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Document Change Record

| ssue/Revision Date DCN No. Section Changeinformation
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 O 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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Section 4.2

Section 4.3

Section 4.4

Requirement GRAS-Sec.4.1-
170 added

Reguirement GRAS-Sec.4.2-30
removed

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

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

Reguirements 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

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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Section 4.5

Section 4.6

Section 6.1

Section 6.2.1

Section 6.2.2

Section 6.2.3

Section 6.3

Section 6.5.1

Section 6.4

Section 6.5

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 added
Section added
Section has been updated

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

the new section

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

ear interpolation algorithm

Section added

Section added

Section structure has been mod-
ified

Clarification of the Level 0 pro-
cessing added

Section restructured
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Section 6.5.11 Added areference to RD 4

Section 6.5.1.3 | Added areferenceto 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 Section Unit transformations re-
6.5.3.1 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 ADS5 removed, AD10 and AD11
added
Section 1.7 RD4, and RD11 removed, RD16
- RD20 added
Section 2 Section updated
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Issue 6 Rev 1

15/6/02 EUM.EPS.SYS.DCR.02.113

Section 3

Section 4.1

Section 4.3

Section 4.4

Section 4.5

Section 4.6

Section 5.1

Section 5.3

Section 5.4

Section 5.6

Section 5.7

Section 1.7

Section 2.2.1

Section 3

Section 4.1

Section 4.1

Figures 3.1 - 3.4 updated
Section updated

Section updated

Section updated

Section updated

Section updated

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

Section updated

Section updated

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

Section updated

New reference document
RD21 added

Section updated
Sections 3.2 and 3.3 added
Reguirements 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

Requirements GRAS-Sec.4.1-
85, GRAS-Sec.4.1-87, GRAS
Sec.4.1-200 added
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Section 4.3

Section 4.3

Section 4.4

Section 4.4

Section 4.4

Section 4.5

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

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

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

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

Requirement  GRAS-Sec.4.4-
323 added

Reguirement GRAS-Sec.4.5-40
modified
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Section 4.6

Section 4.6

Section 4.6

Section 5

Section 5.1

Section 5.2

Section 5.3

Section 5.4

Section 6.1

Section 6.2

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

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

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

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

Section updated

Section updated

Section updated

Section updated

Section updated

Section updated
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Issue 6 Rev 2 21/3/03

EUM.EPS.SY S.DCR.03.075

Section 6.3

Section 6.4

Section 1.4

Section 1.6

Section 1.7

Section 3.1.2

Section 3.1.3

Section 3.2

Section 5.2

Section 5.2.1.2

Section 5.2.2

Section updated
Section updated

The list of mathematical sym-
bols has been updated.

Thelist of definions has been up-
dated.

ADG6, AD12, AD13, and AD14
have been removed. Reference
numbers of AD7 and AD8 have
been corrected.

RD13 has been removed.

Description has been updated to
show that pseudorange genera-
tion is not part of level l1a pro-
cessing.

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

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

Pseudorange generation has
been removed from the block
diagramin Figure 5.1.

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

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

Section 5.3.3.1

Section 5.3.3.2

Section 5.3.3.3

Section 5.3.3.4

Section 5.3.3.5

Section 5.3.4.3

Section 5.3.4.7

Section 5.3.6.1

Level 1b product smoothing has
been removed from the block di-
agram in Figure 5.2.

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

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.

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

An error has been corrected in
the DD2 formulation.

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
Py.

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

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

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

Section 6.1.2

Section 6.1.3

Section 6.1.4

Section 6.1.5

Section 6.1.5.1

Section 6.1.5.2

Appending of the raw sampling
mode data into MDR-1A has
been clarified.

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.

A note "dong the orbit arc"
has been added to the statement
about the orbital position error
due to the t12=9"* instability.

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

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

The definitions of the origin of

the antenna reference point 7274

ant
~arf

andfunit vectors 277 4971 and
sar

Zomi 1N step 3) have been clari-
fied.

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-
Pl in the list of output param-
eters. Equation 6.17 has been
corrected to contain sums of the
correction terms. Ao has
been corrected to A¢,4 inthelist
of parameters.
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Section
6.1.5.3

Section
6.1.54

Section
6.1.6

Section
6.2.2.2

Section
6.2.2.3

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

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

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.

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

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

Section
6.2.25

Section
6.2.2.6

Section 6.2.2.7

Section
6.2.35

Section

6.2.3.7

Section
6.24.3

Section
6.24.4

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 flagin
Step (2) has been clarified.

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.

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.

Missing subscript R has been
added to the unit vector #‘in
Equation 6.74.

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

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

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

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 The default output values have

6.2.5.3 been added.

Section Theformulation of the Lagrange

6.3.1.1 interpolation has been updated.

Section Definition of the geocentric lat-

6.3.3.1 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 Equation 6.173 has been cor-

6.3.3.3 rected.

Section The mathematical formulations

6.3.7 for the pseudorange generation
has been removed.

Section All definitions of the occultation

6.4 table data contents or formats
have been removed. The occul-
tation table contents and format
are defined in ADA4.

Issue 6 Rev 3 10/6/03 EUM.EPS.SY S.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 arerelated
to the POD formulation.

Section A reference to the POD algo-

522 rithm in Appendix A has been
added to the end of the section.

Issue 6 Rev 4 16/7/04) EUM.EPS.SY S.DCR.04.075 The list of mathematical sym-

bols has been removed from the
document.
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Section 1.3

Section 1.4

Section 1.7

Section 2.2.1

Section 4.3

Section 4.6

Section 5.2

Section 5.2.1.1

Section 5.2.1.2

Section 5.2.1.3

Section 5.2.2

Section 5.3

SLTH = Straight Line Tangent
Height added. SLTH replaces
the acronym SLTA that was used
in older versions of the docu-
ment.

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

References RD25 - RD28 added.

Section updated.

In GRAS-Sec.4.3-75 adefinition
of the "true latitude" has been
added to item 3 and a refer-
enceto "PSO angl€e" has been re-
moved. A referenceto AD12 has
been replaced with Table 4.1 in
item 7.

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.

Figure 5.1 has been updated.
Section has been updated.
Section has been updated.
Section has been updated.
Mod[27r] has been removed
from Equation 5.1 . The nota-
tion of the carrier phase has been
clarified: p is used for phase
in radians, ¢ for phase in me-
ters. This change has been ap-

plied throughout the document.

Figure 5.2 has been updated.
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Section 5.3.3.1

Section 5.3.3.2

Section 5.3.3.3

Section 5.3.3.4

Section 5.3.3.5

Section 5.3.5

Section 6.1.1

Section 6.1.2

Section 6.1.4

Section 6.1.5.1

Section 6.1.5.2

Section 6.1.5.4

Text updated.

Derivations of the coordinate
transform matrixes have been
clarified.

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

Notation corrected.

Noise filtering has been com-
bined with the cycle dlip 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.

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

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

Notation corrected.

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

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

Notation corrected.

Notation corrected.
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Section 6.1.6

Section 6.2.1

Section 6.2.2.1

Section 6.2.2.2

Section 6.2.2.3

Product field names for al qual-
ity flags have been added into the
tables and links to the product
fieldsin PFS have been clarified.
Default values for the loss of
tracking monitoring have been
added. Notation corrected.

Thelist 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.

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

Input and output parameters cor-
rected to indicate meters and not
radians. Equation 6.54 has been
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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 thisintroduction.

Section 2 of this document provides a short overview of the overall concept of the PGF as a
component in a larger system. It aso 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 noteon 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
GO
GOBS
GPS
GSN

ENDP
FOM
IGS
IMT
IRD
ITRF
L1
L2
LEO
LOS
mas
MCD
MJD
NWP
PCD
PGE
PGF
POD
uso
uTC
RFCU

Global Navigation Satellite System
Geometrical Optics

GRAS On Board Software

Global Positioning System

Ground Support Network (service that provides GPS state vectors, clock offset esti-
mates, and ground based measurements from a network of fiducial stationsto support

clock correction in the GRAS data processing)

Extended Navigation Data Packet

Flight Operations Manual

International GPS Services for Geodynamics

Instrument Measurement Time (GRAS clock)

Interface Requirements Document

International Terrestrial Reference Frame

GPS channel 1.57542 GHz
GPS channel 1.2276 GHz

Low Earth Orbit

Line of sight

Milli arc second

Mission Conventions Document
Modified Julian Date

Numerical Weather Prediction
Product Conventions Document
Product Generation Environment
Product Generation Function
Precise Orbit Determination
Ultra Stable Oscillator
Universal Time Coordinated

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 UTCtimeinthe 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

Anti-Spoofing
P code
Y code

Raw sampling

ECI

ECEF

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

Encryption of the P code into Y code.
Precision code, used mainly in military applications.
Encrypted P code. See Anti-Spoofing.

GRAS haslost or not yet acquired aphase lock on the GPS carrier. In thismode
the instrument provides the correlator output data sampled at 1 kHz sampling
rate. Thismode is also called Open Loop Maode.

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

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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Referencetime  Time frame used by the GRAS GSN to solve GPS state vectors and clock off-
Ssets.

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

arctan 2 —7 < arctan 2(y, z) < 7.

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 thisdocument, including the reference framesto be used, seethe Mission
Conventions Document (MCD) [AD7], and the Product Conventions Document [ADS].

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 CGSto 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

ADG6 Removed

AD7 EPS Mission Convention Document (EPS/SY S/SPE/990002)

AD8 EPS Product Convention Document (EPS/SY S'TEN/990007)

AD9 EPS Core Ground Segment to GRA'S Ground Support Network Interface Requirement

Document (EPS/GGS/IRD/980692)
AD10 M easurement Data I nterface Control Document (P-GRM-1CD-0008-SE)
AD11 Measurement Data | nterpretation and Description (P-GRM-SPC-0036-SE)
AD12 Removed
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AD13 Removed
AD14 Removed

1.7 Reference Documents

Ref No
RD1

RD2

RD3

RD4
RD5
RD6
RD7
RD8

RD9

RD10

RD11
RD12
RD13
RD14

RD15
RD16

Name

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.

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.

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.

Removed

Removed

Command & Control Interface Control Document (P-GRM-ICD-0007-SE)
GRAS Characterisation Database Description (P-GRM-REP-0019-SE)

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

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.

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

Removed
Removed
Removed

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

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

Nidl, A.E., (1996), Global mapping functionsfor the atmosphere delay at radio wave-
lengths, J. Geophys. Res., 101, 3227-3246.
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RD22 GRASPOD TN-01 (GMV-GRASPOD-TN-01)
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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-
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2 SYSTEM CONCEPT

2.1 Instrument Description and Rationale

The GRAS (Global Navigation Satellite System Receiver Atmospheric Sounder) will provideradio
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 atechnique that was originally used to study the atmospheres of Venus, Mars,
and the outer planets. Initsapplication to the Earth, a spacecraft emitsaradio signal that isreceived
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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. Asthe 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 atitude 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) satellitesare 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 atitudes 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 GRASS occultation measurements allow retrievals up to about 50 km.

The vertical resolution of radio occultation observationsis 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. Theinstrumentisinitialized 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

OCCULTATION

Initially the instrument uses the previously uploaded amanac data and an
initial position, velocity, and time to determine which GPS satellitesit 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 satellitesin the GPS constellation
autonomously. CCSDS packets are transmitted containing ancillary data
and measurement data from the zenith antenna chain.

In this mode, in addition to the activities performed in Navigation mode,
theinstrument 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

221 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

viathe CDA.
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The PGE a so 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 viathe PGE.

Inputs:

GRAS source packets:

Instrument characterisation data:

GSN status and configuration data:

GSN products:

Flight dynamicsinformation:

NWP data:

Outputs:

Level O data:

Level 1ladata:

Level 1b data:

Occultation table:

Reporting/Quality Information:

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 datain ancillary data packets.

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

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

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

NWP data about the surface level meteorological parameters
at thefiducial stations.

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

Corresponds to the Level 1a products formatted as defined
ADA4.

Corresponds to the Level 1b products formatted as defined in
ADA4.

Contains predicted GRA S measurements.

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 al 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: Thisdatastream correspondsto thetransfer 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 OPERATIONSCONCEPT

This section provides an overview of the functionality implemented by the GRAS processing func-
tion. A high level block diagram of the data processing elementsis 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 hasto be able to handle data from the GRA S Navigation mode and
from the GRAS Occultation mode.

3.1.1 Level OProcessing
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
severa full and some partial occultations, navigation data, ancillary data.

3.1.2 Level 1laProcessing
Level 1aprocessing consists of (see Figure 3.3)

— GRAS measurement data pre-processing,

— Measurement identification,

GRAS Product Generation Specification 10 Printed on: 16th July 2004



= EUMETSAT

EUMETSAT EPS Programme _
POLAR GRAS Level 1 Product el EPe Sy SISPR%0010
SYSTEM Generation Specification WBS number: 270000

Date: 16/07/04

NRT GPS precise orbit products
GPS ground tracking data
NRT GPS clock offset estimates

Station clock bias estimates NRT Metop state vectors
Tropospheric zenith delay Metop maneuver information
Sounding support data NRT GRAS clock offset estimates
GSN quality reports Quality information ) )
Status and configuration database Enhanced POD products (in reprocessing)
Enhanced POD products (on-demand)
GRAS GSN Services GRAS/Metop POD
> -
A3 A2

Instrument corrected
navigation measurements
for NRT Metop/GRAS POD

Occultation J

processing %GRAS products

GRAS Al
Instrument

A4

Occultation tables for the GSN

Metop attitude

CCSDS packets Metop true latitude _

Figure 3.1: GRAS data processing elements.

— Instrument corrections,

— Level 1laproducts 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 1la 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 transmissionsin the instrument correction function.

The Level 1a PGF usesthe datafrom 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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0 processing products
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Figure 3.2: GRAS data processing steps from Level O to Level 1b.

data. The phase and group delays caused by the recelving 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 1aPGF collectsall Level 1aproductsincludingthe GRAS GSN and GRAS/Metop
NRT POD products, performs quality checks, and formats all the products as defined in ADA4.

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 1adata 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 27.
The unwrapping of the phaseisin 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 1afunction 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) asdefined 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)

Single differencing 1 (SD1)

Single differencing 2 (SD2)

Double differencing 1 (DD1)

Double differencing 2 (DD2)

All clocksin the observation system are considered sufficiently
stable and no clock correction is required. Clock biases are
removed by using bias estimates from POD.

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.

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

All observation system clock errors are corrected for (GPS,
GRAS, fiducia stations). The differencing is performed be-
tween all measurement linksin Figure 3.5.

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 asfall-back optionsin 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 techniqueslisted 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-ilters 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 alinear combination of the bending angles at two frequencies.

Bending angle biasis calculated and a correction is applied if necessary.
The Level 1b processing function also derives the total electron content (TEC) aong the ray path.
Error characterization is performed for all Level 1b products.

For the raw sampling mode the Level 1b processing algorithm isto be defined.

GRAS Product Generation Specification 15 Printed on: 16th July 2004



= EUMETSAT

EUMETSAT EPS Programme _
POLAR GRAS Level 1 Product el EP SY SSPRI990010
SYSTEM Generation Specification WBS number: 270000

Date: 16/07/04

§ GPS-2

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 GRASlevel 1 dataprocessing isthat all measurements are processed and
disseminated. Thelevel 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 viathe 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

GRAS USO temperature drift
larger that specified threshold

Large number of identified
cycle dlips in occultation
measurements

No raw sampling mode data
for an occultation measure-
ment

No navigation measurement
data from the zenith antenna

One occultation antenna not
functional

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

Metop manoeuvring during
an occultation measurement

Onboard navigation solution
missing
Other ancillary data missing

Measurement is processed as normally as possible. lonosphere
correction and TEC determination are not possible. No L2 prod-
ucts produced. Error flags for al failed product quality tests are
setin MDRs.

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.

Measurement is processed normally and cycledlip flagsare set in
MDRs.

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 ago-
rithms. Appropriate error flags in the MDRs are set.

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.

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

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 flagsin the MDRs. Product quality degra-
dation isindicated by the normal product quality flags.

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

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

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

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

performed using ground based observationsor NWP predic-
tions and atmospheric delay models. The algorithm for this
scenario isincluded into the specification in this document.
GPS clock offset datamissing 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 Occultation processing can be done using ND, SD1, and
datamissing DD1 methods.
SSD datamissing 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 hasto
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 inputsare
available.

GSN Quality reportsmissing  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 datamissing  Occultation processing can be performed assuming nominal
yaw steering mode attitude without mispointing. This may
degrade level 1b product accuracy.

Metop clock offset datamiss- Occultation processing can be performed using SD1, DD1

ing 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 viathe PGE interface.

The degradation or missing of the auxiliary data contains at |east 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 datamissing Ocecultation 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 O, 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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GRAS-Sec.4.1-30
GRAS-Sec.4.1-40

GRAS-Sec.4.1-50

GRAS-Sec.4.1-60

GRAS-Sec.4.1-80

GRAS-Sec.4.1-85

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.

All reporting from the PGF shall be performed in accordancewith[AD1].

All parameters and threshold values defined in the GRAS PGF shall be
user definable.

The PGF shall process the level 0 data and produce Level 1a/1b data
of anominal 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 availablefor clock correc-
tion.

5. Instrument in raw sampling mode.*

The PGF shall process the level 0 data and produce Level 1a/1b datain
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.

The PGF shall produce all GRAS Level O, Level 1a, and Level 1b prod-
ucts specified in [ADA4].

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 |east over the dump.

'Raw 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. Thisimpliesthe need to process alarge volume of data, to identify
signal peaksin alow-SNR regime, and to automatically recognize the onset and termination of raw sampling mode

data
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GRAS-Sec.4.1-87

GRAS-Sec.4.1-90

GRAS-Sec.4.1-100

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

It shall be possiblefor the user to configure the timeinterval between the
emission of individual members of each separate class of VIADR by the
CGS.

Note: Thisisintended to allow emission of level 1b VIADRS needed by
the SAF at the rate at which it needs them.

The PGF shall provide all GRAS Level O, Level 1a, and Level 1b prod-
uctsin units and data types specified in [AD4].

The PGF shall implement all the functionality specified in Sections5 and
6.

The GRAS PGF shall be able to process any GRAS level 0 product or
level 1a product compliant with ADA4.

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.

The GRAS PGF shall support the reception, acceptance and validation
of any Auxiliary Datarequired for Level 0/1a/1b processing.

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 thisrequirement, when the GRAS PGF isin re-processing
mode, it shall be ableto userestituted precise orbit data covering thetime
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.

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

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 viathe generic PGE API.
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GRAS-Sec.4.1-170

GRAS-Sec.4.1-180

GRAS-Sec.4.1-190

GRAS-Sec.4.1-200

The GRAS PGF shall process all data pertaining to occultations that
complete before the end of adump.

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.

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: Thisincludes, and isnot limited to, the data provided by the GRAS
GSN.

In generating level 0, 1a, and 1b data, and all other interna 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.

It shall be possibleto monitor the PGF processing for the product quality.

4.2 Level 0Processing Function

GRAS-Sec.4.2-10

The PGF shall ingest al the GRAS CCSDS packets in the dump viathe
PGE interface and produce level 0 Products according to AD3 even in
the case of missing, corrupt, or repeated GRAS CCSDS packets.

4.3 Leve laProcessing Function

GRAS-Sec.4.3-3

GRAS-Sec.4.3-5

GRAS-Sec.4.3-20

GRAS-Sec.4.3-30

The Level 1a PGF shall produce Level 1a products using the algorithm
specified in Section 5.2.

The Level 1a PGF shall produce Level 1aproductsin adegraded fashion
in the case of missing, corrupt, or repeated auxiliary data.

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.

The PGF shall extract and generate information on the data ingested, for
the purpose of reporting. These shall include:
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— 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 1ashall be able to ingest viathe PGE interface the Level
O 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 datarequired 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

GRAS-Sec.4.3-135

GRAS-Sec.4.3-220

GRAS-Sec.4.3-230

GRAS-Sec.4.3-240

GRAS-Sec.4.3-250

GRAS-Sec.4.3-260

GRAS-Sec.4.3-270

GRAS-Sec.4.3-320

GRAS-Sec.4.3-330

The PGF Level 1ashall be ableto identify the following conditionsinthe
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 aprevioudy identified measurement.

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

The Level 1aPGF 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.

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 1aproduct formatted as specified in ADA4.

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

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

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.

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 la
product format specified in [AD4].

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
datafor errors caused by the observation system as explained in Section
5.2.2, and format the instrument characterization data and the measure-
ment datainto GRAS level 1a products as specified in [AD4].

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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GRAS-Sec.4.3-340

SSD and Ground Tracking Data for errors caused by the GSN obser-
vation system, and format the characterization, GSN SSD, and Ground
Tracking datainto GRAS level 1a products as specified in [AD4].

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

GRAS-Sec.4.4-10
GRAS-Sec.4.4-20

GRAS-Sec.4.4-30

GRAS-Sec.4.4-40

GRAS-Sec.4.4-80

GRAS-Sec.4.4-100

GRAS-Sec.4.4-105

GRAS-Sec.4.4-180

GRAS-Sec.4.4-260

The Level 1b PGF shall produce Level 1b products using the algorithm
specified in Section 5.3.

The PGF shall produce bending angle products over the entire globe.

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).

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.

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

The PGF shall produce all GRAS Level 1b productsin the format speci-
fiedin [ADA4].

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

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.

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

The PGF Level 1b shall detect and correct cycle slipsand half cycle dlips
inthe carrier phase measurementsfor all receiving chainsfor occultation
and navigation antennas for all instrument tracking states.
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GRAS-Sec.4.4-270

GRAS-Sec.4.4-310

GRAS-Sec.4.4-322

GRAS-Sec.4.4-323

GRAS-Sec.4.4-325

GRAS-Sec.4.4-395

GRAS-Sec.4.4-420

GRAS-Sec.4.4-450

GRAS-Sec.4.4-460

GRAS-Sec.4.4-470

The PGF Level 1b shall have the capability to limit the cycle dlip de-
tection and correction for any occultation data to samples above a user-
configurable height limit.

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.

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.

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

The choice of which clock correction mode to apply as adefault shall be
controlled by a user-configurable set of parameters.

The parameters for the smoothing of the bending angle profiles shall be
user configurable.

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.

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

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

All filtering functions used in the data processing shall be user definable
by a set of configurable parameters.

45 Occultation Table Generation

GRAS-Sec.4.5-10

GRAS-Sec.4.5-15

GRAS-Sec.4.5-20

GRAS-Sec.4.5-30

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

The PGF shall generate the occultation table using the algorithm defined
in Section 6.4.

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.

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 |east to

the GSN and the Calibration and Validation facility.

4.6 GRAS/Metop POD

GRAS-Sec.4.6-10

GRAS-Sec.4.6-40

GRAS-Sec.4.6-50

GRAS-Sec.4.6-60

GRAS-Sec.4.6-70

GRAS-Sec.4.6-90

GRAS-Sec.4.6-100

The output of the NRT GRAS/Metop POD process shall include, as min-
imum, the products defined in the VIADR-1A-METOP-POD specifica-
tionin ADA4.

All Metop state vectors are to be provided in inertial coordinate frame
ECI MJD2000 as specified in AD7.

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.

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 ADO9.

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.

The POD shall provide the following items to the monitoring process:

. Input processing parameters;

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

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

. Number of actually received data points;

. Number of culled data points,

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

. Non-nominal data processing flag;

. Processing Time,

. Deviation of latest POD state vector from previous POD state vector
intermsof o.

© 0 N O O A W DN P

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
isnot limited to:

1. Input processing parameters,
2. When supplied to it, invalid input data, clearly flagged as such;
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GRAS-Sec.4.6-130

GRAS-Sec.4.6-140

GRAS-Sec.4.6-150

GRAS-Sec.4.6-160

When supplied to it, obsolete input data, with epoch indication;
Number of actually received data points;

Number of culled data points;

Minimum number of data points expected to conduct the POD;
Non-nomina data processing flag;

Processing Time;

Deviation of latest POD state vector from previous POD state vec-
tor intermsof o.

© ©®© N o U Mo

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 datato the NRT POD process
(a) Datarelated to the GPS actually used for thisrun (state vector,
clock data);
(b) Datarelated to GSN elementsinvolved in thisrun (1D, coordi-
nates);
(c) Earth Observation Parameters used;
(d) Tidal datafiles.

12. Output data from the NRT POD process.

The GRAS POD shall be ableto make aN 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.

It shall be possibleto start the Metop orbit prediction process either man-
ually or automatically.

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;

¢) Onecycle per revolution empirical acceleration with fixed coefficients;
shall be performed periodically, every X days (where X isarea 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.

It must be possible for the operator to change the considered tracking
period.
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GRAS-Sec.4.6-170

GRAS-Sec.4.6-180

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.4.6-330

GRAS-Sec.4.6-340

It shall be possible to run the offline calibration process for the orbit
dynamical parameters either manually or automatically.

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.

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.

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

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.

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.

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

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 areport file. The output shall include a sa 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.

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: 40) 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 processin case of problems
caused by external reasons (for instance bad data).

GRAS-Sec.4.6-380 No corruption of input/output/steering data structuresis allowed, evenin
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 Xo (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 Xo 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 THEALGORITHM

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
functionsin Section 6 is provided.

