (X, X9)) '

Using N, =ATWA, , N,=AIWA,, |, =ATWO(X,X,)-0(X,X%)) and

I, = AJW(O(X,, X,)—0(X?, X3)) leads to

(Nn lej [Ale (h]
, _ (6.15)
N21 N22 AXZ |2

Since the GPS phase measurements are used, phase ambiguities are common
parameters in the least-square adjustment and are estimated as common parameters.
The epoch-wise parameters are pre-eliminated from the normal equation system.

Pre-elimination of ambiguity parameters is a basic procedure of the normal equation
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in least-squares adjustment. The sub-matrices of the inverse of the normal matrix
corresponding to the partition in Eqg. (6.15) can be found in Koch (1987, p. 39). As

such, we have

AX; =Ni;(l, =N ,AX,) (6.16)
and AX; can be expressed as

AX, =(N,, —N,;N; N, ) (1, =N, NGiLL) (6.17)

which is then backward substituted to Eq. (6.16) to obtain the solution of AX;. Thus,

the covariance of AX; and AX; are givenby

Nll NlZ 71_ Q11 Q12
N21 N22 - Qzl Q22

_ (Nlll + N111N12(N22 - NleIllle)AN21N111 - NIllle (sz - N21N111N12)1}
_(sz_Nleillle)_lNleill (sz_Nleillle)_l

(6.18)

Since the kinematic solution are determined epoch-wise, rather than using the
force constrains imposed on the dynamic solution, the satellite trajectory from the
kinematic solution primarily depends on the number of visible GPS satellites and
therefore is less smooth than that from the dynamic solution. An orbit accuracy of 1-3
cm was demonstrated for CHAMP and GRACE satellites based on the kinematic
approach (Svehla and Rothacher, 2004 and 2005a). Additionally, kinematic POD is

extremely sensitive to the GPS receiver performance. In the case of missing phase
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data or insufficient number of GPS measurements, the kinematic orbit may have
missing epochs, gaps or spikes when the tracking geometry is poor. This is the main
problem with the kinematic POD of the F3/C mission where GPS antenna FOV is
considerably reduced. The F3/C POD antenna boresight vector is not zenith pointing
as in the case of CHAMP and GRACE missions, but it is tilted by 75° towards the
flight direction (Figs. 3-2). As a final note, for gravity application of F3/C kinematic
orbits, we produce a 30-h F3/C orbit arc which is truncated to a 24-hour arc (a GPS
day from Oh to 24h). More about the kinematic POD application for the gravity field

determination can be found in Svehla and Rothacher (2005a) and Hwang et al. (2008).

6.4. Effects of PCV and COM on F3/C orbits
In this section, the effects of COM andsPENuoen F3/C orbits will be addressed using

F3/C GPS measurements and numericatexamples,

6.4.1 Effect of satellite COM on orbit

To inspect the impact of the satellite COM variation on the F3/C orbit
determination, we applied a 2 cm bias to the satellite COM (Table 2) in the spacecraft
Z direction. Table 6-2 (a) shows the RMS differences between the orbit components
with and without the 2 cm bias for the cases of kinematic and dynamic orbits and
satellite FM5 on Day 216, 2006. Since the spacecraft Z direction is almost aligned
with the radial direction, a 2-cm bias will be theoretically propagated to the radial
direction. However, this is not the case for the result given in Table 6-2 (a). Aside
from the ~2-cm difference in the radial direction, there is still a ~2-cm difference in
along-track direction and the difference in cross-track direction is zero as expected.
Consequently, the 3-dimensional RMS differences exceed 3 cm. Apparently, the given

bias (2 cm) has been amplified during the orbit determination. Possible reasons of the
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amplification are: (1) the antenna of F3/C is not in the zenith direction, producing
multi-path effects and other noises that are aliased into the given bias in Z, (2) GPS
satellite geometry is weak, and (3) the attitude control (in this example) is not proper
and subsequently affects the transformation of the given bias to the correct directions.
For comparison, we applied a 1-cm bias to the COM of GRACE-B satellite (Day 233,
2003) in the spacecraft Z direction and Table 6-2 (b) shows the RMS differences
between the GRACE orbits with and without such a bias. As seen in Table 6-2 (b),
there is a dominant 1-cm difference in the radial direction and sub-cm (but non-zero)
differences in other two directions. The three-dimensional RMS difference is about 1
cm, which is close to the given bias. This example highlights that in order not to
degrade the orbit accuracy of F3/C, it is important to determine precisely the COMs

for all F3/C satellites, as carried out in Seetign:3.2.

