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ABSTRACT

The GPS Toolkit, or GPSTK, is an open source project
that provides a software suite to the GNSS community. The
goal of the project is to free researchers to focus on re-
search, not lower-level coding. The suite is composed of a
library and a suite of applications built on the library.

Since the GPSTk was last presented at the ION GNSS
2006, the project has grown in scope and user base. Met-
rics provided by service providers SourceForge and Google
quantify that growth. To accommodate the increase in de-
mand and code complexity, the documentation system has
been replaced with a community-managed website or wiki.
The project has customized the wiki to support documen-
tation commonly associated with GNSS software develop-
ment.

Because the project is open source, new contributions
are key to its success. The library has been reorganized to
preserve contributions that are experimental or appboati
speci c. The new organization preserves usability and sta-
bility of the library's core functionality. The core librar
has been modi ed as well. Data structure and almanac pro-
cessing classes have been added. New applications have
also been contributed. This includes two suites of applica-
tions, one that simulates tracking the GPS signal and an-
other that analyzes range residuals.

INTRODUCTION

The goal of this paper is to familiarize the reader with the
purpose, status, and future direction of the GPSTk project.
The overall capabilities of the applications and librarg ar



brie y restated. New capabilities are discussed in detail.
Examples of projects based on the GPSTk are described.

PROJECT SUMMARY

The goal of the GPSTk project is to provide a open
source library and suite of applications to the satellite-na
igation community to free researchers to focus on research
and not lower level coding.

GPS users employ practically every computational ar-
chitecture and operating system. Therefore, the design of
the GPSTk suite is as platform-independent as possible.
Platform independence is achieved through use of the ISO-
standard C++ programming language [1]. The principles
of object-oriented programming are used throughout the
GPSTk code base in order to ensure that the code is modu-
lar, extensible, and maintainable.

The GPSTk suite is composed of a library and a set of ap-
plications built on the library. The library provides a wide
array of functions that solve processing problems associ-
ated with GPS such as the navigation solutions or reading
standard formats such as RINEX. The applications support
a greater depth of functionality. Each application imple-
ments a speci ¢ GNSS processing task.

Getting the GPSTk

The GPSTk can be downloaded over the web via links
provided on the project website, http://www.gpstk.org/ .
Precompiled binaries are available for many platforms. Ac-
cess to the latest code base is provided through a publicly
accessible repository hosted by SourceForge. The reposi-
tory is accessed using ti®ubversionutility. Subversions
a open source version control system that coordinates de-
velopment among users over the Internet [2, 3].

Subversioris a console application that operates iden-
tically on a number of operating systems. The following
command can be used to retrieve the latest GPSTK source
from SourceForge and write it into a directory structure on
the user machine in the current working directory:

svn co https://gpstk.svn.sourceforge.net/svnroot/gpst k

Note that it is not necessary to provide any user informa-
tion or password to retrieve the code. This form of access is
referred to as anonymous in tBebversiomlocumentation.
Any directory in this structure can be updated to the latest

code by rst making it the current working directory then
executing the following command:

svn update

Project Documentation

The GPSTk project's web site was initially hosted by
SourceForge. It contained static content which was dit cul
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to update. To facilitate true cross organizational develop
ment and user interaction, ARL:UT established a dynamic
website, also known as a wiki.

The wiki site utilizes an open source product called
TWiki [4] that is not only a wiki but a full featured and eas-
ily extensible development platform. The project has cus-
tomized the base TWiki installation to add two capabilites.
One capability allows for users to submit questions or an-
swers about the project. Another provides a framework for
capturing development documentation, such as brainstorm-
ing or designs. The site also supports #igX format al-

lowing for expressive content such as equations. Finally,
users can choose to be noti ed when topics are changed
via email or web feed.

The website hosts a copy of the Doxygen documentation.
This documentation is updated from the code repository on
a daily basis to ensure easy access to the latest documenta-
tion changes. Additionally, an IRC channel was established
to create a real-time avenue of developer communication.
Finally, the new website contains new documentation that
describe the GPSTk development process, the release pro-
cess, how to get started with the GPSTk, and more. The
goal of this added information was to help new develop-
ers become familiar with the project operation so they can
become effective contributors.

Currently, the website hosts a PDF version of the GPSTk
users manual. For the next revision of the manual, ARL:UT
plans to convert it to a set of wiki pages. Then users will
not only be able to update the manual, but also generate an
of ine copy of it using TWiki's PDF generation capability.

