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Abstract

GPS has evolved as the dominating global positioning service since the official
operational startip in 1994 .This is due to entinuous technical upgrades
accompanied by other competing and collaborating sydteahisaveemerged during
the periodafter launch of the GPS servic€his hasmade and will probably continue
to make satellite based navigation systems into eda@yyused applications in many
different areas.

Raw GPS measurements darefinedwith different techniques such as differential
GPS ad GPS combined with inertial measuremeAts improvement in accuracy
down to decimeter or centimeter level is possilider favorable conditions. GPS is
however not entirely without condowever,the benefits such as the flexibility
gained from the glddd infrastructureand the alweather capacitgre unmatched
especially in airborne and other dynamic applications.

Owing to the good properties GPS this techniquaogether with enhancingethods

is regularlyusedin several product tesgd verificaions atSaab EectronicDefence
Systems The position datfrom GPSis used as benchmawkhen verifying accuracy

in radar sensor measurements. This applies both to ground based sensor systems as
well as airborne sensor systems.

The report iglirected teemployees at Saab ED& whom itserves two different
purposes. The first paof the reporis an inventory of existing position measuring
equipment used at8b EDS. This part, together with a general GRE-throughin
appendix, is an introductiasf position measurement proceduused at the
company The second padevelopsjnvestigats and suggests specificmethod to
compare GPS position data witirgetdata from a P®5/A radar unitmounted on
SaabGripen fighter aircraftsThe method takesace of issues regarding data
synchronization and incompatible position coordinates.

Keywords: GPS, Radar, Gripen,®5/A
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Sammanfattning

GPS hasedan den officiellappstarten 1994itvedlats till den dominerande
positioneringstjansten for global anvandnibgtta har astadkommits genom
kontinuerlig teknisk uppgradering aysteme#tfoljt av andrakonkurrerande och
samarbetande system. Den har utvecklingen harggeiltitbaserade

navigeringstjanster till nAgot som anvands i vardagen inom en méangd olika omraden
och framstegen fortsatter

Réadata fran GR#&atningar kan raffineras for okadggrannhemedolika metoder
och tekniker som till exempel differentiell GRBenavengenom kompletterande
matningar med troghetsnavigeringssysteimder godanaforhallanderér

en forbattring amoggrannhannedtill decimeter eller centimeternivamojlig. GPS
som matmetodr dockinte helt utan svagheter, vilket delvis manifestédsftande
datakvalité Styrkan ligger daremot i den flexibla anvandningen som astadkoms
genom att systemet erbjuder en global infrastryktamt genom att GPS fungerar
under alla vaderférhallanden.

Pa grund av de goda egenskaperna hos GPS sa anvandsdsitioneringsteknik
tilsammans med raffineringsmetoder inom produkttester och verifieringdagia
Electronic Defence SystemBDS Positionsdata fran GRP@atningar anvands for att
verifiera noggrannhetskrav pa matningar gjorda av saval markbaseradeftburna
radarsensorer.

Denna rapport ar riktad till anstallda pa Saab EDS och tjanar tva olika syften for

dessa. Den forsta delen av rapporten ar en inventering av befintlign@®8ustning

som anvands pa Saab EDS. Denna del tillsammans meahgm ddeskrivning av

GPS i bifogat appendix ska tjana som en introduktion till de
positionsmatningsprocedurer som anvands pa foretaget. Den andra delen av rapporten
utvecklar testarochforeslaren sarskild metod for att jamfora positionsdata fran GPS
med radardata fran radarenheter0B%A. Denna radatillhor utrustningen pa

stridsflygplan av typ Saab GripeMetoden tar hand okompatibiltetsproblem

tids- och positiondefinitioner i GPSoch radardata.
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List of Abbreviations and Concepts

ASCII

C/IA

CDMA

CEP

CF
COMET

DGPS

DOP

MS-DOS

EDS

EGNOS

FDMA

GALILEO

GLONASS

GNSS

American Standard Code for Information Interchange: An
encoding scheme for text characters in computers.

Coarse/Acquisitiort An open GPS signal cedor civilian use.

Code Division Multiple Access Method to shara band of
frequencies bygodingof the differentsignak.

Circular Error Probability : The radius of a circle where 50%tbé
population lies within.

CompactFlash Standard foremovable memory casd
Aircraft recording systerfor the Gripen fighter test aircrafts.

Differential GPS: Enhancement method to the GPS system, includ
two or more GPS receivers.

Dilution of Precision: A time and space dependeaiue describing
possible accuracy of GPS as a function oélste geometryDOP is
sometimes split up into PDOP, HDOP, VDOP and TDOP describir
satellite geometry influence on accuracy in position, horizontal
position, vertical position and time respectively.

Microsoft - Disk Operating System A text baseperating system ol
IBM PC computers and predecessor to the graphic user interfaces
Windows.

Electronic Defence SystemdsA business area in the Saab AB Groug

European Geostationary Navigation Overlay ServiceSatellite
based augmentatia@ervice set up to improve navigation for G&s®rs
mainly in Europe.

Frequency Division Multiple AccessMethod to share a band of
frequencies by splitting of the available bandwidth.

The EuropeaNSSthat isset out to be operational 924 (as of
May 2010)and is a joint project of the European Space Agency (ES
and the European Commission (EC)

GLObal NAvigation Satellite System GNSSconstructed by Russiar
governments

Global Navigation Satellite SystemsFamily name for satellite basec
systems built mainly for positionirgndwith global coverage.



GPRS

GPS

GSM

GUI
HDF5

HOW

IMU

INS

L1

L2

MCS
MIL-STD-
1553
P(Y)
PCMCIA
PPS

PRN

PSO05/A

General Packet Radio ServiceStandard for data packet transfer,
designed for 2G mobile networks.

Global Positioning System The first operationabENSSwith all-time
global coverage. Built and managed by US governments

Global System for Mobile Communications 2" generation (2G)
mobile network systems with digital transmission of speech channi

Graphical User Interface

Hierarchical Data Format 5: File format standard designed for large
sets of numerical data.

Hand Over Word: Telemetry word in GPS for synchronization
etcetera.

Inertial Explorer : Software from NovAtel providing pogirocessing
capabilities of GNSS and inertidata.

Inertial Measurement Unit: Unit that repors measurements made by
accelerometers and gyroscopes.

Inertial Navigation System System that uses instruments, same as
an IMU, to compute positigrvelocityand attitudeof a craftby using a
dead reckoning method.

GPS signal frequency at 1575.42 MHz
GPS signal frequency at 1227.60 MHz

Master Control Station: The main control center, situated in Colora
USA, from where NAVSTAR GPS is controlled.

Military Stan dard 1553 Serial bus standard developed by US
Department of Defense for use in military avionics.

Encrypted GPS signal cofler US military and governmental use
solely.

Personal Computer Memory Card International Association
Standard fointerface between PC laptops and peripheral units.

Precise Positioning ServiceThe nonrpublic service in GPS
positioning.

Pseudo Random NumberDeterministic series of numbers that app
as if they would be random.