Table 6-2: RMS differences (in-€m)Jdetween orbits with and without COM bias
(Hwang.et al2009)
(@) FM5 (2 cm bias in spacecraft Z)

radial Along-track Cross-track Total
Dynamic orbit 2.90 1.80 0.00 341
Kinematic orbit 2.12 2.12 0.00 3.00

(b) GRACE-B (1 cm bias in spacecraft Z)

radial Along-track Cross-track Total
Dynamic orbit 1.02 0.29 0.17 1.07
Kinematic orbit 1.00 0.30 0.57 1.12
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6.4.2 Effect of PCV on orbit

PCV of a receiver antenna is a function of GPS satellite zenith angle and azimuth
(Leick, 2004, p. 234) and here we show its impact on the F3/C orbit determination.
Table 6-3 (a) and (b) lists the RMS overlap orbit differences (5 h) with and without
PCV and the difference between kinematic orbits (with and without PCVs) and
dynamic orbits (with and without PCVs), respectively, using GPS data of FM5 from
Day 214 to 220, 2006. In the case of kinematic orbit, the improved accuracy due to
PCV is at the sub-cm level; for dynamic orbit, that is at the sub-mm level. Thus, the
improvements for dynamic and kinematic orbits due to PCV are different. In fact, the
estimation of pseudo-stochastic pulses may absorb the slight PCV effect and thus,
PCV effect has the smaller sensitivity in dynamic solutions. The outcome from table
6-3 shows the PCV data from thes*anéchoic chamber test indeed have the
improvements on the orbit accuracy forboth dynamic and kinematic cases, and will

be used for all F3/C orbit determinationst

Table 6-3: RMS overlap differences of orbits (in cm) with and without PCV (FM5,
Day 214 to 220, 2006 (Hwang et al. 2009)

(a)
PCV Kinematic orbit Dynamic orbit
With 2.37/3.00/2.17* 2.39/1.96/1.05
Without 2.80/3.23/2.40 2.43/2.02/1.12

'radial, along-track and cross-track

(b)
PCV Kinematic-Kinematic Dynamic-Dynamic
With-Without 1.05/1.11/1.05 0.494/0.626/2.06
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6.5 Analysis of phase residual

As mentioned in Chapter 4, the quality of GPS data was analyzed via code

multipath, 10D and cycle slips. In this section, L. phase residuals associated with

dynamic orbit determination were used to assess the quality of GPS data. Fig. 6-5 (a)
and (b) shows the phase residuals of FM3 and GRACE-A with respect to elevation
angle and azimuth from the dynamic orbit determination. The phase residuals of FM3
range from -0.2 to 0.2 m in the antenna frame and those of GRACE-A range from
-0.06 to 0.04 m. In Fig. 6-5(a) and (b), the different patterns of distributions of phase
residuals are due to the different antenna configurations on the F3/C and GRACE-A
satellites. Due to the FOV of the F3/C GPS antenna (120°), there is a void zone of
GPS signals from azimuths 120° to 240° in the antenna frame, as shown in Fig. 6-5
(a). For both FM3 and GRACE-A srefatively-targe phase residuals occur at low or
even negative elevation angles. The RMS valde ofthe phase residuals of FM3 is 2.71

cm, compared to 0.8 cm of GRACE=A;
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Fig. 6-4: Phase residuals (for one day) from the dynamic orbit determination for (a)
FM3 and (b) GRACE-A, in different color scales
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The standard error of unit weight was used to assess the overall quality phase
observables for the six F3/C satellites over 300 days, starting from DOY 100, 2007.

