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Document Change Record
Issue/Revision Date DCN No. Section Change information

Draft F 23/7/99 All Addressed CGSRR RIDs

Issue 3, Draft A 15/11/00 DCN.SYS.DCN.024 All Document rewritten

Issue 4, Rev 0 1/6/01 DCN.SYS.DCN.024 List of Mathematical symbols
added

Section 1.8 AD9 and AD10 changed to
RD12 and RD13, respectively

Section 1.8 AD11 removed

Section 1.9 Added RD 11

Section 2.1 Instrument mode description
added

Section 3.1.1 Level 0 processing description
updated

Section 3.1.2 Level 1a processing description
updated

Section 3.1.3 Level 1b processing description
updated

Section 3.1.4 Section added

Section 4.1 Requirements GRAS-Sec.4.1-
10, GRAS-Sec.4.1-50, and
GRAS-Sec.4.1-60 modified

Requirements GRAS-Sec.4.1-
110, GRAS-Sec.4.1-120,
GRAS-Sec.4.1-130, GRAS-
Sec.4.1-140, GRAS-Sec.4.1-
150, GRAS-Sec.4.1-160 added
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Requirement GRAS-Sec.4.1-
170 added

Section 4.2 Requirement GRAS-Sec.4.2-30
removed

Requirements GRAS-Sec.4.2-
50 to GRAS-Sec.4.2-170
removed

Section 4.3 Requirements GRAS-Sec.4.3-
40, GRAS-Sec.4.3-50, GRAS-
Sec.4.3-60, GRAS-Sec.4.3-90,
GRAS-Sec.4.3-100, GRAS-
Sec.4.3-120, GRAS-Sec.4.3-
160, GRAS-Sec.4.3-170,
GRAS-Sec.4.3-140 and GRAS-
Sec.4.3-150 removed

Requirement GRAS-Sec.4.3-5,
GRAS-Sec.4.3-75, GRAS-
Sec.4.3-77, and GRAS-Sec.4.3-
220 added

Requirements GRAS-Sec.4.3-
230 to 4.3-340 added

Requirements GRAS-Sec.4.3-
10, GRAS-Sec.4.3-30, GRAS-
Sec.4.3-110, GRAS-Sec.4.3-
130, GRAS-Sec.4.3-180,
GRAS-Sec.4.3-190, and GRAS-
Sec.4.3-210 modified

Section 4.4 Requirements GRAS-Sec.4.4-
105, GRAS-Sec.4.4-322,
GRAS-Sec.4.4-325, GRAS-
Sec.4.4-365, GRAS-Sec.4.4-
420, GRAS-Sec.4.4-430,
GRAS-Sec.4.4-440, GRAS-
Sec.4.4-450, GRAS-Sec.4.4-
460, and GRAS-Sec.4.4-470
added
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Requirements GRAS-Sec.4.4-
110, GRAS-Sec.4.4-140,
GRAS-Sec.4.4-160, GRAS-
Sec.4.4-190, GRAS-Sec.4.4-
200, GRAS-Sec.4.4-210,
GRAS-Sec.4.4-220, and GRAS-
Sec.4.4-230 removed

Requirements GRAS-Sec.4.4-
80, GRAS-Sec.4.4-180,
GRAS-Sec.4.4-230, GRAS-
Sec.4.4-240, GRAS-Sec.4.4-
310, GRAS-Sec.4.4-330,
GRAS-Sec.4.4-360, GRAS-
Sec.4.4-380, GRAS-Sec.4.4-
390, GRAS-Sec.4.4-400, and
GRAS-Sec.4.4-410 modified

Section 4.5 Section added

Section 4.6 Section added

Section 6.1 Section has been updated

Section 6.2.1 Section added and the old Sec-
tion 6.1.1 has been included into

the new section

Section 6.2.2 Section name changed and con-
tents updated to include only lin-

ear interpolation algorithm

Section 6.2.3 Section added

Section 6.3 Section added

Section 6.5.1 Section structure has been mod-
ified

Section 6.4 Clarification of the Level 0 pro-
cessing added

Section 6.5 Section restructured
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Section 6.5.11 Added a reference to RD 4

Section 6.5.1.3 Added a reference to RD 11

Section 6.5.2 Section added

Section 6.5.3 Section modified to support
measurement correction in the

IMT time frame

Section 6.5.3.2 Description of the incidence an-

gle algorithm added

Section 6.6.1 Section added

Section 6.4.7 Section removed

Section 6.5.4 Section changed to 6.6.3.1

Section 6.5.8 Section moved to 6.6.4.5

Section 6.6 Section restructured

Section 6.6.2 Section added

Section 6.6.3 Section added with functional-
ity from old Sections 6.5.4, and

6.5.5 included

Section 6.6.4 Section added with sections
6.5.6, 6.5.8, 6.5.9, 6.5.10, and
6.5.11 included into this section

for GO processing

Section 6.6.3.5 Section updated

Section 6.6.5 Section added with old Section
6.5.7 included into the new sec-
tion
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Section 6.6.6 Section added with old sections
6.5.12, and 6.5.13 included

Section 6.6.6.2 Section added

Section 6.6.6.4 Section added

Section 6.7 Section deleted

Issue 5 15/1/02 Section
6.5.3.1

Section Unit transformations re-
moved

Section 6.3.3.1 Section Unit transformation has
been removed

Section 6.3.3.2 Section updated

Section 6.3.3.3 Section updated

Section 6.3.3.4 Section updated

Section 6.3.3.5 Section updated

Section 6.5.3.7 Section Satellite attitude correc-
tion removed

Section 6.6.4 Section added

Section 6.5.3.7 Section Satellite attitude correc-
tion has been removed

Section 6.6 Section updated and moved (In
Issue 4 this section was Section
6.2)

Section 6.7 Section moved (In Issue 4 this
section was Section 6.3)

Issue 6 15/1/02 Section 1.3 Section updated

Section 1.6 AD5 removed, AD10 and AD11
added

Section 1.7 RD4, and RD11 removed, RD16
- RD20 added

Section 2 Section updated
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Section 3 Figures 3.1 - 3.4 updated

Section 4.1 Section updated

Section 4.3 Section updated

Section 4.4 Section updated

Section 4.5 Section updated

Section 4.6 Section updated

Section 5.1 Section updated to contain full,
concise description of the GRAS
level 1 data processing

Section 5.3 Section updated

Section 5.4 Section updated

Section 5.6 Section updated to include de-
tailed descriptions fiducial sta-
tion incidence angle determina-
tion, atmosphere models, filter-
ing functions, and pseudorange
calculation for C/A and P code

Section 5.7 Section updated

Issue 6 Rev 1 15/6/02 EUM.EPS.SYS.DCR.02.113 Section 1.7 New reference document
RD21 added

Section 2.2.1 Section updated

Section 3 Sections 3.2 and 3.3 added

Section 4.1 Requirements GRAS-Sec.4.1-
10, GRAS-Sec.4.1-20, GRAS-
Sec.4.1-40, GRAS-Sec.4.1-50,
GRAS-Sec.4.1-60, GRAS-
Sec.4.1-100, GRAS-Sec.4.1-
110 modified

Section 4.1 Requirements GRAS-Sec.4.1-
85, GRAS-Sec.4.1-87, GRAS-
Sec.4.1-200 added
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Section 4.3 Requirements GRAS-Sec.4.3-5,
GRAS-Sec.4.3-30, GRAS-
Sec.4.3-75, GRAS-Sec.4.3-135,
GRAS-Sec.4.3-250, GRAS-
Sec.4.3-340 modified

Section 4.3 Requirements GRAS-Sec.4.3-
10, GRAS-Sec.4.3-80, GRAS-
Sec.4.3-110, GRAS-Sec.4.3-
180, GRAS-Sec.4.3-190,
GRAS-Sec.4.3-200, GRAS-
Sec.4.3-210, GRAS-Sec.4.3-
220, GRAS-Sec.4.3-280,
GRAS-Sec.4.3-290, GRAS-
Sec.4.3-300, GRAS-Sec.4.3-
310 removed

Section 4.4 Requirements GRAS-Sec.4.4-
90, GRAS-Sec.4.4-260,
GRAS-Sec.4.4-270, GRAS-
Sec.4.4-322, GRAS-Sec.4.4-
450, GRAS-Sec.4.4-460,
GRAS-Sec.4.4-470 modified

Section 4.4 Requirements GRAS-Sec.4.4-
120, GRAS-Sec.4.4-130,
GRAS-Sec.4.4-150, GRAS-
Sec.4.4-170, GRAS-Sec.4.4-
240, GRAS-Sec.4.4-250,
GRAS-Sec.4.4-280, GRAS-
Sec.4.4-290, GRAS-Sec.4.4-
300, 320, GRAS-Sec.4.4-330,
GRAS-Sec.4.4-340, GRAS-
Sec.4.4-350, GRAS-Sec.4.4-
360, GRAS-Sec.4.4-365,
GRAS-Sec.4.4-370, GRAS-
Sec.4.4-380, GRAS-Sec.4.4-
390, GRAS-Sec.4.4-400,
GRAS-Sec.4.4-410, GRAS-
Sec.4.4-430 removed

Section 4.4 Requirement GRAS-Sec.4.4-
323 added

Section 4.5 Requirement GRAS-Sec.4.5-40
modified
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Section 4.6 Requirement GRAS-Sec.4.6-10,
GRAS-Sec.4.6-40, GRAS-
Sec.4.6-90, GRAS-Sec.4.6-100,
GRAS-Sec.4.6-140, 160,
GRAS-Sec.4.6-170, GRAS-
Sec.4.6-190, GRAS-Sec.4.6-
290, GRAS-Sec.4.6-300,
GRAS-Sec.4.6-310, GRAS-
Sec.4.6-320, GRAS-Sec.4.6-
340, GRAS-Sec.4.6-350,
GRAS-Sec.4.6-390, GRAS-
Sec.4.6-410 modified

Section 4.6 Requirement GRAS-Sec.4.6-20,
GRAS-Sec.4.6-80, GRAS-
Sec.4.6-110, GRAS-Sec.4.6-
120, GRAS-Sec.4.6-200,
GRAS-Sec.4.6-210, GRAS-
Sec.4.6-220, GRAS-Sec.4.6-
230, GRAS-Sec.4.6-240,
GRAS-Sec.4.6-250, GRAS-
Sec.4.6-260, GRAS-Sec.4.6-
270, GRAS-Sec.4.6-280,
GRAS-Sec.4.6-370, GRAS-
Sec.4.6-400 removed

Section 4.6 Requirement GRAS-Sec.4.6-
342, GRAS-Sec.4.6-345,
GRAS-Sec.4.6-420 added

Section 5 Old section 5 split into Section
5 Mathematical Formulation of
the Algorithm and new section
6: Referece Functions

Section 5.1 Section updated

Section 5.2 Section updated

Section 5.3 Section updated

Section 5.4 Section updated

Section 6.1 Section updated

Section 6.2 Section updated
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Section 6.3 Section updated

Section 6.4 Section updated

Issue 6 Rev 2 21/3/03 EUM.EPS.SYS.DCR.03.075 The list of mathematical sym-
bols has been updated.

Section 1.4 The list of definions has been up-
dated.

Section 1.6 AD6, AD12, AD13, and AD14
have been removed. Reference
numbers of AD7 and AD8 have
been corrected.

Section 1.7 RD13 has been removed.

Section 3.1.2 Description has been updated to
show that pseudorange genera-
tion is not part of level 1a pro-
cessing.

Section 3.1.3 Smoothing of the level 1b prod-
ucts has been removed from the
description. Radio Holographic
has been replaced by Wave Op-
tics (WO).

Section 3.2 References to the use of pseudo-
ranges has been removed.

Section 5.2 Pseudorange generation has
been removed from the block
diagram in Figure 5.1.

Section 5.2.1.2 Setting of the GRAS ID field
in MDR-1As and MDR-1B has
been clarified.

Section 5.2.2 The reference to the section
with the carrier phase correction
functions has been corrected.
The description of the pseudo-
range correction has been re-
placed by a description of code
phase correction.
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Section 5.3 Level 1b product smoothing has
been removed from the block di-
agram in Figure 5.2.

Section 5.3.3.1 The description of the function
has been revised to include two
different clock offset product
types from the POD.

Section 5.3.3.2 The definition of the interpo-
lation method to be used for
the Metop COM position vectors
has been clarified. Notation of
the Equation 6.13 has been cor-
rected.

Section 5.3.3.3 The Shapiro correction for
pseudorange has been changed
to Shapiro correction for code
phase.

Section 5.3.3.4 An error has been corrected in
the DD2 formulation.

Section 5.3.3.5 The style of index n in step 2)
of the unwrapping algorithm has
been corrected to italic. The
unit of the complete unwrapped
phase has been corrected. The
name of the phase prediction
function has been changed to
Pφ.

Section 5.3.4.3 Subscript i has been added to
total bending angle and impact
parameter to indicate frequency
dependant results.

Section 5.3.4.7 Use of mean bending bias esti-
mate has been clarified.

Section 5.3.6.1 The level 1b product smooth-
ing has been removed. Corre-
spondingly also Section 6.2.5.1
has been removed.
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Section 5.4 Appending of the raw sampling
mode data into MDR-1A has
been clarified.

Section 6.1.2 Mathematical symbols in Input
Parameters have been updated.
A provisional an algorithm for
removing the Navigation Mes-
sage has been added to supple-
ment AD11.

Section 6.1.3 A note "along the orbit arc"
has been added to the statement
about the orbital position error
due to the tutc_grasrx instability.

Section 6.1.4 The name of the error flag for
measurement identification fail-
ure has been added to step 6.

Section 6.1.5 The list of Input Parameters at
the beginning of the section has
been removed.

Section 6.1.5.1 The definitions of the origin of
the antenna reference point rarfant
and unit vectors x̂arfant , ŷarfant , and
ẑarfant in step 3) have been clari-
fied.

Section 6.1.5.2 The reception time of the phase
measurements has been added
into the list of input parameters
and the notation of the input pa-
rameters has been updated. L2-
P1 has been corrected to L1-
P1 in the list of output param-
eters. Equation 6.17 has been
corrected to contain sums of the
correction terms. ∆φcorr has
been corrected to ∆φcd in the list
of parameters.

GRAS Product Generation Specification xii Printed on: 16th July 2004



EUMETSAT
POLAR

SYSTEM

EPS Programme
GRAS Level 1 Product

Generation Specification

Ref: EPS/SYS/SPE/990010

Issue: 6 Rev 4

WBS number: 270000

Date: 16/07/04

Section
6.1.5.3

Section has been revised to per-
form group delay correction to
code phases instead of pseudor-
anges. The selection of the char-
acterisation files from the GRAS
Characterisation database and
setting of the GPS HW DE-
LAY fields in the MDR-1As and
MDR-1B have been clarified.
Mathematical notation has been
updated.

Section
6.1.5.4

GEU temperature has been
added to Equation 6.40 and the
mathematical notation has been
updated.

Section
6.1.6

Table 6.4 has been updated to
include code phase instead of
pseudorange and the names of
the quality flags to be set. The
setting of the TELEMETY IN
RANGE bits string has been
clarified. Mathematical notation
has been updated.

Section
6.2.2.2

The mathematical formulation
in the section has been re-
vised for consistency with Sec-
tion 5.3.3.4.

Section
6.2.2.3

The relativity corrected phase
residual has been added into
the list of Input Parameters
and pseudoranges have been re-
placed by code phases. Units of
the input and output parameters
have been added. Estimating the
ionosphere delay in step (5) has
been revised to use code phase
instead of pseudorange.
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Section
6.2.2.4

The relativity corrected phase
residual has been added into the
list of Input Parameters. Units
of the input and output parame-
ters have been added. Setting of
the SSD AVAILABILITY flag in
Step (2) has been clarified.

Section
6.2.2.5

The relativity corrected phase
residual has been added into
the list of Input Parameters
and pseudoranges have been re-
placed by code phases. Units of
the input and output parameters
have been added.

Section
6.2.2.6

The relativity corrected phase
residual has been added into
the list of Input Parameters
and pseudoranges have been re-
placed by code phases. Units of
the input and output parameters
have been added.

Section 6.2.2.7 Missing subscript R has been
added to the unit vector r̂eciR in
Equation 6.74.

Section
6.2.3.5

The mathematical formulation
has been revised to use code
phase instead of pseudorange.
The notation has been updated
for consistency.

Section
6.2.3.7

Table 6.17 and a rule for select-
ing bias estimation on/off have
been added.

Section
6.2.4.3

Table 6.19 and description of de-
fault CT output values have been
added.

Section
6.2.4.4

Local radius of curvature added
to input parameters. Approxi-
mate ray height added to output
parameters. Default output val-
ues added.
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Section 6.2.5.2 Names of the quality flags have
been added to Tables 6.20 and
6.21.

Section
6.2.5.3

The default output values have
been added.

Section
6.3.1.1

The formulation of the Lagrange
interpolation has been updated.

Section
6.3.3.1

Definition of the geocentric lat-
itude has been added as Equa-
tion 6.161. Errors in the math-
ematical formulation in Equa-
tions 6.163 - 6.169 have been
corrected.

Section
6.3.3.3

Equation 6.173 has been cor-
rected.

Section
6.3.7

The mathematical formulations
for the pseudorange generation
has been removed.

Section
6.4

All definitions of the occultation
table data contents or formats
have been removed. The occul-
tation table contents and format
are defined in AD4.

Issue 6 Rev 3 10/6/03 EUM.EPS.SYS.DCR.03.086 AppendixA Mathematical formulation of
the Precise Orbit Determination
(POD) has been added and the
list of reference documents has
been updated to include RD22,
RD23, and RD24 that are related
to the POD formulation.

Section
5.2.2

A reference to the POD algo-
rithm in Appendix A has been
added to the end of the section.

Issue 6 Rev 4 16/7/04 EUM.EPS.SYS.DCR.04.075 The list of mathematical sym-
bols has been removed from the
document.
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Section 1.3 SLTH = Straight Line Tangent
Height added. SLTH replaces
the acronym SLTA that was used
in older versions of the docu-
ment.

Section 1.4 Definition of the ECI coordinate
frame has been clarified. Defini-
tion of arctan2 added.

Section 1.7 References RD25 - RD28 added.

Section 2.2.1 Section updated.

Section 4.3 In GRAS-Sec.4.3-75 a definition
of the "true latitude" has been
added to item 3 and a refer-
ence to "PSO angle" has been re-
moved. A reference to AD12 has
been replaced with Table 4.1 in
item 7.

Section 4.6 Table 4.1: Accuracy require-
ments on the GRSA/Metop NRT
POD products has been re-
moved. Requirement GRAS-
Sec.4.6-30 has been removed.
Reference to Table 4.1 has
been removed from requirement
GRAS-Sec.4.6-310.

Section 5.2 Figure 5.1 has been updated.

Section 5.2.1.1 Section has been updated.

Section 5.2.1.2 Section has been updated.

Section 5.2.1.3 Section has been updated.

Section 5.2.2 Mod[2π] has been removed
from Equation 5.1 . The nota-
tion of the carrier phase has been
clarified: ρ is used for phase
in radians, φ for phase in me-
ters. This change has been ap-
plied throughout the document.

Section 5.3 Figure 5.2 has been updated.
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Section 5.3.3.1 Text updated.

Section 5.3.3.2 Derivations of the coordinate
transform matrixes have been
clarified.

Section 5.3.3.3 Equation 5.17 modified to make
the calculation using phase in
meters. Notation corrected.

Section 5.3.3.4 Notation corrected.

Section 5.3.3.5 Noise filtering has been com-
bined with the cycle slip correc-
tion and Table 5.3 has been up-
dated. Consequently old Sec-
tion 5.3.4.1 has been removed.
Equation 5.24 has been updated.
Equation 5.26 has been cor-
rected. The use of the atmo-
sphere "law" to convert teh sig-
nal to baseband has been clari-
fied.

Section 5.3.5 Description of the WO retrieval
has been updated to include
Phase Transform method.

Section 6.1.1 Links to the quality flags in the
PFS have been clarified.

Section 6.1.2 Notation corrected.

Section 6.1.4 Typo in the receiver indetifica-
tion number corrected and the
user definable options for the
identification number clarified.

Section 6.1.5.1 In step 3) the derivation of the
GPS SRF rotation matrix has
been clarified. Equation 6.16 has
been updated. Coordinate trans-
form clarified.

Section 6.1.5.2 Notation corrected.

Section 6.1.5.4 Notation corrected.
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Section 6.1.6 Product field names for all qual-
ity flags have been added into the
tables and links to the product
fields in PFS have been clarified.
Default values for the loss of
tracking monitoring have been
added. Notation corrected.

Section 6.2.1 The list of output parameters has
been clarified. The product filed
names of the low pivot satellite
warning flags have been added
into the text. The use of a mean
elevation angle during a mea-
surement for the cost function
calculations has been clarified in
all equations.

Section 6.2.2.1 The notation of the Shapiro
delay function has been clari-
fied. The name Ps is now used
throughout the document for the
function.

Section 6.2.2.2 Input and output parameters cor-
rected to indicate meters and not
radians. Equation 6.54 has been
updated and units have been
added into the list of symbols for
clarification.

Section 6.2.2.3 Section updated for consistent
use of meters as the unit of the
carrier phase. Mod[2π] has been
removed from Equations 6.55
and 6.58. Statement about the
phase re-wrapping has been re-
moved from step (6). Tables
6.11 and 6.12 have been up-
dated.
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Section 6.2.2.4 Section updated for consistent
use of meters as the unit of the
carrier phase. Tables
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Section 6.2.5.2 Product quality flags clarified.
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nate transform.

Section 6.3.4 The notation and typos in formu-
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Section 6.3.6.1 SLTH added into the input pa-
rameters.
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Section 6.4 Table 6.26 has been updated.
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prediction by using the SLTH
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Appendix A Equations A.1.5-2 and A.1.5-13
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A.2.5 has been updated.
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1 INTRODUCTION

1.1 Purpose and Scope of this Document

The Product Generation Specification (PGS) specifies the requirements for the Metop GRAS in-
strument Product Generation Function (PGF).

Section 1 of this document is this introduction.

Section 2 of this document provides a short overview of the overall concept of the PGF as a
component in a larger system. It also describes the way in which the PGF is expected to be
operated.

Section 3 contains the requirements on the PGF.

Section 4 contains the scientific and mathematical algorithm specification that support the require-
ments.

1.2 A note on terminology

In this document the term “product” is used in two different senses. The first sense is “a piece
of information”. Example: Bending angle profile produced by Radioholographic method can be
referred to as a product. The second sense is “a collection of records defined by AD4”. Example:
The GRAS Level 1b product.

1.3 Acronyms

AS Anti-Spoofing

AGC Automatic Gain Control

BE Bias Estimation

BBE Bending angle Bias Estimation

FBE Frequency Bias Estimation

CDA Command & Data Acquisition

CGS Core Ground Segment

CGSRD Core Ground Segment Requirements Document

CoM Center of Mass

DCB Differential Code Bias

GEU GRAS Electronic Unit

GID GRAS Instrument Database
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GNSS Global Navigation Satellite System

GO Geometrical Optics

GOBS GRAS On Board Software

GPS Global Positioning System

GSN Ground Support Network (service that provides GPS state vectors, clock offset esti-
mates, and ground based measurements from a network of fiducial stations to support
clock correction in the GRAS data processing)

ENDP Extended Navigation Data Packet

FOM Flight Operations Manual

IGS International GPS Services for Geodynamics

IMT Instrument Measurement Time (GRAS clock)

IRD Interface Requirements Document

ITRF International Terrestrial Reference Frame

L1 GPS channel 1.57542 GHz

L2 GPS channel 1.2276 GHz

LEO Low Earth Orbit

LOS Line of sight

mas Milli arc second

MCD Mission Conventions Document

MJD Modified Julian Date

NWP Numerical Weather Prediction

PCD Product Conventions Document

PGE Product Generation Environment

PGF Product Generation Function

POD Precise Orbit Determination

USO Ultra Stable Oscillator

UTC Universal Time Coordinated

RFCU Radio Frequency Conditioning Unit
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RH Radio Holographic

SA Selective Availability

SLTH Straight Line Tangent Height

SR Satellite Reference coordinate frame

SRR Satellite Relative Reference coordinate frame

SSD Sounding Support Data

TBC To be confirmed

TBD To be defined

TBW To be written

TOD True-of-Date coordinate frame

USO Ultra Stable Oscillator

UTCGRAS UTC time in the GRAS receiver maintained based on the onboard navigation solution
(see AD10 and AD11)

WGS World Geodetic System

ZPD Zenith Propagation Delay

1.4 Definitions

C/A code Coarse Acquisition Code, used in civil navigation applications and to acquire
the P code. C/A code has a 1.023 MHz chip rate and a period of 1 ms.

Anti-Spoofing Encryption of the P code into Y code.

P code Precision code, used mainly in military applications.

Y code Encrypted P code. See Anti-Spoofing.

Raw sampling GRAS has lost or not yet acquired a phase lock on the GPS carrier. In this mode
the instrument provides the correlator output data sampled at 1 kHz sampling
rate. This mode is also called Open Loop Mode.

ECI Earth Centered Inertial. Non-rotating (inertial) Mean-of-date J2000 coordinate
frame centered in the Earth.

ECEF Earth Centered, Earth Fixed. Coordinate frame centered in the Earth and ro-
tating with the Earth. ECEF frame used in GRAS data processing is the ITRF
frame as specified in AD7.
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Reference time Time frame used by the GRAS GSN to solve GPS state vectors and clock off-
sets.

Chain Hardware chain in the GRAS receiver containing the measurement antenna
(GVA, GAVA, or GZA), RFCU and GEU.

arctan 2 −π ≤ arctan 2(y, x) ≤ π.

1.5 Other documents

The instrument products generation function is a constituent of the CGS. Therefore, unless other-
wise specified, all the requirements of the Core Ground Segment Requirements Document (CGSRD)
[AD1] apply to this product generation function.

In case of conflict between these product generation function requirements and Core Ground Seg-
ment Requirements Document (CGSRD) requirements, the latter shall take precedence.

For the definitions used in this document, including the reference frames to be used, see the Mission
Conventions Document (MCD) [AD7], and the Product Conventions Document [AD8].

1.6 Applicable Documents

Following documents are applicable to the Instrument Product generation function:

Ref_No Name

AD1 EPS Core Ground Segment Requirements Document (EPS/CGS/REQ/95327)

AD2 CGS to Product generation function IRD

AD3 EPS Generic Product Format Specifications (EPS/GGS/SPE/96167)

AD4 GRAS Product Format Specification (EPS/MIS/SPE/97234)

AD5 Removed

AD6 Removed

AD7 EPS Mission Convention Document (EPS/SYS/SPE/990002)

AD8 EPS Product Convention Document (EPS/SYS/TEN/990007)

AD9 EPS Core Ground Segment to GRAS Ground Support Network Interface Requirement
Document (EPS/GGS/IRD/980692)

AD10 Measurement Data Interface Control Document (P-GRM-ICD-0008-SE)

AD11 Measurement Data Interpretation and Description (P-GRM-SPC-0036-SE)

AD12 Removed
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AD13 Removed

AD14 Removed

1.7 Reference Documents

Ref_No Name

RD1 Gorbunov, M.E., and S.V. Sokolovskiy, (1993), Remote sensing of refractivity from
space for global observation of atmospheric parameters, Max-Planck-Institut fur Me-
teorologie Report No. 119, Hamburg.

RD2 Hoeg, P., A. Hauchecorne, G. Kirchengast, S. Syndergaard, B. Belloul, R. Leitinger,
W. Rothleitner, (1995), Derivation of Atmospheric Properties Using a Radio Occulta-
tion Technique, ESA Contract Report ESTEC/11024/94/NL/CN.

RD3 Fang, P. and Y. Bock, (1996), Scripps Orbit and Permanent Array Center 1995 Re-
port to IGS, in International GPS Service for Geodynamics 1995 Annual Report, Jet
Propulsion Laboratory, Pasadena, Ca.

RD4 Removed

RD5 Removed

RD6 Command & Control Interface Control Document (P-GRM-ICD-0007-SE)

RD7 GRAS Characterisation Database Description (P-GRM-REP-0019-SE)

RD8 Meincke, M. D., (2000), Analysis and Definition of Algorithms for Atmospheric
Diffraction Effects, Report, April 2000, DMI, Copenhagen, Denmark.

RD9 Syndergaard, S., (1998), Modelling the impact of the Earth’s oblateness on the re-
trieval of temperature and pressure profiles from limb sounding, Journal of Atmo-
spheric and Solar-Terrestrial Physics, Vol 60, No. 2, pp. 171-180.

RD10 Hedin, A. E., (1991) Extension of the MSIS Thermospheric Model into the Middle
and Lower Atmosphere, J. Geophys. Res., 96, 1159.

RD11 Removed

RD12 Removed

RD13 Removed

RD14 Boucher, C. and Z. Altamimi, (1996), The ITRF and its relationship to GPS, GPS
World Magazine, Vol 7, No. 9.

RD15 Montenbruck, O. and E. Gill, (2000), Satellite Orbits, Springer, ISBN 3-540-67280-X.

RD16 Niell, A.E., (1996), Global mapping functions for the atmosphere delay at radio wave-
lengths, J. Geophys. Res., 101, 3227-3246.
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RD17 Elgered, G., J.L. Davis, T.A. Herring, and I.I. Shapiro, (1991), Geodesy by radio
interferometry: Water vapor radiometry for estimation of the wet delay, J. Geophys.
Res., 96, 6541-6555.

RD18 Askne, J. and H. Nordius, (1987), Estimation of tropospheric delay for microwaves
from surface weather data. Radio Science, 22(3), 379-386.

RD19 Saastamoinen, J., (1972), Atmospheric correction for the troposphere and stratosphere
in radio ranging of satellites, in The Use of Artificial Satellite for Geodecy, Geophys.
Monogr. Ser., Vol 15, edited by S.W. Henriksen et al., 247-251, AGU, Washington,
D.C.

RD20 Ingmann, P. and D. Klaes (ed.), (1998), Report of the GRAS SAG. The GRAS Instru-
ment on Metop. EUMETSAT/ESA.

RD21 GRAS Technical Description (P-GRM-REP-0007-SE)

RD22 GRASPOD TN-01 (GMV-GRASPOD-TN-01)

RD23 GRASPOD Final Report (GMV-GRASPOD-FR-01)

RD24 Bierman, G.J., (1977), Factorization Methods for Discrete Sequential Estimation, the
Jet Propulsion Laboratory.

RD25 Jensen, A.S., H-H. B. Lohmann, and, A.S. Nielsen, (2003), Full Spectrum Inversion
of radio occultation signals, Radio Science, Vol 38, No 3, 1040.

RD26 Gorbunov, M.E., and K.B. Lauritsen, (2003), Analysis of wave fields by Fourier Inte-
gral Operators and its application for radio occultations, Danish Meteorological Insti-
tute.

RD27 Ray, R.D., D.J. Steinberg, B.F. Chao, and D.E. Cartwright, (1994), Diurnal and Semid-
iurnal Variations in the Earth’s Rotation Rate Induced by Oceanic Tides, Science, 264,
pp. 830-832.

RD28 IERS Technical Note 21, IERS Conventions (1996), Dennis D. McCarthy, U.S. Naval
Observatory, July 1996.

2 SYSTEM CONCEPT

2.1 Instrument Description and Rationale

The GRAS (Global Navigation Satellite System Receiver Atmospheric Sounder) will provide radio
occultation sounding measurements of the atmosphere in support of the EUMETSAT Polar System
mission objectives of operational meteorology and climate monitoring [RD21].

Radio occultation is a technique that was originally used to study the atmospheres of Venus, Mars,
and the outer planets. In its application to the Earth, a spacecraft emits a radio signal that is received
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by a second spacecraft. When this signal passes through the Earths atmosphere, it is refracted
by variations in the atmospheres index of refraction, which produces distinctive variations in the
amplitude and phase of the received signal. As the motion of the satellites changes the observation
geometry the propagation path of the radio waves traverses vertically through the atmosphere. The
change of the index of refraction of the atmosphere from the surface level to the altitude of about
100 km causes the phase delay of an L band radio signal to increase by approximately six orders
of magnitude. The variation in amplitude and phase of the signal can be used to derive a vertical
profile of the geophysical properties of the atmosphere.

GNSS (Global Navigation Positioning System Satellites) satellites are extremely good signal sources
for radio occultation observation because they provide a stable signal, global coverage, and their
orbits are determined with very high accuracy for geodetic applications. GRAS is designed to
monitor only GPS satellites as GPS is currently the only fully operational GNSS system that is
also supported by global network of fiducial ground stations.

Radio occultation measurements from the GRAS will be of value as an independent source of
information for numerical weather prediction (NWP) models. There is potentially a large benefit
to be derived from entering additional independent information into the analysis, as the radio oc-
cultation method would provide measurements up to altitudes of 50 km in the Earths atmosphere.
With the nominal number of GPS (Global Positioning System) satellites, about 500 measurements
are expected per day, nearly equally distributed over the Earths surface. This means a considerable
improvement of the coverage of conventional data sparse areas, in particular the oceans and Po-
lar Regions. The world-wide radiosonde network of about 800 stations provides coverage mostly
over the densely populated continental areas, usually limited to twice daily. Each radio occultation
measurement would represent a virtually instantaneous representation of the atmospheric state, in
that such a measurement takes the order of one or two minutes for one profile, compared with a
radiosonde ascent of 90 minutes. A radiosonde measurement usually ends between 30 and 10 hPa,
i.e. 20-30 km, whereas GRAS occultation measurements allow retrievals up to about 50 km.

The vertical resolution of radio occultation observations is considered to be limited by the vertical
diameter of the first order Fresnel zone when Geometrical Optics (GO) approximation is used in
data processing. For L band the Fresnel zone diameter changes roughly exponentially from about
0.5 km at the surface level to 1.5 km at 80 km. Wave Optics approximation can potentially increase
the vertical resolution beyond the Fresnel zone limit. The temperature measurement accuracy of
GRAS is expected to be better than 1 K in the upper troposphere and stratosphere. In the thermo-
sphere and above it the phase delay caused by the neutral atmosphere is equal or smaller than the
impact of the ionosphere. So, GRAS observations can not be used to observe neutral atmosphere
at these altitudes. In the lower troposphere the temperature measurement accuracy of the GRAS
is degraded due to the impact of water vapor on the index of refraction of the atmosphere. Below
5 km the temperature measurement accuracy of GRAS is expected to be 2-5 K depending on the
water vapor content.

GRAS has the following operating modes:

STANDBY Initial mode for the GRAS instrument. The instrument is initialized with al-
manac data for the GPS satellite constellation before the Navigation mode
is entered. No measurements are performed in this mode and no CCSDS
packets are transmitted.
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Figure 2.1: The PGE interface facilitates the transfer of instrument and satellite data, along with
auxiliary data, and accepts product components for formatting in the CGS.

NAVIGATION Initially the instrument uses the previously uploaded almanac data and an
initial position, velocity, and time to determine which GPS satellites it shall
acquire and track. Based on the selected GPS satellites a navigation solu-
tion is calculated and the instrument continues to update its current posi-
tion, velocity, and time based on the GPS satellites in the GPS constellation
autonomously. CCSDS packets are transmitted containing ancillary data
and measurement data from the zenith antenna chain.

OCCULTATION In this mode, in addition to the activities performed in Navigation mode,
the instrument acquires and tracks GPS satellites on the occultation antenna
chains autonomously. CCSDS packets are transmitted containing ancillary
data and measurement data from the zenith and occultation antenna chains.

2.2 System Concept

2.2.1 System Context

The PGF interacts with the CGS M&C functionality by means of the PGE.

The PGE provides the means by which the PGF acquires satellite and instrument data down linked
via the CDA.

GRAS Product Generation Specification 8 Printed on: 16th July 2004



EUMETSAT
POLAR

SYSTEM

EPS Programme
GRAS Level 1 Product

Generation Specification

Ref: EPS/SYS/SPE/990010

Issue: 6 Rev 4

WBS number: 270000

Date: 16/07/04

The PGE also provides the means by which data from the GRAS GSN is provided to the PGF.

Furthermore, the PGF acquires information from the GRAS/Metop POD service and the Metop
Satellite orbital services via the PGE.

Inputs:

GRAS source packets: Corresponds to the raw output data provided by the instru-
ment as CCSDS source packets. These packets contain the
GRAS measurement data in measurement data packets and
house keeping data in ancillary data packets.

Instrument characterisation data: Contains instrument characterization data to be used for cor-
recting the impact of the instrument and spacecraft hardware
on the observation data.

GSN status and configuration data: Contains characterization of the location and hardware of the
fiducial stations of the GRAS GSN, and characterisation data
of the currently operational GPS satellites.

GSN products: Contains products from the GRAS Ground Support Network
(GSN).

Flight dynamics information: Metop manoeuvre information, Metop CoM position vector
in the Spacecraft Reference coordinate frame as a function of
time.

NWP data: NWP data about the surface level meteorological parameters
at the fiducial stations.

Outputs:

Level 0 data: Corresponds to the Level 0 products formatted as defined in
AD3.

Level 1a data: Corresponds to the Level 1a products formatted as defined
AD4.

Level 1b data: Corresponds to the Level 1b products formatted as defined in
AD4.

Occultation table: Contains predicted GRAS measurements.

Reporting/Quality Information: Corresponds to the compiled reporting information produced
by the GRAS PGF that are transferred to the reporting func-
tion of the CGS. This information includes all quality infor-
mation required by the Quality Control function of the CGS.
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Monitoring Information: Contains all regular monitoring information on the PGF, pro-
viding the G/S M&C function with the information on the
status of the instrument, data, processing functions, process-
ing platforms, links, etc.

Controls:

G/S Commands: This datastream corresponds to the transfer of commands gen-
erated by the G/S and controlling the operation of the GRAS
PGF. Note: these influence only the way the processing is
done and are not related to any instrument/platform commands.

Services:

Generic PGE services: PGE provides the PGF with all services that are needed for
interference free operations.

3 OPERATIONS CONCEPT

This section provides an overview of the functionality implemented by the GRAS processing func-
tion. A high level block diagram of the data processing elements is presented in 3.1.

3.1 Nominal continuous operation

This section covers the case of the processor started and running in NRT mode.

The GRAS processing function has to be able to handle data from the GRAS Navigation mode and
from the GRAS Occultation mode.

3.1.1 Level 0 Processing

The GRAS instrument was running in occultation mode during the period covered by the dump.
The satellite data delivered by the PGE to the PGF contains GRAS CCSDS packets covering
several full and some partial occultations, navigation data, ancillary data.

3.1.2 Level 1a Processing

Level 1a processing consists of (see Figure 3.3)

– GRAS measurement data pre-processing,

– Measurement identification,
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Figure 3.1: GRAS data processing elements.

– Instrument corrections,

– Level 1a products quality check and formatting.

The Level 1a processing function ingests GRAS CCSDS packets. Each CCSDS packet consists
of GRAS navigation data and ancillary and measurement data from several occultations. The
Level 1a processing function rearranges the GRAS CCSDS packets and pre-processes them to
generate complete sequences of raw measurement data. The raw measurement data sequences are
reassembled to carrier phase, amplitude, noise, and code phase data.

The Level 1a processing performs the identification of the measured occultations and the navi-
gation data sequences by using the occultation and navigation identification codes from the oc-
cultation tables, and the header information in the GRAS navigation, ancillary, and measurement
data. The measurement identification includes identification of the antenna and receiving chain
(i.e., RFCU and GEU) for each observation.

The Level 1a processing function ingests the GPS Precise Orbit Determination (POD) products
provided by the GSN via the PGE. A detailed description of the GSN products and product for-
mats is provided in RD13. GPS POD products are used together with the onboard navigation
solution included in the GRAS ancillary data to determine the incidence angle of the incoming
GPS transmissions in the instrument correction function.

The Level 1a PGF uses the data from the GRAS Instrument Characterization Database to determine
the instrument correction parameters to remove the impact of the instrument on the measurement
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Figure 3.2: GRAS data processing steps from Level 0 to Level 1b.

data. The phase and group delays caused by the receiving antennas, RF components, and elec-
tronics are removed, and amplitude measurements are corrected for the variations of the antenna
gain pattern and variations in the gain in the RF components and electronics due to temperature
variations. All instrument correction functions are user selectable. The contents and the format of
the GRAS Instrument Characterization Database is provided in RD7. The C/A and P code phase
measurements are not converted into pseudoranges in the level 1a processing. However, they are
corrected for the Differential Code Bias (DCB) caused by the transmitting GPS satellite and by the
receiver. The corrected code phase measurements by the GRAS zenith antenna are provided to the
GRAS/Metop NRT POD.

Finally, the Level 1a PGF collects all Level 1a products including the GRAS GSN and GRAS/Metop
NRT POD products, performs quality checks, and formats all the products as defined in AD4.

3.1.3 Level 1b Processing

The Level 1b processing function calculates the bending angle and the impact parameter from the
instrument corrected occultation measurement data.

The Level 1b processing function performs occultation isolation to combine GRAS data for each
occultation with the auxiliary data required to retrieve the bending angle profile. The pivot GPS
satellite and the fiducial station supporting differencing schemes (for clock correction) have to be
selected before all auxiliary data for each occultation can be filtered.

The Level 1b PGF performs several corrections to the measurement data before the actual bend-
ing angle retrieval is performed. The phase residual, which is to a good approximation the phase
delay introduced by the atmosphere, is calculated by removing the geometrical distance between
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Figure 3.3: GRAS Level 1a data processing functions.

the transmitter and receiver antennas from the measured phase. This requires determination of
the true reception and transmission times and interpolation of the satellite state vectors into these
times. The corrections for relativistic effects are mostly included into the synchronisation of the
measurement time stamps with the reference time provided by the GRAS GSN because the rela-
tivistic effects are included in the clock offset estimates calculated in the GPS and GRAS/Metop
NRT POD. The only relativistic effect not included in the clock offset estimates is the variation
in the apparent velocity of light because of the gravitational field of the Earth (Shapiro effect).
This effect is taken into account in the determination of the transmission time and geometric path
removal.

After the removal of the geometric path the measured phase residual is still wrapped around 2π.
The unwrapping of the phase is in this algorithm combined

After the relativity correction a cycle slip detection and correction function is applied to the phase
residual data.

The Level 1b PGF corrects the data provided by the Level 1a function for clock drifts on board the
GPS satellite, and, if necessary, the GRAS instrument. The Level 1b processing function obtains,
via the PGE, for each of the ground stations supporting differencing the Sounding Support Data
(SSD) as defined in RD13. GSN also provides an estimate of the Tropospheric Zenith Delay (TZD)
for each fiducial station and local surface level meteorological observations (if available). TZD has
to be mapped to the elevation of the occulting and pivot GPS satellites by the Level 1b PGF.

More detailed descriptions of the differencing techniques are available in [RD5].
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Correction technique Applicability

No differencing (ND) All clocks in the observation system are considered sufficiently
stable and no clock correction is required. Clock biases are
removed by using bias estimates from POD.

Single differencing 1 (SD1) GPS clock is considered stable and only the impact of the
GRAS clock instability is corrected for. The differencing is
performed between links A and D in Figure 3.5.

Single differencing 2 (SD2) GRAS clock is considered stable and the impact of the GPS
clock instability is corrected for (current baseline scenario).
The differencing is performed between links A and B in Figure
3.5.

Double differencing 1 (DD1) All observation system clock errors are corrected for (GPS,
GRAS, fiducial stations). The differencing is performed be-
tween all measurement links in Figure 3.5.

Double differencing 2 (DD2) Similar to DD1, but two ground stations are used. One sta-
tion tracks the occulting GPS satellite (GPS-1 in Figure 3.5)
and the other tracks the pivot satellite (GPS-2 in Figure 3.5).
The advantage is that neither station has to have visibility to
both GPS satellites. The disadvantage is that the ground sta-
tion clock errors are not removed.

Table 3.1: GRAS PGF clock differencing modes.
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Figure 3.4: GRAS Level 1b data processing functions.

The baseline scenario for the GRAS PGF is clock correction with SD2. DD1 and DD2 are consid-
ered as fall-back options in the case that SD2 can not provide good product accuracy. ND and SD1
are optional differencing methods that may be applied depending on the GPS clock characteristics.
The PGF must be able to perform any of the clock correction techniques listed in Table 3.1.

In deriving the total bending angle, the Level 1b processing function assumes a locally spherical
atmosphere. The errors introduced by this assumption are reduced by applying a correction for
the Earth’s oblateness. The Level 1b processing function computes correction parameters for this
purpose.

The derived phases of the occultation data are corrupted by high-frequency noise. The Level 1b
processing function therefore low-pass-filters the derived phase data. The filtering function used
in the data processing algorithm is an adaptive bandwidth low pass filter implemented as a Sinc
function truncated by a Blackman-Harris window. The filtering function has been modified to
handle data with non-linear sampling.

The Level 1b processing function computes the Doppler shift (as a time derivative) for the phase
residual observations in the occultation. It retrieves the bending angle as a function of the impact
parameter both using Geometrical Optics (GO) approximation and Wave Optics (WO) technique.
GO is applied to the whole measured profile and WO to the lower part of the profile to detect and
remove impact of atmospheric multipath.

The frequency independent neutral bending angle is computed by correcting for ionospheric dis-
persion, by applying a linear combination of the bending angles at two frequencies.

Bending angle bias is calculated and a correction is applied if necessary.

The Level 1b processing function also derives the total electron content (TEC) along the ray path.

Error characterization is performed for all Level 1b products.