It shall be noted that all data processing stepsin this section are applied to all GRAS measurement
dataat 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
functionsin Figure5.1. Thisisbecauseit isaspecia functioninthe GRAS data processing system.
Itisnot directly apart 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 Oprocessing

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 O 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 laprocessing

Level 1la 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 al 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 descriptionsin Section 6.

5.2.1 Level lapre-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 (M easurement 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. Theraw dataproduced by GRAS instrument isdivided 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 aso providefor each measurement sampletheinformation 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. Thisis
monitoring information that shall beincluded inthe 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.
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5.2.1.2 Level laquality check

The purpose of the level 1a quality check algorithm is to ensure that the complete measurement
time sequences have been restored correctly, no datais 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 thelevel 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 inthe 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 parametersin 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 freguency correction due to the USO temperature variation is enabled in the data
processing, this correction hasto 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 |abeled as:

— Carrier phasg;
— Carrier amplitude;
— Code phasg;
— Noise estimates;
— Housekeeping information.
Measurement reassembly also converts the time stamps of the measurements from numbers of

clock cyclesinto time in seconds. This enables the identification of the measurements against the
predicted measurementsin the GRAS Occultation Tables.

The Q_ANA flag in the GRAS level 1aand level 1b productsis set based on the Automatic Gain
Control Activity Check described in AD11.
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5214 Measurement identification

The measurement identification function compares the predicted measurements in the currently
valid Occultation Table to the actual measurements by GRAS. The dataitems 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
measurementsthisis straight forward as the synchronisation of the IMT time stampswiththe 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), 77" (m), t&"(m)) ;m:1— N},

Y 'rx 7 rx

and for the navigation measurements as

{(SAT(k),Tj;”t(k:),t}fic—"m(k)) ikl — 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 thisis 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 dataincluded 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 clocksinthe AGGA. The IMT counter starts running

GRAS Product Generation Specification 35 Printed on: 16th July 2004



= EUMETSAT

EUMETSAT EPS Programme _
POLAR GRAS Level 1 Product el EPe Sy SISPR%0010
SYSTEM Generation Specification WBS number: 270000

Date: 16/07/04

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 UT'C gras time as
a coordinate time when the instrument enters the Navigation mode. A re-synchronisation of the
IMT withthe UT'Czras 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;

{((breg(m),ﬂf?t(m)) im:1l— 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:

i) = ) )
A LA R ()]
27 s ( Dy (557) = Mgy (177)) G
—Putrt (Ti5") = Pion (T75")
tpinst (Gant (8757) s Pant (657) , T (8157, Gana (717°))
27 Nes (T77) + Peonsts
where
Preg = the regenerated phase at the GRAS antenna reference point;
imt = the reception time of the GPS transmission in the IMT time frame;
fops = the frequency of the GPS transmission channel (L1 or L2);
et = the position vector of the GRAS antenna reference point in ECI coordinate frame;
tref = the reception time of the GPS signal in the reference time frame;
Fect = the position vector of the transmitting GPS satellite antenna reference point in ECI
coordinate frame;
i = the transmission time of the GPS signal in the reference time frame;
= = the relativistic correction for the Shapiro effect;
Algras = the clock offset of the GRAS receiver;
Atgps = the clock offset of the transmitter of the measured GPS satellite;
Pnitrl = the phase delay due to the neutral atmosphere;
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Pion = the phase delay due to the ionosphere;
Pinst = the phase delay due to the receiver characteristics;
Ount = the zenith angle between the local antenna normal to the direction of the incoming
ray;
Pant = the azimuth angle of the incoming GPS transmission at the reception antenna;
T = the temperature of the element & in the GRAS receiver chain (k = RFCU, GEU);
Nes = an integer number of cycle dipsin the received phase;
Peonst = aconstant phase offset due to the phase ambiguity.

In the equation above for the regenerated phase the terms have the following significance. Thefirst
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, Por 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 dip 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 arising occultations, similar considerations apply except the cycle dip 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 objectivefirst stage of the processing isto recover the sum of the tropospheric and ionospheric
phase from the regenerated phase be eliminating the impact of al 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. Thisis 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 calculationsinthe 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 al data are
consistent. However, the unit of the dataimpactsthe formulation of the algorithm. 1n thisdocument
the unit of the phase datais radiansin level 1a and metersin level 1b processing (except in cycle
dlip correction, where the data is temporarily converted to radians). In the mathematical notation
the symbol p is used for phase data in radians and ¢ 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.

Theinstrument correction for the occultation carrier phase measurementsis performed by subtrac-
tion

imt

pic_ch (Trx ) = preg_ch (T;;nt) - A (eant (t?g) s Pant (t%;r) ) CH)

—E (Topeu (0777) , CH) = T (Tgew (£757) s Gana (457) , CH) . (5.2)

where

Pic_ch = the instrument corrected carrier phase for channel ch;

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

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

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

torr = 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 A, =, and I" are presented in Section 6.1.5.

The correction for the carrier phase measurements with the navigation antenna GZA is aso per-
formed using Equation 5.2. Because the navigation measurements are already time stamped by the
UTC,,qs time, the 7 and ¢22" times are replaced with ¢ic-97as,

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

Eic e (75") = Eregen (177") ABinst Oant (6757)  Pant (4757) , Trgeu (4757, Tgeu (157, Gana (t75) , CH)

(5.3)
where
Ereg cn = the regenerated amplitude from measurement reassembly function at channel ch;
AFE;,s = afunction providing an estimate for the total amplitude change caused by the re-

celver hardware.
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The detailed definition of AE;,,; isprovided in Section 6.1.5.

For the amplitude measurementsby GZA the ™ and ¢“2" time stampsin Equation 5.3 are replaced
by t;t;c_gras.

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

CPic_ch (T;;nt)

Ecp (Cpch (T;;nt) 7Trfcu_chn (T;;nt) 7Tgeu (T;;nt) y Jana (T;;nt) 7CHN7 Plo_rfcua Atdcb) )

(5.4)
where
CPic o = the instrument corrected code phase for code ch (L1-C/A, L1-P1, or L2-P2);
CP,, = the measured code phase for code ch;

Ty feuchn = thetemperature of the RFCU corresponding to the antennachain CH N

Toeu = the temperature of the GEU;

Jana = the analog gain setting of the GEU;

CHN = the antenna chain indicator;

P rfeu = the LO power feeding the the RFCU during the measurement;
Atgep = 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 =, 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 Leve laproduct 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
laand 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 flagsin the
level laMDRs.
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5.2.4 Leve laproduct 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 Leve 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
genera 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 descriptionsin Section 6.

5.3.1 Pivot satelliteand 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
fiducia stationsthat 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 fiducia 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 fiducia 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 VIADRSs . Because the sampling rate of the auxiliary
dataisaways 1 Hz or lower, the accuracy of the t??" is sufficient for the isolation of the auxiliary
data. Thus, asinput parameters the Occultation isolation function requires:

— theidentification of the occulting GPS;
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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 ¢ 2" 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 M easurement 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 dataitems.

5.3.3 Levd 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 isto 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.

5331 IMT toreferencetime conversion

The time stamps of the measurement datain 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, At (¢7), it allows IMT time to be
computed at any reference time as

T =1 Atgras (1) (5.5)
where
rimt =timeinthe IMT timeframe;
tref = timein the reference time frame.

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

tref — 7_z'mt + Dgras (Timt) : (56)

where
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Dyyas = the offset between ¢/ and 7" as afunction of 7.

If the POD output is provided as series of discreet values

{(Atgms(m), tTef(m)) rm 1l — N}
the inverse relationship at the measurement times 7™ can be solved by linear interpolation

At gras (t;’j{l> — Atgras (£77)

il — b |

Dgras(Timt) — Atgras(t::f) + [Timt . Timt (t::f)} (57)

where 7 (t:,ff ) < pimt < qimt (t;i{l)

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 n* 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

tref = 7imt 6, (CH) + Dyras (77 — 6,4 (CH)) , (5.8)

rT rT

where §,..(C' H) isachain 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 NV regenerated phase
samplesfor a given channel and a particular occultation as

{(picenlm), 72 (m), £ (m)) s 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 alow the position of the
GPS(n) satellite centre of mass to be determined. Thisis achieved by iterating the equation

e () — 7t (6|
) )], e ) e (w69

tref — t:;f _

tx*

where

et = the estimate of the transmit time;

tr*
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= = the function calculating the delay caused by the Shapiro effect [5];
Fect = the position vector of the GRAS antenna reference point in ECI coordinate frame;
FEct = the position vector of the transmitting GPS satellite antenna phase center in ECI

coordinate frame.

The function P, for calculating the Shapiro effect is givenin Equation 6.52 in Section 6.2.2.1.
The position vector of the GRAS antenna 7=, is calculated from

ant

ot (51 = 7368 (5 + My (657 [7end = 7, (1555)] (5.10)
where
et = the position vector of the Metop CoM in the ECI coordinate frame;
M., etop = the rotation matrix from the Metop Satellite Reference Frame (SRF) to ECI;
Ferd = the position vector of the antenna reference point in the SRF coordinate frame;
sl = 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¢"¢/ using the Lagrange interpolation (Section 6.3.1.1).

The position vector of the GPS transmission antenna phase center 7’ is calculated from

it (1l ) = ot (1) + M (112) - 7217, (5.11)
where
el = the position vector of the GPS CoM in the ECI coordinate frame;
tret = the estimate of the transmission time;
M,,s = the rotation matrix from the GPS SRF to ECI;
erd = the position vector of the GPS antenna phase center in the GPS SRF frame (assumed

to be constant over time).

The rotation matrix M, .is caculated from

gps

Un U U
Mgps = Uy Uz Uss . (512)
Usi Usy Uss
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The matrix elements U;; are derived from unit vectorsin the local GPS SRF frame as

_mect

m — T!]PS

z ’ f"eci }
gps

sect ~eci sect
— (Tgps B + YgpsP°* + 2gps2°”)

2 2 2
\/xgps T Ygps T Zgps
—Lgps Aeci Ygps ~eci Zgps seci
gp pect _ gp yecz _ ~gp zect

Tgps Tgps Tgps
= Uz 2 + Uy + Uszz32°”, (5.13)
where
Tgps = \/xgps + ygps + ngs’
,a _ ﬁz X ,FEICLZTL
Yy — —ci
|, x et |
(Ugli.ecz _'_ nggecz + Uglgecz) X (:L.Si.ecz + ys:gecz _'_ Zsz,ecz>
‘(UBli-eci + U32:geci + Uglgeci) X (:L-Si.eci + ys:geci + ngeci)|
_ Usazg — U33ys:%ec¢ 4 Uszzs — U31ngecz‘ + Us1ys — Usps seci
Uy Uy Uy
- UQl.fZ'eCZ —|— U22:gecz —|— Uggéew, (514)
where
2 2 2
Uy = \/(U3225 - U33ys) + (U339€s - Ualzs) + (U31ys - U329€s) )
and
. Uy X U
Uy, = ——=
|uy X .|
_ UsoUsz — U23U32£€ci i Us3Usy — U21U33geci i U1 Usy — UnUsy sec
Uy Uy Uy
= Und®™ + Upgg®™ + Uyz* (5.15)
where

Uy = \/(U22U33 — UssUss)* + (UssUs1 — UnUss)® + (UnUsy — UnUs;)*.
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The sun position vector 7 in 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 Ffrf is provided
for each GPS satellite in the GSN Status and Configuration Database.

When the iteration has converged

tref = el (5.16)

tex -

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:

{(pic_ch(m),ﬂf;”t( )715:?”( ),t:;f(m)> R 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
dataas

(batm (t:?c)

C
e (tre!
2 fgpsp ( )

7—;€CZ (tref) ,r—,tea?z (t:;f>

ant

— e, [ (62) e (4] (5.17)
where
Gatm = the phase residual due to the neutral atmosphere and ionosphere;
Jops = the GPS transmission frequency (L1 or L2).

It isimportant to note that the satellite state vectors interpolate to the approximate reception and
transmission timesin 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

rT ant ) t:z

OPrc_ca (tTef) = CPic_ca (tr f) —1023-10°% - P, |:—ecz (tref Fect (tref)

CPrp () = CPuy (55) = 10280 10°- Py |7 (1)) 7 (67) | (518)

ant x
ant

CPry () = CPiya (5) = 10280 10°- Py |7y (157 7 (1157 |

The function P, for calculating the Shapiro effect is givenin 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 fiducia
station ismissing. Asaresult DD1 isthe only available double differ-
encing mode.

DD1=>8D2

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 thiscase is effectively DD1 => SD1).

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

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

5.3.34 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 agorithm 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 correctionsin 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. 1t 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 viathe PGE interface is raised.

The clock correction optionsfrom (@) to (e) are listed below:
(a) No Differencing (ND)
Ond (557) = butm (557) = 27 fyps (Dtaras (657) = Aty (1)) (5.19)

where
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Pnd = the phase residual after ND clock correction;
Algras = the clock offset estimate for the GRAS instrument from the GRAS/Metop NRT
POD;
At gps = the clock offset estimate for the occulting GPS satellite from the GRAS GSN prod-
ucts.

The detailed description of the derivation of ¢,,, isprovided in Section 6.2.2.2.
(b) Single Differencing 1 (SD1)

¢sd1 (ti;f) = (batm (t:;f) - (bres_sdl (t:;f) ) (520)
where
Psd1 = the phase residual after SD1 clock correction;
Gres_sdl = the phase residual from the measurement of the pivot GPS satellite by GRAS.

The detailed description of the derivation of ¢4, isprovided in Section 6.2.2.3.
(c) Single Differencing 2 (SD2)

¢sd2 (t:gerf) = (batm (t:§3f) - ¢res_sd2 (t:?p) ) (521)
where
Gsd2 = the phase residual after SD2 clock correction;
Gres_sd2 = the phase residual from the measurement of the occulting GPS satellite by the fidu-

cial station.

The detailed description of the ¢4, algorithmis provided in Section 6.2.2.4.
(d) Double Differencing 1 (DD1)

Gaar (117") = Gatm (t12") — Gres_saz (t1e) = bres por (1) + Pres_sar (6157) . (5.22)
where
Pad = the phase residual after SD2 clock correction;
Gres_sd2 = the phase residual from the measurement of the occulting GPS satellite by the fidu-
cial station number 1;
Pres_pv1 = the phase residual from the measurement of the pivot GPS satellite by the fiducial

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

The detailed description of the ¢4, agorithmis provided in Section 6.2.2.5.
(e) Double Differencing 2 (DD2)

¢dd2 (tqzn?}t) = ¢atm (tqzn?}t) - ¢res_sd2 (t:;f) - ¢Tes_pv2 (t:§f) + (bres_sdl (t:§f) ) (523)
where
Gadz = the phase residual after SD2 clock correction;
Gres._sd2 = the phase residual from the measurement of the occulting GPS satellite by the fidu-

cial station number 1;

Gres_pv2 = the phase residual from the measurement of the pivot GPS satellite by the fiducial
station number 2;

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

The detailed description of the ¢4, agorithmis provided in Section 6.2.2.6.

5.3.35 Cycledip correction and phase unwrapping

Next the cycle slip correction and phase unwrapping are performed. If acycledlip occurs, generaly
the phase will jump away from the positive I, zero () 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 dlips 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 processit isfirst 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

27 fons
punlm) = 21 5 om) — ()] (524
where
Db = the high frequency phase component after the expected phase delay has been re-
moved;
Qe = the phase residual after clock correction (cc denotes any of the clock correction
techniquesND, SD1, SD2, DD1, or DD2);
Plaw = 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
Tuwl T
Tuw2 T

Thelow frequency phase component ¢, represents the phase residual as afunction 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, ¢;,,, can not be expressed by a polynomial function. The approach
used inthisalgorithmisto useageneric “law” that has been derived numerically with aray-tracing
simulation. This law shall be provided as alookup table in the form ¢, (tof set), Where t,rrser 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 afunction of time by using aleast-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 | oo (1) — oo (M — 1)| = Topun
If p(m) — pyw(m — 1) <0
Then pypu(m) = popw(m) + 27
If poos (M) — P (m — 1) >0
Then ppp, (M) = pppw(m) — 27
If | pobw () = potes (M — 1)| < T
Then pupu (m) = pes (m)
2) Unwrap samplesK+1to N

Pobu(m — 1), popu(m —2), ..., pppu(m — K);
trel (m), t? (m — 1), 1557 (m — 2), ..t (m — K)

If |pbbw(m) + 2mn — ppredicted(m)| > Tuw2 foral n

ppredicted(m) = P(;ﬁ

Then pbbu(m) = ppredicted(m)
If | poows (M) + 2710 — ppredictea(m)| < T fOr SOmen
Then pyyu(m) = pppw(m) + 2mn

The default values for the parameters K, T,,1, and T, are provided in Table 5.2. P;isa N
order polynomial fitted in least squares sense to the phase data that is to be unwrapped.

Noisefiltering ismost effective, when it is applied to the baseband signal. Thus, the noisefiltering
with alow passfilter 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.

Par ameter Bandwidth range [HZ] SLTH range[km] | Polynomial order
By, 4-4 80-25 0
2-2 25--80 0
Parameter | Window length range [samples] | SLTH range[km] | Polynomial order
Ly, 40 80--80 0
o io(8) = o (B)) 5 (529
where
Pobu = the baseband phase residual after cycle dlip correction;
Pbbu_ip = the low-pass filtered phase residual;
By g0 = the bandwidth of the phase residual filter in GO algorithm.

The filter bandwidth is determined by user definable polynomials By, (¢/) and Ly, (tr¢') as
described in the detailed description of the low-passfilter function and filter parametersin 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 B, and window length L, values corresponding to the
SLTH valuesin 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
By, and L, values and the SLTH values match. The range columns can contain more than two
values (e.g. bandwidthrange 4 - 3 - 2, and corresponding SLTH range 80 - 45 - 20) for higher order
polynomials. The order of the polynomialsand 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

&
¢1Lw(m) = mpbbu(m) + gblaw (m)a (526)
where
c = the speed of light in vacuum [m/s];
fops = the transmission frequency of the GPS channel [HZ];
Puw = the compl ete unwrapped phase residual [m].
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The parameters K, T,,,,1, T2, @nd the function P, shall be user definable. The parameters 7,1,
T...2 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. are-parameterisation j = N + 1 — m isrequired).

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

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.

{(¢uw_ch(m), T ), e (m), 6 (m)) cm:l— 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

P e A (5.28)

where ¢ denotes any position vector in ECI frame, i.e., i = gva, gava, gza, tz, and leo.
The derivation of the trandation vector A7 is defined in Section 6.2.2.7.

5.3.4 Geometrical opticsretrieval

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 bel ow 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 D, (m) is computed from
d
Dap (m) = 2000 , (5.29)
dt t:t'ref
rer—der
where
£ e = time stamp of the Doppler residuals after derivation.

The detailed form of the Equation 5.29 and the calculation of ¢”/ , ispresented in Section 6.2.3.1.

rex—der

5.3.4.2 Total bending angle and impact parameter calculation

The total bending angle «; (t;:;f ) corresponding to the Doppler shift caused by the atmosphere is
calculated by solving the root of the equation

TT )

P (T T 7 S Do 15127 =01 (530

where P isthe Doppler equation of aradio occultation measurement. P isEquation 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 |a; (t:;f ) | 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. Thisfunction producesthe geodetic |atitude and longitude of the ground projection
of the ray perigee for each measurement sample.

5.34.4 TEC derivation

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

5.3.4.5 lonospherecorrection

The frequency independent total bending angle is calculated as

o (t:§f) =/ (Oéll (tiif) » Q2 (tigegf) ; ar (tiif)) . (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

Theretrieved neutral bending angle may contain detectabl e bias dueto 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
correctionis

ape(an) = aar) + Admodel, (5.32)
where
Qe = the bias corrected bending angle;
an = the impact parameter at L 1;
Q@ = the neutral bending angle with bias;
Aayeger = model based bending angle estimate.

In practice it is necessary to replace Aa,,oqer With Aav,ean, 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.

535 Waveopticsretrieval

The Wave Optics (WO) retrieval isabending 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 isto solvea
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 beinitialised at a user definable impact height.

Theinput datafor the WO retrieval isbasically the same as the input to the GO retrieval agorithm.
The output from the WO retrieval isthe 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 Leve 1b post-processing

Thelevel 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 Leve 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 flagsin 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 productsisto be written.

5.3.6.4 Leve 1b productsformatting

Thelevel 1b products shall be formatted as defined in AD4. There is no mathematical formulation
for thisfunctionality.

5.4 Raw sampling mode data processing

The agorithm 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). TheL1l 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 laprocessing functions
6.1.1 Level laquality 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 meansto 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-
finedin Table 6.1. Longer time difference meansthat 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
ameasurement. 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 O 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
haslost C/A codelock, theRS DATA_MISSING error flag isset, an
event of user configurable severity to the CGS viathe PGE interface
Israised, 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 1aquality checks.

Data Quality check Threshold value

GPS satellite PRN number The number must not change during | Not applicable
one occultation measurement.

Measurement chain identifi- | The identification must not change | Not applicable

cation during a measurement.
Measurement packet time | The time tags must form a consis- Srlt , where s, IS the
tags tent time series without gaps. safrﬁpling rate of the
measurement samples
Tracking state The tracking state must go through | Not applicable
the steps of a normal occultation
measurement from 1 to 15 and back
to 0 [RD4].
Completeness of the input | Availability of all input data packets | Not applicable
data for each occultation is checked with
the GPS satellite PRN number.
Existence of Raw Sampling | Each  occultation measurement | Not applicable

mode data packet(s)

should include one or more Raw
Sampling mode data packets.

Automatic gain control activ-
ity check

The check isdefined 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 A f,.5,(m) for each measurement data sample (only if USO fre-
guency correction is selected)

Output Parameters:

1. For occultation measurement sample m

— IMT time stamp 77 (m);

— L1-CA carrier phase p..(m);

— L1-P1 carrier phase pp (
— L2-P2 carrier phase ppa(

m)
m)

— L1-CA amplitude E, .y cq(m);
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— L1-P1 amplitude E,, ,1(m);
— L2-P2 amplitude E, ,2(m);
— L1-CA code phase C'P.,(m);
— L1-P1 code phase C' P, (m)
— L2-P2 code phase C' Py (m)

m

2. For navigation measurement sample %

— IMT time stamp 77 (k);
— OBT time stamp t%(k);
— UTCgras time stamp ¢“e-9795(k);
— L1-CA carrier phase p..(k);

— L1-P1 carrier phase p, (k);

— L2-P2 carrier phase p2(k);

— L1-CA amplitude E,.; cq(k);

— L1-P1 amplitude E,, ,1(k);
— L2-P2 amplitude E,, ,2(k);
— L1-CA code phase C P, (k);
— L1-P1 code phase C'P,,; (
— L2-P2 code phase C' P, (

k)
k)
3. Receiver noise estimate

— L1 N} (rimty;
— L2 NP (rim);

4. Gain setting and histogram
— HIST (7'™*);

imt)-

— GJana (T

— DIG (7"™);
5. Tracking state
— TS (r'm);
6. Onboard navigation solution

— NSM (rim);
— POS_X (7imt);
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— POS_Y (7',
— POS_Z (t'™b);
_ VEL_X (r™);
— VEL_Y (rm);

— VEL_Z (rim);
7. Navigation dataframe
— NDF_BITS (r'™);
8. GPS Ephemerisdata
— Dataformat 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 7/!(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
sampleswith the UT Crag time t4<972 and O BT time t°. Detailed descriptions of UTCpas
and O BT 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 sample m is

Fusooic(m) = Fuso + A fuso(m), (6.1)
where
Juso = the nominal USO frequency;
A 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 provisiona agorithm 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 7-component are rotated 7 radians before
determining the angle. For the P1 code, all samples with negative (Q-component are rotated m
radians before determining the angle. Mathematically this can be described as

IC/A = }Isamp,C/A} and QC/A = Slgn (]samp,C/A) : Qsamp,C/A
IP2 - |Isamp,P2| and QP2 - 329” (Isamp,PQ) . Qsamp,PQ (62)
QPl = |Qsamp,P1‘ and IPl = Slgn (Qsamp,Pl) . Isamp,Ph

where I, and Qq.my, are the sampled 7 and @ values. Ic/4,p1,p2 @d Qcya,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 %

— Time of the navigation solution in IMT time frame 7™ (k);

rT

— Time of the navigation solution in UT'C'¢ras time frame tie-9mas(k);
2. For each occultation measurement sample m

— Time of the measurement sample 7/ (m).

Output Parameters:
1. For each occultation measurement sample m

— Approximated time of the measurement samplein UT'C'¢ras timeframet®?" (m).

rT

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
timesas

{(Teg™ k), Teg™ (k) i (k) = (k) 4050 (K)) 5 ko1 — K} (6.3)
This provides a way to synchronize the IMT time stamps and the UT'C¢ras time with limited
accuracy. The limited accuracy is caused by the instability of the ¢“:“9"% time from the onboard
navigation solution. However, the orbital position error along the orbit arc caused by a timing
error due to the t“f-97*¢ ingtability isless than 1 cm, so itsimpact on the incidence angle estimate
isnegligible.