The definition of a standard error of unit weight was computed as

VTPV
50 = 6.19
8o =4 3 (6.19)

where V denotes the phase-residual vector and P denotes the weight matrix of phase

observables, Ais the degree of freedom in the least-squares parameter estimation
associated with the orbit determination. Here we used a uniform weight (unitless) for
all phase observables. Fig. 6-6 shows the distribution of the standard errors for FM1
to FM6, and Table 6-4 shows the average‘standard errors over 300 days. There are
two possible reasons for the longydata=gaps-in Fig. 6-6: (a) few and/or poor GPS
observations exist in these gaps, and\().peerzititide control disables POD (Hwang et
al. 2009). The variations of the standard" errors of FM5 and FM6 are small, in
comparison to those for other satellites of F3/C. The F3/C satellites contain less
observations than GRACE-A; on average, FM2 and FM4 contain about 30000
observations daily, compared to 60000 of GRACE-A. The standard error of FM3 is
the largest (4.37 cm), followed by FM5 (2.41 cm). FM6 has the lowest standard error
of 1.80 cm. It is not clear why the variations for FM5 and FM6 are smaller. Perhaps
the GPS signal strengths and attitude controls of FM5 and FM6 were good during this
period of time. The average standard error of FM1, FM2 and FM4 is about 3.00 cm.
GRACE-A has the least standard error of 0.99 cm. According to Comp and Axelrad
(1998), multipath effects of phases may range from few mm to few cm. If systematic
errors such as clock error, ionospheric delay, and ambiguity parameter are properly

modeled in the least-squares estimation of orbit parameters, the phase residuals in Eqg.
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(6.19) will largely come from the multipath effect of phase. Under this condition, the

RMS value of multipath effect is roughly of the order of the standard error defined in

Eq. (6.19). As such, F3/C’s multipath effect of phase is of the order of few cm.
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Fig. 6-5: The a posteriori standard error of unit weight for F3/C satellites,

beginning from DOY 100, 2007

Table 6-4: Average daily number of GPS observations (0.1 Hz) and a posteriori
standard error of unit weight (cm) for six F3/C satellites over 300 days since DOY

100, 2007
FM1 FM2 FM3 FM4 FM5 FM6 GRACE-A
Daily number 14860 30450 27480 32020 14260 25110 57640
Standard error 3.22 3.11 4.37 3.70 241 1.80 0.99
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6.6 Quality assessment based on difference between dynamic and kinematic
orbits

The difference between the dynamic orbit and kinematic (called
dynamic—kinematic difference) orbit over the same arc can be used to evaluate the
quality of GPS data. The degree of consistency between dynamic and kinematic orbits
is an indirect way of checking the quality of F3/C GPS data. In addition, the dynamic
orbits will be smoother than kinematic orbits. However, kinematic orbits mainly
depend on the quality of GPS observations and the number of GPS observations
(Bock 2004). This means that a bad kinematic orbit solution leads to a large
dynamic—kinematic orbit difference. Therefore, the dynamic—kinematic orbit
difference can be an indirect indicator of GPS data quality. Fig. 6-7 shows the daily
RMS values of the dynamic—kinematicterhit,differences in the earth-fixed system
over 300 days, and Table 4 summarizes the statistics of the differences. The RMS
values of dynamic—kinematic differencessforF3/€ and GRACE-A are about 10 cm
and 2 cm, respectively. If the quality of GPS data is sufficiently good, one would
expect an RMS dynamic—kinematic difference of 3 cm for F3/C, which is based on
the overlapping analysis (Hwang et al. 2009). The 10 cm dynamic—kinematic
difference for F3/C is significantly larger than the 3-cm overlapping difference, and
this discrepancy is mainly caused by bad kinematic orbits, which are in turn due to
frequent cycle slips, large multipath effects, small number of tracked GPS satellites,
plus poor attitude control, antenna phase center variation and the poor geometry of
tracked GPS satellites (Hwang et al. 2009). The 2 cm dynamic—kinematic difference
for GRACE-A is close to the 1-cm overlapping difference. In addition, for F3/C
satellites the differences in the xyz components are quite consistent, while for

GRACE-A the z-component is slightly larger than the other two components.
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Table 6-5: Statistics of daily RMS values (in cm) of the dynamic - kinematic orbit
differences in the earth-fixed system over 300 days since DOY 100, 2007

Satellite X Y Z
FM1 11.60 11.72 11.17
FM2 10.59 10.34 9.89
FM3 9.63 10.34 9.78
FM4 10.83 10.86 10.11
FM5 10.94 10.31 10.46
FM6 10.66 9.55 9.04

GRACE-A 1.76 1.70 2.09
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6.7 Assessment of orbit accuracy
6.7.1 Assessment based on orbit overlaps

