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9. Position and Acceleration
9.1 GPS Receiver - GPSR
9.1.1 Introduction
Through the GPS antenna, the GPS receiver (GPSR) receives the signals from all of the antenna visible GPS satellites. The L1b processing corrects for known effects related to the Swarm instruments and satellite. The external errors e.g. due to the GPS segment are corrected in the orbit determination processing.
Eleven different input packet definitions from the ISP exists, these are

MDH
Measurement Data Header format

CAP
Carrier Phase data record

CAA
Carrier Amplitude data
record

COP
Code Phase data record

GNA
GPS Nav Almanac data record

GNU
GPS Nav UTC and Ionosphere data record

MNS
Minimum Navigation Solution data record

IGC
IMT/GPST Correlation data record

GNE
GPS Nav Ephemeris data record

CS
Constellation Status record

AUX
Swarm Auxiliary data record
However, for the GPS algorithms processing only seven of them are used. The collection of the data record from the CAP, CAA, COP, and GNE has to be repeated N times for the N viewed satellites with a 0.1 Hz update frequency. 
    
9.1.2 Input and Output Parameters
	Inputs

	Elements
	Description
	Unit

	L

E

V

E

L

0
D
A

T

A
	GPSR_T
	Instrument temperature
	K

	
	N_SmoothT
	The smoothing interval of the temperature smoothing
	

	
	M

D

H
	UTC.DAYS
	Number of days since 1st of January 2000 in the UTC time base
	UTC

	
	
	UTC.MSEC
	Number of milliseconds of day
	UTC

	
	
	UTC.USEC
	Number of microseconds of milliseconds
	UTC

	
	C

A

P
	SV_ID
	Space vehicle identifier
	

	
	
	SIG
	Signal type
	

	
	
	NCO_PHASE
	Carrier Cycle count and Carrier NCO phase
	m

	
	C

A

A
	SV_ID
	Space vehicle identifier
	

	
	
	SIG
	Signal type
	

	
	
	CNO
	Carrier to noise power density ratio
	dBHz

	
	
	AMPL
	Carrier amplitude
	dBW

	
	C

O

P
	SV_ID
	Space vehicle identifier
	

	
	
	SIG
	Signal type
	

	
	
	CC
	Number of code chips counts since start of GPS week
	

	
	
	FP
	Code phase fractional part
	

	
	M

N

S
	NMS
	Navigation solution method
	

	
	
	T_NAV
	Time(stamp) of navigational solution
	GPS

	
	
	QUAL_IDX
	Quality index
	

	
	
	GDOP
	Geometrical dilution of precision
	

	
	
	POS_X
	Position in WGS 84, x coordinate
	m

	
	
	POS_Y
	Position in WGS 84, y coordinate
	m

	
	
	POS_Z
	Position in WGS 84, z coordinate
	m

	
	
	VEL_X
	Velocity in WGS84, x velocity
	m/s

	
	
	VEL_Y
	Velocity in WGS84, y velocity
	m/s

	
	
	VEL_Z
	Velocity in WGS84, z velocity
	m/s

	
	I

G

C
	IMT
	Instrument measurement time representation of the synchronization time stamp.
	Weeks and s

	
	
	GPST.SEC
	GPS time representation of the synchronization time stamp.
	S

	
	
	GPS.SUBSEC
	Same as above, just in sub-seconds
	s

	
	G

N

E

	SV_ID
	Space vehicle identifier
	

	
	
	CRS
	Amplitude of the Sine Harmonic Correction term to the orbit radius
	m

	
	
	CRC
	Amplitude of the Cosine Harmonic Correction term to the orbit radius
	m

	
	
	CUS
	Amplitude of the Sine Harmonic Correction term to the argument of latitude
	rad

	
	
	CUC
	Amplitude of the Cosine Harmonic Correction term to the argument of latitude
	rad

	
	
	CIS
	Amplitude of the Sine Harmonic Correction term to the angle of inclination. 
	Rad

	
	
	CIC

	Amplitude of the Sine Harmonic Correction term to the angle of inclination.
	Rad

	
	
	DELTAN
	Mean motion difference from computed value
	rad/s

	
	
	M0
	Mean Anomaly at reference time
	rad

	
	
	E
	Eccentricity
	

	
	
	SQRTA
	Square root of the semi major axis
	(m

	
	
	OMEGA0
	Longitude of ascending node of orbit plane at weekly epoch
	rad

	
	
	I0
	Inclination angle at reference time
	rad

	
	
	OMEGA
	Argument of perigee
	rad

	
	
	OMEGADOT
	Rate of right ascension
	rad/s

	
	
	TOE
	Reference time ephemeris
	s

	
	
	IDOT
	Rate of inclination angle
	rad/s

	C
C

D

B

	GPSR_r
	Position of GPSR antenna in S/C coordinate system
	m

	
	GPSR_q
	Transformation from S/C frame to GPSR antenna reference frame
	

	
	Cor_AL1
	Characteristics of corrections of the amplitude of L1 carrier w.r.t. temperature, zenith angle, and azimuth angle
	dB

	
	Cor_AL2
	Characteristics of corrections of the amplitude of L2 carrier w.r.t. temperature, zenith angle, and azimuth angle
	dB

	
	Cor_CnoL1
	Characteristics of correction of the Cno of L1 carrier w.r.t. temperature, zenith angle, and azimuth angle
	dBHz

	
	Cor_CnoL2
	Characteristics of  correction of the Cno of L2 carrier w.r.t. temperature, zenith angle, and azimuth angle
	dBHz

	
	Cor_PhasL1
	Characteristics of  phase variations on L1 w.r.t. temperature, zenith angle, and azimuth 
	

	
	Cor_PhasL2
	Characteristics of  phase variations on L2 w.r.t. temperature, zenith angle, and azimuth 
	

	
	Cor_GD
	Characteristics of group delay variations w.r.t. temperature, zenith angle, and azimuth angle
	

	
	M_SRF2ARF
	Transformation matrix between the satellite reference frame and the zenith antenna reference frame
	

	
	c
	Speed of light
	m/s

	
	GPS.L1
	GPS L1 frequency, f1
	Hz

	
	GPS.L2
	GPS L2 frequency, f2
	Hz

	
	ResIF_L1
	Residual IF at L1
	

	
	ResIF_L2
	Residual IF at L2
	

	
	F_CA
	CA cod chip rate
	Hz

	
	F_P
	P code chip rate
	Hz

	
	B_CA
	CA code loop bandwidth
	Hz

	
	d_CA
	CA early late spacing
	

	
	T_CA
	CA coherent integration time
	s

	STR output
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	Quaternion S/C attitude; output from the STR L1b processing
	