Forward lookingradar in service on the Saab Gripen combat aircrat



RMS

RTC

SA

SBAS

SC

SD

SPAN

SPS

SQL

STT

SV

TOT

USB

uUTC

VHF

VOR

Root Mean Square Statistical measure that indicates the variation
within a quantity.

Real Time Clock The definition of time used by internal systems in
the Gripen aircraft as it is referrealin this report.

Selective Availability: Intentional errothat wasadded to the civilian
GPS signal to degrade performance¢hi@positioningservice
Removed by the US governments in May 2000.

Satellite Based Augmentation Servicd=amily nameof servicesthat
improveGPSreceiverperformance bwdditional satellite signals.

System Computer Central pocessing unitvith interface to all other
subsystems onboard the Gripen aircraft.

Secure Digitat Memory card format

SynchronizedPosition, Attitude and Navigatiorn Positioning system
from NovAtelincludingGNSS and IMWinitsintegrated with each
other.

Standard Positioning Service Public GPS positioning service for
civilian use. The domain of GPS used by most subscribers.

Structured Query Language Computer language designed for
managing of databases.

Single Target Track Air-to-air radar mode in R85/A focused on ont
prioritized target track.

Space Vehicle A commonly used abbreviation in the GPS area
referring to the GPS satellites.

Time of Travel: The propagation time of an electromagnetic freque
signal.

Universal Serial Bus Computer interface specification for data
transfer and electric powsupply.

Coordinated Universal Time Time standard used globally as
reference time. A bit simplified, UTC is equal to Greenwich Mean
Time (GMT).

Very High Frequency. Radio frequency band S800MHz used by
e.g. FM radio transmissions.

VHF Omnidirectional Radio range: Radio navigation aid system fol
air traffic.



WAAS Wide Area Augmentation Service SBAS system built by US aviatio
authorities.

WGS84 World Geodetic System 1984Standard system for navigation and
maps used in GPS.
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1 Introduction

1.1 Background

Saab Electronic Defence Systems (BEBSa business area of Saab Group AB, a
company with products, services and solutions ranging from military defense to civil
security Business areBDS is a provideof technical solutions in areas such as
surveillance, threat detection and locatibhese technical solutions often include
sensoraisingmicrowave techniqudike radar unitsThis thesis work is accomplished
at a section within EDS primarily working amegraton and verification of P®5/A.
PSO05/A isa forward looking radar sensor integrated in the Saab Gripen fighter
aircraft,mainly usedby the Gripen pilofor target acquisitionground mappingnd
weapon guidance.

The majority of the products fmo EDS in Goteborg use radar sensor technique. The
main task of a radar sensor is to serve the user with position information on objects of
interest within the radar search volume and range. During test and verification of
radar systemdhere is a need tevaluate sensor accuracy and precision. This is

usually done in a comparison of sensor data with benchmarking data from an
independent source. The prevalent method to retrieve benchmarking data for
comparison with radar measurement data is tsatslitebased navigation systems
Positional data on sensor as well as target olajectmeasured by using a suitable
satellite based navigation system, like GB&e Figure -11.

Target aircraft

GPS

Fighter aircraft

Figure 1-1: Gripen fighter and target i both equipped with GPS

Position measurements with use of a satellite based navigation system in test and
verification activites are standard procedure todais standard proceduretonly

at EDS but also widespread among many other commercial actors and governmental
activities dealing with same positioning issues. However, before satellite navigation
was developedhe retrieval of positional data on moving objects, sensors and targets,
was assdated with complicated and quite slow proces3éese difficulties were
especiallycharacterizeduring position measurementsaifborne objectsThese
measurements formerly demanded great resources in measuring equipmdsd and a
large amount ofmanualpostprocessing of data.



After the satellite based NAVSTAR Global Positioning System (GPS) was set
operational ithee a r | y , pbs@tién @aiaswas all of a sudden possible to retrieve

in a significantly less complicated and less expensive preoasgaed to older

methods However not with the high accuracy during the first years as is possible

now. But the last ten years the accuracy in data delivered by GPS equipment has
increased to a preciseness that in several tgskesexceeds accuracy requirents

of mostradar sensors. This trend has made GPS measurements the predominant
choice of positioning method during radar system development. On top of this there
are several GPS data processing and refining methods able to improve accuracy even
more compred to what the receiving equipment delivers.

The thesis work is divided into two separate parts. The firsigantinventory of

GPS technigugin general The general inventory icaompanied by local inventory

of how GPS is used &DStoday Thisfirst part aimgo introduce GPS positioning
methods for a broader range of employees at Saab EDS. The later part takes aim on
the specific GPS measurements dradone during Saab Gripen Fighter test flights

In this parta suitable method developediescribing howGPS position dateould be
usedin Gripen radardst and verification procedures.

1.2 Purpose

The purpose of this thesis work is to mainly split in two. The first part is an inventory
of the GPS areas a wholend aims to serve as guidancedeneral GPS
understandingBut it is alsoan inventory oexistingGPS equipment at Saab EDS.

The second part will look into the special case of GPS measurements at Saab Gripen
test flights We will find a possible method to u&PSmeasurements when texji
evaluating or verifying the R85/A-radar.

1.2.1 GPS Inventory
GPS in General

Engineers from Saab ED8gularlyexecute GPS measuremeasswell asise data
from previousGPS measurements is desirabldor Saab that thengineersvorking
with GPSequipmemnand GPS dathave a gootbasicunderstanding of the GPS
system For this reason this repa@xplainsfundamental and essential facts abG&S
for a reader witlbasictechnical skills.

GPS Inventory at Saab EDS

The thesis report is also intended to beduat Saab EDS as a more practical
guideline A guidelineaimed for peopl@sing availale GPS equipment for position
measurementduring system tests and verification. The question that this part of the
reportconsiderss: -What equipment and softwaiseavailable at the company atal
what degreeantheyhelp me solve a specific positioning task? Any presumptive
GPS user at the company should with this report be able toggétkaand brief idea

of existing systems at the compaiye focus igarticularly seton accuracy in output
dataas well asystem properties and limitatiorsgarding usabilityFurthermore
available software at Saab EDSedfor improving GPS data accuracy should be
introduced and described in tergfamproved level of accuracy



1.2.2 Method for Comparison of Radar and GPS Data

The main goal of this part of the thesierk is to find a suitable method to compare
GPS data and radar dafdne suggested method will takare ofexistingproblems
regardingsynchronizatioranddifferentpositioncoordinate framebetween radar and
GPS dataThe purpose alevelopingthis method is thait later can be usediring
evaluation and verification afther radar measurement quantitésterest although
these quantities are not coveredhis work

Evaluation of target position data from the-82A radar can be done by comparihg
with position data measurements from another source. In order to evaluate target
position data that by default is radar relatibere is a need to have ahge position
data on both the radar unit as well as the target. Position data on both the Gripen
fighter aircraft carrying the R@5/A radar as well as the airborne target aircraft are
orderly and as default collected through GPS measurements during @spéights.
There are also methodsed at Saato refine GPS position datdhese methodnay
refinedatda o a degree of accuracy where it
demands on accuracy level in position data from radar measurements. Havever
comparison of radar data and GPS data is not a straight forward operatoisdue

to two major circumstances whiclhmefrom the fact that data from radar and GPS
are different in terms gdositioncoordinateframesanddefinition of time

Transformation of Coordinates

GPS data and radar data from test flights are expresgaushippncoordinates in
different reference systems. GP&sitiondata refer to the WGS&bordinate system.
WGS84 isa globally used standandstance of a normal geographmocdinate

system used omostmaps A position in the WGS84 systemeaspressed by three
guantities, longitude, latitude and altitydé. Radar data are instead expressed in a
local 3dimensional Cartesian coordinate system. Either GPS positions or target
positions in radar data has to be transformed to the other set of coordinates in order
for them to be comparable with one anotiien. further introduction of the two
coordinate systems see chapter 3.2.