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 ¢“/-97*(k) and 7™ (k) for the ENDP k
are automatically synchronized, a reception time ¢%?"(m) can be estimated for each occultation
measurement m by linear interpolation

tutc_gras(k. + 1) _ tutc_gras(k.)
Timt(k + 1) — 7imt(k)

b (m) = 10 (k) + [ra(m) =7 (k)] (64)

where
m = index of the occultation measurement sample (77 (k) < 7™ (m) < 704 (k + 1));
k = index of the ENDP;
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o (m) = time stamp of the occultation measurement m in UT'Cgras time;
tutegras (k) =time stamp of the ENDP k in UTCgras time;
Tmt (k) = time stamp of the ENDP k& in IMT time;
Timt (m) = time stamp of the occultation measurement m in IMT time.

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

For instrument correction calculations the ¢“-97¢(k) and 2" (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 sample m

— IMT time stamp 77 (m);
— GPS satellite PRN number SAT (m);

2. For navigation measurement sample %

— IMT time stamp 7™ (k);
— UTCgpas time stamp tute-97es (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 occ;q

— Predicted occultation measurement start ti met;’gft predy

mjd .
end_pred?
— Predicted occultation geolocation Ay pred, ©g pred» hsita_pred

— Predicted occultation measurement end time ¢

— Theapproximated UT Ccras timeof the occultation measurement samplem ast?" (m);

rT

2. For each navigation measurement
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— Measurement identification nav;g;

— Predicted navigation measurement start time ¢”7¢

start_pred;
. . . . mjd .
— Predicted navigation measurement end time ¢, preds

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 satdllite;

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 2is OK, then assign an identification number to the measurement;

4. If step 2 isnot OK, continue search and repesat 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 viathe 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 observationsis:
MMM_GGG _YYYY_DDD_ NNNN
where
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Table 6.2: Measurement identification parameters and default threshold values.

Parameter | Threshold value
At giart <30s
Atend <30s

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 sdlect
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 anglederivation

Input Parameters:

1

2
3
4.
5
6
7

®

GPS CoM position vector < (/) in ECI frame

. GPS CoM velocity vector ¢ (t7¢/) in ECI frame

gps

T ' Yrx

. Metop position vector in WGS84 coordinate frame 7°9°%* (k), 7 (k), tute-9795 (k)

Metop velocity vector in WGS84 coordinate frame 7,29°%* (k), 7 (k), tute-9795 ()

rT 1 Yrx

. Time stamps of the carrier phase and code phase measurements for GVA, GAVA 7™ (m)

. Time stamps of the carrier and code phase measurements for GZA 7/ (k)

—sr f

. Antenna reference point position vectors p,.; in Satellite Reference (SR) frame for GVA,

GAVA, and GZA
Metop Center of Mass (CoM) 7"/ in SR frame

com

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

1. Incidence angles 6<¢,(m) and x°<,(m) for GVA and GAVA

ant

2. Time stamps of the occultation measurements ¢ 29795 (m) in UT' Cgras time frame

3. Incidence angles 0 (k) and p< (k) for GZA

gza gza

4. Time stamps of the navigation measurements t 9725 (k) in UT Cgras 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 or bit

The Metop position and velocity vector 72 (k) and ;°9°** (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 optionisto apply the
WGS84 to I TRF 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

leo » Yleo ) lrx » Yra

{(Tﬂ:trfg?(k) FIT (1), 7 () tutc_gms(k)> T 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

{(Fecath). Toea o), 73077 ), T (), i (), teres (k) ) s k1 —> K . (66)
TheMetop position and velocity vectorsin the ECI coordinate frame are interpolated to the t 22" (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 vectorsis labeled as

{(Flea(m), Tig(m), 6787 (m)) s m: 1 — N (6.7)
Theinterpolated position and velocity vectors < and vt are copied into the POS_METOP_OBN
and VEL_METOP_OBN fieldsinthe MDR-1A-OCCULTATION DATA or MDR-1A-NAVIGATION
DATA, depending on the measurement type.
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2) Interpolation of the GPS or bit

The position vectors of the GPS satellites 7, (t"¢/) 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 At; ,.. = 0.1s for occulting GPS satellites and At; .., = 0.08 s for navigation.
The first order approximations of the GPS transmission times are then estimated for occultation
measurements as

ttagr = t%c)r - Att_occ; (68)
and for navigation measurements as
t%c_gms _ t;ﬁ;c_gras . Att_nmw (69)

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

{(Feg(m), 7553 (m), By (m) 42" (m), 4527 (m)) s m: 1 — N}, (6.10)

gps » Yre

and

{ (Pt ), FrcaC), s k), 7™ (k) G (), 72 (), 6027 (), B () ) 5 ko1 — K}

gps » "leo » Yleo y lrx s Vix s ra
(6.12)

3) Incidence angle estimation

A unit vector fﬁg@ pointing to the direction of theincoming 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 adready in the ECI coordinate frame and the sampling times are synchronized with the
measurement sampling times taking into account the signal time of travel.

—arf

The antenna reference point 7,,; is at the origin of the the local Antenna Reference (AR) frame
defined by the unit vectors =+, Yant, and Z,,.¢, 1.€.,

fg:z{ =0- i'ant + 0- gant + 0- éant- (612)

GRAS Product Generation Specification 65 Printed on: 16th July 2004



= EUMETSAT

EUMETSAT EPS Programme _
POLAR GRAS Level 1 Product el EPe Sy SISPR%0010
SYSTEM Generation Specification WBS number: 270000

Date: 16/07/04

The position vector fg;{ shall be transformed into the ECI frame by using the algorithm defined in

Section 6.3.3.1 to get the position vector 7, 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

e = e+ Mgpspy (6.13)
where
Tra = position vector of the GPS transmission antenna phase center in ECI frame;
Tops = position vector of the GPS CoM;
Mgps = rotation matrix for the GPS satellite reference frame to ECI frame;
D = position vector of the antenna phase center inthe local GPS satellite reference frame.

T4ps Nas 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 M, matrix is defined in Equation 5.12 in Section
5.3.3.2. Vector 7"/ 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

~ect ect
~ect

Ttm— rant
o 6.14
o g e (614

All antenna coordinate frames are oriented in the same way so that the Z,,,¢, Yant, aNd Z,,; poINt
approximately to the directions of the z,, 7., and z, (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 planeis pointing.

The angle 6<%, used in the antenna gain pattern characterization in the Instrument Database is be
derived from

nect sect

T * 2

eci __ ray ant
0, = arccos 7’7%& ‘ Bz (6.15)
ray ant

where

gect, = the zenith angl e (angle between the antennanormal and the direction of theincoming
ray) of theray;
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2 = aunit vector normal to the antenna radiating surface plane at the antenna reference
point.

A

The unit vector 3¢ is derived by transforming the unit vector %74 in the local antenna coordinate

ant ant

frame into ECI frame using the algorithm defined in Section 6.3.3.1.
The azimuth angle ¢,,,; used in the gain pattern characterization can be derived from

Pane = arctan 2 (P15, - Gar, oy - Ton) (6.16)
where
g, = the unit vector g)j;{ in the local antenna coordinate frame transformed into ECI
frame;
zech, = the unit vector 2%’/ in the local antenna coordinate frame transformed into ECI
frame.

6.1.5.2 Carrier phase correction

Input Parameters:

1. Incidence anglefor GVA, GAVA, or GZA

— zenith angle 6% (m), tim¢(m) [deg];

— azimuth ang|eaZZ%"t(m)imtf~§me(m) [deg];
2. RFCU temperature for the receiving chain 7, ., e (t°) [°Cl;
3. GEU temperature T}, (1) [°C];
4. GEU anaog gain Setting g, (7).

5. Reception times of the carrier phase samplest£¢(m)

rT

Output Parameters:
1. Antenna phase correction for measurement samples

- L]-'CA Aant_ca(m> [raj]1
- L1-P1 Aant_pl (m [raj] ;
— L2-P2 Aant_p2(m [raj] .

~— ~—

2. RFCU phase correction for measurement samples

- L1-CA Erfcu_ca(m) [raj]1
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— L1-P1Z=, sy p1(m) [red];
— L2-P2 =, e p2(m) [rad].

3. GEU phase correction for measurement samples

- L]-'CA Fgeu_ca<m) [rad]’
- L1-P1 Fgeu_pl<m) [rad]’
- L2'P2 Pgeu_pQ(m) [rad]

4. Total phase correction for measurement samples

— L1-CA Apea(m) [rad];

— L1-P1 Ap,i (m) [rad];
— L2-P2 Ap,o(m) [rad].
Algorithm

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

Apea(tra) = A (Oane (127°) 0 (t27€) ,CHN, CH)
+2 (Trgeu (t7€) ,CHN,CH) (6.17)
+F (Tgeu (tizmme) y Jana (tf‘ixme) ) OHN7 CH) )

where

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

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

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

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

tlime = the reception time of the carrier phase sample. For occultation measurements ¢/
ist®" and for navigation measurements ¢:¢ js tutc-97es [g];

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 ¢, and

ant

<<, of the incoming ray. The database contains phase correction terms both for RHCP and LHCP

signals. For GRAS instrument correction LHCP isignored because the direct GPS transmissionis
always RHCP.

The quadratic phase correction term is interpolated from the values in the database using the bi-
cubicinterpolation algorithm defined in Section 6.3.1.3. Thisprovidesadata set that can be labeled
for the measurements as

{ (i), Ot (m), Apine? (), AplJiTy m) % (m) ) s mi 1 = N} (618)

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

The carrier phase correction in for the measured phase sample m is derived then from the 7 and @
components of the correction term as

rhe,
Apantﬁch_Q <m)

ont . (6.19)
P aZtﬁch_I (m)

Aant_cn (M) = arctan

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 CH N
in the measurement data packet.

The RFCU temperature data in the temperature data packet istime stamped with O BT, time. The
time stamps of the temperature data have to be interpolated to ¢/ (m) times of the observations

rT

using time synchronization in the ENDPs and Equation 6.4. This provides a data set |abeled as

{(Tyseu(m), £ (m), CHN,CH) ; m:1 — N} (6.20)

The subscript r f cu 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

{(Erfcu_ch(m),Tchu(m) time(m), CHN, C’H) im:1— N} , (6.21)

»Vrx

Erfeuch = 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.

Datarecord
T U1
) Y2
TN 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) thme(m), CH, Metopid) cm:1l— N} ) (6.22)

rVrx

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

{(Fgeu_ch(m), Gana(m), 1€ (m), CH, Metopid) cm:1l— N} , (6.23)

rVre

where

Lgeu 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 C P,, (/™) [chips];

rT

— L1-P1 code phase C'P,; (7/5) [chips];

— L2-P2 code phase C' P, (7/7*) [chips];

2. RFCU temperature 7} e, o (t*) [°Cl;
3. GEU temperature Ty, (t°") [°C];
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4. GEU analog gain Setting gan, (77™);
5. Receiving antenna chain identification information C' H;
6. LO power feeding the RFCU during the measurement;

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

Output Parameters:
1. RFCU code phase correction

— L1-CA Acpy feu_ca [Chips];
— L1-P1 Acp; feu p1 [Chips];
— L2-P2 Acpy fen_p2 [Chips];

2. GEU code phase correction

— L1-CA Acpyeu_ca [Chips];
— L1-P1 Acpyen_p [chips];
— L2-P2 Acpyen_po [Chips];

3. GPSdifferential code bias At .;

4. Instrument corrected code phases

— L1-CA CP, ., [chips];
— L1-P1CP,. ,; [chips];
— L2-P2 C'P,. ,» [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 islabeled as

Y re

{(CP.a(m),CPy(m),CPp(m), 70 (m),CHN); m:1— N}, (6.24)

where C'H N (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 | F-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 M etop 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 isapplied 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 dBm?.

The identification of the GEU code phase correction data files are based on the GEU chain, GPS
code, and the analogue | F-attenuation value. The GEU chain is directly identified from the CH N
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 | F-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 datafiles at different
samplesin the measurement depending on what analog gain setting valueisvalid for the particular
sample.

The RFCU and GEU temperature datain the temperature data packet are time stamped with O BT3,
time so that the temperature data set can be expressed as

{(Trfcu_gava(n)u Trfcu_gva <n>7 Trfcu_gza<n)7 Tgeu(n)7 tObt(n)) y I — M} . (625)

The t°**time stamps of the temperature data have to be converted to 7™times by linear interpola-
tion

imt imt

. . T — T,
) = S () — 1), (626
k+1 k

where 7jmt, rjmt 1oV and ¢ are time stamps from the ENDPs so that ¢ < ¢ (m) < ¢%.

The temperature data set can now be expanded as

{ (Trfcu_gava (n), Trfcu_gva <n>7 Trfcu_gza <n>7 Tgeu (n), tObt <n>7 Timt (n)) y I— M} . (627)

The RFCU and GEU temperature data shall be interpolated with linear interpolation to the code
phase measurement times 7 (m). This allows the expansion of the data set 6.24 as

{(T,«fcu(m), Tyeu(m), O P.y(m), C Py (m), C Pu(m), 77 (m), C’HN) im:1l— N} , (6.28)

’rx

2All avail able 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 aMCMD 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 parametersin the characterisation file selection.
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where T, ;.,, corresponds to the temperature of the RFCU for the GRAS antenna chain identified
by CHN.

The group delay corrections for each 7 s.,(m) and T,.,(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 usto write agroup delay correction data set as

{(Atrfcu_ca(m)7 Atrfcu_pl (m)7 Atrfcu_p2(m)7 Atgeu_ca(rn% Atgeu_pl (m)7 Atgeu_p2(m)> ;me I — N} .
(6.29)

The RFCU code phase corrections are calculated from 6.29 as

AP, fouca(m) = 1023+ 10% - Aty pey ca(m)
ACprCU_Pl (m> = 10230 - 103 ’ Atrfcu_pl (m) (630)
Acprseupp(m) = 1023010 - Aty pey po(m).

Similarly the GEU code phase corrections are calculated as

AcpPgen_ca(m) = 1023 -10° - Aty ca(m)
AcPgenpi(m) = 10230 - 10% - At yey p1(m) (6.31)
Acpgen p2(m) = 10230 - 10* - At gey_pa(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 Aty provided by the GRAS GSN for each GPS satellite. At,.,for the measured GPS
satellite shall be copied into the GPS_HW_DELAY field inthe MDR-1A-OCCULTATION DATA,
or MDR-1A-NAVIGATION DATA, depending on the measurement type. At for the occulting
GPS satellite shall also be copied into the OCC_GPS HW_DELAY field inthe MDR-1B. At 4., for
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

f3

APgps ca = mms - 10° - At
_f2
ACpgps_pl mm%o . 103 . Atdcb- (632)

The code phase correction for L2-P2 Acp,s 2 iSO.

The instrument corrected code phases are calculated by subtracting the corrections from the mea-
sured code phase as
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CPic_ca(m> == Cpca(m) - ACprfcu_ca(WL) - ACpgeu_ca(Tn) - ACpgps_ca
CPicpi(m) = CFu(m) — Acprpeupi(m) — Acpgeu_p1(m) — Acpgps p
CPicpo(m) = CPFp(m) — Acprfeu p2(m) — Acpgeu p2(m) — Acpgps po.

6.1.5.4 Amplitude correction

Input Parameters:

1. Incidence angle for GVA, GAVA or GZA

— zenith angle 6, (m), t%m¢(m) [deg];

ant ' Urg

— azimuth angle ¢, (m), tim¢(m) [deg];

ant ' Yrx
2. RFCU temperature for the receiving chain 7, ., _.»(t"") [°Cl;
3. GEU temperature 7., (t") [°C];
4. GEU analog gain setting g, (7).

Output Parameters:
1. Antenna amplitude corrections

— L1-CA AE s ca(m);
— L1-PL AEp p1(m):
— L2-P2 AE  po(m).

2. RFCU amplitude corrections

- L1-CA AErfcu_ca(m);
— L1-PLAE, feu_p(m):
— L2-P2 AE, feu_pa(m).

3. GEU amplitude corrections

— L1-CA AEyeq ca(m);
— L1-PLAE,.,
— L2-P2AE

m):
geu_p2(M).

4. Total amplitude correction for measurement samples

— L1-CA AE,,(m);
— L1-PL AE, (m):
— L2-P2 AE,5(m).

(6.33)
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Algorithm

The total amplitude correction isthe product of three terms as

AE’i?’LSt = AEant (eant (tizxme) )y Pant (tizxme) 7OH7 OHN)
A, ey (T pou (1) . CH, CHN) (6.34)
'AEgeu (Tgeu (tf‘ixme) s Jana (tizmme) ) OHa OHN) )

where

AFE;,s = total amplitude correction for code C'H (= L1-C/A, L1-P, L2-C/A, L2-P) and chain
CHN;

AFE . = the amplitude correction due to the complex antenna pattern;

AE, fey = the amplitude correction due to the RFCU;

AFEg, = the amplitude correction due to the GEU;

tlime = thereception time of the code phase. For navigation measurementstime = utc_gras

and for occultation measurements time = apr [9].

Estimation of antenna impact

The receiving antenna gain pattern is provided in the instrument characterisation database as a
function of the angles 6,,,,; and ¢,,,,; 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 isthe same that isused 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 measurement m as

{ (i), st (m), AGIT, L (m), QT (), (m) ) s m: 1= N} (635)

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

AEgn(m) = \/ (A¢22§ﬁl_ch(m>)2 + (A¢ZZ§ﬁQ_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 afunction 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 istime stamped with O BT, time. The
time stamps of the temperature data have to be interpolated to ¢/ (m) times of the observations
using time synchronization in the ENDPs and Equation 6.4. This provides a data set |abeled as

{(T: jeu(m), 57 (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 sample m and converting the dB value from the database to areal number to generate
data set

{(AE, peu(m), Ty peu(m), t27¢(m), CH,CHN) ; m:1— N}, (6.38)

where

AE, fey = 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 C'H, 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 |abeled as

{(gam(m),tfivme(m), CH, C’HN) 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

{(AEgeu(m), Tyeu(m), ana(m), t27(m), CH,CHN); m:1— N}, (6.40)

where

AEge, = the GEU amplitude correction.
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6.1.5.5 USO frequency correction

Input Parameters:

1. USO frequency fi,(m), t¢-97% (1)

1 Yrx

2. USO temperature T, (t°%)

Output Parameters:

1. USO frequency fuso(m)

2. USO temperature correction A f,s,(m)

Algorithm

The USO externa thermistor temperature measurements from the temperature and voltage data
packet are interpolated to the ¢“!“-97*¢(m) times of the measurement samples using linear interpo-
lation (Equation 6.4) and synchronization in the ENDPs. Thisalowsthe linear interpolation of the
USO frequency corrections from the USO frequency stability datarecord in the GID.

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

fuso(m) = fuso(m) + Afuso(m)~ (641)

The USO frequency correction derived with Equation 6.41 is applied also to the navigation mea-
surements when ¢4¢-9745 () = ¢utegras (),

6.1.6 Level laproduct quality check

Input Parameters:

1. For occultation measurement sample m

— IMT time stamp 77 (m);

— L1-CA carrier phase p;c co(m);
— L1-P1 carrier phase p;c 1 (m);
— L2-P2 carrier phase p;. p2(m);
— L1-CA amplitude E;; .o(m);

— L1-P1 amplitude E;. 1 (m);

— L2-P2 amplitude E;.. ,2(m);

— L1-CA code phase C' P, cq1(m);

GRAS Product Generation Specification 7 Printed on: 16th July 2004



= EUMETSAT

EUMETSAT EPS Programme _
POLAR GRAS Level 1 Product el EPe Sy SISPR%0010
SYSTEM Generation Specification WBS number: 270000

Date: 16/07/04

— L1-P1 code phase C' P, ;1 (m);
— L2-P2 code phase C' P, p2(m);

2. For navigation measurement sample %

— IMT time stamp 77 (k);
— OBT time stamp 2% (k);
— UTCgras time stamp 129795 (k);
— L1-CA carrier phase p;; .. (k);
— L1-P1 carrier phase p;. p1(k);
— L2-P2 carrier phase p;. p2(k);
— L1-CA amplitude E;. ..(k);
— L1-P1 amplitude E;.. 1 (k);
— L2-P2 amplitude E;.. ,2(k);
— L1-CA code phase C'P,; cq1(k);
— L1-P1 code phase CP;. 1 (k);
— L2-P2 code phase C'P;. 2 (k);

3. Receiver noise estimate
— L1 N} (rimty;
— L2 N (rimt);
4. Gain setting and histogram

— HIST (r'™t);
— GJana (szt);
_ D]G( zmt)

5. Tracking state
_ TS( zmt)

6. Onboard navigation solution
— NSM (77™m);
— POS_X (rimt);
— POS_Y (7'™);
— POS_Z (rmb);
— VEL_X (ri™m);

GRAS Product Generation Specification 78 Printed on: 16th July 2004



= EUMETSAT

EUMETSAT EPS Programme _
POLAR GRAS Level 1 Product el EPe Sy SISPR%0010
SYSTEM Generation Specification WBS number: 270000

Date: 16/07/04

— VEL_Y (r'mt);
— VEL_Z (7™);

7. Navigation dataframe
— NDF_BITS (r'™);
8. GPS Ephemerisdata
— Dataformat and contents specified in AD10.

9. USO oven temperature 7;,5,(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 (aslisted in the table) in the level 1laand 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 inthe 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-
vreflag isbased on information requested viaPGE. Thisflag isset for all occultation measurements
that are even partially overlapping with a manoeuvre or that are within auser 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 ameasure-
ment with the respective antenna in the case that the incidence angle of the incoming ray isinside
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_STATUSflag
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 viathe PGE interface is raised.

A special task for the Level 1laquality check isto monitor the amplitude of thetracked signal. If the
mean amplitude over a short timeis 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 theloss of track isvery 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

VY (m) = VIS (m)2 + VY (m)?, (6.42)
where
VII_ N =thel signal amplitude corrected for the receiver gain changes cal culated as explained
inAD11;
Véf] = 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

M
VIN(m) = 2M1+ : ‘Z VIN(m — ). (6.43)

=—M

A probable loss of signal tracking isindicated if any of the following testsistrue:

1. The mean amplitude drops below a user definable threshold value V%V

min_J1

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 AVIN

mazx_J*
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Table 6.4: Default values for loss of tracking monitoring parameters.

Parameter Default value
M 10
VIN. amplitude thresholdsin Table 6.5
X 2dBvV
AVIN 2dBvV

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

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

The METOP_MANOEUV RE quality flag in the corresponding MDRs s 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 timelimit for in-plane manoeuvreis 120 min and for out-of-plane manoeuvre 400 minutes.
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Table 6.5: Level 1aproduct quality check default threshold values.

W31SAS
dv10d
1vS13AN3

UOI7e0 1410803 UOITeeuURD)

0Npoid T PARTSVHO

awwelboid Sd3

Par ameter 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 P1L AMP_LOW_TIME
L2-P2 -87 dBV -75 dBV L2 P2 AMP_LOW
L2 P2 AMP_LOW_TIME
Recelver 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< CPi o <1024 0< CPi o <1024 L1 CA_ PSEUDORANGE FLAG
L1-P1 0< CP; ;1 <10229999 | 0< C'P;. ;1 <10229999 L1 P1 PSEUDORANGE_FLAG
L2-P2 0< CPy p2 <10229999 | 0< C'P;. 2 <10 229999 L2 P2 PSEUDORANGE_FLAG
USO oven tem- —20°C < Ty < 60°C USO_TEMP_NOMINAL (only in MDR-1B)
perature
USO oven tem- AT,so <0.03°C'iN60 s USO_TEMP_DRIFT_NOMINAL (only in MDR-1B)
perature change

Instrument stable

(USO oven relay on) and (USO_TIM > 2 weeks)

INSTRUMENT_STABLE

¥0/.0/9T ®kd
0000/¢ -_quinu SgM

¥ /oY 9 8nss|

0T0066/3dS/SAS/Sd3 “19d
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Table 6.6: GRAS telemetry monitoring default threshold val ues.

Telemetry Default threshold value
ENDP Position X [cm] —7.8-10°% < pos x < +7.8-108
ENDP Position Y [cm] —7.8-10% << pos_y < +7.8-10°
ENDP Position Z [cm] ~7.8-10% <pos_z < +7.8-10%
ENDP Velocity X [cm/g] —7.5-10° < pos_vw < +7.5-10°
ENDP Velocity Y [cm/s] —7.5-10° < pos_vy < +7.5-10°
ENDP Velocity Z [cm/s] —7.5-10° < pos_ vz < +7.5-10°
Zenith antenna thermistor —55° < tg.q < +94°
Velocity antenna thermistor —108° < tgpa < +65°
Anti-velocity antenna thermistor —108° < tgava < +77°
Zenith RFCU thermistor —30° < trreu_gea < +5H5°
Velocity RFCU thermistor —30° <t feu_gva < +55°
Anti-velocity RFCU thermistor —30° <ty feu_gava < +H5°
GEU thermistor —27° < tgey < +64°
|SAC thermistor —27° < tisqe < +64°
USO internal thermistor +74° < tyso_in < +85°
USO external thermistor +74° < tuso_out < +85°
DBU power voltage 5771V < Vg < 6.295V
Thermistor supply voltage 95V < Vi <105V
FG thermistor —27° < gy < +62°
USO ground —0.062V < Vigog < +0.062V
Digital 5V +4.814V < Vigs, < +5.292V
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Table 6.7: Other quality flags for level 1a product quality check.