Since F3/C satellites are not equipped with laser retro-reflector arrays or DORIS
antennae for an independent orbit determination other than GPS, an external
assessment of orbit accuracy is not possible. Therefore, orbit overlaps will be used to
achieve the assessment of orbit accuracy. Two options would be used for the orbit
overlap. One is to use the overlap epoch at the beginning and end of the 24-h arc,
implying that different GPS measurements have been used for different arcs.
Alternatively, a 6-h overlap of two 30-h arcs (3 h at the start and the end of an orbit
arc) can be used to assess internal orbit accuracy because the same GPS
measurements are used for both arcs (Kang et al., 2006). However, the overlap epoch
at the end point of a 24-h arc will yield“an, imperfect estimation for the internal
accuracy because of the edge effect (Kang: etraliz 2006). A 6-h overlap arc can be
truncated to a 5-h arc (removing 30\minutes:at the beginning and the end of the 6-h
arc) to reduce the edge effect.

Tables 6-6 and 6-7 show the RMS overlap differences based on the full 6-h (with
edge effect) and 5-h (without edge effect) orbit overlaps for all six F3/C satellites
from the dynamic and kinematic orbits, based on data from Day 214 to 239, 2006.
The original sampling interval of GPS data is 5 s. The 5-s GPS data can be decimated
and filtered to a coarser sampling interval to improve GPS data quality. Normally, a
coarser sampling interval than 5 s is needed in gravity recovery using orbital
perturbations; e.g., CHAMP, at an altitude of 454 km, uses a 30-s sampling interval.
As an example, Tables 6-6 (b) and 6-7 (b) shows the RMS overlap differences using a
30-s sampling interval (5-h overlaps), which are a few mm smaller than the 5-s

overlap differences.
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Table 6-6: RMS overlap differences of orbits (in cm) based on 5-h and 6-h overlaps
using kinematic approach for 25 days (Hwang et al. 2009)
(a) 5 s sampling interval

Radial Along-track Cross-track

5h 6h 5h 6 h 5h 6 h
FM1 2.49 2.70 2.86 2.99 2.69 3.13
FM2 2.62 2.69 2.50 2.56 2.70 3.17
FM3 2.96 3.22 3.73 3.76 4.18 4.33
FM4 3.33 3.35 3.23 3.25 4.20 4.34
FM5 2.49 2.58 2.62 2.77 3.50 3.86
FM6 3.40 3.43 3.19 3.58 4.71 4.79

(b) 30 s sampling interval (5 h)
Radial Along-track  Cross-track

FM1 251 1.85 2.28
FM2  2.06 1.89 2.04
FM3 2.38 3.08 3.52
FM4 259 2.65 3.51
FM5 1.87 2.10 2.87
FM6 2.64 3.08 4.17

Table 6-7: RMS overlap differences of-orbitsbased (in cm) on 5-h and 6-h overlaps

using dynamic approach for25 days{(Hwang et al. 2009)
(a) 5%.sampling interval

Radial Alongrtrack Cross-track (cm)

5-h 6-h 5-h 6-h 5-h 6-h

FM1 268  2.86 2.70 3.07 2.81 3.19
FM2 237 242 2.29 2.40 2.05 2.10
FM3 267 272 2.85 2.88 3.05 3.17
FM4 292  3.00 3.27 3.32 3.23 3.29
FM5 235 258 2.40 2.43 3.14 3.16
FM6 265  2.66 2.51 2.57 3.35 3.44

(b) 30 s sampling interval (5 h)
Radial Along-track Cross-track

FM1  2.62 2.23 2.74
FM2  1.83 1.63 1.50
FM3 245 2.45 2.62
FM4  2.25 2.77 2.79
FMS  1.98 2.21 2.99

FM6  2.10 2.06 2.86
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The internal accuracy assessment (Tables 6-6 and 6-7) based on orbit overlaps
indicates a 2-3 cm noise level (excluding systematic errors), which is less precise than
the 1-2 cm orbit consistency of kinematic and dynamic orbits for GRACE satellites
obtained by Svehla and Rothacher (2005b), who used exactly the same software as in
this paper. We believe that the slightly worse F3/C orbit accuracy is mainly due to the
non-ideal antenna orientation on the satellite body and number of tracked GPS
satellites. A noise reduction in the kinematic orbit could be achieved by means of the
normal point technique or some other smoothing technique, which is particularly
useful for gravity recovery. Internal orbit accuracy obtained in this paper reflects only
consistency between orbit overlaps and consistency between dynamic and kinematic
orbits. Any remaining systematic errors in the orbits can only be detected by a
comparison with external tracking datas#ehias SLR. For gravity field recovery based
on F3/C kinematic orbits, possiblessystematic-errars in the orbit can be reduced by a
suitable mathematic model in the estimationof gravity field. For example, most orbit
errors contain components at the one- or'two-CPR frequency bands, which can be
effectively absorbed by some empirical error models, see, e.g., Colombo (1984) and

Balmino (1994).