Time Synchronization of Data

Valid time for GPS data samples arelsgusng universal time coordinated (UTC)
definition of time Radar data on the other hand is set to an internal aidefafition

of timewith no obvious connection to UTC. A comparison of the two entities needs
the two data set® besynchronized in time. The purpose of this part is therefore to
find asuitablemethod to synchronize theo different definitions of time

Method to Evaluate Radar Datai Distanceto-target Measurements

A method to compare radar quantities with GPS measurements can be developed
when radar and GPS data are set into compapaisidoncoordinate frames as well

as synchronizelly thesamedefinition oftime. One of the most interesting
measurement quantitiegrfany military radar unit is the ability to measure distance to
target with best possible accurad¥is part aims to find auitable method to evaluate
distanceto-target measuringrhe method is applied on test flight dataveerify the
functionality ofthe method itself.

as



1.3 Methods

1.3.1 GPS Inventory
GPS in General

The report aims to describe and cover the GPS area in general and consequently the
work starts off with an extensive study of GPS literature, articles, and papers as well
as published material orfficial GPS internet sites.

GPS Inventory at Saab EDS

Information for the next part, focusing on GPS receivers and software used at Saab, is
gathered with help fropand in cooperatigrwith employees working with GPS
applications at both Saab EDS in Gatepand Saab Aeronautics in Linkoping.
Furthermoreproduct manuals together with other printed and internet based material
from manufacturers have been studied to gather information on the different products
subject to the local GPS receiver and refirso§ware inventory.

1.3.2 Method for Comparison of Radar and GPS Data
Transformation of Coordinates

Transformation of any position coordinates from one coordinate system to another are
done by commonly used algorithms frdine Swedish mapping, cadastral damad
registration agency, Lantméaterientmateriet ian accepted authority in the area of
position measuremenighy these algorithms are assumed to be sufficient for this

work.

Time Synchronization of Data

Radar data and GPS da&gossible tde synchonized in time if aisefullink
between the twdifferentdefinitions oftime can be found. Such link@assumed to
existand be foundn datafrom test flight recordingsThis process needs a relative
deep knowledge regarding theflight recordingsysem used during test flights.

Method to Evaluate Radar Datai Distanceto-target Measurements

A comparisons done visually by plotting afadar datawith GPS data set as
referenceduring three radar exposure intervals.

1.4 Implementation

1.4.1 GPS Inventory
GPS inGeneral

Studyof GPS in general is performed to get an overall understanding of the system,
its facilities and limitations. Aladequatgeneral GPS information is compiled into
AppendixA. Appendix A isaimed to serve as a GPS reference for the maimtrepo

but canalsobe used aeptional reading by any other reader that wants a brief-walk
throughof GPS andatellite navigation theonAppendixA describes the GPS system
through its history, system properties, functionality and also future developmitet i
area of global navigation satellite systems (GNSS).



GPS Inventory at Saab EDS

The available GPS measuring equipment used during live tests at Saab EDS are
reviewed including properties such as measurement accuracy stated by the
manufacturer. But #hchapter also covers any requirements on peripheral equipment
such as power adapters and data logging devices. Requirements on peripherals may
affect measurements practically and/or introduce limitatiomhatienging

environments.

The rext step is to look & PS dataefining processes to get an understanding of how
position data can be more precise compared to rawDiffixent software solutions
arestudiedduring this phase.

1.4.2 Method for Comparison of Radar and GPS Data

GPS data anchdar data from test flights are delivered to EDS in a packed format not
suitable for processing or analysis. For processing and analysis of radar data
Mathworks Matlab is a commonly used software environment at EDS. Matlab is also
chosen for this part dhe thesis work.

The first step is to transform the GPS and radar data from the original HDF5 format to
a manageable format before any data processing and analysis can be done. The
analysis of data is done in Mathworks Matlab software and for that putpodata

sets are added into compatible databases with specially designed scripts.

Transformation of Coordinates

Scripts for use in Matlab environment are written during the thesis work to transform
position data according to algorithms from Lantméatetestcribed in Appendix B

Time Synchronization of Data

All data messages transmitted in the aircraftéystem areecorded in special test

flight equipment. The registration equipment is synchronized with the défi@ition

of timeand marks all incomingnessages with time of arrival in UTC. This time

stamp on messages that includes information on internal aircraft time is intended to be
used as a link between ttweo differentdefinitions of timeand thus also for
synchronization between them if the liskuseful

Method to Evaluate Radar Datai Distanceto-target Measurements

The radar distane®-target estimate over time is visually displayed by plotting all
radar measurement samples on a picture of a fighter aircraft to get a quick view of
how the masurements are distributed. This picture is completed witstagramto
describe thspreadf the measurements.

1.5 Scope

Verification of GPS measurements with any other positioning method to determine
the absolute accuracy in GPS data is of course desitdbwever this work will not
cover position measurements by any other method than GPS, as this nequées
resourcesndtime thanavailablein a master thesisork.



2 GPS Inventory 1T EDS

This chapter is a reviewing inventory of available GPS equipméits, data
processing methods used for test and verifications of tHgsPSradar and ground
based systems developed at Saab EDS.

2.1 GPS Receiver Equipment

2.1.1 GPS on Ground Based Sensors

Tests and verifications of ground based sensor systems can take pldiezentdi

terrains and elements. The basic idea during test and verification of these systems is to
compare relative position measurements from the sensor with absolute position
measurements from GPS equipment. Sensor systems in subject to tests are either
static placed on ground or mounted on anstfbre operating vessel in a more

dynamic environment. The targets that are subject to the sensor measurements are in
most cases airborne vehicles of any kind, but can also be ships. In tests and
verification of bie systems there is a need to have position data on both sensor and
target for comparison with sensor measurements.

GPS measurements for ground based sensor verification are done with different sets
of equipment. The receivers drem different manufacturers anbdusafflicted with
different behaviors. This chapter will be a w#tkough of available GPS equipment

on Saab EDS including important system properties and expected quality in output
data together with brief pros and congdhaf different systems.