Quiality 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 Not applicable Atinpiane < 102 min METOP_MANOEUVRE
in-plane manoeuvre
Time after the end of Not applicable At putplane < 400 min METOP_MANOEUVRE

and out of plane ma
noeuvre

W31SAS
dv10d
1vS13AN3

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 signa hedth
information (SH flag
in the Ephemeris Data
Packet)

al signals OK

Detailed list of error codesin
RD11

GPS SH

Onboard navigation so-
lution method (NSM
flag in the ENDP)

Kaman filter solution

Detailed list of other codesin
RD11

ONBOARD_NAV_SOLUTION

UOI7e0 1410803 UOITeeuURD)

0Npoid T PARTSVHO

awwelboid Sd3

Local multipath (GZA) Not applicable 50° < 0.4 < 90° LOCAL_MULTIPATH_SOURCE
320° < pg.q < 330° (solar panel)

Loca multipath Not applicable —22° < Oyqpq < —35° LOCAL_MULTIPATH_SOURCE

(GAVA) 60° < Ygave < 85° (ASCAT ANT RA)

Loca multipath Not applicable —35 < Oyqpa < —5H0° LOCAL_MULTIPATH_SOURCE

(GAVA) 10° < @gava < 80° (ASCAT ANT RF)

¥0/.0/9T ®kd
0000/¢ -_quinu SgM

¥ /oY 9 8nss|

0T0066/3dS/SAS/Sd3 “19d
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Table 6.8: Quality flagsfor level 1a products based on external information.

Quiality flag

Triggering threshold

Error source

SA_FLAG
(Selective Avail ability)

Quality information provided
by GSN says that SA is ac-
tive for the measured GPS at

SA activated for some or al
GPS satellites for limited ge-
ographical regions or glob-

the time of the measurement.
Flag can also be set manually
by operator for al specified
GPS satellites.

aly.

6.2 Leve 1b processing functions
6.2.1 Pivot satelliteand fiducial station selection functions

Input Parameters:

. Occulting GPS identification G PS4 occ

Occulting GPS antenna phase center position vector 7t (¢7¢/)

Occulting GPS antenna phase center velocity vector ¢ (¢7¢/)

Identifications of all provisional pivot GPS satellites GP.S;4 piv &

Position vectors of al provisional pivot GPS satellite antenna phase centers ngik (trel)
Velocity vectors of al provisional pivot GPS satellite antenna phase center Uf;ik (treh)

Position vector of Metop receiving antenna phase center 72, (¢7¢/)

ant

ant

Velocity vector of Metop receiving antenna phase center o<, (¢7%/)

© © N o g & W NP

Antenna phase center position vectorsin ITRF coordinate frame for all provisional reference
fiducial stations . ;

10. SNR measurement data for all provisional reference fiducial stations for L1 SNRY, | and
L2 SNR? )

fs_n?

11. Earth modd id Earth;,

Output Parameters:

1. Pivot GPSidfor SD1, DD1 and DD2
2. GSN stationid for SD2 and DD1
3. Second GSN stationid for DD2
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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

T
Csdl = 5 - Egzau (644)
where €,., 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

N 1
€gza = N

7

N
=1

The cost function is calculated for al 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 C',4; valueis selected as the pivot satellite for SD1 mode.

If €., 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

Cst2 = g — €oces (646)
where ¢,.. 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 formulain 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 fiducia 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.

Thefiducial station with the smallest C',;, value is selected as the reference station for SD2 mode.
If two or more stations share the same smallest C',,, value, the station with the highest average
SNR is selected.

If €,.. Of the occulting GPS satellite from the selected fiducial station is lower than the threshold
valuedefined in Table 6.10, the LOW_OCC_FID_SD2 warning flaginthe 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)

DD21 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 theincoming signal dueto the antennagain pattern and the atmosphere has been
selected as the basisfor the cost function. The justification for thisisthat the SNR of theincoming
signal determines the phase noise level of the measured carrier phase.

The cost function for DD1is

1

it ) TrualEpe) - Fraleoe) - Fotm Eo) - Form(Ee) (640
where
€gza = the mean elevation angle of the pivot GPS satellite (see Equation 6.15) [rad];
Epiv = the mean elevation of the pivot satellite at the fiducial station from Equation 6.15
[red];
€oce = 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 formulain Equation 6.45.

Thefunction f,., isan approximation of the normalised GRAS GZA antenna gain pattern as

_ ™ _ ™ B
fgza(€> = agza(§ - 6)2 + bgza(§ - 6) + Cyza,s (648)

where coefficients a,., by, and c ., are listed in Table 6.9.
The approximation of the normalised fiducial station antenna gain pattern f,, is

™

T
fria(€) = afz‘d(§ — €)% + brial 5 €) + Ctid, (6.49)

where the coefficients a;q, byiq, and cs;q arelisted in Table 6.9.
The normalised dry atmosphere attenuation f,;,,, is given by
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fatm(€) = —— (6.50)

S111 €
The cost function is calculated for all provisional fiducia 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 C,,; 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 €,.,, €,i,, OF €xc 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 DD1inthe 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 stationsis larger as the second station does not
have to have visibility to the occulting GPS satellite. So, all fiducia 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

1

it ora) - T o) et Egie) - Fotm ) - (o) (650
where
€gza = the mean elevation angle of the pivot GPS satellite (see Equation 6.15) [rad];
€oce = the mean elevation of the occulting GPS satellite at the fiducial station 1 from Equa-
tion 6.15 [rad];
Epiv = 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 formulain 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. 1f
two or more triplets share the same smallest C'y4, value, the triplet with the highest average SNR
for the SSD during the occultation is sel ected.

If for the selected stations or the pivot satellite € .,, €y, OF €, ISSmMaller 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 DD2inthe 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
fria | -0.00000000778357 | -0.00013000147824 | 1.00005341636642

Table 6.10; Threshold values for cost functions.

Elevation | Threshold value
€gza 20°
€occ 20°
Epiv 20°

6.2.2 Leve 1b corrections
6.2.2.1 Relativity correction

Input Parameters:

1. Position vectors of the occulting GPS satellite 7, (t;”jf )

2. Position vector of Metop 7 (r¢f)

Output Parameter:

1. Estimated Shapiro delay At (t7<)

The relativity correction is performed to combine the phase observations and the POD products
in afashion compatible with special and general relativity. This algorithm assumes a non-rotating
ECI coordinate frame.

Thetotal Shapiro effect for the traveling time of the GPS transmissionto aLEO orbit is calculated
from
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20GM, . [|7]+ /]2 = 2]
At, (t:;f) = P71, 7)) = In 7]+ VI =g
To

75| + /|72 — 7§
To

GMe |F1| —To
+ —
3 71| -+ 7o
GM, ||| —
T 7o =7 (6.52)
3 75| + 70

where
) (7[> =7 - )
o= |T 1—— - 5 ra—— 6.53
" 1|\/ 712 (|72 ]2 + 7] — 27 - %) (653)

and
™ = the position vector of the GPS CoM, i.e., 7 = 7., (t;ff ) [m];
7 = the position vector of the Metop CoM, i.e., 7 = 7% (£7¢f) [m];
To = theradius of the ray perigee;
GM, = the Earth’s gravitational constant (= 3.986004415-1014) [m3/s?].

6.2.2.2 No Differencing (ND) clock correction
Input Parameter:

1. GPS and GRAS clock offset estimates At ,.q, (t"/) and Aty (¢77) [9];

2. Relativity corrected phase residua measurements ¢, (t7</) [m].

Output Parameter:

1. Clock corrected phase residuals ¢,,q(t7¢/) [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 avery 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 ¢7¢/. 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

Onat15)) = Gum(t75]) = ¢ (Dlyras (1) = A1) (6.5
where
Ond = the clock corrected phase residual [m];
Datm =therelativity corrected phase residua including the clock errors[m];
c = the speed of light in vacuum [m/s];
Al gras = GRAS clock offset estimate from the GRAS/Metop NRT POD [s];
Atgps = clock offset estimate for the occulting GPS satellite from the GRAS GSN [g].

The ND clock correction is performed for all measured carrier phases L1-C/A, L1-P2, and L2-P2.

6.2.2.3 SingleDifferencing 1 (SD1) clock correction
Input Parameter:

1. Relativity corrected phase residual measurements ¢, (7<) [m];

N

GRAS GZA phase measurements ¢, g., (ti ) [ml;

rT_gza

Metop CoM position vector in ECI coordinate frame 75t (¢7¢/ ) [m;

rT_gza

Ea

Position vector of the Metop CoM in SRF coordinate frame 757/ (¢7¢/ _ ) [m;

com \"rzr_gza

o

Position vector of the pivot GPS satellite CoM in ECI frame 7 (¢r</ ) [m];

gps \"rr_gza

6. Position vector of the pivot GPS antenna phase center in the local GPS satellite reference
frame gy, (t7¢/ ..,) [ml;

rT_gza
7. GRAS clock offset from the GRAS/Metop NRT POD At (/) [S];

8. Pivot GPS clock offset from the GRAS/Metop NRT POD At 1, (£77) [S];
9. Occulting GPS clock offset from the GRAS/Metop NRT POD At (t") [d];

10. Code phase measurements C P, 1 (t7¢/,.,) and C P, o (t7¢/ ) [chips];

rT_gza rT_gza
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Output Parameters:

1. SD1 corrected phase residual ¢.q; (7<) [m];
2. Interpolated reference measurements ¢, g.. (¢7</) [m;
3. Interpolated occulting GPS clock offset estimates At (¢7<7) [9];

4. Interpolated pivot GPS clock offset estimates At ,, (7<) [9];

Algorithm:

Let the set of IV regenerated phase samples and their corresponding IMT times for agiven GRAS
GZA chain be;

{(¢Teg_gza(k)a Tﬁ?;za(k)) skl — N}
The regenerated phase in meters measured by the GRAS GZA is given by

¢ (Timt ) —
reg_gza TT_gza

~eci (qref _ mect ref
nga (tra:_gza) Ttw_pv <ttz_gza>

Py [Pt (6) 75t (H )|

+c <Atgms <t:§:{fs> — Abgps_pv (t:;ffs> > (6:5)
—®ion_gza (Trzgl_tfs)
+Nes_gza (Tr") + Geonst_gzas
where
Greg_gza = the regenerated phase at the GRAS GZA reference point [m];
T = the reception time of the pivot GPS transmission in the IMT time frame [];
c = the speed of light in vacuum [m/s];
Fggﬁl = the position vector of the GRAS GZA reference point in ECI coordinate frame [m];
t;;f_”gza = the reception time of the pivot GPS signal in the reference time frame [s];
T e = the position vector of the pivot GPS satellite antenna reference point in ECI coordi-
nate frame [m];
t;’;fgm = the transmission time of the pivot GPS signal in the reference time frame [];
= = the relativistic correction function for the Shapiro effect for the GZA antenna|s|;
Algras = the clock offset of the GRAS receiver [9);
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Atgps v =theclock offset of the pivot GPS transmitter [];
Gion_gza = the phase delay due to the ionosphere [m];

Nes gza = the number of cycle dlipsin the received phase;
Geonst_gza = aconstant 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 measurementsis 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. Thefilter 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 B, and window
length L, 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
By, 4-4 0-90 0

Parameter | Window length range [samples] | Elevation range [km] | Polynomial order
Ly, 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

{(gbreg_gza(k:); Tri?_tgza(k)7t:§:{gza(k)) ) k: : ]' - N}

(3) Transmission time deter mination

The transmission time of the signal measured by GZA is determined by iterating the Equation 5.9.
In this case the Shapiro effect P, (77, ) must be calculated for the pivot GPS satellite. Thisisdone
by using ro = |75| = |7<,|. The detailed equation for calculating the Shapiro effect is given as

Equation 6.52 in Section 6.2.2.1.

GRAS Product Generation Specification 93 Printed on: 16th July 2004



= EUMETSAT

EUMETSAT EPS Programme _
POLAR GRAS Level 1 Product el EPe Sy SISPR%0010
SYSTEM Generation Specification WBS number: 270000

Date: 16/07/04

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
{ (9reagmalh), Tt (), 150 a (), () 5 K1 — 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

¢gp_gza (t:;]_cgza)

7—,eci (tref ) o 7—,;’? <tref )

gza \"rr_gza tx_gza

e [ () e (fen) ]

where

Ggp_gza = the phase delay due to the geometrical path length including Shapiro effect change-
bar [m];

Fect (t;ffgm) = the position vector of the phase center of the pivot GPS antennainterpolated to the

transmission time t;ffgm using the interpolation algorithm defined in Section 6.3.1.1
[m].

The labeling can again be extended as
{(¢T€9J3a(k)7 Pop_gza(k), T:;n_;za(k)v t:;{gza(k)v t:;fgza(k)) kil — 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

1 ref . f22 <CP7"CJ71 (t:?_cgza) >Bsd1 o <CPTC_I72 (t:aevj_cgza) >Bsd1 6.56
ion_gza (trx_gza) - _Cf12 _ f22 10230 - 103 ) ( . )
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Table 6.12: The default filtering parameters for the ionosphere compensation.

Parameter Bandwidth range[HZ] Elevation range [km] | Polynomial order
By, 01-01 0-90 0

Parameter | Window length range [samples] | Elevation range[km] | Polynomial order
Ly, 4-4 0-90 0

(CPren (1 20) )5,y = (CPree (15 ) ),

2
12 ref - fl
won_gza (trz_gza) Cf12 — f22 10230 - 103 5 (657)
where
e g.a  =thephasedelay onL1[m];
2. g  =thephasedelay onL2[m];
c = gpeed of light in vacuum [m/s];
fi =the GPS frequency at L1 [HZ];
f2 =the GPS frequency at L2 [HZ];
CP,.;,n  =thecode phase measurement at L1-P1 [chips];
CP,.p2  =thecode phase measurement at L2-P2 [chips];
(OB = indicates low pass filtering to the cutoff frequency Biq;.

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
{(¢reg_gza(k>7 ¢gpg2a(k)7 (bionjza(k)’ Tri;n_tgza(k>7 t:;]_cgza(k')? t:;fgza(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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gbres_gza (t:;]_cgza) = gbreg_gza (t:;{gza) - gbgp_gza (t:?_tgza) — ¢ion_gza (t:?_tgza)
= ¢ (Atyran (5 10) = Ao (1157500 ) (658)

+Ncs (t:;fgza> + gbconst_gzaa
where

Gres gz = theresidual phase measurement by GZA [m].

The labeling can again be extended as

{<¢Teg_gza(k')a (bgp_gZCL(k)7 Qﬁion_gza(k’)v ¢res_gza<k>7 Tﬁ;n_;za(k>7 t:;}:gza(k)7 t:;{gza(k)> ) k : 1 - N} .

(7) Interpolating to the occultation measurement times

Thephaseresidualsby GRAS GZA at thetimes of the occultation measurements ¢,.cs 4.4 (t:;f ) are
derived by linear interpolation from the measurements ¢,.s .. (tﬁ;fgza) providing a new labeling

for the synchronized occultation measurements and the interpolated phase measurements of the
pivot satellite as

{(¢atm(m)a (bres_gza(m), t:;f(m)) o 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 ¢, as

¢sd1 (tzif) = ¢atm (t:§3f) - gbres_gza (t:§3f) ) (659)

A user selectable optionisto subtract the GSN clock offset estimatesfor 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 At ,,, or the occulting GPS clock offset
Atgps, O both. The mathematical formulation for the enhanced SD1 correction with the subtraction
IS

Gsir = dsar (t75) — ¢ [Atgps o (875) — Atgps (65)] (6.60)

where ¢,q1 (t7<) isthe output from Equation 6.59.
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Thelabeling of the final products from SD1 function can now be written as

{ (¢Sd1 (m)7 (batm (m>7 ¢Tesﬁza(m>7 AtgpSJm (m)7 Atgps (m)7 tif;f (m)) ;M 1 - M} )

where At ., and Atg,, 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

2.

10.

11.

Relativity corrected phase residua measurements ¢, (t7</) [m];

Fiducial ground station phase measurement ¢, fs <Tffifs> [m];
Metop CoM position vector in ECI coordinate frame 7t< (t:?:fs) [ml;

Position vector of the Metop CoM in SRF coordinate frame 77/ (t’”ef ) [m];

com \ “rz_fs

Position vector of the occulting GPS satellite CoM in ECI frame 7" (t:j:}%) [m];

Position vector of the occulting GPS antenna phase center in thelocal GPS satellite reference
frame pi. (1757, ) [

—ecef

Position vector of the fiducial station antenna phase center in ECEF coordinate frame 77
[ml;

GRAS clock offset from the GRAS/Metop NRT POD A, (t7) [9];
Fiducial station clock offset from the GSN At (¢7/) [s];

Occulting GPS clock offset from the GSN At,,, (") [9];

Pseudorange measurement by the fiducial station at L1 p, (t:;]_cfs> and L2 p, (t:?_cfs) [m].

Output Parameters:

1
2.
3.
4.

SD2 corrected phase residual ¢4 (¢7¢7) [m];
Interpolated reference measurement ¢, ¢ (7<) [ml;
Interpolated occulting GPS clock offset estimate At ..o, (£757) [9];

Interpolated fiducial station clock offset estimate At f, (7<) [9].
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Let the set of IV regenerated phase samples and their corresponding local timesfor agiven fiducial

station be:

{ (o). 725, 0) 1k 1= N}

The regenerated phase measured by the fiducial station is given by

~eci ref ~eci

fst _ f
¢T€g_f5 <Tr;_fs> = |Tss <trx_fs — Ttz (t:;_fs

+eGrepgs | (t:iifs) Tt

(5s.)]

ref ref
+c <Atf5 trz_fs) - Atgps (ttm_fs)> (661)
_¢ntrljs T:;ffs> - ¢ion_fs T:;ffs>
+¢inst_fs efs (t:§ifs> y Pfs t:i]_cfs))
_'_(bconst_f&
where
Greg_fs = the regenerated phase at the fiducial station antenna reference point [m];
Tffffs = the reception time of the GPS transmission in the local clock time frame of the
station [];
T = the position vector of the fiducial station antenna phase center in ECI coordinate
frame [m];
t:;ffs = the reception time of the GPS signal at the fiducia station in the reference time
frame[s];
FEct = the position vector of the transmitting GPS satellite antenna reference point in ECI
coordinate frame [m];
t:jffs = the transmission time of the GPS signal recorded at the ground station in the refer-
encetimeframe[s];
= = the relativistic correction function for the Shapiro effect for the fiducial station [S];
Aty = the clock offset of the fiducial station receiver [g];
Atgps = the clock offset of the GPS transmitter [];
Ontrl_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
Biao 4-4 0-90 0
Parameter | Window length range [samples] | Elevation range [km] | Polynomial order
Lsgo 4-4 0-90 0
Bion_ts = the phase delay due to the ionosphere [m];
Dinst_fs = the phase delay due to the receiver characteristics [m];
Ors =the elevation angle of theincoming GPS transmission at the reception antenna[deg];
Prs = the azimuth angle of the incoming GPS transmission at the reception antenna [deg];
deonst_fs = aconstant 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

Thisis auser 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 dataisnot avail-
ableinthe 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 bitin SSD_AVAILABILITY bit stringisset inthelevel 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

Gic_ts (ta') = Greg_ss (T5) = Ags (055 (831) s (13) . CH) (6.62)
where
Ags = the impact of the antenna phase center on the measured phase [rad];
Ofs = the zenith angle of the incoming ray [deg];
Pfs = the azimuth angle of the incoming ray [deg];

The set of measurements can now be labeled as

{(Greo_se(R). Gue (). 750, (R)) 1 21— N}

(3) Fiducial Station Time (FST) to reference time conversion

The clock offset estimate At (t"/) 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

trel (m) =7, (m) — Atyy(m), (6.63)
where
Aty = the clock offset estimate from GSN products interpolated to the time of the SSD

sample m [m].

The determination of the time stamps in reference time allows expansion of the labeling as

{ (Brea o), dre_ss ), 7128, ). 501, (1) 5 821 = N}
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(4) Transmission time deter mination

The transmission time of the signal measured by the fiducial station is determined by iterating the
equation

roe (el ) - e ()

tret e = 115 - — Grags |75 (052 ) 7t (8..) ]+ (669
where
t:jffs* = the estimate of the transmit time of the signal received by the fiducial station [g];
P, = the function for the relativistic delay caused by the Shapiro effect [s];
fjcfj = the position vector of the fiducial station antenna reference point in ECI coordinate
frame[s];
Fect = the position vector of the transmitting GPS satellite antenna phase center in ECI

coordinate frame [m].

The function P;(r, ) for calculating the Shapiro effect is given in Equation 6.52 in Section
6.2.2.1. Inthe case of afiducial station, the Equation 6.52 is applied by usingro = |75 = |7

The position vector of the fiducial station antenna reference point is provided in ECEF coordinate
frame as Fj}ff 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 7 (t:j:}%) :

The position vector of the GPS transmission antenna phase center f’fgifs is calculated using Equa-
tion 6.13.

When the iteration has converged

trel =t (6.65)

The labeling of the measurements can now be expanded to include al time stamps as
{ (Sreass k), due_su ), T2, (), 050 () 6571, () ) i1 — 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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ref _ ci (yref ct ref
¢gp_fs <trx_fs> - 7:?5 (tr‘x_fs> — ffm <ttz_fs>
wep [ (05) 7 (652

where
Ggp_fs = the phase delay due to the geometrical path length including Shapiro effect [rad];

Fect (t:jffs) = the position vector of the phase center of the occulting GPS antenna interpolated

to the transmission time t:jffs using the interpolation algorithm is defined in Section
6.3.1.1[m].

The labeling of the measurements can now be expanded to
{ <¢T69J5(k>7 ¢9pjs<k)7 ¢icjs(k)7 Trfxs_tfs(k)7 t:i]_cfs(k.)? t:;ffs(k)> ) k:l— N} '

(6) Estimating the neutral atmosphere delay

The delay caused by the neutral atmosphereis 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. TheTZD estimate closest to the epoch of thefirst measurement sampleisused for processing
al 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 15min
Maximum TZD epoch time distance 120 min
Maximum acceptable TZD uncertainty lcm

The elevation of theincoming ray at thefiducial statione , (t:j:fs) isderived as defined in Section
6.3.4.

The delay caused by the neutral atmosphereis cal culated by multiplying the TZD with the mapping
function as

Ptrt_fs (tiiffs) — ALy (t:;f_”fs) (6.66)

= oz () ma (15 ) + AL (1) ma (5,)

where
ref - ref

AL, (4ef) =1z (4,) - AL,
and
Ontri_fs = the delay caused by the neutral atmosphere [rad];
ALY = the zenith hydrostatic delay estimated using the algorithm in Section 6.3.5.2 [m];
TZD = the tropospheric zenith delay [m];
mp = the hydrostatic mapping function defined in Section 6.3.5.1,
My = the wet mapping function defined in Section 6.3.5.1.

The labeling of the measurements can again be expanded to

{<¢T€gj5(k), ¢ntrlj8(k)7 ¢gpjs(k)7 ¢icj5(k)7 Trf;_tfs(k)v t:;]_tfs(k)v t:;ifs(k)> ; k:l— N} .

GRAS Product Generation Specification 103 Printed on: 16th July 2004



= EUMETSAT

EUMETSAT EPS Programme _
POLAR GRAS Level 1 Product el EPe Sy SISPR%0010
SYSTEM Generation Specification WBS number: 270000

Date: 16/07/04

Table 6.15: The default filtering parameters for ionosphere compensation.

Parameter Bandwidth range[HZ] Elevation range [km] | Polynomial order
Bione 01-01 0-90 0

Parameter | Window length range [samples] | Elevation range[km] | Polynomial order
Lione 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 valuesfor thefilter parametersare 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

2
b (00) =~ 2 (e (), (), ) o0
2
o (02) =755 (e (20),,, ~ (0 (522)),,, ) 60
where
on_fs = the phase advance on L1 [rad];
2 e = the phase advance on L2 [rad];
fi = the GPS frequency at L1 [HZ];
I = the GPS frequency at L2 [Hz];
D1 = the pseudorange measurement at L1 [m];
Do = the pseudorange measurement at L2 [m];
() Buiss = indicates low pass filtering to the cutoff frequency By, .

(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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¢res_fs (t:?:fg> = (bic_fs (t:?:fg> _(bgp_fs (t:Z}:fs) _¢ntrljs (t:?:fs) _¢ionjs (t:iifs) ) (669)
where

Pres_fs = the residual phase at the fiducial station [m].