6.7.2 Comparison with UCAR and WHU orbits

Two “external” comparisons were implemented to see if systematic errors
existed in our POD. UCAR determines the F3/C dynamic orbits using Bernese 5.0
based on IGS Ultra-Rapid predicted GPS orbits and precise 30-s NRT HRC. As
mentioned in Section 6.1, the ultra-rapid GPS orbits have an accuracy of about 10 cm,
compared to the 3-4 cm accuracy of the final orbits. UCAR’s mission is to support
real-time atmospheric application of F3/C based on NRT orbit solutions. Wuhan

University (WHU) determines the F3/C dynamic orbits using the software “PANDA”
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(Liu, and Ge, 2003). PANDA uses undifferenced GPS phases (as in this paper) and the
final IGS GPS ephemeris to compute the dynamic orbit which is constrained with the
atmospheric drags “DTM 94” model and two empirical parameters along radial,
along-track and cross-track directions are estimated every 90 minutes. Table 6-8
compares our post-processed dynamic orbits with those from UCAR (near real-time)
and Wuhan University (WHU, post-processed) for FM5 from Day 216 to 218, 2006.
The NCTU-UCAR and NCTU-WHU orbit differences are both at the 10 cm level per
component, with the NCTU-WHU orbit differences being smaller. The larger
NCTU-WHU orbit differences for the case of FM4 in Table 6-8 are due to the fact that
PANDA cannot properly remove anomalous observations of FM4 (GPS observables
and attitudes). (note that the NCTU-UCAR orbit differences for FM4 are normal).
The fact that the NCTU-UCAR orbit, difféfénces are larger than NCTU-NCTU orbit
differences (Table 6-7) highlights the imperanee of using precise GPS ephemerides
and HRC information for orbit determipationf/LEO to cm accuracy. The reason of
the 10-cm difference between the NCTU and WHU orbits is yet to be investigated,
but we believe the major cause is the different approaches of modeling satellite

perturbing forces

Table 6-8: RMS orbit differences (in cm) between NCTU and UCAR and between
NCTU and WHU, Days 216 to 218, dynamic orbit

Satellite NCTU-UCAR NCTU-WHU
FM1 13.5/14.3/185" 8.3/8.2/11.6
FM2 9.7/9.0/6.5 6.6/65/55
FM3 9.8/10.0/7.2 5.6/55/5.7
FM4 10.7/11.7/13.2 14.7/18.2/8.8
FM5 10.8/11.2/10.3 9.3/11.4/94
FM6 99/115/9.7 75/7.4/58

'radial, along-track and cross-track
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Chapter 7
Attitude control effect on orbit determination and

guantification of attitude error

7.1 Effect of attitude error and choice of attitude data

In this section, the effect of attitude error will be experimented on the orbit
determination of F3/C using observed and nominal attitude. As previously stated
nominal attitudes are determined by satellite position and velocity vectors, and this
capability is implemented in Bernese 5.0. As an example, Fig. 7-1 shows observed
attitudes of FM5 from Day 214 to 220, 2006 and Table 7-1 shows the statistics. The
yaw angles oscillate more rapidly than other two angles, ranging from -54.5°to 71.3°
There are several places where abrupt chiafgésof attitudes occur, and this is due to the
effect of the sun sensors when the sateliite-1s‘entening and exiting the eclipse, as stated
in Chapter 5. Because the mass of E3/C’ satéellité js:small (62 kg) compared to that of a
GRACE satellite (480 kg), exertion of attitude control will produce large dynamics of
the spacecraft, leading to degraded GPS observations and poor transformation
between the spacecraft coordinate system and the inertial coordinate system.

Fig. 7-2 shows the differences in orbits using observed and nominal attitudes.
The RMS orbit differences are 11 and 3 cm in the dynamic and kinematic orbit cases,
respectively, with biases being nearly zero. The orbit differences are highly correlated
with the observed attitudes (Fig. 7-1). Large differences occur when there are no
observed attitudes and when the observed attitudes are anomalous. This example
suggests that attitude has a great impact on the orbit accuracy.