2.1.1.1 Z-Xtreme from Ashtech

Satellite Tracking: 12 channel simultaneous GPS satellite tracking.
Log Function: PCMCIA card slot for internal removable storage.

Log Setup: Setup of log variables can be done via the front panel but also from a PC
via serial port.

Power Supply: Built-in battery providing up to 10 hours of operation. For longer
operation or backip power there is also an input for external power +10 t&/+£28.

Operation Setup: Since the data log is stored internally it only needs one connection
in form of satellite signal input from the antenna. It is possible to connect the receiver
to a PC on a serial link for parameter settings before and during openatimost of

the parameters can be set via the receiver front panel.

Output Data: Downloading of data is done from receiver to PC over serial link or
direct from the PCMCIA memory card if the PC has a driver to read that type of
memory card. Downloading ofth must be done with Ashtech software and the
procedure results in binary and ASdiles each containing different parts of
measurements.

Position accuracy- Manufacturer Technical Specification:

Standalone N.A.
DGPS <1mRMS



2.1.1.2 DL-V3 from NovAtel

Satellite Tracking: GPS and GLONASS satellites simultaneously tracked on 72
available channels.

Log Function: Compact Flash (CF) card slot for internal removable storage
availability or connection to an external PC.

Log Setup: Connect receiver to PC installed with NovAs$elftwareto edit log
variables.

Power Supply: External power +9 to +28DC.

Operation Setup:If loggingto internal CFcardis donethe receiver unit onipeeds
connection to GNSS antenna and external powen &in adapter. For external
logging a PQs connectedo the receiver via Ethernet, USB, Bluetooth or serial port
and the NovAtel software is used to administrate the prod¢dssn downloading data
from the internalCFcardafter measurements are completée NovAtel software is
alsoused.

Output Data: If internal CFcard logging is used the download of data is either done
by direct receiver connection to PC or by puttingCFcard inacard reader
connected tohe PC. Output data has to be subjecttther analysis or post
processing by using for examyitee GrafNav softwardrom NovAtel.

Position accuracy- Manufacturer Technical Specification:

Standalone L1 1.8 m RMS (single frequency)
Standalone L1/L2 1.5 m RMS (dual frequency)
DGPS 0.45 m RMS



2.1.1.3 SPAN-SE-D from NovAtel together with iIMU-FSAS from iIMAR

Satellite Tracking: GPS and GLONASS satellites simultaneously tracked on 72
available channels.

Log Function: Secure Digital (SD) card slot for internal removable storage
supplemented with rediime logging on external PC.

Log Setup: Receiver setup is made from PC using NovAtel CDU (Control and
Display Unit) software.

Power Supply: External power +9 to +30DC.

Operation Setup: Receiver is connected to one or two antennas and IMU. PC may be
connected for log functions and receiver monitoring

Output Data: Measurement output data can be stored on thegB@®or logged in
reattime on a PC. Data format for each vatesfile can be set to either binary or
ASCII.

Two-antenna Installation: The SPAN system is able to install with two antennas to
enable a heading output from a static system.

GPS/INS Integration: The NovAtel SPAN system is able to combine two
completely diferent technologies in a single measuring unit. SPAN uses GNSS
measurements from GPS and GLONABSwvailable) together with inertial
measurements forming an integrated GNSS/INS system. Inertial measurements are
carried out by an IMU (inertial measurements unit) connected to the SPAN GNSS
receiver. For position solution a SPAN system can use thengasurements in a
combined position solution but also provide the user with a@MBposition. The
SPAN implementation at EDS is a SPAN-BEeceiver together with the inertial
measuring uniitMU -FSAS fromthe German companiAR. The receiver has a
two-antenna installation giving the availability to prestet directionor headingpf

the SPAN system installatioffhe heading islerived from baséne calculation from
the two antennassingtheir respective geographic positions

Position accuracy- Manufacturer Technical Specification:

GPS only

L1 1.8 m RMS (single frequency)
L1/L2 1.5 m RMS (dual frequency)
DGPS 0.45 m RMS

GPS/INS[2]

North 0.038 m RMS

East 0.034 m RMS

Height 0.033 m RMS



2.1.2 GPS on Airborne Saab Gripen Test Aircrafts

In verificationand tests of various systems onboard an airditedtthe Saab Gripen
fighter, there are quite often demands to continuously be aloeztwdwhere in space
and time the aircraft is. Determination of the relative or absolute position of a flying
object 5, however not an elementary task. The dynamic airborne environment of a
fighter aircraft introduces a few additional constraints compared to a static ground
based environment.

- A relatively long distance to any observer of the object results in grpatirfor
errors in angular measurements.

- The lack of reference objects close to an object flying in free space gives no ability
to compare aircraft position with other fixed objects.

- Relative high speed on the object leads to strict timing requirements to get adequate
accuracy irpositionmeasurements.

The history of aircraft position measurements at Saab involves methods such as
photogrammetry and theodolite measurements. Botheaf tlequire quite extensive
measuring equipment as well as a large number of operating people. Furthermore
these methods were bound in geography to a predetermined area where equipment
used for thaneasurements was installfdhis made allpositioningmeasirements on
airborne objectguite inflexible and complex. These methods also demand a clear
line-of-sight, leading tolot of constraints osuitable weather during measurements.
SinceGPScan produce positional data with high accurtcy nowthe backbone in
position measuremenis Gripen flight test and verification programs. GPS is also
versatile as it is global and -alleather operationaCost effectiveness for users are
alsosubstantial as the infrastructure including satellites and ground atistad is
already in place and provided by other interests.

2.1.2.1 GPS on High-Dynamic Airborne Systems

Compaed with most other environmenihere GPS is used, the airborne platform
and the environment where it operates is a challenging one with specialipsopert
These challenges together with demands on data response time and quality set the
standard for what equipment and methods to be used in airborne positioning.

Below are two examples of what problems an airborne GPS receiver has to deal with.
Generally i is difficult to get transparency in how receiver manufacturers tackle these
problems. Howevewusually the product manual states any limits of the operational
envelopeof the receiverThe operational envelod a GPS receiver is typically

limited by severalphysical conditions, as for exampémperature and acceleration
Outsidethe envelope the producannot beguaranteed fulperformance.

Interrupted line -of-sight to satellite

For a maneuvering aircraft in general and military fighters inqudat, turns and

other dynamic$eads to that the aircraft continually will experience a lot of different

attitudes Thismears that itmayrotate around all thregxesin space duringlynamic

flight phasesWith a single roctop installed antenna, as itaa the Gripen, the best

conditions for satellite acquisition are when flying straight forward in level flight with

the antenna pointing straight ughe rooftop antennas an obvious design choice

since most of the airborne time is done in level fliglgrean a dynamic platform like
acombataircraft The antenna on the Gripen has an

10
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This makes signal propagation to the antenna difficult when satellites are located in

relative position under the fuselagee Figure-4. Thathappens for example nearly

always in hard turns when banking angl es a
has signal acquisition from eight or more satellites before turthirggconstitutes a

problem sinceaime ofre-acquisition on each signal wly is in order of 120

seconds. This makes the number of valid signals for a given moment in time during a

hard turn drastically lower and sometimes belowrdgriirednumber of four satellite

signals. A receiver does not deliver any positional dataglar period with three or

less satellite signals trackethisresultin a gap in the position data trajectory

produced during a test flight

Good Signal
Coverage
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N
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Figure 2-1: A turning aircraft with a partial ly shaded GPSantenna

However, his problem can be dealt with by using other measuring methods during
periods of loss of GPS data. One solution is to use inertial navigation techniques with
use of gyros and accelerometers in a eeeatoning method to update positabmlata

until GPS data is available again. The Gripen aircraft regulargthealead

reckoning method with its Inertial Navigation System (INS) that can deliver fully
autonomous navigational data during GPS outages as well as combine it with GPS
positioring. This can be done in real time or by ppsicessing of data.