Project Activity Metrics

To give a brief insight into the number and diversity of
visitors to the new wiki site, the following information was
extracted from Google Analytics by looking at the traf c
over the past 7 months. The website has seen on average
over 1500 visits per month with over 1000 unique visitors
per month. Visitors locate the website directly (about 30%
of the time), by following a link from an other site (about
42% of the time), and by search engines (about 28% of the
time). The website has seen visitors from 124 countries
or territories with the top 10 countries of visitors being th
United States, Germany, China, United Kingdom, Taiwan,
Italy, Canada, Australia, Spain, and France. Approxinyatel
30% of all vistors return to the website after the rst visit.
Figure 1 shows the distribution of visit worldwide.

The activity of the project is measured by SourceForge
as well. SourceForge tracks project activity for each ser-
vice it provides: web traf c, Subversion transactions, le
downloads, bug entries, and more. This facility report$ tha
the GPSTk binary packages have been downloaded more
than 10,000 times from September, 2006, to the time of this
writing, September 2007. The activity metrics can also be
investigated over time. Two metrics are displayed in Fig-
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Fig. 2 Project activity through SourceForge site

ure 2. The number of packages downloaded per month rate
has remained fairly constant while the amount of Source-
Forge traf ¢ for the project has declined. It can be in-
ferred that the project TWiki has of oaded traf ¢ from the
SourceForge site. The spike in February, 2007, has yet to
be explained.

Two nal metrics of project activity relate to the size and
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value of the code base. Version 1.3 of the GPSTk contains
approximately 200,000 source lines of code. In compar-
ison, version 1.2 contained 150,000 source lines of code.
Version 1.1 contained 70,000. The value of the code base
can also be estimated using the COCOMO model, which
was rst developed to manage aerospace software devel-
opments [5]. According to the COCOMO model, the esti-
mated value of version 1.3 of the GPSTk source code is $7
million. These size and value metrics were generated using
David A. Wheeler's SLOCCount utility [6].

Testing and the Release Process

As discussed in prior ION papers [7], testing of the
GPSTk library is designed with three distinct goals in
mind: testing is repeatable with a low amount of effort,
testing is distributed along with the library to supporthbot
internal regression testing and to assure outside users and
contributors of the quality of the library, and testing is de
signed to accommodate easy additions to the existing test
suite. These goals have been retained, though the amount
of the library that is covered by the test suite is expanding
rather more slowly than anticipated.

Part of the reason for that slow expansion is the realiza-
tion that testing is only one part of an overall release pro-
cess. Following the move to on-line source management
in July 2006 [7], the project has invested effort in de ning
and automating the release process. The release process is
the process by which a stable and reviewed version of the
code is rst extracted from the Subversion repository, then



tested for quality. The ability to conduct the release pssce
smoothly is critical to user support.

FUNCTIONAL SUMMARY

Library Functionality

The GPSTk library provides the base functionality for
the GPSTk applications and for a number of other indepen-
dent projects. There are several categories of functions:

RINEX manipulation

Time conversion, manipulation and storage
Matrix computation

Basic transforms of time and location
Precise ephemeris processing

Range prediction and error modeling
Reference frame computations
Statistics

Troposphere delay models

Earth orientation transforms

FIC processing

Almanac processing

Low level BINEX input and output
Broadcast ephemeris processing
Clock models

Code generation

Cycle slip and discontinuity correction
Expression evaluation

Numerical integration

Combinations and difference computations
Data structures

Navigation solution

A more detailed description of the functionality provided
by the GPSTK library is generated from the code using the
Doxygen utility [8]. An updated image of that documenta-
tion is kept on the GPSTk website [9]. A number of prior
presentations, articles and papers discuss the capebiti
the library in more detail [10, 11, 12, 7, 13].
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Application Functionality

A number of GPSTk applications are cross-platform.
These applications are used to form the precompiled bi-
nary releases. The version 1.3 cross-platform application
are listed in Table 1. They are sorted into groups by their
general purpose. Each row describes one GPSTk applica
tion or toolchain. A more detailed description of the appli-
cations can be found in References [7] and [13].

In contrast, other GPSTk applications are broadly use-
ful but require more than the standard C++ environment to
compile. These applications are summarized in Table 2.

RECENT ENHANCEMENTS

Yuma and SEM Almanac Processing

When performing GPS mission analysis or processing
observations that span multiple months, an application may
need to model the state of the constellation. Two publicly
available formats provide this information, Yuma [14] and
SEM [15]. Classes have been added to the core library of
the GPSTK to process almanacs in these formats.