The labeling of the measurements can again be expanded to

{(Breo_ss (3, Dregra k), Guant_1a ), By ), B ), L (), 22 1 (), 6L () ) 5 1= N}

(9) Interpolating to the occultation measurement times

Thephaseresidualsat thefiducial station at the times of the occultation measurements ¢,y (/)

are derived by linear interpolation from the measurements ¢, s t:;ffs providing a new label-

ing for the synchronized occultation measurements and the interpolated phase measurements of
the pivot satellite as

{ (Batm(m), dres_ps(m), 25 (m)) s 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

¢sd2 (t:§f) = ¢atm (t:§f) - ¢res_fs (t:gerf) 9 (670)

A user selectable option is to subtract the GRAS clock offset estimate At ., derived in the NRT
POD and the fiducial ground station clock offset estimate At s, provided by the GSN from the SD2
corrected phase residual ¢.4;. 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 subtractionis

¢sd2 = ¢sd2 (t:gerf) —C [Atgras (t:§3f) - Atfs (t:;f)] ) (671)

where ¢4 (7<) isthe output from Equation 6.59.
The labeling of the final products from the SD2 function can now the expanded as

{(Ssi2(m), Gatm (1), Gres_rs(m), Atgras(m), Atgs(m), 7/ (m)) 5 m 21— M}
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6.2.2.5 Double Differencing 1 (DD1) clock correction

Input Parameter:

1
2.

10.

11.
12.
13.
14.
15.

16.

17.

18.

Relativity corrected phase residual measurements ¢, (t7¢/) [rad];

GRAS GZA phase measurements ¢,., 4., (t:m .,) [rad];

rT_gza

Fiducial ground station phase measurement ¢,.., s (Tffifs) [rad];

Pivot satellite phase measurement by the fiducial ground station ¢,.4 . (Tf;ffs) [rad];

Metop CoM position vector in ECI coordinate frame 75t (¢7¢/ ) [m;

rT_gza

Position vector of the Metop CoM in SRF coordinate frame 757/ (¢7¢/ _ ) [m;

com \"rr_gza

Position vector of the occulting GPS satellite CoM in ECI frame 775, (t:?_cfs) [m];

Position vector of the occulting GPS antenna phase center in thelocal GPS satellite reference
frame i, (15/,,) (m)

Position vector of the pivot GPS satellite CoM in ECI frame 725 (¢7</ ) [m]:

gps rr_gza
Position vector of the pivot GPS antenna phase center in the local GPS satellite reference
frame pi, (t7/,..) [ml;

rz.gza
GRAS clock offset from the GRAS/Metop NRT POD A, (") [9];

Pivot GPS clock offset from the GRAS/Metop NRT POD At 1, (£77) [S];
Occulting GPS clock offset from the GRAS/Metop NRT POD At (¢7F) [s];
Fiducial station clock offset from the GRAS/Metop NRT POD At (¢7f) [s];

Code phase measurements by GZA at L1-P1 CP,. 1 (t;%/,.,) and L2-P2 C' P, 5 (175 ,..)
[chips];

Pseudorange measurement by thefiducial stationat L1 p; .. (tiiffs> and L2 py oec (ﬁi&)
[m];

Pseudorange measurement by the fiducial stationat L1 p; ,, (tiiffs> and L2 p, ,, (ﬁi&)
[ml;

—ecef

Position vector of the fiducial station antenna phase center in ECEF coordinate frame 77
[m].
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Output Parameters:
DD1 corrected phase residual ¢qq1 (7<) [rad];
. Interpolated reference measurements ¢, 4. (t7</) [rad];

. Interpolated reference measurement ¢, f, (7<) [rad];

1

2

3

4. Interpolated reference measurement ¢, . (/<) [rad];

5. Interpolated occulting GPS clock offset estimates At (¢7</) [9];
6. Interpolated pivot GPS clock offset estimates At . (757) [S];
7

. Interpolated fiducial station clock offset estimate At s, (¢757) [9].

Constants:

1. GPS transmission frequencies f,,, (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 agorithm 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 bel ow.

(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

{(¢atm<m),t:§f(m)) im:1l— M} )

(2) Link B: Reference measurement by thefiducial 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

Gatm(M), Gres (M), el m)) ym:1— M}
{(
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(3) Link D: Measurement of the pivot GPS satellite by GRASGZA

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

Patm (M), Bres_£5(M); Gres gza(m), Gl (m)) s 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. 7+ = the position vector of the pivot GPS satellite CoM;

2. p: = the position vector of the pivot GPS satellite antenna phase center in the local satellite
reference frame;

3. At,,s = the clock offset estimate of the pivot GPS satellite from GRAS/Metop NRT POD.

Obviousdly 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

{ (Gatm(1m), Breaso(m), res_gealm), Gres (), 57 (m)) 5 m s 1 — M}

(5) Differencing the occultation measurement

The double differencing of the data from the four measurements can now be written as

¢dd1 (t:;f) = ¢atm (t:;f) - ¢7‘€8_f5 (t:;f) - ((bres_gza (t:;f) - (bres_pv (t:;f))
= ¢atm (t:;f) - gbres_fs (t:;f) - ¢res_gza (t:;f) + gbres_pv (tx;f) . (672)
6.2.2.6 Double Differencing 2 (DD2) clock correction
Input Parameter:

1. Relativity corrected phase residual measurements ¢, (t7</) [rad];

2. GRAS GZA phase measurements ¢,y 4., (r: ) [rad];

rT_gza
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10.

11.
12.
13.
14.
15.
16.

17.

18.

19.

20.

Fiducial station 1 phase measurement ¢,.., s ( T _f5> [rad];

Pivot satellite phase measurement by the fiducial station 2 ¢, . ( fiﬁ) [rad];

Metop CoM position vector in ECI coordinate frame 75t (¢7¢/ ) [m;

rT_gza

Position vector of the Metop CoM in SRF coordinate frame 757/ (¢7¢/ _ ) [m];

Tcom rT_gza

Position vector of the occulting GPS satellite CoM in ECI frame 77 (t’"ef ) [m];

gps re_fs

Position vector of the occulting GPS antenna phase center in thelocal GPS satellite reference
frame i, (¢;5/,,) (m)

Position vector of the pivot GPS satellite CoM in ECI frame 7= (¢7¢/ ) [m];

gps rT_gza

Position vector of the pivot GPS antenna phase center in the local GPS satellite reference
frame gy, (t7</ ..,) [ml;

rT_gza

GRAS clock offset from the GRAS/Metop NRT POD A, (") [9];

Pivot GPS clock offset from the GRAS/Metop NRT POD At s ,, (¢77) [9];
Occulting GPS clock offset from the GRAS/Metop NRT POD At (¢7<f) [s];
Fiducial station 1 clock offset from the GRAS/Metop NRT POD At (¢7F) [s];
Fiducial station 2 clock offset from the GRAS/Metop NRT POD At (¢7F) [s];

Code phase measurements by GZA at L1-P1 CP,. 1 (7%/,.,) and L2-P2 CP,c 2 (1% ,.,)
[chips];

Pseudorange measurement by thefiducial station 1at L1p; o (t:?_cfs> and L2 py oce (t:?_cfs>
[m];

Pseudorange measurement by thefiducial station2at L1p; ,, (t:?_cfs> and L2 ps (t:;]_cfs>
[m];

—ecef

Position vector of thefiducial station 1 antenna phase center in ECEF coordinate frame 77
[m];

—ece f

Position vector of thefiducial station 2 antenna phase center in ECEF coordinate frame 77,
[m].
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Output Parameters:

1. DD1 corrected phase residual ¢441 (¢757) [rad];

2. Interpolated reference measurement by GZA ¢, g:q (¢757) [rad];

3. Interpolated reference measurement by fiducial station 1 ¢, s (¢757) [rad];
Interpolated reference measurement by fiducial station 2 ¢,.., ., (¢7¢') [rad];
Interpolated occulting GPS clock offset estimate At ., (7<) [9];
Interpolated pivot GPS clock offset estimate At . (t75) [S];

Interpolated fiducial station 1 clock offset estimate Aty (¢7¢/) [S];

©® N o ua &

Interpolated fiducial station 2 clock offset estimate Aty (¢7¢/) [9].

Congstants:

1. GPS transmission frequencies f,,, (L1 and L2).

The DD2 correction uses four measurements to differentiate out clock offset terms from the equa-
tionsfor the regenerated phases. The difference between DD2 and DD1 isthat 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 asit 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 isin the case of DD2 exactly the
same asin the case of DD1. The only differenceisthat in the processing of the link B in the input

—ece

data the reception antenna phase center position vector is fslf for station 1 and for the link D the

—ecef

position vector is7,’ for station 2, respectively.

A user definable option isto use the clock offset estimates At ¢, and At ¢4, provided by the GRAS
GSN to remove the clock offset termsfrom the phase residual measurement. The user can select to
remove either of thefiducial clock offsets, or both. The mathematical formulation for the enhanced
SD1 correction with the subtraction is

Gaaz = Pade (t:fcf) —C [At sl (ﬁ;f ) — Aty (t:gif)} ) (6.73)

where ¢4 (1757) 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

{(Gutm (), res_ra (), Gresgza), Gres ), 157 (m)) 3 701 = M}
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The double differencing of the samples can now be written exactly in the same form asfor DD1 as

(bddQ (t:;f) = (batm (t:;f) - (bres_fs (t:§f) - (Qﬁres_gza (t:?c) - ¢Tes_pv (t:;f))
= ¢atm (t:;f) - gbres_fs (t:(;;f) - ¢res_gza (t:(;;f) + gbres_pv (t:;f) . (674)

6.2.2.7 Correction for the Earth’s oblateness
Input Parameters:

1. Position vectors of the occulting GPS satellite 7" (¢7</);
2. Position vectors of Metop 7 (t::;f);

cmt

3. Reference ellipsoid semimajor axis R., and flattening f..

Output Parameter:

1. Oblateness corrected satellite antennaphase center position vectors <’ (7<) and <, (tre/);
2. Geocentric radius of the ellipsoid 1z
3. Radius of the curvature vector 7%°;

4. Coordinate system origin translation vector A7 (¢7¢7) .

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.

L et the surface of the reference ellipsoid in a Cartesian coordinates to be defined as
S(z,y,2) = V2?2 +y?>+ 22 — R(z,y,z2) =0, (6.75)
where

x,Y, 2 = the coordinates of a point on the surface;

R,(x,y,z) =thegeocentric radius of the ellipsoid at the coordinates x, y, z.
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R, can be defined as afunction of the co-latitude 0., as

R, = R, (1 — fcos20w) , (6.76)
where
R, = the semimajor axis of the reference ellipsoid,;
f = the Earth’ s flattening;
and

0., = arcsin : . (6.77)
VIt +y?+ 22

A vector normal to the surface of the ellipsoid at the coordinates (z, y, z) can be estimated to first
order in f from

, , Lrpirg
—eci __ nect
ne =7 —2fezry | Yrnorsn , (6.78)
2
Zy, — 1

where z,,,, y.,,, and z,,, are components of a unit vector 75" pointing in the direction of the local
geocentric radius.

The radius vector of the curvature in the occultation plane 7 is found from

—ect

- 7
D E— 6.79
" e (6.79)

The derivative dri¢“ /ds = d (VS) /ds can be calculated from

—ect
dn

ds

— I, (6.80)

where n,, isaunit vector parallel to the surface in the occultation plane. Asthe first order approxi-
mationin f , matrix J5 becomes

1 1- l‘zR - erT?R(]' - 7372}{) _'rrRyTR(]' B 7f5272’R) _'ITRZTR(]‘ + fe(4 - 7272’R))
JS = R _xT'RyT'R<1 - 7f6272’R> 1 - y72‘R - erT?R(]‘ - 7y72’R> _yT'RZT'R(]‘ + f€(4 - 7272’R>>
o\ (% A= T50) a1 0 =T20) =500+ A T2

The unit vector isavector parallel to the line connecting the two satellites at the moment when the
lineistangential 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

A = Ryt — e (6.82)

c

The satellite position vectors are transferred to the new coordinate system by tranglation with the
vector A<,

The definition of the location of the origin of the new coordinate system is not unigue 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 satellitesis tangential to the surface of the ellipsoid.

6.2.3 Geometrical opticsretrieval functions
The Geometrical Optics (GO) approximation is used to derivethetotal bending anglein 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. Noisefiltered phase residuals ¢, (m);

2. Reception times of the phase residual samplest’¢/ (m).

Output Parameter:
1. Atmospheric Doppler D, (m);

2. Reception times of the Doppler samplest™ ,_(m).

re—der
Algorithm:

The atmospheric Doppler is calculated from the corrected phase residuals as

@ _ Pip(m + 1) — gpp(m)

Datm(m) = re re ) (683)
di|iperimy  tr (m+1) — 675 (m)
where
re t::f:f(m + 1) B t:;f(m)
tm;{der(m> = 2 ’

andwherem :1 — N — 1.
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6.2.3.2 Total bending angleretrieval

Input Parameters:
1. Atmospheric Doppler residual D ,;,,;
2. Position vector of the occulting GPS satellite transmission antenna phase center 7¢< (t;ff ) ;
3. Position vector of the GRAS receiving antenna phase center 7, (¢7¢/);

4. Velocity vector of the occulting GPS satellite transmission antenna phase center ¢ (t’t"jf ) ;

5. Velocity vector of the GRAS receiving antenna phase center o<, (¢1¢/);

ant

6. Radius of the curvature 7=
Output Parameters:

1. Total bending angle o (¢7/);

2. Theanglesof the occultation geometry in geometrical opticsapproximation 3 (¢7</), & (tre/),
v ('), e () and e (1)),

Congtants:

1. GPStransmission frequencies f;; = 1.57542 GHz and f;; =1.2276 GHz
2. Speed of light in vacuum ¢

Algorithm:

The Doppler components of the signal received by the GRAS instrument can be formed into the
equation

(GG R GACI R ()]

0
i (1) — et ()|
(e () i (n) + o () -7 (1)) (6.84)
+Datm (tqt;f) ;
where
fops = the transmission frequency of the GPS (for processing of the L1 channel f,,, = fn

and for L2 channel f,,, = fi2) [Hz];
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reeh = the position vector of the phase center of the receiving antenna in ECI coordinate
frame [m];
e = the position vector of the phase center of the transmitting antennain ECI coordinate
frame [m];
T, = the velocity vector of the phase center of the receiving antenna in ECI coordinate
frame [m/s];
i = the velocity vector of the phase center of the transmitting antennain ECI coordinate
frame [m/s];
Pt = aunit vector parallel to the ray leaving the occulting GPS satellite antenna;
pect = 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 (72, 7)) are used for 7%, and

gua’ Y gva ant ant

when a rising occultation is processed. The position and velocity vectors of the GAVA antenna
(et ,, veet ) are used for 72, and 752, in the case of processing of a setting occultation.

gava’ “gava ant ant

We may define a new coordinate basis, which depends on the transmission and reception times as
Fcon = fzgt (t:gevf) - fidaff <t:;f>

—
TCO’I’L

=
| Tcon |

(i (7)<
F=— (6.85)
el (1)

T =

J=4x3

In this coordinate system the unit vector paralel 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

Fect (t§§f> = cos(0)z + sin(d)y (6.86)
P () = — cos(7)@ + sin(y)g (6.87)
and
cos(a) = cos(d 4 7) = —7¢ - 75 (6.88)
where
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) = the angle between the straight line between the antennas and the ray leaving the
transmitter antenna [rad];
7y = the angle between the straight line between the antennas and the incoming ray to the
receiver antenna[rad];
Q@ = the total bending angle of the ray path [rad].
The Equation 6.84 may now be re-written with the new coordinates as
0 = Uy -Tcos(d)+ vy - ysin(d)

—Ugnt + T cOS(7Y) + Ugne - sin(7y) (6.89)

+ (77ant - Utx) T

+Datm~

This equation has two unknowns, namely 6 and -, and thus can not be solved. It is therefore
necessary to impose an equation of constraint relating these two angle. Thisis 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 directionisnormal
to aline from the centre of the Earth (the tangent radius). Thus the equation of constraint is

@& = Ggps = Qleo

= T (6 sin(y + ¢) (6.90)
= e () sin(a + ),

where
¢ (1)
B =m —arccos | ————— |,
e ()|
and

T- 772%& (t:;f)

Y = arccos | —————<
i (5]

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 ~, with the equations
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The objective function and its derivative with respect to v are given by

A(y) = T - 2cos(8) + Ty - §sin(0)
_77ant X COS(V) + Uant . :g Sll’l(’y)

A

+ (Uant - ﬁtz) "L

_'_Datm
dA dé dd
&y = —Ug - jSiIl((S)d—7 + Uy - @COS((;)%
+77ant - SIH(”)/) + 77ant . y COS(”)/)
where
Pase (t757
a8 W cos (v + )

dy e )\ L s
1— <W) S1n (’}/_'_w)

(6.91)

(6.92)

After the iteration has converged the total bending angle o can be calculated from v and § using

Equation 6.88.
The impact parameter is calculated from « using Equation 6.93.
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6.2.3.3 Derivation of theimpact parameter
Input Parameters:

1. Position vector of the phase center of the receiving antenna 7=, (¢7¢/);

ant
2. Corresponding observation geometry angley (¢7</), and ¢ (/).
Output Parameter:

1. Impact parameter a (t7</).

Algorithm:

The impact parameter is derived using the observation geometry as
a () = [Fam (6)] - sin(y (65) + ¢ (£5))- (6.93)

6.2.3.4 Geolocation function
Input Parameters:

1. Receiving antenna phase center position vector 7%, (¢7¢/);

. Transmitting antenna phase center position vector <" (¢7</);

. Coordinate system translation vector from Earth oblateness correction function A7 (¢7¢/) ;

2
3
4. Corresponding observation geometry angle y (7<), and  (£¢/);
5. Bending angle o (£7¢7);

6. Impact parameter a (t7</);

7

. Reference ellipsoid semimgjor axis and flattening.

Output Parameter:

1. Geodetic latitude and longitude of the ground projection of the ray perigee ¢, (¢7</) and
Ap (8757).
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Algorithm:

A unit vector pointing from origin of the coordinate frame after oblateness correction 7 (¢7</)
(Section 6.2.2.7) to the ray perigeeis calculated from

~ect re . tref + ¢ t:if
Ttan (tmf) - - (’y ( ( )(tiif) 3 ))
CcoSs

(6.94)

2

ref ref
. [COS (a (gm ) + 0, (t:;f)) A:;Z (tref) + sin (%’"w) + 0, (tref)> Aj_cz (tref)] ’

where
—"ecz ref
01 (t’"ef ) = arccos (t ) ,
,recz ( ref)
_ECZ re
() = =)
e )]
and

oo (1) |75t (87) x 7 (1757)
() x [ () e ()

The unit vector point to the direction of the ray perigeeis

(1) =

,I,Aecz (tref) f?cf; (t:;f)

tan - .
,,—,tcz ref
tan re

The geolocation of the ray perigee is the point where a vector parallel to 7., passes through the
ellipsoid surface of the Earth model.

(6.95)

Vector 7¢¢ (¢re!) from Equation 6.95 can be expressed in the form

rec (trel) = a @ + b + ok (6.96)

The length & of the vector parallel to ¢ (¢7¢/) and reaching the surface of the ellipsoid can be
found from

_ \/ ag (1 B fe)2 (697)

(1= fo)* (a2 +02) + ¢
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where a,, b,, and ¢, 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

i () = A7 () o 0) i ().

geo

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 | atitude, longitude, and height of the geol ocation coordinates are derived using
theiterative algorithm defined in Section 6.3.3.3.

6.2.3.5 TEC derivation
Input Parameters:

1. Observed phase residuals ¢,.,1(t), Guwa(t);
2. Measured code phases C' P, 1(t), CPrc 2(t);

3. GPStransmission frequencies f;, and fr;

Output Parameters:

1. TEC asafunction of impact parameter T EC'(a)

Algorithm:

Therelative TEC shall be calculated as alinear combination of phase observationsat L1 and L2 as

TECT = l%(¢uwl - gbuw?) + B> (698)
d (le - fLQ)
where
d = aconstant corresponding to the square of the plasma frequency divided by the elec-
tron density (= e2/(4r2gom) = 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 measurementsat L1-P1 and L2-P2 as

TEC,

:1 fiitts [ ¢
A — f7,) 10230 107
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In 6.98 and in 6.99 the phase and code phase samples must be interpol
of time using the interpolation algorithm presented in 6.3.1.2.

The constant B is solved by aleast-squares minimizing of

> (TEC, - TEC,)*.

Derivation of the TEC is not performed when the receiver can not track
code.

ated to the same moments

(6.100)

both L1 and L2 phase and

Theimpact 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 lonosphere correction
Input Parameters:

1. Total bending angle as afunction of the impact parameter «;(a;);

2. GPS transmission frequencies f;, and frs.

Output Parameters:

1. lonosphere corrected total bending angle as a function of the impact parameter a(a;).

Neutral bending angle calculation:

The ionosphere corrected bending angle shall be calculated as

afan) = (o), + (720 (@rlahp, — (staon)) . (610D

L1 L2

where

Q@ = the neutral bending angle [rad];

Qg = the total bending from the phase residual at the GPS channel Lk [rad];

ay = the impact parameter from L1 [m];

BW, = the observation bandwidth of the neutral atmosphere [Hz];

BW; = the observation bandwidth of the ionosphere [Hz].
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Table 6.16: The default parameters for noise filtering in GO algorithm.

Par ameter Bandwidth range [HZ] SLTH range[km] | Polynomial order
B, 4-4 80-25 0
B, 2-2 25--80 0
B; 0.1-01 80--80 0
Parameter | Window length range [samples] | SLTH range[km] | Polynomial order
L, 40 80--80 0
L; 40 80--80 0

The total bending angles from L2 shall be interpolated to a; heights before applying Equation
6.101 with interpolation technique specified in 6.3.1.2.

The observation bandwidths for «;; and o, 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 requirementsin RD20. The default values
for thefiltering parameters are listed in Table 6.16.

The bandwith range column shows the bandwidth parameter 5, and window length L, values
corresponding to the SLTH valuesin the SLTH range column. Thefiltering function shall perform
a polynomial fit to generate a polynomial function of the defined order (in the polynomial order
column) so that the B,, and L,, 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.

Theionosphere correction using Equation 6.101 isnot possibleif sounding datafrom both channels
isnot available. This situation may happen in the troposphere where the phase lock on L2 channel
islost due to lower SNR ratio. When L2 is not available, the ionospheric correction is performed
by first calculating the ionosphere ionosphere correction term

it ~{an(a
7 (o), = o)) )

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 afunction of the impact parameter a.(a).
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Output Parameters:

1. Bias corrected bending angle as a function of the impact parameter a;.(a);
2. Biasestimate Aa,ean;

3. Standard deviation of the bias estimate o a,,.

Algorithm:

It is expected that at least sometimes the derived bending angles shall contain bias from clock
errors, satellite velocity determination errorsin 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 O, 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: 5km
Atmospheric model: MSISE90
Model input parameters:
Profile lat, long, ephemeris from geolocation
F107A, F107, AP: default

The MSISEQ0 model is described in [RD10].

The MSISEQ0 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

d—") dp, (6.102)

o0 1
O[m(a/) - 20,/a 7,” 72 — <d,u

where

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

o0

ala) = —2a

dlnn

(6.103)

l‘2 _ CL2
Equation 6.103 can be simplified by cal culating the bending angle between two consecutive height
levels j and j + 1 and by using approximations

dlnn dN

~107° 6.104
dx dr’ ( )
and
V(22 — a?) =~ \/2a (z — a) (6.105)
The dN/dx term in Equation 6.104 can be written as
dN —kj(z—x;
- = —k;jNje ki(a—a;), (6.106)
where
In < N
k= ﬂ (6.107)
Lj+1 = Xj
The bending angle between thelevels j and ;7 + 1 can now be written as
fi —kj(z—a)
Aa =10~ Gk N; eki(®i=a) /94 / \/m (6.108)

Thisfunction can be solved analytically using the“error function” (er f) for calculating exponential
integrals. The bending angle between two levels can then be written into the form

Aa = 1075 /2rak; N;eFi@i=Yer f < ki (x — a)) . (6.109)

Because the generic definition of the error functionis

erfle f/
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Tj+1
the error function for anintegral | hasto be calculated in two parts, i.e.,

erf(x) =erf(xj1) —erf(z;). (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 |/k;(xz — a) term 100 km above the uppermost
layer. This can be done ssimply by adding 100 km to the x ;. term.

The total bending angle is given by summing the Aaterms 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 /4 can be estimated from
the equation

N(h) = kiRapm(h) + (k; ;% + k3 ;EZ;Q) z1 (6.111)

ki, kY, ks = refractivity coefficients;

Ry = gas constant for dry air;

Pm = mass density;

e = partial pressure of the water vapor [mbar];
= temperature;

Z1 = 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 isnegligible. So, in the GRAS bending
bias estimation the refractivity of the neutral atmosphere is calculated from the equation

where

k1 = 77.604 [ K mbar~1];

Ry =2.87 [mbar m* K~ kg™1];

O = the total mass density from MSISE90 model [kg/m?].
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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 (k). This product is calculated from

z; = (14 107°N(h)) r(h), (6.113)

where r is the sum of the geometric height £, local radius of curvature ||, and the difference
between the geoid and the WGS-84 dllipsoid (undulation) 74, i.e.,

r(h) = h+ |7 4+ ra. (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 differenceis calculated as

Aa(a) = ala) — a,(a), (6.115)
where
Q@ = neutral bending angle derived from the observations,
Qo = bending angle derived from the atmospheric model.