Lateral accelerations/High Gforce

During any acceleratigm GPS receiver wikxperience slightfrequencyshift of the
satellite signal carrier as a result of the Doppler Effect. Tmdeahallengingor

any GPS receiver not constructed for these events. A normal ha@iPSteceier

in low dynamic environmentsill not experience this effect to any great extent. On
the contrarya GPS receiver for use with military fighters with tateaccelerations up
to 9Gin turnsmust deal with the Doppler Effect in an acceptable way. One way to
deal with frequency shifts is to make the bandwidth for signal tracking wider.
Opposed to this more dynamically robust method stands the fact thatra wide
bandwidth leads to increased thermal noise sensitivity for GPFeeis)].
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2.1.2.2 GPS on the Gripen Test Aircrafts

To obtain sufficieny precise position measurements from flight tests of the Gripen
fighter there are installations of additionalGPS recaier on board the designated
test aircrafts. Thadditionalreceiver is a Thales DG16 unit with characteristics
according to the manufacturer that fully covers the whole Gfifggnt envelopeThis
means that the receiveharacteristicare sufficiento all possiblespeed,
accelerations and altitusiéor the Gripen aircraft

DG16 shares GPS antenna with the integrated GPS unit and is placed on the upper
ridge of the aircraft fuselage and the antenna installation point is where all GPS data
refer to as acraft position see Figure-5. Since the DG16 is installed as a one

antenna receiver it may suffer from interrupted-fiesight problems during aircraft
maneuvering. This problem may cause passages with no GPS positioning during data
collection due taot enough number of satellites within visible range. Since re
acquisition of satellite signals can take2@secondsa hard maneuvering Gripen

fighter will have problem to regain sufficient number of satellite signals for any given
moment during maneusxiag.

GPS Antenna

Figure 2-2: Schematic picture of GPS antenna position on Saab Gripen
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2.1.2.3 Thales Navigation - Ashtech DG16

Thales DG16 GP&:ceivers are installed in Saab Gripen test aircrafts where it serves

as the min source of position datdtertest flight sorties. DG16 was launched in

2001 and has been in use in Gripen test flights since 2004. The version installed in the
Gripen is a standlone receiver encapsulated in a hard case with 3 serH2BRSorts

for communication.

DG16 has 12 channels for simultaneous track of the L1 signal from 12 different
satellites. The DG16 unit is functional within whole of the Gripen aircraft envelope
and is serviceable, meaning that it gives valid output data as longeds @&nough

satellite signal input not suffering from any hkoésight problems.
Output Format

Output from DG16 integrated in the Gripen is configured to be written on a serial RS
Ti
records containing data on all satellites currently receiving information from. The
satellite data is specifying distance to satellite, B@Re and more. The valid GPS
time is then attached to each record for users to know when measurements were

232 port in binary fAAshtech Readf

made

DG16 Data record

- GPStime

-Satellite #, Di stance to Sat #
-Satellite # + 1, Di stance to Sat
-Satellite # + n, Di stance to Sat

Position accuracy- Manufacturer Technical Specification

Acceleration (max): 20g in tracking capability
Speed (max): 514 m/s (1,000 knots)
Altitude (max): 18287 m (60,000 feet)

Position Accuracy:
Autonomous: CEP: 3.0 m (RMS: 3.57 m) [3]
Differential: CEP: 0.40 m (RMS: 0.48 mJ]
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2.2 GPS Post-Processing Methods

What has been described in previous chapters concerning data quality is what can be
achieved with measurements from a single s&lade GPS receiver. Howey&PS

data can be refined using pgsbcessing methods if supplementing measurements

has been dansimultaneous to the original measurements. Position data quality can be
improved to some degree depending on refining method and quality on additional
measurements. Two different methods of position measurement refining are available
at Saab for use orath from tests and verifications at EDS. The dominatinthoakeis
differential GPSand that is normally used as standard during all tests. The other
method is to combine GPS measurements with inertial measurements consisting of
gyro- and accelerometer measments.

2.2.1 Differential GPS

One of the most commdaPSrefining methods is differential GROGPS).DGPS

can be explained asfamily name oéeverakelatedproceduresCommon to all

DGPS procedure is thpbsition measurements are corrected for errors introduced by
for exampleatmospheric delays, séite clock biases andatellite position
inaccuraciesThe DGPS procedures includeleastwo receivers to reach desired
result, a rover receiver and a immum of one reference receiveldie rover receiver

is making measurements on the unknown location and the reference, or base,
receivers are placed avell-known positios, preferablynot too far from theover
receiver The reference receiver is usualiylpone set of equipment placed on a
single location. But in some installations there can be several reference receivers
forming agrid with amore advanced DGPS capability.

Thedifferentialcorrectionin DGPSis generallydoneby usingthe additional
simutaneous measurements from teérence receiveil heseadditional
measurements resutt a continuous error estimate covering the interval of interest
that can be used for the differential correcedescribed iAppendix A

Standard proceduia EDSfor all measurements in focus during the thesis project is
postprocessing of GPS data with differential methods. Compared to-stanel GPS
measurements, with a typical accuracy in position somewhere below 10 itieters,
differential method can dfer position masurements of a decimeter lej#l. As it is

a wellestablished, precise aadather easyo-use methodDGPS has become the
choice for positioning in many system tests at Saab.

Differential processing of data is dopest testaisingvarious software solutions
described below.

2.2.1.1 DGPS'i Ground Based Systems

Position measurements during tests of ground based systems are by default done with
DGPS methods. For this reason a reference station is always placed on a suitable site
among several prdefined locations for logging of additional differential
measurementgosition data from the reference station mhestecorded during the

whole intervalwhere DGPS processed position data is wartedrefore aeference

station must be up and runnidgring the whole test interval

The postprocessing of reference and rover GPS data after tests of ground based
systems is done in either PNA/2.1.3or GrafNav2.2.1.4described in respective
chapters.
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2.2.1.2 DGPS'i Gripen Test Flight

Measurement of reference position data during Gripen test flights is carried out
through a GPS reference station with an Ashtech®r@ceiver. This receiver is

similar to the airborne receiver installed in the Gripen and positioned right by the
runway at Saab airport in Linkdping during operation. The measurements are logged
to be usedaterfor refinement of GPS data from the aiftraith DGPS post

processing.