For the raw sampling mode the Level 1b processing algorithm is to be defined.
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Figure 3.5: Principle of single and double differencing techniques. Single differencing (SD) means
the calculation of the phase residual difference between the occultation measurement (A) and a
reference measurement at a ground station (B). Double Differencing (DD) uses two additional
reference measurements. One is between a pivot GPS satellite and the LEO satellite (D) and the
other is between a ground station and the pivot GPS satellite (C).

3.1.4 Occultation Table Generation

Occultation Table Generation function produces a table containing all occultations and navigation
measurements theoretically visible for the GRAS receiver for a time period of 24-36 hrs. The
table includes the PRN numbers of the occulting GPS satellites and the PRN numbers of the GPS
satellites visible for the GZA. An occultation and navigation measurement identification number
is applied to each measurement.

Occultation table generation is based on predicted GPS and Metop orbits provided by the GSN and
GRAS/Metop POD, respectively.

3.2 Nominal degraded scenarios

The baseline approach for GRAS level 1 data processing is that all measurements are processed and
disseminated. The level 1b product quality indicators shall provide the users sufficient information
to perform screening of the data at the user level. A measurement is not processed only in the case
that the degradation or corruption of the measurement data completely prevents the processing.
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The nominal degraded scenarios can be categorised into two classes: 1) degradation of the instru-
ment data, and 2) degradation or missing of the auxiliary data. All degraded scenarios shall cause
an error report in the dump processing identifying the error and raise an event of user configurable
severity to the CGS via the PGE interface.

The degradation of the instrument data contains at least the following scenarios:
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Scenario Processing strategy
Dual frequency carrier track-
ing not achieved during an oc-
cultation

Measurement is processed as normally as possible. Ionosphere
correction and TEC determination are not possible. No L2 prod-
ucts produced. Error flags for all failed product quality tests are
set in MDRs.

GRAS USO temperature drift
larger that specified threshold

Measurement is processed normally and respective quality flags
are set in the MDRs. If this becomes a predominant problem for
all or most measurements, the operator may choose to activate
USO frequency correction.

Large number of identified
cycle slips in occultation
measurements

Measurement is processed normally and cycle slip flags are set in
MDRs.

No raw sampling mode data
for an occultation measure-
ment

As raw sampling mode is activated automatically, this indicates
an error by the instrument or a missing measurement sub-packet
(possibly an error in pre-structuring function). The closed loop
mode data can be processed normally with GO and WO algo-
rithms. Appropriate error flags in the MDRs are set.

No navigation measurement
data from the zenith antenna

Occultation measurements can be processed using SD2 and
possibly also using ND clock correction options. However,
Metop/GRAS NRT POD is not possible. This means that the
Metop state vectors would have to be obtained e.g. from FDF.
Note: this is potentially a loss of the instrument, because the
level 1 product accuracy (depending on the quality of the fallback
Metop state vectors) is too low for NWP applications. However,
this scenario may still allow off-line processing of level 1 prod-
ucts.

One occultation antenna not
functional

The occultation data from the remaining antenna is processed as
normally.

Occulting or pivot GPS satel-
lite manoeuvring or eclipting
during a measurement

The measurement is processed as normally as possible. Degrada-
tion of the phase measurement may reduce the product quality or
even prevent the data processing completely. GPS manoeuvre is
indicated in the quality flags in the MDRs. Product quality degra-
dation is indicated by the normal product quality flags.

Metop manoeuvring during
an occultation measurement

The measurement is processed as normally as possible. Metop
manoeuvre and manoeuvre time is indicated in the quality flags in
the MDRs. Product quality degradation is indicated by the normal
product quality flags.

Onboard navigation solution
missing

Degrades level 1b product accuracy as instrument correction for
navigation measurements used in POD is not possible.

Other ancillary data missing Any missing ancillary data shall cause degraded level 1b product
accuracy.

The degradation or missing of the auxiliary data contains at least the following scenarios:
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Scenario Processing strategy
TZD data missing If the TZD estimates are missing, the data processing can be

performed using ground based observations or NWP predic-
tions and atmospheric delay models. The algorithm for this
scenario is included into the specification in this document.

GPS clock offset data missing Occultation processing with DD1 or DD2 methods is pos-
sible in this case. The prerequisite for this is that the
GRAS/Metop POD can be performed (even with degraded
accuracy) in this scenario.
If GRAS/Metop NRT POD can not be performed, this be-
comes a non-nominal scenario “Metop POD data missing“
in Section 3.3.

Fiducial station clock offset
data missing

Occultation processing can be done using ND, SD1, and
DD1 methods.

SSD data missing Occultation processing can be done using ND, and SD1
methods.

GPS tracking data missing This scenario may impact only some fallback options of
the GRAS/Metop NRT POD. Occultation processing is per-
formed as normally if GRAS/Metop NRT POD can be per-
formed. The impact of this scenario is to be confirmed by
the contractor.

Occultation table missing Impacts the occultation identification function, which has to
operate as in the case of unpredicted measurements. Other
impact depend on the performance of the GRAS GSN in
this scenario. Provisionally the occultation processing can
be performed as normally assuming that the GSN inputs are
available.

GSN Quality reports missing Occultation processing as normally. Indirect impact via
lack of information of the eclipting or manoeuvring GPS
satellites and quality of the fiducial station data. May cause
degraded level 1b products.

Metop attitude data missing Occultation processing can be performed assuming nominal
yaw steering mode attitude without mispointing. This may
degrade level 1b product accuracy.

Metop clock offset data miss-
ing

Occultation processing can be performed using SD1, DD1
and DD2 methods. May cause degraded accuracy in the
level 1b products as time synchronisation can only be ap-
proximated and relativistic corrections are not performed.

3.3 Non-nominal scenarios

Non-nominal scenarios mean that some vital element of the GRAS measurement system is not
functioning. These scenarios normally completely prevent the processing of the data. All non-
nominal scenarios shall cause an error report in the dump processing identifying the error and
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raise an event of user configurable severity to the CGS via the PGE interface.

The degradation or missing of the auxiliary data contains at least the following scenarios:

Scenario Processing strategy
GPS POD data missing Neither GRAS/Metop NRT POD or occultation processing

is not possible without GPS POD data. Measurements can
not be processed.

EOP data missing GRAS/Metop NRT POD is not possible without GPS EOP
data. Measurements can not be processed.

Metop POD data missing Occultation processing is not possible.

4 REQUIREMENTS

4.1 General Requirements

GRAS-Sec.4.1-10 The PGF shall provide all the functionality required to support the fol-
lowing:

– Reception, acceptance and checking of the input data specified in
Section 2.2.1;

– Full online quality control of the products;

– Estimation of the time-varying parameters used by the processing
models, including but not limited to the ground station tropospheric
correction parameters and the orbit models;

– M&C interfacing functions using the generic PGE services;

– Generation of monitoring information on the observed Instrument
and GSN status and the PGF status and its transmission to the PGE
services;

– Production of level 0, level 1a, and level 1b products;

– Product formatting (using the corresponding PGE services);

– Detection of abnormal GRAS/Metop POD functionality.

GRAS-Sec.4.1-20 Each function of the PGF shall monitor its performance and raise events
of user-configurable severity on the occurrence of :

– Any abnormal instrument behavior being detected;

– Any abnormal GSN behavior being detected;

– Any occurrence and transition to/from a degraded mode of product
generation;

– Any non-nominal operation of the function;

– Any occurrence likely to affect the product quality.
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Note: Tables of some scenarios causing degraded mode of product gen-
eration and non-nominal operation of the GRAS measurement system
are provided in Sections 3.2 and 3.3.

GRAS-Sec.4.1-30 All reporting from the PGF shall be performed in accordance with [AD1].

GRAS-Sec.4.1-40 All parameters and threshold values defined in the GRAS PGF shall be
user definable.

GRAS-Sec.4.1-50 The PGF shall process the level 0 data and produce Level 1a/1b data
of a nominal quality for all nominal modes and states of the instrument
including the following:

1. Instrument running, time 102 minutes after the end of an in-plane
manoeuvre.

2. Instrument running, time 400 minutes after the end of an out of
plane manoeuvre.

3. Instrument running, GRAS USO temperature has been stabilised as
defined in the GRAS FOM.

4. Instrument running, SSD data from fiducial ground stations and
reference data from a pivot GPS satellite available for clock correc-
tion.

5. Instrument in raw sampling mode.1

GRAS-Sec.4.1-60 The PGF shall process the level 0 data and produce Level 1a/1b data in
a degraded manner in the following modes and states of the instrument:

– Instrument running, SSD data from fiducial ground stations not
available for clock correction.

– Instrument running, reference data from pivot GPS satellite not
available for clock correction.

– Instrument running, data quality from the GSN is degraded;

– Instrument running, one occultation antenna not functional;

– Instrument running, onboard navigation antenna not functional.

GRAS-Sec.4.1-80 The PGF shall produce all GRAS Level 0, Level 1a, and Level 1b prod-
ucts specified in [AD4].

GRAS-Sec.4.1-85 Taken all together, all members of a particular class of variable inter-
nal auxiliary data record in a dump shall cover a time period which is
continuous and extends at least over the dump.

1Raw sampling mode (which generates raw data) implies that the instrument has lost or has not yet acquired phase
lock and is possibly receiving multipathed signals. This implies the need to process a large volume of data, to identify
signal peaks in a low-SNR regime, and to automatically recognize the onset and termination of raw sampling mode
data.
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GRAS-Sec.4.1-87 It shall be possible for the user to configure the time interval between the
emission of individual members of each separate class of VIADR by the
CGS.

Note: This is intended to allow emission of level 1b VIADRs needed by
the SAF at the rate at which it needs them.

GRAS-Sec.4.1-90 The PGF shall provide all GRAS Level 0, Level 1a, and Level 1b prod-
ucts in units and data types specified in [AD4].

GRAS-Sec.4.1-100 The PGF shall implement all the functionality specified in Sections 5 and
6.

GRAS-Sec.4.1-110 The GRAS PGF shall be able to process any GRAS level 0 product or
level 1a product compliant with AD4.

GRAS-Sec.4.1-120 The GRAS PGF shall, for each auxiliary dataset which may include and
is not limited to precise orbit determination datasets, add unambiguous
information to every product generated with that dataset which allows
the unambiguous identification of that dataset at any subsequent time.

GRAS-Sec.4.1-130 The GRAS PGF shall support the reception, acceptance and validation
of any Auxiliary Data required for Level 0/1a/1b processing.

GRAS-Sec.4.1-140 The GRAS Product Generation Functionality of the EPS CGS shall be
able to use the most recent version of any auxiliary dataset that is re-
quired to create GRAS products, where auxiliary datasets include and
are not limited to precise orbit determination data and GRAS ground
support network data.

Example: under this requirement, when the GRAS PGF is in re-processing
mode, it shall be able to use restituted precise orbit data covering the time
period of its products, if the GRAS/Metop POD functionality has gen-
erated restituted precise orbit data by the time the re-processing takes
place.

GRAS-Sec.4.1-150 The GRAS PGF shall support the following Operational Modes in com-
pliance with AD1

1. Near-Real Time Mode

2. Backlog Processing Mode

3. Re-processing Mode

GRAS-Sec.4.1-160 The GRAS PGF shall use the generic PGE API as per AD1 to interface
with its environment. In particular, the GRAS PGF shall accept at least
START/STOP/ABORT commands via the generic PGE API.
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GRAS-Sec.4.1-170 The GRAS PGF shall process all data pertaining to occultations that
complete before the end of a dump.

Note: This means that auxiliary and measurement data pertaining to the
first part of an occultation which began in the previous dump and com-
pleted in the dump under consideration must be processed as part of pro-
cessing the dump.

GRAS-Sec.4.1-180 The GRAS PGF shall make it possible to make a user-selectable set of
the input and output data for at least any function defined in Sections 5
and 6 of the PGF available for inspection both within and outside the
CGS.

Note: This includes, and is not limited to, the data provided by the GRAS
GSN.

GRAS-Sec.4.1-190 In generating level 0, 1a, and 1b data, and all other internal data for
all nominal modes and states of the instrument, the GRAS PGF design
and its implementation shall not degrade the data quality by introduc-
ing errors via processing operations (i.e., word lengths, interpolations,
numerical integrations, numerical differentiations, etc).

Note: This shall be taken to mean, inter alia, that the GRAS PGF shall
not degrade the data delivered to it.

GRAS-Sec.4.1-200 It shall be possible to monitor the PGF processing for the product quality.

4.2 Level 0 Processing Function

GRAS-Sec.4.2-10 The PGF shall ingest all the GRAS CCSDS packets in the dump via the
PGE interface and produce level 0 Products according to AD3 even in
the case of missing, corrupt, or repeated GRAS CCSDS packets.

4.3 Level 1a Processing Function

GRAS-Sec.4.3-3 The Level 1a PGF shall produce Level 1a products using the algorithm
specified in Section 5.2.

GRAS-Sec.4.3-5 The Level 1a PGF shall produce Level 1a products in a degraded fashion
in the case of missing, corrupt, or repeated auxiliary data.

GRAS-Sec.4.3-20 Level 0 data detected as corrupted shall be identified/flagged by the qual-
ity checks as such, allowing the subsequent processing to handle the cor-
rupted data without impacting the processing of the remaining data.

GRAS-Sec.4.3-30 The PGF shall extract and generate information on the data ingested, for
the purpose of reporting. These shall include:

GRAS Product Generation Specification 23 Printed on: 16th July 2004



EUMETSAT
POLAR

SYSTEM

EPS Programme
GRAS Level 1 Product

Generation Specification

Ref: EPS/SYS/SPE/990010

Issue: 6 Rev 4

WBS number: 270000

Date: 16/07/04

– Parameters describing the validity of the received data;

– Completeness information on the received data.

GRAS-Sec.4.3-40 The PGF shall have a user selectable option to display the following in
real time using the MMI:

– Parameters describing the validity of the received data;

– Completeness information on the received data.

GRAS-Sec.4.3-70 The PGF Level 1a shall be able to ingest via the PGE interface the Level
0 records.

GRAS-Sec.4.3-75 The Level 1a PGF shall be able to obtain

1. The Metop telemetry data required to process the dump;

2. Metop CoM position vector in spacecraft reference coordinate frame;

3. Metop true latitude defined as the sum of the mean anomaly and
the osculating argument of perigee with the accuracy of 0.1◦ at the
epochs of the GRAS measurement samples;

4. NWP model field temperature, pressure, and partial pressure of the
water vapor for each fiducial station used to support the processing
of an occultation measurement at the time of the measurement at
the geodetic coordinates of the station;

5. GSN products required to process the dump;

6. GRAS/Metop POD products required to process the dump;

7. All Metop attitude data required to process the dump with the point-
ing knowledge accuracy as specified in Table 4.1 at the epochs of
the GRAS measurement samples.

Table 4.1: Metop attitude knowledge requirements.

Satellite axis Knowledge requirement
Pitch 0.17◦

Roll 0.17◦

Yaw 0.17◦

GRAS-Sec.4.3-77 The PGF Level 1a shall be able to carry out all the processing specified
in Section 6.1.
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GRAS-Sec.4.3-85 The PGF Level 1a shall be able to identify the following conditions in the
measurement identification and raise events of user configurable sever-
ity to the CGS via the PGE interface, as well as including appropriate
information in the report of the dump processing:

1. Non-occurence of a forecast measurement;

2. An occurrence of an unforecast measurement;

3. Re-occurrence of a previously identified measurement.

GRAS-Sec.4.3-135 All instrument correction algorithms specified in Section 5.2.2 are user
selectable so that any correction can be enabled or disabled.

GRAS-Sec.4.3-220 The Level 1a PGF shall facilitate the subsequent upgrading of Raw Sam-
pling mode data processing functionality at least by providing a well-
defined programming interface by which data and commands can be
provided to the Raw Sampling mode data processing functionality by
the Measurement Identification functionality and received from the Raw
Sampling mode data processing functionality by at least the Level 1a
Products quality check and Product Formatting functionality.

GRAS-Sec.4.3-230 The Level 1a PGF shall be able to ingest, and extract information from
the necessary Metop telemetry data source packets, and add it to the
Level 1a product formatted as specified in AD4.

GRAS-Sec.4.3-240 The Level 1a PGF shall be able to ingest the NRT GPS orbit time series
products from the GRAS GSN.

GRAS-Sec.4.3-250 The Level 1a PGF shall be able to obtain the enhanced GPS POD prod-
ucts from the GRAS GSN.

GRAS-Sec.4.3-260 The Level 1a PGF shall be able to select from the NRT GPS orbit time
series the complete orbit arcs that enable processing of all occultations
from the Metop data dump.

GRAS-Sec.4.3-270 The Level 1a PGF shall be able to format the NRT GPS orbit time series
and reprocessed GPS orbit time series according the GRAS Level 1a
product format specified in [AD4].

GRAS-Sec.4.3-320 The Level 1a PGF shall be able to obtain the GRAS instrument char-
acterization data and select valid parameters for instrument correction
for each occultation in the Metop data dump, correct the measurement
data for errors caused by the observation system as explained in Section
5.2.2, and format the instrument characterization data and the measure-
ment data into GRAS level 1a products as specified in [AD4].

GRAS-Sec.4.3-330 The PGF shall be able to obtain the required GRAS GSN characteriza-
tion data and select valid parameters for instrument correction for the
entire time period covered by the Metop data dump, correct the GSN
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SSD and Ground Tracking Data for errors caused by the GSN obser-
vation system, and format the characterization, GSN SSD, and Ground
Tracking data into GRAS level 1a products as specified in [AD4].

GRAS-Sec.4.3-340 The Level 1a PGF shall be able to obtain the Earth Orientation Parame-
ters (EOP) from the GRAS GSN.

4.4 Level 1b Processing Function

GRAS-Sec.4.4-5 The Level 1b PGF shall produce Level 1b products using the algorithm
specified in Section 5.3.

GRAS-Sec.4.4-10 The PGF shall produce bending angle products over the entire globe.

GRAS-Sec.4.4-20 The PGF shall produce bending angle products from all occultations
measured by the GRAS receiver (Note: It is assumed that GSN data
relevant to the occultations are available).

GRAS-Sec.4.4-30 The PGF shall be able to produce bending angle products from surface
to 80 kilometers or from the smallest height that the instrument provide
observation data to 80 kilometers.

GRAS-Sec.4.4-40 The PGF shall produce ionosphere corrected bending angle products
with an absolute accuracy of better than 1 µrad or 0.4 % (which ever
is higher) within the vertical range over which bending angle products
are to be generated.

GRAS-Sec.4.4-80 The PGF shall produce all GRAS Level 1b products in the format speci-
fied in [AD4].

GRAS-Sec.4.4-100 The PGF Level 1b shall be able to process raw sampling mode (i.e.,
open-loop mode) data as defined in Section 5.4.

GRAS-Sec.4.4-105 The Level 1b PGF shall facilitate the subsequent upgrading of Raw Sam-
pling mode data processing functionality at least by providing a well-
defined programming interface by which data and commands can be pro-
vided to the Raw Sampling mode data processing functionality at least
by the Occultation isolation functionality and by the GO retrieval func-
tionality and and received from the Raw Sampling mode data processing
functionality by at least the Level 1b post-processing functionality.

GRAS-Sec.4.4-180 The user shall be able to select for each correction in the PGS whether it
is performed in the data processing.

GRAS-Sec.4.4-260 The PGF Level 1b shall detect and correct cycle slips and half cycle slips
in the carrier phase measurements for all receiving chains for occultation
and navigation antennas for all instrument tracking states.
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GRAS-Sec.4.4-270 The PGF Level 1b shall have the capability to limit the cycle slip de-
tection and correction for any occultation data to samples above a user-
configurable height limit.

GRAS-Sec.4.4-310 The PGF Level 1b shall be able to use NWP data provided via the PGE
interface to compute NRT tropospheric delay estimates for correction of
the GSN data.

GRAS-Sec.4.4-322 In cases where sufficient input data is not available to support the clock
correction method in force, the PGF shall be able to change automatically
to a clock correction method that is supported by the available data as
defined in Section 5.3.3.4.

GRAS-Sec.4.4-323 The automatic clock correction change mode can be enabled and dis-
abled by the user.

GRAS-Sec.4.4-325 The choice of which clock correction mode to apply as a default shall be
controlled by a user-configurable set of parameters.

GRAS-Sec.4.4-395 The parameters for the smoothing of the bending angle profiles shall be
user configurable.

GRAS-Sec.4.4-420 The PGF Level 1b shall be able to process as described in Section 5.3.2
the GSN products and to extract the data related to the identified occul-
tations.

GRAS-Sec.4.4-450 The PGF Level 1b shall maintain the GPS state vector determination
accuracy provided by the GSN as defined in AD13.

GRAS-Sec.4.4-460 The PGF Level 1b shall maintain the Metop state vector determination
accuracy provided by GRAS/Metop POD.

GRAS-Sec.4.4-470 All filtering functions used in the data processing shall be user definable
by a set of configurable parameters.

4.5 Occultation Table Generation

GRAS-Sec.4.5-10 The PGF shall be able to generate an occultation table containing all oc-
cultations and navigation measurements theoretically visible for GRAS.

GRAS-Sec.4.5-15 The PGF shall generate the occultation table using the algorithm defined
in Section 6.4.

GRAS-Sec.4.5-20 The PGF shall be able to generate an occultation table valid for the time
period of user definable hours into the future from the time of the table
generation.

GRAS-Sec.4.5-30 The occultation table shall contain GPS and Metop orbits that were used
in the generation of the table.
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GRAS-Sec.4.5-40 The occultation table shall be made available outside the CGS, at least to
the GSN and the Calibration and Validation facility.

4.6 GRAS/Metop POD

GRAS-Sec.4.6-10 The output of the NRT GRAS/Metop POD process shall include, as min-
imum, the products defined in the VIADR-1A-METOP-POD specifica-
tion in AD4.

GRAS-Sec.4.6-40 All Metop state vectors are to be provided in inertial coordinate frame
ECI MJD2000 as specified in AD7.

GRAS-Sec.4.6-50 All time stamps used in the NRT GRAS/Metop POD products shall be
in the same time frame that is used for GRAS GSN POD products.

GRAS-Sec.4.6-60 All clock offset estimates are provided as the epoch-wise offset of the
GRAS clock against the reference time provided by the GSN as specified
in AD9.

GRAS-Sec.4.6-70 The NRT POD process shall provide all specified output products for
each POD solution so that the timeliness requirements for processing
and dissemination of the GRAS level 1b products can be fulfilled.

GRAS-Sec.4.6-90 The POD shall provide the following items to the monitoring process:

1. Input processing parameters;

2. When supplied to it, invalid input data, clearly flagged as such;

3. When supplied to it, obsolete input data, with epoch indication;

4. Number of actually received data points;

5. Number of culled data points;

6. Minimum number of data points expected to conduct the POD;

7. Non-nominal data processing flag;

8. Processing Time;

9. Deviation of latest POD state vector from previous POD state vector
in terms of σ.

GRAS-Sec.4.6-100 The POD shall make the POD, products and the parameters used in mak-
ing them, available outside the CGS, at least to the Calibration and Val-
idation facility. The list of the products and the parameters includes, but
is not limited to:

1. Input processing parameters;

2. When supplied to it, invalid input data, clearly flagged as such;
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3. When supplied to it, obsolete input data, with epoch indication;

4. Number of actually received data points;

5. Number of culled data points;

6. Minimum number of data points expected to conduct the POD;

7. Non-nominal data processing flag;

8. Processing Time;

9. Deviation of latest POD state vector from previous POD state vec-
tor in terms of σ.

10. Templates containing the process steering parameters (definitions
of the variables and file environment, user-selected processing pa-
rameters like thresholds and so on).

11. Input data to the NRT POD process

(a) Data related to the GPS actually used for this run (state vector,
clock data);

(b) Data related to GSN elements involved in this run (ID, coordi-
nates);

(c) Earth Observation Parameters used;

(d) Tidal data files.

12. Output data from the NRT POD process.

GRAS-Sec.4.6-130 The GRAS POD shall be able to make a N hours prediction of the Metop
orbit for the occultation table generation, where N shall be user-definable
and in the range 0 to 36 hours.

GRAS-Sec.4.6-140 It shall be possible to start the Metop orbit prediction process either man-
ually or automatically.

GRAS-Sec.4.6-150 The offline orbit determination on long orbit arcs to calibrate the orbit
dynamical parameters

a) Solar radiation pressure with variable reflective area and fix scaling
coefficient;

b) Aerodynamic drag with variable frontal area and fix scaling coeffi-
cient;

c) One cycle per revolution empirical acceleration with fixed coefficients;

shall be performed periodically, every X days (where X is a real number,
user selectable and in the range 0<X<10), to obtain the latest value of the
coefficients to be re-used in the short NRT orbit determination arcs.

GRAS-Sec.4.6-160 It must be possible for the operator to change the considered tracking
period.
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GRAS-Sec.4.6-170 It shall be possible to run the offline calibration process for the orbit
dynamical parameters either manually or automatically.

GRAS-Sec.4.6-180 The offline calibration process for the orbit dynamical parameters shall
use input data only over time periods that contain no manoeuvres and
only over time periods in which the satellite has been in yaw steering
mode.

GRAS-Sec.4.6-190 The offline orbit determination process to calibrate the orbit dynamical
parameters shall not use input data that has been measured within a user
definable period (default = 102 minutes) after the end of an in-plane ma-
noeuvre or within a user definable period (default = 400 minutes) after
the end of an out of plane manoeuvre.

GRAS-Sec.4.6-290 The NRT GRAS/Metop POD shall be able to ingest Metop onboard
tracking data as produced by the instrument correction function.

GRAS-Sec.4.6-300 The NRT GRAS/Metop POD shall be able to ingest any products neces-
sary for the orbit determination as provided by the GRAS Ground Sup-
port Network (GSN). GRAS GSN products are defined in AD9 and prod-
uct formats are defined in AD14.

GRAS-Sec.4.6-310 The NRT POD shall recover its standard orbit determination accuracy
not later than user definable time (default = 102 minutes) after the end of
an in-plane manoeuvre and not later than user definable time (default =
400 minutes) after the end of an out of plane manoeuvre.

GRAS-Sec.4.6-320 In case Metop leaves the standard (yaw steering) attitude mode, the
above mentioned orbit determination accuracy shall be restored not later
than user definable time (default = 400 minutes) following the successful
switch on of the yaw steering mode.

GRAS-Sec.4.6-330 In order to check that the NRT POD process is properly working, this
process shall output a subset of its normal output to a dedicated screen
page and to a report file. The output shall include a s a minimum:

1. Date and Time for POD process start and for POD process end;

2. Current Metop state vector and last Metop state vector;

3. Current and last Solved-for coefficients (e.g. Cd parameters, if rel-
evant);

4. Current state vector covariance matrix.

GRAS-Sec.4.6-340 If one or more elements of the current state vector differ from an element
or elements in the past state vector by more than a user-configurable
parameter (default value: 4σ) then self explanatory information about
the error shall be added to the report of the dump processing, and an
event of user configurable severity shall be raised to the CGS via the
PGE interface.
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GRAS-Sec.4.6-342 The user shall be able to adjust the parameter beyond which state vector
differences create an error report and raise events of user configurable
severity without interrupting the NRT POD process and have the NRT
POD process affected by this action at once.

GRAS-Sec.4.6-345 NRT POD alert messages and audible alarms shall be presented at an
operator screen within a user configurable time (default = 3 minutes)
after their cause has occurred.

GRAS-Sec.4.6-350 Appropriate guidelines, grouped according to “symptoms”, shall be sup-
plied to allow causes to be identified and remedial action to be taken in
case of errors detected in the NRT POD function.

GRAS-Sec.4.6-360 It shall be unnecessary to stop the NRT POD process in case of problems
caused by external reasons (for instance bad data).

GRAS-Sec.4.6-380 No corruption of input/output/steering data structures is allowed, even in
case the NRT POD process abnormally ends.

GRAS-Sec.4.6-390 The NRT POD process scheduling and monitoring shall issue an alert to
the operator and to the log file as soon as the NRT POD process abnor-
mally ends.

GRAS-Sec.4.6-410 The user shall be able to adjust the POD process to reduce the clock
offset estimation error to, at a minimum, the clock manufacturer error
estimate.

Note: This is intended to minimize the risk that possible errors in the
position or velocity estimation may be automatically (and artificially)
attributed by the POD process to the clock offset estimates. A reference
value for the expected clock errors shall be the clock manufacturer error
estimate. Should the POD process consistently attribute errors to the
clocks by more than Xσ (default X=4) of the error estimate by the clock
manufacturer, it shall be possible for the user to adjust the POD process
until the error attributed to the clock decreases below the Xσ level.

GRAS-Sec.4.6-420 The GRAS/Metop NRT POD function shall be able to produce enhanced
POD products (as defined in AD9) using the enhanced GPS POD prod-
ucts from the GRAS GSN and covering the same time period as the en-
hanced GPS POD products. The production of enhanced POD products
can be performed automatically or manually based on POD system setup
by the operator.

5 MATHEMATICAL FORMULATION OF THE ALGORITHM

The mathematical formulation of the GRAS level 1 data processing algorithm is divided into two
parts. This section provides a concise description of the complete data processing algorithm. This
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description is designed to provide a good overview of the flow of the data processing, order of
the data processing steps, and generation of the intermediate data products during the process-
ing. When necessary, a reference to a more detailed mathematical formulation of the individual
functions in Section 6 is provided.

It shall be noted that all data processing steps in this section are applied to all GRAS measurement
data at L1-C/A, L1-P1 and L2-P2, unless specified otherwise.

Occultation table generation is presented as a separate box detached from the main data processing
functions in Figure 5.1. This is because it is a special function in the GRAS data processing system.
It is not directly a part of the NRT data processing algorithm and it is performed only once in about
24 hours. The main purpose of this function is to provide the estimated times and locations of
all GRAS measurements for the next 24 - 36 hours to the GRAS GSN so that the data transfer
between the elements of the measurement system can be made more efficient. The mathematical
formulation for the occultation table generation is provided separately in Section 6.4.

5.1 Level 0 processing

The GRAS Level 0 processing is the first step in the GRAS data processing. This function has
no mathematically definable algorithm. The purpose is this function is to collect all data from
the GRAS instrument from a Metop data dump for archiving. So, the input to this function is the
complete data stream from the spacecraft covering one dump.

A special problem related to the archiving is a possibility that one data dump contains measure-
ments at the beginning and at the end of the dump, that are not complete. This happens because
the GRAS measurements are split into sub-packets in multiple source packets (as explained in
AD10). The Level 0 processing together with the archiving functionality shall ensure that when
level 0 products are accessed from the archive, it shall be always possible to restore complete
measurement sequences for all measurements in the product.

5.2 Level 1a processing

Level 1a processing is the start of the processing of the measurement data. The purpose of the
level 1a processing is to prepare the raw measurement data from the instrument for the retrieval
of the GRAS level 1b data products and collection of all auxiliary data required for the level 1b
processing.

A block diagram of the level 1a processing is presented in Figure 5.1. This diagram presents the
general position of each function in the data processing system. The arrows between the function
blocks indicate the general direction of data flow. However, this diagram does not present any
details of the flow of individual data items between the functions. The detailed data flow can only
be determined from the input and output parameter lists of the function descriptions in Section 6.

5.2.1 Level 1a pre-processing

The raw data provided by the GRAS instrument is packeted into measurement and ancillary data
packets inside the GRAS CCSDS packets. The level 1a pre-processing functionality handles the
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Figure 5.1: Simplified block diagram of the level 1b data processing functions.

restoring of the complete measurement time sequences (in the Source packet pre-structuring func-
tion), quality checks the input data (in the Level 1a quality check function), and the reassembly of
the raw data into nominal measurement data (Measurement reassembly function).

5.2.1.1 Source packet pre-structuring

The source packet pre-structuring function ingests the raw data in CCSDS packets defined in
AD10. The raw data produced by GRAS instrument is divided into ancillary and measurement data
sub-packets. As described in AD10 and in AD11 the measurement sub-packets do not necessarily
contain a full occultation or navigation measurement. To restore a complete measurement time
sequences the contents of the CCSDS packets must be separated and data from several CCSDS
packets must be collected together. The pre-structuring function shall perform the restoration of
the complete measurement time sequences. There is no mathematical description of the GRAS
source packet pre-structuring algorithm, but some instructions on measurement packet selection
and combining are provided in AD11.

The pre-structuring function shall provide complete measurement data sequences for the Level 1a
quality check function. It shall also provide for each measurement sample the information of which
measurement packet type (Single Carrier Frequency, Dual Carrier Frequency, Occultation Raw
Sampling) was used in the pre-structuring of the complete measurement data sequence. This is
monitoring information that shall be included in the 1B MDRs. In the case when two measurement
packet types are generated in parallel (Single Carrier Frequency and Occultation Raw Sampling),
also the type of the second packet (i.e., the packet that was not used) is provided.

GRAS Product Generation Specification 33 Printed on: 16th July 2004



EUMETSAT
POLAR

SYSTEM

EPS Programme
GRAS Level 1 Product

Generation Specification

Ref: EPS/SYS/SPE/990010

Issue: 6 Rev 4

WBS number: 270000

Date: 16/07/04

5.2.1.2 Level 1a quality check

The purpose of the level 1a quality check algorithm is to ensure that the complete measurement
time sequences have been restored correctly, no data is missing from the measurement sequences,
and that the instrument has not performed non-nominal tracking (e.g. switching tracking between
two GPS satellites) during the measurement.

The detailed definitions of the level 1a quality checks are provided in Section 6.1.1.

As part of the level 1a quality check the GRAS_ID shall be set for the MDR-1A-OCCULTATION
DATA, or MDR-1A-NAVIGATION DATA, depending on the measurement type. The GRAS_ID
shall be set based on the SPACECRAFT_ID in the product MPHR and a user configurable database
containing information of which GRAS instrument in onboard which spacecraft.

5.2.1.3 Measurement reassembly

The combined raw measurement data time sequences do not contain data that could directly be
used to retrieve GRAS level 1b products. The parameters in the raw data have to be processed with
the Measurement reassembly function before next steps of the data processing can be started. The
mathematical algorithms for the Measurement reassembly are provided in AD11. The input and
output parameters of the Measurement reassembly function are listed in Section 6.1.2.

If GRAS USO frequency correction due to the USO temperature variation is enabled in the data
processing, this correction has to be performed before the Measurement reassembly. The equation
for USO frequency correction is provided in Section 6.1.2.

The products from the Measurement reassembly function contain the “usual” radio occultation
measurement products for L1 and L2 channels labeled as:

– Carrier phase;

– Carrier amplitude;

– Code phase;

– Noise estimates;

– Housekeeping information.

Measurement reassembly also converts the time stamps of the measurements from numbers of
clock cycles into time in seconds. This enables the identification of the measurements against the
predicted measurements in the GRAS Occultation Tables.

The Q_ANA flag in the GRAS level 1a and level 1b products is set based on the Automatic Gain
Control Activity Check described in AD11.
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5.2.1.4 Measurement identification

The measurement identification function compares the predicted measurements in the currently
valid Occultation Table to the actual measurements by GRAS. The data items to be compared are:

1. Measured GPS PRN number;

2. Start time of the measurement;

3. End time of the measurement.

Before the start and end time of the measurement can be compared to the predicted start and end
time, the IMT (Instrument Measurement Time) time stamps of the measurement have to be syn-
chronised with the time frame that was used in the occultation table generation. For the navigation
measurements this is straight forward as the synchronisation of the IMT time stamps with the UTC
time estimated in the onboard navigation solution is provided in the Extended Navigation Data
Packets [AD10]. For the occultation measurements the synchronisation has to be performed using
the algorithm presented in Section 6.1.3.

The information for the occultation measurement samples can now be labeled as

{(
SAT (m), τ imtrx (m), taprrx (m)

)
; m : 1 → N

}
,

and for the navigation measurements as

{(
SAT (k), τ imtrx (k), tutc_grasrx (k)

)
; k : 1 → K

}
.

The time stamps at the beginning and at the end of the measurement can now be compared to the
predicted measurement start and end time of the GPS satellite identified by the PRN number. This
allows verification that the actual measurement and the predicted measurement in the occultation
table are the same.

The detailed description of the time stamp comparison procedure, thresholds, and measurement
consistency checks are defined in Section 6.1.4.

5.2.2 Instrument corrections

The purpose of the instrument correction function is to remove the impact of the receiver and
transmitter hardware from the measurement data. For the impact of the receiver this is based on
characterisation measurements by the instrument manufacturer at ground before the launch of the
spacecraft. For the transmitter the correction would ideally be based on similar measurements of
the transmitter hardware. For GPS satellites the transmitter characterisation data is not available.
So, the instrument correction is partly based on empirically determined models of the antenna
phase center position and partly on the characterisation data included in the navigation message.

The IMT time used for the time stamping of the measurement samples is directly derived from
GRAS USO by counting the number of core clocks in the AGGA. The IMT counter starts running
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from zero when the instrument is entering the Navigation mode and is continuously updated when
ever the instrument is in Navigation or Occultation mode. The IMT count must be synchronised
once with a representation of a coordinate time. This shall be done using the UTCGRAS time as
a coordinate time when the instrument enters the Navigation mode. A re-synchronisation of the
IMT with the UTCGRAS time shall be a user selectable option.

Let the set of N regenerated phase samples and their corresponding IMT times for a given channel
and a particular occultation after the Measurement reassembly function be:

{(
φreg(m), τ imtrx (m)

)
; m : 1 → N

}
Note that these IMT times are times stamped at the ADC. (These stamped times are considered to
be the IMT time as opposed to the time at the USO - there being a small offset between the two.)

The regenerated phase is given by the following equation:

ρreg (τ imtrx ) =
2πfgps|�reciant(t

ref
rx )−�recitx (treftx )|
c

+2πfgpsPs

[
�reciant

(
trefrx

)
, �recitx

(
treftx

)]
+2πfgps

(
∆tgras

(
trefrx

)− ∆tgps

(
treftx

))
−ρntrl (τ imtrx ) − ρion (τ imtrx )
+ρinst

(
θant

(
trefrx

)
, ϕant

(
trefrx

)
, Tk

(
trefrx

)
, gana (τ imtrx )

)
+2πNcs (τ imtrx ) + ρconst,

(5.1)

where

ρreg = the regenerated phase at the GRAS antenna reference point;

τ imtrx = the reception time of the GPS transmission in the IMT time frame;

fgps = the frequency of the GPS transmission channel (L1 or L2);

�reciant = the position vector of the GRAS antenna reference point in ECI coordinate frame;

trefrx = the reception time of the GPS signal in the reference time frame;

�recitx = the position vector of the transmitting GPS satellite antenna reference point in ECI
coordinate frame;

treftx = the transmission time of the GPS signal in the reference time frame;

Ps = the relativistic correction for the Shapiro effect;

∆tgras = the clock offset of the GRAS receiver;

∆tgps = the clock offset of the transmitter of the measured GPS satellite;

ρntrl = the phase delay due to the neutral atmosphere;
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ρion = the phase delay due to the ionosphere;

ρinst = the phase delay due to the receiver characteristics;

θant = the zenith angle between the local antenna normal to the direction of the incoming
ray;

ϕant = the azimuth angle of the incoming GPS transmission at the reception antenna;

Tk = the temperature of the element k in the GRAS receiver chain (k = RFCU, GEU);

Ncs = an integer number of cycle slips in the received phase;

ρconst = a constant phase offset due to the phase ambiguity.

In the equation above for the regenerated phase the terms have the following significance. The first
and second terms are associated with geometric delay between the transmitter and the receiver;
the first term is the normal geometrical distance and the second term is a correction for general
relativistic effects due to the Earth’s gravitational field. The third term is associated with the
clock offset of the transmitter and receiver with respect to reference time. The fourth and fifth
terms are the phases associated with the troposphere and the ionosphere, that we wish to recover.
The sixth term is an instrument characterisation term depending on the angles of reception in the
antenna frame, the reception channel which depends on (a) L1 or L2 frequency, (b) C/A, P or Y
code, and (c) the temperatures of various hardware units associated with the given chain (antenna,
RFCU, GEU) and the analog gain setting of the receiver. The seventh term is the cycle slip term.
This term is deemed to be zero at the start of a setting occultation (when the tracking loop first
locks the carrier) and remains zero unless the tracking loop skips one or more cycles between
adjacent samples. For a rising occultations, similar considerations apply except the cycle slip term
is deemed to be zero at the end of the occultation. The eighth term is a constant phase offset.

Equation 5.1 is equally applicable for occultation and navigation phase measurements by GRAS.
In the case of navigation measurements the neutral atmosphere term can be considered zero.

The objective first stage of the processing is to recover the sum of the tropospheric and ionospheric
phase from the regenerated phase be eliminating the impact of all other terms.

The purpose of the instrument correction is to remove the impact of the sixth term in Equation 5.1
from the measurement data. This is done using approximate position and timing information from
the on-board navigation solutions, that is perfectly adequate for this purpose.

It should be noted that it is possible to perform most carrier phase related calculations in the GRAS
data processing by converting the phase data into radians, degrees, or meters. The unit of the data
does not impact the accuracy of the bending angle retrieval as long as the units of all data are
consistent. However, the unit of the data impacts the formulation of the algorithm. In this document
the unit of the phase data is radians in level 1a and meters in level 1b processing (except in cycle
slip correction, where the data is temporarily converted to radians). In the mathematical notation
the symbol ρ is used for phase data in radians and φ for phase data in meters. These units have
been selected to ease the mathematical formulation of the algorithm. The implementation of the
algorithm may deviate from the unit specification used in this document as long as the consistency
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of the input and output data is maintained. The units of the level 1a and level 1b products must
follow the specification in AD4.

The instrument correction for the occultation carrier phase measurements is performed by subtrac-
tion

ρic_ch
(
τ imtrx

)
= ρreg_ch

(
τ imtrx

)− Λ (θant (taprrx ) , ϕant (t
apr
rx ) , CH)

−Ξ (Trfcu (taprrx ) , CH) − Γ (Tgeu (taprrx ) , gana (taprrx ) , CH) , (5.2)

where

ρic_ch = the instrument corrected carrier phase for channel ch;

Λ = the function estimating the impact of the antenna phase center on the measured
carrier phase;

Ξ = the function estimating the impact of the RFCU phase delay on the measured carrier
phase;

Γ = the function estimating the impact of the GEU phase delay on the measured carrier
phase;

taprrx = the reception time of the carrier phase sample approximated using the onboard nav-
igation solution time;

CH = the channel and the code of the received transmission (L1-C/A, L1-P1, L2-P2).

The derivations of the functions Λ, Ξ, and Γ are presented in Section 6.1.5.

The correction for the carrier phase measurements with the navigation antenna GZA is also per-
formed using Equation 5.2. Because the navigation measurements are already time stamped by the
UTCgras time, the τ imtrx and taprrx times are replaced with tutc_grasrx .

The instrument correction for the amplitude measurements by the occultation channels is per-
formed by

Eic_ch
(
τ imtrx

)
= Ereg_ch

(
τ imtrx

)·∆Einst (θant (taprrx ) , ϕant (t
apr
rx ) , Trfcu (taprrx ) , Tgeu (taprrx ) , gana (taprrx ) , CH) ,

(5.3)

where

Ereg_ch = the regenerated amplitude from measurement reassembly function at channel ch;

∆Einst = a function providing an estimate for the total amplitude change caused by the re-
ceiver hardware.
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The detailed definition of ∆Einst is provided in Section 6.1.5.

For the amplitude measurements by GZA the τ imtrx and taprrx time stamps in Equation 5.3 are replaced
by tutc_grasrx .

Finally, instrument correction is to be performed also to the code phase measurements. The instru-
ment corrected code phase measurements are derived from the function

CPic_ch
(
τ imtrx

)
= Ξcp

(
CPch

(
τ imtrx

)
, Trfcu_chn

(
τ imtrx

)
, Tgeu

(
τ imtrx

)
, gana

(
τ imtrx

)
, CHN, Plo_rfcu,∆tdcb

)
,

(5.4)

where

CPic_ch = the instrument corrected code phase for code ch (L1-C/A, L1-P1, or L2-P2);

CPch = the measured code phase for code ch;

Trfcu_chn = the temperature of the RFCU corresponding to the antenna chain CHN ;

Tgeu = the temperature of the GEU;

gana = the analog gain setting of the GEU;

CHN = the antenna chain indicator;

Plo_rfcu = the LO power feeding the the RFCU during the measurement;

∆tdcb = the Differential Code Bias (DCB) of the measured GPS satellite.

Function 5.4 is called for each GRAS measurement for each code L1-C/A, L1-P1, and L2-P2 to
derive the instrument corrected code phases.

The detailed formulation of the function Ξcp is provided in Section 6.1.5.3.

The instrument corrected navigation measurements (phase, amplitude, code phase) are used by
the GRAS/Metop NRT POD function for determination of the Metop orbit and clock offset. The
mathematical formulation of the POD algorithm is presented in Appendix A.

5.2.3 Level 1a product quality check

The level 1a product quality check function monitors the quality of the level 1a products and
telemetry information. The purpose of this check is to set the appropriate quality flags in the level
1a and level 1b MDRs. No measurements are rejected because of the level 1a quality checks.

One important function of the level 1a quality check is to monitor the tracking status of the in-
strument using the carrier amplitude. This supports the detection of a transient loss of the carrier
tracking in low SNR conditions. This temporary loss of track may not be visible in the tracking
status flag or measurement packet type.

Detailed specifications of the Level 1a product quality check input and output parameters, and
threshold levels are provided in Section 6.1.6.