Table 7-2 shows RMS overlap differences (5 h, see Chapter 6) using observed
and nominal attitudes for FM5 orbits from Day 214 to 220, 2006. For the dynamic

orbit, use of nominal attitudes leads to smaller overlap differences. For the kinematic
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orbit, the observed and nominal attitudes produce virtually the same overlap
differences. This result is consistent with that given by Neumayer et al. (2005), who
argue that nominal attitudes are mostly free from anomalous values and can fill the
gaps due to missing attitude observations.
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Fig. 7-1: Observed attitudes of FM5 from Day 214 to 220, 2006 (Hwang et al. 2009)

Table 7-1: Statistics of observed attitudes (in degree), FM5, Day 214 to 220, 2006
(Hwang et al. 2009)

Roll Pitch Yaw
Min -28 -9.3 -54.5
Max 25 51.7 71.3
RMS 3.7 1.7 4.5
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Day 214 to 220, 2006 (Hwang et al. 2009)
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Table 7-2: RMS overlap differences of orbits (in cm) computed with observed and
nominal attitudes, FM5, Day 214 to 220, 2006 (Hwang et al. 2009)

Kinematic orbit Dynamic orbit
Nominal attitude 2.37/3.00/2.17* 2.39/1.96/1.05
Observed attitude 2.35/3.00/2.17 3.17/2.62/1.51

'radial, along-track and cross-track

7.2 Data volume and p angle

As mentioned in Chapter 5, the yawsaxis of F3/C varies constantly with g angle
in order to maximize the sun expostire because of\the structure of the solar panel. At a
transition 3 angle of 0 ©the forward @ateanaswill be rotated to backward direction
with a period of about 60 days via the ‘yaws=fixed mode (yaw-flip). In the case of >0
9 POD+X antenna will be the default POD antenna; for f < 0 © the POD-X antenna
will be the default POD antenna, as shown in Fig. 7-3. Fig. 7-3 shows the data volume
of the default and non-default POD antennas for FM4 varied with  angles. Currently,
only the default antennas of both FM2 and FM4 vary with 8 angles but the others of
F3/C satellites always use the POD+X antenna as the default POD, regardless of > 0

or B <0 due to low SNR problem in POD-X antenna.
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Fig. 7-3: Data volume of both PQDantennas as a function of g angle for FM4

7.3 Phase residuals in eclipse and suiacquisition

In this section, the phase residuals in the eclipse and in the sun acquisition were
assessed. The attitude is mainly measured by the magnetometer and the earth horizon
sensors during the eclipsed period of about 30 minutes, and the sun sensors are
involved in the attitude determination system when F3/C is off the eclipse. However,
the signal from GPS is transmitted to the receiver antenna via a right-hand circular
polarization (RHCP) system differing from a linear polarization system, as shown in
Fig. 7-4. Thus, an effect called “phase wind-up” (Wu et al. 1993) on the carrier phase
measurement will appear only if the orientation between the receiver antenna and
GPS antenna is changed. An error of few centimeters in residuals caused by phase
wind-up may be introduced into the position, troposphere, and clock solutions

associated with the yaw error (Bar-Sever 1996), as shown in Fig. 7-5. The residuals in
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the red region are associated with the variation of the yaw angle. However, such
wind-up effect can be eliminated by the double-difference solution (not made in the
study). Estimating receiver clock error via the least-squares adjustment can largely
reduce the phase wind-up effect, but the remaining errors still exist in the residuals
(see Fig. 7-5). Those outliers will be identified using the 3-sigma criterion in order to
remove the attitude-error effect and will not be used in the orbit determination. If the
outliers are not removed, they might destroy the final orbit solution. For the GPS orbit
determination, Kouba (2009) demonstrated that the eclipsing data can be removed by
the method of Bar-Sever (1996), who used a simplified yaw-attitude mode for
eclipsing GPS to maintain the data continuity and improved the solution of GPS

orbits.
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7.4 Quantification of attitude error based on kinematic orbit determination
7.4.1 Procedure for estimating baseline between POD antenna phase center and
satellite COM