The postprocessing of differential GPS data is done with the GrafNav tool from
NovAtel using the GPSRefinery GUI. The process is standard procedure after all
flight tests and the EDS RI5/A verification section are regulgrsubscribers of the
DGPS dataThe GPS data sets that are delivered to EDS includ@sénsional
position, UTGtiming, velocity estimate, number of tracked satellgssvell as

guality measureall sampled in 12 Hz frequencyGPS data recordingpvess the
whole flight sortie from power up to shut down of aircraft systems.

For more GrafNav information s@e2.1.4GrafNav chapter.

2.2.1.3 PNAV

The Ashtech PNAVRrecise Differential GPS Navigation and Surveying) software is
designed for differential pogtrocessing and runs inNdS-DOS environment. The

only GPS data format that PNAV processes is binary files produced as output from
the relatively older Ashtech GR&ceivers. The program is not very instructional but
a quite fast tool to use for the experienced user.

Theaccuracyin position datdrom PNAV varies from case to casace accuracin

the outputdepends on mamgxternalvariables However, hereferencananual states
accuracyin positionwithin 1-3 meters RMSaccordingtothema nuf act ur er 6 s
technical specificationhis level of accuracy will be achieved with at least 5

satellite locks, PDOP < 4, separation between reference and rover reckivem

and C/A code phase trackingerification of PNAV accuracyasbeen done at Saab
Aeronautics Position @tafor this verificationwas takerfrom airborne GPS receivers
andbenchmarlng data was measured wiphotogrammetryThe verificationshowed
accuracy in position down to 1meters RMScited in [].

2.2.1.4 GrafNav

GrafNav is a Windows based differential GPS gwsicessing software from
Waypoint Consultinga group within the NovAtel @mpany. GrafNav uses a lot more
GUI (Graphic User Interface) features and solutions compared M3H2OSbased
PNAV software.

The accuracies in position output are, in the dynamic user case, stated in the product
specification to be below 10 cm with a 10 km long baseline during carrise pha
tracking. The code phase tracking accuracy is not stated but according to a study at
Saab Aeronautics cited i6][the accuracy of code phase tracking positioning on an
airborne fighter is comparable to that of PNAV and then approximately 1.0 meters.
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2.2.2 GPS combined with INST Gripen Test Flight

During favorable conditions there can be large benefits in combining output data from
GPS and INS described more in detail in appendix A. A possible GPS/INS solution is
providedfor in the Gripen tesaircrafts. This solution ia postprocessing method

using data from the teatrcraft GPS receiver together with the standard boiliNS

unit.

2.2.2.1 Gripen INS Unit

The Gripen aircraft has an INS unit responsible fortmome position estimation

during tesflights as well as normal operations in Agst flight configurations. The
position estimate from the INS unit with suppivom aGPS receiver iaprovider of
position datdo all Gripen suksystems. Thi&PS receiver is not to be confused with
the exta GPS receiver in test aircrafts that instead produces position data for post
sortie analysis only.

The INS is physically fixed to the aircraft to be ablegoordall changes in speed and
attitude. With three gyros and three accelerometers the IN&aagures rotation
around thre@xesand also accelerations along same tlass The gyro
measurements can track all changes in attitude of the aircraft. Aircraft attitude is
determined by how it is orientated relative another reference system whicly issual
a system fixed to the Earth. With gyro measurements the INS is abkagurdow

the local aircraft reference system is andularientated relative ta geeofixed
reference system. With accelerometer and gyro measurements the INS unit can
calculae position changes over time to keep track of how the aircraft reference
system is moving within the gdixed systenby usinga deaereckoning method. The
gyros and accelerometers together form a navigation solution that can keep track of
aircraftposition during operation after first being initialized in an alignment
procedure.

In-flight navigationin all Saab Gripen test aircrafts is carried outi®iINS unit.
During test flight this unidlsoprovides the test registration system with raw inertial
measurements from accelerometers and gyiios inertial measurement daey be
processdatter test flight sortieggether with GPS datasing GPS/INS post
processing software.

2.2.2.2 Inertial Explorer i Post Processing Software

The Inetial Explorer (IE) software from NovAtel is developed for ppsicessing of

data from GNSS (Global Navigation Satellite Systemasurement®gether with

data from an IMU (Inertial Measurement Unit). For ppsicessing of Gripen test

flight position daa the input to IE are GNSS data from the Thales DG16 GPS unit and
IMU data from the integrated INS unit.

The product specifications of Inertial Explorer state that IE may produce position data
with accuracy down to 1 cm horizontally and 1.5 cm vertiaddiging full GPS

coverage and otherwise good conditions. It is very hard to verify this statement in the
special case of position measurements on an airborne Gripen aircraft due to lack of
comparable metrics with accuracy good enough to serve as benchimader in
comparisondetweerdata from IEandtheodolite measurements wehaccuracy of

0.5 meterIE shows very googerformanceThus we assume that IE has a better
position accuracy output compared to what GrafNav produces from test.flights
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3 Method for Comparison of Radar and GPS Data

3.1 Introduction to Gripen Radar Tests

Chapter 3.1 covers general facts about the radar ufi6FS The chaptealso
includesa description ofhe integrationn the Gripen aircraftFurthermoreflight test
of the radar unit is described brieflygether with a description of hatata is
recorded during these tests.

3.1.1 PS-05/A i Brief Facts

The PS05/A is a Pulse Doppler
forward looking radar working on the
X-band It is in service on the Saab
Gripen fighter aircraft since 19%hd
installed in theront part of the aircraft
see Figure 4. The PS0O5/A unitis a
radarunit with multi-mode
functionality. That is he radahasthe
ability to switch modealepending on
: , how the pilot sets the system

Figure 3-1: Installation of PS05/A on a SaalGripen. Optimize it fordifferent mission types.

The radar functionalities include air,

ground and sea target acquisition, groungpiag, weather mapping as well as link
functions for use in missile guidance. In-airair mode the radar provides guidance
on target position for pilot as well & sensos and weapon systems. The target
information includes distance, relative angulaection and velocity on the target
together with a lot of internal system data.

In a very short explanation of radar physics a radar unit can find and sort out objects
or targets within its range through three steps:

1. The radar emits an electromagnetgrsil in a precidg specified direction.

2. If the signal hits anyeflecing surface on its way a portion of the signal
energy may beefleced back to the emitting radar.

3. The signal answer that is received by the radar is analyzed aredl&éoéng
surfa® is determined to have a position relative to the radar given by signal
travel time, the speed of light and the direction of the radar.

The amount of energgfleced back to the raddr ) is given by the general radar
equationin free space stated belois given by the equation the received energy (
is inversely proportional to distande-target here denoted as rar{ge). The
equation will not be explained in any other detail here. The interested reader is
recommendetb continue with reference literatuoa the mattef7].