The main output of the Level 1a product quality check function are the product quality flags in the
level 1a MDRs.
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5.2.4 Level 1a product formatting

The Level 1a products contain GRAS measurement data, housekeeping data, and auxiliary data
from GRAS/Metop NRT POD function and GRAS GSN. The detailed data contents, data structure
in the forms of VIADRs and MDRs, and detailed data format is defined in AD4.

There is no mathematical formulation for this function.

5.3 Level 1b processing

Level 1b processing retrieves phase residual, Doppler residual, and total bending angle from the
occultation measurement data prepared in level 1a processing.

A block diagram of the level 1b processing is presented in Figure 5.2. This diagram presents the
general position of each function in the data processing system. The arrows between the function
blocks indicate the general direction of data flow. However, this diagram does not present any
details of the flow of individual data items between the functions. The detailed data flow can only
be determined from the input and output parameter lists of the function descriptions in Section 6.

5.3.1 Pivot satellite and fiducial station selection

The first function of the level 1b processing is to select the pivot GPS satellite and the fiducial
ground station that shall be used to support the clock correction with differencing techniques. The
pivot satellite shall be selected from the group of satellites tracked by the GZA over the full time
period of the occultation measurement. The fiducial station shall be selected from the sub-net of
fiducial stations that have visibility to the occulting and the pivot GPS satellite.

The selection of the fiducial ground station and the pivot GPS satellite for clock differencing is
based on calculating a cost function for each provisional station-satellite combination. A different
cost function is defined for each differencing technique. The fiducial station, pivot satellite, or the
station-satellite combination depending on the differencing mode with the smallest cost function
is selected for the occultation data processing. The detailed cost models and selection parameters
are provided in Section 6.2.1.

The Pivot satellite and fiducial station selection function shall provide the identifications of the
selected satellites and stations for Measurement isolation.

5.3.2 Occultation isolation

The purpose of the occultation isolation function is to collect all auxiliary data required for pro-
cessing of one occultation from the level 1b VIADRs . Because the sampling rate of the auxiliary
data is always 1 Hz or lower, the accuracy of the taprrx is sufficient for the isolation of the auxiliary
data. Thus, as input parameters the Occultation isolation function requires:

– the identification of the occulting GPS;

GRAS Product Generation Specification 40 Printed on: 16th July 2004



EUMETSAT
POLAR

SYSTEM

EPS Programme
GRAS Level 1 Product

Generation Specification

Ref: EPS/SYS/SPE/990010

Issue: 6 Rev 4

WBS number: 270000

Date: 16/07/04

Level 1b processing

Level 1b
post-processing

Level 1b corrections

Clock corrections

Wave optics retrievalGeometrical
Optics retrieval

No-
differencing

Earth oblateness correction

Doppler calculation

Total bending angle and
impact parameter calculation

Ionosphere correction

Pivot satellite and fiducial station
selection

Measurement isolation

Removal of geometrical path

Relativity correction

Cycle slip detection and correction

Geolocation

TEC derivation

Bending angle bias estimation
and correction

Noise filtering

Back-propagation

Ionosphere correction

Phase transform

Level 1b quality check

Level 1b products formatting

R
aw

 s
am

pl
in

g 
m

od
e 

le
ve

l 1
b 

pr
oc

es
si

ng

Single
differencing 1

Single
differencing 2

Double
differencing 1

Double
differencing 2

from level 1a processing

IMT to measurement time conversion

Transmission time determination

Phase unwrapping

GRAS Meteorology SAFUsers

Figure 5.2: Block diagram of the level 1b data processing.
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– identification of the pivot GPS;

– identification of the fiducial stations 1 and 2;

– and start and end time stamps of the occultation measurement as taprrx time.

The GPS and station identifications are produced by the Pivot satellite and fiducial station selection
function and the time stamps are generated for each occultation in the Measurement identification
function.

There is no mathematical description of the algorithm as the isolation of the auxiliary data only
requires comparisons of the GPS satellite and fiducial station identification codes and the time
stamps of the data items.

5.3.3 Level 1b corrections

The Occultation isolation function produces complete data sets containing occultation measure-
ment data and auxiliary data required for level 1b product retrieval. The purpose of the correction
functions at level 1b is to remove more terms from the measured phase data as expressed in Equa-
tion 5.1 in order to derive only the phase residual caused by the neutral atmosphere and ionosphere
at frequencies L1 and L2. Level 1b corrections shall also correct or reduce the impact of errors
caused by relativistic effects, clock offsets, and Earth oblateness.

5.3.3.1 IMT to reference time conversion

The time stamps of the measurement data in IMT time frame can be converted into reference time
frame using the GRAS clock offset estimates produced in the GRAS/Metop NRT POD function.
The algorithm to be used in the time conversion depends on the format of the POD output. If the
clock offsets are provided as a function, the conversion is performed with iterative inversion of
the function. If the offsets are provided as discrete samples, the conversion is performed using
interpolation.

If the POD clock offset data is provided as a function, ∆tgras
(
tref

)
, it allows IMT time to be

computed at any reference time as

τ imt = tref + ∆tgras
(
tref

)
, (5.5)

where

τ imt = time in the IMT time frame;

tref = time in the reference time frame.

The Equation 5.5 can be solved iteratively to yield the inverse relationship

tref = τ imt +Dgras
(
τ imt

)
, (5.6)

where
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Dgras = the offset between tref and τ imt as a function of τ imt.

If the POD output is provided as series of discreet values

{(
∆tgras(m), tref(m)

)
; m : 1 → N

}
the inverse relationship at the measurement times τ imt can be solved by linear interpolation

Dgras(τ
imt) = ∆tgras(t

ref
m ) +

[
τ imt − τ imt (trefm )] ∆tgras

(
trefm+1

)
− ∆tgras

(
trefm

)
trefm+1 − trefm

, (5.7)

where τ imt
(
trefm

) ≤ τ imt ≤ τ imt (trefm+1

)
.

If the clock offsets are provided as discrete values, the IMT to reference time conversion function
shall include a user selectable option to filter the data before interpolation. The filter options shall
include a least squares fit of nth order polynomial to the data and applying a low pass filter as
defined in Section 6.3.6.1 with user definable parameters B(t) and L(t).

After the inverse relationship has been solved, the IMT times (stamped at the ADC) may be con-
verted to reference times of arrival at the GRAS antennas using the equation

trefrx = τ imtrx − δrx (CH) +Dgras
(
τ imtrx − δrx (CH)

)
, (5.8)

where δrx(CH) is a chain dependent delay time between the antenna and the ADC (in the GRAS
rest frame). Using this equation we can extend the labeling of the set of N regenerated phase
samples for a given channel and a particular occultation as

{(
ρic_ch(m), τ imtrx (m), trefrx (m)

)
; m : 1 → N

}
Note that knowledge of the reference time of reception allows the position of the Metop satellite
centre of mass at the reference time of reception to be determined from the POD position data.

5.3.3.2 Transmission time determination

It is now necessary to determine the reference time of transmission to allow the position of the
GPS(n) satellite centre of mass to be determined. This is achieved by iterating the equation

treftx∗ = trefrx −

∣∣∣�reciant (trefrx )− �recitx (treftx∗)∣∣∣
c

− Ps
[
�reciant

(
trefrx

)
, �recitx

(
treftx∗

)]
, (5.9)

where

treftx∗ = the estimate of the transmit time;
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Ps = the function calculating the delay caused by the Shapiro effect [s];

�reciant = the position vector of the GRAS antenna reference point in ECI coordinate frame;

�recitx = the position vector of the transmitting GPS satellite antenna phase center in ECI
coordinate frame.

The function Ps for calculating the Shapiro effect is given in Equation 6.52 in Section 6.2.2.1.

The position vector of the GRAS antenna �reciant is calculated from

�reciant
(
trefrx

)
= �recileo

(
trefrx

)
+ Mmetop

(
trefrx

) [
�rsrfant − �rsrfcom

(
trefrx

)]
, (5.10)

where

�recileo = the position vector of the Metop CoM in the ECI coordinate frame;

Mmetop = the rotation matrix from the Metop Satellite Reference Frame (SRF) to ECI;

�rsrfant = the position vector of the antenna reference point in the SRF coordinate frame;

�rsrfcom = the position vector of the Metop CoM in the SRF coordinate frame.

The coordinate transform from Metop SRF to ECI is defined in steps 4) - 6) in Section 6.3.3.1.

The position vector of the Metop CoM in Equation 5.10 shall be interpolated to the observations
times trefrx using the Lagrange interpolation (Section 6.3.1.1).

The position vector of the GPS transmission antenna phase center �recitx is calculated from

�recitx

(
treftx∗

)
= �recigps

(
treftx∗

)
+ Mgps

(
treftx∗

)
· �rsrftx , (5.11)

where

�recigps = the position vector of the GPS CoM in the ECI coordinate frame;

treftx∗ = the estimate of the transmission time;

Mgps = the rotation matrix from the GPS SRF to ECI;

�rsrftx = the position vector of the GPS antenna phase center in the GPS SRF frame (assumed
to be constant over time).

The rotation matrix Mgpsis calculated from

Mgps =


 U11 U12 U13

U21 U22 U23

U31 U32 U33




−1

. (5.12)
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The matrix elements Uij are derived from unit vectors in the local GPS SRF frame as

ûz =
−�recigps∣∣�recigps∣∣

=
− (xgpsx̂

eci + ygpsŷ
eci + zgpsẑ

eci)√
x2
gps + y2

gps + z2gps

=
−xgps
rgps

x̂eci − ygps
rgps

ŷeci − zgps
rgps

ẑeci

= U31x̂
eci + U32ŷ

eci + U33ẑ
eci, (5.13)

where

rgps =
√
x2
gps + y2

gps + z2gps,

ûy =
�uz × �recisun
|�uz × �recisun|

=
(U31x̂

eci + U32ŷ
eci + U31ẑ

eci) × (xsx̂
eci + ysŷ

eci + zsẑ
eci)

|(U31x̂eci + U32ŷeci + U31ẑeci) × (xsx̂eci + ysŷeci + zsẑeci)|
=

U32zs − U33ys
uy

x̂eci +
U33xs − U31zs

uy
ŷeci +

U31ys − U32xs
uy

ẑeci

= U21x̂
eci + U22ŷ

eci + U23ẑ
eci, (5.14)

where

uy =

√
(U32zs − U33ys)

2 + (U33xs − U31zs)
2 + (U31ys − U32xs)

2,

and

ûx =
ûy × ûz
|ûy × ûz|

=
U22U33 − U23U32

ux
x̂eci +

U23U31 − U21U33

ux
ŷeci +

U21U32 − U22U31

ux
ẑeci

= U11x̂
eci + U12ŷ

eci + U13ẑ
eci (5.15)

where

ux =

√
(U22U33 − U23U32)2 + (U23U31 − U21U33)2 + (U21U32 − U22U31)2.
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The sun position vector �recisunin Equation 5.14 is estimated by using a standard algorithm described
e.g. in Montenbruck & Gill, Section 3.3.2 or 3.3.3.

The position vector of the antenna phase center in the GPS SRF coordinate frame �rsrftx is provided
for each GPS satellite in the GSN Status and Configuration Database.

When the iteration has converged

treftx = treftx∗ . (5.16)

Using this equation we can, once again, extend the labeling of the set of N regenerated, instrument-
corrected phase samples for a given channel and a particular occultation in the following manner:

{(
ρic_ch(m), τ imtrx (m), trefrx (m), treftx (m)

)
; m : 1 → N

}

5.3.3.3 Relativity correction and removal of geometric path

Having established the reference times of transmission and reception, the geometrical path terms
may now be removed from the regenerated phase by subtraction using the GPS and Metop POD
data as

φatm
(
trefrx

)
=

c

2πfgps
ρic

(
trefrx

)
−

∣∣∣�reciant (trefrx )− �recitx (treftx )∣∣∣
− c∆ts

[
�reciant

(
trefrx

)
, �recitx

(
treftx

)]
, (5.17)

where

φatm = the phase residual due to the neutral atmosphere and ionosphere;

fgps = the GPS transmission frequency (L1 or L2).

It is important to note that the satellite state vectors interpolate to the approximate reception and
transmission times in the level 1a processing are not valid any more as the more accurate reception
times and transmission times have been solved. So, new interpolations of the satellite state vectors
are necessary.

The accurate knowledge of the transmission and reception times allows correction of the measured
code phases for the error caused by the Shapiro effect as

CPrc_ca
(
trefrx

)
= CPic_ca

(
trefrx

)− 1023 · 103 · Ps
[
�reciant

(
trefrx

)
, �recitx

(
treftx

)]
CPrc_p1

(
trefrx

)
= CPic_p1

(
trefrx

)− 10230 · 103 · Ps
[
�reciant

(
trefrx

)
, �recitx

(
treftx

)]
(5.18)

CPrc_p2
(
trefrx

)
= CPic_p2

(
trefrx

)− 10230 · 103 · Ps
[
�reciant

(
trefrx

)
, �recitx

(
treftx

)]
.

The function Ps for calculating the Shapiro effect is given in Equation 6.52 in Section 6.2.2.1.
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Table 5.1: Fallback modes for the clock correction in the case of missing input data.

Fallback mode Comments
DD2 => DD1 DD2 mode has been selected, but input data from the second fiducial

station is missing. As a result DD1 is the only available double differ-
encing mode.

DD1 => SD2

1. DD1 mode has been selected, but reference measurement of the
pivot GPS satellite is not available. SD2 is the only available
differencing mode.

2. DD1 mode has been selected (or used as a fallback option), but
SSD from the fiducial station is missing. SD2 would normally
be the fallback option, Missing SSD forces another fallback from
SD2 to SD1 (so this case is effectively DD1 => SD1).

SD2 => SD1 SD2 mode has been selected, but SSD from the fiducial station is miss-
ing. SD1 is the only available differencing option.

SD1 => ND SD1 (or any of the higher differing modes) has been selected, but some
or all of the reference measurements are missing. Only option is to use
ND mode.

5.3.3.4 Clock corrections

The phase residual data after the Removal of the geometrical path function must be corrected for
the clock offsets between the transmitter and the receivers. This algorithm includes five different
clock correction methods. The clock correction method to be used is user selectable. The process-
ing system shall provide a user selectable option to perform all corrections in parallel and provide
the results as an output.

In the case that sufficient data is not available to perform the selected clock correction method, a
fallback method shall be applied in the as defined in Table 5.1. It shall be noted that depending of
the missing input data, the clock correction mode can “drop” more than one step. The automatic
selection of a clock correction fallback mode can be enabled and disabled by the operator. If
the automatic fallback selection is disabled and the selected mode can not be performed, self
explanatory information about the error is added in the report of the dump processing, and an
event of user configurable severity to the CGS via the PGE interface is raised.

The clock correction options from (a) to (e) are listed below:

(a) No Differencing (ND)

φnd
(
trefrx

)
= φatm

(
trefrx

)− 2πfgps

(
∆tgras

(
trefrx

)− ∆tgps

(
treftx

))
, (5.19)

where
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φnd = the phase residual after ND clock correction;

∆tgras = the clock offset estimate for the GRAS instrument from the GRAS/Metop NRT
POD;

∆tgps = the clock offset estimate for the occulting GPS satellite from the GRAS GSN prod-
ucts.

The detailed description of the derivation of φnd is provided in Section 6.2.2.2.

(b) Single Differencing 1 (SD1)

φsd1
(
trefrx

)
= φatm

(
trefrx

)− φres_sd1 (trefrx ) , (5.20)

where

φsd1 = the phase residual after SD1 clock correction;

φres_sd1 = the phase residual from the measurement of the pivot GPS satellite by GRAS.

The detailed description of the derivation of φsd1 is provided in Section 6.2.2.3.

(c) Single Differencing 2 (SD2)

φsd2
(
trefrx

)
= φatm

(
trefrx

)− φres_sd2 (trefrx ) , (5.21)

where

φsd2 = the phase residual after SD2 clock correction;

φres_sd2 = the phase residual from the measurement of the occulting GPS satellite by the fidu-
cial station.

The detailed description of the φsd2 algorithm is provided in Section 6.2.2.4.

(d) Double Differencing 1 (DD1)

φdd1
(
timtrx

)
= φatm

(
timtrx

)− φres_sd2 (trefrx )− φres_pv1 (trefrx ) + φres_sd1
(
trefrx

)
, (5.22)

where

φdd1 = the phase residual after SD2 clock correction;

φres_sd2 = the phase residual from the measurement of the occulting GPS satellite by the fidu-
cial station number 1;

φres_pv1 = the phase residual from the measurement of the pivot GPS satellite by the fiducial
station number 1;
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φres_sd1 = the phase residual from the measurement of the pivot GPS satellite by GRAS.

The detailed description of the φdd1 algorithm is provided in Section 6.2.2.5.

(e) Double Differencing 2 (DD2)

φdd2
(
timtrx

)
= φatm

(
timtrx

)− φres_sd2 (trefrx )− φres_pv2 (trefrx ) + φres_sd1
(
trefrx

)
, (5.23)

where

φdd2 = the phase residual after SD2 clock correction;

φres_sd2 = the phase residual from the measurement of the occulting GPS satellite by the fidu-
cial station number 1;

φres_pv2 = the phase residual from the measurement of the pivot GPS satellite by the fiducial
station number 2;

φres_sd1 = the phase residual from the measurement of the pivot GPS satellite by GRAS.

The detailed description of the φdd2 algorithm is provided in Section 6.2.2.6.

5.3.3.5 Cycle slip correction and phase unwrapping

Next the cycle slip correction and phase unwrapping are performed. If a cycle slip occurs, generally
the phase will jump away from the positive I , zero Q position (i.e. the tracking attractor) and
then rapid return to it after a few samples. This occurs because momentarily the superposition
of (multipath) signals at the receiver has a spectral characteristic which the loop is unable track.
Thus cycle slips can be corrected by predicting the next phase from the previous K phases and at
the same time unwrapping the phase. However to facilitate this process it is first useful to remove
the expected phase variation from the signal to bring the signal as close to baseband as possible
(thereby reducing the number of times the phase wraps around). Thus cycle slip correction and
phase unwrapping are performed by applying the following algorithm. First the expected phase
variation is removed from the signal and the phase values are converted to radians as

ρbbw(m) =
2πfgps
c

[φcc(m) − φlaw(m)] , (5.24)

where

φbbw = the high frequency phase component after the expected phase delay has been re-
moved;

φcc = the phase residual after clock correction (cc denotes any of the clock correction
techniques ND, SD1, SD2, DD1, or DD2);

φlaw = the low frequency phase component based on a simple law of the phase residual.
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Table 5.2: Default values for the parameters for phase unwrapping and cycle slip correction.

Parameter Default value
K 10
Tuw1 π
Tuw2 π

The low frequency phase component φlawrepresents the phase residual as a function of time during
an occultation in the case that the measured atmosphere is smooth and ideal. Due to the unique
shape of the phase residual, φlaw can not be expressed by a polynomial function. The approach
used in this algorithm is to use a generic “law” that has been derived numerically with a ray-tracing
simulation. This law shall be provided as a lookup table in the form φ law(toffset), where toffset is
the time offset from the beginning of the measurement. The law must then be fitted to match the
shape of the measured phase residual as a function of time by using a least-squares-fit. Finally, the
law has to be interpolated to the measurement sampling times.

Then the phase is unwrapped (as necessary) by

1) Unwrap samples 2 to K:

If |ρbbw(m) − ρbbw(m− 1)| ≥ Tuw1

If ρ(m) − ρbbw(m− 1) < 0

Then ρbbu(m) = ρbbw(m) + 2π

If ρbbw(m) − ρbbw(m− 1) > 0

Then ρbbu(m) = ρbbw(m) − 2π

If |ρbbw(m) − ρbbw(m− 1)| < Tuw1

Then ρbbu(m) = ρbbw(m)

2) Unwrap samples K+1 to N

ρpredicted(m) = Pφ

[
ρbbu(m− 1), ρbbu(m− 2), . . . , ρbbu(m−K);

treftx (m), treftx (m− 1), treftx (m− 2), . . . , treftx (m−K)

]
If |ρbbw(m) + 2πn− ρpredicted(m)| ≥ Tuw2 for all n

Then ρbbu(m) = ρpredicted(m)

If |ρbbw(m) + 2πn− ρpredicted(m)| < Tuw2 for some n

Then ρbbu(m) = ρbbw(m) + 2πn

The default values for the parameters K, Tuw1, and Tuw2 are provided in Table 5.2. Pφis a N th

order polynomial fitted in least squares sense to the phase data that is to be unwrapped.

Noise filtering is most effective, when it is applied to the baseband signal. Thus, the noise filtering
with a low pass filter is performed before the expected phase variation is added back to the data.

The baseband phase data is low-pass filtered by
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Table 5.3: The default parameters for noise filtering in GO algorithm.

Parameter Bandwidth range [Hz] SLTH range [km] Polynomial order
Bgo 4 - 4 80 - 25 0

2 - 2 25 - -80 0
Parameter Window length range [samples] SLTH range [km] Polynomial order
Lgo 40 80 - -80 0

ρbbu_lp(t) =
〈
ρbbu

(
trefrx

)〉
Bbw_go(trefrx ) , (5.25)

where

ρbbu = the baseband phase residual after cycle slip correction;

ρbbu_lp = the low-pass filtered phase residual;

Bbw_go = the bandwidth of the phase residual filter in GO algorithm.

The filter bandwidth is determined by user definable polynomials Bgo
(
trefrx

)
and Lgo

(
trefrx

)
as

described in the detailed description of the low-pass filter function and filter parameters in Section
6.3.6.1. The default parameters for the polynomials are defined in Table 5.3. The bandwith range
column shows the bandwidth parameter Bgo and window length Lgo values corresponding to the
SLTH values in the SLTH range column. The filtering function shall perform a polynomial fit to
generate a polynomial function of the defined order (in the polynomial order column) so that the
Bgo and Lgo values and the SLTH values match. The range columns can contain more than two
values (e.g. bandwidth range 4 - 3 - 2, and corresponding SLTH range 80 - 45 - 20) for higher order
polynomials. The order of the polynomials and the coefficients shall be completely user definable.

Finally the subtracted expected phase variation is added to the unwrapped phase and the phase
residual is converted into distance in meters as

φuw(m) =
c

2πfgps
ρbbu(m) + φlaw(m), (5.26)

where

c = the speed of light in vacuum [m/s];

fgps = the transmission frequency of the GPS channel [Hz];

φuw = the complete unwrapped phase residual [m].
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The parameters K, Tuw1, Tuw2, and the function Pφ shall be user definable. The parameters Tuw1,
Tuw2 can be made adaptive on the basis of the local standard deviation of the phase estimated from
the data.

For a setting occultation the phase unwrapping is performed as described above. For a rising
occultation the phase unwrapping is performed from the end of the occultation backward in time
(i.e. a re-parameterisation j = N + 1 −m is required).

Because in the lower atmosphere the natural phase delay caused by the atmosphere may look like
a cycle slip in the defined detection algorithm, the user shall be able to define a height limit for the
cycle slip detection and correction algorithm. The detection and correction shall not be performed
below the defined height limit. The default lowest height limit for cycle slip correction is SLTH =
0 m.

Thus finally the set of N regenerated, fully corrected phase samples for a given channel and a
particular occultation are obtained. These determine the phase variation caused by the atmosphere
and ionosphere up to an additive constant over the occultation.

{(
φuw_ch(m), τ imtrx (m), trefrx (m), treftx (m)

)
; m : 1 → N

}
(5.27)

5.3.3.6 Earth oblateness correction

Earth oblateness correction performs a coordinate transform from Earth centered coordinate frame
to a new coordinate frame determined by a sphere tangential to the ellipsoid at the location of the
measured profile. The radius of the new sphere is the radius of curvature of the Earth ellipsoid in
the occultation plane. The Earth oblateness correction is performed to the position vectors of the
GPS and Metop satellites so that

�rscii = �recii + ∆�r, (5.28)

where i denotes any position vector in ECI frame, i.e., i = gva, gava, gxa, tx, and leo.

The derivation of the translation vector ∆�r is defined in Section 6.2.2.7.

5.3.4 Geometrical optics retrieval

After the Earth oblateness correction function the level 1b data processing is split into two paths
as shown in Figure 5.2. All measurement data is processed with the Geometrical Optics (GO)
retrieval algorithm. This algorithm is defined in this section.

Occultation measurement data below a user selectable impact parameter height are also processed
with Wave Optics (WO) retrieval algorithm to improve the probability that a good bending angle
profile is retrieved even in the atmospheric conditions including atmospheric multipath propaga-
tion. The algorithm for WO retrieval is defined in Section 5.3.5.
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5.3.4.1 Doppler calculation

Derivative of the filtered phase residual Datm(m) is computed from

Datm(m) =
dφlp
dt

∣∣∣∣
t=trefrx−der

, (5.29)

where

trefrx−der = time stamp of the Doppler residuals after derivation.

The detailed form of the Equation 5.29 and the calculation of trefrx−der is presented in Section 6.2.3.1.

5.3.4.2 Total bending angle and impact parameter calculation

The total bending angle αi
(
trefrx

)
corresponding to the Doppler shift caused by the atmosphere is

calculated by solving the root of the equation

P
(
�veciant, �v

eci
tx , �r

eci
ant, �r

eci
tx , Datm, t

ref
rx , t

ref
tx

)
= 0, (5.30)

where P is the Doppler equation of a radio occultation measurement. P is Equation 6.84 in Section
6.2.3.2. Section 6.2.3.2 also contains the detailed description of the root solving algorithm.

The length of the impact parameter |�ai
(
trefrx

) | is solved from the total bending angle by Equation
6.93 defined in Section 6.2.3.3.

5.3.4.3 Geolocation

The location of the bending angle profile is determined with the Geolocation function defined in
Section 6.2.3.4. This function produces the geodetic latitude and longitude of the ground projection
of the ray perigee for each measurement sample.

5.3.4.4 TEC derivation

The Total Electron Content (TEC) is calculated as defined in Section 6.2.3.5.

5.3.4.5 Ionosphere correction

The frequency independent total bending angle is calculated as

α
(
trefrx

)
= f

(
αl1

(
trefrx

)
, αl2

(
trefrx

)
, al1

(
trefrx

))
. (5.31)

The detailed algorithm for calculating the neutral bending angle is provided in Section 6.2.3.6.
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5.3.4.6 Total bending angle bias estimation and correction

The retrieved neutral bending angle may contain detectable bias due to the clock drifts, POD errors,
some other error source that was not compensated in the retrieval. Comparison of the bending
angle against a reference bending angle based on climatological model can be used to detect and
correct for a constant bias in the retrieved profile. The generic equation for the bending angle bias
correction is

αbc(al1) = α(a1) + ∆αmodel, (5.32)

where

αbc = the bias corrected bending angle;

al1 = the impact parameter at L1;

α = the neutral bending angle with bias;

∆αmodel = model based bending angle estimate.

In practice it is necessary to replace ∆αmodel with ∆αmean, which is a mean bias estimate over
some height window.

The detailed algorithm for the bending angle bias estimation and correction is provided in Section
6.2.3.7.

5.3.5 Wave optics retrieval

The Wave Optics (WO) retrieval is a bending angle retrieval technique that is used in parallel with
the GO retrieval in the lower part of the atmosphere. The purpose of the WO retrieval is to solve a
high quality bending angle profile in the atmospheric multipath conditions where the GO retrieval
does not work correctly. Two WO retrieval algorithm option are included into the GRAS data
processing: Back Propagation (BP) and Phase Transform (PT). The selection of the WO retrieval
method shall be user definable.

WO retrieval shall be initialised at a user definable impact height.

The input data for the WO retrieval is basically the same as the input to the GO retrieval algorithm.
The output from the WO retrieval is the bending angle as a function of the impact parameter.

The detailed descriptions of the WO retrieval functions are provided in Section 6.2.4.

5.3.6 Level 1b post-processing

The level 1b post processing function performs the final processing steps at level 1b.
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5.3.6.1 Deriving smoothed level 1b products

This section has been removed.

5.3.6.2 Level 1b product quality check

The Level 1b product quality check function performs online monitoring of the retrieved level 1b
products by comparing them against user definable threshold levels. The quality check function
shall set the respective quality flags in the MDR-1B.

The parameters for level 1b quality checks are defined in Section 6.2.5.2.

5.3.6.3 Product error characteristics estimation

The error characterisation for the GRAS level 1b products is to be written.

5.3.6.4 Level 1b products formatting

The level 1b products shall be formatted as defined in AD4. There is no mathematical formulation
for this functionality.

5.4 Raw sampling mode data processing

The algorithm for the raw sampling mode data processing shall be added at a later stage of the
data processing system development. The raw sampling mode measurements are appended to
the MDR-1B as defined in AD4. The header information is repeated for each sample. The IMT
time stamps are synchronised with the UTC-GRAS time and the reference time in the same way
as for the close loop mode measurements (Section 5.3.3.1). The L1_PHASE, L1_AMPLITUDE,
and L1_CODE_PHASE fields are filled with products from the measurement reassembly function
(Section 6.1.2).

6 REFERENCE FUNCTIONS

6.1 Level 1a processing functions

6.1.1 Level 1a quality check parameters

Input Parameters:

1. Complete measurement data sequences;

2. Tracking state data for the duration of the measurements;

3. Measurement packet type for each sub-packet used in the pre-structuring of the measurement
data sequence.
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Output Parameters:

1. Complete measurement data sequences with quality flags from the level 1a quality check;

The quality check at Level 1a checks the completeness of the measurement data sequences col-
lected by the source packet de-multiplexing function. The quality checks to be performed are
listed in 6.1. The respective quality flags are set in the level 1a products as defined in AD4 based
on the results of the quality checks.

The most important check is the completeness of the data sequence. The data produced by GRAS
does not provide any direct means to check the completeness of a pre-structured measurement data
sequence. Two indirect ways of checking the completeness of the data sequence are:

Measurement time stamps The measurement time stamps should form a consistent time series.
This is checked by using the measurement time stamps equation
from AD10 to calculate the first and the last time stamp of a mea-
surement data package. The time difference between the last time
stamp of a packet and the first time stamp of the next packet of the
same data sequence should not be more than the threshold value de-
fined in Table 6.1. Longer time difference means that a measurement
data packet is missing.

Tracking_state The measurement time stamp check does not reveal if the first or
the last measurement data packet of the sequence is missing. This
shall be checked by monitoring the instrument tracking state during
a measurement. The instrument tracking state for the observed GPS
satellite should go through a cycle of steps from C/A code acqui-
sition (tracking state 1) to the highest tracking state and back to 0.
Incomplete tracking state cycle indicates that the measurement data
quality is degraded. If any of the tracing states 1 - 3 are missing, it
is possible that the first measurement data packet is missing. Miss-
ing last measurement data packet is indicated by missing tracking
state 0 at the end of the occultation. If none of the measurement data
packets contains tracking state 15, the quality of the measurement
is degraded because tracking of the L2 signal has not been possi-
ble. If tracking state 15 has not been reached during a measurement,
L2_NOT_TRACKED flag is set in the corresponding MDRs.

Second check related to the tracking state is the existence of raw
sampling mode data packets. Each measurement data sequence should
contain one or more raw sampling mode data packet (even an empty
one). If no raw sampling mode packets are identified before GRAS
has lost C/A code lock, the RS_DATA_MISSING error flag is set, an
event of user configurable severity to the CGS via the PGE interface
is raised, and the measurement id number and error characterization
information is added in the report of the dump processing.
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Table 6.1: Level 1a quality checks.
Data Quality check Threshold value
GPS satellite PRN number The number must not change during

one occultation measurement.
Not applicable

Measurement chain identifi-
cation

The identification must not change
during a measurement.

Not applicable

Measurement packet time
tags

The time tags must form a consis-
tent time series without gaps.

1
srate

, where srate is the
sampling rate of the
measurement samples

Tracking state The tracking state must go through
the steps of a normal occultation
measurement from 1 to 15 and back
to 0 [RD4].

Not applicable

Completeness of the input
data

Availability of all input data packets
for each occultation is checked with
the GPS satellite PRN number.

Not applicable

Existence of Raw Sampling
mode data packet(s)

Each occultation measurement
should include one or more Raw
Sampling mode data packets.

Not applicable

Automatic gain control activ-
ity check

The check is defined in AD11.

If the measurement is detected to be incomplete, the MEASUREMENT_INCOMPLETE flag is
set in the corresponding MDRs.

6.1.2 Measurement reassembly products

Input Parameters:

1. Complete measurement sequences of GRAS measurement, and ancillary data

2. USO frequency correction ∆fuso(m) for each measurement data sample (only if USO fre-
quency correction is selected)

Output Parameters:

1. For occultation measurement samplem

– IMT time stamp τ imtrx (m);

– L1-CA carrier phase ρca(m);

– L1-P1 carrier phase ρp1(m);

– L2-P2 carrier phase ρp2(m);

– L1-CA amplitude Ereg_ca(m);
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– L1-P1 amplitude Ereg_p1(m);

– L2-P2 amplitude Ereg_p2(m);

– L1-CA code phase CPca(m);

– L1-P1 code phase CPp1(m);

– L2-P2 code phase CPp2(m);

2. For navigation measurement sample k

– IMT time stamp τ imtrx (k);

– OBT time stamp tobtrx (k);

– UTCGRAS time stamp tutc_grasrx (k);

– L1-CA carrier phase ρca(k);

– L1-P1 carrier phase ρp1(k);

– L2-P2 carrier phase ρp2(k);

– L1-CA amplitude Ereg_ca(k);

– L1-P1 amplitude Ereg_p1(k);

– L2-P2 amplitude Ereg_p2(k);

– L1-CA code phase CPca1(k);

– L1-P1 code phase CPp1(k);

– L2-P2 code phase CPp2(k);

3. Receiver noise estimate

– L1 N l1
0 (τ imt);

– L2 N l2
0 (τ imt);

4. Gain setting and histogram

– HIST (τ imt);

– gana (τ imt);

– DIG (τ imt);

5. Tracking state

– TS (τ imt);

6. Onboard navigation solution

– NSM (τ imt);

– POS_X (τ imt);
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– POS_Y (τ imt);

– POS_Z (τ imt);

– V EL_X (τ imt);

– V EL_Y (τ imt);

– V EL_Z (τ imt);

7. Navigation data frame

– NDF_BITS (τ imt);

8. GPS Ephemeris data

– Data format and contents specified in AD10.

The output of the measurement reassembly function depends on whether the input measurement
sequence is occultation or navigation measurements. Occultation measurements shall produce a
set of measurement data with m samples and with τ imtrx (m) as the only time stamp of the data
samples. The output of the navigation measurement sequence is k data samples. The time stamps
in the Extended Navigation Data packet can be used to synchronise the navigation measurement
samples with the UTCGRAS time tutc_gras and OBT time tobt. Detailed descriptions of UTCGRAS
and OBT times are provided in AD10 and AD11.

In the case that the USO frequency correction is selected, the temperature corrected USO frequency
must be used in the measurement reassembly. In this case the corrected USO frequency for the
measurement samplem is

fuso_ic(m) = fuso + ∆fuso(m), (6.1)

where

fuso = the nominal USO frequency;

∆fuso = the USO frequency correction interpolated from the instrument characterisation
database as defined in Section 6.1.5.5.

The Issue 4 of AD11 does not include an algorithm for removing the navigation message from the
carrier phase measurements. A provisional algorithm for removing the navigation message from
the carrier phase measurements is provided here to supplement AD11:

For the C/A and P2 codes, all samples with a negative I-component are rotated π radians before
determining the angle. For the P1 code, all samples with negative Q-component are rotated π
radians before determining the angle. Mathematically this can be described as

IC/A =
∣∣Isamp,C/A∣∣ andQC/A = sign

(
Isamp,C/A

) ·Qsamp,C/A
IP2 = |Isamp,P2| andQP2 = sign (Isamp,P2) ·Qsamp,P2 (6.2)

QP1 = |Qsamp,P1| and IP1 = sign (Qsamp,P1) · Isamp,P1,

where Isamp and Qsamp are the sampled I and Q values. IC/A,P1,P2 and QC/A,P1,P2 are the values
used for residual phase evaluation.
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6.1.3 Approximation of the measurement time

Input Parameters:

1. For each Extended Navigation Data Packet k

– Time of the navigation solution in IMT time frame τ imtrx (k);

– Time of the navigation solution in UTCGRAS time frame tutc_grasrx (k);

2. For each occultation measurement samplem

– Time of the measurement sample τ imtrx (m).

Output Parameters:

1. For each occultation measurement samplem

– Approximated time of the measurement sample in UTCGRAS time frame taprrx (m).

The position vectors in the Extended Navigation Data Packet (ENDP) in the GRAS Ancillary data
contains position and velocity vectors of the GRAS based on the onboard navigation solution.
The navigation solution is produced for each navigation measurement with the GZA antenna. So,
the ENDPs provide labeling of the onboard navigation solutions and GZA measurement reception
times as

{(
�rwgs84leo (k), �vwgs84leo (k), τ imtrx (k), tutc_grasrx (k), tobtrx (k)

)
; k : 1 → K

}
. (6.3)

This provides a way to synchronize the IMT time stamps and the UTCGRAS time with limited
accuracy. The limited accuracy is caused by the instability of the tutc_grasrx time from the onboard
navigation solution. However, the orbital position error along the orbit arc caused by a timing
error due to the tutc_grasrx instability is less than 1 cm, so its impact on the incidence angle estimate
is negligible.

The ENDPs are generated at the rate of 1 Hz. So, the time stamps for each occultation measure-
ment have to be derived using interpolation. Because tutc_gras(k) and τ imt(k) for the ENDP k
are automatically synchronized, a reception time taprrx (m) can be estimated for each occultation
measurementm by linear interpolation

taprrx (m) = tutc_gras(k) +
tutc_gras(k + 1) − tutc_gras(k)
τ imt(k + 1) − τ imt(k)

[
τ imtrx (m) − τ imt(k)] , (6.4)

where

m = index of the occultation measurement sample (τ imt(k) ≤ τ imtrx (m) ≤ τ imt(k + 1));

k = index of the ENDP;
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taprrx (m) = time stamp of the occultation measurementm in UTCGRAS time;

tutc_gras(k) = time stamp of the ENDP k in UTCGRAS time;

τ imt(k) = time stamp of the ENDP k in IMT time;

τ imtrx (m) = time stamp of the occultation measurementm in IMT time.

Because navigation measurements are automatically synchronized with the navigation solutions,
tutc_gras(k) time stamps can directly be used for instrument corrections for navigation measure-
ments.

For instrument correction calculations the tutc_gras(k) and taprrx (m) time stamps are converted to
MJD format with the algorithm described in Section 6.3.2.1.

6.1.4 Measurement identification determination

Input Parameters:

1. For occultation measurement samplem

– IMT time stamp τ imtrx (m);

– GPS satellite PRN number SAT (m);

2. For navigation measurement sample k

– IMT time stamp τ imtrx (k);

– UTCGRAS time stamp tutc_grasrx (k);

– GPS satellite PRN number SAT (m);

3. Occultation table covering the time period of the measurement time;

4. GSN quality information of the GPS satellites and fiducial stations.

Output Parameters:

1. For each occultation measurement

– Measurement identification occid

– Predicted occultation measurement start time tmjdstart_pred;

– Predicted occultation measurement end time tmjdend_pred;

– Predicted occultation geolocation λg_pred, ϕg_pred, hslta_pred;

– The approximatedUTCGRAS time of the occultation measurement samplem as taprrx (m);

2. For each navigation measurement
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– Measurement identification navid;

– Predicted navigation measurement start time tmjdstart_pred;

– Predicted navigation measurement end time tmjdend_pred;

Algorithm

Because the geometry of the observation does not allow the same GPS satellite to occult twice
during a short period of time, the satellite PRN number is normally a reliable identification of a
measurement. The start time and the end time of the occultation are only roughly estimated in the
occultation and they can only be used to support the identification.

The rules in the measurement identification are:

1. Search the occultation table for the PRN number of the measured GPS satellite;

2. Calculate the time differences between the predicted start and and the actual start time of the
measurement and predicted end and actual end time of the measurement. If the actual times
and the predicted times do not differ more than a user definable threshold (defaults defined
in Table 6.2), the test is successful.

3. If step 2 is OK, then assign an identification number to the measurement;

4. If step 2 is not OK, continue search and repeat the start and end time test each time when the
correct GPS PRN number is found.

5. If the actual measurement does not match any of the predicted measurements, the possible
reasons for this are:

– This measurement has been predicted, but either the approximated start and end time
or the time stamps in the measurement data contain significant errors. This shall cause
an error message to be produced as defined in the step number 6;

– This measurement has not been predicted, i.e., the occultation table generation algo-
rithm is not correct. This shall cause an error message to be produced as defined in the
step number 6.

6. If the measurement identification against the occultation table fails, the ID_FAILED flag in
the MDR-1A-OCCULTATION DATA or in the MDR-1A-NAVIGATION DATA is set, an
event of user configurable severity to the CGS via the PGE interface is raised, and the mea-
surement id number and self explanatory error characterization information is added in the
report of the dump processing. If the identification failed for an occultation measurement,
the ID_FAILED flag shall also be set for the corresponding MDR-1B record. An identifica-
tion shall be generated to the non-predicted measurement and the measurement data shall be
processed as normally as possible.

The measurement identification number for GRAS observations is:

MMM_GGG_YYYY_DDD_NNNN

where
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Table 6.2: Measurement identification parameters and default threshold values.

Parameter Threshold value
∆tstart ≤30 s
∆tend ≤30 s

GPS PRN Not applicable

MMM = the measurement type, i.e., OCC or NAV;

GGG = the receiver identification number;

YYYY = the year of the measurement;

DDD = the day of the year;

NNNN = the sequential number of the measurement of that type of the day.

The measurement identification number format shall be user definable so that the user can select
in which order the fields identified above shall appear in the identification.

Non-predicted occultations will be numbered with XXXX.

6.1.5 Derivation of instrument corrections

This section contains mathematical description of the functions that are used to correct the mea-
surement data for errors caused by the transmitter and receiver hardware.

6.1.5.1 Incidence angle derivation

Input Parameters:

1. GPS CoM position vector �recigps(t
ref) in ECI frame

2. GPS CoM velocity vector �vecigps(t
ref) in ECI frame

3. Metop position vector in WGS84 coordinate frame �rwgs84leo (k), τ imtrx (k), tutc_grasrx (k)

4. Metop velocity vector in WGS84 coordinate frame �vwgs84leo (k), τ imtrx (k), tutc_grasrx (k)

5. Time stamps of the carrier phase and code phase measurements for GVA, GAVA τ imtrx (m)

6. Time stamps of the carrier and code phase measurements for GZA τ imtrx (k)

7. Antenna reference point position vectors �psrfant in Satellite Reference (SR) frame for GVA,
GAVA, and GZA

8. Metop Center of Mass (CoM) �rsrfcom in SR frame

9. GPS antenna phase center characterization from the GSN Status and Configuration Database
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Output Parameters:

1. Incidence angles θeciant(m) and ϕeciant(m) for GVA and GAVA

2. Time stamps of the occultation measurements tutc_grasrx (m) in UTCGRAS time frame

3. Incidence angles θecigza(k) and ϕecigza(k) for GZA

4. Time stamps of the navigation measurements tutc_grasrx (k) in UTCGRAS time frame

Algorithm

This function derives the incidence angle of the incoming signal of the occulting GPS satellite.
The incidence angle is used to derive the instrument correction parameters for carrier phase and
amplitude correction.

The incidence angle of the incoming ray is estimated through the following steps:

1) Interpolation of the Metop orbit

The Metop position and velocity vector �rwgs84leo (k) and �vwgs84leo (k) in ENDP are in the WGS84(G873)
coordinate frame. Because the difference between ITRF97 coordinate frame and WGS84(G873)
coordinate frame is worldwide less than 10 cm, these two frames can be considered to be the same
for the purpose of the incidence angle estimation. However, a user definable option is to apply the
WGS84 to ITRF coordinate transform specified in Section 6.3.3.2 to all input coordinates as a part
of the instrument correction algorithm. So, the starting status of the Metop state vectors in ECEF
coordinate frame before interpolation is labeling as

{(
�ritrf97leo (k), �vitrf97leo (k), τ imtrx (k), tutc_grasrx (k)

)
; k : 1 → K

}
. (6.5)

The transformation of the Metop position and velocity vectors from the ITRF frame to the Mean-
of-Date J2000.0 ECI frame is performed using the transform defined in Section 6.3.3.4. This
produces extended labeling as

{(
�recileo(k), �v

eci
leo(k), �r

itrf97
leo (k), �vitrf97leo (k), τ imtrx (k), tutc_grasrx (k)

)
; k : 1 → K

}
. (6.6)

The Metop position and velocity vectors in the ECI coordinate frame are interpolated to the taprrx (m)
times of the occultation samples using linear interpolation (Equation 6.166) for each position and
velocity vector component. The produced set of Metop state vectors is labeled as

{(
�recileo(m), �vecileo(m), taprrx (m)

)
; m : 1 → N

}
. (6.7)

The interpolated position and velocity vectors �recileo and �vecileo are copied into the POS_METOP_OBN
and VEL_METOP_OBN fields in the MDR-1A-OCCULTATION DATA or MDR-1A-NAVIGATION
DATA, depending on the measurement type.
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2) Interpolation of the GPS orbit

The position vectors of the GPS satellites �rgps(tref) are provided by the GRAS GSN in Mean-of-
Date J2000.0 ECI coordinate frame. All time stamps of the GSN POD products are in Modified
Julian Date (MJD).