	Outputs

	RINEX Observation File Version 3.0 (TBC)



	RINEX Navigation File Version 3.0 (TBC)


For further definition of the RINEX format, see RD 11. The decision on the version of the RINEX format will be done in the requirements consolidation phase. The RINEX Observation and Navigation files are roughly organized as follows:
	 R

I

N

E

X

O

B

S

E

R

V

A

T

I

O

N

	H

e

a

d

e

r
	Ant_bore
	Antenna boresight
	

	
	
	CoG_sat
	Center of Gravity of the LEO satellite
	m

	
	
	Ant_pos
	Antenna position
	m

	
	
	LEO_pos
	Approximate LEO position in WGS84
	m

	
	
	Obs_type
	Type of observations
	

	
	
	Obs_scalef
	Observation scale factor
	

	
	
	AUX
	Auxiliary information
	

	
	D

a

t

a

R

e

c

o

r

d
	t_epoch
	Time for each epoch
	GPS

	
	
	N_sat
	Number of measured GPS satellites
	

	
	
	L1
	Phase information on the L1 frequency
	Cycle

	
	
	L2
	Phase information on the L2 frequency
	Cycle

	
	
	C1
	Pseudo-range of the C/A code on the L1 frequency
	m

	
	
	P1
	Pseudo-range of the P-code on the L1 frequency
	m

	
	
	P2
	Pseudo-range of the P-code on the L2 frequency
	m

	
	
	S1
	Raw signal strength on L1 – or SNR
	

	
	
	S2
	Raw signal strength on L2 – or SNR
	

	
	
	CH
	Receiver channel number
	

	
	
	L_lock
	Loss of lock indication
	

	
	
	P_signal
	Signal strength (quality)
	Watt

	N

A

V

I

G

A.
	H

e

a

d.
	ION_par
	Ionospheric parameters from almanac
	

	
	
	UTC_par
	UTC calculation parameters
	

	
	
	AUX
	Auxiliary data information
	

	
	D

a

t

a
	t_epoch
	Time for each epoch
	GPS

	
	
	N_sat
	Number of measured GPS satellites
	

	
	
	EPH
	Ephemeris data of observed GPS satellites
	


9.1.3 GPSR Algorithm
The processing flow of algorithms is separated into three major steps:
· L0 processing, which comprises reading and checking of the raw binary level 0 instrument data – this part is not covered by the L1b processing . 
· L1a processing, which comprises reformatting as well as interpretation and unit conversions of the L0 ISPs. The result is stored as L1a products.
· L1b processing, which comprises correction of the L1a data corresponding to the characterized distortions comprised in the Instrument Characterization Data Base (ICDB) which will be a part of the CCDB. The result is stored as RINEX 3.00 formatted ASCII data.
The overall data flow from L0 to L1b is show in Figure 8‑1. An overview of the sequential walk-through of the data flow will be given below. For details a section number referring to AD12 is given and the associated algorithms are given in brackets in the sequential walk-through.
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Figure 8‑1 Level 0 to Level 1b processing flow for the GPSR.
1.  The first step of the L1b processing is the data scaling and time base alignment, Section 5.1.3. This includes
· ISP are scaled into floating point values (§6.1.1)

· IMT are aligned to GPST (§6.1.2)

· All ISP are time stamped in all three time bases: UTC, GPST, and IMT.
· Attitude interpolation (§6.1.3)
The S/C attitude data is output data from the L1b processing of the STR and is given as a quaternion. The quaternion rotation from GPSR frame to ITRF is given by:
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(8.1-10)
The transformation of the quaternion into roll, pitch, and yaw angles as used in §6.1.3 can be found in AD10 Section 5.2.2.
2. The next step of the L1b processing of the GPSR is the track separation, Section 5.1.4. Data from carrier phase, carrier amplitude, carrier amplitude C/No, code phase, and the tracking state are separated into tracks. The tracks are associated by (§6.1.4): 

· Data from the same GPS satellite

· Data that is measured on the same MF_chn
· Data where the gap is below 100s

3. Next step is the conversion and corrections 5.2. This consists of several individual steps, covering:

· GPS PVT for each GPS satellite (§6.2.1.1 referring to §6.5.1 and §6.5.3). This includes inputs from

· Position and GPS time of the navigational solution of Swarm

· GPS satellites ephemeris data

·     GPS azimuth and elevation (§6.2.1.2 referring to § 6.5.3)

· EPVT for the GPS satellites (no algorithms, only descriptions)

· Collection by combining the content of the GPS Ephemeris, GPS UTC, and GPS constellation into an EPVT_EPH data block. This record is updated each time an updated ISP is received.

· Collection of the GPS PVT, azimuth, and elevation. 

· EPVT for the Swarm satellite

· Extraction of PVT of LEO, GDOP, data quality, data validity, and navigation solution method.

· Extraction of attitude data. Interpolation to the time of the 

navigational solution (§6.1.3)

4.    Extraction of tracked SCIDs and tracking state from the auxiliary ISP.

· Temperature smoothing (§6.2.2.1)

· Code and carrier range data

5. Demodulation of the residual IF on L1 and L2 (§6.2.3.1)

· Code transmission time (§6.2.3.2, referring to §6.5.2 and §6.5.3)

· Pseudo Range (§6.2.3.3 with inputs from the output of algorithm of §6.2.3.2 and §6.1.2)

· Carrier smoothing (§6.2.3.4) 
6. Next step is the Instrument Characterization Data Base (ICDB) corrections, Section 5.3. The ICDB corrections comprise characteristics of the amplitude, C/No, phase, and group delay for both the GPS receiver and antenna. The data will be found in the CCDB and serve as input. The steps are
· Characteristics are tabulated against azimuth and elevation for the GPS antenna and against temperature for the GPS receiver.

· Correction based on the characterized variations in the ICDB are performed on (§6.3.1 with references to algorithms in §6.5.4 and §6.5.5 which again refer to §6.5.6):

· Amplitude of L1 and L2 carriers

· C/No of L1 and L2 carriers


· Carrier range of L1 and L2

· Pseudoranges of CA, P1, and P2
7. The final step is the RINEX formatting, Section 5.4. The output from the former algorithms steps together with some of the ISP inputs are formatted into the well-defined RINEX 3.00 format. This formatting is not jet described by the GPSR supplier and will be included for the CDR (TBC).
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9.2 Orbit Determination

9.2.1 Introduction
The Medium Accurate Orbit Determination MOD shall run automatically in a “black-box” solution, and fed with the output data from the GPSR (RINEX Observation files), IGS’ GPS orbits, and the Earth orientation parameters. 