Library Restructuring

The core of the GPSTk is the library, and its source is
located in thedev/src  directory. This directory contains
classes, algorithms, and data that are fundamental to GNSS
processing and should compile on any system with a com-
piler that conforms with the international standard for C++
[1]. Often, however, the GPSTk contains code that could
be useful in GNSS processing but do not t this descrip-
tion. A number of such cases are present throughout the
code base. The code could contain highly specialized algo-
rithms, or be related to the message format of a speci c re-
ceiver. The code could require libraries or system funetion
that are broadly available but not part of the C++ standard.
To preserve code of this nature, the GPSTk project has in-
troduced a new directory structure. This new code base is
located in thedev/lib  directory. The GPSTk source di-
rectory structure is illustrated in Figure 3.

The guidelines for adding to thdev/lib  directory are
similar to the rules for thelev/apps directory. Anything
that is related to GNSS is acceptable. The intent is to en-
courage experimentation and development of new ideas.
No les are directly placed irdev/lib  and subdirecto-
ries are created to group related items. Subdirectories can
have dependencies upon third party libraries and platform
speci ¢ extensions. These subdirectories may depend upon
the core GPSTK library (ilev/src ) but they may not
depend upon anything idev/apps . More importantly,
nothing in the core GPSTk library may depend upon items
in dev/lib . This last point is imperative to maintain the
portability and broad support of the GPSTk core library.



suoryeot[ddy wiojye[q SsoI))