General Radar Equation.
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As mentioned earlier R@5/A is aPulseDopplerradarunit. The radar lookkr any
possiblefrequencyshift of the received sign&b improvetarget acquisitioproperties
compared to older radar techniquégen a radar pulse hits an object that has a
relative velocity towards or away from the radar emitterfibguencyof thereflected
signal will be §ightly shifted compared to the emittedynal This frequency shift is

the result of thé®oppler Effect Doppler radas use this effedb filter out moving

objects from the massive background noefeecied from the groundrhe filter
algorithms usehefact thatthe groundoelow the aircrafhas a welknown relative
velocity. By this filtering the radar can sort out objects that after further analysis may
be recognized as targets on ground or in thg8hir

18



3.1.2 Integration of PS-05/A on Gripen

The Gripen fighter aircraft is a fourth generatammbataircraft meaning, in one
sensea fully integratedsystemwith all subsystemsontrolled bya system computer
(SC).Thisdesign principlas sometimes popularigescribed as a system gystems
and stands in contrast to earlier generations of combat aircraftsyStgms in
former combat aircrafts weret integratedo the same level as in the Gripéut
were instead more of stafadbne systemd he integrated design principie a

modern combat aircrafgjives accessibility to information betweeifferentsub
systemsilt alsogivesthe SC an ability to use input data from different sources in data
fusion processes to enhartbe decision support for the pilot. Transmission of
information between the different systems is physically implemented in a military
standardMIL -STD-1553 bussystem. The SC has a rolebaing bothbuscontroller
and hub for the 155Buses during normal operatiaand the SQegularlyprocesses
data from all the-systems.

PSO05/A is a vital sensor system on the Gripen as it gathers information from beyond
pilot visual rangeThis informationis visualizedon graphic display® support

situation awareness for the pildtata from the radar unit is also delivetedther
subsystems fousein weapon preparation for examplehe radar unit is fully

integrated as one of the sappstems on board the aircraft giving that all key
information on targets and radar status may be transmitted to the SC astwell as
other systemslransmission of radar daiscarried out via th&553 bussystem. This

fact will prove to be very valuable for a fast and relatively easy access to radar data
used inthis work.

Figure 3-2: Cut-away picture of a Saab Gripen fighter
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3.1.3 Radar Verification in General

There are several means to verify a radar unit like th@3?&. This chapter W not
cover any deeper analysibthe various aspects on radar verification. But it is
justified to clarify what basiand importantjuantities that any radareasureand
hence whatjuantities thatisuallyareverified on a radar unitThese quantities are
namely interesting when doirggcomparison of radar and position data.

What generally can be said about fundamental properties in the output of any radar
unit is that the more predominant ones are accuracy in angular, distance and velocity
measurements as well as possible detectinge. There are of course other important
aspects as for example robustness but during an established target tracking phase the
velocity and position measurements are of g&#aiterest.

One way to verify accuracy in distan@edangular measurementanbe madeby
comparsons between data frotime radawith data froma completelydifferent
source.This can be achieved by retrieving comparison data from position measuring
systems mounted on both carrier of radar unit and target ojeenverifying a

certain level of accuracy in radar ddté obvious thathe accuracy level in the
benchmarking position data mustdtdeastbetter. Therefore position data with
accuracy on a preferably higher level than the specified radar accuracy is desirable
when aing ameasurement comparison.

In this work the benchmarking data is solely taken from GPS measurements made
during the test flight sorties.
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3.1.4 Gripen Test Flights

Most of the tests during aircraft development are done in simulated environments but
some tets have to be done in a real operational context during flight. The Saab Flight
Test & Verification department at Saab Aeronautics in Linkdping is responsible for
test flights of the Gripen aircraft. Flight tests of@3A are performed by staff from

this department but the geographic location for test sorties can be other than
Linkdping depending on type of flight test.

3.1.4.1 Test Flight Geometry

1

Target aircrafts &

Testaircrafts

Trailing Closing

Figure 3-3: Examples of different relative geometries

As described earlier the FI5/A is a forward looking radar unit. That is why radar

data on any target can only be measured when the aircraft carrying the radar is
pointing toward a target within radar range and aspect limitations. On the contrary the
target may have any attitude around all thages This leads to geometrical

requirements on the aircraft trajectories during radar test flights where target aircraft
need to be somewhere in front of the test aircraft during a radar test expesure
Figure3-3.

Dependingon what aspect angle the radar sees a tasgetFigure -3, the amount of
reflected radar energy received by the same radamawjitdiffer a lot This
phenomenon is quantified by the radar cross section coddtépiugh radar cross
secton is expressed by square measiirdees noteflect theexactphysical area of
an object seen from a certain vidwsteadt indicates the radar reflectigmoperties
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of an objecseenfrom different aspect viewst is dependent on, for example, hdve t
object is shaped and from what materials it is bEutrthermore the centgroint of
reflectionon an object may also diffelue to aspect angle. Relatively small changes
in aspect can lead to major changes in radar response iRuaifiom and also érd

to predct dependency/7]. Therefore dynamic aircraft trajectories on either test or
target aircraft during radar measurements can be somewhat challenging as the
dynamics will have some influence on measurements. For this wbek looking at
accuracydown to metetevel, we try to use test flight phases with lalynamic radar
exposures that aims for low fluctuations in radar cross section area during the
exposure.

Head on

Abeam - Turning target

Abeam

Figure 3-4: Picture exemplifying 3 different aspect angle view:
on an aircraft, in this figure exampled with a Gripen.
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3.1.4.2 Test Flight Recording - COMET

In test flights the Gripen aircrafts use the COMEGordingsystem. The COMET
systenrecord all traffic on the busystem fompostflight evaluationsas described in
Figure 35. Along with many other inputs COMET saves all message retioatare
transmitted on the lsgs and gives them a time stamp indicating when it arrived to
COMET. The time stamping function is synchronizgth GPS time and marks all
incoming data records with arrival time referred to UTC. UTC is a time standard that

is widely used as the leading reference time in the world. GPS time is easily converted
to UTC and therefore most GPS receivers present tittelWiC used as base.