Because of the very high complexness of the parameter estimation of the orbit determination the algorithms are not trivial and are acquired after many years of experience. An existing “plug-and-play” orbit determination software does not exist. Two possibilities can be considered:

1. Perform some kind of smoothing or filtering of the already onboard navigational solution performed by the GPSR. These algorithms could be implemented in the L1b processor.
2. 
3. Using already developed orbit modeling software.
Filtering/Smoothing of Navigational Solution
GPS expert’s opinion is that filtering or smoothing of the navigational solution over an arc will achieve higher accuracy than 20m RMS. However, a problem will be to reach the accuracy of 1m RMS in all three directions. To smooth an orbit solution with accuracy of 20 RMS to 1m meter is a very challenging task, and perhaps not possible. By doing a smoothing the used algorithms can be included in the L1b processing and need no external and perhaps manual control. 



Existing POD Software

Several POD software packages exist and some has been considered in consultation with experienced POD experts to be sure to deliver an orbit determination in an automatic processing of 1m accuracy for the MOD or even a manual processing of 10 cm accuracy for the POD. After many consultations and investigations of some of the software-packages we have decided to choose the Bernese 5.0 software. By the use of Bernese, it is guaranteed that the ~1m RMS requirement of the MOD will be reached. Some disadvantages might be:
· It is a more or less commercial package, and has to be paid – Contractor B-license has to be obtained through the Leica Geosystems company

· According to a statement by M. Rothacher (GFZ) (formerly programmer of parts of the software) Bernese is not documented according to ESA software standards and the algorithms are only sparsely documented. 

· Primarily a GPS processing software and no commercial scripts for POD or MOD are available – hence Perl module scripts has to be written

· Highly sophisticated software that need experience to handle and set up

9.2.2 Input and Output Parameters
	Inputs

	Elements
	Description
	Unit
	Accuracy

	RINEX

Obser-

vation
	Header
	This part is roughly organized as mentioned in Section 7.1.2. This is stored only once per file.
	
	

	
	Data record
	This part is roughly organized as mentioned in Section 7.1.2. The data record is repeated N times for N satellites in view for each epoch. The record file will contain more epochs (TBC) specified in the header.
	
	

	STR output
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	Quaternion S/C attitude; output from the STR L1b processing (optional: Bernese may be run with or without attitude data)
	
	

	Exter
nal
Data
	sp3
	IGS GPS Satellite Ephemeris, minimum ‘rapid’ resolution is needed.
	
	<5cm

	
	clk
	IGS high rate GPS satellite clocks and corrections. Same resolution as sp3.
	s
	<1(s

	
	erp
	Earth rotation parameters, used for transformation between ITRF/ICRF. Same resolution as sp3.
	mas

mas/day
	<0.1mas

<0.2mas

/day

	
	SAT_YYYY.CRX
	GPS satellite problem file
	
	

	
	AUX
	Bernese auxiliary data e.g. leap seconds, phase center corrections, datum information, satellite information files.

	
	


	Outputs

	Elements
	Description
	Unit
	Range

	r_ITRF
	Position vector in ITRF system
	m
	~1m

	v_ITRF
	Velocity vector in ITRF system
	m/s
	~1cm/s


9.2.3 Bernese Software Orbit Determination Steps
In Figure 8‑2 the overall processing of both the MOD and the Final POD are sketched. Bernese is a Fortran based software invented by the Astronomical Institute at the University of Bern, Switzerland. The current Version 5.0 consists of a graphical user interface (GUI) with a front-end for automatization called the Bernese Processing Engine (BPE). It can be installed on UNIX/Linux or Windows platforms.
[image: image112.emf]
Figure 8‑2 The overall processing of the orbit determination, both for the MOD and the final POD.



Several different programs in Bernese have to be run in order to receive the final position and velocity of the orbit determination. The overall dataflow is show in Figure 8‑3. In the top the IGS GPS orbits and clock, the ERP, the RINEX observation files and some Bernese specific auxiliary data are show as input data. The rectangular boxes with hard edges shows the individual programs that are executed and the boxes with round corners are the output from the programs. The orbit determination is performed in three steps, indicated by three dashed boxes: 

1) the orbit part, where the GPS satellites orbits are estimated using a dynamical approach, 
2) the pre processing, where an a priori orbit are generated, 

3) the reduced-dynamic POD approach, where all the needed parameters are estimated and stochastic pulses from the GPS-estimated parameters are used as further input into the dynamic processing. 

The Preliminary Processing

In the preliminary processing flow the main task is to convert the input data to a format readable for the Bernese Software. 

The Orbit Part

The main task for the orbit part is to generate the GPS orbits. For this purpose the program ORBGEN which uses a dynamical process is used. Since this program is also used for the generation of a priori orbits and the final MOD orbit, the algorithmic background for this program is further described:
[image: image113.emf]
Figure 8‑3 The overall processing of the MOD with the Bernese Software.

4) 
5) 













ORBGEN
The ORBGEN program integrates numerically the equation of motion, which basically is the main equation for estimation of a position and d velocity of a satellite. Each GPS orbit (each arc of the orbit) is a solution of the equation of motion given by
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(8.2-10)

where G is the universal constant of gravitation, 
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is the perturbation accelerations,
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 the geocentric position vector of the satellite, 
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 is the first time derivative, 
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 its second time derivative of the satellite position, pi, i = 1,2,…,m which is the unknown dynamical parameters of the orbit, and si is any one of the six classical Keplerian elements that uniquely describe the satellite orbit.

The force model used within Bernese includes the Earth’s potential up to a selectable degree and order, the gravitational attractions of Sun and Moon as well as of the planets Jupiter, Venus, and Mars, the elastic Earth tidal corrections according to IERS 1996 conventions, pole tide, ocean tides, and general relativistic corrections. 

When determining an orbit (ORBGEN are used both for the final determination of the reduced-dynamic POD and for the orbit determination for the GPS orbits, see Figure 8‑3) first the six parameters defining the position and velocity at the initial epoch 
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of the arc has to be specified – these are called the inertial conditions. These are done in ORBGEN by use of the six osculating Keplerian orbital elements. The dynamical parameters used in Bernese are attributed into the radiation pressure model. The acceleration of the radiation pressure model, 
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where 
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is an a priori radiation pressure model, and
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where 
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 are the nine parameters of the radiation pressure model Bernese has to estimate, 
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are the three unit vectors 1) in the Sun direction, 2) along the spacecraft’s solar-panel axis assuming nominal satellite attitude, and 3) that completes a right-handed orthogonal system, and finally u is the argument of latitude at time t 
. The a priori model is known for the Block I and Block II GPS satellites, but not for Swarm. Using ORBGEN only for the LEO orbit determination, the 
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 term is set to zero.