The average bending angle bias shall be estimated as

N,

1 S
A = — Aa;(a). A1
Cmean = 77 ;Zl a;(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 prad). The bias corrected bending angle is then
calculated by subtracting the average bias from all

abc(a) = a(a) - Aamearr (6117)
The standard deviation of the A«(a) shall be used to monitor the quality of the ionosphere cor-
rected bending angles before bias correction.

If abias correction is performed, the BE_ FLAG in MDR-1B isset and the BE TYPE flagisset 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
AQmean 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 recal cul ated
after the bias correction.

6.2.4 Waveopticsretrieval 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 Noisefiltering
Input Parameters:

1. The measured amplitude and excess phase data for each sample (indicated by the time-
dependence ¢ ), and for both frequencies E;. 1(t), ¢c 1(t) and E;. 2(t), ¢ 2(t) (Signal am-
plitudesin V/V and phasesin 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 F/; (t), ¢1(t) and Ex(t), ¢o(t).

A user selectable option is to low-pass filter the phase residual and amplitude data before back-
propagation.

The phase datais low-pass filtered by

Gi(t) = (e s (tr] )>Bbw_m( o) (6.118)

t’rz

where
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Table 6.19: The default parameters for noise filtering in WO algorithm.

Par ameter Bandwidth range [HZ] SLTH range[km] | Polynomial order
Buo 2-2 25--80 0
Bi wo 0.1-01 25--80 0
Parameter | Window length range [samples] | SLTH range[km] | Polynomial order
Lo 40 25--80 0
Li wo 40 25--80 0
Pec_s = the clock corrected phase residual of the GPS channel ;
o = the low-pass filtered phase residual;
Bhu wo = the bandwidth of the phase residual filter in WO algorithm.

Thefiltering of the amplitude datais defined as

Ei(t) = (Eiei () g, . (6 (6.119)
where
Eic i = the instrument corrected amplitude of the GPS channel i;
E; = the low-pass filtered amplitude;
Bhu wo = the bandwidth of the phase residual filter in WO algorithm.

The filter bandwidth is determined by user definable polynomials B,,, (1<) and Ly, (t7¢/) as
described in the detailed description of the low-passfilter function and filter parametersin 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 agorithm 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 ¢ ), and for both frequencies E; (t), ¢1(t) and Ey(t), ¢2(t) (signal amplitudesin
V/V and phasesin 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 (x¢(t), ya(t), 2¢(t)) (at the trans-
mission time) and the position vector of the LEO satellite (x 1,(t), y.(t), z.(t)) (at the recep-
tion time);

3. From the geometrical opticsinversion algorithm the displacement of the center of refractivity
from the center of the coordinate system di” and the local radius of curvature of the earth 7¢/;

4. From the geometrical opticsinversion algorithm theionosphere corrected bending angle o(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
i (§s)s avi (§s);

2. The back-propagated phase residua WV, ({s) and amplitude A; (£s);

3. The position vector of the GPS satellite (x1.¢(t), y1,¢(t), z1,¢(t)) and LEO satellite (x4 1 (¢),
y1..(t), z1,(t)) in the BP coordinate frame;

4. Center of curvature g, 2r , Y1.r;

5. Local radius of curvature R..

Constants:

1. The GPS frequencies f; and fs;

2. The speed of light in free space c;

3. The signal wave length in free space defined as Ay = ¢/ f; and \y = ¢/ fa;

4. The wave number in free space k; = 27 /A and ky = 27/ \o;

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 anew 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.

GRAS Product Generation Specification 130 Printed on: 16th July 2004



= FUMETSAT
EUMETSAT EPS Programme -
POLAR GRAS Level 1 Product el EPe Sy SISPR%0010
SYSTEM Generation Specification WBS number: 270000
Date: 16/07/04
Algorithm:

Calculation of the new coordinate system

For each samplein the occultation the angles (¢) and 0(t) are calculated from

tanp(t) =

and

tanf(t) = yo(t)zr(t) — za(t)yc(t)

For ¢(t) and 0(t)

The GPS coordinates in the rotated coordinate system are be given by the transform

x1.6(t) cosp(t) sine(t) 0 za(t)
yr.a(t) | = | —singp(t)cosd(t) cosp(t)cosh(t) —sind(t) ya(t)
21 .6(t) —sing(t)sind(t) cosp(t)sind(t) cosd(t) 26 (t)

and LEO coordinates will be given by

21.1(t) —sinp(t)sind(t) cosp(t)sind(t) cosd(t)

Then the parameters of the ellipse are calculated from
Qg (t) = Reqa
and

Re,
\/sin29(t) + ﬁcos%(t)

bo (t) =

The candidates of the x; coordinate of the tangent point 7, (¢) is

(za(W)xL(t) — xa(t)zL(t)) cosp(t) — (ya(t)zL(t) — za(t)yL(t)) sinp(t)

£ (1) cosp(t) sing(t) 0 et
y1.0(t) | = | —sinp(t)cosh(t) cosp(t)cosd(t) —sinb(t) yr(t) | .

(6.120)

(6.121)

(6.122)

(6.123)

(6.124)

(6.125)

(6.126)

(6.127)
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1 2
71t) i (B3(B)21,6(1)
(6 + H5a260)

Zw:bw_w. 6129

The correct solution isfound from

= 721 ,(t) = —274(1). (6.130)

The two possible solutionsfrom 6.128 and 6.130 are (1, (t), z1,(t)) and (z1, (), 21,(t)).
Now if

X1,4(t) = 27, (t) (6.131)
or
xia(t) = 14(t) (6.132)

The unit vector z(¢) defining the z axisis now determined as

5(t) = ! T1all) —a6(l) | (6.133)

\/<x1’t<t) - xl,G(t))Q + (21,(t) — Zl,g(t))2 214(t) = 21.6(1)

The rotation angle of the z(¢) with respect to the z, (¢) is now given by dot product

cosv(t) = £z4(t) - 2(t), (6.134)
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where the positive sign must be used when z, ;(t) > 2 ¢(t) and the negative sign when z; +(t) <
21,G (t)
The transformation matrix from (z; (¢), z1(t)) coordinatesto (£(t), z(¢)) coordinatesis then

[ €1(t) } _ [ (1,0(t) — w14(t)) sinw(t)

(21,(t) — 21.4(t)) cosv(t)
o (6.135)

(21,0(t) — 21,4(t)) cosv(t) + (z1,L(t) — 214(t)) sinv(t) |’

and

26(t) = (v1.6(t) — x14(t)) cosv(t) + (z1.¢(t) — z14(t)) sinv(t). (6.136)

For the first sample ¢, in the occultation the constant distance to the GPS is defined as

ZG.k = —RG (to). (6137)

For all samplesthe corrected distance between the satellitesis calculated from

Rua(t) = \J&2() + (z(t) + 26)°. (6.138)

The center of refractivity in the (£, z, y;) coordinate system is calculated for the last sample ¢y in
the occultation as

dry . cosp(tn) sinp(ty) 0 dr,
driy, | = | —sinp(ty)cosO(tn) cosp(tn)cost(ty) —sinb(ty) dry, |, (6.139)
dry —sing(ty)sind(ty) cosp(ty)sinf(ty) cosO(ty) dr,

and

Er (dri, —x14(tn)) sinv(ty) — (dri. — z14(tNn)) cosv(ty)
zr | = | (drigz —x1(tn)) cosv(ty) + (dr, — z1(tn)) sinv(ty) | - (6.140)

Y1,R dryy

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

2p = Resin(amaz ), (6.141)

where

R, =thelocal radius of the curvature of the Earth from Equation 6.79;
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Qmaz = 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

Eni(t) = Ei(t)/ Ei(to), (6.142)

and

Gm.i(t) = ¢i(t) — ¢i(to) + ki (Rra(t) — Rra(to)) - (6.143)

The slope of the LEO measurement line is determined from

dZL(t)
t) = . 6.144
p(t) a6, (1) (6.144)
The coordinate zs;, aongthe S}, lineis determined for each sample from
_ 1 _
v.(t) = —arccos < 5, < vy (t) <0 (6.145)

zsu(t) = E(t)cos(va(t)) + (2o (t) — 21(t0)) sin(vu(t)).

The maximum height where the back-propagation integral is calculated is chosen user definable.
The default height is 25 km.

f&mam =19.0km

The minimum calculation height is estimated from the minimum impact parameter value from GO
solution as

SS,min - amm(t)/]'ooo3 - Re' (6146)

The minimum calculation height shall never be negative, i.e., if {5 < 0, then &g = 0.
The back-propagation integral is calculated for each frequency as

AN ki F—|—im/4)
Eoi(y) = (%) /EZ(ZE) COS Pqy 7 g7 1+ p?déy, (6.147)
éLL
where
f = (5[17 ZL)7
g = (&s, %),
E;(7) i (E1)emi€L))
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- —(Es—€0)+H(z—21)
\/(ﬁs—EL)2-‘1-(21)—21)2\/H‘(%)2

COSPDqy

The values E,, ;(&), ¢m.i(€L), &L, 21, and p are derived from their time sampled series E,,, (1),
Omi(t), EL(t), z(t), and p(t) by linear interpolation between the two samples with &, (¢) closest
tothe actual &;..

Theintegration limits &, ; and &1, 1, are derived from finding &1, 40 thet is determined by

dosr
dl‘SL

=0, (6.148)

where 3

P51(6.E8) = Oma (1) — k1y/ (61 — €6)° + (21 — 2)” (6.149)

The upper limit can now be determined by going from &, > £, 40 to find £, for which

¢s1.(&r,a0,€s) — dsr(ru,&s) = 107 (6.150)

Similarly the lower limit is determined by going from &, < &, 40 tofind &, 1, for which

¢s1(Er,dos Es) — dsr(ér.r, &s) = 10m. (6.151)

The new value of £g isnow determined by
s = &s — 0.005 km. (6.152)

Calculation of the back-propagated bending angle

The back-propagated bending angle is calculated for all samples on both frequencieswhere ¢, <
§s <&ru -

Before the bending angle can be cal culated, phase unwrapping must be performed for the observed
phase residuals. The back propagated signal can be written as

Eoi(€z,2) = Ape(Ei(E)) (6.153)

Phase unwrapping is performed by going through the phaseresidual samplesstartingfromV g ; (£5.maz)
and adding 2 to the phase ambiguity number N when the phase crosses zero in the anticlockwise
direction. The unwrapped phase residual for channel : can then be written as

\I/Z(fs) = \I/E’Z(fs) + 27TN

3The symbol ¢ 57, in Equation 6.149 may be a typo in the reference document and should probably be ¢ 5.
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Thetotal back-propagated bending angle o, ;(£s) and the corresponding impact parameter a;, ;(£s)
are calculated as

a,(§s) = arcsin (—%%ﬁ”)

ag.i(§s) = (2 — zr)sin (ayi(&s)) + (§s — §r)cos (aq,i(Es))

ai(s) = y/ac.i(6s)? + v

ro = /G + (con +2r)* + yig . (6.154)

B = arcsin (ﬁ)

rGe

vi(&s) = arcsin <%§f)> —)

,i(€s) = qi(Es) +7i(Es)

6.2.4.3 Phasetransform
Input Parameters:

1. The position vector of the GPS satellite antenna phase center 7, (¢;,) (at the transmission
time) and the position vector of the GRAS antenna phase center 7., (¢,,.) (at the reception
time);

The instrument corrected phase residual p; (t), amplitude E; (¢), and impact parameter a;;
Center of curvature &g, 2r , Y1.g;

Local radius of curvature r&<;

a c w N

GPS transmission frequencies f1; and f;,.

Output Parameters:

1. The bending angle as afunction of the impact parameter for both frequencies «; (a;).

Algorithm

The Phase Transform (PT) algorithm definition is based on RD25 and RD26.

When PT processing is performed for ameasurement, the “ Phase Matching” bitinthe WO_CHARACTERISAT
flag is set.

Total bending angle o as afunction of impact parameter « is calculated by differentiating the phase
of the phase transformed signal «(a) as

ala) = _% [Phase [u(a)]], (6.155)

where
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Imu(a)]
P = —.
hase [u(a)] = arctan {Re
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 calcul ated.
In Equation 6.155 the phase transformed signal u(a) is defined as

u(a) = / w(®)Qt)R(t)e @V at, (6.156)
0

where R(t) isthe complex signal received by GRAS

R(t) = E(t)e"™,

and

2
0lat) = [Vl ol = a4 s ) = a2+ T ()

VI (te) P = a2 VI () = a2
a a

— a arctan

—a arctan

where

I (t,,) = arccos {

Fxl) ol ]

Integral function 6.156 can be implemented as a matrix multiplication

u [ag) e~aoto) ... g=i®laotr) w(to)Q(to) R(to)
: = : g : , (6.157)
u [CLF] eiig(aF’to) €7i@(aF’tT) W(tT)Q(tT)R(tT)
where
aq = the smallest chosen impact parameter value;
ap = the largest chosen impact parameter value;
to = the time of the first data sample;
tr = the time of the last data sample.
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The windowing function w(t) and amplitude normalisation function €2(¢) used in Equation 6.157
are

21N,

w(t) = ap, + by, cos N T (6.158)

and
A
Q) = ———, (6.159)
(Amp [R(1)])

where
Ng = the number of the sample in the data time series;
N, = the total number of samples;
Ag = the amplitude normalisation value;

AMP[R(t)] = theamplitude of R(t), i.e., the amplitude from the measurement data.

(o = average over adliding window of w samples.

The average amplitude normalisation value A,is calculated over a user selectable number m,, 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 a, the impact parameter incrementation
step Aa, and the end impact parameter value a . A regular sampling shall be assumed.

Also al 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
a |rect] Local radius of curvature
Aa 10m
M 1
w 1
ap 0.54 Hamming window
b, 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

n tn

1 2 2
i N s m 1
I= L@l e [ o (6160)
1= tl
where
=the“noisy” data;
f = represents the space of the differentiable functions.

The value of the parameter A 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
valuefor the parameter ) is determined by selecting the value that minimises the generalised cross
validation function

2 llT—A )yl

V= , (6.161)
N AP
where
I = an identity matrix;
A = the influence matrix;
y = vector containing the datasamplesy = (y1, ..., yn)";
n = the number of data samples.
Tr() = trace of amatrix.
Il = L2-norm over the n-dimensional Euclidean space.
The influence matrix A in Equation 6.161 is solved from
g = ANy, (6.162)

where g, » = (gnx (t1) 5y Gna (tn))T, and g, is the function minimising the cost function in
Equation 6.160.

The phase noiselevel isestimated by cal culating the standard deviation of the phase samplesover a
dliding 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 valueis 100.i.€.,
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O = 100k—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” bitsin
ATM_MULTIPATH are defaulted to unset or zero.

6.2.4.4 lonospherecorrection
Input Parameters:

1. The bending angle as afunction of the impact parameter for both frequencies «; (a;);

2. GPStransmission frequencies f;, and fr;

Output Parameters:

1. lonosphere corrected total bending angle as a function of the impact parameter «(a4) [rad];

Algorithm

Theionosphere correction is performed by using the algorithm specified in Section 6.2.3.6.

6.25 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(t), v(t)

2. Interpolation timest,,,,
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Table6.21: Thelist of productsand the default threshold valuesfor level 1b products quality check.

Default threshold values
Product Symbol Minimum Maximum Quality flag
Phase residual L1 D11 om 500 m PHASE L1
Phase residual L2 Pip 12 Om 500 m PHASE L2
Doppler shift L1 Dot 11 OHz 750 Hz DOPPLER L1
Doppler shift L2 D gt 12 OHz 750 Hz DOPPLER L2
Doppler rate L1 e 0 Hz/s 25 Hzls DOPPLER_RATE L1
Doppler rate L2 D aba 2 0 Hz/s 25 Hz/s DOPPLER_RATE L2
Doppler acceleration L1 % 0Hz/¢ 1.5 Hz/¢ DOPPLER ACC L1
Doppler acceleration L2 P2 0 Hz/s 1.5 Hzls DOPPLER_ACC L2
Slant path TEC TEC 1-10" m=2 500 - 10%m~2 TEC
Slant path TEC drift ZC 1 110" m2/s [ 10-10" m™?%/s TEC DRIFT
Slant path TEC accelera- | 222 | 1-10" m™2%/* | 310" m~2/¢? TEC _ACC
tion
Bending angle L1 an Orad 0.04 rad BENDING L1
Bending angle L2 e Orad 0.04 rad BENDING_L2
lonosphere corrected @ Orad 0.04 rad NEUTRAL_BENDING
bending angle
Impact parameter L1 an 6378-10°m | 6478 -10°m IMPACT L1
Impact parameter L2 ap 6378-10°m | 6478 -10°m IMPACT L2

Output Parameters:

1. Satellite state vectors 7(ty.), v(tx)

The quality check of thelevel 1b productsisbased 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
flaginthelevel 1b productsisset, self explanatory information in the report of the dump processing
is added, and events of user configurable severity to the CGS viathe PGE interface are raised.

Quality flags that are the same for level 1a and level 1b products are listed in Table 27 in Section
4.4.2in AD4. Theseflags are set in level 1b products based on the flagsin level 1a products.

The A_FLAG, AS FLAG, and GPS_NAV_HEALTH flagsin 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 conditionsfor level 1b quality check.

Default threshold value
Product Minimum | Maximum | Condition Quiality flag
Receiver noise estimate

L1-CA 48 dB/Hz | 100dB/Hz | a;; > 12km | L1_CA_STRAT
L1-P1 42 dB/Hz | 100dB/Hz | a; > 12km | L1 P1 STRAT
L2-P2 35dB/Hz | 100dB/Hz | a;» > 12km | L2 P2 STRAT
L1-CA 48dB/Hz | 100dB/Hz | a;; < 12km | L1 CA_TROP
L1-P1 42 dB/Hz | 100dB/Hz | a;s < 12km | L1 P1 TROP
L2-P2 35dB/Hz | 100dB/Hz | a;p < 12km | L2 P2 TROP

6.2.5.3 Error characteristics estimation
Input Parameters:

1. All output parameters from the level 1aand level 1b product generation functions.

Output Parameters:

1. Error estimate for the ionosphere corrected bending angle 4., (t7</);

2. Error estimate for the impact parameter 4, (¢5/);

3. Measurement error covariance matrix Ms;;

4, Reference measurement error covariance matrix index ;.
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 I, is0. Thisvaue shal be used in the ERROR_COVARIANCE_ID inthe MDR-1B.

Other outputs from the error characteristics estimation function are set to O until the full algorithm
Is defined.

6.2.5.4 Leve 1b productsformatting

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 7(t), (t)

2. Interpolation timest,,,,

Output Parameters:
1. Satellite state vectors 7(ty.), U(tx)

The Lagrange method with a user definable order polynomial (the default order of the polynomial
is 8'") shall be used for the satellite state vector interpolation.

The equation for an n'* order Lagrange polynomial is

(—a)(@—m) - (x —wn) (x —xo)(x —29) -+ - (x — )
(g — x1) (g — T2) -+ - (X0 — T4) Yo+ (1 — x0) (1 — T2) -+ - (71 — T)

fn(x) =

Yt

(6.163)
where = represents the time and y represents the components of the vector that isto be interpol ated.
This can be expressed in generic form as

falz) =) Li(x) - s, (6.164)
=0
where
L) = ] % (6.165)
j=0
J#

The algorithm must ensure that the time stamps of the original state vectors and the interpolation
timet,,; areinthe sametime frame.

6.3.1.2 Linear interpolation
Input Parameters:

1. Two points (x,, y,) and (x,+1, y,+1) On both sides of the interpolation point;

2. Interpolation point ;.
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Output Parameters:
1. Interpolated y(x ;).
Algorithm
Theinterpolated value y corresponding to x;,,; is calculated from
Yn+1 — YUn

Tpy1 — Tp
6.3.1.3 Bi-cubicinterpolation for antenna pattern

Input Parameters:

1. Antennacharacterization file in the Instrument Database;

2. Azimuth and elevation of the incidence angle (¢,, 6,).

Output Parameters:

1. Complex characterization of the antenna gain pattern G (¢, 6,).

Algorithm

The bi-cubic interpolation is afit 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 iterationsis performed in the “vertical” dimension as indicated by theline 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 toMJD timeformat conversion

Input Parameters:

1. TimeinUTC.

Output Parameters:

1. Timein MJD2000.
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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.
Thefinal desired data point corresponding to the angles ¢, and ¢, 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 isthe fraction of the day.

The UTC time is transformed to MJD2000 by

HH -3600 +mm-60+ss+s
24 - 3600

t{MJD2000] = (YYYY —2000) - 365 + Djeqp + DoY + ,
(6.167)
where

YYYY = year,

Dicap = 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 D;.., shall be added to the MJD based on a leap year check showing the number of
leap years between 2000 and YY'YY. As 2000 was a leap year, the starting value of D, is 1.
The agorithm calculating DoY shall check if the YYY'Y isaleap year and take the leap day into
account in the DoY” value.

A user selectable option isto 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 + DUTL. (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 timeinto MJD2000 time is performed by applying Equation 6.167.

6.3.3 Coordinate frame conver sion functions
6.3.3.1 Antennareference frameto ECI transformation

Input Parameters:

1. Unit vector in local antenna reference frame (277, g/, 247,

2. Metop position (7<) and velocity (v5<') vectorsin ECI reference frame;
3. Characterisation information in GRAS Instrument Database;

Metop mispointing angles An, A¢, A(;

Mean semimajor axis of the Metop orbit a,,;

Mean inclination of the Metop orbit i,,;

Angular velocity of the Earth w,;

© N o 0 &

Orbital rate of Metop w,,.

Output Parameters:

1. Unit vector in ECI reference frame (2, g, 2¢%).

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
frameis 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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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 274, 4, and 2%"J vectors

ant

are aligned approximately with the axis 25"/, ¢/, and 25"/ (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
2! and 2277 vectors define the plane aligned with the antenna radiating surface plane. For GZA

ant? ant
itis defined by 274, and ¢/

ant

The differencesin the directions of the 7/, 2/, and 2%/ vectorsand %"/, "/, and 25"/ vectors

are caused by the antenna alignment error. This error is measured after the spacecraft integration
and arotation matrix M, is provided for antenna misalignment correction.

The antenna misalignment correction is performed with the rotation
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iorh iorf
QZ:L]; = Mant @372{ . (6169)
257’f sarf

and ant

The antenna misalignment correction matrices M .4, Myq.q, and M., are provided in the GRAS
Instrument Database (GID) in the format described in RD7.

2) Trangdation from the antennareference frameto 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 antennareference frame is aligned with the SR frame with the trandation of O,,,,; to the O by

iyt Eont
e I T I ot (6.170)
= St

where

perd = the location of the antenna reference point in the SR coordinate frame [m].

3) Trandation 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
framesare defined as CoM astheir origin. So, itisnecessary to translate the origin of the coordinate
frame from O, to O,,,,, as

T i
ok | = 9| = 7o (6.171)
Zohn gt

where

s = Metop CoM position vector in SR coordinate frame provided by the spacecraft man-

ufacturer [m].

It should be noted that the 7"/ is changing slowly during the mission life time due to the con-

com

sumption of the spacecraft fuel. So, its correct value has to be requested viathe PGE.

GRAS Product Generation Specification 148 Printed on: 16th July 2004



= EUMETSAT

EUMETSAT EPS Programme
POLAR GRAS Level 1 Product el EPe Sy SISPR%0010
SYSTEM Generation Specification WBS number: 270000
Date: 16/07/04

4) Rotation from SR to the L ocal Relative Yaw Steering Orbital Reference frame (Y SOR)

After step 3) the coordinate frameis now perfectly aligned with the SR frame and fixed to the body
of the spacecraft. The next step isto rotate the coordinate frame so that it is aligned with the Local
Relative Yaw Steering Orbital Reference Frame (Y SOR) frame.

The Attitude and Orbit Control System (AOCYS) tries to keep the spacecraft perfectly aligned with
the YSOR frame when the spacecraft isin Yaw Steering Mode (Y SM). In this situation the co-
ordinate frames would be aligned so that 7”|| — Zeoms R'|| = Geom, @0 L'||Zeom. In redlity the
alignment is not perfect. The alignment error is characterized as the spacecraft mispointing an-
gles An, A¢, and A(, 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 MDRSs.

The correction for the mispointing is calculated by Euler angle rotation as

T i,
b ) = (R, (AQRK(— ARy (—An) | 431, ) ; (6.172)
)% gt
where
1 0 0
Ry(w)=| 0 cosw sinw |,
0 —sinw cosw

cosw 0 —sinw
Ry(w): 0 1 0 s

sinw 0 cosw

cosw sinw 0
R,(w)=| —sinw cosw 0
0 0 1

5) Rotation from Y SOR to the Local Relative Orbital Reference frame (LROR)

The LROR and the Y SOR coordinate frames are not aligned as Riisin general not parallel with
R’. The alignment of the coordinate framesis performed with asimilar Euler rotation asin step 4)

by

B | = Ra(OR(—ORy(—m)) " | R | (6.173)
Ly L

Theroll angle ¢, pitch angle &, and yaw angle n depend on the Metop orbit parameters and orbital
position as
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n = Cysin(by),

g = Cx Sin(29tl),

2
¢ =C,cos(y) (1 _ [Cecos(Bu) Cog(etl)] ) )
where
etl = Wp + Mma
where
Wy = the osculating argument of perigee;
M, = the mean anomaly.