090 00TZZU0TIBIS 090°00TZTUOTIRIS TOSd8A oseryd Iourres 10 o3uel JUISN SUIESR] 1I0YS SOJRUIT}SO [0so0A
u9Q*00TZTIe U- 090°'00TgITe o- 3AdXeuTI uornjos uorjsod snouwrouojne s9jRIOUSI jadxourt
CT N¥dX-- Uu90’00T¢TI® U- 090 00TCIT® O- SATOSHd uornnjos uornsod snouwrouojne soyeIussd 9ATOSYHd w
SqO* XoUTYMONAW XoUTYano-- QT W- 090°00TZITe o- dIisjursod SUOTIJRAIOSCO TR} 9JRI IOUIIY ® Je suorisod Iosn soje[no[ed dieyursod m
qno-garnseydm qno‘garnseykw gno’paTnseyluw rygeSiew 3[NSOI 9[3UIS B OJUT SP[NSOI OURLIBAOD PUR UOIINOS SOUIQUIOD Hmmmwgwa &
qep-ejeqiu gep-yqghlw ep-Myydu o3xsupp sory ndino Yy pue VY osegd( seSiour o31ourpp @WH@E@U
ct XTg-- [°Z°L°X ZxXSod-- 090°00TZII® oTTASq0-- - ° oseddd oseyd Ior1red Jursn uornos yromjou e sajndurod s (1
1TJTe8UTT-- UQQ'00TZTI® ARU-- 090'00TZTIe andut-- sdeydIL (DAL) yeyu0)) WO [e30], Jo sdeur soyestd sdeiNDOHL =
€ 2BSYX-- U9Q'Q0TZIIe ARU-- 090'(00TZTIe andur-- sergouol [epout a1oyydsouot o[dwis © pue soselq A0UonboIjIojur SoAT0S SeIgouo| 5
0andano-- gep-ogdsAm 3ano-- jqepregdshm uT-- uoTsIeagds SOl €4S O} PUR WOIJ SOJLIM PUR SPRAI uorsioAgds
00:00:ZT‘TTSA- ©90 POWOOTZTIRI0- 090 00TZITRAI- I0DS8Y SUOT091100 sondwod pue o[y XHANTY SHPO 100)soYy
u9Q ' UTYIOQTZTI® O- Q€ S— 090°'00TZTI® J- UTYIXOUTI 97RI R)RP POIISOP 0} SO[Y UOIIeAIosqO XHNIY ndur ue sojeurioop UTIXoULI um
u9Q 0TTZTIe U9Q 00TZII® UQ(Q SARUTIRO- o3I8|jARN o[ 9[3UTS ®© 0JUT SO[Y ARU XHNIY So31our owu®§>ﬁz m
U90°TT1Z-0TCTI® U90 0TTZTI® T- UY0 00TCTI® T- ABNUTYSSIsw S9[Y XHNIY SoS1ow pue s3108 PN/ ARN /sqOUR o8 I0u g
90°00Tge3I9WOTF O0- 90 00TZTOTI T- 90 00TZTOTI T- DIJe8asuw o[y o[3uls ® ojur so[g DI Indur seSIow pue s1I0S Owh@&pwa :
MdOV- MTOV- LTDSA- "0008TS‘8T¥TAl- 090 00TTITRJI- XSUTYITPH ndut 1dsn uO pIseq d[Y SUOTIRAIISGO XHNIY © SHPd Xourynpy
§°T Ld-- ©90°00T¢TI® T- XTJOSTIQ 103091100 dis 9[24d XIA9SI
Z TOd2X—- ¢ T0o—- jep-orTyfuw sjeisx UIedI)s X903 Ul SI9QUINU U0 SI1ISIIRIS ISNO1 ‘prepur)s sojnduiod SRSt
w00:00:TT 900Z/0T/L0u ©- UQ0 0JZTIIe Yoeyomul punoj 3s1yg o3 Surrodor SIOLIS I0J 1 SYOOUD pue So[y XHNIY peol MU@QUBEM\BQH\BOH
090°007¢TTI® 090 0TCTTI® FFTPMOI SOTY XHNIY OM3 JO sjudjuod saredwod .MMGBOM\.@M@BQH\.@HUBEH a
00°0Z°€T“0Z°L0°9002 Seguyoodg-- 090 Q0TZTI® T- WNSUTY S[ UOI}eAIdSqO XHNTIY © JO SJU9jUOD SOZIIRUIUNS mngury m
“tt ] cccoaTtpEPIo | 080%T2de 9- 090°00TZII® O- USHPIO SUOHRIAGD DBUEL POAIOSAO SPPOW  ** /JSHIUIT] /O] /uo) pI1o =
ug9Q° 00TZTI® - 090'00TZTIe O- oaTosdw uoryeurquod Yyedijnur jo [ppowr [eo1)sipess sojndurod aAfosdux Q,M
0T W= .Z X Xu d- UQ0Q 9GZITI® - ZIURYISIONPUTF MOTA TT OIR SO}I[[018S PA[OM] TR} SIOUT UATM S3oTpaId ¢Iuey2I0Npuy 5
w00:00:TT 9002/08/L0u 3- 90 00TTOTF HOOYIOTJ punoj 3s1y oy} Surpa0dor SI0LIS 105 41 SHOIYD Pue d[Y DI © Spedl &ow&o@oﬂ?ﬁwﬂooﬁ W
90°0072Z2TF 90 00TTTIATI FIPTOTE SOTY DI 0M3 JO s3uPu0d soredurod Bpoy d
90°00TZ2TF U90'00TZTIe FFrpyde so0anos suoweyde om) woay suorisod ajrares oy soredurod prpyde
—_— SUOTJRAIOS(O MBI WOIJ SOOUIoPTIP-o[quop sojnduroo uHpp
_— ®vlRD POJOd[[Oo JO sisATeur AjI[Iqe[resr evjep ® suriojrod eep
21 11 % € 090°00TgTIe dumgxeuty XLIjeW © OJUl [ XHNIY ®© sudjjey QESQxOEMﬁ a
dup- 90 00TgTIe O0- u9Q°00TZTIe T- dupaeu S)RULIO} S[RPEedI URWINY O} SO[Y ARU WIOI} uorjeuriojut sdump QE@\VNE W
171 od£a1sqo-- 90 00Tgerou AnduT-- XSUTYRAOU So[y XHNIY 0% So[J [93RAON] 1IOAUOD XOUTYeAOU M
090°00TgTIe o- oTTydpw T- xeurigdpw So[y XHANIY 10 DI 03 so[y JAIN HeAuod Xoulrgdpua m
u9Q° TZIUTI 90 '00TZOTF UTIZOTF syeurIo] XHNIY pue ‘Areulq ‘I[[DSY Ueamiaq so[y DI IHOAU0D Qﬁmoﬂ\oﬂmoﬂ\duwum 2
¢ d- u90°001ZTI® q- 3esaIoyYM 211[ej®s ® JO uorjeso] pejoadxe sindino 1esoIoYM 5
w9002 %0 LO,=IepuUSTeO-- 3IDAUODISUWTY SJRULIOJ OWI] JOY}0 0} suily Indul UsAIS SIIOAU0D JI9ATOY9UIT) H
W79° 29T 00492°29C 8Z'0€.=2T19p0oe3—- 3adsod syeur1o} uoryisod 1o130 03 uorisod Indur UeAIS © S}IOATOD ja0sod W,
$00Z A- sdStes Iepuo[ed G Jr) ® SojeIouss sd3reo ”
sjdurexyy UOIINOIXH uorydrioso(q 1001,

Table 1 Cross platform applications.

First presented at ION GNSS 2007, Sept. 25 to 28, 2007, Fath\Wiexas



Source Location Function

dev/apps/bindings
dev/apps/swrx
dev/apps/RinexPlot
dev/apps/MDPtools
dev/apps/receiver

Interfaces to Perl, Java, and other languages.