Hence the minimum number of parameters to be estimated per arc is
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. However, this is only done in the dynamical process. In the reduced-dynamic approach, the orbit is additionally parameterized with so-called pseudo-stochastic parameters, characterizing instantaneous velocity changes at user-determined epochs in user-determined direction (typically all three directions). The attribute stochastic is justified because usually a priori weights (i.e., variances) are associated with these parameters. The attribute ‘pseudo’ is used because we are not allowing the orbits to adjust themselves continuously at every measurement epoch. 

For the solution of the dynamical equation ORBGEN has to compute the partial derivatives of the position and velocity vector with respect to all orbit parameters. Because of the perturbation acceleration term 
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no analytical solution can be found for the partial derivatives. Since for longer arcs an analytical approximation is not sufficient in all cases, all partials computed by ORBGEN are found using numerical integration method. The procedure is to derive one set of differential equations, called variational equations, and one set of initial conditions, for each parameter. Then the resulting initial value problem will be solved by numerical integration. 

If we write the dynamical equation as


[image: image130.wmf])

,...,

,

,

,

;

(

)

,...,

,

,

,

;

(

2

1

2

1

3

m

m

p

p

p

t

p

p

p

t

r

GM

r

r

f

r

r

f

r

r

&

r

r

r

&

r

r

r

r

&

&

r

=

+

-

=

d


(8.2-40)


then the variational equations can be derived by taking the derivative of the equation above with respect to the parameters, p. This gives the following initial value problem (variational equation and associated initial conditions):
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(8.2-60)
where it is assumed that there are no velocity-dependent forces. 
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for element i ,k and 
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is the explicit derivative of 
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with respect to the parameter p (equal to zero for osculating elements). The initial conditions are zero for the dynamical parameters.

In the orbit part, ORBGEN creates standard GPS orbits using a dynamical approach. These orbits serve as input to almost every program used in the further MOD processing.

The Pre Processing

In the pre processing the RINEX observation files are processed. Together with the processed GPS orbits and the Bernese internal auxiliary data, all these data serves as input in the pre processing for generation of good a priori LEO orbits. It will also be used for the final reduced dynamic MOD processing. The main programs in the pre processing are, CODSPP, ORBGEN, MAUPRP, and GPSEST. 

In the pre processing the GPS observations are used as input and in basically every program the GPS observation equations are used. Four basic GPS observation equations are currently used. Two for the code pseudo-ranges and two for the phase pseudo-ranges – each pseudo-range can use two frequencies F, both L1 and L2 with frequency 
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If the signal reception time (GPS time system) is called t and the reading of the receiver clock at signal reception is called
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, then the error of the receiver clock (with respect to GPS time) is given by
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Further we define the geometrical distance between GPS satellite i, at the emission time 
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with 
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 being the signal travel time from GPS satellite to receiver, c the velocity of light, 
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the position of the LEO satellite, and 
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the position of the i’th GPS satellite. 

Using the known codes modulated onto the GPS carriers, the receiver measures the pseudo-range
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with 
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being the error of the GPS satellite clocks at signal emission time
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 is called the pseudo-range because it is biased by satellite and receiver clock errors. Writing Eqn. (4) in terms of geometrical distance for each frequency the position of the LEO satellite can be introduced
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To achieve phase pseudo-ranges the GPS receiver measures the difference between two phases. The basic form of the observation equation is
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where 
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is the phase measurement (in cycles) at epoch t and frequency F, 
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is the phase generated by the receiver oscillator, 
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 is the phase of the carrier at emission time, and 
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is an unknown integer number of cycles, the so-called initial phase ambiguity. Using a Taylor series expansion of first order on the 
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 term and taken the receiver and GPS satellite clock errors into account, the phase observation equation can be written as
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By multiplying this equation by the wavelength
[image: image158.wmf]F
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, we receive the phase observation in meters
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(8.2-130)
The phase measurement and the code pseudo-ranges are affected by both systematic and random error. All relevant systematic errors should carefully be modeled in the used GPS software, but traditionally two of them are included in the observation equations, namely the tropospheric refraction 
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 and ionospheric refraction
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. Taken this into account, the four basic observation equations can be written as
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Due to the frequency dependence the ionospheric refraction, the L2 is written as the squared fraction between the two frequencies 
[image: image166.wmf]1
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 and
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. This is the four basic GPS observables that are also used in the Bernese software.

For LEO orbit modeling the tropospheric refraction is automatically disabled, since the received signal is out of the troposphere. To eliminate the ionospheric refraction one can take advantages of the dual frequencies the GPSR in Swarm delivers. It is possible to form a linear combination between the two frequencies called the Ionosphere-Free linear combination,
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, which is defined for the phase measurement as 
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The same is true for the corresponding combination of code measurements. By this linear combination the ionospheric refraction is canceled.
CODSPP

The main task of CODSPP is to compute the receiver clock corrections. The receiver clock error has to be known with accuracy better than 1(s. It would be possible to introduce the receiver clock error as unknown parameters during the final least-squares adjustment in program GPSEST, but this would increase the number of parameters considerably. Fortunately, it is possible to compute the clock correction, together with the coordinates of the LEO, a priori with sufficient accuracy (< 1(s) using code measurements. This procedure is called Single Point Positioning (SPP).

The linearised observation equation to compute the receiver clock correction and a priori position for every epoch in CODSPP is given by
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where 
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 the initial condition, 
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is the residual. The term, 
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, is the so-called observed minus computed pseudorange (O-C) and is calculated for each observation of an epoch introducing the GPS satellite orbits, GPS satellite clocks, and the a priori position of the LEO. Based on these O-C values the receiver clock correction and the positions for the LEO for this particular epoch is obtained by majority voting. After correcting the O-C values for all observations for the receiver clock corrections the residual are analyzed for outliers. If an observation of an epoch exceeds a specified threshold the current epoch is marked both in phase and code observations.
The above equation can be written in general terms of matrices and is solved with least squares adjustment. The coefficients of the equation are computed using the initial coordinate vector. The a priori coordinates may not be accurate enough or even not known and for that reason the equation are solved iteratively. Note also that the equation has four unknowns and can then only be solved with a minimum of four GPS satellites available for the particular epoch. If fewer that four satellites are available CODSPP (and also all further processing) cannot compute the SPP and clock correction and therefore this particular epoch will be deleted.
[image: image176.emf]
Figure 8‑4 The Pre Processing of the Bernese orbit determination.