The state vectors or the GPS satellites are needed at the time of the transmission. For the incidence
angle estimation it is sufficient to approximate the traveling time of the signal by using constant
time delays of ∆tt_occ = 0.1 s for occulting GPS satellites and ∆tt_nav = 0.08 s for navigation.
The first order approximations of the GPS transmission times are then estimated for occultation
measurements as

taprtx = taprrx − ∆tt_occ, (6.8)

and for navigation measurements as

tutc_grastx = tutc_grasrx − ∆tt_nav. (6.9)

The interpolation of the GPS position vectors is performed using the Lagrange interpolation algo-
rithm described in 6.3.1.1 for occultation and navigation measurement times to expand the labeled
data sets as

{(
�recigps(m), �recileo(m), �vecileo(m), taprtx (m), taprrx (m)

)
; m : 1 → N

}
, (6.10)

and

{(
�recigps(k), �r

eci
leo(k), �v

eci
leo(k), �r

itrf97
leo (k), �vitrf97leo (k), τ imtrx (k), taprtx (k), tutc_grasrx (k)

)
; k : 1 → K

}
.

(6.11)

3) Incidence angle estimation

A unit vector r̂eciray pointing to the direction of the incoming GPS signal is calculated geometrically
using the position of the GRAS antenna reference point and the transmitting GPS antenna phase
center. The calculation is performed in the ECI coordinate frame.

After the steps 1-3 described above the GPS and Metop position vectors and Metop velocity vec-
tors are already in the ECI coordinate frame and the sampling times are synchronized with the
measurement sampling times taking into account the signal time of travel.

The antenna reference point �rarfant is at the origin of the the local Antenna Reference (AR) frame
defined by the unit vectors x̂ant, ŷant, and ẑant, i.e.,

�rarfant = 0 · x̂ant + 0 · ŷant + 0 · ẑant. (6.12)
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The position vector r̂arfant shall be transformed into the ECI frame by using the algorithm defined in
Section 6.3.3.1 to get the position vector �reciant in ECI frame. Subscript ant is used is used here to
denote the antenna that the incidence angle is derived for, i.e., GVA, GAVA, or GZA.

The GRAS GSN provides via the GSN Status and Configuration Database a correction for the
location of the GPS transmitting antenna phase center in respect to the GPS CoM. A generic
format for the GPS antenna phase center taking into account the correction is

�recitx = �recigps + Mgps�p
grf
tx , (6.13)

where

�rtx = position vector of the GPS transmission antenna phase center in ECI frame;

�rgps = position vector of the GPS CoM;

Mgps = rotation matrix for the GPS satellite reference frame to ECI frame;

�ptx = position vector of the antenna phase center in the local GPS satellite reference frame.

�rgps has been used here as a generic notation for the observed GPS satellite. In the case of GVA
and GAVA it stands for the occulting GPS satellites and for GZA it stands for the GPS satellites
observed for navigation. The calculation of the Mgps matrix is defined in Equation 5.12 in Section
5.3.3.2. Vector �pgrftx is provided in the GSN Status and Configuration Database.

When all vectors are in the same ECI coordinate frame, the unit vector pointing from the antenna
reference point to the direction of the incoming ray can be derived as

r̂eciray=
�recitx−�r

eci
ant

|�recitx−�reciant|
. (6.14)

All antenna coordinate frames are oriented in the same way so that the x̂ant, ŷant, and ẑant point
approximately to the directions of the x̂s, ŷs, and ẑs (difference is caused by the antenna mis-
alignment). This means that the definition of the angles characterizing the antenna gain pattern in
the Instrument Database is the same for all antenna independent of the direction that the antenna
radiating surface plane is pointing.

The angle θeciant used in the antenna gain pattern characterization in the Instrument Database is be
derived from

θeciant = arccos
r̂eciray · ẑeciant∣∣r̂eciray∣∣ |ẑeciant| , (6.15)

where

θeciant = the zenith angle (angle between the antenna normal and the direction of the incoming
ray) of the ray;
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ẑeciant = a unit vector normal to the antenna radiating surface plane at the antenna reference
point.

The unit vector ẑeciant is derived by transforming the unit vector ẑarfant in the local antenna coordinate
frame into ECI frame using the algorithm defined in Section 6.3.3.1.

The azimuth angle ϕant used in the gain pattern characterization can be derived from

ϕeciant = arctan 2
(
r̂eciray · ŷeciant, r̂eciray · x̂eciant

)
, (6.16)

where

ŷeciant = the unit vector ŷsrfant in the local antenna coordinate frame transformed into ECI
frame;

x̂eciant = the unit vector x̂arfant in the local antenna coordinate frame transformed into ECI
frame.

6.1.5.2 Carrier phase correction

Input Parameters:

1. Incidence angle for GVA, GAVA, or GZA

– zenith angle θeciant(m), ttimerx (m) [deg];

– azimuth angle ϕeciant(m), ttimerx (m) [deg];

2. RFCU temperature for the receiving chain Trfcu_chn(t
obt) [◦C];

3. GEU temperature Tgeu(tobt) [◦C];

4. GEU analog gain setting gana(τ imt).

5. Reception times of the carrier phase samples ttimerx (m)

Output Parameters:

1. Antenna phase correction for measurement samples

– L1-CA Λant_ca(m) [rad];

– L1-P1 Λant_p1(m) [rad];

– L2-P2 Λant_p2(m) [rad].

2. RFCU phase correction for measurement samples

– L1-CA Ξrfcu_ca(m) [rad];
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– L1-P1 Ξrfcu_p1(m) [rad];

– L2-P2 Ξrfcu_p2(m) [rad].

3. GEU phase correction for measurement samples

– L1-CA Γgeu_ca(m) [rad];

– L1-P1 Γgeu_p1(m) [rad];

– L2-P2 Γgeu_p2(m) [rad].

4. Total phase correction for measurement samples

– L1-CA ∆ρca(m) [rad];

– L1-P1 ∆ρp1(m) [rad];

– L2-P2 ∆ρp2(m) [rad].

Algorithm

The total carrier phase correction due to the receiver hardware is the sum of three terms as

∆ρcd (trx) = Λ
(
θant

(
ttimerx

)
, ϕ

(
ttimerx

)
, CHN,CH

)
+Ξ

(
Trfcu

(
ttimerx

)
, CHN,CH

)
(6.17)

+Γ
(
Tgeu

(
ttimerx

)
, gana

(
ttimerx

)
, CHN,CH

)
,

where

∆ρcd = the total instrument correction to the measured phase for code cd (=C/A, P1, or P2)
[rad];

Λ = the impact of the antenna phase center on the measured carrier phase [rad];

Ξ = the impact of the RFCU phase delay on the measured carrier phase [rad];

Γ = the impact of the GEU phase delay on the measured carrier phase [rad];

ttimerx = the reception time of the carrier phase sample. For occultation measurements ttimerx

is taprrx and for navigation measurements ttimerx is tutc_grasrx [s];

CH = the channel and the code of the received transmission (L1-C/A, L1-P1, L2-P2).
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Estimation of antenna impact

The impact of the receiving antenna on the measured phase has been mapped into the Instrument
Characterisation database for each antenna as a function of the azimuth and zenith angles ϕeciant and
θeciant of the incoming ray. The database contains phase correction terms both for RHCP and LHCP
signals. For GRAS instrument correction LHCP is ignored because the direct GPS transmission is
always RHCP.

The quadratic phase correction term is interpolated from the values in the database using the bi-
cubic interpolation algorithm defined in Section 6.3.1.3. This provides a data set that can be labeled
for the measurements as

{(
ϕeciant(m), θeciant(m),∆ρrhcpant_I_ch(m),∆ρrhcpant_Q_ch(m), ttimerx (m)

)
; m : 1 → N

}
. (6.18)

where ch denotes codes L1-C/A, L1-P1, and L2-P2.

The carrier phase correction in for the measured phase samplem is derived then from the I and Q
components of the correction term as

Λant_ch (m) = arctan
∆ρrhcpant_ch_Q(m)

∆ρrhcpant_ch_I(m)
. (6.19)

Estimation of RFCU impact

The impact of the RFCU on the measured phase is characterised in the Instrument Database as
a function of the RFCU temperature. Each RFCU has its own characterisation file. The correct
characterisations file for the L1-C/A, L1-P1, and L2-P2 phase measurements for the RFCU that
was part of the measurement chain shall be identified using the GRAS chain identification CHN
in the measurement data packet.

The RFCU temperature data in the temperature data packet is time stamped withOBT32 time. The
time stamps of the temperature data have to be interpolated to ttimerx (m) times of the observations
using time synchronization in the ENDPs and Equation 6.4. This provides a data set labeled as

{(
Trfcu(m), ttimerx (m), CHN,CH

)
; m : 1 → N

}
. (6.20)

The subscript rfcu denotes the identification of the RFCU unit for the measurement chain.

The generic format of the data records in the instrument characterisation database is presented in
Table 6.3. The RFCU phase delay correction shall be derived using linear interpolation for each
measurement sample to generate data set

{(
Ξrfcu_ch(m), Trfcu(m), ttimerx (m), CHN,CH

)
; m : 1 → N

}
, (6.21)

Ξrfcu_ch = the RFCU phase correction for the code ch (= L1-C/A, L1-P1, and L2-P2) [rad].
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Table 6.3: Generic format of the characterization data records in instrument characterisation
database.

Data record
x1 y1
x2 y2
... ...
xN yN

Estimation of GEU impact

The carrier phase correction for the impact of the GEU is derived in a very similar way as the
impact of the RFCU. The only difference is that the phase delay caused by the GEU depends also
on the GEU analog gain setting. On the other hand, there is only one GEU unit onboard each
Metop satellite. So, the identification of the correct GEU is directly based on the Metop satellite
identification. The correct GEU characterisation file is then found by using the measurement chain
(velocity, anti-velocity, or zenith), and analog gain setting from the Gain Setting Packet. This
provides a data set for occultation measurements labeled as

{(
gana(m), ttimerx (m), CH,Metopid

)
; m : 1 → N

}
. (6.22)

The GEU phase delay correction is derived using linear interpolation for each measurement sample
to generate data sets for occultation measurement samples as

{(
Γgeu_ch(m), gana(m), ttimerx (m), CH,Metopid

)
; m : 1 → N

}
, (6.23)

where

Γgeu_ch = the GEU phase correction for the code ch (= L1-C/A, L1-P1, and L2-P2) [rad].

6.1.5.3 Code phase correction

Input Parameters:

1. Code phase measurements

– L1-CA code phase CPca (τ imtrx ) [chips];

– L1-P1 code phase CPp1 (τ imtrx ) [chips];

– L2-P2 code phase CPp2 (τ imtrx ) [chips];

2. RFCU temperature Trfcu_ch

(
tobt

)
[◦C];

3. GEU temperature Tgeu
(
tobt

)
[◦C];
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4. GEU analog gain setting gana (τ imt);

5. Receiving antenna chain identification information CH;

6. LO power feeding the RFCU during the measurement;

7. GPS Differential Code Bias (DCB) correction term for the measured GPS satellite ∆tdcb.

Output Parameters:

1. RFCU code phase correction

– L1-CA ∆cprfcu_ca [chips];

– L1-P1 ∆cprfcu_p1 [chips];

– L2-P2 ∆cprfcu_p2 [chips];

2. GEU code phase correction

– L1-CA ∆cpgeu_ca [chips];

– L1-P1 ∆cpgeu_p1 [chips];

– L2-P2 ∆cpgeu_p2 [chips];

3. GPS differential code bias ∆tdcb;

4. Instrument corrected code phases

– L1-CA CPic_ca [chips];

– L1-P1 CPic_p1 [chips];

– L2-P2 CPic_p2 [chips].

Algorithm

The code phases for the C/A, P1, and P2 codes are derived as part of the measurement reassembly
(see Section 6.1.2). The produced data set is labeled as

{(
CPca(m), CPp1(m), CPp2(m), τ imtrx (m), CHN

)
; m : 1 → N

}
, (6.24)

where CHN (Channel Identification in AD10) tells which antenna chain was performing the code
phase measurement.

The code phase correction data are stored in files in the GRAS Characterisation Database. The
file naming convention for the database files is described in RD7. The naming convention shows
that the RFCU characterisation files are identified based on the RFCU serial number, GPS code,
and LO power feeding the RFCU during the measurements. The GEU characterisation files are
identified based on the GEU chain, GPS code, and the analogue IF-attenuation value. The GRAS
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data processing system must be able to provide all necessary information for correctly identifying
the RFCU and GEU units using the SPACECRAFT_ID in the product MPHR. This can be accom-
plished e.g. by including in the system a user configurable lookup table that contains the serial
numbers of each RFCU and GEU for each GRAS instrument onboard each Metop spacecraft.

After the RFCU serial number has been correctly identified, the remaining selection criteria for
the RFCU characterisation files are the GPS code, and LO power feeding the RFCU during the
measurements. Because the correction is applied for all measured code phases, the GPS code shall
have values C/A, P1, and P2. The default value for the LO power is 14 dBm2.

The identification of the GEU code phase correction data files are based on the GEU chain, GPS
code, and the analogue IF-attenuation value. The GEU chain is directly identified from the CHN
value: 0 - 7 = Zenith, 8 - 9 = Velocity, and 10 - 11 = Anti-Velocity. The GPS code shall have values
C/A, P1, and P2. The analogue IF-attenuation is the absolute value of the analog gain setting that
was valid during the measurement. Because it is possible that the analog gain setting has been
changed by the Automatic Gain Control (AGC) during a measurement, the code phase correction
function shall be able to select and apply different GEU code phase correction data files at different
samples in the measurement depending on what analog gain setting value is valid for the particular
sample.

The RFCU and GEU temperature data in the temperature data packet are time stamped withOBT32

time so that the temperature data set can be expressed as

{(
Trfcu_gava(n), Trfcu_gva(n), Trfcu_gza(n), Tgeu(n), tobt(n)

)
; n : 1 →M

}
. (6.25)

The tobttime stamps of the temperature data have to be converted to τ imttimes by linear interpola-
tion

τ imt(n) = τ imtk +
τ imtk+1 − τ imtk

tobtk+1 − tobtk
(
tobt(n) − tobtk

)
, (6.26)

where τ imtk , τ imtk+1, tobtk , and tobtk+1 are time stamps from the ENDPs so that tobtk ≤ tobt(m) < tobtk+1.

The temperature data set can now be expanded as

{(
Trfcu_gava(n), Trfcu_gva(n), Trfcu_gza(n), Tgeu(n), tobt(n), τ imt(n)

)
; n : 1 → M

}
. (6.27)

The RFCU and GEU temperature data shall be interpolated with linear interpolation to the code
phase measurement times τ imtrx (m). This allows the expansion of the data set 6.24 as

{(
Trfcu(m), Tgeu(m), CPca(m), CPp1(m), CPp2(m), τ imtrx (m), CHN

)
; m : 1 → N

}
, (6.28)

2All available sample databases have characterisation files only for 14 dBm. However, it may be possible that other
power levels exist and that the power level can be either selected by a MCMD or that the automatically adjusted power
level can be derived from the telemetry. This shall be clarified later. The code phase correction function shall be able
to use the LO power in the input parameters in the characterisation file selection.
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where Trfcu corresponds to the temperature of the RFCU for the GRAS antenna chain identified
by CHN .

The group delay corrections for each Trfcu(m) and Tgeu(m) sample shall be derived by using
linear interpolation and the RFCU and GEU code phase correction data files selected from the
GRAS Characterisation Database. This allows us to write a group delay correction data set as

{(∆trfcu_ca(m),∆trfcu_p1(m),∆trfcu_p2(m),∆tgeu_ca(m),∆tgeu_p1(m),∆tgeu_p2(m)) ; m : 1 → N} .
(6.29)

The RFCU code phase corrections are calculated from 6.29 as

∆cprfcu_ca(m) = 1023 · 103 · ∆trfcu_ca(m)

∆cprfcu_p1(m) = 10230 · 103 · ∆trfcu_p1(m) (6.30)

∆cprfcu_p2(m) = 10230 · 103 · ∆trfcu_p2(m).

Similarly the GEU code phase corrections are calculated as

∆cpgeu_ca(m) = 1023 · 103 · ∆tgeu_ca(m)

∆cpgeu_p1(m) = 10230 · 103 · ∆tgeu_p1(m) (6.31)

∆cpgeu_p2(m) = 10230 · 103 · ∆tgeu_p2(m).

A user selectable option is to perform a correction of the measured code phases for the impact
of the GPS transmitter group delay. This correction shall use the Differential Code Bias (DCB)
estimate ∆tdcb provided by the GRAS GSN for each GPS satellite. ∆tdcbfor the measured GPS
satellite shall be copied into the GPS_HW_DELAY field in the MDR-1A-OCCULTATION DATA,
or MDR-1A-NAVIGATION DATA, depending on the measurement type. ∆tdcb for the occulting
GPS satellite shall also be copied into the OCC_GPS_HW_DELAY field in the MDR-1B. ∆tdcbfor
the selected pivot GPS satellite shall be copied into the PIV_GPS_HW_DELAY field in the MDR-
1B.

The GPS hardware corrections are calculated as

∆cpgps_ca =
−f 2

2

(f 2
1 − f 2

2 )
1023 · 103 · ∆tdcb

∆cpgps_p1 =
−f 2

2

(f 2
1 − f 2

2 )
10230 · 103 · ∆tdcb. (6.32)

The code phase correction for L2-P2 ∆cpgps_p2 is 0.

The instrument corrected code phases are calculated by subtracting the corrections from the mea-
sured code phase as

GRAS Product Generation Specification 73 Printed on: 16th July 2004



EUMETSAT
POLAR

SYSTEM

EPS Programme
GRAS Level 1 Product

Generation Specification

Ref: EPS/SYS/SPE/990010

Issue: 6 Rev 4

WBS number: 270000

Date: 16/07/04

CPic_ca(m) = CPca(m) − ∆cprfcu_ca(m) − ∆cpgeu_ca(m) − ∆cpgps_ca

CPic_p1(m) = CPp1(m) − ∆cprfcu_p1(m) − ∆cpgeu_p1(m) − ∆cpgps_p1 (6.33)

CPic_p2(m) = CPp2(m) − ∆cprfcu_p2(m) − ∆cpgeu_p2(m) − ∆cpgps_p2.

6.1.5.4 Amplitude correction

Input Parameters:

1. Incidence angle for GVA, GAVA or GZA

– zenith angle θeciant(m), ttimerx (m) [deg];

– azimuth angle ϕeciant(m), ttimerx (m) [deg];

2. RFCU temperature for the receiving chain Trfcu_ch(t
obt) [◦C];

3. GEU temperature Tgeu(tobt) [◦C];

4. GEU analog gain setting gana(τ imt).

Output Parameters:

1. Antenna amplitude corrections

– L1-CA ∆Eant_ca(m);

– L1-P1 ∆Eant_p1(m):

– L2-P2 ∆Eant_p2(m).

2. RFCU amplitude corrections

– L1-CA ∆Erfcu_ca(m);

– L1-P1 ∆Erfcu_p1(m):

– L2-P2 ∆Erfcu_p2(m).

3. GEU amplitude corrections

– L1-CA ∆Egeu_ca(m);

– L1-P1 ∆Egeu_p1(m):

– L2-P2 ∆Egeu_p2(m).

4. Total amplitude correction for measurement samples

– L1-CA ∆Eca(m);

– L1-P1 ∆Ep1(m):

– L2-P2 ∆Ep2(m).
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Algorithm

The total amplitude correction is the product of three terms as

∆Einst = ∆Eant
(
θant

(
ttimerx

)
, ϕant

(
ttimerx

)
, CH,CHN

)
·∆Erfcu

(
Trfcu

(
ttimerx

)
, CH,CHN

)
(6.34)

·∆Egeu
(
Tgeu

(
ttimerx

)
, gana

(
ttimerx

)
, CH,CHN

)
,

where

∆Einst = total amplitude correction for code CH (= L1-C/A, L1-P, L2-C/A, L2-P) and chain
CHN ;

∆Eant = the amplitude correction due to the complex antenna pattern;

∆Erfcu = the amplitude correction due to the RFCU;

∆Egeu = the amplitude correction due to the GEU;

ttimerx = the reception time of the code phase. For navigation measurements time = utc_gras
and for occultation measurements time = apr [s].

Estimation of antenna impact

The receiving antenna gain pattern is provided in the instrument characterisation database as a
function of the angles θant and ϕant for each of the GRAS antenna and for codes C/A, P1, and P2.
The correct antenna characterisation files are selected based on the GRAS chain identification.

The quadratic correction term for the amplitude is the same that is used for carrier phase correction
in Section 6.1.5.2. So, the bi-cubic interpolation algorithm defined in Section 6.3.1.3 can be used
to derive a data set that can be labeled for the measurementm as

{(
ϕeciant(m), θeciant(m),∆φrhcpant_I_ch(m),∆φrhcpant_Q_ch(m), ttimerx (m)

)
; m : 1 → N

}
. (6.35)

where ch denotes codes L1-C/A, L1-P1, and L2-P2.

The amplitude correction for antenna ant and code ch is derived from the interpolated antenna
gain pattern characterization by

∆Eant(m) =

√(
∆φrhcpant_I_ch(m)

)2

+
(

∆φrhcpant_Q_ch(m)
)2

. (6.36)
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Estimation of RFCU impact

The impact of the RFCU on the measured amplitude is characterised in the Instrument Database
as a function of the RFCU temperature. Each RFCU has its own characterisation file. The correct
characterisations file for the code L1-C/A, L1-P1, and L2-P2 amplitude measurements for the
RFCU that was part of the measurement chain shall be identified using the GRAS chain CHN
identification in the measurement data packet.

The RFCU temperature data in the temperature data packet is time stamped withOBT32 time. The
time stamps of the temperature data have to be interpolated to ttimerx (m) times of the observations
using time synchronization in the ENDPs and Equation 6.4. This provides a data set labeled as

{(
Trfcu(m), ttimerx (m), CH,CHN

)
; m : 1 → N

}
. (6.37)

The generic format of the data records in the instrument characterisation database is presented
in Table 6.3. The RFCU amplitude correction shall be derived using linear interpolation for each
measurement samplem and converting the dB value from the database to a real number to generate
data set

{(
∆Erfcu(m), Trfcu(m), ttimerx (m), CH,CHN

)
; m : 1 → N

}
, (6.38)

where

∆Erfcu = the RFCU amplitude correction.

Estimation of GEU impact

The amplitude correction for the impact of the GEU is derived identifying the correct GEU char-
acterisation file using the GPS code CH , the measurement chain CHN (velocity, anti-velocity,
or zenith), and analog gain setting from the Gain Setting Packet. This provides a data set for
occultation measurements labeled as

{(
gana(m), ttimerx (m), CH,CHN

)
; m : 1 → N

}
. (6.39)

The GEU amplitude correction is derived using linear interpolation for each measurement sam-
ple m and converting the dB value from the database to a real number to generate data sets for
occultation measurement samples as

{(
∆Egeu(m), Tgeu(m), gana(m), ttimerx (m), CH,CHN

)
; m : 1 → N

}
, (6.40)

where

∆Egeu = the GEU amplitude correction.
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6.1.5.5 USO frequency correction

Input Parameters:

1. USO frequency fuso(m), tutc_grasrx (m)

2. USO temperature Tuso(tobt)

Output Parameters:

1. USO frequency fuso(m)

2. USO temperature correction ∆fuso(m)

Algorithm

The USO external thermistor temperature measurements from the temperature and voltage data
packet are interpolated to the tutc_grasrx (m) times of the measurement samples using linear interpo-
lation (Equation 6.4) and synchronization in the ENDPs. This allows the linear interpolation of the
USO frequency corrections from the USO frequency stability data record in the GID.

The USO frequency correction is performed using the results of the interpolation as

fuso(m) = fuso(m) + ∆fuso(m). (6.41)

The USO frequency correction derived with Equation 6.41 is applied also to the navigation mea-
surements when tutc_grasrx (m) = tutc_grasrx (k).

6.1.6 Level 1a product quality check

Input Parameters:

1. For occultation measurement samplem

– IMT time stamp τ imtrx (m);

– L1-CA carrier phase ρic_ca(m);

– L1-P1 carrier phase ρic_p1(m);

– L2-P2 carrier phase ρic_p2(m);

– L1-CA amplitude Eic_ca(m);

– L1-P1 amplitude Eic_p1(m);

– L2-P2 amplitude Eic_p2(m);

– L1-CA code phase CPic_ca1(m);
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– L1-P1 code phase CPic_p1(m);

– L2-P2 code phase CPic_p2(m);

2. For navigation measurement sample k

– IMT time stamp τ imtrx (k);

– OBT time stamp tobtrx (k);

– UTCGRAS time stamp tutc_grasrx (k);

– L1-CA carrier phase ρic_ca(k);

– L1-P1 carrier phase ρic_p1(k);

– L2-P2 carrier phase ρic_p2(k);

– L1-CA amplitude Eic_ca(k);

– L1-P1 amplitude Eic_p1(k);

– L2-P2 amplitude Eic_p2(k);

– L1-CA code phase CPic_ca1(k);

– L1-P1 code phase CPic_p1(k);

– L2-P2 code phase CPic_p2(k);

3. Receiver noise estimate

– L1 N l1
0 (τ imt);

– L2 N l2
0 (τ imt);

4. Gain setting and histogram

– HIST (τ imt);

– gana (τ imt);

– DIG (τ imt);

5. Tracking state

– TS (τ imt);

6. Onboard navigation solution

– NSM (τ imt);

– POS_X (τ imt);

– POS_Y (τ imt);

– POS_Z (τ imt);

– V EL_X (τ imt);
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– V EL_Y (τ imt);

– V EL_Z (τ imt);

7. Navigation data frame

– NDF_BITS (τ imt);

8. GPS Ephemeris data

– Data format and contents specified in AD10.

9. USO oven temperature Tuso(m)

10. Metop maneuver information

Output Parameters:

1. Quality flags for each checked parameter

Algorithm

The level 1a products to be checked and the threshold values are listed in the tables below. The
products listed in Table 6.5 must be within the specified threshold range. If the products are
outside the threshold, the corresponding quality flag (as listed in the table) in the level 1a and level
1b products shall be set.

The threshold values for monitoring the GRAS telemetry parameters are specified in Table 6.6.
All values in the table shall be user adjustable. If any of the monitored parameters is outside the
specified threshold range, the corresponding bit shall be set in the TELEMETRY_IN_RANGE bit
string in MDR-1As and in MDR-1B. Each bit in the bit string has a name that is identical with the
telemetry parameter listed in Table 6.6.

Table 6.7 specifies special quality checks with variable types of error criteria. The Metop manoeu-
vre flag is based on information requested via PGE. This flag is set for all occultation measurements
that are even partially overlapping with a manoeuvre or that are within a user definable time period
after the end of an in-plane or out of plane manoeuvre. The default time periods after the manoeu-
vres are defined in the Table 6.7. GPS navigation data health flag and GPS signal health bit string
are directly copied from the GRAS Ephemeris Data Packet. Onboard navigation solution method
is copied from the Extended Navigation Data Packet.

The LOCAL_MULTIPATH flag is set to indicate high probability of local multipath for a measure-
ment with the respective antenna in the case that the incidence angle of the incoming ray is inside
the specified zenith angle and azimuth range in Table 6.7. The LOCAL_MULTIPATH_SOURCE
bit string is set to indicate the potential multipath source as defined in the table.

The quality flags set by the tests specified in Table 6.8 are based on external data. The SA flag is
set for the products when the information from the GRAS GSN says that SA has been activated for
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the measured GPS satellite. The user shall have an option to set this flag manually for all products
or to products based on a specified list of GPS satellites.

The quality flags SA_FLAG, GPS_MANOEUVRE, and GPS_ECLIPTING are set for the mea-
sured GPS satellite based on the information provided by the GRAS GSN. The EOP_STATUS flag
is set based on whether the EOP parameters used in the data processing are predicted or deter-
mined.

If any of the quality tests cause an error flag to be set in the level 1a products, the self explana-
tory information in the report of the dump processing is added, and an event of user configurable
severity to the CGS via the PGE interface is raised.

A special task for the Level 1a quality check is to monitor the amplitude of the tracked signal. If the
mean amplitude over a short time is very low or it drops temporarily significantly below the mean
amplitude level before and after the dropped level, it is probable that the receiver has temporarily
lost track of the signal. If the loss of track is very short, it may not be detectable in the instrument
tracking state data or in the measurement packet type.

The amplitude to be monitored is the magnitude of the complex amplitude signal as

V INJ (m) =
√
V INI_J (m)2 + V INQ_J(m)2, (6.42)

where

V INI_J = the I signal amplitude corrected for the receiver gain changes calculated as explained
in AD11;

V INQ_J = the Q signal amplitude corrected for the receiver gain changes calculated as ex-
plained in AD11;

J = denotes the GPS code C/A, P1, and P2.

The monitoring is performed by calculating a mean amplitude over 2M samples as

V̄ INJ (m) =
1

2M + 1

M∑
i=−M

V INJ (m− i). (6.43)

A probable loss of signal tracking is indicated if any of the following tests is true:

1. The mean amplitude drops below a user definable threshold value V̄ INmin_J ;

2. The mean amplitude drops X dB below the average mean amplitude level before and after
the amplitude drop (X is a user definable value and the average is calculated over user
definable number of samples);

3. The mean amplitude drop between two consecutive samples exceeds a user definable thresh-
old ∆V̄ INmax_J .
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Table 6.4: Default values for loss of tracking monitoring parameters.

Parameter Default value
M 10
V̄ INmin_J amplitude thresholds in Table 6.5
X 2 dBV
∆ ¯V INmax_J 2 dBV

Default values for the parameters for the loss of tracking are provided in Table 6.4.

When a loss of tracking is detected in a measurement with the tests described above, the time of the
loss of tracking is added into the corresponding MDRs (see Table 6.5) and the cumulative count of
low amplitude counter for the measurement is incremented.

The METOP_MANOEUVRE quality flag in the corresponding MDRs is set based on the manoeu-
vre information acquired by the PPF. If the manoeuvre has taken place within the user definable
threshold time limit, the flag is set to indicate that the MDR is impacted by a manoeuvre. The
default time limit for in-plane manoeuvre is 120 min and for out-of-plane manoeuvre 400 minutes.
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Table 6.5: Level 1a product quality check default threshold values.

Parameter Default threshold value Quality flag
GVA, GAVA GZA

Carrier ampli-
tude
L1-C/A -75 dBV -68 dBV L1_CA_AMP_LOW

L1_CA_AMP_LOW_TIME
L1-P1 -87 dBV -75 dBV L1_P1_AMP_LOW

L1_P1_AMP_LOW_TIME
L2-P2 -87 dBV -75 dBV L2_P2_AMP_LOW

L2_P2_AMP_LOW_TIME
Receiver noise
estimate
L1-C/A 48 dB/Hz 40 dB/Hz L1_CA_NOISE_FLAG
L1-P1 42 dB/Hz 35 dB/Hz L1_P1_NOISE_FLAG
L2-P2 35 dB/Hz 20 dB/Hz L2_P2_NOISE_FLAG
Code phase
L1-C/A 0≤ CPic_ca ≤1 024 0≤ CPic_ca ≤1 024 L1_CA_PSEUDORANGE_FLAG
L1-P1 0≤ CPic_p1 ≤10 229 999 0≤ CPic_p1 ≤10 229 999 L1_P1_PSEUDORANGE_FLAG
L2-P2 0≤ CPic_p2 ≤10 229 999 0≤ CPic_p2 ≤10 229 999 L2_P2_PSEUDORANGE_FLAG
USO oven tem-
perature

−20◦C ≤ Tuso ≤ 60◦C USO_TEMP_NOMINAL (only in MDR-1B)

USO oven tem-
perature change

∆Tuso ≤ 0.03◦C in 60 s USO_TEMP_DRIFT_NOMINAL (only in MDR-1B)

Instrument stable (USO oven relay on) and (USO_TIM ≥ 2 weeks) INSTRUMENT_STABLE
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Table 6.6: GRAS telemetry monitoring default threshold values.

Telemetry Default threshold value
ENDP Position X [cm] −7.8 · 108 ≤ pos_x ≤ +7.8 · 108

ENDP Position Y [cm] −7.8 · 108 <≤ pos_y ≤ +7.8 · 108

ENDP Position Z [cm] −7.8 · 108 ≤ pos_z ≤ +7.8 · 108

ENDP Velocity X [cm/s] −7.5 · 105 ≤ pos_vx ≤ +7.5 · 105

ENDP Velocity Y [cm/s] −7.5 · 105 ≤ pos_vy ≤ +7.5 · 105

ENDP Velocity Z [cm/s] −7.5 · 105 ≤ pos_vz ≤ +7.5 · 105

Zenith antenna thermistor −55◦ ≤ tgza ≤ +94◦

Velocity antenna thermistor −108◦ ≤ tgva ≤ +65◦

Anti-velocity antenna thermistor −108◦ ≤ tgava ≤ +77◦

Zenith RFCU thermistor −30◦ ≤ trfcu_gza ≤ +55◦

Velocity RFCU thermistor −30◦ ≤ trfcu_gva ≤ +55◦

Anti-velocity RFCU thermistor −30◦ ≤ trfcu_gava ≤ +55◦

GEU thermistor −27◦ ≤ tgeu ≤ +64◦

ISAC thermistor −27◦ ≤ tisac ≤ +64◦

USO internal thermistor +74◦ ≤ tuso_in ≤ +85◦

USO external thermistor +74◦ ≤ tuso_out ≤ +85◦

DBU power voltage 5.771 V ≤ Vdbu ≤ 6.295 V
Thermistor supply voltage 9.5 V ≤ Vtsv ≤ 10.5 V

FG thermistor −27◦ ≤ tfgt ≤ +62◦

USO ground −0.062 V ≤ Vusog ≤ +0.062 V
Digital 5 V +4.814 V ≤ Vd5v ≤ +5.292 V
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Table 6.7: Other quality flags for level 1a product quality check.

Quality flag Nominal value Threshold value Product field
Metop manoeuvre no manoeuvre Manoeuvre during measure-

ment or shortly before the
measurement

METOP_MANOEUVRE_FLAG

Time after the end of an
in-plane manoeuvre

Not applicable ∆tinplane ≤ 102 min METOP_MANOEUVRE

Time after the end of
and out of plane ma-
noeuvre

Not applicable ∆toutplane ≤ 400 min METOP_MANOEUVRE

Metop steering mode Yaw steering mode Any other steering mode METOP_STEERING_MODE
GPS navigation data
health flag

all navigation data OK Some or all navigation data
bad

GPS_NAV_HEALTH

GPS signal health
information (SH flag
in the Ephemeris Data
Packet)

all signals OK Detailed list of error codes in
RD11

GPS_SH

Onboard navigation so-
lution method (NSM
flag in the ENDP)

Kalman filter solution Detailed list of other codes in
RD11

ONBOARD_NAV_SOLUTION

Local multipath (GZA) Not applicable 50◦ ≤ θgza ≤ 90◦

320◦ ≤ ϕgza ≤ 330◦
LOCAL_MULTIPATH_SOURCE
(solar panel)

Local multipath
(GAVA)

Not applicable −22◦ ≤ θgava ≤ −35◦

60◦ ≤ ϕgava ≤ 85◦
LOCAL_MULTIPATH_SOURCE
(ASCAT ANT RA)

Local multipath
(GAVA)

Not applicable −35 ≤ θgava ≤ −50◦

10◦ ≤ ϕgava ≤ 80◦
LOCAL_MULTIPATH_SOURCE
(ASCAT ANT RF)
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Table 6.8: Quality flags for level 1a products based on external information.

Quality flag Triggering threshold Error source
SA_FLAG
(Selective Availability)

Quality information provided
by GSN says that SA is ac-
tive for the measured GPS at
the time of the measurement.
Flag can also be set manually
by operator for all specified
GPS satellites.

SA activated for some or all
GPS satellites for limited ge-
ographical regions or glob-
ally.

6.2 Level 1b processing functions

6.2.1 Pivot satellite and fiducial station selection functions

Input Parameters:

1. Occulting GPS identification GPSid_occ

2. Occulting GPS antenna phase center position vector �recitx (trefrx )

3. Occulting GPS antenna phase center velocity vector �vecitx (trefrx )

4. Identifications of all provisional pivot GPS satellites GPSid_piv_k

5. Position vectors of all provisional pivot GPS satellite antenna phase centers �recitx_k(t
ref
rx )

6. Velocity vectors of all provisional pivot GPS satellite antenna phase center �vecitx_k(t
ref
rx )

7. Position vector of Metop receiving antenna phase center �reciant
(
trefrx

)
8. Velocity vector of Metop receiving antenna phase center �veciant

(
trefrx

)
9. Antenna phase center position vectors in ITRF coordinate frame for all provisional reference

fiducial stations �ritrffs_n;

10. SNR measurement data for all provisional reference fiducial stations for L1 SNRl1fs_n and
L2 SNRl2fs_n;

11. Earth model id Earthid

Output Parameters:

1. Pivot GPS id for SD1, DD1 and DD2

2. GSN station id for SD2 and DD1

3. Second GSN station id for DD2
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Algorithm

Single Differencing 1 (SD1)

Because no ground based data is used in the SD1 mode, the cost function for this mode is based
on the elevation of the provisional pivot GPS satellite as

Csd1 =
π

2
− ε̄gza, (6.44)

where ε̄gza is the mean elevation of the GPS satellite from Equation 6.15. The mean elevation is
calculated from the sum of all elevations during the time period of the occultation measurement as

ε̄gza =
1

N

N∑
i=1

εi. (6.45)

The cost function is calculated for all GPS satellites tracked by GRAS with the GZA that are not
flagged bad for the time of the occultation in the GSN quality information.

The GPS satellite with the smallest Csd1 value is selected as the pivot satellite for SD1 mode.

If ε̄gza of the selected GPS satellite is lower than the threshold value defined in Table 6.10, the
LOW_PIV_GZA_SD1 warning flag in the MDR-1B product record is set, event of user config-
urable severity to the CGS via the PGE interface is raised, and the measurement id number and
error characterization information is added in the report of the dump processing.

Single Differencing 2 (SD2)

SD2 mode does not require a pivot satellite, so the cost function is based on the elevation of the
incoming ray calculated for the occulting GPS satellite as

Csd2 =
π

2
− ε̄occ, (6.46)

where ε̄occ is the mean elevation of the GPS satellite. The elevation angles of the incoming rays
are calculated with Equation 6.206. The mean elevation angle is calculated from the sum of all
elevations angles during the occultation measurement using the formula in Equation 6.45.

The cost function is calculated for all fiducial stations provisionally capable of supporting SD2
mode for the occultation. The pre-selection of the fiducial stations has been performed by the
GSN. The cost function is not calculated for any fiducial station that is flagged bad for the time of
the occultation in the GSN quality information even if SSD from such a station is available.

The fiducial station with the smallest Csd2 value is selected as the reference station for SD2 mode.
If two or more stations share the same smallest Csd2 value, the station with the highest average
SNR is selected.

If ε̄occ of the occulting GPS satellite from the selected fiducial station is lower than the threshold
value defined in Table 6.10, the LOW_OCC_FID_SD2 warning flag in the MDR-1B product record
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is set , event of user configurable severity to the CGS via the PGE interface is raised, and the
measurement id number and error characterization information is added in the report of the dump
processing.

Double Differencing 1 (DD1)

DD1 mode requires both a reference fiducial station and a pivot satellite. Because the elevation
angles of the incoming ray from the occulting GPS and the pivot PGS to the fiducial station and
the incidence angle of the pivot satellite to the GZA have to be considered, the cost function for
DD1 mode is more complex than for the SD modes.

The attenuation of the incoming signal due to the antenna gain pattern and the atmosphere has been
selected as the basis for the cost function. The justification for this is that the SNR of the incoming
signal determines the phase noise level of the measured carrier phase.

The cost function for DD1 is

Cdd1 =
1

fgza(ε̄gza) · ffid(ε̄piv) · ffid(ε̄occ) · fatm(ε̄piv) · fatm(ε̄occ)
, (6.47)

where

ε̄gza = the mean elevation angle of the pivot GPS satellite (see Equation 6.15) [rad];

ε̄piv = the mean elevation of the pivot satellite at the fiducial station from Equation 6.15
[rad];

ε̄occ = the mean elevation of the occulting GPS satellite at the fiducial station from Equation
6.15 [rad].

The mean elevation angles are calculated from the sum of the elevations angles during the occul-
tation measurement using the formula in Equation 6.45.

The function fgza is an approximation of the normalised GRAS GZA antenna gain pattern as

fgza(ε̄) = agza(
π

2
− ε̄)2 + bgza(

π

2
− ε̄) + cgza, (6.48)

where coefficients agza, bgza, and cgza are listed in Table 6.9.

The approximation of the normalised fiducial station antenna gain pattern ffid is

ffid(ε̄) = afid(
π

2
− ε̄)2 + bfid(

π

2
− ε̄) + cfid, (6.49)

where the coefficients afid, bfid, and cfid are listed in Table 6.9.

The normalised dry atmosphere attenuation fatm is given by
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fatm(ε̄) =
1

sin ε̄
. (6.50)

The cost function is calculated for all provisional fiducial station - pivot satellites pairs. The pair
with the lowest cost function is selected for the occultation processing with the DD1 mode. If two
or more pairs share the same smallest Cdd1 value, the pair with the highest average SNR for the
SSD during the occultation is selected.

If for the selected station or the pivot satellite ε̄gza, ε̄piv, or ε̄occ is smaller than the threshold value
defined in Table 6.10, the respective warning flag LOW_PIV_GZA_DD1, LOW_PIV_FID_DD1,
or LOW_OCC_FID_DD1 in the MDR-1B product record is set, event of user configurable severity
to the CGS via the PGE interface is raised, and the measurement id number and error characteri-
zation information is added in the report of the dump processing.

Double Differencing 2 (DD2)

In the DD2 mode the group of potential fiducial stations is larger as the second station does not
have to have visibility to the occulting GPS satellite. So, all fiducial stations providing SSD from
the occulting GPS satellite during the whole occultation are candidates for the fiducial station 1.
All fiducial stations providing SSD from any of the GPS satellite tracked by the GZA during the
whole occultation are candidates for the fiducial station 2.

The cost function for DD2 is

Cdd2 =
1

fgza(ε̄gza) · ffid1(ε̄occ) · ffid2(ε̄piv) · fatm(ε̄piv) · fatm(ε̄occ)
, (6.51)

where

ε̄gza = the mean elevation angle of the pivot GPS satellite (see Equation 6.15) [rad];

ε̄occ = the mean elevation of the occulting GPS satellite at the fiducial station 1 from Equa-
tion 6.15 [rad];

ε̄piv = the mean elevation of the pivot satellite at the fiducial station 2 from Equation 6.15
[rad].

The mean elevation angles are calculated from the sum of the elevations angles during the occul-
tation measurement using the formula in Equation 6.45.

The cost function is calculated for all provisional station 1 - station 2 - pivot satellite triplets. The
triplet with the lowest cost function is selected for the occultation processing with DD2 mode. If
two or more triplets share the same smallest Cdd2 value, the triplet with the highest average SNR
for the SSD during the occultation is selected.

If for the selected stations or the pivot satellite ε̄gza, ε̄piv, or ε̄occ is smaller than the threshold value
defined in Table 6.10, the respective warning flag LOW_PIV_GZA_DD2, LOW_PIV_FID_DD2,
or LOW_OCC_FID_DD2 in the MDR-1B product record is set, event of user configurable severity
to the CGS via the PGE interface is raised, and the measurement id number and error characteri-
zation information is added in the report of the dump processing.
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Table 6.9: Coefficients for approximated antenna patterns.

a b c
fgza -0.00000005092044 -0.00011775552894 1.00578881224659
ffid -0.00000000778357 -0.00013000147824 1.00005341636642

Table 6.10: Threshold values for cost functions.

Elevation Threshold value
εgza 20◦

εocc 20◦

εpiv 20◦

6.2.2 Level 1b corrections

6.2.2.1 Relativity correction

Input Parameters:

1. Position vectors of the occulting GPS satellite �recigps
(
treftx

)
2. Position vector of Metop �recileo

(
trefrx

)
Output Parameter:

1. Estimated Shapiro delay ∆ts
(
trefrx

)
The relativity correction is performed to combine the phase observations and the POD products
in a fashion compatible with special and general relativity. This algorithm assumes a non-rotating
ECI coordinate frame.

The total Shapiro effect for the traveling time of the GPS transmission to a LEO orbit is calculated
from
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∆ts
(
trefrx

)
= Ps(�r1, �r2) =

2GMe

c3
ln

[
|�r1| +

√|�r1|2 − r20
r0

]

+
2GMe

c3
ln

[
|�r2| +

√|�r2|2 − r20
r0

]

+
GMe

c3

√
|�r1| − r0
|�r1| + r0

+
GMe

c3

√
|�r2| − r0
|�r2| + r0

, (6.52)

where

r0 = |�r1|
√

1 − (|�r1|2 − �r1 · �r2)2

|�r1|2 (|�r1|2 + |�r2|2 − 2�r1 · �r2)
, (6.53)

and

�r1 = the position vector of the GPS CoM, i.e., �r1 = �recigps

(
treftx

)
[m];

�r2 = the position vector of the Metop CoM, i.e., �r2 = �recileo
(
trefrx

)
[m];

r0 = the radius of the ray perigee;

GMe = the Earth’s gravitational constant (= 3.986004415·1014) [m3/s2].