Simulation of the GPS signal and receiver tracking.

Plotting observation combinations. Written in perl-Tk.
Processing TCP/IP or le-based observations in the MDP &irm
Capture of data from an Ashtech receiver.

Table 2 Applications with dependencies outside standard C++

Latest development version of entire code base

src Core library

doc Library documentation generated by Doxygen

apps User applications and functional examples
L .. One subdirectory per application group

lib Additional, non-core libraries

rxio Receiver and input/output library

vplot Vector graphics library New library
geomatics Precise positioning library ~ directory structure

examples Instructional examples to use libraries

tests Regression tests

One subdirectory per class
—ref Reference source
— pbuild Build scripts and projects
usersguide Reference manual for applications

Fig. 3 Directory structure for GPSTk source

While anything GNSS related can be added under the
dev/lib  directory, the same is not true of the build pro-
cess. It should only include items that will generally com-
pile. To facilitate compiling the items in the new di-
rectory, the build will recurse intdev/lib by default.
Just like indev/apps , subdirectories that are listed in
dev/lib Jamfile/Makefile will be built when the
build is invoked from thedev directory. This also allows
applications to be built and linked against the items under
thedev/lib  directory. While this guidance is somewhat
vague, it does imply that the author is intending to keep
the build from breaking under the common platforms that
the GPSTk is used under (Linux/gcc and Windows/Visual
C++). While the default build process will not recurse into
every directory indev/lib  anddev/apps , individual
directories may be built and installed manually. This is how
libraries and applications that are platform speci c ardtbu
and installed.

There are three subdirectories witldav/lib  : rxio |,
geomatics , andvplot . The directoryrxio contains
FFStream de nitions for the MDP receiver data type.
The directoryvplot contains a set of plotting routines.
The geomatics directory contains precise positioning
algorithms. Currently, there are several items that are in
dev/src thatare candidates to be moved tode®/lib
directory structure. Examples are the FIC and SMODF
parsing routines as these formats are only used by a very
small community.
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Observed Range Deviation Toolchain

An Observed Range Deviation (ORD) is de ned as the
difference between an observed pseudorange and its pre-
dicted value [16, p.465]. A number of algorithms and
terms are required to compute both the observed and pre-
dicted pseudoranges. Both can be corrected for known ef-
fects such as relativity, earth rotation and atmospheric de
lay. When all of these effects are accounted for, ORDs can
be in the 10-30 cm range for a dual-frequency, geodetic
quality receiver.

Prior to version 1.3 of the GPSTK, thmeszilla applica-
tion provided the capability to compute ORDs from GPS
pseudorange, carrier phase, and Doppler data. However, as
of fall 2006, reszillahad become quite complex and dif -
cult to maintain. The program has since been redesigned
into a suite of smaller applications that can be used in con-
junction. Such a set of applications is often referred to as a
toolchain

The new applications are designed to be modular so
that the output of one program can be used as the in-
put to the others. The input and output can be cap-
tured to le, or streamed between applications in real
time. In all of the platforms supported by the GPSTk,
these two modes of are supported by redirection and pip-
ing. In UNIX and Windows command line environ-
ments, the redirect operator captures standard output
to a le. For example,calgps > calendar.txt
writes a simple text based GPS calendar for the cur-
rent month to a le calendar.txt Piping is sup-
ported by the pipe operatdr. An example of piping
in the Windows command line environment is the com-
mandcalgps -Y 2004 | more By allowing the
user to choose how to connect this toolchain, the new de-
sign allows for greater exibility and ease of use. There
are currently six tools that both replace and enhance the
ORD computation capability akszilla ordGen ordEdit,
ordClock ordLinEst ordStats andordPlot

The tool that must be run rstin the chainasdGen Via
command line options and data in a variety of le formats,
the program accepts an antenna position, observation data,
ephemeris information and weather data. The position is
assumed to be a very accurate, surveyed location. The user
may also specify which combination of observations are to
be used, such as C/A-Code only or P/Y-Code on L1 and L2.
ORD's will be agged if the data seems erroneous based on



several criteria: low signal strength, extremely largeups
dorange, large tropospheric correction, SV elevationJse
the horizon, or indication of bad SV health in subfram
of a valid 6-bit SV health bit eld. The ORD solutions fc
each SV are output in a format readable by the other C
tools; itis called the ORD |le.

The next tool that may be usedagdEdit This program
removes lines from the ORD le based on various crite
Data may be Itered based ontime, SV elevation, SV he
or PRN number.