ORBGEN 

The important output from this process here is the generation of the radiation pressure model for the LEO satellite. For this purpose the orbit integration has to be based on a recent gravity model (EIGEN2) including the Colombo parameters with a degree and order of minimum 70. The integration step has to be selected to 1 min in order to achieve the lowest RMS values. 

MAUPRP
The following tasks are accomplished by MAUPRP:
(1) Marking of observations due to the following reasons in order to exclude them from the preprocessing and the data analysis:

· observations at low satellite elevation,

· epochs with unpaired observations (L1 without L2 or vice versa),

· small pieces of observations.

(2) Perform a non-parametric screening to identify big outliers.

(3) Compute an epoch-difference solution as a reference for the cycle slip detection.

(4) Check all the observations and find the time intervals which are corrupted by cycle slips.

(5) If possible, repair the cycle slips. 
(6) Check for clock events.
The phase measurement of the GPS receiver yields a value between 0 and 1 cycle (0 and 2(). After turning on the receiver an integer counter is initialized. During tracking, the counter is incremented by one whenever the fractional phase changes from 2( to 0. Thus, for every epoch the accumulated phase is the sum of the directly measured fractional phase and the integer count. The initial integer number of cycles between the GPS satellite i and receiver k is unknown and has to be estimated (see observation equations). In case of 
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a cycle slip has occurred between time t1 and t2. MAUPRP uses n cycle slip detection and correction algorithm witch is as followed:

If we define the epoch-difference of the L1 residual as r1 and that for L2 as r2, it is written for two different GPS satellites as 


[image: image178.wmf]))

(

)

(

(

))

(

)

(

(

))

(

)

(

(

))

(

)

(

(

1

2

1

2

2

2

2

1

2

2

2

1

2

1

2

1

1

1

t

t

t

I

t

I

f

f

b

r

t

t

t

I

t

I

b

r

k

k

ij

k

ij

k

k

k

ij

k

ij

k

d

d

l

d

d

l

-

+

-

+

=

-

+

-

+

=

,

(8.2-180)


where the values b1 and b2 are integers used to test whether a no-cycle slip hypothesis (
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) holds. The residual in L3 linear combination is computed as
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One of the two conditions in the no-cycle slip conditions are then
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where the factor g is 
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caused by the growth in standard derivation by a factor 
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by forming every difference (two satellites and two epochs). 
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is the a priori RMS error of the zero difference observable. The other no-cycle slip condition is linked to the ionospheric refraction behavior. If the mean value m fulfills 
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where 
[image: image187.wmf]ion

M

is the maximum ionospheric change from epoch to epoch (specified by the user of MAUPRP), and the condition in Eqn. (8.2-210) hold, then the no-cycle slip hypothesis is accepted as true.

In the opposite case a search over the values b1 and b2 is performed. All combinations of
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are formed. INT is the nearest integer and the search ranges 
[image: image190.wmf]2
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has to be specified by the user. If one combination meets the no-cycle slip hypothesis, this pair is assumed to be the cycle slip correction. If no combination is found a new ambiguity parameter should be introduced in the parameter estimation program GPSEST. To many ambiguity parameters (and few GPS satellite observation per epoch) would result in large RMS errors in the other parameter estimated. 

In the non-parameters screening of phase observation high-rate precise GPS clocks correction are essential needed. Also due to the rapidly changing GPS satellite geometry as seen by the LEO several time interval criterions have to be reduced. The screening may be iterated when an improved a priori orbit gets available in the final pre-processing. 

GPSEST
GPSEST is the main estimation program for the adjustment of the model parameters. It sets up the linearized observation equations in the Gauss-Markoff Model of full rank and solves the normal equations using Least-Squares Estimation. Since the observation equations are linearized by a Taylor series expansion around 0, the use of good a priori positions are essential to adapt a globally extremum and not a local. 

Table 8‑1 summarizes the adjustable parameters implemented in GPSEST relevant for processing a LEO orbit. The parameterization as a function of time has three different forms: A) A parameters may be constant over the entire computed arc. This may be the case for ex. antenna offset or patterns. B) A parameter may be represented as a pies-wise linear function in time. This is the case for e.g. the ionosphere parameters and the radiation pressure parameters. C) A parameters may be valid for a single observation epoch only. This is the case for most of the main relevant parameters for a LEO determination, e.g. coordinates, ambiguity resolution after a cycle slip, the stochastic orbit parameters etc. 

The constant parameter are either set by the user or estimated once at the beginning of the arc. The piece-wise linear parameter functions in the time interval between t1 and t2 are parameterized either by the values in time t1 and t2 (two biases) or by the function in t1 and its time derivative (bias and tilt terms) at equidistant nodal points. The parameter spacing can be defined by the user. Epoch parameters are set up for each epoch. Due to their large number it is generally necessary to pre-eliminate them epoch wise e.g. in CODSPP or MAUPRP. This is possible because epoch-parameters, by definition, are not directly correlated – physical correlations are neglected. Due to the large number of coordinate parameters including other epoch parameter, a back-substitution step is necessary to resolve the parameters with the smallest RMS possible. These is done by solving the normal equations for the parameters, but not for the coordinates, and insert them back into the observation equation which then are successively solved for each epoch. 
In the use of GPSEST in the pre-processing the main relevant estimated parameters are the epoch specific coordinates, the phase ambiguities and the stochastic ionospheric parameters. If, however, some of the pre-estimated parameters not are well estimated, these may also go into the parameter estimation. But the use of the pseudo-stochastic parameters shall not be introduced in this step. To keep the generation of the a priori orbit as dynamical as possible, the stochastic pulses are first introduced in the reduced-dynamic processing step. 15 min pulses may, however, been used if the RMS of the a priori orbit is worse than some meters.

	Parameter
	Description

	Epoch specific coordinates
	Estimation of the position of the LEO assigned to each epoch.

	Phase Ambiguities
	One initial phase ambiguity parameter has to be assigned for each continued data-locked satellite. Also if a cycle slip occurs that MAUPRP could not repair a new ambiguity parameter is introduced. Resolved ambiguities may be introduced in subsequent program runs.

	Stochastic ionospheric pa-rameters
	Epoch- and satellite-specific ionosphere parameters may be introduced, together with a priori weights, to support ambiguity resolution.

	Radiation pressure para-meters
	A total of nine parameters per arc may be introduced, three in each of the three orthogonal directions. Constant and periodic once-per-revolution terms may be introduced.