6.2.2.2 No Differencing (ND) clock correction

Input Parameter:

1. GPS and GRAS clock offset estimates ∆tgras
(
tref

)
and ∆tgps

(
tref

)
[s];

2. Relativity corrected phase residual measurements φatm(trefrx ) [m].

Output Parameter:

1. Clock corrected phase residuals φnd(trefrx ) [m].

The data processing with ND is feasible only in the case when the errors in the transmitter and
receiver clocks are either extremely small or when they can be estimated with a very good accuracy
in the POD processing. In such a case the clock correction algorithm for the GRAS occultation
data becomes straight forward.
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The first processing step in ND clock correction is the interpolation of the clock offset estimates
to the phase residual measurement times trefrx . If the GRAS clock offset estimate, the measured
GPS satellite clock offset estimate, or both are provided as functions, the interpolation shall be
performed by using the functions. If any of the clock offsets are provided as discreet clock offset
samples, linear interpolation shall be used to derive the clock offsets at the measurement times.

The clock corrected phase residual samples are calculated by subtracting the excess phase caused
by the clock offsets from the observed phase as

φnd(t
ref
rx ) = φatm(trefrx ) − c

(
∆tgras(t

ref
rx ) − ∆tgps(t

ref
tx )

)
, (6.54)

where

φnd = the clock corrected phase residual [m];

φatm = the relativity corrected phase residual including the clock errors [m];

c = the speed of light in vacuum [m/s];

∆tgras = GRAS clock offset estimate from the GRAS/Metop NRT POD [s];

∆tgps = clock offset estimate for the occulting GPS satellite from the GRAS GSN [s].

The ND clock correction is performed for all measured carrier phases L1-C/A, L1-P2, and L2-P2.

6.2.2.3 Single Differencing 1 (SD1) clock correction

Input Parameter:

1. Relativity corrected phase residual measurements φatm(trefrx ) [m];

2. GRAS GZA phase measurements φreg_gza

(
τ imtrx_gza

)
[m];

3. Metop CoM position vector in ECI coordinate frame �recileo
(
trefrx_gza

)
[m];

4. Position vector of the Metop CoM in SRF coordinate frame �rsrfcom
(
trefrx_gza

)
[m];

5. Position vector of the pivot GPS satellite CoM in ECI frame �recigps
(
trefrx_gza

)
[m];

6. Position vector of the pivot GPS antenna phase center in the local GPS satellite reference
frame �ptx

(
trefrx_gza

)
[m];

7. GRAS clock offset from the GRAS/Metop NRT POD ∆tgras
(
tref

)
[s];

8. Pivot GPS clock offset from the GRAS/Metop NRT POD ∆tgps_pv
(
tref

)
[s];

9. Occulting GPS clock offset from the GRAS/Metop NRT POD ∆tgps
(
tref

)
[s];

10. Code phase measurements CPrc_p1
(
trefrx_gza

)
and CPrc_p2

(
trefrx_gza

)
[chips];
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Output Parameters:

1. SD1 corrected phase residual φsd1
(
trefrx

)
[m];

2. Interpolated reference measurements φres_gza
(
trefrx

)
[m];

3. Interpolated occulting GPS clock offset estimates ∆tgps
(
trefrx

)
[s];

4. Interpolated pivot GPS clock offset estimates ∆tgps_pv
(
trefrx

)
[s];

Algorithm:

Let the set of N regenerated phase samples and their corresponding IMT times for a given GRAS
GZA chain be:

{(
φreg_gza(k), τ

imt
rx_gza(k)

)
; k : 1 → N

}
The regenerated phase in meters measured by the GRAS GZA is given by

φreg_gza

(
τ imtrx_gza

)
=

∣∣∣�recigza (trefrx_gza

)− �recitx_pv

(
treftx_gza

)∣∣∣
+cPs

[
�recigza

(
trefrx_gza

)
, �recitx_pv

(
treftx_gza

)]
+c

(
∆tgras

(
trefrx_fs

)
− ∆tgps_pv

(
treftx_fs

))
−φion_gza

(
τ imtrx_fs

)
+Ncs_gza (τ imtrx ) + φconst_gza,

(6.55)

where

φreg_gza = the regenerated phase at the GRAS GZA reference point [m];

τ imtrx_gza = the reception time of the pivot GPS transmission in the IMT time frame [s];

c = the speed of light in vacuum [m/s];

�recigza = the position vector of the GRAS GZA reference point in ECI coordinate frame [m];

trefrx_gza = the reception time of the pivot GPS signal in the reference time frame [s];

�recitx_gza = the position vector of the pivot GPS satellite antenna reference point in ECI coordi-
nate frame [m];

treftx_gza = the transmission time of the pivot GPS signal in the reference time frame [s];

Ps = the relativistic correction function for the Shapiro effect for the GZA antenna [s];

∆tgras = the clock offset of the GRAS receiver [s];
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∆tgps_pv = the clock offset of the pivot GPS transmitter [s];

φion_gza = the phase delay due to the ionosphere [m];

Ncs_gza = the number of cycle slips in the received phase;

φconst_gza = a constant phase offset due to the phase ambiguity [m].

Equation 6.55 assumes that the instrument impact has been corrected in the level 1a processing
and that the impact of the neutral atmosphere to the GRAS GZA measurements is negligible.

(1) Filtering of the phase measurements

The GZA phase measurements shall be filtered using the filtering algorithm defined in Section
6.2.4.1. The filter parameters are user definable. The default values for the filtering parameters are
listed in Table 6.11. The bandwith range column shows the bandwidth parameter Bgo and window
length Lgo values. In the case of the GZA measurements the SLTH value is not an applicable
parameter for the filtering polynomial. In this case the filter bandwidth and window length are
fitted over the elevation angle of the measurement.

Table 6.11: The default filtering parameters for phase measurements by GRAS GZA.

Parameter Bandwidth range [Hz] Elevation range [km] Polynomial order
Bgo 4 - 4 0 - 90 0

Parameter Window length range [samples] Elevation range [km] Polynomial order
Lgo 4 - 4 0 - 90 0

(2) IMT to reference time conversion

The time stamps in reference time frame are computed for the IMT time stamps of the GZA
measurements using Equations 5.5 - 5.8. The phase samples and time stamps for the measurement
can now be labeled as

{(
φreg_gza(k), τ

imt
rx_gza(k), t

ref
rx_gza(k)

)
; k : 1 → N

}

(3) Transmission time determination

The transmission time of the signal measured by GZA is determined by iterating the Equation 5.9.
In this case the Shapiro effect Ps(�r1, �r2) must be calculated for the pivot GPS satellite. This is done
by using r0 = |�reci2 | = |�recigza|. The detailed equation for calculating the Shapiro effect is given as
Equation 6.52 in Section 6.2.2.1.
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The position vectors of the GRAS GZA and GPS antenna phase centers are calculated by applying
Equations 5.10 and 6.13, respectively.

The labeling of the measurement samples can now be extended as

{(
φreg_gza(k), τ

imt
rx_gza(k), t

ref
rx_gza(k), t

ref
tx_gza(k)

)
; k : 1 → N

}

(4) Geometrical path length determination

Having established the reference times of transmission and reception, the geometrical path terms
for the regenerated phase can now be determined as

φgp_gza

(
trefrx_gza

)
=

∣∣∣�recigza (trefrx_gza

)− �recitx (treftx_gza

)∣∣∣
+c Ps

[
�recigza

(
trefrx_fs

)
, �recitx

(
treftx_gza

)]
,

where

φgp_gza = the phase delay due to the geometrical path length including Shapiro effect change-
bar [m];

�recitx

(
treftx_gza

)
= the position vector of the phase center of the pivot GPS antenna interpolated to the

transmission time treftx_gza using the interpolation algorithm defined in Section 6.3.1.1
[m].

The labeling can again be extended as

{(
φreg_gza(k), φgp_gza(k), τ

imt
rx_gza(k), t

ref
rx_gza(k), t

ref
tx_gza(k)

)
; k : 1 → N

}

(5) Estimating the ionosphere delay

The GPS carrier phase advance caused by the ionosphere can be estimated from the code phase
measurement at L1 and L2. The code phase measurements have to be filtered using the filtering
algorithm defined in Section 6.2.4.1. The filter parameters are user definable. The default values
for the filter parameters are listed in Table 6.12. The order of the polynomials and the coefficients
shall be completely user definable. In the case of the GZA measurements the filter bandwidth and
window length are fitted over the elevation angle of the measurement.

The phase delays for measurements at L1 and L2 are estimated as

φl1ion_gza

(
trefrx_gza

)
= −c f 2

2

f 2
1 − f 2

2

(〈
CPrc_p1

(
trefrx_gza

)〉
Bsd1

− 〈
CPrc_p2

(
trefrx_gza

)〉
Bsd1

10230 · 103

)
, (6.56)
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Table 6.12: The default filtering parameters for the ionosphere compensation.

Parameter Bandwidth range [Hz] Elevation range [km] Polynomial order
Bgo 0.1 - 0.1 0 - 90 0

Parameter Window length range [samples] Elevation range [km] Polynomial order
Lgo 4 - 4 0 - 90 0

φl2ion_gza

(
trefrx_gza

)
= −c f 2

1

f 2
1 − f 2

2



〈
CPrc_p1

(
trefrx_gza

)〉
Bsd1

−
〈
CPrc_p2

(
trefrx_sd1

)〉
Bsd1

10230 · 103


 , (6.57)

where

φl1ion_gza = the phase delay on L1 [m];

φl2ion_gza = the phase delay on L2 [m];

c = speed of light in vacuum [m/s];

f1 = the GPS frequency at L1 [Hz];

f2 = the GPS frequency at L2 [Hz];

CPrc_p1 = the code phase measurement at L1-P1 [chips];

CPrc_p2 = the code phase measurement at L2-P2 [chips];

〈〉Bsd1 = indicates low pass filtering to the cutoff frequency Bsd1.

Note that Equations 6.56 and 6.57 are expected to produce normally a negative phase delay, be-
cause ionosphere causes a GPS carrier phase advance.

The labeling can again be extended as

{(
φreg_gza(k), φgp_gza(k), φion_gza(k), τ

imt
rx_gza(k), t

ref
rx_gza(k), t

ref
tx_gza(k)

)
; k : 1 → N

}
.

(6) Determining the phase residual

The equation for the phase measurement by GZA can now be written taking into account the
compensation for the geometrical path length, and ionosphere as
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φres_gza
(
trefrx_gza

)
= φreg_gza

(
trefrx_gza

)− φgp_gza

(
trefrx_gza

)− φion_gza

(
trefrx_gza

)
= c

(
∆tgras

(
trefrx_gza

)− ∆tgps_pv

(
treftx_gza

))
(6.58)

+Ncs

(
treftx_gza

)
+ φconst_gza,

where

φres_gza = the residual phase measurement by GZA [m].

The labeling can again be extended as

{(
φreg_gza(k), φgp_gza(k), φion_gza(k), φres_gza(k), τ

imt
rx_gza(k), t

ref
rx_gza(k), t

ref
tx_gza(k)

)
; k : 1 → N

}
.

(7) Interpolating to the occultation measurement times

The phase residuals by GRAS GZA at the times of the occultation measurements φres_gza
(
trefrx

)
are

derived by linear interpolation from the measurements φres_gza
(
trefrx_gza

)
providing a new labeling

for the synchronized occultation measurements and the interpolated phase measurements of the
pivot satellite as

{(
φatm(m), φres_gza(m), trefrx (m)

)
; m : 1 → M

}
.

(8) Differencing the occultation measurement

The single difference corrected carrier phase can be calculated by subtracting the phase residual
from the GZA measurement from step (7) from φatm as

φsd1
(
trefrx

)
= φatm

(
trefrx

)− φres_gza (trefrx ) , (6.59)

A user selectable option is to subtract the GSN clock offset estimates for the pivot GPS satellite and
for the occulting satellite from the SD1 results because they are not removed by SD1 correction.
The user can select to remove just the pivot clock offset ∆tgps_pv or the occulting GPS clock offset
∆tgps, or both. The mathematical formulation for the enhanced SD1 correction with the subtraction
is

φsd1 = φsd1
(
trefrx

)− c [∆tgps_pv (trefrx )− ∆tgps
(
trefrx

)]
, (6.60)

where φsd1
(
trefrx

)
is the output from Equation 6.59.

GRAS Product Generation Specification 96 Printed on: 16th July 2004



EUMETSAT
POLAR

SYSTEM

EPS Programme
GRAS Level 1 Product

Generation Specification

Ref: EPS/SYS/SPE/990010

Issue: 6 Rev 4

WBS number: 270000

Date: 16/07/04

The labeling of the final products from SD1 function can now be written as

{(
φsd1(m), φatm(m), φres_gza(m),∆tgps_pv(m),∆tgps(m), trefrx (m)

)
; m : 1 → M

}
,

where ∆tgps_pv and ∆tgps are only provided in the case that they are used in the function.

6.2.2.4 Single Differencing 2 (SD2) clock correction

Input Parameter:

1. Relativity corrected phase residual measurements φatm(trefrx ) [m];

2. Fiducial ground station phase measurement φreg_fs

(
τ fstrx_fs

)
[m];

3. Metop CoM position vector in ECI coordinate frame �recileo
(
trefrx_fs

)
[m];

4. Position vector of the Metop CoM in SRF coordinate frame �rsrfcom
(
trefrx_fs

)
[m];

5. Position vector of the occulting GPS satellite CoM in ECI frame �recigps
(
trefrx_fs

)
[m];

6. Position vector of the occulting GPS antenna phase center in the local GPS satellite reference

frame �ptx
(
trefrx_fs

)
[m];

7. Position vector of the fiducial station antenna phase center in ECEF coordinate frame �receffs

[m];

8. GRAS clock offset from the GRAS/Metop NRT POD ∆tgras
(
tref

)
[s];

9. Fiducial station clock offset from the GSN ∆tfs
(
tref

)
[s];

10. Occulting GPS clock offset from the GSN ∆tgps
(
tref

)
[s];

11. Pseudorange measurement by the fiducial station at L1 p1

(
trefrx_fs

)
and L2 p2

(
trefrx_fs

)
[m].

Output Parameters:

1. SD2 corrected phase residual φsd2
(
trefrx

)
[m];

2. Interpolated reference measurement φres_fs
(
trefrx

)
[m];

3. Interpolated occulting GPS clock offset estimate ∆tgras
(
trefrx

)
[s];

4. Interpolated fiducial station clock offset estimate ∆tfs
(
trefrx

)
[s].
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Let the set ofN regenerated phase samples and their corresponding local times for a given fiducial
station be:

{(
φreg_fs(k), τ

fst
rx_fs(k)

)
; k : 1 → N

}
The regenerated phase measured by the fiducial station is given by

φreg_fs

(
τ fstrx_fs

)
=

∣∣∣�recifs (trefrx_fs

)
− �recitx

(
treftx_fs

)∣∣∣
+cGrel_fs

[
�recifs

(
trefrx_fs

)
, �recitx

(
treftx_fs

)]
+c

(
∆tfs

(
trefrx_fs

)
− ∆tgps

(
treftx_fs

))
−φntrl_fs

(
τ refrx_fs

)
− φion_fs

(
τ refrx_fs

)
+φinst_fs

(
θfs

(
trefrx_fs

)
, ϕfs

(
trefrx_fs

))
+φconst_fs,

(6.61)

where

φreg_fs = the regenerated phase at the fiducial station antenna reference point [m];

τ fstrx_fs = the reception time of the GPS transmission in the local clock time frame of the
station [s];

�recifs = the position vector of the fiducial station antenna phase center in ECI coordinate
frame [m];

trefrx_fs = the reception time of the GPS signal at the fiducial station in the reference time
frame [s];

�recitx = the position vector of the transmitting GPS satellite antenna reference point in ECI
coordinate frame [m];

treftx_fs = the transmission time of the GPS signal recorded at the ground station in the refer-
ence time frame [s];

Ps = the relativistic correction function for the Shapiro effect for the fiducial station [s];

∆tfs = the clock offset of the fiducial station receiver [s];

∆tgps = the clock offset of the GPS transmitter [s];

φntrl_fs = the phase delay due to the neutral atmosphere [m];
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Table 6.13: The default filtering parameters for phase measurements by the fiducial station.

Parameter Bandwidth range [Hz] Elevation range [km] Polynomial order
Bsd2 4 - 4 0 - 90 0

Parameter Window length range [samples] Elevation range [km] Polynomial order
Lsd2 4 - 4 0 - 90 0

φion_fs = the phase delay due to the ionosphere [m];

φinst_fs = the phase delay due to the receiver characteristics [m];

θfs = the elevation angle of the incoming GPS transmission at the reception antenna [deg];

ϕfs = the azimuth angle of the incoming GPS transmission at the reception antenna [deg];

φconst_fs = a constant phase offset due to the phase ambiguity [m].

Equation 6.61 assumes that the cycle slips for the ground based measurements have been detected
and corrected by the GRAS GSN.

The phase measurements by the fiducial station have to processed in a similar way as the occulta-
tion measurements by GRAS before differencing.

(1) Filtering of the phase measurements

The phase measurements shall be filtered using the filtering algorithm defined in Section 6.2.4.1.
The default values for the filter parameters are listed in Table 6.13. In the case of the SSD mea-
surements the filter bandwidth and window length are fitted over the elevation angle of the mea-
surement. The order of the polynomials and the coefficients shall be completely user definable.

(2) Removal of instrument characterisation

This is a user selectable function.

If removal of instrument characterisation term is selected for the SSD (Sounding Support Data),
the instrument characterisation data is acquired from the GRAS GSN (Ground Support Network)
Status and Configuration Database via PGE. The azimuth and elevation angles of the incoming ray
are derived at each epoch of the SSD samples applying the algorithm defined in Section 6.1.5.1.

If instrument correction has been selected for SSD, but instrument characterisation data is not avail-
able in the GRAS GSN Status and Configuration Database, or any input information for performing
the instrument characterisation is missing, the data processing continued without instrument char-
acterisation, the corresponding bit in SSD_AVAILABILITY bit string is set in the level 1b products
(see AD4), event of user configurable severity to the CGS via the PGE interface is raised, and the
measurement id number and error characterization information is added in the report of the dump
processing.
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The instrument characterisation term is removed by subtraction

φic_fs
(
tfstrx

)
= φreg_fs

(
τ fstrx

)− Λfs
(
θfs

(
tfstrx

)
, ϕfs

(
tfstrx

)
, CH

)
, (6.62)

where

Λfs = the impact of the antenna phase center on the measured phase [rad];

θfs = the zenith angle of the incoming ray [deg];

ϕfs = the azimuth angle of the incoming ray [deg];

The set of measurements can now be labeled as

{(
φreg_fs(k), φic_fs(k), τ

fst
rx_fs(k)

)
; k : 1 → N

}

(3) Fiducial Station Time (FST) to reference time conversion

The clock offset estimate ∆tfs
(
tref

)
provided by the GRAS GSN defines the offset between the

local station time used for the measurement data time stamping and the reference time. The SSD
data time stamps are converted to reference time as

trefrx_fs(m) = τ fstrx_fs(m) − ∆tfs(m), (6.63)

where

∆tfs = the clock offset estimate from GSN products interpolated to the time of the SSD
samplem [m].

The determination of the time stamps in reference time allows expansion of the labeling as

{(
φreg_fs(k), φic_fs(k), τ

fst
rx_fs(k), t

ref
rx_fs(k)

)
; k : 1 → N

}
.
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(4) Transmission time determination

The transmission time of the signal measured by the fiducial station is determined by iterating the
equation

treftx_fs∗ = trefrx_fs−

∣∣∣�recifs (trefrx_fs

)
− �recitx

(
treftx_fs∗

)∣∣∣
c

−Grel_fs
[
�recifs

(
trefrx_fs

)
, �recitx

(
treftx_fs∗

)]
, (6.64)

where

treftx_fs∗ = the estimate of the transmit time of the signal received by the fiducial station [s];

Ps = the function for the relativistic delay caused by the Shapiro effect [s];

�recifs = the position vector of the fiducial station antenna reference point in ECI coordinate
frame [s];

�recitx = the position vector of the transmitting GPS satellite antenna phase center in ECI
coordinate frame [m].

The function Ps(�r1, �r2) for calculating the Shapiro effect is given in Equation 6.52 in Section
6.2.2.1. In the case of a fiducial station, the Equation 6.52 is applied by using r0 = |�reci2 | = |�recifs |.
The position vector of the fiducial station antenna reference point is provided in ECEF coordinate
frame as �receffs in the GRAS GSN Status and Configuration Database. The ECEF coordinates are
transformed into J2000 ECI coordinate frame using the algorithm explained in Section 6.3.3.4 and

interpolated to the reception times of the SSD samples to get �recifs
(
trefrx_fs

)
.

The position vector of the GPS transmission antenna phase center �recitx_fs is calculated using Equa-
tion 6.13.

When the iteration has converged

treftx_fs = treftx_fs∗. (6.65)

The labeling of the measurements can now be expanded to include all time stamps as

{(
φreg_fs(k), φic_fs(k), τ

fst
rx_fs(k), t

ref
rx_fs(k), t

ref
tx_fs(k)

)
; k : 1 → N

}
.

(5) Geometrical path length determination

Having established the reference times of transmission and reception, the geometrical path terms
can now be determined as
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φgp_fs

(
trefrx_fs

)
=

∣∣∣�recifs (trefrx_fs

)
− �recitx

(
treftx_fs

)∣∣∣
+cPs

[
�recifs

(
trefrx_fs

)
, �recitx

(
treftx_fs

)]
,

where

φgp_fs = the phase delay due to the geometrical path length including Shapiro effect [rad];

�recitx

(
treftx_fs

)
= the position vector of the phase center of the occulting GPS antenna interpolated

to the transmission time treftx_fs using the interpolation algorithm is defined in Section
6.3.1.1 [m].

The labeling of the measurements can now be expanded to

{(
φreg_fs(k), φgp_fs(k), φic_fs(k), τ

fst
rx_fs(k), t

ref
rx_fs(k), t

ref
tx_fs(k)

)
; k : 1 → N

}
.

(6) Estimating the neutral atmosphere delay

The delay caused by the neutral atmosphere is provided by the GRAS GSN as TZD (Tropospheric
Zenith Delay) estimate. The user can select in the software setup between two options for using
the TZD estimates:

1. The TZD estimate closest to the epoch of the first measurement sample is used for processing
all samples;

2. The TZD is interpolated to the time of each measurement sample using the last available
TZD estimate before the measurement and the next TZD estimate after the measurement
epoch.

If the time between the epoch of the closest available TZD estimate and the epoch of any measure-
ment sample is between user selectable threshold values defined in Table 6.14, the data processing
is continued with the available TZD estimates, an appropriate error flag is set in the level 1b
products, event of user configurable severity to the CGS via the PGE interface is raised, and the
measurement id number and error characterization information is added in the report of the dump
processing.

If the closest available TZD estimate is outside the threshold time range defined in Table 6.14 or
the TZD uncertainty is larger than a user selectable threshold value defined in Table 6.14, TZD
values from the GRAS GSN products are not used in the neutral atmosphere delay estimation.
In this case the zenith delay estimate is derived as defined in Section 6.3.5, the corresponding
bit in SSD_AVAILABILITY bit string is set in the level 1b products (see AD4), and an event of
user configurable severity to the CGS via the PGE interface shall be raised. The measurement id
number and error characterization information are also added in the report of the dump processing.
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Table 6.14: The user selectable parameters for the TZD derivation.

Parameter Default value
Fixed TZD or linear interpolation between two estimates fixed

Minimum TZD epoch time distance 15 min
Maximum TZD epoch time distance 120 min

Maximum acceptable TZD uncertainty 1 cm

The elevation of the incoming ray at the fiducial station εfs
(
trefrx_fs

)
is derived as defined in Section

6.3.4.

The delay caused by the neutral atmosphere is calculated by multiplying the TZD with the mapping
function as

φntrl_fs

(
trefrx_fs

)
= ∆Ltot

(
trefrx_fs

)
(6.66)

= ∆L0
h

(
trefrx_fs

)
mh

(
trefrx_fs

)
+ ∆L0

w

(
trefrx_fs

)
mw

(
trefrx_fs

)
,

where

∆L0
w

(
trefrx_fs

)
= TZD

(
trefrx_fs

)
− ∆L0

h,

and

φntrl_fs = the delay caused by the neutral atmosphere [rad];

∆L0
h = the zenith hydrostatic delay estimated using the algorithm in Section 6.3.5.2 [m];

TZD = the tropospheric zenith delay [m];

mh = the hydrostatic mapping function defined in Section 6.3.5.1;

mw = the wet mapping function defined in Section 6.3.5.1.

The labeling of the measurements can again be expanded to

{(
φreg_fs(k), φntrl_fs(k), φgp_fs(k), φic_fs(k), τ

fst
rx_fs(k), t

ref
rx_fs(k), t

ref
tx_fs(k)

)
; k : 1 → N

}
.
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Table 6.15: The default filtering parameters for ionosphere compensation.

Parameter Bandwidth range [Hz] Elevation range [km] Polynomial order
Bionc 0.1 - 0.1 0 - 90 0

Parameter Window length range [samples] Elevation range [km] Polynomial order
Lionc 4 - 4 0 - 90 0

(7) Estimating the ionosphere delay

The GPS carrier phase advance caused by the ionosphere can be estimated from the pseudorange
measurement at L1 and L2. The pseudorange measurements have to be filtered using the filtering
algorithm defined in Section 6.2.4.1. The default values for the filter parameters are listed in Table
6.12. The order of the polynomials and the coefficients shall be completely user definable. In the
case of the SSD measurements the filter bandwidth and window length are fitted over the elevation
angle of the measurement.

The phase advances for measurements at L1 and L2 are estimated as

φl1ion_fs

(
trefrx_fs

)
= − f 2

2

f 2
1 − f 2

2

(〈
p2

(
trefrx_fs

)〉
Bdiff

−
〈
p1

(
trefrx_fs

)〉
Bdiff

)
, (6.67)

φl2ion_fs

(
trefrx_fs

)
= − f 2

1

f 2
1 − f 2

2

(〈
p2

(
trefrx_fs

)〉
Bdiff

−
〈
p1

(
trefrx_fs

)〉
Bdiff

)
, (6.68)

where

φl1ion_fs = the phase advance on L1 [rad];

φl2ion_fs = the phase advance on L2 [rad];

f1 = the GPS frequency at L1 [Hz];

f2 = the GPS frequency at L2 [Hz];

p1 = the pseudorange measurement at L1 [m];

p2 = the pseudorange measurement at L2 [m];

〈〉Bdiff = indicates low pass filtering to the cutoff frequency Bdiff .

(8) Determining the phase residual

The equation for the phase measurement by the fiducial station can now be written taking into
account the compensation for the geometrical path length, neutral atmosphere, and ionosphere as
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φres_fs

(
trefrx_fs

)
= φic_fs

(
trefrx_fs

)
−φgp_fs

(
trefrx_fs

)
−φntrl_fs

(
trefrx_fs

)
−φion_fs

(
trefrx_fs

)
, (6.69)

where

φres_fs = the residual phase at the fiducial station [m].

The labeling of the measurements can again be expanded to

{(
φres_fs(k), φreg_fs(k), φntrl_fs(k), φgp_fs(k), φic_fs(k), τ

fst
rx_fs(k), t

ref
rx_fs(k), t

ref
tx_fs(k)

)
; k : 1 → N

}
.

(9) Interpolating to the occultation measurement times

The phase residuals at the fiducial station at the times of the occultation measurements φres_fs
(
trefrx

)
are derived by linear interpolation from the measurements φres_fs

(
trefrx_fs

)
providing a new label-

ing for the synchronized occultation measurements and the interpolated phase measurements of
the pivot satellite as

{(
φatm(m), φres_fs(m), trefrx (m)

)
; m : 1 →M

}
.

(10) Differencing the occultation measurement

Applying the interpolated phase values from step (9) the equation for the phase residual after SD2
correction can be written as

φsd2
(
trefrx

)
= φatm

(
trefrx

)− φres_fs (trefrx ) , (6.70)

A user selectable option is to subtract the GRAS clock offset estimate ∆tgras derived in the NRT
POD and the fiducial ground station clock offset estimate ∆tfsprovided by the GSN from the SD2
corrected phase residual φsd2. The user can select to remove just the GRAS clock offset or the
fiducial clock offset, or both. The mathematical formulation for the enhanced SD1 correction with
the subtraction is

φsd2 = φsd2
(
trefrx

)− c [∆tgras (trefrx )− ∆tfs
(
trefrx

)]
, (6.71)

where φsd2
(
trefrx

)
is the output from Equation 6.59.

The labeling of the final products from the SD2 function can now the expanded as

{(
φsd2(m), φatm(m), φres_fs(m),∆tgras(m),∆tfs(m), trefrx (m)

)
; m : 1 →M

}
.
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6.2.2.5 Double Differencing 1 (DD1) clock correction

Input Parameter:

1. Relativity corrected phase residual measurements φatm(trefrx ) [rad];

2. GRAS GZA phase measurements φreg_gza

(
τ imtrx_gza

)
[rad];

3. Fiducial ground station phase measurement φreg_fs

(
τ fstrx_fs

)
[rad];

4. Pivot satellite phase measurement by the fiducial ground station φreg_pv

(
τ fstrx_fs

)
[rad];

5. Metop CoM position vector in ECI coordinate frame �recileo
(
trefrx_gza

)
[m];

6. Position vector of the Metop CoM in SRF coordinate frame �rsrfcom
(
trefrx_gza

)
[m];

7. Position vector of the occulting GPS satellite CoM in ECI frame �recigps
(
trefrx_fs

)
[m];

8. Position vector of the occulting GPS antenna phase center in the local GPS satellite reference

frame �ptx
(
trefrx_fs

)
[m];

9. Position vector of the pivot GPS satellite CoM in ECI frame �recigps
(
trefrx_gza

)
[m]:

10. Position vector of the pivot GPS antenna phase center in the local GPS satellite reference
frame �ptx

(
trefrx_gza

)
[m];

11. GRAS clock offset from the GRAS/Metop NRT POD ∆tgras
(
tref

)
[s];

12. Pivot GPS clock offset from the GRAS/Metop NRT POD ∆tgps_pv
(
tref

)
[s];

13. Occulting GPS clock offset from the GRAS/Metop NRT POD ∆tgps
(
tref

)
[s];

14. Fiducial station clock offset from the GRAS/Metop NRT POD ∆tfs
(
tref

)
[s];

15. Code phase measurements by GZA at L1-P1 CPrc_p1
(
trefrx_gza

)
and L2-P2 CPrc_p2

(
trefrx_gza

)
[chips];

16. Pseudorange measurement by the fiducial station at L1 p1_occ

(
trefrx_fs

)
and L2 p2_occ

(
trefrx_fs

)
[m];

17. Pseudorange measurement by the fiducial station at L1 p1_pv

(
trefrx_fs

)
and L2 p2_pv

(
trefrx_fs

)
[m];

18. Position vector of the fiducial station antenna phase center in ECEF coordinate frame �receffs

[m].
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Output Parameters:

1. DD1 corrected phase residual φdd1
(
trefrx

)
[rad];

2. Interpolated reference measurements φres_gza
(
trefrx

)
[rad];

3. Interpolated reference measurement φres_fs
(
trefrx

)
[rad];

4. Interpolated reference measurement φres_pv
(
trefrx

)
[rad];

5. Interpolated occulting GPS clock offset estimates ∆tgps
(
trefrx

)
[s];

6. Interpolated pivot GPS clock offset estimates ∆tgps_pv
(
trefrx

)
[s];

7. Interpolated fiducial station clock offset estimate ∆tfs
(
trefrx

)
[s].

Constants:

1. GPS transmission frequencies fgps ( L1 and L2).

The DD1 correction uses four measurements to differentiate out all clock offset terms from the
equations for the regenerated phases. The main task in the DD2 algorithm is to pre-process all
reference measurements by the fiducial ground station and GRAS GZA so that they can be inter-
polated to the times of the occultation measurements.

Using the same labeling of the measurements as in Figure 3.5, the processing of all measurement
links are defined below.

(1) Link A: Occultation measurement by GRAS GVA or GAVA

The processing of the occultation data is performed as defined in Section 5.2.2 using DD1 clock
offset removal option. The residual phase measurement after step (4) can be labeled as

{(
φatm(m), trefrx (m)

)
; m : 1 → M

}
.

(2) Link B: Reference measurement by the fiducial ground station

The processing of the occulting GPS satellite phase data from the fiducial ground station is per-
formed as in the case of SD2 correction as defined in Section 6.2.2.4. Only steps (1) to (9) are
performed to generate interpolated data set that allows expansion of the measurement sample la-
beling as

{(
φatm(m), φres_fs(m), treftx (m)

)
; m : 1 →M

}
.
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(3) Link D: Measurement of the pivot GPS satellite by GRAS GZA

The processing of the pivot satellite phase data from GRAS GZA is performed as in the case of
SD1 correction as defined in Section 6.2.2.3. Only steps (1) to (7) are performed to generate
interpolated data set that allows further expansion of the labeling as

{(
φatm(m), φres_fs(m), φres_gza(m), treftx (m)

)
; m : 1 →M

}
.

(4) Link C: Measurement of the pivot GPS satellite by the fiducial ground station

The processing of the pivot satellite phase data from the fiducial ground station follows the SD2
algorithm defined in Section 6.2.2.4. The differences in the input data in the case of processing
pivot satellite phase measurements are:

1. �recigps = the position vector of the pivot GPS satellite CoM;

2. �ptx = the position vector of the pivot GPS satellite antenna phase center in the local satellite
reference frame;

3. ∆tgps = the clock offset estimate of the pivot GPS satellite from GRAS/Metop NRT POD.

Obviously the incidence angle for the incoming ray has to be calculated in the case of link C for
the pivot satellite and not for the occulting GPS satellite.

The steps (1) to (9) of the SD2 algorithm applied on the pivot satellite measurement allow further
expansion of the measurement data labeling as

{(
φatm(m), φres_fs(m), φres_gza(m), φres_pv(m), treftx (m)

)
; m : 1 → M

}
.

(5) Differencing the occultation measurement

The double differencing of the data from the four measurements can now be written as

φdd1
(
trefrx

)
= φatm

(
trefrx

)− φres_fs (trefrx )− (
φres_gza

(
trefrx

)− φres_pv (trefrx ))
= φatm

(
trefrx

)− φres_fs (trefrx )− φres_gza (trefrx ) + φres_pv
(
trefrx

)
. (6.72)

6.2.2.6 Double Differencing 2 (DD2) clock correction

Input Parameter:

1. Relativity corrected phase residual measurements φatm(trefrx ) [rad];

2. GRAS GZA phase measurements φreg_gza

(
τ imtrx_gza

)
[rad];
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3. Fiducial station 1 phase measurement φreg_fs

(
τ fstrx_fs

)
[rad];

4. Pivot satellite phase measurement by the fiducial station 2 φreg_pv

(
τ fstrx_fs

)
[rad];

5. Metop CoM position vector in ECI coordinate frame �recileo
(
trefrx_gza

)
[m];

6. Position vector of the Metop CoM in SRF coordinate frame �rsrfcom
(
trefrx_gza

)
[m];

7. Position vector of the occulting GPS satellite CoM in ECI frame �recigps
(
trefrx_fs

)
[m];

8. Position vector of the occulting GPS antenna phase center in the local GPS satellite reference

frame �ptx
(
trefrx_fs

)
[m];

9. Position vector of the pivot GPS satellite CoM in ECI frame �recigps
(
trefrx_gza

)
[m];

10. Position vector of the pivot GPS antenna phase center in the local GPS satellite reference
frame �ptx

(
trefrx_gza

)
[m];

11. GRAS clock offset from the GRAS/Metop NRT POD ∆tgras
(
tref

)
[s];

12. Pivot GPS clock offset from the GRAS/Metop NRT POD ∆tgps_pv
(
tref

)
[s];

13. Occulting GPS clock offset from the GRAS/Metop NRT POD ∆tgps
(
tref

)
[s];

14. Fiducial station 1 clock offset from the GRAS/Metop NRT POD ∆tfs1
(
tref

)
[s];

15. Fiducial station 2 clock offset from the GRAS/Metop NRT POD ∆tfs2
(
tref

)
[s];

16. Code phase measurements by GZA at L1-P1 CPrc_p1
(
trefrx_gza

)
and L2-P2 CPrc_p2

(
trefrx_gza

)
[chips];

17. Pseudorange measurement by the fiducial station 1 at L1 p1_occ

(
trefrx_fs

)
and L2 p2_occ

(
trefrx_fs

)
[m];

18. Pseudorange measurement by the fiducial station 2 at L1 p1_pv

(
trefrx_fs

)
and L2 p2_pv

(
trefrx_fs

)
[m];

19. Position vector of the fiducial station 1 antenna phase center in ECEF coordinate frame �receffs1

[m];

20. Position vector of the fiducial station 2 antenna phase center in ECEF coordinate frame �receffs2

[m].
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Output Parameters:

1. DD1 corrected phase residual φdd1
(
trefrx

)
[rad];

2. Interpolated reference measurement by GZA φres_gza
(
trefrx

)
[rad];

3. Interpolated reference measurement by fiducial station 1 φres_fs
(
trefrx

)
[rad];

4. Interpolated reference measurement by fiducial station 2 φres_pv
(
trefrx

)
[rad];

5. Interpolated occulting GPS clock offset estimate ∆tgps
(
trefrx

)
[s];

6. Interpolated pivot GPS clock offset estimate ∆tgps_pv
(
trefrx

)
[s];

7. Interpolated fiducial station 1 clock offset estimate ∆tfs
(
trefrx

)
[s];

8. Interpolated fiducial station 2 clock offset estimate ∆tfs
(
trefrx

)
[s].

Constants:

1. GPS transmission frequencies fgps ( L1 and L2).

The DD2 correction uses four measurements to differentiate out clock offset terms from the equa-
tions for the regenerated phases. The difference between DD2 and DD1 is that two fiducial ground
stations are used to collect the data. The station 1 measures the occulting GPS satellite and station
2 measures the pivot GPS satellite. This approach may provide some advantage in the selection of
the stations and pivot satellite as it allows more freedom in the optimisation of the elevation angles
of the incoming rays. However, the penalty from applying DD2 is that the errors caused by the
fiducial station clock offsets are not removed from the measurement data.

Formally the treatment of the measurements from links A - D is in the case of DD2 exactly the
same as in the case of DD1. The only difference is that in the processing of the link B in the input
data the reception antenna phase center position vector is �receffs1 for station 1 and for the link D the

position vector is �receffs2 for station 2, respectively.

A user definable option is to use the clock offset estimates ∆tfs1 and ∆tfs2 provided by the GRAS
GSN to remove the clock offset terms from the phase residual measurement. The user can select to
remove either of the fiducial clock offsets, or both. The mathematical formulation for the enhanced
SD1 correction with the subtraction is

φdd2 = φdd2
(
trefrx

)− c [∆tfs1 (trefrx )− ∆tfs2
(
trefrx

)]
, (6.73)

where φdd2
(
trefrx

)
is the output from DD2 correction without subtraction of the fiducial station

clock offsets.

Following the steps (1) to (4) of the DD1 algorithm produces a set of interpolated data samples
labeled as

{(
φatm(m), φres_fs(m), φres_gza(m), φres_pv(m), treftx (m)

)
; m : 1 → M

}
.
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The double differencing of the samples can now be written exactly in the same form as for DD1 as

φdd2
(
trefrx

)
= φatm

(
trefrx

)− φres_fs (trefrx )− (
φres_gza

(
trefrx

)− φres_pv (trefrx ))
= φatm

(
trefrx

)− φres_fs (trefrx )− φres_gza (trefrx ) + φres_pv
(
trefrx

)
. (6.74)

6.2.2.7 Correction for the Earth’s oblateness

Input Parameters:

1. Position vectors of the occulting GPS satellite �recitx
(
trefrx

)
;

2. Position vectors of Metop �reciant
(
trefrx

)
;

3. Reference ellipsoid semimajor axis Req and flattening fe.

Output Parameter:

1. Oblateness corrected satellite antenna phase center position vectors �recitx
(
trefrx

)
and �reciant

(
trefrx

)
;

2. Geocentric radius of the ellipsoid Rg;

3. Radius of the curvature vector �recic ;

4. Coordinate system origin translation vector ∆�reci
(
trefrx

)
.

Algorithm:

The coordinates of the occulting GPS satellite and Metop satellite have to be corrected for the
error caused by the assumption of spherical atmosphere before calculating the total bending angle
[RD9]. This correction is done by creating a new spherical atmosphere approximation with the
local radius of the curvature of the WGS-84 ellipsoid as the radius of the spherical atmosphere and
by moving the origin of the spherical atmosphere to the point that corresponds to this radius and
normal to the local curvature of the ellipsoid.

Let the surface of the reference ellipsoid in a Cartesian coordinates to be defined as

S(x, y, z) =
√
x2 + y2 + z2 − R(x, y, z) = 0, (6.75)

where

x, y, z = the coordinates of a point on the surface;

Rg(x, y, z) = the geocentric radius of the ellipsoid at the coordinates x, y, z.
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Rg can be defined as a function of the co-latitude θco as

Rg = Req
(
1 − fcos2θco

)
, (6.76)

where

Req = the semimajor axis of the reference ellipsoid;

f = the Earth’s flattening;

and

θco = arcsin

(
z√

x2 + y2 + z2

)
. (6.77)

A vector normal to the surface of the ellipsoid at the coordinates (x, y, z) can be estimated to first
order in f from

�necis = r̂eciR − 2fezrR


 xrRzrR
yrRzrR
z2rR − 1


 , (6.78)

where xrR , yrR , and zrR are components of a unit vector r̂eciR pointing in the direction of the local
geocentric radius.

The radius vector of the curvature in the occultation plane �recic is found from

�recic =
�necis

|d�necis /ds|
. (6.79)

The derivative d�necis /ds = d (∇S) /ds can be calculated from

d�necis
d�s

= Jsn̂p, (6.80)

where n̂p is a unit vector parallel to the surface in the occultation plane. As the first order approxi-
mation in f , matrix Js becomes

Js =
1

Req


 1 − x2

rR
− fez2rR(1 − 7x2

rR
) −xrRyrR(1 − 7fez

2
rR

) −xrRzrR(1 + fe(4 − 7z2rR))
−xrRyrR(1 − 7fez

2
rR

) 1 − y2
rR

− fez2rR(1 − 7y2
rR

) −yrRzrR(1 + fe(4 − 7z2rR))
−xrRzrR(1 + fe(4 − 7z2rR)) −yrRzrR(1 + fe(4 − 7z2rR)) (1 − z2rR)(1 + fe(2 − 7z2rR))




(6.81)

The unit vector is a vector parallel to the line connecting the two satellites at the moment when the
line is tangential to the surface of the ellipsoid.
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The origin of the new spherical atmospheric approximation can now be found with a vector sum
as

∆�reci = Rg r̂
eci
R − �recic (6.82)

The satellite position vectors are transferred to the new coordinate system by translation with the
vector ∆�reci.

The definition of the location of the origin of the new coordinate system is not unique as the
position of the ray perigee and the local curvature or the ellipsoid is slowly changing during the
occultation. The time of the coordinate transfer is fixed by using the time and point when the line
connecting the two satellites is tangential to the surface of the ellipsoid.

6.2.3 Geometrical optics retrieval functions

The Geometrical Optics (GO) approximation is used to derive the total bending angle in conditions
when there is little atmospheric multipath. It is also used to derive initialization parameters for
Back Propagation technique that is presented in Section 6.2.4.2.

6.2.3.1 Derivation of the Doppler shifts

Input Parameters:

1. Noise filtered phase residuals φlp(m);

2. Reception times of the phase residual samples trefrx (m).

Output Parameter:

1. Atmospheric DopplerDatm(m);

2. Reception times of the Doppler samples trefrx−der(m).

Algorithm:

The atmospheric Doppler is calculated from the corrected phase residuals as

Datm(m) =
dφ

dt

∣∣∣∣
t=trefrxd(m)

=
φlp(m+ 1) − φlp(m)

trefrx (m+ 1) − trefrx (m)
, (6.83)

where

trefrx−der(m) =
trefrx (m+ 1) − trefrx (m)

2
,

and where m : 1 → N − 1.
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6.2.3.2 Total bending angle retrieval

Input Parameters:

1. Atmospheric Doppler residual Datm;

2. Position vector of the occulting GPS satellite transmission antenna phase center �recitx
(
treftx

)
;

3. Position vector of the GRAS receiving antenna phase center �reciant
(
trefrx

)
;

4. Velocity vector of the occulting GPS satellite transmission antenna phase center �vecitx
(
treftx

)
;

5. Velocity vector of the GRAS receiving antenna phase center �veciant
(
trefrx

)
;

6. Radius of the curvature �recic .

Output Parameters:

1. Total bending angle α
(
trefrx

)
;

2. The angles of the occultation geometry in geometrical optics approximation β
(
trefrx

)
, δ
(
trefrx

)
,

γ
(
trefrx

)
, Θ

(
trefrx

)
and ψ

(
trefrx

)
.