For many GPS receivers, the most signi cant effeci
account for when correcting the observed range is the
ceiver clock offset, or the difference between a receiv
internal time and true GPS tim@rdClockmakes an esti
mate of the receiver clock offset by averaging the ORDs of
all SVs for each epoch. The bias can be optionally removed
from the ORDs for each epoch. These clock parameters
may then be processed loydLinEstto compute a linear
clock model estimate. A natural byproduct of forming the
linear model are deviations from the model, also known as
clock residualsClock residuals are output lmydLinEst

The ORD le can be processed bydStatdo summarize
error statistics. The total number of ORDs and epochs that
were agged as erroneous are counted. For a set of user-
speci ed elevation ranges, the standard deviation, mean
and maximum values of the ORDs is listed, as well as the
number of observations and the number agged as erro-
neous. Looking at the results for each elevation bin is use-
ful as ORDs tend to be much a higher when satellites are
lower on the horizon.

Finally, ordPlot is a Python [17] script that uses mat-
plotlib [18] to plot ORDs, clock offsets, linear clock mod-
els and clock model residuals. Basic graph properties may
be speci ed, and the the nal image may be saved in a num-
ber of raster- and vector- based image formats. Figure 4 is
an example residual plot generateddigPlot

An example command line is shown below. In this ex-
ample, observations are provided in the RINEX format and
ephemeris information is provided as precise ephemerides.
The results are edited using health information from a
RINEX navigation message le and an elevation mask of
ten degrees. A statistical summary is written to a text le.
Finally, a PNG le is created with a plot of residuals and
clock offsets. Note the use of pipes to complete the overall
analysis procedure.

ordGen -o sample001.070bs -e apc14080 -e apcl4081
-e apcl4082 | ordEdit -e sample001.07nav -m 10 |
ordClock | ordLinEst | ordStats -o sampleStatsFile.txt |
ordPlot -s samplePlot.png

Toolchain to Prototype Software Receivers

The dev/apps/swrx  directory contains classes and
applications that simulate various parts of a GPS receiver.
While this code has much of the functionality of a soft-
ware GPS receiver, it is not intended to be a true software
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Fig. 5 P-Code correlation curve

receiver. It is intended to be a research tool that is useful
in understanding the formation of GPS signals, sampling
them, tracking them, and forming observables. There are
currently ve separate applications in ttssvrx directory:
gpsSim codeDumpplot, tracker, corltr, andigdump As
with other applications in the GPSTK, the swrx applications
are a command-line toolchain. The command to plot the
correlation curve of the P code on PRN 1 is listed below.
The resulting plot is shown in Figure 5.

gpsSim -q 2 -t 2e-3 -c p:1:1:50:0:p |

corltr -g 2 -c p:1:1:0:0 | plot

The gpsSimapplication simulates the digital output of
the RF front end of a heterodyning GPS receiver. It rst
generates the RF signal for each code and carrier combi-
nation requested in the command line options. This RF
signal can include the C/A- and/or P-Code, a 50 Hz square
wave for the navigation bit transitions, a code offset, and
a Doppler offset. This RF signal is then mixed with a lo-
cal oscillator to form an IF and quantized to form in-phase
and quadrature samples. These samples are then output as
de ned in thelQStream speci ed.

The tracker application implements a Costas tracking
loop on aniQStream for a single code and carrier com-
bination. The signal to be tracked is speci ed on the com-
mand line and includes a time and Doppler offset. While
it can acquire phase lock without exact aiding, it does not
implement any explicit acquisition algorithm. This tracke
aligns the integrate and dump intervals with the nav bit
transitions, demodulates the navigation data, and outputs
the subframes of the navigation message.

The corltr application generates a local replica of the
GPS signal and cross correlates this against the input
IQStream .

The codeDumpapplication simply dumps a section of
the speci ed GPS spreading code. Its purpose is to verify
code generation in th€odeGenerator classes against
the IS-GPS-200 [19]. This application currently only out-
puts C/A- or P- Code.



Fig. 4 Observed range deviations computed by the ORD toolchain

The plot application is a Python script that uses mat-
plotlib to graph the outputs ofracker, corltr, and
codeDump

The iqdump application reads in dQStream and
dumps it as text to standard output. It also has an option
to compute the percentage of time various bits are set.

Several classes form the source to shaxapplications.
The CodeGenerator class is an abstract class that de-
nes the interface to a pseudorandom ranging code. The
intent is to make an interface that is similar to what could
be easily built in hardware. Th€ACodeGenerator
is an implementation of the GPS C/A-Code that uses
the ConstLinearRecurrentSequence class. The
PCodeGenerator  class generates the GPS P-Code.
This class currently uses the P-Code generator that
is in dev/src but needs to be rewritten to use
the ConstLinearRecurrentSequence class. The
ConstLinearRecurrentSequence is a simulation
of a linear feedback shift register. TI®/Source class
is a simulation of a single band of a GPS satellite.