(6.174)

(6.175)

(6.176)

(6.177)

w, and M,,, in Equation 6.177 are cal cul ated from the M etop position and vel ocity vectors provided

by the NRT POD.

The AOCS rotation amplitudes C,, C,,, and C, are functions of the Metop orbit and are given by

ae \ sin? (i)
C,=—e2|—= =
“ (am) 2

Qa

C, = —(e.)? (—) 50 (i )OS (),

am

_ kcos(im, — 90)
i + ksin(i,, — 90)’

z

where

U = mean semi-major axis of Metop orbit;

I = mean inclination of the Metop orbit;

e = semi-magjor axis of the reference ellipsoid;
Ee = eccentricity of the reference ellipsoid.

(6.178)

(6.179)

(6.180)
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Table 6.23: WGS84 reference ellipsoid parameters.

Parameter Value
Qe 6378 137 m
1/f 298.257223563
e. | =1/1-(1—f) 008181919
Theratio k is
k= (6.181)
wO

where
We = angular velocity of the Earth [rad/g];
Wo = 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 L;axis is defined to
be parallel to the local normal of the Earth’s reference elipsoid (WGS84) directed upward and
crossing the spacecraft CoM. This means that the L,axis is parallel to the Metop position vector
7t only in special cases (see Fig. 6.4). Rotation of the LROR coordinate frame to the LOR frame
isnot trivial because the direction of the 7, vector and the length of the Az 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 77 and the v’ vectorsin ECI frame.

Two dlightly different methods for the derivation of the geodetic coordinate frame quantity Az
can be defined depending on the required accuracy:

(1) For the incidence angle estimation in the level 1a processing Az can be approximated as

Az = NeZsin (¢}, + fsin (2¢])] , (6.182)
where
N = an auxiliary quantity illustrated in Figure 6.4;
Ee = eccentricity of the reference ellipsoid,;
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North pole , +z

Zenith
Rpole

Horizon

CoE +X
Equator Re
Az
South pole
Figure 6.4: Geometry of the geodetic and geocentric coordinate frames.
©, = the geocentric latitude;
f = flattening of the reference ellipsoid.
The geocentric latitude is calculated from the Metop coordinatesin ECI frame as
' — arctan | ———r (6.183)
Pq vl :

where z, y, and z are the Metop CoM coordinates in ECI coordinate frame.
Quantity NV can be calculated as
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where ois approximated from

o= + fsin(2¢).
(2) Inthe level 1b processing the full iterative algorithm defined in Section 6.3.3.3 has to be used
for estimating A .

The Metop geodetic position vector 77’16; can now be defined as a vector sum

—ect
7

" leo

—ect

= 7 Agze
= 2%+ oy + (2 — Az)E*, (6.184)

where 2¢, 7°¢, and 2°“ 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 7¢< to the definitions of the LROR frame asin AD7.

The unit vector L;can be expressed using the definition of the LROR frame as

—;eci

A r
_ leo
Ly = —eci
" leo
xiecz + ygecz + (Z _ Az)éecz

\/x2 +y? + (2 — Az)?

L eci ~ech z— Az seci
= /_l,ECZ _l_ /iy _|._ (/7)2
Tleo A leo . leo A

= Mz 2% 4+ Moy + M332°“, (6.185)
where
rgeo = T,leo ;
(z,y,z)  =Metop positionin the ECI frame [m].
The unit vector 7} perpendicular to the plane containing L; and 77 is can be derived with the
cross product
fl = 1_)}6662 X f/l

= (UleowjeCi + Uleoyg“i + Uleozéea) X IA/I (6186)

— z— Az ) seci Y z— Az ~ech Y x
- Vieoy r — Vleoz 7 + | Vieoz ;7 — Vleox ’ Yy + | Vieox 7 — Vleoy

leo leo leo leo leo leo

~ect ~ech sect
= (UleoyM33 - Uleon32) X + (Uleon31 - Uleon33) Yy + (Uleoni}Q - UleoyMiSl) Z

where
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(vg,vy,v,) = Metop velocity in the ECI frame [m/s].

The unit vector 7} isthen

A T,
T1 == TS
2—Az Y Y 2—Az Y T
Vieoy ! - /Uleozr/_ . Uleozr/_ - Uleozr/— . Uleoxr/_ - Uleoyr/_ .
_ leo leo ~.€eCl leo leo ~€eCl leo leo LECL
= 7+ Y+ z
T1 Tl Tl

- Mll.i'em —|— Mlzgecz —|— Mlgﬁem, (6187)

where

z— Az Y 2 Y z—Az\° Y z\?
T, = Vy—— —v,— | + (v —V—— ] + (Va5 —v,—/ | . (6.188)
7nleo 7nleo 7nleo 7nleo ,rleo 7nleo

The unit vector 2, completing a right-hand system is

R1 = IA/1><T1

v _ _z Yy z—Az
( y Uleo:): 7‘l/eo UleoyrZeo _ Z = AZ /UlGOZ 7‘l/EO Uleox Tl/eo ) i‘eCi

/ !
rleo Tl Tleo Tl

z2—Az Y Y T
~ — Az Vieoy ! — Vleoz ! 1 Vleox T Vieoy o
leo leo leo leo y
/ /
Tleo Tl Tleo Tl

z—Az

y z—Az — Y
N ( T Uleoz_’"feo Vleox " Yy Vleoy . Uleoz?"feo> eci

/ /
7nleo Tl 7nleo T1

(M3aMy3 — Mz M) e+ (MsgMyy — My M;s) §° + (M3 Myy — Mz Miy) zeet
= Mo 2% 4+ Moo§® + Mog 2. (6.189)

The rotation of the coordinate frame can now be written as

Tl :i,ecz'
R | =M g |, (6.190)
IA/l 2662

where the elements of the matrix M are defined in Equations 6.187, 6.189, and 6.185.

Therotation matrix M alignsdirectly 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 tranglation 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

~ect 2

Lant . T 4

~ect _ - —eci

g, | =M Ry |+ (6.191)
Zant Ly

6.3.3.2 WGS84to | TRF97 coordinate transform

Input Parameters:

1. Position vector in WGS84 coordinates 709584

Output Parameters:

1. Position vector in ITRF97 coordinates 7"/

Algorithm

The WGS84 coordinates are transformed to I TRF97 frame using a Helmert transform
Pl = M st — M T, (6.192)
The matrices M;, and T, in Equation 6.192 are

+D —Rs; +Ry

Mh = —I—Rg +D —Rl 5 (6193)
—R2 +R1 +D

and

T,

Th=1| 15 |,

T3
where
T) =+1[cm];
T, =-1[cm];
Ty =-2[cmy;
D =+0.3-1077;
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Ry =+0.6 [mas];
Ry = +1.2 [mas];
Rs = +0.7 [mas].

6.3.3.3 Derivation of geodetic coordinates
Input Parameters:

1. Geocentric Cartesian ECEF coordinates (z, y, z);

2. Reference ellipsoid semimajor axis a.and flattening f.

Output Parameters:

Az;

N;

Geodetic longitude A,;

Geodetic latitude ¢,

o w0 NP

Geodetic height above the reference ellipsoid h,.

Algorithm

Thefirst task isto calculate Az. Thiscan bedone usingiteration [RD15] and geometrical definition
of Az as

Az =2z — (N + h)sinp, = NeZsin ¢, (6.194)

where the eccentricity of the reference ellipsoid e, is

ee =1/1—(1—f)> (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 theiteration the Az isset to

Az = e*z, (6.196)

e

where z isthe z coordinate of the Metop positionin ECI frame.

The improved values are calculated from the equations
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) z+ Az
sin ¢, =
I 2 2 2
\/x + 92+ (2 4+ Az)

: (6.197)

Qe

/1 — e2sin v,
1 —eZsin® p,

Az = NeZsin g, (6.199)

N =

(6.198)

where a.is the semimajor axis of the reference ellipsoid.

The iteration is repeated until the Az 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

Ay = arctan 2 (y, x) , (6.200)
z+4+ Az
= arctan | —— | , 6.201

and

hy = \/:1:2 +y2 4 (2 + Az) = N. (6.202)

6.3.3.4 ECEF to ECI coordinate transform

Input Parameter:

1. Coordinatesin ECEF frame.

Output Parameter:

1. Coordinatesin ECI frame.

The baseline ECEF to ECI coordinate transform algorithm is defined e.g. in Equation 6.2.1 of
RD15. Thetermsfor 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
ableto 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 7<;

2. Fiducial station antenna phase center position vector in I TRF coordinate frame F‘jf;"f ;

3. Earth model identification (e.g. WGS84).

Output Parameters:

1. Elevationangle of theincoming ray 57';

2. Azimuth angle of theincoming ray ¢5<';

3. Geodetic coordinates of the fiducial station Ay rs, ©g fsy Ry 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 fiducia station. The
geodetic position vector of the fiducial station is derived by

—ecef
7 —ecef secef
r fs = rfs AzZ ,

= w8y G+ (2p, + Az)2 (6.203)

where z¢¢¢f | e/ and 2¢°*/ is a unit vectors defining the ECEF coordinate frame.

The parameter Az is derived using the iterative algorithm described in Section 6.3.3.3. Thisalgo-
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

l.fsi.ecef+yfsgecef+ (Zfs _l_AZ)Zcecef
VT + Y3+ (oo + A2

~ecef __
ns =

(6.204)
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The unit vector 7/ and the position vector of the fiducia station " 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 antennais

—ect __ seci _ ect
rray =Ty rfs :

The elevation angle ¢4 of the GPS satellite for the fiducial station isthen

~ect ~ect
ect __ ™ TTGZI ns
Ef = — —arccos\ ————1 .
s 2 reci

The azimuth angle 65 of the GPS satellite from the local geodetic north is

eci __ —ecl ~ecl —ect ~ect
efs = arctan 2 (rray *Yiocals Tray ' ‘Tlocal) )
where
~ech sect ~ect
Yiocal = % X ng,
and

~ect ~ect ~ect

Liocal = Mg X Yiocal-

(6.205)

(6.206)

(6.207)

(6.208)

(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 ¢/, ;

2. Elevation of the measured GPS satellite ¢ (t:?_cfs> ;

3. Latitude of the fiducial station ¢ ¢,;

4. Height of the fiducial station above sealevel h .
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Output Parameter:
1. Hydrostatic mapping function m, (t:?_cfs> ;

: ; ref
2. Wet mapping function m,, (tm _fs).

The Niell mapping function is used in the GRAS data processing algori
The hydrostatic (dry atmosphere) mapping function is derived from

thm [RD16].

ma(e) = mu () + Amfe), (6.210)
where
(1+52)
mp1(e) = : (6.211)
n(e) + —=24——
<S’Ln(€) SZ"(E)JFWZHC )
and
Aht
1 <1 T )
Am(e) = : — o “hys (6.212)
SZTL(Z‘:) (SZTL({‘:) + ant )
sin(e)+ Smé})‘icm
The coefficients a,b, and ¢ for the Equations 6.211 and 6.212 are derived from
J dozf o TO
L1V ) = P 21
a’(gpw tT‘{L‘_fS) a’avg (@fs) + a’amp (cpfs) COoSs ™ 36525 ) (6 3)
dyo tf;%fs - TO
b(@is Ly 1) = bavg (915) + bamp (Ps) cOS QWW , (6.214)
and
. dozf o TO
LY ) = o=t 21
C(@“ tT‘:E_fS) Cavg (@fs) + Camp (@fs) COoSs ™ 36525 ) (6 5)
where
Vi = latitude;
t;'fgojs = 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 (p;)
15° | 30° | 45° | 60° | 75°
Average
Qavg | 1.2769934 - 1073 | 1.2683230 - 1072 | 1.2465397 - 10~ | 1.2196049 - 10~ | 1.2045996 - 10~
bavg | 2.9153695 - 1073 | 2.9152299 - 1073 | 2.9288445 - 1073 | 2.9022565 - 1073 | 2.9024912- 10~
Cavg | 62.610505- 1072 | 62.837393- 1072 | 63.721774 - 1072 | 63.824265 - 1073 | 64.258455 - 1073
Amplitude
Qamp 0.0 1.2709626 - 107° | 2.6523662 - 107° | 3.4000452 - 1075 | 4.1202191 - 10~°
bamp 0.0 2.1414979 - 107° | 3.0160779 - 107> | 7.2562722-107° | 11.723375- 107
Camp 0.0 9.0128400 - 107° | 4.3497037 - 107> | 84.795348 - 107> | 170.37206 - 107
Height correction
Gt 2.53-107°
bt 5.49-1073
Ch 1.14-1073
Table 6.25: Coefficients for the wet mapping function.
Latitude (¢;)
15° 30° 45° 60° 75°
a | 5.8021897-10~* | 5.6794847-10~* | 5.8118019-10~* | 5.9727542 - 10~* | 6.1641693 - 10~*
1.4275268 - 1072 | 1.5138625 - 1073 | 1.4572752- 1073 | 1.5007428 - 1073 | 1.7599082 - 10~
4.3472961 - 1072 | 4.6729510 - 1072 | 4.3908931 - 102 | 4.4626982- 1072 | 5.4736038 - 1072
T, =28.

The parameters for the Equations 6.213, 6.214, and 6.215 are given in Table 6.24. The value of

a(pys, te,,) is obtained by interpolating linearly between the two nearest a(y;, trs’,,). Similar
procedure is applied to get by s, tr2’,,) and c(p s, 102 ,).
The wet mapping function is
1 a
e,
My (€, Qfs) = (6.216)

(sm(e) + m)

For the wet mapping function the coefficients a, b, and ¢ are provided directly in Table 6.25. The
value of m,, (e, ¢y,) isobtained by interpolating linearly between the two nearest m,, (<, ¢;).
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6.3.5.2 Hydrostatic delay model
Input Parameter:

1. Surface pressure at the fiducial station P; ;s or pressure at the geodetic surface level at the
station location Py;

2. Latitude of the fiducial station ¢ ,;

3. Geodetic height of the fiducial station .

Output Parameter:
1. Zenith hydrostatic delay estimate ALy,.
The ZHD (Zenith Hydrostatic Delay) is estimated from the model [RD17]

2.2779P, ;,
(1 — 0.00266 cos 275 — 0.00028%,)

ALy = 1073, (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 e, ;
2. Surface temperature the fiducial station T ;
3. Latitude of the fiducial station ¢ ,;

4. Geodetic height of the fiducial station .

Output Parameter:

1. Zenith wet delay estimate AL,,.
The ZHD (Zenith Hydrostatic Delay) is estimated from the model [RD18]

AL — 1076]€3Rd ‘ €s fs
dm (/\w + ]-) - ﬁTRd ,-Z—‘s_fs7

(6.218)

where
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kY =3.82-10° [K®mbar—!] [RD17];
Ry = the gas constant for dry air = 2.87 [JK ~kg~'];
Im = the gravity acceleration at the mass centre of avertical column of the atmosphere =
9.784 (1 — 0.00266 cos 2¢ 5 — 0.00028%,) [ms~2] [RD19];

Aw = the water vapor lapse rate = 3;
Br = 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-passfilter
Input Parameters:

1. Time series of non-filtered data samples z(t);
2. SLTH values corresponding to the data samples SLT H (t);

3. Filtering parameters B(t) and L(t);

Output Parameters:

1. Time series of filtered data samples y(¢);

Algorithm

A low pass filter implemented as Sinc function truncated by a Blackman-Harris window can be
written as

L(t)/2
(f)/ h(s;B(t),L(t))x (t —s)ds

e 6.219

s JE b (s B, L(t))ds &2

where

GRAS Product Generation Specification 163 Printed on: 16th July 2004



EUMETSAT EPS Programme S EUMETSAT
POLAR GRAS Level 1 Product el EPe Sy SISPR%0010
SYSTEM Generation Specification WBS number: 270000
Date: 16/07/04
L(t L(t
h(s: B(t), L(1)) = [H (H %) oy (3_ ;))]
b o (4 2)) + iy LA
clapy — bppcos | 2T | —— + = Cpp COS | 4T —
e L "2)) T O
S ’

where

1V >0
H(z)={ iVaz=0 .
OVae <0

The windowing function for the filter is selected by the coefficients a,b, and ¢. For Blackman-
Harris window the coefficients are a;;, = 0.42, by, = 0.5, and ¢, = 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 haveto be continuous. The user specified number of B and L values must be compliant
with the order of the polynomial so that the polynomial fit isfeasible.

A user definable optionisto apply the low-passfilter for any input dataincluding the productsfrom
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 CJ/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 77, (tmjd) :
2. Metop CoM velocity vector 7~ (tmjd) :

3. GPS CoM position vector 7, (t™?).
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Table 6.26: Default parameters for occultation table generation.

Parameter Default value Range
Metop orbit arc length 36 h 0-48h
GPS orbit arc length 36 h 0-48h
Position vector sampling interval 10s 1-60s
Ocecultation 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 ADA4.

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
adefined 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

{(Fo). @), @) 11— N},
where

tg’;{)‘ih(z’) = the epoch of the position and velocity vector sample : in MJD2000 time frame [g].

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 vectorsin the GSN productsis 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 samplesto

{(Fees), s ), Tt (0, 6 (9)) 5 51— N, s 1= 32
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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

—ect

. v
A, = oo (6.220)
‘ leo‘
) _Qj"leci
coi = leo (6.221)
|vleo|
] flECi
~ect eo
ek — leo (6.222)
|Tleo|

A unit vector anti-parallel to the incoming ray (ignoring the bending of the ray path in the atmo-
sphere) is derived from

—ect ~ect

f’eCi . Tgps_k ~ Tleo
apr_k T | =eci _ —tci} .

}Tgps_k Tleo

The elevation #¢¢ ;. and azimuth ¢¢¢, , angles of the incoming ray can now be derived from

gps gps_k

- Pt 1 g
e = arccos | ——————— (6.223)
gps_k nect o )
Tapa:_k |n92’a|
. 7 - (Mgua X Mgz
ook, = arctan | —2 ””—lfecf =7 ) : (6.224)
Tapz_k " Ngva

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

—eci(;\ eci(;\ ~ect . ect : ect . mjd /- .
{(rleo(z)7 /Uleo(z)7 T.gps_k(Z)? egps_k(z>7 Spgps_k@)? tep{)ch@)) ;b l— N7 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 antennain Table
6.27. The accuracy of the occultation measurement start and end epoch estimation isimproved 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° | -40-80km
GZA 20° - 90° 0° - 360° NA

determining when the predicted SLTH exceeds the specified height range. All parametersin Table
6.27 are used definable.

The geolocation is determined at the epoch when the SLTH reachesthe values specified in thefields
“SLTH measurement start” and “SLTH measurement end” in Table 6.26. It isimportant 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 elipsoid
surface. The geodetic height of the common point from the surface of the reference ellipsoid isthe
SLTH value.

The position vector of the tangent point can be calculated from

—eci —eci _ﬁe —eci —eci
Ttan_pred = Tgps T 20 (Freo — rgps) ; (6.225)
where
1 [ 201 (CQ — Cl)
i 2aq (CLQ — al) + 2()1 (bg — bl) + 1,
T — ] (1-/)°
and
o= (az — ) + (b b)2+(02_01)2
e = T=eci =i | 2 — ay 2 — 01 — | >
Ties = Top| (1- 5
and
et = the position vector of the Metop satellite CoM in ECI frame;
Feet = the position vector of the occulting GPS satellite CoM in ECI frame;

gps
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ai,by,c; = thecomponentsof the o, as 7, = a12°" + big** + ¢ 2%,
ag, by, co = the components of the 7% as 7 = ap® + ba ' + cp2°“.

The semi-major axis of the ellipsoid that corresponds to the determined geol ocation can be derived

fromusing a. and 3, as
2
e = | Ve — P (6.226)
4o,

‘i
1=/

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 ADA4.

where

%:a%—kbf%—
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Appendinx A: GRAS/Metop Precise Orbit Determination with
Square Root Information Filter

A.1l SRIFALGORITHM 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 sequentia filters (e.g. Kaman) from the
computational estability point of view at the same time that alows the resolution of non-
lineatities in the dynamical equationsin asimilar manner as a least-squares algorithm does.

The following sections describe the basic principles of he SRIF agorithms 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

pu M 0 Ougpy suo (p121)
e, u _ ue, u e~ u
g =& Vo ViueXi *elu
evd., 80 O IHeyy €04

where p, X and y are the correlated process noise, state vector and bias arrays with sizes np, ny
and ny respectively.

The sub-matrices V,, Vi and \ 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 t, and t,,, that can be represented by the mentioned variables and transition

matrices.

The transition matrices contain the partial derivatives of the estimated parameter x; with respect
to the corresponding variables at t, .
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(Vi,j )p = %
()= 2
i /x ﬂxj
(Vi,j )y = 1111_;('
J

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

Dt Dt (A.1.2-3)
m=e" U (pi)k+1:(pi)keti +tW,

where t . is the correlation time for the i-th variable.

The vector w, is the white noise associated to the correlated variablesin p.

The sub-matrix | isthe unit matrix

A.1.3 Linearised Data Equation

The dynamical system described above is observed by a set of observations whose data equation
islinearly expressed as (sub-indices between parentheses indicate matrix or array sizing)

This equation represents a set of m observations in the array z with associated observation errors

inarray n used to estimate a set of n parameters contained in X through the m” n matrix of
observation partials A.

A.1.31 Normalisation

The m-sized vector of observation errors n 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 Q, .

7 2 i
&n S ot SpU (A132)
e 2 u
Q _8a Sz " Sl
° é: s v
é ; U
@ml Sm2 Smmg

The relationships between z, n and A with their corresponding de-normalised Y, e and F
versions are the following
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Lo
Ly

-1
Ly X

Y (A.1.33)
ooxe

z
n
A

5

being L, lower triangular givenby L , X7 = Q,

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 Q, is diagonal and the expressions above are
simplified with

61 0 0 U (A.1.34)

&% 0 - 00U Su ‘9
€y o o U < 1 u
_é S2» 0 p Ll_?O — ou
Q=5 : - o= @& S U
e : . u e : 22 Y
850 0 s2 o e 14

mm a0 O —

Theknowledge of Q, does not permit in general the implementation of the full matrix. The non-

correlation between measurements is questionable in genera since some of the items (e.g. the
receiver clock offset) that contribute in the observation are correlated between consecutive epoch
and aso 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 Q,. In practice, the

use of adiagona Q, 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 DataEquation Interpretation

In the data equation, zand X represent incremental values with respect to a reference usualy
taken to be the initial one. This means that x is the increment to apply to the initial estimate of
the extended state vector X, to obtain its updated estimated value x, and z represents the

computed observation residual between the measured observation vy, and the one computed
from the observation models y

2=t =LAy, - Y) (A.1.35)
X=X - X%

The matrix of observation partials is defined as
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&y, T, - Mo (A130)
e ™, §
é u
oy, My, o Wye o
Firm =& T n g
e . u
& a
é u
éﬂxl 1-[)(2 ﬂxn l,Jx:xo

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
g , N (A137)
J=an; =n n=e xQ, >
j=1

A.1.4 The SRIF Information Matrix

The principle of the SRIF algorithm is based on the implementation of the following information
array

= u
éR(n n) n) a

7 (A.1.41)
Norn)  Zm) By (e

This matrix contains the information of an arbitrary (processing-wise speaking) previous state in
terms of covariance and observations [R Z] and the information added by a set of m new
observations through the [A z] part of the array.

The relationship between [ﬁ ’ZJ and the parameter estimation vector is given by

5 Rt rT (A1.42)

v!hi ch has the form of a data equation for some n fictitious observations Z with associated noise
n

From the practical point of view one has a state k (at time t,) represented by [ﬁ 'Z]k that is
updated with a set of new observations represented by [A z]k. This new set of observations is
incorporated into the process by the adequate orthogonal transformation T to obtain the the
updated information array [ﬁ ZJK, still a t,, and the resduas e  of the incorporated
observations. The updated information array [Ii ilk Is then propagated to the next state k, at
t.,, aso by means of orthogonal transformation (see 3.5.3) This updated value of the
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observation array [ﬁ "z'Jk+1can be used to initidlise state k+1. All this process can be
summarised as follows:

R 70 . R A < [k 4 wie [r 7], (A143)
é u #® g
A 7, g0 eq, & R 50
F® a G
8N Z(,

[A Z]k+1

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
X, =R, (A144)

— Dlys
Xk+1 =R xzk+l

A.1.5 SRIF Algorithm Computation Method

A.151 Initialisation

In the first step of the SRIF processing one needs to provide initial values R, and X, .

The initialisation of the algorithm can be accomplished easily by means of the initial parameter
covariance, i.e.

i ~ " A.l1l51
Polz%ng U Ro:‘\/Po1 ( )

where R, is lower triangular.