Constants:

1. GPS transmission frequencies fl1 = 1.57542 GHz and fl2 =1.2276 GHz

2. Speed of light in vacuum c

Algorithm:

The Doppler components of the signal received by the GRAS instrument can be formed into the
equation

0 =

[(
�veciant

(
trefrx

)− �vecitx (treftx )) ·
(
�reciant

(
trefrx

)− �recitx (treftx ))]∣∣∣�reciant (trefrx )− �recitx
(
treftx

)∣∣∣
+
(
�vecitx

(
treftx

)
· r̂eci2

(
treftx

)
+ �veciant

(
trefrx

) · r̂eci1

(
trefrx

))
(6.84)

+Datm
(
trefrx

)
,

where

fgps = the transmission frequency of the GPS (for processing of the L1 channel fgps = fl1
and for L2 channel fgps = fl2) [Hz];
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�reciant = the position vector of the phase center of the receiving antenna in ECI coordinate
frame [m];

�recitx = the position vector of the phase center of the transmitting antenna in ECI coordinate
frame [m];

�veciant = the velocity vector of the phase center of the receiving antenna in ECI coordinate
frame [m/s];

�vecitx = the velocity vector of the phase center of the transmitting antenna in ECI coordinate
frame [m/s];

r̂eci2 = a unit vector parallel to the ray leaving the occulting GPS satellite antenna;

r̂eci1 = a unit vector anti-parallel to the incoming ray at the reception antenna at GRAS
instrument.

The position and velocity vectors of the GVA antenna
(
�recigva, �v

eci
gva

)
are used for �reciant and �veciant

when a rising occultation is processed. The position and velocity vectors of the GAVA antenna(
�recigava, �v

eci
gava

)
are used for �reciant and �veciant in the case of processing of a setting occultation.

We may define a new coordinate basis, which depends on the transmission and reception times as

�rcon = �reciant
(
trefrx

)− �rreftx (
treftx

)

x̂ =
�rcon
|�rcon|

ẑ = −
(
�recitx

(
treftx

)
× x̂

)
∣∣∣�rreftx (

treftx

)∣∣∣ (6.85)

ŷ = ẑ × x̂
In this coordinate system the unit vector parallel to the direction the ray leaving transmitting an-
tenna, the unit vector anti-parallel to the direction the ray arrives at the receiving antenna and the
cosine of the bending angle are given by the equations

r̂eci2

(
treftx

)
= cos(δ)x̂+ sin(δ)ŷ (6.86)

r̂eci1

(
trefrx

)
= − cos(γ)x̂+ sin(γ)ŷ (6.87)

and

cos(α) = cos(δ + γ) = −r̂eci1 · r̂eci2 (6.88)

where
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δ = the angle between the straight line between the antennas and the ray leaving the
transmitter antenna [rad];

γ = the angle between the straight line between the antennas and the incoming ray to the
receiver antenna [rad];

α = the total bending angle of the ray path [rad].

The Equation 6.84 may now be re-written with the new coordinates as

0 = �vtx · x̂ cos(δ) + �vtx · ŷ sin(δ)

−�vant · x̂ cos(γ) + �vant · ŷ sin(γ) (6.89)

+ (�vant − �vtx) · x̂
+Datm.

This equation has two unknowns, namely δ and γ, and thus can not be solved. It is therefore
necessary to impose an equation of constraint relating these two angle. This is done by assuming
that the impact parameters for the rays on either side of the atmosphere are equal or, equivalently,
that equal amounts of bending occur on either side of the position where the ray direction is normal
to a line from the centre of the Earth (the tangent radius). Thus the equation of constraint is

a = agps = aleo

= �reciant
(
trefrx

)
sin(γ + ψ) (6.90)

= �rreftx

(
treftx

)
sin(δ + β),

where

β = π − arccos


 x̂ · �recitx

(
treftx

)
∣∣∣�recitx (treftx )∣∣∣


 ,

and

ψ = arccos


 x̂ · �reciant (trefrx )∣∣∣�reciant (trefrx )∣∣∣


 .

The bending angle may now be solved by Newton’s method (or by an alternative optimisation
technique). Using Newton’s method we iterate the following equations starting with an initial
guess for the value of γ0 with the equations
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δn = arcsin


∣∣�reciant (trefrx )∣∣∣∣∣�recitx (treftx )∣∣∣ sin (γn + ψ)


− β (6.91)

γn+1 = γn − Λ (γn)(
dΛ
dγ

∣∣∣
γ=γn

) .

The objective function and its derivative with respect to γ are given by

Λ(γ) = �vtx · x̂ cos(δ) + �vtx · ŷ sin(δ) (6.92)

−�vant · x̂ cos(γ) + �vant · ŷ sin(γ)

+ (�vant − �vtx) · x̂
+Datm

dΛ

dγ
= −�vtx · x̂ sin(δ)

dδ

dγ
+ �vtx · ŷ cos(δ)

dδ

dγ

+�vant · x̂ sin(γ) + �vant · ŷ cos(γ)

where

dδ

dγ
=

|�reciant(t
ref
rx )|

|�recitx (treftx )| cos (γ + ψ)√
1 −

( |�reciant(t
ref
rx )|

|�recitx (treftx )|
)2

sin2 (γ + ψ)

After the iteration has converged the total bending angle α can be calculated from γ and δ using
Equation 6.88.

The impact parameter is calculated from α using Equation 6.93.
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6.2.3.3 Derivation of the impact parameter

Input Parameters:

1. Position vector of the phase center of the receiving antenna �reciant
(
trefrx

)
;

2. Corresponding observation geometry angle γ
(
trefrx

)
, and ψ

(
trefrx

)
.

Output Parameter:

1. Impact parameter a
(
trefrx

)
.

Algorithm:

The impact parameter is derived using the observation geometry as

a
(
trefrx

)
=
∣∣�reciant (trefrx )∣∣ · sin(γ

(
trefrx

)
+ ψ

(
trefrx

)
). (6.93)

6.2.3.4 Geolocation function

Input Parameters:

1. Receiving antenna phase center position vector �reciant
(
trefrx

)
;

2. Transmitting antenna phase center position vector �recitx
(
trefrx

)
;

3. Coordinate system translation vector from Earth oblateness correction function ∆�reci
(
trefrx

)
;

4. Corresponding observation geometry angle γ
(
trefrx

)
, and ψ

(
trefrx

)
;

5. Bending angle α
(
trefrx

)
;

6. Impact parameter a
(
trefrx

)
;

7. Reference ellipsoid semimajor axis and flattening.

Output Parameter:

1. Geodetic latitude and longitude of the ground projection of the ray perigee ϕp
(
trefrx

)
and

λp
(
trefrx

)
.
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Algorithm:

A unit vector pointing from origin of the coordinate frame after oblateness correction r̂ecitan
(
trefrx

)
(Section 6.2.2.7) to the ray perigee is calculated from

�recitan
(
trefrx

)
=

sin
(
γ
(
trefrx

)
+ ψ

(
trefrx

))
cos

(
α(trefrx )

2

) (6.94)

·
[
cos

(
α
(
trefrx

)
2

+ θa1
(
trefrx

))
r̂ecirx

(
trefrx

)
+ sin

(
α
(
trefrx

)
2

+ θa1
(
trefrx

))
r̂eci⊥

(
trefrx

)]
,

where

θa1
(
trefrx

)
= arccos


 |�aeci (trefrx ) |
|�recirx

(
trefrx

)
|


 ,

(
trefrx

)
=
�recirx

(
trefrx

)∣∣∣�recirx (trefrx )∣∣∣ ,
and

r̂eci⊥
(
trefrx

)
=

�rrx
(
trefrx

)× [
�recitx

(
treftx

)
× �rrx

(
trefrx

)]
∣∣∣�rrx (trefrx )×

[
�recitx

(
treftx

)
× �rrx

(
trefrx

)]∣∣∣ .
The unit vector point to the direction of the ray perigee is

r̂ecitan
(
trefrx

)
=
�recitan

(
trefrx

)∣∣∣�recitan (trefrx )∣∣∣ . (6.95)

The geolocation of the ray perigee is the point where a vector parallel to r̂tan passes through the
ellipsoid surface of the Earth model.

Vector r̂ecitan
(
trefrx

)
from Equation 6.95 can be expressed in the form

r̂ecitan
(
trefrx

)
= arx̂+ br ŷ + crẑ. (6.96)

The length k of the vector parallel to r̂ecitan
(
trefrx

)
and reaching the surface of the ellipsoid can be

found from

k =

√
a2
e (1 − fe)2

(1 − fe)2 (a2
r + b2r) + c2r

, (6.97)
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where ar, br, and cr are the coefficients from Equation 6.96.

The position vector of the geolocation of the ray perigee as a function of the reference time are
then found from

�recigeo
(
trefrx

)
= ∆�reci

(
trefrx

)
+ k

(
trefrx

)
r̂ecitan

(
trefrx

)
.

The geocentric coordinates of the estimated geolocation are transformed into Earth fixed coordi-
nate frame (ITRF) by inverting the ECEF to ECI transform algorithm described in Section 6.3.3.4.

Finally, the geodetic latitude, longitude, and height of the geolocation coordinates are derived using
the iterative algorithm defined in Section 6.3.3.3.

6.2.3.5 TEC derivation

Input Parameters:

1. Observed phase residuals φuw1(t), φuw2(t);

2. Measured code phases CPrc_p1(t), CPrc_p2(t);

3. GPS transmission frequencies fL1 and fL2;

Output Parameters:

1. TEC as a function of impact parameter TEC(a)

Algorithm:

The relative TEC shall be calculated as a linear combination of phase observations at L1 and L2 as

TECr =
1

d

f 2
L1f

2
L2

(f 2
L1 − f 2

L2)
(φuw1 − φuw2) +B, (6.98)

where

d = a constant corresponding to the square of the plasma frequency divided by the elec-
tron density ( = e2/(4π2ε0m) = 40.3;

B = the undetermined bias which is constant for a connected arc.

The absolute TEC without bias but with a high noise level shall be calculated from the linear
combination of the code phase measurements at L1-P1 and L2-P2 as

TECa =
1

d

f 2
L1f

2
L2

(f 2
L1 − f 2

L2)

[ c

10230 · 103
(CPrc_p1 − CPrc_p2)

]
. (6.99)
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In 6.98 and in 6.99 the phase and code phase samples must be interpolated to the same moments
of time using the interpolation algorithm presented in 6.3.1.2.

The constant B is solved by a least-squares minimizing of

∑
(TECa − TECr)2. (6.100)

Derivation of the TEC is not performed when the receiver can not track both L1 and L2 phase and
code.

The impact parameters corresponding to each TEC estimate are derived by interpolating the impact
parameter time series from Equation 6.93 to the times of the TEC estimates.

6.2.3.6 Ionosphere correction

Input Parameters:

1. Total bending angle as a function of the impact parameter αi(ai);

2. GPS transmission frequencies fL1 and fL2.

Output Parameters:

1. Ionosphere corrected total bending angle as a function of the impact parameter α(a1).

Neutral bending angle calculation:

The ionosphere corrected bending angle shall be calculated as

α(a1) = 〈α1(a1)〉BWn
+

(
f 2
L2

f 2
L1 − f 2

L2

(〈α1(a1)〉BWi
− 〈α2(a1)〉BWi

))
, (6.101)

where

α = the neutral bending angle [rad];

αk = the total bending from the phase residual at the GPS channel Lk [rad];

a1 = the impact parameter from L1 [m];

BWn = the observation bandwidth of the neutral atmosphere [Hz];

BWi = the observation bandwidth of the ionosphere [Hz].
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Table 6.16: The default parameters for noise filtering in GO algorithm.

Parameter Bandwidth range [Hz] SLTH range [km] Polynomial order
Bn 4 - 4 80 - 25 0
Bn 2 - 2 25 - -80 0
Bi 0.1 - 0.1 80 - -80 0

Parameter Window length range [samples] SLTH range [km] Polynomial order
Ln 40 80 - -80 0
Li 40 80 - -80 0

The total bending angles from L2 shall be interpolated to a1 heights before applying Equation
6.101 with interpolation technique specified in 6.3.1.2.

The observation bandwidths for α1 and α2 are achieved by low-pass filtering the data with the
filtering function defined in Section 6.2.4.1. The filtering parameters shall be defined so that the
the filter bandwidths meet to the observation bandwidth requirements in RD20. The default values
for the filtering parameters are listed in Table 6.16.

The bandwith range column shows the bandwidth parameter Bgo and window length Lgo values
corresponding to the SLTH values in the SLTH range column. The filtering function shall perform
a polynomial fit to generate a polynomial function of the defined order (in the polynomial order
column) so that the Bgo and Lgo values and the SLTH values match. The range columns can
contain more than two values (e.g. bandwidth range 4 - 3 - 2, and corresponding SLTH range 80 -
45 - 20) for higher order polynomials. The order of the polynomials and the coefficients shall be
completely user definable.

The order of the polynomials and the coefficients shall be completely user definable.

The ionosphere correction using Equation 6.101 is not possible if sounding data from both channels
is not available. This situation may happen in the troposphere where the phase lock on L2 channel
is lost due to lower SNR ratio. When L2 is not available, the ionospheric correction is performed
by first calculating the ionosphere ionosphere correction term

f 2
L2

f 2
L1 − f 2

L2

(〈α1(a1)〉BWi
− 〈α2(a1)〉BWi

)
for the range where both signals are available. This correction term shall then be extrapolated to
the height range when only L1 is available. Any ringing effects caused by the noise in the data at
the beginning or at the end of the extrapolated ionosphere correction term must be filtered before
the correction is applied.

6.2.3.7 Bending angle bias estimation and correction

Input Parameters:

1. Neutral bending angle as a function of the impact parameter α(a).
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Output Parameters:

1. Bias corrected bending angle as a function of the impact parameter αbc(a);

2. Bias estimate ∆αmean;

3. Standard deviation of the bias estimate σ∆α.

Algorithm:

It is expected that at least sometimes the derived bending angles shall contain bias from clock
errors, satellite velocity determination errors in POD, and from other sources.

The magnitude of the bias shall be estimated by comparing the derived neutral bending angles to
bending angles derived from an atmospheric model at the location and the time of the occultation.
The characterization of the atmospheric model and model input parameters shall be used in the
bias estimation are presented in Table 6.17. All parameters for the bending bias correction are user
definable. If the window half width is set to 0, bias estimation and correction is not performed.

Table 6.17: Default parameters for the bending angle bias correction model.

Parameter Value
Bias comparison height: 70 km

Bias comparison window half width: 5 km
Atmospheric model: MSISE90

Model input parameters:
Profile lat, long, ephemeris from geolocation

F107A, F107, AP: default

The MSISE90 model is described in [RD10].

The MSISE90 model produces the temperature, and pressure at the selected altitude, location, and
solar time. The location of the profile is provided by geolocation function that is described in
Section 6.2.3.4.

The reference bending angle from the atmospheric model shall be derived using the inverse of the
Abel transform as

αm(a) = −2a

∫ ∞

a

1

n
√
µ2 − a2

(
dn

dµ

)
dµ, (6.102)

where

µ = nr,

and
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n = the index of refraction at the geocentric radial distance r.

Equation 6.102 can be solved by writing it as

α(a) = −2a

∞∫
a

d lnn
dx√
x2 − a2

dx. (6.103)

Equation 6.103 can be simplified by calculating the bending angle between two consecutive height
levels j and j + 1 and by using approximations

d lnn

dx
≈ 10−6dN

dx
, (6.104)

and

√
(x2 − a2) ≈

√
2a (x− a). (6.105)

The dN/dx term in Equation 6.104 can be written as

dN

dx
= −kjNje−kj(x−xj), (6.106)

where

kj =
ln
(

Nj
Nj+1

)
xj+1 − xj . (6.107)

The bending angle between the levels j and j + 1 can now be written as

∆α = 10−6kjNje
kj(xj−a)√2a

xj+1∫
xj

e−kj(x−a)√
x− a dx. (6.108)

This function can be solved analytically using the “error function” (erf ) for calculating exponential
integrals. The bending angle between two levels can then be written into the form

∆α = 10−6
√

2πakjNje
kj(xj−a)erf

(√
kj (x− a)

)
. (6.109)

Because the generic definition of the error function is

erf(x) =
2√
π

x∫
0

e−t
2

dt,
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the error function for an integral
xj+1∫
xj

has to be calculated in two parts, i.e.,

erf (x) = erf (xj+1) − erf (xj) . (6.110)

If the measured bending angle values do not cover the upmost level of the BBE window, the error
function must be calculated by extrapolating the

√
kj(x− a) term 100 km above the uppermost

layer. This can be done simply by adding 100 km to the xj+1term.

The total bending angle is given by summing the ∆αterms from Equation 6.109 for each level
within the bias estimation window.

Calculation of the model based bending angle values requires as input an estimate of the atmo-
sphere refractivity. The refractivity of the neutral atmosphere at height h can be estimated from
the equation

N(h) = k1Rdρm(h) +

(
k′2
e(h)

T (h)
+ k3

e(h)

T (h)2

)
Z−1
w , (6.111)

k1, k
′
2, k3 = refractivity coefficients;

Rd = gas constant for dry air;

ρm = mass density;

e = partial pressure of the water vapor [mbar];

T = temperature;

Z−1
w = the inverse compressibility of moist air.

Because the bias estimation in the GRAS data processing is performed very high in the atmosphere
(h > 60 km), the impact of the humidity on the refractivity is negligible. So, in the GRAS bending
bias estimation the refractivity of the neutral atmosphere is calculated from the equation

N(h) = k1Rdρm(h), (6.112)

where

k1 = 77.604 [Kmbar−1];

Rd = 2.87 [mbarm3K−1 kg−1];

ρm = the total mass density from MSISE90 model [kg/m3].
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The refractivity profile estimated with the MSISE90 model must start well below the lower limit
of the bending bias estimation window and continue well above the upper limit of the bending bias
estimation window to allow the total bending angle integration as described below.

The integration of the total bending angle requires as an input the product of the refractive index
at height n(h) and the corresponding radius r(h). This product is calculated from

xj =
(
1 + 10−6N(h)

)
r(h), (6.113)

where r is the sum of the geometric height h, local radius of curvature |�recic |, and the difference
between the geoid and the WGS-84 ellipsoid (undulation) r∆, i.e.,

r(h) = h+
∣∣�recic ∣∣ + r∆. (6.114)

The undulation at the geolocation of the measurement is calculated by using the EGM96 geoid
model [http://cddisa.gsfc.nasa.gov/926/egm96/egm96.html] at the mean geolocation of the mea-
surement.

The total bending angle difference is calculated as

∆α(a) = α(a) − αm(a), (6.115)

where

α = neutral bending angle derived from the observations;

αm = bending angle derived from the atmospheric model.

The average bending angle bias shall be estimated as

∆αmean =
1

Ns

Ns∑
i=1

∆αi(a). (6.116)

The average bending angle bias shall be estimated for each sample within the window defined in
Table 6.17.

The bending angle bias correction shall be performed, if the average bending angle bias is larger
than a user definable threshold (default = 0.5 µrad). The bias corrected bending angle is then
calculated by subtracting the average bias from all

αbc(a) = α(a) − ∆αmean. (6.117)

The standard deviation of the ∆α(a) shall be used to monitor the quality of the ionosphere cor-
rected bending angles before bias correction.

If a bias correction is performed, the BE_FLAG in MDR-1B is set and the BE_TYPE flag is set to
indicate the bias correction type (default is BBE). The bias correction characteristics are included
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Table 6.18: Bias estimation parameters and corresponding level 1b product field names.

Parameter Field name
Bias estimation and correction activated BE_FLAG

Bias estimation type (default = BBE) BE_TYPE
Bias comparison height BE_HEIGHT

Bias comparison window half width: BE_WINDOW
Atmospheric model: BE_MODEL

∆αmean BE_BIAS_ESTIMATE

into the Level 1b product as defined in AD4. The names of the flag and the corresponding bias
estimation parameters are listed in Table 6.18.

All level 1b products impacted by the bias corrected bending angle values must be recalculated
after the bias correction.

6.2.4 Wave optics retrieval functions

This section describes the wave optics (WO) algorithm that is used for processing the data in the
lower stratosphere and troposphere.

6.2.4.1 Noise filtering

Input Parameters:

1. The measured amplitude and excess phase data for each sample (indicated by the time-
dependence t ), and for both frequencies Eic_1(t), φcc_1(t) and Eic_2(t), φcc_2(t) (signal am-
plitudes in V/V and phases in rad). The excess phase being defined as the measured phase
subtracted by the contribution from the direct distance between the satellites. Relativistic
corrections corrections and corrections for receiver effects should have been performed.

Output Parameters:

1. Low pass filtered amplitude and excess phase data E1(t), φ1(t) and E2(t), φ2(t).

A user selectable option is to low-pass filter the phase residual and amplitude data before back-
propagation.

The phase data is low-pass filtered by

φi(t) =
〈
φcc_i

(
trefrx

)〉
Bbw_wo(trefrx ) , (6.118)

where
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Table 6.19: The default parameters for noise filtering in WO algorithm.

Parameter Bandwidth range [Hz] SLTH range [km] Polynomial order
Bwo 2 - 2 25 - -80 0
Bi_wo 0.1 - 0.1 25 - -80 0

Parameter Window length range [samples] SLTH range [km] Polynomial order
Lwo 40 25 - -80 0
Li_wo 40 25 - -80 0

φcc_i = the clock corrected phase residual of the GPS channel i;

φi = the low-pass filtered phase residual;

Bbw_wo = the bandwidth of the phase residual filter in WO algorithm.

The filtering of the amplitude data is defined as

Ei(t) =
〈
Eic_i

(
trefrx

)〉
Bbw_wo(trefrx ) , (6.119)

where

Eic_i = the instrument corrected amplitude of the GPS channel i;

Ei = the low-pass filtered amplitude;

Bbw_wo = the bandwidth of the phase residual filter in WO algorithm.

The filter bandwidth is determined by user definable polynomials Bwo
(
trefrx

)
and Lwo

(
trefrx

)
as

described in the detailed description of the low-pass filter function and filter parameters in Section
6.3.6.1. The default parameters for the polynomials are defined in Table 5.3. The order of the
polynomials and the coefficients shall be completely user definable.

6.2.4.2 Back-propagation

Diffraction correction with back propagation algorithm shall be used to derive total bending angle
in the lower stratosphere and in the troposphere to avoid degradation of the product quality due to
atmospheric multipath propagation. This algorithm has been presented in RD 8.

Input Parameters:

1. The measured amplitude and excess phase data for each sample (indicated by the time-
dependence t ), and for both frequencies E1(t), φ1(t) and E2(t), φ2(t) (signal amplitudes in
V/V and phases in rad). The excess phase being defined as the measured phase subtracted
by the contribution from the direct distance between the satellites. Relativistic corrections
corrections and corrections for receiver effects should have been performed;
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2. For each sample: The position vector of the GPS satellite (xG(t), yG(t), zG(t)) (at the trans-
mission time) and the position vector of the LEO satellite (xL(t), yL(t), zL(t)) (at the recep-
tion time);

3. From the geometrical optics inversion algorithm the displacement of the center of refractivity
from the center of the coordinate system d�r and the local radius of curvature of the earth �recic ;

4. From the geometrical optics inversion algorithm the ionosphere corrected bending angle α(t)
and the corresponding impact parameter a(t).

Output Parameter:

1. The back-propagated bending angle as a function of impact parameter for both frequencies
αb,i (ξS), ab,i (ξS);

2. The back-propagated phase residual Ψi (ξS) and amplitude Ai (ξS);

3. The position vector of the GPS satellite (x1,G(t), y1,G(t), z1,G(t)) and LEO satellite (x1,L(t),
y1,L(t), z1,L(t)) in the BP coordinate frame;

4. Center of curvature ξR, zR , y1,R;

5. Local radius of curvature Rc.

Constants:

1. The GPS frequencies f1 and f2;

2. The speed of light in free space c;

3. The signal wave length in free space defined as λ1 = c/f1 and λ2 = c/f2;

4. The wave number in free space k1 = 2π/λ1 and k2 = 2π/λ2;

5. The earth’s oblateness factor f = 0.0033528.

The derivation of the total bending angle with back-propagation is performed in three phases that
are 1) Calculation of a new coordinate system, 2) Calculation of the back-propagation integral, and
3) Calculation of the total bending angle. The algorithm below assumes that the observations are
arranged as in a setting occultation, i.e., the first sample is the top most sample.

Note: The mathematical notation in this section does not follow the common notation in the rest
of the document.
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Algorithm:

Calculation of the new coordinate system

For each sample in the occultation the angles ϕ(t) and θ(t) are calculated from

tanϕ(t) =
zG(t)yL(t) − yG(t)zL(t)

zG(t)xL(t) − xG(t)zL(t)
, (6.120)

and

tanθ(t) =
yG(t)xL(t) − xG(t)yL(t)

(zG(t)xL(t) − xG(t)zL(t)) cosϕ(t) − (yG(t)zL(t) − zG(t)yL(t)) sinϕ(t)
. (6.121)

For ϕ(t) and θ(t)

−π
2
< ϕ <

π

2
(6.122)

−π
2
< θ <

π

2
(6.123)

The GPS coordinates in the rotated coordinate system are be given by the transform


 x1,G(t)
y1,G(t)
z1,G(t)


 =


 cosϕ(t) sinϕ(t) 0

−sinϕ(t)cosθ(t) cosϕ(t)cosθ(t) −sinθ(t)
−sinϕ(t)sinθ(t) cosϕ(t)sinθ(t) cosθ(t)




 xG(t)
yG(t)
zG(t)


 (6.124)

and LEO coordinates will be given by


 x1,L(t)
y1,L(t)
z1,L(t)


 =


 cosϕ(t) sinϕ(t) 0

−sinϕ(t)cosθ(t) cosϕ(t)cosθ(t) −sinθ(t)
−sinϕ(t)sinθ(t) cosϕ(t)sinθ(t) cosθ(t)




 xL(t)
yL(t)
zL(t)


 . (6.125)

Then the parameters of the ellipse are calculated from

a0(t) = Req, (6.126)

and

b0(t) =
Req√

sin2θ(t) + 1
(1−f)2 cos

2θ(t)
. (6.127)

The candidates of the x1 coordinate of the tangent point x∓1,t(t) is
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x∓1,t(t) =
1(

z21,G(t) +
b20(t)

a20(t)
x2

1,G(t)
) (b20(t)x1,G(t)

∓
√
b40(t)x2

1,G(t) +

(
z21,G(t) +

b20(t)

a2
0(t)
x2

1,G(t)

)(
z21,G(t) − b20(t)

)
a2

0(t)

)
(6.128)

with corresponding z∓1,t(t) coordinate

z∓1,t(t) = b0(t)

√
1 −

(
x∓1,t(t)

)2
(t)

a2
0(t)

. (6.129)

The correct solution is found from


(z1,G(t) − z∓1,t(t)

)
+

(
x1,G(t) − x∓1,t(t)

)
b0(t)x∓1,t(t)

a0(t)
√
a2

0(t) −
(
x∓1,t(t)

)2
�= 0




⇒ z∓1,t(t) = −z∓1,t(t). (6.130)

The two possible solutions from 6.128 and 6.130 are
(
x−1,t(t), z

−
1,t(t)

)
and

(
x+

1,t(t), z
+
1,t(t)

)
.

Now if

√(
x−

1,t(t) − x1.L(t)
)2

+
(
z−1,t(t) − z1,L(t)

)2
>

√(
x+

1,t(t) − x1,L(t)
)2

+
(
z+
1,t(t) − z1,L(t)

)2

then

x1,t(t) = x+
1,t(t)

z1,t(t) = z+1,t(t)
(6.131)

or

x1,t(t) = x−1,t(t)
z1,t(t) = z−1,t(t)

. (6.132)

The unit vector ẑ(t) defining the z axis is now determined as

ẑ(t) =
1√

(x1,t(t) − x1,G(t))2 + (z1,t(t) − z1,G(t))2

[
x1,t(t) − x1,G(t)
z1,t(t) − z1,G(t)

]
. (6.133)

The rotation angle of the ẑ(t) with respect to the x̂1(t) is now given by dot product

cosν(t) = ±x̂1(t) · ẑ(t), (6.134)
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where the positive sign must be used when z1,t(t) > z1,G(t) and the negative sign when z1,t(t) <
z1,G(t).

The transformation matrix from (x1(t), z1(t)) coordinates to (ξ(t), z(t)) coordinates is then

[
ξL(t)
zL(t)

]
=

[
(x1,L(t) − x1,t(t)) sinν(t) − (z1,L(t) − z1,t(t)) cosν(t)
(x1,L(t) − x1,t(t)) cosν(t) + (z1,L(t) − z1,t(t)) sinν(t)

]
, (6.135)

and

zG(t) = (x1,G(t) − x1,t(t)) cosν(t) + (z1,G(t) − z1,t(t)) sinν(t). (6.136)

For the first sample t0 in the occultation the constant distance to the GPS is defined as

zG,k = −zG(t0). (6.137)

For all samples the corrected distance between the satellites is calculated from

RLG(t) =

√
ξ2L(t) + (zL(t) + zG,k)

2. (6.138)

The center of refractivity in the (ξ, z, y1) coordinate system is calculated for the last sample tN in
the occultation as


 dr1,xdr1,y
dr1,z


 =


 cosϕ(tN) sinϕ(tN ) 0

−sinϕ(tN )cosθ(tN) cosϕ(tN)cosθ(tN) −sinθ(tN )
−sinϕ(tN )sinθ(tN ) cosϕ(tN)sinθ(tN ) cosθ(tN )




 drxdry
drz


 , (6.139)

and


 ξR
zR
y1,R


 =


 (dr1,x − x1,t(tN )) sinν(tN ) − (dr1,z − z1,t(tN)) cosν(tN )

(dr1,x − x1,t(tN)) cosν(tN ) + (dr1,z − z1,t(tN)) sinν(tN )
dr1,y


 . (6.140)

Calculation of the back-propagation integral

When the receiver is operating in the closed loop mode the position of the back-propagation line
S shall be determined from

zb = Rcsin(αmax), (6.141)

where

Rc = the local radius of the curvature of the Earth from Equation 6.79;
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αmax = the maximum bending angle for the occultation derived with GO method.

The modified amplitudes and phases for each sample on both channels are calculated from

Em,i(t) = Ei(t)/Ei(t0), (6.142)

and

φm,i(t) = φi(t) − φi(t0) + ki (RLG(t) −RLG(t0)) . (6.143)

The slope of the LEO measurement line is determined from

p(t) =
dzL(t)

dξL(t)
. (6.144)

The coordinate xSL along the SL line is determined for each sample from

νx(t) = −arccos
(

1√
1+p2(t)

)
, −π < νx(t) < 0

xSL(t) = ξL(t)cos(νx(t)) + (zL(t) − zL(t0)) sin(νx(t)).
(6.145)

The maximum height where the back-propagation integral is calculated is chosen user definable.
The default height is 25 km.

ξS,max = 19.0 km

The minimum calculation height is estimated from the minimum impact parameter value from GO
solution as

ξS,min = amin(t)/1.0003 − Re. (6.146)

The minimum calculation height shall never be negative, i.e., if ξS,min < 0, then ξS,min = 0.

The back-propagation integral is calculated for each frequency as

E0,i(�y) =

(
ki
2π

)1/2
ξL,U∫
ξL,L

Ei(�x) cosϕxy
e(−iki|�x−�y|−iπ/4)

|�x− �y|1/2
√

1 + p2dξL, (6.147)

where

�x = (ξL, zL),

�y = (ξS, zb),

Ei(�x) = Em,i(ξL)e(iφm,i(ξL)),
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cosϕxy =
−(ξS−ξL)+(zb−zL) 1

p√
(ξS−ξL)2+(zb−zL)2

r
1+( 1

p)
2
.

The values Em,i(ξl), φm,i(ξL), ξL, zL, and p are derived from their time sampled series Em,i(t),
φm,i(t), ξL(t), zL(t), and p(t) by linear interpolation between the two samples with ξL(t) closest
to the actual ξL.

The integration limits ξL,U and ξL,L are derived from finding ξL,d0 that is determined by

dφSL
dxSL

= 0, (6.148)

where 3

ϕSL(ξL, ξS) = φm,1(ξL) − k1

√
(ξL − ξS)2 + (zL − zb)2. (6.149)

The upper limit can now be determined by going from ξL > ξL,d0 to find ξL.U for which

φSL(ξL,d0, ξS) − φSL(ξL.U , ξS) = 10π. (6.150)

Similarly the lower limit is determined by going from ξL < ξL,d0 to find ξL.L for which

φSL(ξL,d0, ξS) − φSL(ξL.L, ξS) = 10π. (6.151)

The new value of ξS is now determined by

ξS = ξS − 0.005 km. (6.152)

Calculation of the back-propagated bending angle

The back-propagated bending angle is calculated for all samples on both frequencies where ξL.L <
ξS < ξL.U .

Before the bending angle can be calculated, phase unwrapping must be performed for the observed
phase residuals. The back propagated signal can be written as

E0,i(ξZ , zb) = Aie
(iΨE,i(ξS)). (6.153)

Phase unwrapping is performed by going through the phase residual samples starting from ΨE,i(ξS,max)
and adding 2π to the phase ambiguity numberN when the phase crosses zero in the anticlockwise
direction. The unwrapped phase residual for channel i can then be written as

Ψi(ξS) = ΨE,i(ξS) + 2πN.

3The symbol ϕSL in Equation 6.149 may be a typo in the reference document and should probably be φ SL.
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The total back-propagated bending angle αb,i(ξS) and the corresponding impact parameter ab,i(ξS)
are calculated as

αγ,i(ξS) = arcsin
(
− λi

2π
dΨi(ξS)
dξS

)
aξz ,i(ξS) = (zb − zR)sin (αγ,i(ξS)) + (ξS − ξR)cos (αγ,i(ξS))

ai(ξS) =
√
aξz ,i(ξS)2 + y2

1,R

rG =
√
ξ2R + (zG,k + zR)2 + y2

1,R

β = arcsin
(

−ξR
rG

)
γi(ξS) = arcsin

(
ai(ξS)
rG

)
− β

αb,i(ξS) = αγ,i(ξS) + γi(ξS)

. (6.154)

6.2.4.3 Phase transform

Input Parameters:

1. The position vector of the GPS satellite antenna phase center �rtx (ttx) (at the transmission
time) and the position vector of the GRAS antenna phase center �rrx (trx) (at the reception
time);

2. The instrument corrected phase residual ρi (t), amplitude Ei (t), and impact parameter ai;

3. Center of curvature ξR, zR , y1,R;

4. Local radius of curvature �recic ;

5. GPS transmission frequencies fL1 and fL2.

Output Parameters:

1. The bending angle as a function of the impact parameter for both frequencies αi (ai).

Algorithm

The Phase Transform (PT) algorithm definition is based on RD25 and RD26.

When PT processing is performed for a measurement, the “Phase Matching” bit in the WO_CHARACTERISAT
flag is set.

Total bending angle α as a function of impact parameter a is calculated by differentiating the phase
of the phase transformed signal u(a) as

α(a) = − d
da

[Phase [u(a)]] , (6.155)

where
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Phase [u(a)] = arctan

[
Im [u(a)]

Re [u(a)]

]
.

It should be noted that u(a) in Equation 6.155 must be unwrapped as necessary before the phase
of the transformed signal can be calculated.

In Equation 6.155 the phase transformed signal u(a) is defined as

u(a) =

T∫
0

ω(t)Ω(t)R(t)e−iΘ(a,t)dt, (6.156)

where R(t) is the complex signal received by GRAS

R(t) = E(t)eiρ(t),

and

Θ(a, t) =
2π

λ

[√
|�rrx (trx)|2 − a2 +

√
|�rtx (ttx)|2 − a2 + aΓ (trx)

−a arctan



√

|�rtx (ttx)|2 − a2

a


− a arctan



√

|�rrx (trx)|2 − a2

a




 ,

where

Γ (trx) = arccos

[
�rrx (trx) · �rtx (ttx)

|�rrx (trx)| · |�rtx (ttx)|
]
.

Integral function 6.156 can be implemented as a matrix multiplication



u [a0]

...
u [aF ]


 =



e−iΘ(a0,t0) · · · e−iΘ(a0,tT )

...
. . .

e−iΘ(aF ,t0) e−iΘ(aF ,tT )





ω(t0)Ω(t0)R(t0)

...
ω(tT )Ω(tT )R(tT )


 , (6.157)

where

a1 = the smallest chosen impact parameter value;

aF = the largest chosen impact parameter value;

t0 = the time of the first data sample;

tT = the time of the last data sample.
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The windowing function ω(t) and amplitude normalisation function Ω(t) used in Equation 6.157
are

ω(t) = ah + bh cos
2πns
Ns − 1

, (6.158)

and

Ω(t) =
Ā0

〈Amp [R(t)]〉 , (6.159)

where

ns = the number of the sample in the data time series;

Ns = the total number of samples;

Ā0 = the amplitude normalisation value;

AMP[R(t)] = the amplitude of R(t), i.e., the amplitude from the measurement data.

〈〉w = average over a sliding window of w samples.

The average amplitude normalisation value Ā0is calculated over a user selectable number mw of
samples from the beginning of the data (beginning means here the data that corresponds to the
highest impact parameter value).

The impact parameter values in the calculation of Equation 6.157 are user selectable. The user
shall be able to select the starting impact parameter value a0, the impact parameter incrementation
step ∆a, and the end impact parameter value aF . A regular sampling shall be assumed.

Also all other parameters of the windowing and normalisation functions are user definable. The
default parameter values for the phase transform function are provided in Table 6.20.

Table 6.20: Default values for the phase transform function parameters.

Parameter Default value Comments
a1 |�recic | Local radius of curvature
aF |�recic | + 25km
∆a 10 m
mw 1
w 1
ah 0.54 Hamming window
bh 0.46 Hamming window

The measurement data becomes very noisy at some impact parameter height near the surface.
Thus, the processing with the phase transform function is stopped at the impact parameter height
where the estimated phase noise level exceeds a user definable threshold level.
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The phase noise estimation is performed by the Generalised Cross Validation (GCV) method. This
method follows the usual spline fit approach to minimise the cost function

J =
1

n

n∑
i=1

[f (ti) − yi]2 + λ

tn∫
t1

[fm (t)]2 dt, (6.160)

where

y = the “noisy” data;

f = represents the space of the differentiable functions.

The value of the parameter λ in Equation 6.160 is important, because it determines the trade-off
between the roughness of the smoothing spline and the goodness-of-fit. In the GCV method the
value for the parameter λ is determined by selecting the value that minimises the generalised cross
validation function

V (λ) =
1
n
‖(I −A (λ)) y‖2[

1
n
Tr (I − A (λ))

]2 , (6.161)

where

I = an identity matrix;

A = the influence matrix;

y = vector containing the data samples y = (y1, ..., yn)
T ;

n = the number of data samples.

Tr() = trace of a matrix.

‖‖ = L2-norm over the n-dimensional Euclidean space.

The influence matrix A in Equation 6.161 is solved from

gn,λ = A(λ)y, (6.162)

where gn,λ = (gn,λ (t1) , ..., gn,λ (tn))T , and gn,λ is the function minimising the cost function in
Equation 6.160.

The phase noise level is estimated by calculating the standard deviation of the phase samples over a
sliding window. The length of the window is user definable (default window length is 20 samples).
The phase transform is stopped when the standard deviation of the phase data within the window
exceeds a user definable threshold in comparison to the standard deviation in the previous window.
The default threshold value is 10σ,i.e.,
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σk = 10σk−1.

The ATM_MULTIPATH flag in MDR-1B is set based on the phase transform results. Currently
the “Atmospheric multipath in stratosphere” and “Atmospheric multipath in troposphere” bits in
ATM_MULTIPATH are defaulted to unset or zero.

6.2.4.4 Ionosphere correction

Input Parameters:

1. The bending angle as a function of the impact parameter for both frequencies αi (ai);

2. GPS transmission frequencies fL1 and fL2;

3.

Output Parameters:

1. Ionosphere corrected total bending angle as a function of the impact parameter α(a1) [rad];

2.

Algorithm

The ionosphere correction is performed by using the algorithm specified in Section 6.2.3.6.

6.2.5 Combining level 1b products

6.2.5.1 Derivation of smoothed Level 1b products

This section has been removed.

6.2.5.2 Level 1b products quality check

Input Parameters:

1. Satellite state vectors �r(t), �v(t)

2. Interpolation times tint

GRAS Product Generation Specification 140 Printed on: 16th July 2004



EUMETSAT
POLAR

SYSTEM

EPS Programme
GRAS Level 1 Product

Generation Specification

Ref: EPS/SYS/SPE/990010

Issue: 6 Rev 4

WBS number: 270000

Date: 16/07/04

Table 6.21: The list of products and the default threshold values for level 1b products quality check.

Default threshold values
Product Symbol Minimum Maximum Quality flag
Phase residual L1 φlp_l1 0 m 500 m PHASE_L1
Phase residual L2 φlp_l2 0 m 500 m PHASE_L2
Doppler shift L1 Datm_l1 0 Hz 750 Hz DOPPLER_L1
Doppler shift L2 Datm_l2 0 Hz 750 Hz DOPPLER_L2
Doppler rate L1 Datm_l1

dt
0 Hz/s 25 Hz/s DOPPLER_RATE_L1

Doppler rate L2 Datm_l2

dt
0 Hz/s 25 Hz/s DOPPLER_RATE_L2

Doppler acceleration L1 Datm_l1

dt2
0 Hz/s2 1.5 Hz/s2 DOPPLER_ACC_L1

Doppler acceleration L2 Datm_l2

dt2
0 Hz/s2 1.5 Hz/s DOPPLER_ACC_L2

Slant path TEC TEC 1 · 1011 m−2 500 · 1016m−2 TEC
Slant path TEC drift TEC

dt
1 · 1011 m−2/s 10 · 1016 m−2/s TEC_DRIFT

Slant path TEC accelera-
tion

TEC
dt2

1 · 1011 m−2/s2 3 · 1016 m−2/s2 TEC_ACC

Bending angle L1 αl1 0 rad 0.04 rad BENDING_L1
Bending angle L2 αl2 0 rad 0.04 rad BENDING_L2
Ionosphere corrected
bending angle

α 0 rad 0.04 rad NEUTRAL_BENDING

Impact parameter L1 al1 6378 · 103 m 6478 · 103 m IMPACT_L1
Impact parameter L2 al2 6378 · 103 m 6478 · 103 m IMPACT_L2

Output Parameters:

1. Satellite state vectors �r(tk), �v(tk)

The quality check of the level 1b products is based on comparing retrieved product to user definable
threshold values. The list of checked products and the default threshold values are listed in Table
6.21. Second set of threshold values with special conditions are listed in Table 6.22.

If any of the tested parameters are outside the specified threshold value range, the respective error
flag in the level 1b products is set, self explanatory information in the report of the dump processing
is added, and events of user configurable severity to the CGS via the PGE interface are raised.

Quality flags that are the same for level 1a and level 1b products are listed in Table 27 in Section
4.4.2 in AD4. These flags are set in level 1b products based on the flags in level 1a products.

The A_FLAG, AS_FLAG, and GPS_NAV_HEALTH flags in MDR-1B are set based on the GPS
constellation information provided by the GRAS GSN and in MDR-1A-EPHEMERIS.
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Table 6.22: Threshold values with special conditions for level 1b quality check.

Default threshold value
Product Minimum Maximum Condition Quality flag

Receiver noise estimate
L1-CA 48 dB/Hz 100 dB/Hz al1 ≥ 12 km L1_CA_STRAT
L1-P1 42 dB/Hz 100 dB/Hz al2 ≥ 12 km L1_P1_STRAT
L2-P2 35 dB/Hz 100 dB/Hz al2 ≥ 12 km L2_P2_STRAT
L1-CA 48 dB/Hz 100 dB/Hz al1 < 12 km L1_CA_TROP
L1-P1 42 dB/Hz 100 dB/Hz al2 < 12 km L1_P1_TROP
L2-P2 35 dB/Hz 100 dB/Hz al2 < 12 km L2_P2_TROP

6.2.5.3 Error characteristics estimation

Input Parameters:

1. All output parameters from the level 1a and level 1b product generation functions.

Output Parameters:

1. Error estimate for the ionosphere corrected bending angle δα
(
trefrx

)
;

2. Error estimate for the impact parameter δa
(
trefrx

)
;

3. Measurement error covariance matrix Mδ;

4. Reference measurement error covariance matrix index IM .

The error characteristics estimation shall select an error covariance matrix index based on the
characteristics of the measurement data, geolocation, and time of the measurement. While the full
algorithm for the error characteristics estimation is under development, the default value for the
index IM is 0. This value shall be used in the ERROR_COVARIANCE_ID in the MDR-1B.

Other outputs from the error characteristics estimation function are set to 0 until the full algorithm
is defined.

6.2.5.4 Level 1b products formatting

This function formats the GRAS Level 1b products as defined in AD4. There is no mathematical
algorithm definition for this function.
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6.3 General data processing functions

6.3.1 Interpolation functions

6.3.1.1 Satellite state vector interpolation

Input Parameters:

1. Satellite state vectors �r(t), �v(t)

2. Interpolation times tint

Output Parameters:

1. Satellite state vectors �r(tk), �v(tk)

The Lagrange method with a user definable order polynomial (the default order of the polynomial
is 8th) shall be used for the satellite state vector interpolation.

The equation for an nth order Lagrange polynomial is

fn(x) =
(x− x1)(x− x2) · · · (x− xn)

(x0 − x1)(x0 − x2) · · · (x0 − xn)
· y0 +

(x− x0)(x− x2) · · · (x− xn)

(x1 − x0)(x1 − x2) · · · (x1 − xn)
· y1 + · · · ,

(6.163)

where x represents the time and y represents the components of the vector that is to be interpolated.

This can be expressed in generic form as

fn(x) =
n∑
i=0

Li(x) · yi, (6.164)

where

Li(x) =

n∏
j = 0
j �= i

(x− xj)
xi − xj . (6.165)

The algorithm must ensure that the time stamps of the original state vectors and the interpolation
time tint are in the same time frame.