Radar data with target information are transmitted from the radar unit to the system
computer on the bus system in a-pet and uniform frequency rafEhese bus
transfersentailthatall transmitted radar dataerecorced in COMET. COMET is not
the onlyrecordingsystem for radar data during a test flight sortie. But it is the most
suitable for the purpose of this work since COMET data have all parameters of
interest and are relatively easy to accBssmal proceduraiter radar flight tests

sorties havindpeen run by Saab Aeronautics in Linkdpiaghatrecordeddata sets

from COMETare déivered to Saab EDS in Goteborg. These data sets are then
subject to furtheanalysis of radar behavior and performance

Other
Subsystems

System

Computer

Figure 3-5: Schematic picture with COMET and aircraft infrastructure .
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3.2 Transformation of Coordinates

GPS position data are represented by geogetar coordinates using the WGS84
datum where a position is set lty longitude, latitude and altitude valusse Figure

3-6. Polarcoordinates are not a good representation of position datatideare

subject tamathematical analysis. Instead they need to be transferred into a Cartesian
coordinate systensee Figur@-6. Transformations are done by Matlab scripts using
formulas in Appendix BThe coordinates are expressed in a geocentric Cartesian
system with Earth center as origifter transformatiors done

P{A,,h} RS

Figure 3-6: Polar coordinate system (left) and Cartesian coordinate system (right)

The radar on the other hand uses a local Cartesian coordinate system from the very
beginning when describing target positions in information messages to other aircraft
subsystens. This coordinate system is referred to as thesp&emwhich is used and
definedinternallyat SaabThe difference othe 9Rsystem compared to a geocentric
system is that coordinates from the radar refers to a local aircraft origin instead of
Earth cater. Theaxesof this local systemarenot necessarily parallel tag
geocentricsystem either but they are parallebtSaab defined geocentriesyystem

The local 9Rsystem for radar data leads to the fact that we do not need to know the
absolute position of the test aircraft to calcuthedistanceto-targetfrom radar data

The position coordinates from the radar as well as the GPS position coesdarféer
transformation, are not represented in the same coordinate systems though they are all
expressed by Cartesian coordinates. However, since we only need the distance
between test and target aircedfir the later comparison no further transforimathas

to be done since we can calculate respective distaisaggtheir own coordinate

systems.
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3.3 Synchronization of Data

Comparison of GPS and radar data cannot be done unless they are synchronized in
time. Valid time for GPS data samples is only egpeel in UTC. Radar data

messages with target information are instead tagged with valid time expressed by the
internal aircraft real time clock (RTC) as reference. RTCdefamition of timeused

in several aircraft systems on the Gripen for internal symeration within time
dependent subystems. RTC is initiated and set to zero when the aircraft is powered
up before engine start. During aircraft operation all the internal clocks are frequently
synchronized by a central time manager on board the &irthef time manager for

RTC does not synchronize with any other reference time and therefore RTC time is
running independent to UTC.

Nevertheless, the two sets of measurements from GPS and radar have to be set in the
samedefinition of timein order to albw any comparison between the two. Therefore

a transformation of the time reference of either one of the data sets is needed.
However this transformation of time reference is not an elementary operation since it
does not exist any obvious links betweentthe definitions of time The strategy for
solving this problem is to transfer the valid time for radar data from RTC to UTC
since GPS data with valid time in UTC constitutes the benchmarking data for this
comparison. Thus the problem of synchronizatiao ignd a sufficiently strong
dependency that links RTC to UTC. This dependency could possibly be found in
COMET datarecording because atbecorced data, including radar data are marked
with arrival time expressed in UTC.

When looking at altecorced mesage traffic in COMET data the only connection
between RTC and UTC could be found in a few of all the different types of data
messages. These messages are tagged with valid data time set in RTC. The COMET
recordingtime is controlled by GPS and expressetd TC and used as time stamp for

all recorced messages in COMET. One way to connect thedefioitions of times

by looking at dependencies in valid time aadordingtime on a suitable data

message type and from that determine the offset time betE€rand UTC. The

offset between valid time in RTC anecordingtime in UTC foradata message is
composed byhegeneral RTC/UTC offsdtme added tahedelaytime derived from

the transmission between radar unit and COMET.
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3.3.1 Data Message from Radar

The first attempt in search of a link between RTC and UTC is by looking at one of the
target data messages from the radar with information on RTC. The message type that
is chosenin this report named RR_DATA, contains data on target position together
with some other information on the tracked target. The message type also contains
valid time for target data and that time is expressed in,R&€ Figure-3. When this
message is transmitted to the SC it is a¢ésmraed in COMET see Figure-8. When
recorced in COMET the message is marked witleeordingtime expressed in UTC.

This means that from theecorced COMETFversion of this message there is an ability

to get both RTC and UTC timesee Figure-3.

Other
Subsystems

System
Computer

Figure 3-7: RR_DATA message created at radar unit

Other
Subsystems

GPS

System
Computer

Figure 3-8: RR_DATA message transmitted on the busystem
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System
Computer

Figure 3-9: RR_DATA message stored in COMETrecording system

However, when observing this target data message in Matlab it becomes apparent that
the difference in time between RTC and UTC values over time is seemingly random
with limits beyond the acceptableeeFigure3-12. The time span between valid data

time andrecordingtime is varying depending on different elapse time during signal

and data processing of target data in the radar before transmission to SC. The elapsed
time entails the target data to bensmitted on the bus with a varying delay. Thus the
dependency between valid data time eewbrdingtime in this message type clearly is
unsuitable in transformation of RTC to UTC timeframe.
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3.3.2 Data Message from INS

Since data messages from the radar ssiffem varying delays due to processing

time there is a need to find another data messageded in COMET for which we

could determine the delay within an acceptable interval. For this purpose a candidate
message from SC to radar with position data reggiirom the INS (Inertial

Navigation System) unit is found. For this report the message is named INS, DATA
see Figure 40. The data in INS_DATA is in contrast to radar target data in
RR_DATA not subject to any processing after valid time is set anchtiusuffering

from any delay other than transmission time to COM&dording The INS_DATA
message type contains a valid data time expressed in RTC and simeeatdsd in
COMET it is also marked with i@cordingtime expressed in UTC why it can serve as
a link between the twdefinitions of time see Figure-3.1.

Other
R
(( )- A Subsystems
. ﬂ ‘/’/’.
e

Figure 3-10: INS_DATA message transmitted on the busystem

Other
(( )- o Subsystems

GPS

System
Computer

Figure 3-11: INS_DATA message stored in COMETrecording system
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The delay time between valid time amtordingtime for the INS_DATA message is

by experience and rightly assumed to have a length of maximum one message cycle.
However this asumption will be tested when evaluating one of the test flights in
chapter0. The INS_DATA messages are transferred at a rate of 60Hz giving a
message cycle of ~16.7 atsif not taken into accounthis delay will introduce a

minor synchronization fault after a trdesof radar data from RTC to UTC. The

delay will result in a distance offset between radar measured distance and the
benchmarking GPS/INS measured distance with a size depending on relative speed
between test aircraft and target aircraft. This meanathate delay leads to a shorter
radar distance with two aircrafts relatively deparfiogn each othemndrespectively

a longer radar distance with two aircrafts closing in relative distance.

Fig 3-12 shows offset time between COMET recording time afid data time for

both RR_DATA and INS_DATA messagésitial offset time (t) on theJaxis is the
offset time for the first recorded INS_DATA message in the interval. This offset for
any test sortie is typical counted in days since recorded GPS timeteessconds of
week initiated at 00.00h between Saturday and Sunday and valid time is initiated at
power up before engine stafig 3-12 shows thaRR_DATA not only suffers to a

delay approximately 100 ms longer than the INS_DATA message but alsoethat th
delay is varying much more than the delay of the INS_DATA. The slope that can be
observed on INS_DATA and to some extent also on RR_DATA can be explained by
the slight difference ielock ratebetweerRTC and UTC.

Figure 3-12: Offset between recordedime and valid time for RR_DATA and INS_DATA.
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