In the common case of initial diagona covariance matrix (thisisthe usual situation as no a-priori
knowledge of the correlation between the different estimated parameters is in general available)
this factorisation becomes

1

PR A152

e U hree
i 0 1]

In either case, the initia value of the information array becomes

Ry Z]=[R, Ry»x,] (A.153)

In the successive addition of new observations the new R is part of the result of the processing
itself.
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A.152 Array Updating

Once the algorithm has been initidlised 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 aso the resulting

matrix R is triangular

éRU éRU (A.154)
e,a¥%® ¢
éAl &0g

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

CFT gy . f £ 9N A155
€ i L - Ny le,l gll M, - Iy le,J ( )
&~ = = = U én ¢ c 5 U
) By T - Ty Zil] éO o -+ Iy Zzl'J
a . ) 4 a: .. g
= o~ 8 - —~ ~ =~ U e ~ 5 U a5 5
SR ZH:é fe Th2 0 T anﬂsM@ éo o - Fon Zn[]:gR ZH
gA z(j €8 @, - Ay 4 e0 0 Oey &0 e
e u e u
“a a e A, Z Y 0 0 - 0eV‘
e 7z 2 N
é: u e: . . e u
U (] u
giml A, 1 8 ZyQ eo 0 - 0 €nl

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

Rxx = (A.156)

-1

P=[RA )" =RHRT

From the implementation point of view, it is interesting to separate the information array into
two arrays |S| and [R,  Z, ]in the following way

. o . 4 = R R, R Zu (A157)
~ 1 € S U é S § Su &’ P P Py
[R Z|=6~ _qg=e" ~ ~l:|:éRxp R Ry Z.
aR, Z 80 0 R, zg z ~"
ey 40 e y H o o0 R 74
e y yu
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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 [ﬁy Zy]

&S, S S, Su & § § Su (A.1.58)
¢ e S
A A zg g0 A zg
with
. &R (A.1.59)
S, =é ’a
" &0q
being R, upper triangular
. &R0 (A.1.510)
Sc=ea
eR 0
being R, upper triangular
The second step solves [ﬁy ZyJ using information from the first step
S 30 R 50 (A.1511)
g?y ZAyu Wa®a Y Vg
& Za e0 eq

being Iiy upper triangular

A.153 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 alows to sequentially process the next batches of observations. The
propagation is aso performed in two steps taking advantage of the array decomposition adopted
during the update phase. Additionally to al the elements involved in the update phase,
propagation requires the knowledge of the transition matrices M, V_ , V, and V, and the

covariance Q, of the noises w, associated to the correlated variablesin p.

The first step propagates the Sarray disregarding the bias part [Iiy iy]. For this purpose the

augmented information array éA at k is formed

é - R,xM R, O 0 z,0 (A.1.512)
es Siw, 0 S! S,-S'w, g4
u(2np+nx+ny+1) (2n,+ny)
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RAR,) =
2, =R, W,

The appropriate Householder transformation is then applied to obtain the propagated state at k+ 1
é-RM R, 0 0 ®, R, Ry R, 70U (A1514)

u W@ w2y
gsp Spr 0 S S SX)V Szuk @0 S S S Szgk+1

with R} upper triangular and

~ éR U ~ &R U ~ R0 - & (A.1.5-15)
p_é~ L:I, :é"‘pl:l; Sy:é~ u, Sz:é-.((]
EA eRa &y eZ U
The propagation of the [Iiy 2y] to the state k is quite simple and represented by
R, z|. =R, 2] (A1516)

A.154 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 asif the y biases did not exist

- _ (A.1.517)

S\/k — R—/l xzy (A.1.518)
3. Sengitivity
_[a alra (A.1.519)
s=-s8]'s,

4. Estimates of p and x
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5B efJu (A.1.5-20)
A =a.n t S ka
&b, 8l
5. Computed covariance of p and x asif the y biases did not exist
SO IR SURNUNR TP (A.1521)
— 0
- [Sp SX] )g%sp SX] &
6. Biases covariance
o faa) (A.1.5-22)
Py - Ry X(Ry )
7. Covariance of pand x
_ A1 51| A.1.523
IDp,x - Prfx + (Se ny )X(Se ny ) ( )

A.1.6 Householder Transformation

A.16.1 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

y, theresult of thereflection. y and y, can be expressed analytically as:

Y, == (y w)wv

Subtracting both equations (to eliminate v):
Y, =y- 2y ww (A.1.62)

The above equation can be rearranged to obtain:
y, =y-2wxw)y=(l - 2wxw")y (A.1.6-3)

Hence, the matrix T that defines the Householder transformation is;

T=1-2ww' (A.1.64)

This matrix has important properties, namely it is orthogonal and idempotent:
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T2=(1-2wxw ) X1 - 2wxw') = (A165)

| - 4w +4wxw' w)xw' = |

Therefore T =T %, taking into account T =T (symmetry), T =T ", proving orthogonality.
The transformation performed by T can be expressed as:

Tiy=y-gw (A.1.66)
where
T (A.1.67)
g=22"
W' X

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 agorithm.

As it has been mentioned above, this transformation is used to obtain upper triangular matrices.
To achieve this goal it is enough to choose y, lyingon (s ,0,...,0) Then, the vector w should be:

1 (A.1.6-8)
W:a(y- S xe)

e=(1,0,...,0)

Then it is possible to obtain zeroes below the first element of the transformed vector y with the
following approach

s =- oy, (y" xy)"? (A.169)
U =Y,-5S
up=y; . j>1

with the transformation be written as
T:y=s:e (A.1.6-10)

A.1.6.2 Applicationto 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

& . e s ) (AL611)
é (n) l;l 3BA® gR(n n) (n) l:] =H
8w ) L) By (e € 0 Gl

The formulation for the Householder transformation that accomplishes thistask is
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) ~ FRP i (A1.6-12)
R; =-sgn(R,i)><\/a R +a A, !
j=i j=i |
U = l'Til - Iiu :
uj:,,“ , j=i+l.,n i
U | :?.j'i y J =i, m :
b == o
R, yl =1...,n
;S o} :
g—b>§ ukak,j"'aukaAk,J-'T i
Ck=i k=i q i
ﬁkaﬁk'j +gu, , k=i,.,n ;’/j=i+l...,n+1:::
?
i
A, =0, k=1m : i
p b
Computationally is better to express the algorithm as a function of the overall matrices H
) ~ . i (A.1.6-13)
Hi, =-sn(H,;;) % asz,i |
j=i |
ul = Hi,i HA|| :
uj:I—~|” , J=1+1..,n+m !
b= A1 yi=1.,n
H|i >q"li !
hgm _ u |
g =bxq u xH,; i :
k=i yj =i+1..,n +l|_
Hyj =Hy; +9%, , k=i..,n+m} b

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 alow 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

AD Z) O . R 35U (A.1.7-1)
e, Ja%h® e
eA  z( &0 e

A

The iterative process consists in feeding the new estimate Z into the initial information array to
obtain a better estimate of 2. The agorithm can be represented as follows

A

SR ZU 20 A a
& Zu Yh® SR "0 Wa® x, =R %,
Az e0 eg

T Cnmlnurpnchrand; (i=i+1)

In this approach the elements sub-indexed with i are calculated every iteration. I% , Z, and e are

computed as part of the SRIF algorithm itself (by means of the orthogonal transformation) while
A and z have to be recomputed every iteration based on the new estimate 2, (e.g. recalculation

of the observations z and the observation partials A based on the orbit propagation with the just
estimated state X;). The information matrix at the beginning of the iterative process ﬁ remans
the same from one iteration to the next.

The iterative process can be stopped when the convergence criterion defined by a given e vdue
is fulfilled. For instance

| " e, (A.1.7-2)

Jal]=| e g <o

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:

- Orhit 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 partias are
computed anaytically)

- Observation processing that allows connecting the real world with the scenario defined by the dynamics
through the orbit propagation
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- Parameter estimation that permits the tuning of dynamica 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 partias, 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 al. 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 al 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. Initidise the orbit propagation with the initial extended state vector (orbit state vector plus initial values
of variational partias)

2. Initialise the SRIF agorithm 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
partidls A arays

6. Perform the SRIF filtering to obtain observation residuals €, the triangular information matrix R and
new values for the extended state vector from Rxx = Z.

7. If anon-linear approach is being undertaken repeat the sequence from step 1 substituting the initia
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 [R ZJk+1 from [R V4 )

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 observationsis

2. - X )2V A22-1
r :lie' )_{r |' (Xe r) £+ Dr +CDTtroiCDTion+ CDTr 'CDTe+ CDTrel +D§OM +DrCOM ( )
C
with
Xe- X )X .
| %e- X |- (% ::r ) & =} geometrical measurement (m)
Dr p measurement bias including phase ambiguity (m)
DT wo p troposphere refraction delay ()
DTion p ionosphere refraction delay (s)
+ pseudo-range
- carrier phase
DT, p receiver clock error ()
DT. p emitter clock error ()
DT,4 P relativistic correction (s)
Dr & =} emitter centre of mass correction (m)
Dr < =} receiver centre of mass correction (m)

and al magnitudes are computed at the observation time.

In the Metop POD some simplifications can be performed with respect to this genera
formulation
(Xe- Xr) \
C

v (A.2.2:2)
©+ Dr +cDT, -cDT+ cDT,¢ +Dr & +Dr ™

r

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

, ) (A.2.2:3)
PO = fl Pl - f2

f2- f7

where P stand for either code or phase observations (see [RD22] GRASPOD study TN-01 section 6.1.3.3 for
details)

A.22.1 Pseudo-range Generation Algorithm

The data delivered by the GRAS recelver 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
Poa =Fcat N (A.2.2-4)

where

P.,»  pseudo range associated to the C/A code

F. . CIA codephase,

L 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 F ,, in (4.2-4) is derived in metres from

A.2.2-5
CC+ E ( )
216

=——% ¢
1023:10°

I:C/A

where CC and CP are the code phase constituents contained in the telemetry packets.

P., » can be computed from (4.2-2) where substituting (4.2-4) leads to
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X )NV A2.2-6
%Xe Xr I )9) Ae ) ey DI’ +CDTr _ CDTe+ CDTrel + Dr COM + Dr COM _ F A - ( )
N = nintG c

L

Q- O

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 0.5L (in practice with an accuracy much better
that 0.5L ). 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:

|%e- X | 2.10’ <10 From GSN and GRAS POD solutions
(%- % )=, |10" <1 From GSN and GRAS POD solutions
C

Dr <1 <1 Predicted from GRAS POD solution

cDT, Variable 3.0 Clock predicted from GRAS GSN solution
(Irs £10ns)

cDT, Variable 3.0 Clock predicted from GRAS POD solution
(Irs £10ns)

cDT 4 <1 0 Deterministic correction

Dr EOM 1 0.01 Deterministic correction

Dr “M 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 al those terms whose overall
contribution to the theoretical pseudo-range computation is small compared to L . In this way,
one can compute the pseudo-range with an accuracy better than 10 meters according to the
equation
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o _w):u A.2.2-7
r:|)_<e')_<r|- (Xe Xr) Ve+CDTr 'CDTe ( )
C
The equation for the estimation of the code phase ambiguity becomes then
~ - % )% 5 (A.2.2-8)
8?7(6- X |- M+CDTr - cDT,- FC,AQ
N =nint ¢ c +

¢ L

where X,, V,and DT, are inputs coming from the GSN POD constellation solution, L is the
constant value of one ambiguity cycle (L =292.766 km) and F ,, is provided by Level 1a as
the navigation measurement.

Thevauesfor X and DT, 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 initiaisation 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

0 Bias(y): dowly varying parameter (characteristic time is infinity with respect to data processing)
and the associated process noise is represented by white noise.

0 Correlated (p): exponentially correlated variation of the parameter and the associated process
noise is represented by an exponentially correlated random variable ECRV (coloured noise).

0 State (x): dynamica 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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Variation SRIF
Name Association S p [ X | VY
State Vector Satellite Y Y
Solar Radiation v v
Coefficient Satellite
Aerodynamic Coefficient | Satellite v v
Albedo Coefficient Satellite v Y
Infrared Coefficient Satellite Y Y
Empirical Acceleration | Satellite v v
Satellite Clock Bias (*) | Satellite v Y
Satellite Transponder v
Delay Satellite
Atmospheric Scale | Satellite/Station v
Factor Satellite/Satellit
e
Station Position Station Y
Station Clock Bias Station Y
Station Clock Drift Station Y
Measurement Bias Satellite/Station v
Satellite/Satellit
e
Earth Orientation v
Parameter Global
L ength of the Day Global Y
GPS Clock Bias (*) Satellite/Station v v
Satellite/Satellit
e

(*) Depending on the approach, the satellite clock bias may be a pure offset estimated epoch-wise, a
polynomia adjustment of the clock evolution, an exponentidly correlated random variable or a
combination of thelast two.

In the particular case of the Metop orbit determination, the table above reduces to the following one
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Variation SRIF
Name Association S p | X y
State Vector Satellite v v
Solar Radiation v v
Coefficient Satellite
Aerodynamic Coefficient | satellite v v
Empirical Acceleration | Sadlite v v
Satellite Clock Bias (*) | Satdllite v Y
M easurement Bias Satellite/Satellit v
e

(*) Depending on the approach, the satellite clock bias may be a pure offset estimated epoch-wise, a
polynomia adjustment of the clock evolution, an exponentialy correlated random varigble or a
combination of thelast two.

A.2.31 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

A= [@j]:% (A2.31)
J

where f; represents the function that generates the simulation of observation i and b represent
any of the estimated parameters.
In the particular case when the estimated parameter is the state vector or one of the unknownsin

the force models, the partials above cannot be computed directly and the following expanded
equation has to be used

A.2.32
wo_ff Tx 9 fy 9z, 9 fve, 9F TV, SR v, ( )

b, MxTb, Ty Tb, NzTb; v, b Tv, Tb, v, b,

where (x,Y,z,v,,v,,V,) arethe 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 Obsearvation Partials for GPS M easurements

The starting point is the equation that simulates the observation for the specific Metop POD
problem (see A.2.2).
)V

Xo - Y (A.2.33)
(X °+ Dr +cDT, -cDT.+cDT,, +Dr & +Dr “M

r:|)_(e‘ )_{rl-

0O | X

2.3.2.1 Receiver Partials

Partial derivative of the observation with respect to the receiver position (satellite centre of mass) at
observation epoch

fr o %-% % (A2.34)
ﬂ)u(r | Xe- X’ | C
r : . . . o
where .1"1_— represents a three dimensional vector, i.e. one component for each partial derivative
Xr

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

Ir (A.2.35)

T

=

DT,
The final implementation of this partial derivatives depends on the selected clock model. Thisis
discussed in 4.7

2.3.2.2 Dynamic Partials

Partial derivatives of the observation with respect to the solar radiation pressure coefficient C, at observation
epoch

, _ _ (A.2.36)
r_* & :g_ xeq +_eExﬂi
ﬂCR TIXr 1-[CR e |)_(e_ X, | CQ 1-[CR

Partial derivatives of the observation with respect to the aerodynamic drag coefficient C, at observation
epoch
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r _T 1% :g_ xe# +_EE X, ( )
1C, & 9C, & | %e - Xrl cqg G,

Partial derivatives of the observation with respect to initial state vector X, at observation epoch

Tr _Ir X _W™Xxeé x  vu (A.2.38)
Wo TR Mo Mo I%e-X%| CO
where ﬂ‘llr represents a three dimensional vector, i.e. one component for each partial derivative
XrO

> . . .
L isa symmetrlc square matrix
ro

with respect to each of the satellite position components and
of dimension and rank three (the transition matrix)
A.23.3 Variational Equations

To complete the computation of the partial derivatives of the observations with respect to the
dynamica model parameters one need to integrate the variational equations that yield the

missing terms ﬂi(' : T, d 1%
ﬂXrO 1-[CR TICD
The variational equations respond to the second order differential equation
X =D, xX_+D, xX _+A, (A.2.39)
where the variable being integrated X, isamatrix containing
éfx Tx fTx Tx fx 9 x fix u (A.2.310)
. v <« w - : a
éﬂxo W T2 ™% W % TG 9C, U
_ely Iy vy v oy W Ty fya
" T T Th W, T G TG, U
:‘ﬂz Tz 1z ﬂz ‘|Tz 9z 9z ‘ﬂz(J
ey, T2 % v %% TC TCo 4
with the initial conditions
§100000 OO@ éOOOlOO 00@ (A2.311)
Xo=g0 10000 00 X,=g0 00010 0 0
g0 01 00O 0 0g g0 0 0 0 01 0 0

The coefficients of the differential equations are obtained from
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Cax T qz U € 1 ' , U
RE! ‘Hai fa, gﬂﬂa)i 'ng/ 1?1,12 u
D, =€ yu —€e y yu
Pefx Ty fzd ek fy fzd
g‘ﬂaz fa, Ta, 3 g‘ﬂaz fa, Ta, 3
ex Ty 1Tzq ex v 1Mzg

that are the partial derivatives of the acceleration with respect to position and velocity at the

integration epoch, and

0 00O00O
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o
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1C,

fa, u
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‘HCDE
fa, a

Co H

(A.2.313)

that are the partial derivatives of the acceleration with respect to the model parameters at epoch.

This formulation can be expressed also afirst order differential equation

Y =DY +A,
where
exu ~ é0
Y:é.g D=ga
eXu eD1

with the initial condition
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A.2.4 Functional Decomposition

®
o
et enly e

(A.2.3-14)

(A.2.315)

(A.2.3-16)

The following figure describes the high level decomposition of the GRAS POD subsystem:
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Figure 2.4-1: GRAS POD Functional Decomposition

A.24.1 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
0 Navigation data ingestion and reformatting
0 Centre of mass correction
0 Generation of ionospheric free combinations
0 GPSclock correction
0 Generation of pseudo-range from C/A code phase (see A.2.2.1 for dgorithm)
- 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.242 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
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time in UTCgras This UTCgras is in redlity the instrument time (IMT) correlated to UTC through the
navigation solution. Expected datarate 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: higtory file with the Earth Orientation Parameters needed to compute the transformation between the
Earth fixed frame (ITRF-XX) and inertia reference frame (J2000.0).

- Solar activity: history file with the daily values of solar activity (f10.7) and geomagnetic index (g,)
required to compute the atmospheric density.

- Configuration and DB: this dataset hold all the configuration of the POD processing which is static and
aso 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

o0 Databases: holding information about the Metop satellite, the GRAS instrument, the active GPS
constellation, etc. Only contains POD specific items.

0 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.

0 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.243 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 a 1 minute intervals
(interpolation at intermediate epochs to be performed by a 8" 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 a 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 (UTCgsy) as part of the
GPS constellation orbit determination (UTCggy 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 la internal,
external, context data)

Navigation Data | Tracking data from the GRAS receiver pre- | NTDF Internal
processed by the Level 1a processor (*)
EOP Earth Orientation Parameters NAPEO | Externad
S
Solar Activity Solar Activity and Geomagnetic Activity indices | NAPEO | External
S
GPS Orbit GPS constellation orbitographic information SP3 (**) | Externa
GPS Clocks GPS congtellation clock offsets NAPEOS | External
Metop Attitude | FBB—-may-disappearif-replaced-by-rNominal | NAPEOS | External
attitude.
Metop Implemented manoeuvre times-and-BV-. NAPEOS | External
Manoeuvres
SRIF Context information to provide the POD execution with | NAPEO | Context
the state from the previous execution S

(*) 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
isthe 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 typesis 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.
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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:

Geopotential Expansion in spherical harmonics of the Earth| Static
gravitational potential

JPL ephemeris Development Ephemeris (DE) for the positioning of the | Static
solar system bodies delivered by JPL

Nutation |AU1980 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 Database with the basic physical definitions NAPEO

constants S

database

Satellite Description of the configured satellites for POD (includes | NAPEO

database GPS constellation) S

Transponder Description of the configured transponder aboard the | NAPEO

database different configured satellites (include GPS constellation) | 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 Deter mination

A.26.1 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.26.2 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.

¢ tcpu treal — Linear (treal) — Linear (tcpu)
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c
3
& 20.00 y="0-00093x+ 7066326
o R =0.99p18 —
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Figure 2.6-1: CPU consumption with LSV (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 alevel 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.26.3 DataRates

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 agorithm 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
a 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 ssimulation 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 2.7-6Figure2-7-6)

A very important issue in this windowing scheme is the need for strict sequential processing. As
demonstrated in the GRASPOD study (see [RD23] GRASPOD fina 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 datain 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.27.1 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 alow the validation of the
implementation with smulated data.

- The second one (A.2.7.3Clock moddl 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.27.2 Clock Modde Simulation

The main purpose of the inclusion of a clock model in the GRAS POD process is to alow the
stable estimation of the clock behaviour minimising the impact of external errors in the fina
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 10"** seconds level for any
integration interval between 1 second and 100 seconds.

In the frame of the SRIF agorithm, 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 athough 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

%X(t) = FX(t) + W(t) (A271)

where

_é(t)u _é 1y _ o _éw, (DU (A2.7-2)
Ognl T Mgl

GRAS Product Generation Specification 197 Printed on: 16th July 2004



7 Aa
= EUMETSAT
EUMETSAT =PSProgramme : EPS/SY S/SPE/990010
POLAR GRAS Level 1 Product | issue: 6 Rev 4
SYSTEM Generation Specification \I’Dvses ”lifg/%e?f/ -0370000

being a(t) and b(t) the time dependent coefficients of the polynomial representing the evolution
of the clock (initial bias and drift respectively). w, and w, are uncorrelated white noises
(associated to a(t) and b(t) respectively) with variance rates g, (t) and g, (t) ; thisis

- 2 g (A.2.7-3)
Ego Wj(u)dug =Q 9;(wdu=dtq;(t)

This formulation can aso be expressed in discrete form more suitable for the type of processing
to be performed in the frame of the GRAS POD

X, = F (dt)%, _, +W, (A.2.7-4)
where
&l dty (A.2.7-5)
Ft)=a /
&0 1§

with dt =t, - t,_,. The subindex k corresponds to the variable value at t, and the corresponding
time process noise covariance for this discrete formulation is

Q= E[WkaT]: é 23 2 u
e Gt G
S 2 g,dt >
e 2 b

2.7.2.2 Two-state colour ed 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. exponentialy correlated random signal). The generic
formulation for such model is the summation of a deterministic part that responds to the
differential equation

d ~ d _ (A.2.7-7)
—X(t) = Fx(t) +— p(t
at (t) ®) at p(t)
where
éa(t)u € 1 . ép,(Hu (A.2.7-8)
t) =4 . F=nx . ) =4 -
O &l o of =g 0 8

being a(t) and b(t) the time dependent coefficients of the polynomial representing the evolution

of the clock (initial bias and drift respectively) and p,(t) the exponentialy correlated random

variable (ECRV or coloured noise) associated to the clock behaviour, which responds to the
differential equation
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d _ 1 (A.2.7-9)
ap(t) = p(t) + w(t)

where t is the time constant that characterises the ECRV behaviour and w(t) is white process
noise with variance rate q(t), thisis

& 1 (A.2.7-10)

ES) W(u)dugz =0 * g(u)du = dt q(t)

This formulation can aso be expressed in discrete form more suitable for the type of processing
to be performed in the frame of the GRAS POD

X(t,) =F (dt)X(t, ,) + p(k) (A.2.7-11)
where
gl dty - (A.2.7-12)
F(dt):%) 18 P = P.€" +W,

with dt =t, - t,_,. The subindex k corresponds to the variable value at t, and the corresponding
time process noise covariance for this discrete formulation is

dt (A.2.7-13)
Q =E[Wi]=§- et gq

(7]

A.27.3 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 simultaneoudly 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 M easur ement noise and obser vability

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 smulation of a clock before and
after superimposing measurement noise with 1ns RMS.
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Figure 2.7-1: Actual and Measured Shap-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 arate 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 datain dots 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 atogether.

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 aimost 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 smplest 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 nsRMS

Both of the models proposed above permit the selection of the adequate windowing level in such
away 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 (thisisthe 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 (thisisthe 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 (thisisthe p part of the matrix) with the adequate characteristic time
value t selected in such away that the right high frequencies are filtered.

In ether of the two cases, the proposed model for estimation isthe following

Dtgras = a(t) + b(t)t + p(t) (A.2.7-14)

where the parameters to be estimated are a(t), b(t) and optionally (if the ECRV driven modd is
used) p(t).

If the clock behaviour is as good as the manufacturer indicates in the specification the term p(t)

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 ssmulation

As preliminary simulation of this process, a rolling average mechanism has been implemented
on top of simulated clock data with constant Allen variance of 10 **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 nsRMS

Measured clock offset (ns)

2500

0 500 1000 1500 2000 2500 3000 3500 0 500 1000 1500 2000 3000 3500

Time from Epoch (s) Time from Epoch (s)

Figure 2.7-4: GRAS Clock Smulation

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 figuresis

Window Size 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.

12.0

10.0

8.0

6.0

4.04

Estimated Clock Offset (ns)

2.04

—Clock

—E10

—E50
E100
E500

0.0+

-2.0¢

0 500 1000 1500 2000

Elapsed Time (s)

2500

3000 3500

Estimated Clock Offset Error (ns)

I
g
8

—E10
— ES0
E100

e
&
g

Elapsed Time (s)

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 figuresis
Window Size Error RMS

() (ng)

10 0.271595
50 0.137283
100 0.093985
500 0.095423

Table 2.7-2: GRAS Clock Estimation Satistics (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 figuresis
Window Size Error RMS

©) (ns)

10 0.564661
50 0.272619
100 0.200439
500 0.125032

Table 2.7-3: GRAS Clock Estimation Satistics (1.0 ns RMS measurement noise)
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