	Pseudo-Stochastic Orbit Parameters
	Velocity changes in pre-determined directions at user defined epochs may be introduced. Up to three directions, radial, along-track and out-of-plane, may by defined per epoch. 

	Receiver clock corrections 
	Estimation using code and phase information if for some reason the CODSPP estimates are not good or not estimated.

	Receiver antenna phase center variations
	Antenna phase center variations may be modeled using different techniques. Model parameters may be determined.


Table 8‑1 Parameter types implemented in GPSEST, relevant for LEO orbit determination.


ORBGEN 
In the last step of the pre-processing ORBGEN reads the orbit parameters element file written by GPSEST and updates the standard orbit by numerically integration. It is essential that the orbit models used for the generation of the a priori orbit and for updating of the orbit are identical. 

In order to an additional a priori orbit improvement, the last three steps in the pre-processing (MAUPRP -> GPSEST -> ORBGEN) have to be iterated 2-3 times. Some of the constrains and rejection criterions in MAUPRP and GPSEST may slightly by sharpen in order to archive the smallest RMS value on the a priori orbit. The importance of a very reliable a priori orbit, an effective data editing, and orbit adjustment was also a main conclusion in formatting the MOD on CHAMP. This is exactly the task of this iterative step-wise approach in the per-processing by Bernese. 

The Reduced-Dynamic Processing

The final step in the orbit determination of the LEO satellite is the reduced-dynamic processing step. Due to the dynamical model implementation in ORBGEN (which is not optimized for LEO’s) it is generally preferable to estimate the orbit using the reduced-dynamic approach and not a kinematic approach. However, a kinematic solution is possible using GPSEST for a kinematic point positioning and hereafter the KINPRE to convert the output into a precise orbit file, but some dynamics will be introduced since the a priori orbit (which also is essential for a good kinematic approach) is generated by the use of dynamic parameters.

Essential the reduced-dynamic orbit determination is an orbit improvement process where orbital parameters are refined using observations. This is done by ORBGEN and GPSEST and involves three steps

1) Preparation of a priori orbit information:

A priori orbit as well as the partial derivatives of the orbit positions with respect to the parameters to be estimated are generated with program ORBGEN by numerical integration of the equations of motion and of the variational equations. The information is written to a standard orbit and a radiation pressure file.
2) Estimation of improvements for orbit parameters:

Program GPSEST reads the a priori orbit and the derivatives from these two files, builds up the normal equations in a loop over all observations, and solves the equation system to obtain the parameter improvements. The improved orbital parameters are written to an element file referring to the start epoch of the a priori orbit (osculation epoch).
3) Update of orbit:

ORBGEN reads the element file written by GPSEST and integrates the orbit numerically based on the improved orbit parameters. The output is a standard orbit for a specified time interval.
The input data from to the reduced-dynamic processing is the RINEX observation files, the ERP data, Bernese internal auxiliary data, the processed GPS orbits from the Orbit Pert, and the a priori Leo orbit from the Pre Processing part. 



ORBGEN 
The same procedure has to be followed as in the pre processing. Not only the equations of motion but also the so-called variational equations, which are the derivatives of satellite positions with respect to orbit parameters, have to be integrated numerically for orbit improvement. The integration process writes the polynomial coefficients for the satellite, each component, and each integration subinterval into the standard orbit file and those for all the partials into a radiation pressure file. 

[image: image191.emf]
Figure 8‑5 The Reduced-Dynamic approach in the orbit determination.

GPSEST
The actual orbit improvement has to be set up in program GPSEST. It is recommended using data spans shorter than one day. The main difference in this run of GPSEST compared with that of the pre processing is the use of the pseudo-stochastic orbit parameters pulses. They have to be set up for all three directions: radial, along-track, and out-of-plane. It is recommended for LEO POD to use around 6 min pulses in all three directions. If, however, the RMS in some of the directions, radial for instance, is remarkable worse, higher pulses frequencies may be added additional in the radial direction. It is important that the stochastic pulses epoch have to coincide with the integration interval boundary in ORBGEN. 



9.3 Accelerometer – ACC
9.3.1 Introduction
The Level 1b (L1b) processing of the ACC is not complete since the missing of inputs and documents from the ACC-supplier. This outline is only a possible approach for the L1b processing and therefore some elements are missing.
9.3.2 Input and Output Parameters

	Inputs

	Element
	Description
	Unit
	Accuracy

	L

e

v

e

l

0
	ACC_trans0
	Acceleration in translation
	rad/s2
	

	
	ACC_rot0
	Acceleration in rotation
	rad/s2
	

	
	r_trans
	Position of translation
	m
	

	
	r_rot
	Position of rotation
	m
	

	
	HK
	Housekeeping data e.g.:

 - Voltage

 - Temperature
	V

K/C
	

	
	MODE
	Instrument Mode
	
	

	
	FLAG
	Status Flags
	
	

	
	pCGS
	Cold gas system pressure
	Pa
	

	
	TCGS
	Cold gas system temperature
	K/C
	

	
	STATUS
	States of disturbing sources (e.g. to determine thruster firing period, magnetic torquer operation, heater switching)
	
	

	
	TBD
	
	
	

	C

C

D

B
	A

C

C

	r
	Position of ACC sensor in S/C frame
	m
	

	
	
	q
	Transformation of S/C to ACC sensor
	
	

	
	
	ACC_Delay
	ACC delay between measurement time and time stamp
	s
	

	
	
	aij
	conversion parameters, depending on temperatures and potential phase delays to be considered for the temperatures
	
	

	
	
	bias0
	A priori bias of ACC
	m/s2
	

	
	
	scale0
	A priori scale of ACC
	
	

	
	
	bias0_tab

scale0_tab
	Bias Scale look-up tables, depending on time, generated during in-flight calibration, in case of acc calibration not being covered by Level 2 Proc.
	m/s2
	

	
	
	bias_att
	Bias of attitude of acc measurement frame w.r.t. CSTRF
	
	

	
	
	P_offset
	Input parameters of model to predict offset r´ of ACC center of proof mass w.r.t. CoG
	
	

	
	
	P_mass
	Input parameters to calculate mass of satellite
	
	

	
	
	P_RP
	Input parameters for radiation pressure available from CCDB and/or external files (solar and earth albedo (depending on TBD), look-up table for unit force depending on azimuth (0 º,.., 360º) and elevation  (-90º,…,90º)
	
	

	
	
	Uplift
	Look-up table for atmospheric uplift depending on altitude
	
	