The CCReplica class is used to generate a local
replica of a single signal (a code/carrier combination)e Th
SimpleCorrelator class is used to compute the cor-
relation between a local replica and a sampled signal. The
EMLTracker class is an early minus late Costas tracker.
The NavFramer class takes the navigation message bits
from a tracker and tries to nd the start of a subframe.

IQStream is an abstract base class for a type of
IOStream that is designed to read and write ADC in-
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phase and quadrature phase. It puts the samples in 500 byte
frames, with a checksum and meta-data at the end of each
frame. Currently there are three speci c implementations
of IQStreams

IQFStream , using oating point numbers for each
sample.

IQ2Stream , using 2 bit sign/magnitude values.

IQ1Stream , using 1 bit values.

NEW DATA STRUCTURES AND ALGORITHMS

A new set of data structures call&NSS Data Struc-
tures (GDS) have been introduced to the GPSTK library.
Their purpose is to solve data management problems that
are dif cult to solve with simpler data structures such as
vectors or matrices. These structures hold several kinds
of GNSS-related data, properly indexed by station, epoch,
satellite and type. These GDS, implemented usingrtap
data structure de ned by the C++ standard library, act like
white boxesin the sense that all the information within is
available for the developer.

The GDS paradigm is complemented with several as-
sociatedprocessingobjects. These objects reach into the
GDS and add, delete and/or modify what is needed (ac-
cording to their function), and leave the results in the cor-
responding GDS object, appropriately indexed.

These processing objects are designed to use sensible
defaults in their parameters, but those parameters may be



tuned to suit speci ¢ applications. This is usually done be-
fore using the objects, although in some cases they may
auto-adjust according to input data.

A ModeledPR (Modeled Pseudorange) object may take
as parameters observable type, ephemeris, ionosphere, and
troposphere models, and will add to the incoming GDS de-
rived data such as geometric range, satellite elevation and
azimuth and pre t residuals. ThilodeledPR will also
automatically remove those satellites with missing aaitic
data such as ephemeris.

A CodeSmoother object takes as parameters a given
code observable type and a maximum window size. The
CodeSmoother reads successive code and phase obser-
vations, as well as the cycle slip ag. It computes a new
smoothed observable, self adjusting the window size along
the way. At each epoch it replaces the original observable
with the new smoothed estimate of range.

An important concept here is that the GDS grows or
changes dynamically. Each processing operation can in-
troduce derived data or lter existing data. This sets an or-
der in which most processing objects should be used, with
some at the beginning feeding others at the end.

The former ideas are coupled with a handy rede nition
of operator>> . Typically, this operator is rede ned like
the following:

gnssRinex& operator>>(gnssRinex& gDat, CodeSmoother& cS )

Here, the GNSS data structugbat is at the left of
the operator, and thEodeSmoother objectcS is at the
right, meaning that the dataws from the data structure
into the smoother.

Note the>> operator returns a reference to gamein-
coming data structure. This means tigidat feedscS,
it is modi ed, and the resulting, modi egjDat is put in
place of the originagDat .

The former allows concatenation®$ operators, allow-
ing a programming style that clearly shows how the data is
owing along the processing steps. Itre ects the pipes used
in UNIX shell and Windows batch programming. More
stream operation examples follow.

The rst example involves simpl€1-based processing,
solving with a LMS solver. The results are given in a XYZ
reference frame:

gRin >> myFilter >> model >> solver;

gRin is a GNSS data structure obtained from a
RINEX observation le epoch record.myFilter is a
SimpleFilter object that checks tha&1l is within rea-
sonable limits. model is a ModeledPR object, and
solver is aSolverLMS object.

If the previous results are needed in a North-East-Up
frame, the system may be solved usiticat, dLon, dH
and(c dt), instead ofdx, dy, dzand(c dt):

gRin >> myFilter >> model >> baseChange >> solverNEU;

First presented at ION GNSS 2007, Sept. 25 to 28, 2007, Fath\Wiexas

In this casebaseChange is a XYZ2NEUobject that
computes the correspondimtyat, dLon anddH coef -
cients and adds then ©Rin2 . Also, solverNEU is
a commonSolverLMS object recon gured to solve an
equation system witdLat, dLon, dH and(c dt) as un-
knowns.