In this section, the 5-s HRC was used for the following study. Quaternion is used
to transform the spacecraft coordinates from the inertial frame to satellite body frame.
In Table 3-1, NSPO has determined the baseline between the POD patch antenna and
the COM of F3/C to mm accuracy. In this section, we estimated the baseline length
using the kinematic strategy rather than dynamic strategy due to the underlying
definition of the dynamic models acting on spacecraft’s COM. A procedure for
estimating the baseline length is shown in Fig. 7-6. The positions in the inertial frame
are estimated at both the phase center of the default antenna and the spacecraft’s COM.
Subsequently, the coordinate transformationifrom the inertial frame to the spacecraft
frame was implemented using ATM (See Ed8.(5.7)). Finally, the baseline vector was
formed from the position differénce¥letween /the antenna phase center and the
spacecraft’s COM. In order to assess the positioning accuracy, the estimated baseline

vector was compared with that given by NSPO.
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7.4.2 Quantification of attitude error

Fig. 7-7 shows the differences between estimated and given baselines in the
spacecraft frame for FM3 DOY 209, 2008. Ideally, an estimated baseline should be
equal to the given value, and the differences between them should approach the noise
level of GPS phase measurement, which is about 1-2 mm (see the latter portion (0.4-1
day) of Fig. 7-7). If the estimated baseline is free from systematic errors, the mean
value of the differences should also be zero. However, the attitude control for F3/C is
not perfect due to the spacecraft weight and attitude sensor errors. As shown in 0.2
and 0.4 days in Fig. 7-7, the fluctuation of the differences is mainly associated with
the inaccurate attitude determination affecting the ATM of Fig. 7-6 (also Eq. (5.7)).

The means and standard deviations at different time are summarized in Table 7-3.

113




Under a stable attitude control, the standard deviations of the differences are at a few
mm level and there is no significant systematic error (< 1 mm) between the estimated
and given baselines for the period of 0.4-1 day. However, for the period of 0.2-0.4 day,
the standard deviation values are few cm and the systematic error exceeds 1 cm, and
this is due to unstable attitude control. For the period of 0.2-0.4 day, the bad attitude
control may destroy the F3/C orbit accuracy because the errors are propagated into the
ATM, and this is hardly observed by the orbit overlap at the same position (e.g. COM)
(Hwang et al. 2009 and 2010). The ATM error is found to be about 1.5 cm in X and Y
components and about 2.5 cm in Z component for FM3 DOY 209, 2008. Additionally,
it is difficult to illustrate why the error in Z-component is larger than those in the
other two components, as seen in Table 7-3. This might be because each coordinate

axis is affected by two attitude angles from‘the gther two axes.
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Table 7-3: Mean and standard deviation (STD) of the differences between
estimated and given baseline lengths (see Fig. 7-7)

0.4-1 day 0.2-0.4 day 1 day
(mean/STD) (mean/STD) (mean/STD)
X (mm) -0.02/1.16 -13.44/35.58 -2.80/17.12
Y (mm) -0.33/1.86 -4.62/32.10 -1.52/14.81
Z (mm) -0.39/6.44 -3.00/50.40 -1.00/23.42

7.4.3 Assessment of positioning accuracy

The RMS of the differences between laboratory-determined baseline components
(by NSPO) and the estimated values cai-servésas an indicator of the GPS positioning
accuracy. Fig. 7-8 shows the RMS/alues of taily \Baseline difference in the spacecraft
frame for FM5 over 249 days, startingifyom-DO Y118, 2008. The RMS values smaller
than 1 cm in each component are associated with stable attitude controls, as seen in
Fig. 5-9 (e). An internal orbit accuracy of 3 cm for F3/C satellites is reported by
Hwang et al. (2009) using the orbit-overlap approach. Based on analysis of phase
residuals and orbit overlaps, Hwang et al. (2010) reported that the quality of F3/C
GPS observations was not as good as GRACE. Therefore, the procedure in Fig. 7-6
can be used to quantify the attitude error and to assess the positioning accuracy for
F3/C satellites. A summary of the RMS values of daily baseline difference for F3/C
satellites over 249 days, since DOY 118 in 2008, is given in Table 7-4. In general, the
Y difference is larger than the X, Z differences, except for FM2. This means that the
attitudes at the roll and yaw angles are less precise or such attitude controls are less

effective, compared to the attitude at the pitch angle. From this study, the positioning
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accuracy is primarily related to the attitude error, and the outcome in Table 7-4 agrees

with the accuracy assessment given in Table 5-1.
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Fig. 7-8: Daily RMS difference between“estimated and given baseline lengths for
FI5