6.3.1.2 Linear interpolation

Input Parameters:

1. Two points (xn, yn) and (xn+1, yn+1) on both sides of the interpolation point;

2. Interpolation point xint.
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Output Parameters:

1. Interpolated y(xint).

Algorithm

The interpolated value y corresponding to xint is calculated from

y(xint) = yn +
yn+1 − yn
xn+1 − xn (xint − xn). (6.166)

6.3.1.3 Bi-cubic interpolation for antenna pattern

Input Parameters:

1. Antenna characterization file in the Instrument Database;

2. Azimuth and elevation of the incidence angle (ϕg, θg).

Output Parameters:

1. Complex characterization of the antenna gain pattern G(ϕg, θg).

Algorithm

The bi-cubic interpolation is a fit to a cubic polynomial of two measurement points on each side
of the desired point. The principle of bi-cubic interpolation is presented in Fig. 6.2. The first
interpolation is performed in the “horizontal” dimension indicated by the lines 1 - 4 in the figure.
The second iterations is performed in the “vertical” dimension as indicated by the line 5. The data
points for interpolation from the database are selected so that the estimated azimuth and elevation
of the incidence angle is the innermost azimuth and elevation angle values, i.e., the estimated
incidence angle is within the innermost square of the grid.

6.3.2 Time conversion functions

6.3.2.1 UTC to MJD time format conversion

Input Parameters:

1. Time in UTC.

Output Parameters:

1. Time in MJD2000.
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5

1

2

3

4

Interpolations

Desired data point

Figure 6.2: The principle of bi-cubic interpolation. The data points in the database are marked
with circles and the intermediate data points after the first interpolation are marked with crosses.
The final desired data point corresponding to the angles ϕg and θg is marked with a star.

Algorithm

The MJD2000 time format is XXXXX.YYYYYYYY, where XXXXX is the integer number of
days from 00:00 1st of January 2000, and YYYYYYYY is the fraction of the day.

The UTC time is transformed to MJD2000 by

t[MJD2000] = (Y Y Y Y − 2000) · 365 +Dleap +DoY +
HH · 3600 +mm · 60 + ss+ s

24 · 3600
,

(6.167)

where

Y Y Y Y = year;

Dleap = leap day;

Doy = day of the year;

HH = hour of the day;

mm = minute of the hour;

ss = second of the minute;

s = fractions of the second.
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Leap day Dleap shall be added to the MJD based on a leap year check showing the number of
leap years between 2000 and Y Y Y Y . As 2000 was a leap year, the starting value of Dleap is 1.
The algorithm calculatingDoY shall check if the Y Y Y Y is a leap year and take the leap day into
account in theDoY value.

A user selectable option is to use MJD2000 time frame based on the UT1 time. UT1 time deviates
from UTC by the amount DUT1. DUT1 shall be provided by the GRAS GSN with the EOP
products. The UT1 time is derived from the UTC time by

UT1 = UTC +DUT1. (6.168)

It should be noted that DUT1 is normally a constant during time periods much longer than one
occultation. Thus, the conversion from UTC to UT1 does not compromise the consistency of the
time stamps.

The conversion of UT1 time into MJD2000 time is performed by applying Equation 6.167.

6.3.3 Coordinate frame conversion functions

6.3.3.1 Antenna reference frame to ECI transformation

Input Parameters:

1. Unit vector in local antenna reference frame (x̂arf , ŷarf , ẑarf );

2. Metop position (�recileo) and velocity (�vecileo) vectors in ECI reference frame;

3. Characterisation information in GRAS Instrument Database;

4. Metop mispointing angles ∆η, ∆ξ,∆ζ ;

5. Mean semimajor axis of the Metop orbit am;

6. Mean inclination of the Metop orbit im;

7. Angular velocity of the Earth ωe;

8. Orbital rate of Metop ωo.

Output Parameters:

1. Unit vector in ECI reference frame (x̂eci, ŷeci, ẑeci).

Algorithm

The coordinate frames defined onboard the Metop spacecraft are presented in Fig. 6.3 with GVA
antenna reference frame as an example of the local antenna reference frame. Similar reference
frame is defined locally also for GAVA and GZA.

The steps used for transforming coordinates from the local the antenna reference frame into ECI
reference frame are as follows:
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Os

x̂s

ŷsẑs

SVM

PLM

METOP

CoM

x̂com

ŷcomẑcom

Ogva

x̂gva

ŷgvaẑgva

GVA
boresight

�Rcom

�Rogva

Figure 6.3: Coordinate frame definitions onboard Metop spacecraft.

1) Antenna reference frame misalignment correction

The antenna reference coordinate frame is defined for each antenna so that the origin is located
at the reference point on the front of the antenna. The definition of the coordinate axes is linked
to the orientation of the Spacecraft Reference (SR) frame so that the x̂arfant , ŷ

arf
ant , and ẑarfant vectors

are aligned approximately with the axis x̂srfs , ŷsrfs , and ẑsrfs (ant is used here to denote a GRAS
antenna, i.e., GVA, GAVA, or GZA). This means that the axes in the antenna radiating surface
plane are different for occultation antennas and the navigation antenna. For GVA and GAVA the
x̂arfant , and ẑarfant vectors define the plane aligned with the antenna radiating surface plane. For GZA
it is defined by x̂arfant , and ŷarfant .

The differences in the directions of the x̂arfant , ŷ
arf
ant , and ẑarfant vectors and x̂srfs , ŷsrfs , and ẑsrfs vectors

are caused by the antenna alignment error. This error is measured after the spacecraft integration
and a rotation matrix Mant is provided for antenna misalignment correction.

The antenna misalignment correction is performed with the rotation
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 x̂srfant
ŷsrfant
ẑsrfand


 = Mant


 x̂arfant
ŷarfant
ẑarfant


 . (6.169)

The antenna misalignment correction matrices Mgva, Mgava, and Mgza are provided in the GRAS
Instrument Database (GID) in the format described in RD7.

2) Translation from the antenna reference frame to SR

The locations of the antenna reference points are provided for each antenna in the GRAS Instru-
ment Database (GID) in the format described in RD7.

The antenna reference frame is aligned with the SR frame with the translation of Oant to the Os by


 x̂srfs
ŷsrfs
ẑsrfs


 =


 x̂srfant
ŷsrfant
ẑsrfant


− �psrfant, (6.170)

where

�psrfant = the location of the antenna reference point in the SR coordinate frame [m].

3) Translation of the origin to center of Mass (CoM)

The orbit provided by the POD is the orbit of the Metop CoM. Thus, all local orbital coordinate
frames are defined as CoM as their origin. So, it is necessary to translate the origin of the coordinate
frame from Os to Ocom as


 x̂srfcom
ŷsrfcom
ẑsrfcom


 =


 x̂srfs
ŷsrfs
ẑsrfs


− �rsrfcom. (6.171)

where

�rsrfcom = Metop CoM position vector in SR coordinate frame provided by the spacecraft man-
ufacturer [m].

It should be noted that the �rsrfcom is changing slowly during the mission life time due to the con-
sumption of the spacecraft fuel. So, its correct value has to be requested via the PGE.
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4) Rotation from SR to the Local Relative Yaw Steering Orbital Reference frame (YSOR)

After step 3) the coordinate frame is now perfectly aligned with the SR frame and fixed to the body
of the spacecraft. The next step is to rotate the coordinate frame so that it is aligned with the Local
Relative Yaw Steering Orbital Reference Frame (YSOR) frame.

The Attitude and Orbit Control System (AOCS) tries to keep the spacecraft perfectly aligned with
the YSOR frame when the spacecraft is in Yaw Steering Mode (YSM). In this situation the co-
ordinate frames would be aligned so that T̂ ′|| − x̂com, R̂′|| − ŷcom, and L̂′||ẑcom. In reality the
alignment is not perfect. The alignment error is characterized as the spacecraft mispointing an-
gles ∆η, ∆ξ, and ∆ζ , corresponding to the roll, pitch, and yaw mispointing respectively. The
spacecraft mispointing angles are obtained via the PGE. If mispointing angles are not available,
the ATTITUDE_MISSING flag is set in the corresponding MDRs.

The correction for the mispointing is calculated by Euler angle rotation as


 T̂ ′

R̂′

L̂′


 = (Rz(∆ζ)Rx(−∆ξ)Ry(−∆η))−1


 x̂srfcom
ŷsrfcom
ẑsrfcom


 , (6.172)

where

Rx(w) =


 1 0 0

0 cosw sinw
0 − sinw cosw


 ,

Ry(w) =


 cosw 0 − sinw

0 1 0
sinw 0 cosw


 ,

Rz(w) =


 cosw sinw 0

− sinw cosw 0
0 0 1


 .

5) Rotation from YSOR to the Local Relative Orbital Reference frame (LROR)

The LROR and the YSOR coordinate frames are not aligned as R̂1is in general not parallel with
R̂′. The alignment of the coordinate frames is performed with a similar Euler rotation as in step 4)
by


 T̂1

R̂1

L̂1


 = (Rz(ζ)Rx(−ξ)Ry(−η))−1


 T̂ ′

R̂′

L̂′


 . (6.173)

The roll angle ζ , pitch angle ξ, and yaw angle η depend on the Metop orbit parameters and orbital
position as
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η = Cy sin(θtl), (6.174)

ξ = Cx sin(2θtl), (6.175)

ζ = Cz cos(θtl)

(
1 − [Cz cos(θtl)]

2

3

)
, (6.176)

where

θtl = ωp +Mm, (6.177)

where

ωp = the osculating argument of perigee;

Mm = the mean anomaly.

ωp andMm in Equation 6.177 are calculated from the Metop position and velocity vectors provided
by the NRT POD.

The AOCS rotation amplitudes Cx, Cy, and Cz are functions of the Metop orbit and are given by

Cx = −e2e
(
ae
am

)
sin2(im)

2
, (6.178)

Cy = −(ee)
2

(
ae
am

)
sin(im)cos(im), (6.179)

Cz =
k cos(im − 90)

im + k sin(im − 90)
, (6.180)

where

am = mean semi-major axis of Metop orbit;

im = mean inclination of the Metop orbit;

ae = semi-major axis of the reference ellipsoid;

ee = eccentricity of the reference ellipsoid.
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Table 6.23: WGS84 reference ellipsoid parameters.

Parameter Value
ae 6378 137 m

1/f 298.257223563

ee =
√

1 − (1 − f)2 =0.08181919

The ratio k is

k =
ωe
ωo
, (6.181)

where

ωe = angular velocity of the Earth [rad/s];

ωo = orbital rate of Metop [rad/s].

The parameters of the WGS84 reference ellipsoid are listed in Table 6.23

6) Rotation to the Local Orbital Reference (LOR) frame

The LROR reference frame is inconvenient for GRAS data processing as the L1axis is defined to
be parallel to the local normal of the Earth’s reference ellipsoid (WGS84) directed upward and
crossing the spacecraft CoM. This means that the L1axis is parallel to the Metop position vector
�recileo only in special cases (see Fig. 6.4). Rotation of the LROR coordinate frame to the LOR frame

is not trivial because the direction of the �r′
eci

leovector and the length of the ∆zeci vary depending of
the Metop orbital position.

The rotation matrix for the coordinate transform is derived using the definition of the Metop LOR
frame and the �recileo and the �vecileo vectors in ECI frame.

Two slightly different methods for the derivation of the geodetic coordinate frame quantity ∆z eci

can be defined depending on the required accuracy:

(1) For the incidence angle estimation in the level 1a processing ∆z can be approximated as

∆z = Ne2e sin
[
ϕ′
g + f sin

(
2ϕ′

g

)]
, (6.182)

where

N = an auxiliary quantity illustrated in Figure 6.4;

ee = eccentricity of the reference ellipsoid;
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Figure 6.4: Geometry of the geodetic and geocentric coordinate frames.

ϕ′
g = the geocentric latitude;

f = flattening of the reference ellipsoid.

The geocentric latitude is calculated from the Metop coordinates in ECI frame as

ϕ′
g = arctan

(
z√
x2 + y2

)
, (6.183)

where x, y, and z are the Metop CoM coordinates in ECI coordinate frame.

QuantityN can be calculated as

N =
ae√

1 − e2e sin2 ϕ
,
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where ϕis approximated from

ϕ = ϕ′ + f sin (2ϕ′) .

(2) In the level 1b processing the full iterative algorithm defined in Section 6.3.3.3 has to be used
for estimating ∆z.

The Metop geodetic position vector �r′
eci

leo can now be defined as a vector sum

�r′
eci

leo = �recileo − ∆zẑeci,

= xx̂eci + yŷeci + (z − ∆z)ẑeci, (6.184)

where x̂eci, ŷeci, and ẑeci is a unit vectors defining the ECI coordinate frame.

The rotation matrix M from ECI frame to LROR frame can be derived by applying Equation 6.184
and the Metop velocity vector �vecileo to the definitions of the LROR frame as in AD7.

The unit vector L̂1can be expressed using the definition of the LROR frame as

L̂1 =
�r′
eci

leo∣∣∣�r′ecileo∣∣∣
=

xx̂eci + yŷeci + (z − ∆z)ẑeci√
x2 + y2 + (z − ∆z)2

=
x

r′leo
x̂eci +

y

r′leo
ŷeci +

(z − ∆z)

r′leo
ẑeci

= M31x̂
eci +M32ŷ

eci +M33ẑ
eci, (6.185)

where

r′leo =
∣∣∣�r′ecileo∣∣∣;

(x, y, z) = Metop position in the ECI frame [m].

The unit vector �T1 perpendicular to the plane containing L̂1 and �vecileo is can be derived with the
cross product

�T1 = �vecileo × L̂1

=
(
vleoxx̂

eci + vleoyŷ
eci + vleozẑ

eci
)× L̂1 (6.186)

=

(
vleoy

z − ∆z

r′leo
− vleoz y

r′leo

)
x̂eci +

(
vleoz

y

r′leo
− vleoxz − ∆z

r′leo

)
ŷeci +

(
vleox

y

r′leo
− vleoy x

r′leo

)
ẑeci

= (vleoyM33 − vleozM32) x̂eci + (vleozM31 − vleoxM33) ŷeci + (vleoxM32 − vleoyM31) ẑeci,

where
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(vx, vy, vz) = Metop velocity in the ECI frame [m/s].

The unit vector T̂1 is then

T̂1 =
�T1∣∣∣�T1

∣∣∣
=

(
vleoy

z−∆z
r′leo

− vleoz y
r′leo

T1

)
x̂eci +

(
vleoz

y
r′leo

− vleox z−∆z
r′leo

T1

)
ŷeci +

(
vleox

y
r′leo

− vleoy x
r′leo

T1

)
ẑeci

= M11x̂
eci +M12ŷ

eci +M13ẑ
eci, (6.187)

where

T1 =

√(
vy
z − ∆z

r′leo
− vz y

r′leo

)2

+

(
vz
y

r′leo
− vx z − ∆z

r′leo

)2

+

(
vx
y

r′leo
− vy x

r′leo

)2

. (6.188)

The unit vector R̂1 completing a right-hand system is

R̂1 = L̂1 × T̂1

=

(
y

r′leo

vleox
y
r′leo

− vleoy x
r′leo

T1
− z − ∆z

r′leo

vleoz
y
r′leo

− vleox z−∆z
r′leo

T1

)
x̂eci

+

(
z − ∆z

r′leo

vleoy
z−∆z
r′leo

− vleoz y
r′leo

T1
− x

r′leo

vleox
y
r′leo

− vleoy x
r′leo

T1

)
ŷeci

+

(
x

r′leo

vleoz
y
r′leo

− vleox z−∆z
r′leo

T1

− y

r′leo

vleoy
z−∆z
r′leo

− vleoz y
r′leo

T1

)
ẑeci

= (M32M13 −M33M12) x̂eci + (M33M11 −M31M13) ŷeci + (M31M12 −M32M11) ẑeci

= M21x̂
eci +M22ŷ

eci +M23ẑ
eci. (6.189)

The rotation of the coordinate frame can now be written as


 T̂1

R̂1

L̂1


 = M


 x̂eci

ŷeci

ẑeci


 , (6.190)

where the elements of the matrix M are defined in Equations 6.187, 6.189, and 6.185.

The rotation matrix M aligns directly the orientation of the LROR frame and the ECI frame without
using Local Orbital Reference frame (LOR) as an intermediate step.
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Taking into account the translation of the origin of the coordinate frame from Metop CoM to center
of the ECI frame the final coordinate transform step can be written as


 x̂eciant
ŷeciant
ẑeciant


 = M−1


 T̂1

R̂1

L̂1


+ �recileo. (6.191)

6.3.3.2 WGS84 to ITRF97 coordinate transform

Input Parameters:

1. Position vector in WGS84 coordinates �rwgs84

Output Parameters:

1. Position vector in ITRF97 coordinates �ritrf97

Algorithm

The WGS84 coordinates are transformed to ITRF97 frame using a Helmert transform

�ritrf = M−1
h �r

wgs84 − M−1
h Th. (6.192)

The matrices Mh and Th in Equation 6.192 are

Mh =


 +D −R3 +R2

+R3 +D −R1

−R2 +R1 +D


 , (6.193)

and

Th =


 T1

T2

T3


 ,

where

T1 = +1 [cm];

T2 = -1 [cm];

T3 = -2 [cm];

D = +0.3·10−9;
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R1 = +0.6 [mas];

R2 = +1.2 [mas];

R3 = +0.7 [mas].

6.3.3.3 Derivation of geodetic coordinates

Input Parameters:

1. Geocentric Cartesian ECEF coordinates (x, y, z);

2. Reference ellipsoid semimajor axis aeand flattening f .

Output Parameters:

1. ∆z;

2. N ;

3. Geodetic longitude λg;

4. Geodetic latitude ϕg;

5. Geodetic height above the reference ellipsoid hg.

Algorithm

The first task is to calculate ∆z. This can be done using iteration [RD15] and geometrical definition
of ∆z as

∆z = z − (N + h) sinϕg = Ne2e sinϕg, (6.194)

where the eccentricity of the reference ellipsoid ee is

ee =

√
1 − (1 − f)2. (6.195)

The Earth flattening ratio f depend on the used Earth model. The parameters for the default Earth
model (WGS84) ellipsoid are provided in Table 6.23.

At the start of the iteration the ∆z is set to

∆z = e2ez, (6.196)

where z is the z coordinate of the Metop position in ECI frame.

The improved values are calculated from the equations
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sinϕg =
z + ∆z√

x2 + y2 + (z + ∆z)2
, (6.197)

N =
ae√

1 − e2e sin2 ϕg
, (6.198)

∆z = Ne2e sinϕg, (6.199)

where aeis the semimajor axis of the reference ellipsoid.

The iteration is repeated until the ∆z improvement is less than a user definable criteria (default
criteria = 1 cm).

The geodetic longitude and latitude and the height above the reference ellipsoid are calculated
from

λg = arctan 2 (y, x) , (6.200)

ϕg = arctan

(
z + ∆z√
x2 + y2

)
, (6.201)

and

hg =

√
x2 + y2 + (z + ∆z)2 −N. (6.202)

6.3.3.4 ECEF to ECI coordinate transform

Input Parameter:

1. Coordinates in ECEF frame.

Output Parameter:

1. Coordinates in ECI frame.

The baseline ECEF to ECI coordinate transform algorithm is defined e.g. in Equation 6.2.1 of
RD15. The terms for Equation 6.2.1 in RD15 are defined in Section 5 of the same book.

Two additional corrections that are not included into the algorithm specified in RD15 must be
taken into account when fiducial station coordinates provided e.g. by the GSN in ECEF frame are
transformed into ECI frame:
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1. A correction for the short-period tidal variations shall be applied to the Earth Orientation
Parameters by using the R. Ray’s oceanic tide model. The mathematical formulation of the
Ray’s model is provided in RD27.

2. Solid Earth Tide correction shall be applied to the ECEF coordinates as user selectable op-
tions. The correction shall include both the Dynamic and Permanent Tide. The user shall be
able to toggle either correction on and off independently without restarting the PPF software.
The mathematical formulation for the Solid Earth Tide model is provided in RD28.

6.3.4 Fiducial station incidence angle determination

Input Parameters:

1. GPS antenna phase center position vector in ECI frame �recitx ;

2. Fiducial station antenna phase center position vector in ITRF coordinate frame �ritrffs ;

3. Earth model identification (e.g. WGS84).

Output Parameters:

1. Elevation angle of the incoming ray εecifs ;

2. Azimuth angle of the incoming ray θecifs ;

3. Geodetic coordinates of the fiducial station λg_fs, ϕg_fs, hg_fs.

Algorithm

The estimation of the incidence angle of the incoming ray at the fiducial station is started by
defining a unit vector normal to the ellipsoid surface at the coordinates of the fiducial station. The
geodetic position vector of the fiducial station is derived by

�r′
ecef

fs = �receffs − ∆zẑecef ,

= xfsx̂
ecef + yfsŷ

ecef + (zfs + ∆z)ẑecef , (6.203)

where x̂ecef , ŷecef , and ẑecef is a unit vectors defining the ECEF coordinate frame.

The parameter ∆z is derived using the iterative algorithm described in Section 6.3.3.3. This algo-
rithm will also produce the geodetic latitude, longitude, and height of the antenna phase center.

The unit vector normal to the ellipsoid surface is now

n̂ecefs =
xfsx̂

ecef + yfsŷ
ecef + (zfs + ∆z)ẑecef√

x2
fs + y2

fs + (zfs + ∆z)2
. (6.204)
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The unit vector n̂ecefs and the position vector of the fiducial station �recifs are transformed from the
ECEF coordinate frame to ECI frame as specified in Section 6.3.3.4.

The vector pointing from the phase center of the fiducial station antenna to the phase center of the
GPS antenna is

�reciray = �recitx − �recifs . (6.205)

The elevation angle εecifs of the GPS satellite for the fiducial station is then

εecifs =
π

2
− arccos

(
�reciray · n̂ecis∣∣�reciray∣∣

)
. (6.206)

The azimuth angle θecifs of the GPS satellite from the local geodetic north is

θecifs = arctan 2
(
�reciray · ŷecilocal, �reciray · x̂ecilocal

)
, (6.207)

where

ŷecilocal = ẑeci × n̂ecis , (6.208)

and

x̂ecilocal = n̂ecis × ŷecilocal. (6.209)

It should be noted that this function can not be used for elevation angles below 20◦ as it does not
take into account the bending of the ray path in the atmosphere.

6.3.5 Atmosphere models

6.3.5.1 Neutral atmosphere delay mapping function

Input Parameter:

1. Time of the measurement trefrx_fs;

2. Elevation of the measured GPS satellite ε
(
trefrx_fs

)
;

3. Latitude of the fiducial station ϕfs;

4. Height of the fiducial station above sea level hfs.
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Output Parameter:

1. Hydrostatic mapping functionmh

(
trefrx_fs

)
;

2. Wet mapping functionmw

(
trefrx_fs

)
.

The Niell mapping function is used in the GRAS data processing algorithm [RD16].

The hydrostatic (dry atmosphere) mapping function is derived from

mh(ε) = mh1(ε) + ∆m(ε), (6.210)

where

mh1(ε) =

(
1 + a

1+ b
1+c

)
(
sin(ε) + a

sin(ε)+ b
sin(ε)+c

) , (6.211)

and

∆m(ε) =


 1

sin(ε)
−

(
1 + aht

1+
bht

1+cht

)
(
sin(ε) + aht

sin(ε)+
bht

sin(ε)+cht

)

 · hfs. (6.212)

The coefficients a,b, and c for the Equations 6.211 and 6.212 are derived from

a(ϕi, t
dyo
rx_fs) = aavg (ϕfs) + aamp (ϕfs) cos

(
2π
tdoyrx_fs − T0

365.25

)
, (6.213)

b(ϕi, t
dyo
rx_fs) = bavg (ϕfs) + bamp (ϕfs) cos

(
2π
tdoyrx_fs − T0

365.25

)
, (6.214)

and

c(ϕi, t
dyo
rx_fs) = cavg (ϕfs) + camp (ϕfs) cos

(
2π
tdoyrx_fs − T0

365.25

)
, (6.215)

where

ϕi = latitude;

tdyorx_fs = the time of the measurement as the day of the year from 1st of January, 00:00 hrs;
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Table 6.24: Coefficients for the hydrostatic mapping function.

Latitude (ϕi)
15◦ 30◦ 45◦ 60◦ 75◦

Average
aavg 1.2769934 · 10−3 1.2683230 · 10−3 1.2465397 · 10−3 1.2196049 · 10−3 1.2045996 · 10−3

bavg 2.9153695 · 10−3 2.9152299 · 10−3 2.9288445 · 10−3 2.9022565 · 10−3 2.9024912 · 10−3

cavg 62.610505 · 10−3 62.837393 · 10−3 63.721774 · 10−3 63.824265 · 10−3 64.258455 · 10−3

Amplitude
aamp 0.0 1.2709626 · 10−5 2.6523662 · 10−5 3.4000452 · 10−5 4.1202191 · 10−5

bamp 0.0 2.1414979 · 10−5 3.0160779 · 10−5 7.2562722 · 10−5 11.723375 · 10−5

camp 0.0 9.0128400 · 10−5 4.3497037 · 10−5 84.795348 · 10−5 170.37206 · 10−5

Height correction
aht 2.53 · 10−5

bht 5.49 · 10−3

cht 1.14 · 10−3

Table 6.25: Coefficients for the wet mapping function.

Latitude (ϕi)
15◦ 30◦ 45◦ 60◦ 75◦

a 5.8021897 · 10−4 5.6794847 · 10−4 5.8118019 · 10−4 5.9727542 · 10−4 6.1641693 · 10−4

b 1.4275268 · 10−3 1.5138625 · 10−3 1.4572752 · 10−3 1.5007428 · 10−3 1.7599082 · 10−3

c 4.3472961 · 10−2 4.6729510 · 10−2 4.3908931 · 10−2 4.4626982 · 10−2 5.4736038 · 10−2

T0 = 28.

The parameters for the Equations 6.213, 6.214, and 6.215 are given in Table 6.24. The value of
a(ϕfs, t

dyo
rx_fs) is obtained by interpolating linearly between the two nearest a(ϕi, t

dyo
rx_fs). Similar

procedure is applied to get b(ϕfs, t
dyo
rx_fs) and c(ϕfs, t

dyo
rx_fs).

The wet mapping function is

mw(ε, ϕfs) =

(
1 + a

1+ b
1+c

)
(
sin(ε) + a

sin(ε)+ b
sin(ε)+c

) , (6.216)

For the wet mapping function the coefficients a, b, and c are provided directly in Table 6.25. The
value ofmw(ε, ϕfs) is obtained by interpolating linearly between the two nearest mw(ε, ϕi).
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6.3.5.2 Hydrostatic delay model

Input Parameter:

1. Surface pressure at the fiducial station Ps_fs or pressure at the geodetic surface level at the
station location P0;

2. Latitude of the fiducial station ϕfs;

3. Geodetic height of the fiducial station hfs.

Output Parameter:

1. Zenith hydrostatic delay estimate ∆Lh.

The ZHD (Zenith Hydrostatic Delay) is estimated from the model [RD17]

∆Lh =
2.2779Ps_fs

(1 − 0.00266 cos 2ϕfs − 0.00028hfs)
· 10−3. (6.217)

If pressure measurements at the station are not available, NWP forecast pressure at the time of the
measurement and at the geodetic coordinates of the station shall be requested via PGE. If NWP
forecast data is used in the processing, the VIADR-1B-TZD shall be updated to include the same
information.

6.3.5.3 Wet delay model

Input Parameter:

1. Surface partial pressure of the water vapor at the fiducial station es_fs;

2. Surface temperature the fiducial station Ts_fs;

3. Latitude of the fiducial station ϕfs;

4. Geodetic height of the fiducial station hfs.

Output Parameter:

1. Zenith wet delay estimate ∆Lw.

The ZHD (Zenith Hydrostatic Delay) is estimated from the model [RD18]

∆Lw =
10−6k′3Rd

gm (λw + 1) − βTRd ·
es_fs
Ts_fs

, (6.218)

where
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k′3 = 3.82 · 105 [K2mbar−1] [RD17];

Rd = the gas constant for dry air = 2.87 [JK−1kg−1];

gm = the gravity acceleration at the mass centre of a vertical column of the atmosphere =
9.784 (1 − 0.00266 cos 2ϕfs − 0.00028hfs) [ms−2] [RD19];

λw = the water vapor lapse rate = 3;

βT = the temperature lapse rate = 6.2.

If partial pressure of the water vapor and temperature measurements at the station are not available,
NWP forecast parameters at the time of the measurement and at the geodetic coordinates of the
station shall be requested via PGE. If NWP forecast data is used in the processing, the VIADR-
1B-TZD shall be updated to include the same information.

6.3.6 Filtering functions

6.3.6.1 Adaptive low-pass filter

Input Parameters:

1. Time series of non-filtered data samples x(t);

2. SLTH values corresponding to the data samples SLTH(t);

3. Filtering parameters B(t) and L(t);

Output Parameters:

1. Time series of filtered data samples y(t);

Algorithm

A low pass filter implemented as Sinc function truncated by a Blackman-Harris window can be
written as

y(t) =

L(t)/2∫
−L(t)/2

h (s;B(t), L(t)) x (t− s) ds
∫ L(t)/2

−L(t)/2
h (s;B(t), L(t)) ds

, (6.219)

where
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h (s;B(t), L(t)) =

[
H

(
s+

L(t)

2

)
−H

(
s− L(t)

2

)]

·
[
abh − bbh cos

(
2π

(
s

L(t)
+

1

2

))
+ cbh cos

(
4π

(
s

L(t)
+

1

2

))]

·
[

sin (2πB(t)s)

πs

]
,

where

H(x) =




1 ∀x > 0
1
2
∀x = 0

0 ∀x < 0
.

The windowing function for the filter is selected by the coefficients a,b, and c. For Blackman-
Harris window the coefficients are abh = 0.42, bbh = 0.5, and cbh = 0.08.

The parameters B(t) and L(t) define the filter bandwidth and attenuation in the passband and in
the stopband. B(t) and L(t) are nth order user definable polynomials to allow adaptation of the
filter bandwidth as a function of time. The user provides the B(t) and L(t) values over specific
SLTH ranges (see e.g. Table 5.3) together with a polynomial order n. The filtering function shall
perform a polynomial fit to generate B(SLTH) and L(SLTH). It should be noted that B(t) and
L(t) do not have to be continuous. The user specified number ofB and L values must be compliant
with the order of the polynomial so that the polynomial fit is feasible.

A user definable option is to apply the low-pass filter for any input data including the products from
GRAS GSN and GRAS/Metop NRT POD. The filtering parameters are user definable separately
for each input data.

6.3.7 Pseudorange calculations

6.3.7.1 C/A code pseudorange

The mathematical formulation of the C/A code pseudorange derivation has been removed.

6.3.7.2 P code pseudorange

The mathematical formulation of the P code pseudorange derivation has been removed.

6.4 Occultation Table Generation

Input Parameters:

1. Metop CoM position vector �rleo
(
tmjd

)
;

2. Metop CoM velocity vector �vecileo
(
tmjd

)
;

3. GPS CoM position vector �rgps
(
tmjd

)
.
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Table 6.26: Default parameters for occultation table generation.

Parameter Default value Range
Metop orbit arc length 36 h 0 - 48 h
GPS orbit arc length 36 h 0 - 48 h

Position vector sampling interval 10 s 1 - 60 s
Occultation table generation time 11:00 00:00 - 24:00

Occultation table dissemination time 11:30 00:00 - 24:00
SLTH measurement start for geolocation 80 km -60 - 80 km
SLTH measurement end for geolocation -60 km -60 - 80 km

Output Parameters:

1. Occultation table as defined in AD4.

The purpose of the occultation table generation function is to predict and name all measurements
that GRAS theoretically would be able to measure for a user definable time period. These mea-
surements include rising and setting occultations, and all navigation measurements by GZA. This
information is sent to the GRAS GSN for optimizing the data flow from GSN to EPS CGS.

Algorithm

The baseline assumption is that the occultation generation function requests predicted Metop posi-
tion and velocity vectors from an orbit propagation function for a defined orbit arc length and with
a defined sampling interval. The default values and value ranges for these parameters are listed in
Table 6.26. All parameters are user definable.

The orbit propagation function generates the Metop position and velocity vector samples and the
corresponding time stamps as

{(
�recileo(i), �v

eci
leo(i), t

mjd
epoch(i)

)
; i : 1 → N

}
,

where

tmjdepoch(i) = the epoch of the position and velocity vector sample i in MJD2000 time frame [s].

The NRT GPS position vectors provided by the GRAS GSN are used in the occultation table gen-
eration. The sampling interval of the GPS position vectors in the GSN products is normally much
longer than the sampling interval defined in Table 6.26. The GPS position vectors shall be inter-
polated to the epochs of the Metop position and velocity vectors using the Lagrange interpolation
algorithm described in Section 6.3.1.1 extending the set of vector samples to

{(
�recileo(i), �v

eci
leo(i), �r

eci
gps_k(i), t

mjd
epoch(i)

)
; i : 1 → N, k : 1 − 32

}
,

GRAS Product Generation Specification 165 Printed on: 16th July 2004



EUMETSAT
POLAR

SYSTEM

EPS Programme
GRAS Level 1 Product

Generation Specification

Ref: EPS/SYS/SPE/990010

Issue: 6 Rev 4

WBS number: 270000

Date: 16/07/04

where index k denotes the PRN numbers of the operational GPS satellites.

The occultation table generation is based on the determination of the incidence angle of the ray
from each GPS satellite to the GRAS occultation and navigation antennas.

The unit vectors normal to each GRAS antenna radiating surface plane can be approximated by
ignoring antenna misalignment and Metop mispointing, and by positioning the antennas at the
Metop CoM as

n̂ecigva =
�vecileo
|�vecileo|

, (6.220)

n̂ecigava =
−�vecileo
|�vecileo|

, (6.221)

n̂ecigza =
�recileo
|�recileo|

. (6.222)

A unit vector anti-parallel to the incoming ray (ignoring the bending of the ray path in the atmo-
sphere) is derived from

r̂eciapx_k =
�recigps_k − �recileo∣∣�recigps_k − �recileo∣∣ .

The elevation θecigps_k and azimuth ϕecigps_k angles of the incoming ray can now be derived from

θecigps_k = arccos

(
r̂eciapx_k · n̂gza∣∣r̂eciapx_k

∣∣ |n̂gza|
)
, (6.223)

ϕecigps_k = arctan

(
r̂eciapx_k · (n̂gva × n̂gza)

r̂eciapx_k · n̂gva

)
. (6.224)

Because of the definition of the coordinate system, the derived azimuth and elevation angles are
the same for each GRAS antenna. This is taken into account in the definition of the field of view
for each antenna and thus an incoming ray can only be visible as a maximum for one antenna at a
time.

By using Equations 6.223 and 6.224 for for each GPS satellite for each epoch the set of samples
for each satellite state vector epoch can be expanded to

{(
�recileo(i), �v

eci
leo(i), �r

eci
gps_k(i), θ

eci
gps_k(i), ϕ

eci
gps_k(i), t

mjd
epoch(i)

)
; i : 1 → N, k : 1 − 32

}
.

The start and end epochs of the occultation and navigation measurements can be identified from
the total set of samples by identifying the epochs when the elevation and azimuth angles of the
incoming rays enter and leave the “occultation windows” defined for each GRAS antenna in Table
6.27. The accuracy of the occultation measurement start and end epoch estimation is improved by
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Table 6.27: Measurement start and end determination parameters for each GRAS antenna.

Antenna Elevation Azimuth SLTH height
GVA -23◦ - -26◦ 45◦ - -45◦ -40 - 80 km

GAVA -23◦ - -26◦ 135◦ - 180◦, -135◦ - -180◦ -40 - 80 km
GZA 20◦ - 90◦ 0◦ - 360◦ NA

determining when the predicted SLTH exceeds the specified height range. All parameters in Table
6.27 are used definable.

The geolocation is determined at the epoch when the SLTH reaches the values specified in the fields
“SLTH measurement start” and “SLTH measurement end” in Table 6.26. It is important to note
that the start and end SLTH values are specified for setting occultations. For the rising occultations
the values have to be swapped. The determined geodetic coordinates are to be written into the
fields PRED_START_LAT, PRED_START_LONG and PRED_END_LAT, PRED_END_LONG
in the occultation table.

Because the bending angle of the ray is not known at the time of the occultation table generation,
the geodetic coordinates of the measurement must be derived by using a straight line between the
satellites and the SLTH. SLTH is the shortest distance between a reference ellipsoid surface and
the straight line between the occulting GPS satellite and the Metop. The ECI coordinates of this
point can be determined by expanding or contracting the reference ellipsoid so that it has exactly
one common point with the straight line. At this point the straight line is tangent to the ellipsoid
surface. The geodetic height of the common point from the surface of the reference ellipsoid is the
SLTH value.

The position vector of the tangent point can be calculated from

�recitan_pred = �recigps +
−βe
2αe

(
�recileo − �recigps

)
, (6.225)

where

βe =
1∣∣�recileo − �recigps∣∣

[
2a1 (a2 − a1) + 2b1 (b2 − b1) +

2c1 (c2 − c1)

(1 − f)2

]
,

and

αe =
1∣∣�recileo − �recigps∣∣

[
(a2 − a1)

2 + (b2 − b1)2 +
(c2 − c1)2

(1 − f)2

]
,

and

�recileo = the position vector of the Metop satellite CoM in ECI frame;

�recigps = the position vector of the occulting GPS satellite CoM in ECI frame;
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a1, b1, c1 = the components of the �recigps as �recigps = a1x̂
eci + b1ŷ

eci + c1ẑ
eci;

a2, b2, c2 = the components of the �recileo as �recileo = a2x̂
eci + b2ŷ

eci + c2ẑ
eci.

The semi-major axis of the ellipsoid that corresponds to the determined geolocation can be derived
from using αe and βe as

a′e =

√
γe − β2

e

4αe
, (6.226)

where

γe = a2
1 + b21 +

c21
(1 − f)2

,

The coordinates given by Equation 6.225 must be transformed to ECEF coordinate frame before
they can be converted to latitude, longitude and geodetic height. The geodetic coordinate derivation
is specified in Section 6.3.3.3. The geodetic height from the geodetic coordinate derivation is the
SLTH value.

The output data from the occultation table generation function is specified in the VIADR-1A-
OCCULTATION TABLE record in AD4.
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Appendinx A: GRAS/Metop Precise Orbit Determination with
Square Root Information Filter

A.1 SRIF ALGORITHM DESCRIPTION

A.1.1 Introduction

The Square Root Information Filter (SRIF) is a sequential estimator that incorporates a
dynamical model in an orbital propagator together with a measurement simulator to adjust an
orbit to a set of measurements that are sequentially incorporated into the filter (one by one or in
batches).

SRIF has some advantages with respect to other sequential filters (e.g. Kalman) from the
computational estability point of view at the same time that allows the resolution of non-
lineatities in the dynamical equations in a similar manner as a least-squares algorithm does.

The following sections describe the basic principles of he SRIF algorithms and provide the
algorithms to implement a software package to solve the precise orbit determination problem of
Metop using SRIF.

To minimise the amount of ancillary information provided in this document, it is assumed that
the basic principles of orbit determination are known (refer to [RD22]).

A.1.2 Linearised Dynamical Problem

The problem to be solved corresponds to the state transition linearised equation
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where p, x and y are the correlated process noise, state vector and bias arrays with sizes np, nx

and ny respectively.

The sub-matrices Vp,  Vx and Vy are the transition matrices for x with respect to p, x and y
respectively. This formulation is generic and corresponds to the state transition between two
consecutive times kt  and 1+kt  that can be represented by the mentioned variables and transition
matrices.

The transition matrices contain the partial derivatives of the estimated parameter xi with respect
to the corresponding variables at kt .
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The matrix M the transition matrix of p. It is diagonal and in the particular case of Exponentially
Correlated Random Variables (ECRV, [RD24] page 152) each element takes the form

( ) ( ) i

t

kiki

t

i weppem ii +=⇐=
∆

−

+

∆
−

ττ
1

(A.1.2-3 )

where iτ is the correlation time for the i-th variable.

The vector iw  is the white noise associated to the correlated variables in p.

The sub-matrix I  is the unit matrix

A.1.3 Linearised Data Equation

The dynamical system described above is observed by a set of observations whose data equation
is linearly expressed as (sub-indices between parentheses indicate matrix or array sizing)

( ) ( ) ( ) ( )mnnmm xAz ν+⋅= ×
(A.1.3-1 )

This equation represents a set of m observations in the array z with associated observation errors
in array ν  used to estimate a set of n parameters contained in x  through the m×n matrix of
observation partials A .

A.1.3.1 Normalisation

The m-sized vector of observation errors ν is assumed to have zero mean and unit covariance;
i.e. the initial data equation is normalised (weighted) with the observation covariance. This is
accomplished by the use of the observation covariance matrix 0Q .
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The relationships between z , ν  and A  with their corresponding de-normalised Y , ε  and F
versions are the following
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being 0Λ  lower triangular given by 000 QT =Λ⋅Λ

This allows assigning to each observation its right importance in comparison to the total data set
at the same time that allows mixing observations of different nature (e.g. range and Doppler)

If the observations are not correlated then 0Q  is diagonal and the expressions above are
simplified with
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(A.1.3-4 )

The knowledge of 0Q does not permit in general the implementation of the full matrix. The non-
correlation between measurements is questionable in general since some of the items (e.g. the
receiver clock offset) that contribute in the observation are correlated between consecutive epoch
and also across measurements coming from different emitter. However, it is in general not
possible to establish a-priori the levels for these correlations to build the full 0Q . In practice, the
use of a diagonal 0Q  suffices the need of providing a-priori information on the measurements
and also the relative weighting of the observations with respect to the dynamics.

A.1.3.2 Data Equation Interpretation

In the data equation, z and x  represent incremental values with respect to a reference usually
taken to be the initial one. This means that x  is the increment to apply to the initial estimate of
the extended state vector 0x  to obtain its updated estimated value ex  and z  represents the
computed observation residual between the measured observation realy  and the one computed
from the observation models y

( )yyYz real −⋅Λ=⋅Λ= −− 1
0

1
0

0xxx e −=

(A.1.3-5 )

The matrix of observation partials is defined as
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In the general case one intends to minimise some magnitude associated to the observation error.
For instance one could chose x to minimise the square sum of the weighted observation errors J

∑
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1
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2 εεννν
(A.1.3-7 )

A.1.4 The SRIF Information Matrix

The principle of the SRIF algorithm is based on the implementation of the following information
array

( ) ( )

( ) ( ) )1()(

~~

+×+×

×













nmnmnm

nnn

zA
zR (A.1.4-1 )

This matrix contains the information of an arbitrary (processing-wise speaking) previous state in
terms of covariance and observations [ ]zR ~~  and the information added by a set of m new
observations through the [ ]zA  part of the array.

The relationship between [ ]zR ~~  and the parameter estimation vector is given by

ν~
~~ +⋅= xRz (A.1.4-2 )

which has the form of a data equation for some n fictitious observations z~ with associated noise
ν~

From the practical point of view one has a state k (at time kt ) represented by [ ]kzR ~~
 that is

updated with a set of new observations represented by [ ]kzA . This new set of observations is
incorporated into the process by the adequate orthogonal transformation T to obtain the  the
updated information array [ ]kzR ˆˆ , still at kt , and the residuals ke  of the incorporated

observations. The updated information array [ ]kzR ˆˆ  is then propagated to the next state k, at

1+kt   also by means of orthogonal transformation (see 3.5.3) This updated value of the
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observation array [ ] 1
~~

+kzR can be used  to initialise state k+1. All this process can be
summarised as follows:

[ ] [ ]

[ ]
1

1

1

~~

~~ˆˆ

0

ˆˆ~~

+

+

+









→

→








→









k

k

k

k
T

k

k

T

k

zA
zR

zA

e

zRzR
e
zR

zA
zR (A.1.4-3 )

This can be used to sequentially process any number of sets of an arbitrary number of m
observations just by feeding as initial information array with the one resulting from the process
and combining it with any new set of observations.

The estimates of the state vector at k and k+1 can then be directly obtained from

1
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kk

kk

zRx

zRx (A.1.4-4 )

A.1.5 SRIF Algorithm Computation Method

A.1.5.1 Initialisation

In the first step of the SRIF processing one needs to provide initial values 0R  and 0x .

The initialisation of the algorithm can be accomplished easily by means of the initial parameter
covariance, i.e.

 

1
0000

1
0

−− =⇔⋅= PRRRP T (A.1.5-1 )

where 0R  is lower triangular.

In the common case of initial diagonal covariance matrix (this is the usual situation as no a-priori
knowledge of the correlation between the different estimated parameters is in general available)
this factorisation becomes
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σ (A.1.5-2 )

In either case, the initial value of the information array becomes

[ ] [ ]00000
~~ xRRzR ⋅= (A.1.5-3 )

In the successive addition of new observations the new R  is part of the result of the processing
itself.
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A.1.5.2 Array Updating

Once the algorithm has been initialised it is necessary to define the mechanism that allows
incorporating a batch of new observations and lets the filter step to the following state. As
identified above this is accomplished by means of an orthogonal transformation T  that converts
the information array augmented with the new observations into an equivalent matrix in which
the contribution of the observation partials A  is nullified. For convenience, it is useful to select
such an orthogonal transformation such that it not only nullifies A  but that also the resulting
matrix R̂  is triangular
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A
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(A.1.5-4 )

The transformation has to be applied not only to the information matrix but also to the
observations vector in order to be able to obtain the new estimated parameters and the residuals.
The complete transformation equation becomes then
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This orthogonal transformation can be obtained by means of a Householder transformation
matrix (see 3.6 below).