The following example is more complex. First, the PC,
LC, LI and MW (Melbourne-Wibena) combinations are
formed and added to the GDS object. PC and LC are
here used to denote the code and phase ionosphere-free
combinations, respectively. LI stands for the the iono-
spheric combination (also called geometry-free combina-
tion). MW represents the linear combination of narrow-
lane and wide-lane combinations that is very useful to nd
phase cycle slips. The combinations are used to mark cycle
slips. The combinations and cycle slips are used to create
a smoothed pseudorange. Finally position is computed us-
ing a Weighted-LMS method based in MOPS weights [20].
The processing is completed in a single processing line:

gRin >> getPC >> getLC >> getLl >> getMW >> markCSLI >>
markCSMW >> smoothPC >> pcFilter >> modelPC >> mopsW >>
baseChange >> solverWMS;

The nal example applies code-based, differential GPS
techniques. After some synchronization code (not shown
here), the data from the reference station can be processed.
The resulting GNSS data structure is then assigned as the
reference data of BeltaOp object,delta

gRef >> myFilter >> modelRef;
delta.setRefData(gRef.body);

Then, therover GPS receiver data is fully processed:

gRin >> myFilter >> model >> delta >>
baseChange >> solverNEU;

delta will subtract fromgRin pre tresiduals from the
correspondingRef pre t residuals, deleting (by default)
the satellites with missing data. The rest of the data pro-
cessing is as shown before.

In summary, this new GNSS data processing paradigm
holds the promise of greatly enhancing and improving
GNSS data processing in the GPSTk. It provides an encap-
sulated, uniform and intuitive way of transporting GNSS
data along the processing chain. This area of the GPSTk is
currently under active development.

PROJECTS

The GPSTk has been used to support GNSS-related
projects across the globe since September 2006. These
project include:

Students at the University of Texas at Austin in the
Department of Aerospace Engineering and Engineer-
ing Mechanics have established a GPS reference sta-
tion using GPSTK. The reference station utilizes both
data collection and validation applications. The ob-
servations are collected at a high data rate, 1.5 sec-



ond sample period, synchronized with a rubidium fre-
guency standard. The station's documentation and

data can be accessed at http://lagrange.ae.utexas.edu/.

At the Research Establishment for Applied Science
(FGAN), Germany, the GPSTk is being used to

create a mobile radar tracking system. The sys-
tem also incorporates software from the open source
gpsd project [21] to communicate with receivers.

Second year students in the Satellite Surveying class
at the Technical University of Helsinki (TKK, for-
merly HUT), Department of Surveying, usBiBase

to survey. They surveyed one short baseline and one
long, over 300 km. Other applications were used to
plan surveys and generate a priori estimates of station
position and clock models.

FUTURE WORK

Because the GPSTk is an open source project, its future
is open-ended. Some particular enhancements have been
identi ed by developers within ARL:UT. In the near term,

a Java-based front-end for GPSTk applications that has al-
ready been developed will be contributed. Also, the appli-
cations indev/apps/swrx  will be extended to simulate
Binary Offset Carrier modulated signals and multipath. In
addition, ARL:UT is in the process of proposing sponsored
tasks that will directly enhance the GPSTK, including sup-
port for RINEX 3 [22] and precise point positioning (PPP).

The GPSTk has received one special request for sup-
port but as yet no student, developer, or group has been
able to fulll. The OpenMoko project's goal is to cre-
ate the world's rst open source phone operating system
[23, 24]. The hardware platform for the OpenMoko is de-
picted in Figure 6. However, the only closed source part
of the project is the GPS processing task or daemon. The
project would like to replace the task with one based on the
GPSTK.

Furthermore, it may be possible to get funding for a stu-
dent to investigate this topic. Google sponsors a Summer of
Code (SoC) initiative which funds students to spend a sum-
mer contributing to any one of a list of projects. The list of
project is reviewed and prioritized by a number of open
source organizations. In 2007, the project to integrate the
GPSTk into the OpenMoko was listed, but not chosen by
an SoC sponsored recipient [25, 26]. If Google again spon-
sors a SoC for 2008, the GPSTk and OpenMoko projects
would help support a student interested in this project.

SUMMARY

After three years since its public release, the GPSTk con-
tinues to amass new contributions and new developers. The
third year required the GPSTk team to consider new ways
to collaborate with developers distributed on a globalescal
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Fig. 6 OpenMoko hardware

The project website became a primary means to provide
dynamic documentation and to host user questions. The
code repository was restructured to accommodate innova-
tion while preserving core functionality. Applications ree
added to support processes that are key to GNSS research:
range measurement validation, and simulation of GNSS
signal tracking. Both student and professional projects co
tinue to choose the GPSTk as a processing basis.
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