Table 7-4: Average RMS difference over 249 days between estimated and given
baseline lengths

X (cm) Y (cm) Z (cm) Total (cm)
FM1 1.40 1.83 1.45 2.72
FM2 1.19 1.53 1.77 2.62
FM3 1.31 1.48 1.30 2.37
FM4 0.99 1.28 0.99 1.90
FM5 0.91 1.12 0.90 1.70
FM6 1.04 1.35 1.03 1.99
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Chapter 8

Conclusions and future work

8.1 Conclusions

1.

With selected satellites and time spans, this study analyzes the quality of GPS
data from F3/C and GRACE in terms of multipath effect, the time derivative of
IOD, cycle slip, phase residual, and dynamic-kinematic orbit difference. For all
analyses, F3/C shows larger quality-indicator values of GPS data than GRACE,
resulting in a smaller ratio of usable GPS data for POD. Large multipath effects
might produce cycle slips that increase the number of estimated ambiguity
parameters in the orbit determination, eventually degrading the orbit accuracy.
We also compared the orbit difference (dynamic—kinematic) of F3/C with
GRACE in order to check the/quality-0f K3/C GPS POD data. The kinematic
orbit depends on the quality-of GPS<0bservations and the geometry of tracked
GPS satellites as well as the qualitysofcthe attitude control. A good kinematic
orbit may be obtained even if only 4 GPS satellites are collected by GRACE
satellite, but a bad kinematic orbit may be obtained even if 5 or 6 GPS satellites
are collected by F3/C.

The impacts of the satellite COM, attitude, and POD antenna PCV on the orbit
determination was addressed using numerical examples. Because of the large
amount of GPS data (6 satellites, more than two years), the numerical examples
given in this study are limited, and more will be given as our computing facility
improves. The orbit overlap analyses suggest that the accuracy of the
reduced-dynamic and kinematic orbits is at the 2-3 cm level. It is noted that, for
atmospheric occultation research using F3/C, a cm-orbit is over qualified.

The ATM plays an important role in the procedure of orbit determination. The
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quality of ATM will affect the orbit accuracy by means of the coordinate frame
transformation. For a stable attitude control, the positioning accuracy can be
down to 1 or 2 mm, while for an unstable control, it can be downgraded 10 cm or
more. In this study, we conclude that the orbit accuracy of F3/C satellites is
governed by the attitude control and the location of POD patch antenna. Unstable
attitude control is attributed to the satellite weight and the accuracy of the
scientific sensors mentioned in Chapter 5.

F3/C’s kinematic orbits can be used to enhance the GRACE-only gravity
solution, especially in the low-degree gravity harmonic coefficients. The
potential of F3/C GPS data for gravity research is to be explored.

For the orbit science in Taiwan, the main contribution of this dissertation is the
accomplishment of F3/C orbit detékmination, the orbit assessment, and the
quality check of POD data. Therefore; thebest post-processing orbits of F3/C are

achieved by NCTU in Taiwan:

8.2 Future work

1.

For the improvement on the accuracy of F3/C orbits, this may be achieved by (1)
combing GPS data from the two POD antennas, (2) using attitude data without
outliers.

For the improvement on the gravity recovery using F3/C kinematic orbits, the
positioning error caused by ATM cannot be involved into the algorithm of the
earth gravity recovery. For this reason, the criterion of removing such error
should be established.

The experience learnt from this analysis will help to improve the design of POD
antenna in the future COSMIC-2 mission, which is under planning. For example,
for COSMIC-2, it is suggested that the POD antenna should point to the zenith
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direction, and the solar panels, the POD antenna and the GPS reception should
be so designed that multipath effects and cycle slips are minimized.

For the payloads of COSMIC-2, the study suggests COSMIC-2 have to be
equipped with a star camera and the weight of COSMIC-2 has to increase in
order to resist the air-drag disturbance, e.g. GRACE weight.

For the NRT POD of COSMIC-2 using PPP, we have to overcome some
problems that the limitation of collecting timely the data from IGS ground
stations and a procedure of producing NRT HRC.

For COSMIC-2 POD, it is suggested to increase the FOV in order to enhance the
GPS geometry and the channels allocated to the default antenna in the receiver

should be increase.
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