In each filtering step the solution of the estimated parameters and the covariance matrix is
obtained with a back substitution method from the equations

zxR ˆˆ =⋅

( ) TT RRRRP −−−
⋅=⋅= ˆˆˆˆ 11

(A.1.5-6 )

From the implementation point of view, it is interesting to separate the information array into
two arrays [ ]S~  and [ ]yy zR ~~

in the following way
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The processing of the observations is better performed in two steps that take into account the
adopted partitioning of the information array.

The first step consists in solving the S
~

array disregarding the bias part [ ]yy zR ~~












→













zA
SSSS

zAAA
SSSS

y

zyxpT

yxp

zyxp

ˆˆ00

ˆˆˆˆ~~~~ (A.1.5-8 )

with
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(A.1.5-9 )

being pR̂  upper triangular
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being xR̂  upper triangular

The second step solves [ ]yy zR ~~
 using information from the first step
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being yR̂ upper triangular

A.1.5.3 Propagation

Once the set of observations have been used to update the information array at state k it is
necessary to propagate it to the state k+1 (e.g. identified by the time of the last processed
observation). This allows to sequentially process the next batches of observations. The
propagation is also performed in two steps taking advantage of the array decomposition adopted
during the update phase. Additionally to all the elements involved in the update phase,
propagation requires the knowledge of the transition matrices M , pV , xV  and yV  and the

covariance 0Q  of the noises kw  associated to the correlated variables in p.

The first step propagates the Ŝ array disregarding the bias part [ ]yy zR ˆˆ . For this purpose the

augmented information array AŜ  at k is formed
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The appropriate Householder transformation is then applied to obtain the propagated state at k+1
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with *
pR  upper triangular and
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The propagation of the [ ]yy zR ˆˆ  to the state k is quite simple and represented by

[ ] [ ]
kyykyy zRzR ˆˆ~~

1
=

+
(A.1.5-16 )

A.1.5.4 Partitioned Estimates and Covariance

A convenient way of computing the new values of the estimates and the covariance makes use of
the partitioned information array described above. Using this method the following computations
are possible

1. Computed estimates of p and x as if the y biases did not exist

[ ] zxp

c

k

SSS
x
p ˆˆˆ
ˆ
ˆ 1−

=






 (A.1.5-17 )

2. Biases estimate

yyk zRy ˆˆˆ 1 ⋅= − (A.1.5-18 )

3. Sensitivity

[ ] yxp SSSS ˆˆˆ 1−
−=ε

(A.1.5-19 )

4. Estimates of p and x
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(A.1.5-20 )

5. Computed covariance of p and x as if the y biases did not exist

[ ] [ ] T

xpxp
c

xp SSSSP 




⋅=

−− 11

,
ˆˆˆˆ (A.1.5-21 )

6. Biases covariance

( )T

yyy RRP 11 ˆˆ −− ⋅= (A.1.5-22 )

7. Covariance of p and x

( ) ( )Tyy
c

xpxp RSRSPP 11
,,

ˆˆ −− ⋅⋅⋅+= εε
(A.1.5-23 )

A.1.6 Householder Transformation

A.1.6.1 Mathematical Theory

This transformation will allow the conversion of a matrix into an upper triangular one. This will
simplify the solving of any system of linear equations by means of a back substitution procedure
(avoiding the need of the matrix inversion).

The main idea behind the transformation is the geometric reflection of a vector with respect to a
plane. Let w  be the vector that defines the plane orientation, y  the vector to be reflected, and

ry  the result of the reflection. y  and ry  can be expressed analytically as:

vwwyy

vwwyy
T

r

T

+⋅−=

+⋅=

)(

)( (A.1.6-1 )

Subtracting both equations (to eliminate v ):

wwyyy T
r )(2−= (A.1.6-2 )

The above equation can be rearranged to obtain:

ywwIywwyy TT
r )2()(2 ⋅−=⋅−= (A.1.6-3 )

Hence, the matrix T that defines the Householder transformation is:
TwwIT ⋅−= 2 (A.1.6-4 )

This matrix has important properties, namely it is orthogonal and idempotent:
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)2()2(2 (A.1.6-5 )

Therefore 1−= TT , taking into account TTT =  (symmetry), TTT −= , proving orthogonality.

The transformation performed by T can be expressed as:

wyyT γ−=⋅ (A.1.6-6 )

where

ww
wy

T

T

⋅
⋅

= 2γ
(A.1.6-7 )

Using this last expression requires an order of computation less than direct calculation of T , and
this form will be the one used in the SRIF algorithm.

As it has been mentioned above, this transformation is used to obtain upper triangular matrices.
To achieve this goal it is enough to choose ry  lying on )0,,0,( Kσ Then, the vector w  should be:

)0,...,0,1(

)(
1

=

⋅−=

e

eyw σ
γ

(A.1.6-8 )

Then it is possible to obtain zeroes below the first element of the transformed vector y  with the
following approach
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σ (A.1.6-9 )

with the transformation be written as

eyT ⋅=⋅ σ (A.1.6-10 )

A.1.6.2 Application to SRIF

The basic objective of applying the Householder transformation to the SRIF information matrix
is to obtain an upper triangular matrix from which the new values of the state vector estimate and
its associated covariance matrix can be calculated. Mathematically this can be expressed as
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(A.1.6-11 )

The formulation for the Householder transformation that accomplishes this task is
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Computationally is better to express the algorithm as a function of the overall matrices H
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A.1.7 Non-linear Formulation

Since the estimation problem has been linearised to be solved, the solution of situations in which
the estimate deviates from the real solution more than the target accuracy is not possible with the
formulation described above. In this situation the obtained estimate does not lead to the
minimum quadratic summation of observation errors. To overcome this problem one can iterate
the estimated solution by means of the linear formulation until the minimum quadratic
summation of observation errors has been reached with a certain convergence criterion. The
following describes the mechanisms that allow the implementation of such iterative algorithm

One starts with the information matrix that represents the system state at certain point and a new
set of observations to be processed to obtain the state at the new point. As seen before the
objective of the linearisation is to obtain a new information matrix that in turn allows the
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computation of a set of improved estimated parameters. This is accomplished by means of an
orthogonal transformation whose basic reference equation is
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(A.1.7-1 )

The iterative process consists in feeding the new estimate ẑ  into the initial information array to
obtain a better estimate of ẑ . The algorithm can be represented as follows
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→







 −

In this approach the elements sub-indexed with i are calculated every iteration. iR̂ , iẑ  and ie are
computed as part of the SRIF algorithm itself (by means of the orthogonal transformation) while

iA and iz have to be recomputed every iteration based on the new estimate iẑ  (e.g. recalculation
of the observations iz  and the observation partials iA based on the orbit propagation with the just

estimated state ix ). The information matrix at the beginning of the iterative process iR
~

 remains
the same from one iteration to the next.

The iterative process can be stopped when the convergence criterion defined by a given ε value
is fulfilled. For instance

ε<⋅−⋅=− +++ i
T
ii

T
iii eeeeee 111

(A.1.7-2 )

A.2 ORBIT DETERMINATION WITH SRIF

A.2.1 Algorithm Description

The target of this document was identified in the introduction to describe the implementation of a
Square Root Information Filter (SRIF) for orbit determination purposes. The previous chapters
described the generalities of the SRIF algorithms. The following paragraphs intend to bring SRIF
into the orbit determination context in which three main elements are involved:

• Orbit propagation that provides the dynamic behaviour of the system. This includes both the propagation
of the satellite state vector and the variational partials (it is assumed that observation partials are
computed analytically)

• Observation processing that allows connecting the real world with the scenario defined by the dynamics
through the orbit propagation

Compute new iA and iz   (i = i + 1)
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• Parameter estimation that permits the tuning of dynamical model parameters and observation modelling
parameters in order to obtain the best possible orbit within the target accuracy and provide values for
the tuned coefficients.

The implementation of SRIF as filtering algorithm has no impact in the observation processing
part since the computation of observations and their partials depends only on the state vector at
the observation time. The main impact resides in the orbit propagation and of course in the
parameter estimation whose core is the SRIF algorithm itself.

The orbit propagation scheme relays on the use of a numerical integrator that can be either a
single-step method (e.g. Runge-Kutta) or a multi-step method (e.g. Adams-Bashforth). Multi-
step methods require a single-step method in order to be initialised. The use of SRIF requires that
estimate of the initial state vector is updated every time a batch of observations is processed. If a
multi-step method is used to propagate the state vector and variational partials, it will have to be
reinitialised every time the filtering sequence is executed. The problem has to be analysed on a
case by case basis to determine whether the use of multi-step methods is useful at all. In the case
when the number of integration steps between consecutive calls to the SRIF algorithm is large
one can consider the possibility of implementing such a method, otherwise one may spend all the
processing sequence inside the initialisation method.

The sequential processing of observation for orbit determination with SRIF responds to the
following sequence of activities:

1. Initialise the orbit propagation with the initial extended state vector (orbit state vector plus initial values
of variational partials)

2. Initialise the SRIF algorithm as explained in 3.5 (i.e. provide initial values for R~  and z~ )

3. Collect the observations to be processed together in one go

4. Propagate the extended state vector at least to the time of the last observation (with the NAPEOS
propagator implementation, this orbit integration takes up to the integration step after the last
observation time and then the state vector at each observation epoch are interpolated from a table)

5. Process each of the observations and compute the observation differences z  and the observation
partials A  arrays

6. Perform the SRIF filtering to obtain observation residuals e , the triangular information matrix R̂ and

new values for the extended state vector from zxR ˆˆ =⋅ .

7. If a non-linear approach is being undertaken repeat the sequence from step 1 substituting the initial
value of the extended state vector with the just estimated one. Repeat this procedure until certain
convergence criterion is fulfilled.

8. Map the estimated state vector to the epoch of the last processed observation and reinitialise the
propagator with the extended state vector at that point. This includes the propagation of the information
arrays from state k to state k+1 (i.e. obtain [ ] 1

~~
+kzR  from [ ]kzR ˆˆ )

9. Come back to step 2 to process each new set of observations. This is performed substituting the initial
information array by the final one obtained in the processing of the previous set of observations.
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A.2.2 Observation Modelling

For the purpose of this document only GPS like observations are considered. Only estimation
aspects are considered while the detailed modelling of the observation simulation is outside the
scope of the study.

GPS measurement: Measurement for the count of times between two time marks from clocks
aboard of two satellites or one aboard a satellite and another at a ground station. The signal is
emitted by a GPS satellite (e) and then captured by a GPS receiver (r). The distance measure can
be done in terms of travel time by clock mark differencing (pseudo-range) or by the count of
carrier phase cycles between emission and reception (carrier phase). The equation for these type
of observations is

( ) COM
r

COM
ereleriontro

re e
re Tc + Tc -  Tc + TcTc + 

c

vxx  |xx| = ρρρρ ∆+∆+∆∆∆∆±∆+∆
⋅−

−−
rrrrr (A.2.2-1 )

with

( )
c

vxx  |xx| re e
re

rrrrr ⋅−
−− ⇒ geometrical measurement (m)

ρ∆ ⇒ measurement bias including phase ambiguity (m)

T tro∆ ⇒ troposphere refraction delay (s)

T ion∆ ⇒ ionosphere refraction delay (s)

+ pseudo-range

− carrier phase

T r∆ ⇒ receiver clock error (s)

T e∆ ⇒ emitter clock error (s)

relT∆ ⇒ relativistic correction (s)

COM
eρ∆ ⇒ emitter centre of mass correction (m)

COM
rρ∆ ⇒ receiver centre of mass correction (m)

and all magnitudes are computed at the observation time.

In the Metop POD some simplifications can be performed with respect to this general
formulation

( ) COM
r

COM
ereler

re e
re Tc + Tc -  Tc  + 

c

vxx
  |xx| = ρρρρ ∆+∆+∆∆∆+∆

⋅−
−−

rrr
rr (A.2.2-2 )

where it has been taken into account that no tropospheric effects need be considered at the Metop altitude and
that the ionospheric free combination is used as input to the orbit determination filter.
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The generation of the ionospheric-free combination is performed with the following formula

22
2

2
1

2
2

12
2

2
1

2
1

0 P
ff

f
P

ff
f

P
−

−
−

=
(A.2.2-3 )

where P stand for either code or phase observations (see [RD22] GRASPOD study TN-01 section 6.1.3.3 for
details)

A.2.2.1 Pseudo-range Generation Algorithm

The data delivered by the GRAS receiver does include direct pseudo-range information in the
code data as part of the telemetry delivered by the satellite. Instead of pseudo-range from the
C/A code, C/A code phase samples are contained in the tracking data for navigation.

The C/A code phase contains and integer number of 299729.384 m ambiguity (associated to a
sampling rate at 1ms intervals with a speed of light of 299729.384 km/s) that prevents the direct
use of such measurements as input for orbit determination purposes. This ambiguity corresponds
to the repetition of the 1024 chip rate at the speed of light.

In the assumption that this ambiguity is the only difference between the pseudo-range and the
code phase, one can derive the pseudo-range  from the code phase as far as that integer number
can be computed accurately. In this circumstances, the relationship between the pseudo-range
and the code phase is given by

Λ⋅+Φ= NP ACAC //
(A.2.2-4 )

where

ACP /  pseudo range associated to the C/A code

AC /Φ  C/A code phase,

Λ 300 km ambiguity associated to the 1024 Hz chip rate of the C/A code and

N  integer quantity to be calculated.

The measured value of AC /Φ  in (4.2-4) is derived in metres from

c

CP
CC

AC 3

16

/ 101023
2

⋅

+
=Φ

(A.2.2-5 )

where CC  and CP  are the code phase constituents contained in the telemetry packets.

ACP /  can be computed from (4.2-2) where substituting (4.2-4) leads to
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( )



















Λ

Φ−∆+∆+∆∆∆+∆
⋅−

−−
=

AC
COM
r

COM
ereler

re e
re Tc + Tc -  Tc  + 

c
vxx  |xx|

N
/

nint
ρρρ

rrrrr (A.2.2-6 )

where the mathematical function nint returns the nearest integer to the expression between
parentheses and orbital positions and velocities are computed at reception time (UTC associated
to the evolution of the IMT scale).

The feasibility of this equation depends on the ability to determine the numerator of the
expression about with an accuracy better than Λ5.0  (in practice with an accuracy much better
that Λ5.0 ). In this situation once can compute N  without integer uncertainty. The following
typical order of magnitude and accuracies are expected for each of the terms in the numerator:

Item Magnitude
(m)

Accuracy
(m)

Comment

 |xx| re
rr − 2 · 107 < 10 From GSN and GRAS POD solutions

( )
c

vxx re e

rrr ⋅− 10-1 < 1 From GSN and GRAS POD solutions

ρ∆ < 1 < 1 Predicted from GRAS POD solution

eTc∆ Variable 3.0 Clock predicted from GRAS GSN solution
( nss 101 ±µ )

rTc∆ Variable 3.0 Clock predicted from GRAS POD solution
( nss 101 ±µ )

relTc∆ < 1 0 Deterministic correction

COM
eρ∆ 1 0.01 Deterministic correction

COM
rρ∆ 1 0.01 Deterministic correction

Table 2.2-1: Magnitudes and errors in pseudo-range computation

From the magnitudes in this table some are just inputs to the GRAS POD (i.e. the GPS
constellation positions, velocities and clock offsets), some require a-priori knowledge of the
Metop precise orbit (i.e. Metop position and velocity, receiver clock offset and measurement
bias) and some are deterministic from a model (centre of mass corrections and relativistic
effects).

In order to simplify the pseudo-range calculation one can neglect all those terms whose overall
contribution to the theoretical pseudo-range computation is small compared to Λ . In this way,
one can compute the pseudo-range with an accuracy better than 10 meters according to the
equation
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( )
Tc   Tc +

c

vxx
  |xx| = er

re e
re ∆−∆

⋅−
−−

rrr
rrρ

(A.2.2-7 )

The equation for the estimation of the code phase ambiguity becomes then

( )

















Λ

Φ−∆−∆+
⋅−

−−
=

ACer
re e

re  Tc   Tc
c

vxx  |xx|
N

/
nint

rrrrr (A.2.2-8 )

where ex
r

, ev
r

and eT∆  are inputs coming from the GSN POD constellation solution, Λ  is the
constant value of one ambiguity cycle ( km766.292=Λ ) and AC /Φ  is provided by Level 1a as
the navigation measurement.

The values for  rx
r

 and rT∆  can be obtained from two sources

• From the previous POD processing step taken from the prediction of Metop orbit and clock. For the
purpose of the pseudo-range computation the accuracy can be considered the same as the POD itself.

• From the navigation solution. This is used for initialisation of the processing in case that no previous
GRAS POD step is available (system initialisation or reset after GRAS instrument switch-off/switch-on)

A.2.3 Parameter Estimation

This section deals with the identification of estimated parameters as part of the orbit
determination and their mapping to the different information arrays that conform the SRIF
algorithm.

As first step one must identify the different variables involved in the orbit determination process
and then map them in one of the three categories envisaged by SRIF. Depending of the type of
process noise associated to the parameter being estimated and its type of variation in the
evolution of its estimation, each parameter can be categorised as

o Bias (y): slowly varying parameter (characteristic time is infinity with respect to data processing)
and the associated process noise is represented by white noise.

o Correlated (p): exponentially correlated variation of the parameter and the associated process
noise is represented by an exponentially correlated random variable ECRV (coloured noise).

o State (x): dynamical estimated parameter with variation directly associated to the estimation
process and the associated process noise is represented by white noise.

For the purpose of generality one should include all parameters that are potentially subject to be
considered as part of the orbit determination although in some cases one could drop some of
them depending on accuracy requirements. The following table summarises the list of estimated
parameters and the initial foreseen mapping into the SRIF categories for a generic orbit
determination scenario (not particularised to the GRAS POD problem).
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SRIF

Name Association
Variation

s p x  y

State Vector Satellite a a

Solar Radiation
Coefficient Satellite

a a

Aerodynamic Coefficient Satellite a a

Albedo Coefficient Satellite a a

Infrared Coefficient Satellite a a

Empirical Acceleration Satellite a a

Satellite Clock Bias (*) Satellite a a

Satellite Transponder
Delay Satellite

a

Atmospheric Scale
Factor

Satellite/Station

Satellite/Satellit
e

a

Station Position Station a

Station Clock Bias Station a

Station Clock Drift Station a

Measurement Bias Satellite/Station

Satellite/Satellit
e

a

Earth Orientation
Parameter Global

a

Length of the Day Global a

GPS Clock Bias (*) Satellite/Station

Satellite/Satellit
e

a a

(*) Depending on the approach, the satellite clock bias may be a pure offset estimated epoch-wise, a
polynomial adjustment of the clock evolution, an exponentially correlated random variable or a
combination of the last two.

In the particular case of the Metop orbit determination, the table above reduces to the following one
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SRIF

Name Association
Variation

s p x  y

State Vector Satellite a a

Solar Radiation
Coefficient Satellite

a a

Aerodynamic Coefficient Satellite a a

Empirical Acceleration Satellite a a

Satellite Clock Bias (*) Satellite a a

Measurement Bias Satellite/Satellit
e

a

(*) Depending on the approach, the satellite clock bias may be a pure offset estimated epoch-wise, a
polynomial adjustment of the clock evolution, an exponentially correlated random variable or a
combination of the last two.

A.2.3.1 Observation Partials

For the update of the SRIF state with a set of observations one must compute the matrix A
which contains the partial derivatives of each individual observation with respect to the
estimated parameters. The general expression for the element i,j in the matrix A is

[ ]
j

i
ij

f
aA

β∂
∂

==
(A.2.3-1 )

where if represents the function that generates the simulation of observation i and jβ represent
any of the estimated parameters.

In the particular case when the estimated parameter is the state vector or one of the unknowns in
the force models, the partials above cannot be computed directly and the following expanded
equation has to be used

i

z

z

i

i

y

y

i
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i v
v
fv

v
fv

v
fz

z
fy

y
fx

x
ff

βββββββ ∂
∂

∂
∂

+
∂
∂

∂
∂

+
∂
∂

∂
∂

+
∂
∂
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∂
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∂

+
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∂

∂
∂

=
∂
∂ (A.2.3-2 )

where ),,,,,( zyx vvvzyx  are the components of the satellite state vector whose partial derivatives
with respect to the estimated parameters have to be calculated by integration of the variational
equations. The partial of the computed observation with respect to the satellite state vector can
be directly computed from the simulation model.

In the following sections, the partial derivatives of the elements that are to be estimated as part of
the SRIF process are provided. No numerical derivation (except for the atmospheric density with
respect to orbital height) is expected and all partial derivatives are to be computed from their
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analytical expressions derived either from the dynamic or from the observation equations as
appropriate.

A.2.3.2 Observation Partials for GPS Measurements

The starting point is the equation that simulates the observation for the specific Metop POD
problem (see A.2.2).

( ) COM
r

COM
ereler

re e
re Tc + Tc -  Tc  + 

c

vxx
  |xx| = ρρρρ ∆+∆+∆∆∆+∆

⋅−
−−

rrr
rr (A.2.3-3 )

2.3.2.1 Receiver Partials

Partial derivative of the observation with respect to the receiver position (satellite centre of mass) at
observation epoch

c
v

|xx| 
xx

x
e

re

re

r

v
rr
vv

v +
−
−

−=
∂
∂ρ (A.2.3-4 )

where  
rx

v
∂
∂ρ

 represents a three dimensional vector, i.e. one component for each partial derivative

with respect to each of the satellite position components.

Partial derivatives of the observation with respect to the receiver clock bias and receiver clock drift at
observation epoch

ct
T

c
T

r

r

=
∆∂
∂

=
∆∂
∂

&
ρ

ρ (A.2.3-5 )

The final implementation of this partial derivatives depends on the selected clock model. This is
discussed in 4.7

2.3.2.2 Dynamic Partials

Partial derivatives of the observation with respect to the solar radiation pressure coefficient RC  at observation
epoch

R

re

re

e

R

r

rR C
x

c
v

|xx| 
x

C
x

xC ∂
∂

⋅







+

−
−=

∂
∂

⋅
∂
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=
∂
∂

vv
rr

vv
v
ρρ (A.2.3-6 )

Partial derivatives of the observation with respect to the aerodynamic drag coefficient DC  at observation
epoch
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Partial derivatives of the observation with respect to initial state vector 0rxv  at observation epoch
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where  
0rx

v
∂
∂ρ

 represents a three dimensional vector, i.e. one component for each partial derivative

with respect to each of the satellite position components and 
0r

r

x
x
v
v

∂
∂

is a symmetric square matrix

of dimension and rank three (the transition matrix)

A.2.3.3 Variational Equations

To complete the computation of the partial derivatives of the observations with respect to the
dynamical model parameters one need to integrate the variational equations that yield the

missing terms 
0r
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x
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∂
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∂
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The variational equations respond to the second order differential equation

fmmm AXDXDX +⋅+⋅= &&&
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(A.2.3-9 )

where the variable being integrated mX  is a matrix containing
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(A.2.3-10 )

with the initial conditions
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(A.2.3-11 )

The coefficients of the differential equations are obtained from
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that are the partial derivatives of the acceleration with respect to position and velocity at the
integration epoch, and
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that are the partial derivatives of the acceleration with respect to the model parameters at epoch.

This formulation can be expressed also a first order differential equation

fAYDY ˆˆ +=& (A.2.3-14 )
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with the initial condition
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(A.2.3-16 )

A.2.4 Functional Decomposition

The following figure describes the high level decomposition of the GRAS POD subsystem:
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Pre-processing

SRIF

Metop Orbit
GRAS Clock

Navigation Data

GPS Orbit

GPS Clocks

Metop Attitude

Metop Manoeuvres

Solar Activity

EOP

Pre-processed Tracking Metop Orbit
GRAS Clock

Configuration & DB

Configuration & DB

Figure 2.4-1: GRAS POD Functional Decomposition

A.2.4.1 Processing

Two main functions can be identified within the GRAS POD

• Pre-processing: in charge of the reformatting of  the input data and the implementation of corrections that
do not depend on the precise Metop orbit and clock.. The corrections are implemented on the basis of
predicted Metop orbits generated by the SRIF component. These are

o Navigation data ingestion and reformatting

o Centre of mass correction

o Generation of ionospheric free combinations

o GPS clock correction

o Generation of pseudo-range from C/A code phase (see A.2.2.1 for algorithm)

• SIRF: this is the precise orbit determination process itself. Ingests the pre-processed navigation data and
generates precise Metop orbit and precise GRAS clock offsets. The generated precise orbits are
propagated into the near future to be fed back to the pre-processor .

A.2.4.2 Inputs

From the functional point of view the following main inputs are required for the GRAS POD
processing:

• Navigation data: contains the phase and C/A code phase data used for the estimation of the precise Metop
orbit and the precise GRAS clock offsets. Time stamping of this data is expected at instrument sensing



EUMETSAT

POLAR

SYSTEM

EPS Programme

GRAS Level 1 Product
Generation Specification

 EUMETSAT
Ref.: EPS/SYS/SPE/990010
Issue: 6 Rev 4
WBS number: 270000
Date  : 16/07/04

GRAS Product Generation Specification                                                            Printed on: 16th July 2004192

time in UTCGRAS. This UTCGRAS is in reality the instrument time (IMT) correlated to UTC through the
navigation solution. Expected data rate is 1 Hz. Only used in pre-processing.

• Metop Attitude: information about the true Metop attitude if available. As this may not be the case in near-
real time the predicted attitude is expected, either as absolute attitude or as offsets (depointings) with
respect to the nominal attitude. Only yaw steering mode is supported. Only used in pre-processing.

• Metop manoeuvres: only used to propagate the orbit across them. No calibration is intended. Only used in
SRIF.

• GPS orbits: Orbit file with position and velocity of the GPS constellation. Used both by the pre-processor
and SRIF.

• GPS clocks: information about the evolution of the GPS constellation on-board clocks. Interpolated to the
observation epochs to correct the GRAS measurements. Only used in pre-processing.

Additionally the following ancillary data flows are identified:

• EOP: history file with the Earth Orientation Parameters needed to compute the transformation between the
Earth fixed frame (ITRF-XX) and inertial reference frame (J2000.0).

• Solar activity: history file with the daily values of solar activity (f10.7) and geomagnetic index (ap)
required to compute the atmospheric density.

• Configuration and DB: this dataset hold all the configuration of the POD processing which is static and
also the context data required to maintain the execution between consecutive runs. This dataset is built
based on the NAPEOS philosophy as this navigation package is the basis of the POD implementation.
The main contents of this dataset is

o Databases: holding information about the Metop satellite, the GRAS instrument, the active GPS
constellation, etc. Only contains POD specific items.

o Configuration files: oriented to the tuning of the POD process. Include data weighting, statistical
parameters of the SRIF filtering, data window configuration, estimation parameter selection, etc.

o Context data: containing basically the information array of the SRIF process and the associated
data that permits the execution of the consecutive orbit determination steps and the monitoring of
the performance of the process.

A.2.4.3 Outputs

From the functional point of view the following outputs are provided by the GRAS POD
processing:

• Precise Metop orbit: sequence of state vectors in the J2000.0 reference frame at 1 minute intervals
(interpolation at intermediate epochs to be performed by a 8th order polynomial interpolator).

• Precise GRAS clock offsets: either a sequence of individual offsets at one second rate to be linearly
interpolated or as a set of coefficients of a polynomial that can be directly substituted with UTC to
obtain the specific offset at a given epoch. The given values represent the offsets of the GRAS
instrument clock with respect to the time coordinate frame fixed by the GSN (UTCGSN) as part of the
GPS constellation orbit determination (UTCGSN is close to true UTC but it is not true UTC. It is
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extremely important not to introduce any external reference time to maintain consistency in the
processing).

A.2.5 Interfaces

The following table summarises the interfaces for the GRAS POD. In this table each interface
element is labelled with the identification of the source of the interface (i.e. Level 1a internal,
external, context data)

Interface Description Format Source

Navigation Data Tracking data from the GRAS receiver pre-
processed by the Level 1a processor

NTDF Internal
(*)

EOP Earth Orientation Parameters NAPEO
S

External

Solar Activity Solar Activity and Geomagnetic Activity indices NAPEO
S

External

GPS Orbit GPS constellation orbitographic information SP3 (**) External

GPS Clocks GPS constellation clock offsets NAPEOS External

Metop Attitude TBD. It may disappear if replaced by nNominal
attitude.

NAPEOS External

Metop
Manoeuvres

Implemented manoeuvre times and V∆ . NAPEOS External

SRIF Context information to provide the POD execution with
the state from the previous execution

NAPEO
S

Context

(*) This interface is internal with respect to the Level 1a processing as the POD is encapsulated in it. If the
interface is regarded with the POD isolated, this interface is external (POD detached from Level-1a). NTDF
is the Napeos Tracking Data Format supported by the intended software infrastructure for the implementation
of the GRAS POD.

(**) SP3 with velocity

The behaviour of the identified interface types is as follows

• External: the data is expected from the PGF to be available before each execution of the processor. This
includes update of the contents of the files to contain the appropriate up to date information relating
GPS constellation (e.g. SP3) status and geophysical information (e.g. EOP)

• Internal: the GRAS PPF manages this data internally to make it available to the POD

• Context: the POD is responsible for the generation of its context data to be made available to the PPF,
which in turn makes it available to the PGF. The PGF is responsible for make this data available to the
PPF in the next processor execution.

The implementation details for these interfaces in terms of format and data contents is to be
defined in TBD.
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Additionally there are number of static interface files required for the execution of the POD.
These files contain the information defining the static geophysical behaviour of the models
implemented in the POD. These are:

Interface Description Type

Geopotential Expansion in spherical harmonics of the Earth
gravitational potential

Static

JPL ephemeris Development Ephemeris (DE) for the positioning of the
solar system bodies delivered by JPL

Static

Nutation IAU1980 nutation series Static

Precession IAU1976 precession coefficients Static

Earth Rotation Aoki model for Earth rotation Static

Ocean Tide Series expansion for ocean tide modelling Static

Solid tide Series expansion for solid tide modelling Static

Physical
constants
database

Database with the basic physical definitions NAPEO
S

Satellite
database

Description of the configured satellites for POD (includes
GPS constellation)

NAPEO
S

Transponder
database

Description of the configured transponder aboard the
different configured satellites (include GPS constellation)

NAPEO
S

POD steering Steering configuration files for the POD process NAPEO
S

The behaviour of the described interfaces is as follows

• Static: the file does not change in the course of the mission lifetime

• NAPEOS: access to the configuration of the POD that may change under certain circumstances (e.g.
satellite database updated when a new GPS satellite is launched or de-orbited)

The handling on these files is to be defined based on the constraints that may appear from the
PGF.

A.2.6 Orbit Determination

A.2.6.1 Algorithms

Except for the SRIF specific elements described in the former part of this document, the orbit
determination algorithms are fully described in [RD22] (GRASPOD TN-01). The validity of
these algorithms is demonstrated in [RD22] and [RD23] and therefore no further details are to be
given in this technical note.
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A.2.6.2 Performance

The main driver in the implementation of a sequential filter for orbit determination is to cop with
the real time requirements imposed to the processing. In the GRAS POD case these requirements
are not real time strictly speaking but the concept of near real time (NRT) imposes constraints to
the processing for which the sequential implementation is more suitable.

In the assumption that the amount of data to be process each time that the POD is launched is of
the order of 10 minutes (time span measured in terms of the evolution of orbital data) one can
directly refer to the result of the POD to analyse the amount processing required in the SRIF
implementation.

In terms of data processing the amount of computation is identical since the models implemented
in BAHN-V7 are the same as those intended in SRIF (except for the clock model). The different
way in which the estimation process is implemented in SRIF with respect to BAHN-7 does not
represent a major computational overhead. Even if the formulation may lead to the conclusion
that several matrix operations are to be performed, these are to certain extent the same as those
implemented in the least squares process, as the same matrices have to be computed to generate
at the end something similar to the normal matrix. In the least squares case this matrix is inverted
and in the SRIF case transformed by means of Housholder operations. One advantage of the
SRIF with respect to the least squares is that the sequential filtering solves for the next state in
one iteration while the least squares requires various iterations to converge to the final solution.
The SRIF could be complicated if there is need to solve for non-linearities before putting the
data through the filter but still in this case only one or two iterations can be expected.

With this rationale in mind one can only expect that the SRIF performs as least a good as the
least squares in the processing of 10 minute arcs. As reference the following figure (taken from
the performance analysis in the GRASPOD study TN-01) shows the maximum expected CPU
times for the processing of one step of POD with SIRF.
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Figure 2.6-1: CPU consumption with LSM (from GRASPOD TN-01)

The computed CPU times take into account an average visibility of 6-7 satellites at each epoch
and a data rate of one data epoch per second (6-7 simultaneous observations in pseudo-range and
carrier phase). This leads to a level of processing of around 8000 observations per 10 minute arc.
The corresponding processing time is in the order of 15 seconds, which is expected to be the
upper limit for the SRIF implementation assuming the same conditions as for the LSM.

A.2.6.3 Data Rates

The expected data rate at the different interface points depends on the rate of change of the data
in each of the interfaces (e.g. daily or half-daily variation for EOP) and the system constraints in
terms of data availability at the interface points.

The SRIF algorithm has no limitations in the way in which the data has to be ingested. This is
particularly relevant for the navigation data, which is the source of the orbit determination
evolution. SRIF can take one measurement (set of simultaneous GRAS observations at the same
epoch) at a time and update the state vector at the observation epoch or process a batch of
measurements over a time window and update the state vector at the end of the window epoch or
at any intermediate epoch. Here state vector means extended state vector, this is position and
velocity and any other parameter being estimated as part of the SRIF process.

The limitations in this approach comes from the observability of the parameters that require a
minimum amount of data for the estimation. In this case, the dataflow at the interface points has
to be controlled in such a way that enough data is accumulated before the POD process is
launched. This is the case for the clock estimation in which a certain window may be required to
permit adequate estimation of the clock bias and its drift by filtering the noise introduced by the
measurements (see 4.7.3).

Looking at the results of the GRASPOD study and at the simulation in 4.7.3 below, one can
expect to process data arcs covering some 10 minutes of navigation data. This minimises the
number of execution of the POD process whilst respecting the timelines constraint.
Simultaneously this window permits filtering the signal noises of the order of the nano-second
that hide the true behaviour of the clock (see  Figure 2.7-6Figure 2.7-6)

A very important issue in this windowing scheme is the need for strict sequential processing. As
demonstrated in the GRASPOD study (see [RD23] GRASPOD final report) isolated 10 minute
data arcs do not suffice to meet the target accuracy requirements. The only way to guarantee that
target accuracy is met is by processing at least one orbital revolution of data in the case of LSM.
In SRIF this is accomplished by transferring the information between consecutive 10 minute arcs
in the SRIF information matrix before accumulating the information provided by the new
observations in the current 10 minutes arc (refer to A.2.3). The SRIF process shall be strictly
sequential with respect to orbit time.
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A.2.7 Clock Estimation Algorithms

A.2.7.1 Introduction

This section aims to the selection of the clock model algorithm that allows the precise estimation
of the GRAS clock offsets. It has been decomposed in to parts:

• The first one (A.2.7.2 Clock Model Simulation) dedicated to possible simulation scenarios to understand
the clock behaviour and to provide the models that later on will allow the validation of the
implementation with simulated data.

• The second one (A.2.7.3 Clock model for estimation) which decides the model for the implementation of
the clock observation model based on an analysis of the behaviour of the estimation with respect to
measurement noise and clock stability.

A.2.7.2 Clock Model Simulation

The main purpose of the inclusion of a clock model in the GRAS POD process is to allow the
stable estimation of the clock behaviour minimising the impact of external errors in the final
computed clock offset values. If the process is implemented properly, the resulting non-modelled
errors will go to the observations residuals and neither to the clock nor to the orbit.

The only information available about the clock behaviour is related to its short and long term
stabilities based on the Allen deviation provided by the clock manufacturer. According to this
information it is guaranteed that the Allan deviation is below the 1210−  seconds level for any
integration interval between 1 second and 100 seconds.

In the frame of the SRIF algorithm, a number of clock parameters are to be computed at each
estimation step. The characteristic time of the SRIF filter update is 10 minutes as the basis for
SRIF filtering. This value can be considered as the basis for the processing although other
filtering time steps can be regarded by system configuration. This filtering step has been selected
based on the expected data rate delivered to the GRAS processor.

2.7.2.1 Two-state white noise model

The first model proposed to represent the GRAS clock is described by a two state polynomial
process driven by white noise. The generic formulation for such model responds to the
differential equation
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being )(ta  and )(tb  the time dependent coefficients of the polynomial representing the evolution
of the clock (initial bias and drift respectively). aw  and bw  are uncorrelated white noises
(associated to )(ta  and )(tb  respectively) with variance rates )(tqa  and )(tqb ; this is
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This formulation can also be expressed in discrete form more suitable for the type of processing
to be performed in the frame of the GRAS POD
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with 1−−= kk tttδ . The subindex k corresponds to the variable value at kt and the corresponding
time process noise covariance for this discrete formulation is
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2.7.2.2 Two-state coloured noise model

The second model proposed to represent the GRAS clock is described by a two state polynomial
process driven by coloured noise (i.e. exponentially correlated random signal). The generic
formulation for such model is the summation of a deterministic part that responds to the
differential equation
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being )(ta  and )(tb  the time dependent coefficients of the polynomial representing the evolution
of the clock (initial bias and drift respectively) and )(tpa  the exponentially correlated random
variable (ECRV or coloured noise) associated to the clock behaviour, which responds to the
differential equation
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where τ  is the time constant that characterises the ECRV behaviour and )(tw  is white process
noise with variance rate )(tq , this is
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This formulation can also be expressed in discrete form more suitable for the type of processing
to be performed in the frame of the GRAS POD
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with 1−−= kk tttδ . The subindex k corresponds to the variable value at kt  and the corresponding
time process noise covariance for this discrete formulation is
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A.2.7.3 Clock model for estimation

Either of the two proposed models are based on the estimation of two separate items: the trend of
the clock with long characteristic variation times (basically bias and drift) and the short term
variation around the long term evolution. While the first part of the estimation accounts for the
constant deviation in frequency of the oscillator with respect to the ideal clock, the second part
intends to represent the short periodic effects.

As can be seen from the simulation models proposed above, there is always a stochastic part
based on noise. This part cannot be estimated by definition of noise. The idea when proposing a
model for estimation is to provide a formulation that can simultaneously represent the behaviour
of the clock with the maximum fidelity filtering the noise to the level of fulfilment of the
requirements.

2.7.3.1 Measurement noise and observability

The two proposed models contain the elements to simulate the clock in the absence of any other
external perturbation. The actual observation of the clock is performed through the
measurements provided by the receiver, in which the clock is contaminated by other error
sources which have the main effect in the observability of the short term evolution of the clock
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and in the ground value (bias). The following figure represent a simulation of a clock before and
after superimposing measurement noise with 1ns RMS.
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Figure 2.7-1: Actual and Measured Snap-shot Clock

Depending on the target accuracy to be obtained the final approach in the clock estimation can
be as simple as determining the least squares linear fit or a more sophisticated method may be
needed to try to follow the clock trend around the linear trend. Of course the observation of the
short term behaviour of the clock around the linear trend is complicated by the measurement
noise, and the final level of accuracy that can be obtained proportionally reduced or totally
cancelled.

2.7.3.2 Characteristic Times

In he estimation of any parameter (including the clock) as part of the orbit determination process
one must take into account the typical variations of the related perturbations and the
characteristic time of variation of the parameters themselves. If one intends to estimate a clock
bias and a drift with just a linear model for a whole orbital revolution, it is very likely that one
cycle per revolution effects could be left behind and the final solution could be corrupted.

Characteristic variation means characteristic time for a repetition of the changes of a certain
magnitude and also the amplitude of variation of such magnitude. The interesting situation
appears only when both of them are in the range of effect in the measures parameters. Changes
in amplitude below the required accuracy are uninteresting (even if observable) and so are
changes that happen at a rate that cannot be observed (e.g. white noise).

In the particular case of the GRAS POD the characteristic time is driven by the length of the
occultations (100 seconds), the orbital period (102 minutes) and the data delivery rate (10
minutes). Additionally one can tune the system to process the data at different rates or within
different windows in such a way that effects that are long or short term with respect to that
forced characteristic time are filtered (i.e. tune the system to behave as a band-pass filter). As an
example, one can process the 10 minutes of available data in slots of 1 minute to avoid having to
take into account effects that have one cycle per revolution effect (e.g. thermal effects) which
could probably have an impact if the whole batch of 10 minutes is processed altogether.

The following scheme represents a clock whose characteristic time of short term variation is of
the order of 10 seconds and without measurement noise added. This clock is estimated using
models with characteristic time windows of 10, 50, 100 and 500 seconds. While the following of
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the estimation is almost perfect for the 10 seconds window scheme, the selection of any other
window filters out the short term evolution . The 500 seconds window cannot even follow the
mid term evolution.
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Figure 2.7-2: Estimation windowing scheme (without measurement noise)

The situation is drastically complicated in the presence of measurement noise. The following
figure represents a case in which white noise with 0.5 ns RMS has been added to the clock
estimates (snap-shot solutions represented by dots in the figure). In this situation, the actual
signal of the clock cannot be recovered because it is masked by the much higher noise
introduced by the measurements. The noise can only be filtered by increasing the size of the
window. A compromise between signal loss and noise reduction must be found. Still any of the
filtered solutions would produce better results than the uncorrelated snap-shot solution.
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Figure 2.7-3: Estimation windowing scheme (with measurement noise)

2.7.3.3 Proposed Clock Observation Model for Estimation

The clock observation model to be applied is a direct consequence of the consideration provided
above.

For robustness considerations, the model should be the simplest possible one that permits
reaching the prescribed level of accuracy.

Since the highest frequency noises cannot be reproduced in estimation (in particular white
noise), the model has to be chosen in such way that these variations be filtered to the level in
which there is no accuracy degradation. With the target requirement of 0.5 ns RMS (equivalent
to 1 ns at 2-sigma) the model should be able to follow any frequency that has a variation higher
than that level. This can be tested by verifying that the differences between the real clock and the
estimated clock is statistically better than those 0.5 ns RMS

Both of the models proposed above permit the selection of the adequate windowing level in such
a way that the clock path can be followed.

In the case of the model driven by white noise one can estimate the initial bias and drift inside
each independent window to estimate the best fit of the clock to the model based on the
observations. In the SRIF scenario this can be managed by estimating the clock bias and drift
within the bias section (this is the y  part of the matrix) and then manipulating the information
matrix between successive steps to obtain the adequate behaviour in the correlation between
successive estimation steps.

In the case of the model driven by an ECRV the clock bias and drift are estimated as biases in
the SRIF sense (this is the y  part of the matrix). These biases represent the overall linear trend
of the clock while the local behaviour at intermediate and high frequencies is obtained through
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the estimation of an ECRV (this is the p  part of the matrix) with the adequate characteristic time
value τ selected in such a way that the right high frequencies are filtered.

In either of the two cases, the proposed model for estimation is the following

)()()( tpttbtatGRAS ++=∆ (A.2.7-14 )

where the parameters to be estimated are )(ta , )(tb and optionally (if the ECRV driven model is
used) )(tp .

If the clock behaviour is as good as the manufacturer indicates in the specification the term )(tp
may be omitted in the clock estimation processing. However, the inclusion of this term in the
implementation leaves the possibility to account for unexpected behaviours with minimum
implementation and validation penalty.

2.7.3.4 Estimation clock model simulation

As preliminary simulation of this process, a rolling average mechanism has been implemented
on top of simulated clock data with constant Allen variance of 1210− s in the range 1 to 100
seconds. Even if not completely equivalent to the final implementation, this rolling average
mechanism will serve the purpose of illustrating the overall behaviour of the estimation process.

The following figure shows the overall behaviour of such clock for an interval of one hour,
before and after adding measurement noise of 0.5 ns RMS
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Figure 2.7-4: GRAS Clock Simulation

The estimation of the ideal clock does not present any problem as shown in 2.7.3.2. In this
particular case not even if selecting wide windows of 500 seconds as shown in the following
figure. This has to do with the stability of the clock in the short and medium term.
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Figure 2.7-5: GRAS Clock Estimation Example (without measurement noise)

The statistical summary of the clock estimation shown in these figures is

Window Size
(s)

Error RMS
(ns)

10 0.001693

50 0.011026

100 0.021667

500 0.077274

Table 2.7-1: GRAS Clock Estimation Statistics (without measurement noise)

The same example can then be repeated in the presence of measurement noise (see following
figures). For the purpose of this example, this noise is introduced not directly as noise in the
measurements but as the effect in the uncorrelated estimation of the individual clocks at 1Hz.
This corresponds to the snap-shot clock estimation.
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Figure 2.7-6: GRAS Clock Estimation Example (0.5 ns RMS measurement noise)
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The statistical summary of the clock estimation shown in these figures is

Window Size
(s)

Error RMS
(ns)

10 0.271595

50 0.137283

100 0.093985

500 0.095423

Table 2.7-2: GRAS Clock Estimation Statistics (0.5 ns RMS measurement noise)
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Figure 2.7-7: GRAS Clock Estimation Example (1.0 ns RMS measurement noise)

The statistical summary of the clock estimation shown in these figures is

Window Size
(s)

Error RMS
(ns)

10 0.564661

50 0.272619

100 0.200439

500 0.125032

Table 2.7-3: GRAS Clock Estimation Statistics (1.0 ns RMS measurement noise)