	
	
	N_invalid
	Number of neighbouring measurements to be removed in case of invalid measurements
	
	

	
	
	Limits
	Structure holding limits for outlier detection and/or rejection
	
	

	
	
	GME
	Earth’s gravitational constant 

(=3.986005 1014 m3/s2)
	m3/s2
	

	
	
	rICRF
	Position of origin of spacecraft frame in ICRF
	m
	

	
	
	qCRF-ICRF
	attitude quaternion
	
	

	
	
	
[image: image192.wmf]q

&

CRF-ICRF
	time derivative of qCRF-ICRF
	
	

	
	
	rSun
	direction of incidence of radiation, i.e. azimuth (λ) and elevation (φ) in the spacecraft frame for sun and for Earth
	
	

	
	TBD
	 
	
	


	Outputs

	Element
	Description
	Unit
	

	ACC_trans1b
	Acceleration of translation in spacecraft frame 
	m/ss
	

	ACC_rot1b
	Acceleration of rotation in spacecraft frame
	m/ss
	

	AUX
	Auxiliary information e.g. :

 - position

 - voltages

 - temperature
	m

V

K/C
	

	
	The non-gravitational and disturbance accelerations (centrifugal acceleration, radiation pressure (solar and earth albedo), atmospheric uplift, etc)
	m/ss
	

	FLAG
	Flags reporting on state of S/C and instrument during measurement, e.g. flagging of disturbing sources
	
	

	TBD
	
	
	


9.3.3 ACC Algorithms

The possible overall ACC processing is sketched in Figure 8‑6 The possible ACC data processing. In the nominal chain the level 0 data are processed to L1b using the values as given by the current version of the characterisation and calibration database (CCDB).

The POD/ACC calibration is executed in the Level 2 data processing. This calibration may lead to an update of the CCDB.
The first step is the conversion of the level 0 raw data to level 1a data, comprising the acceleration vector (linear and rotational components) in ACC frame. The level 1a data shall (optionally, i.e. user selectable) be stored as level 1a product. The conversion to level 1a data includes the following task:
· Identification and flagging of erroneous/missing packets
· Extract ACC status information (to be part of level 1a and level 1b product)
· Calculation of time related to the measurement
· Conversion of temperatures to physical units
· Conversion of remaining level 0 raw data to physical units
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(8.3-10)
The conversion parameters have to be adapted for the temperature at the time related to the measurement corrected for a potential phase delay (e.g. interpolation of related look-up tables). 

The conversion includes 

· Conversion of acceleration measurements (linear and rotational) to physical units in the following referenced as
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Conversion of Position (linear and angular) to physical units
Conversion of remaining housekeeping data to physical units
· Determine satellite events with possible impact on ACC measurements (e.g. thruster firing, magnetic torquer operation, heater switching) and flag the ACC measurements accordingly in the level 1a and level 1b products
· 



· 
The second step, the conversion to level 1b, covers the following tasks

· Remove data flagged as invalid and N neighboring measurements (there may be 6 (TBC) different types of validity, e.g. v1: thruster firing, v2: heater switching, etc. N_invalid should be configurable, separately for v1, v2, etc.)
· Identify and mark outliers (e.g. perform polynomial interpolation for spike and outlier detection)
· Resample data at UTC seconds (including data compression from 1 Hz to 0.1 Hz (TBC) and filling of small data gaps)

· Determine quality information 

· Rotate linear and rotational acceleration data from ACC frame to spacecraft reference frame
· Calculate bias due to centrifugal acceleration, for background information ref [AD13]. 

· Calculate the centre of mass in the spacecraft frame 
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(8.3-20)
The function F and the contributing characterisation parameters are TBD.

· Calculate deviation from centre of mass
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(8.3-30)
· Calculate the angular velocity
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(8.3-40)
· Calculate centrifugal acceleration
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(8.3-50)
· Calculate bias due to gravity gradient
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(8.3-60)
· Calculate acceleration vector due to radiation pressure for solar and for earth albedo. This means the following needs to be executed twice. 

· Determine the "unit" force for direction of incidence of radiation
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(8.3-70)
The function F (e.g. interpolation for λ and φ) and the contributing characterisation parameters are TBD. 

· Calculate the radiation pressure

p = F(t,<solar or earth albedo parameter>)


(8.3-80)
The function F (e.g. interpolation in look up table for t) and the contributing parameters are TBD.

· Calculate the mass of the spacecraft
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(8.3-90) 
The function F and the contributing characterisation parameters are TBD.

· Calculate acceleration vector due to radiation pressure


[image: image203.wmf]unit

x

p

m

p

a

r

r

×

=






(8.3-100)
X = solar or earth

· Calculate acceleration vector due to atmospheric uplift
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(8.3-105)
Where 
[image: image206.wmf]uplift
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· Apply scale and bias look-up table to acceleration measurements (linear and rotational)
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(8.3-110)
Where the scale factors and biases shall be calculated by interpolation of the related look-up tables for the time of the measurement.

· Correct for non-gravitational and disturbance accelerations
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(8.3-120)
It shall be possible to switch off each of the corrections in equation (120), This shall be user configurable via l1b processor configuration parameters.
· 
· 
· 
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Figure 8‑6 The possible ACC data processing.
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Figure 8‑7 Knowledge of offset 
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9.4 ICRF/ITRF Coordinate Transformation

9.4.1 Introduction

The International Celestial References Frame (ICRF) is a realization of the International Celestial References System through observed extragalactic positions on the sky. The origin of the system coincide with the geocenter of the Earth, the Z-axis points towards the north pole, the X-axis towards the First Point of Aries (Equinox), and the Y-axis complete the right hand system. It is defined at the standard epoch denoted by J2000.0.

The realization of the International Terrestrial Reference System is the International Terrestrial Reference Frame (ITRF). It is formed by a number of terrestrial sites where temporal effects (plate tectonics, tidal effects etc.) are also taken into account. In a Cartesian coordinate system, the centre is in the geocenter, the Z-axis coincides with the rotational axis of the Earth, the X-axis points towards the mean Greenwich meridian, and again the Y-axis completes the right hand system. If geographical coordinates (ellipsoidal latitude, longitude, and height) are required instead of Cartesian, the World Geodetic System 1984 (WGS84) is used, which is an Earth-centered, Earth-fixed Cartesian system with a defined reference ellipsoid.
9.4.2 Input and Output Parameters

	Inputs

	Element
	Description
	Unit
	Accuracy

	r_ITRF
	Vector of position in the ITRF system.
	m
	any

	t_input
	Time of the observation.
	GPS
	

	erp
	Earth rotation parameters, e.g. from the IGS. The accuracy of the Ultra-rapid is sufficient enough, but since the Bernese SW need the minimum of the rapid-product, it could be convenient to use the same erp. 
	mas

mas/day
	<0.3mas

<0.5mas

/day


	Outputs

	Element
	Description
	Unit
	Accuracy

	r_ICRF
	Vector of position in the ICRF system.
	m
	~same as input


9.4.3 Algorithm Processing
The transformation between ICTF and ITRF is performed by means of rotations. For an arbitrary vector r, the transformation between the two frames is given by
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(8.4-10)
where

Q is nutation, precession, and frame bias matrix

R is global apparent Sidereal time rotation matrix

W is polar motion matrix.

The component of the three matrices of the coordinate transformation has been summarized in the International Earth Rotation and Reference System Service (IERS) Conventions 2003 [RD4]. A resolution of the International Astronomical Union (IAU) 2000 recommends that, beginning on 1 January 2003, the IAU 1976 Precession Model and IAU 1980 Theory of Nutation be replaced by the precession-nutation model IAU 2000. Two different models exists: the IAU 2000A model with a element accuracy of 0.2 mas level and a shorter and computational more efficient version IAU 2000B model with accuracies at the 1 mas level. For Swarm the IAU 2000B model will be sufficient and used in the following description.
Fortran77 routines that implement the IAU 2000 transformations are provided on the IERS Conventions web page [RD9]. The main routines, its functions and input output argument used for the ICRF/ITRF transformation is listed in Table 8‑2.  The routines are to a large extent self-contained with detailed comments in the code and uses utility routines from the IAU Standards of Fundamental Astronomy software collection, which can be found at [RD9] together with its documentation of the software.
The polar motion matrix, W, is expressed in terms of three rotation matrices, where R1, R2, and R3 denote rotation matrices with positive angle about the axes 1, 2, and 3 of the coordinate frame. It is given by
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(8.4-20)
where xp and yp being the polar coordinates of the Celestial Intermediate Pole (CIP) in the Terrestrial Reference System (TRS) and s´ being a quantity which provides the position of the Terrestrial Ephemeris Origin (TEO) on the equator of the CIP corresponding to the kinematical definition of the non-rotating origin (NRO) in the ITRS when CIP is moving with respect to the ITRS due to polar motion. The expression of s´ as a function of the coordinates xp and yp is
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(8.4-30)
where the dot over the polar coordinates indicates the time derivative. The s´ is derived by the subroutine SP2000, using the Terrestrial Time (TT), calculated in Julian Day as input. The correlation between TT in JD and GPS time in JD is given as
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(8.4-40)

The polar motion matrix is computed by the subroutine POM2000 using the s´ and the polar coordinates as input. The polar coordinates are read from the erp-tabular files, defined as external auxiliary input data and listed in the input parameters in Section 8.4.2.
For the Global Apparent Sidereal Time rotation matrix, this is given by
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(8.4-50)

where ( being the Earth Rotation Angle between the Celestial Ephemeris Origin (CEO) and the TEO at date t on the equator of the CIP – also called for GAST. The GAST is derived by the subroutine GST2000 with input of TT, Universal Time (UT1) in Julian Days, and nutation of longitude. The nutation of longitude is estimated by the subroutine NU2000B, where the precession-nutation model IAU 2000B is taken into account. For computation of the UT1 time the difference between UT1 and UTC, (UT1, time is needed. This is also distributed in the erp-tabular file together with the polar coordinates. The relation is

JDUT1 = JDUTC + (UT1.

(8.4-60)
	Main Subroutine
	Function
	Inputs
	Outputs

	SP2000
	Calculates the quantity s´.
	DATE1, DATE2:
 - TT (Terrestrial Time) date
NOTE. For Julian Day (JD):                           JD = DATE1+DATE2
	s_mark:
 - The quantity s´

	POM2000
	Form polar motion matrix
	Xp, Yp:
 - Coordinates of the pole

SP:

 - The quantity s´
	W:
 - The 3x3 polar motion matrix

	NU2000B
	Compute the nuta-tion angle on longi-tude and obliquity, according to the IAU2000B theory
	DATE1, DATE2:
 - Same as for SP2000
	Dpsi:
 - Nutation in longitude
Deps:
 - Nutation in obliquity

	CBPN2000
	Compute the classical bias-precession-nutation matrix
	DATE1, DATE2:
 - Same as for SP2000
Dpsi, Deps:
 - Nutation in longitude and obliquity
	Q:
 - The 3x3 bias-precession-nutation matrix

	GST2000
	Compute the Greenwich Apparent Sidereal Time
	UTA, UTB:
 - Universal time UT1 date

DATE1, DATE2:

 - Same as for SP2000
Dpsi:

 - Nutation in longitude
NOTE. Similar to TT:

JD = UTA + UTB
	GAST:
 - The Greenwich Apparent Sidereal Time

	T2C2000
	Compute the rotation matrix between ITRF and ICRF
	W:

 - The 3x3 polar motion matrix
GAST:

 - The Greenwich Apparent Sidereal Time
Q:

 - The 3x3 bias-precession-nutation matrix
	R_T2C:

 - The 3x3 rotation matrix between ITRF and ICRF


Table 8‑2 The main routines from the IERS Conventions webpage for the ITRF to ICRF transformation.
The nutation, precession, and frame bias matrix is given as
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(8.4-70)
where s being a quantity which provides the position of the CEO on the equator of the CIP corresponding to the kinematical definition of the NRO in the Geocentric Celestial Reference System(GCRF) when the CIP is moving with respect to the GCRS, between the reference epoch and the epoch t due to the precession and nutation. X and Y is the coordinates of the CIP in the Celestial Reference System given by
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which also defines the quantities d and E. a of Eq. (8.4-70) is given as 
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The quantities of the elements of the Q matrix are calculated in the subroutine CBPN, which uses the TT and nutation in longitude and obliquity. The nutation in longitude and obliquity is estimated in the subroutine of NU2000B, like for the computation of the nutation, precession, and frame bias matrix. 
The subroutine T2C2000 computes the rotation matrix between ITRF and ICRF.



































































� EMBED Equation.3  ���


































































































� All Swarm specific auxiliary data files to be delivered by DNSC, all other auxiliary data files are included in Bernese distribution. GPSUTC file must be updated in case of future introduction of leap seconds. 


� u is the sum of the two Kepler elements: the mean anomaly, M, and the argument of the orbits perigee, (, for a nominal satellite attitude. 
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