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Positional Accuracy of the Wide Area Augmentation $stem

by

Lisa L. Arnold

B.S., Information Technology, University of Phoenix2003
M.S., Geography, University of New Mexico, 2009

ABSTRACT

Global Positioning System devices are increasibgiyng used for data collection
in many fields. Consumer-grade GPS units withoffedintial correction have a
published horizontal accuracy of approximatelydQ% meters (average error). An
attractive option for differential correction fdrese GPS units is the Wide Area
Augmentation System (WAAS). Most consumer-grade GRI& on the market are
WAAS capable. According to the FAA, the WAAS broadgtmessage provides integrity
information about the GPS signal as well as acguraprovements which are reported to
improve accuracy to 3 to 5 meters. However, limgetpirical evidence has been
published on the accuracy of WAAS-enabled GPS coedpi@m autonomous GPS.
Results are presented of an empirical study comgdine horizontal and vertical
accuracy of WAAS corrected GPS and autonomous Giéd8rudeal conditions using
consumer-grade receivers. Data were collectechfdy tminute time spans over
accurately surveyed control points. Metrics of raedi68' and 95 percentile, RMSE
and average positional error in x, y and z werepaed and statistically tested with a
hypothesis test. There was no statistical diffeeeioand between WAAS and
autonomous position fixes when using two differmsumer-grade units. A statistical

difference was evident in a third unit type test&dalysis of data collected for a twenty
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seven hour time span indicates that while WAASteriag the estimated position of a
point compared to autonomous position estimate, \&fgmentation actually appears

to increase the positional error.
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1. Introduction

1.1 Background

The Global Positioning System (GPS) is a sateli#egation system developed
by the United States Department of Defense (DODhénearly 1970’s. The system
provides continuous, instantaneous positioningtamihg information under any weather
conditions, anywhere in the world. GPS, origingllit in place as a military navigation
system, became fully functional in 1994 (Shoval Eaédcson 2006). In order to restrict
the high accuracy positioning capability of GPS, BOD deliberately degraded the
satellite signal available to civilians, in a pgliknown as Selective Availability (SA).
Following extensive studies, the DOD terminatedi®May, 2000. This termination
greatly improved the accuracy of the GPS signallable to civilians and resulted in
widespread growth of GPS applications for individiend commercial interests (El-
Rabbany 2002; Shoval and Isaacson 2006).

GPS works as a one-way broadcasting system whergatellites transmit signals
that can be picked up by a receiver (GPS unit). Aunyber of receivers can pick up the
GPS signals. GPS positioning accuracy varies graatl is impacted by satellite and
receiver clock inaccuracy, ephemeris error, sigetdy due to atmospheric refraction,
reflection of signal known as multi-path errorge®er noise, and satellite geometry
relative to the receiver (EI-Rabbany 2002; Trim2094).

Several technologies have sought to correct thecuracies of GPS readings due
to the above factors. Differential correction is thethod employed to remove GPS error.

Real time differential GPS (dGPS) is based on amwaorection signals for individual



satellites, broadcast from ground-based radio beagcpgeostationary satellites (Witte
and Wilson 2004). Postprocessing is differentoat@ction measures taken after data are
collected, based on error correction informatiaygled by reference station receivers
(Trimble 2004). This thesis will look at the remhé differential correction method

known as the Wide Area Augmentation System (WAABMAS was created by the
Federal Aviation Administration (FAA). It is avallke only in the continental United
States and has been active since August, 2000 Ifleig004). Nearly all GPS receivers

created within the past five years can receiveaMAéAS correction signal.

1.2 Problem Statement

GPS is increasingly being used for data collectiod resulting data analysis in
many fields. GPS is employed in environmental gsidbiological and biomechanical
studies, social sciences, meteorology, militaryliappons, archaeology, navigation,
mapping, surveying and more (Trimble 2004; Wittd &vilson 2004; Dauwalter, Fisher,
and Belt 2006; Shoval and Isaacson 2006). An gitteaoption for differential correction
for these GPS applications is WAAS. WAAS providealtime correction free of charge,
and does not require extra hardware or softwauséathe correction signal.

Many different consumer grade GPS units are availdt is expected that
consumer grade units are comparable and consummeesxpect different brands of units
to perform similarly. This study will specificalgvaluate three different GPS units, the

Garmin 60cx, the Timble Juno ST, and the DeLormeghaaate PN-20.



The WAAS broadcast message improves GPS signataxychoth horizontally
and vertically to approximately 7m according tolgses by the FAA (FAA.org).
However, few independent evaluations of WAAS haserbpublished which evaluate the
performance of WAAS and its positional accuracgtiee to autonomous data (Trimble
2004; Bolstad et al. 2005). Because WAAS is widelgd as a real time differential

correction method, it is necessary to independeesyits performance in the field.

1.3 Objectives

The goal of this thesis is to evaluate the perforeeaof WAAS and its positional
accuracy relative to autonomous GPS as implementeshsumer grade units.

The following objectives and hypothesis are essaiell to meet the goal of this
thesis:

1) Compare horizontal and vertical positional accuiaicytAAS
corrected GPS and autonomous GPS to surveyed tpotris under
ideal conditions. This research hypothesizes aumous GPS data
gathered under ideal conditions is statisticalffedent than WAAS
corrected GPS data gathered under ideal conditions.

2) Determine the variability in the performance of W8Aetween
different receivers. It is hypothesized the beseaditWAAS correction
are greater on a lower end recreational receiv@pened to a higher
end recreational receiver. Higher end receivere maore advanced

signal processing algorithms and better hardwanégwimprove the
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accuracy of autonomous GPS, and decrease the awforomrection
WAAS can provide.

3) Determine if WAAS correction benefits are the sdoradata collected
at different times of the day. It is hypothesizedttcorrection benefits

differ with the time of day data are collected.

Hypotheses two and three relate to a general hgpt that as the accuracy of
autonomous GPS increases, the marginal improvepodentially provided by WAAS

decreases.



2. Literature Review

2.1 GPS Theory

2.1.1 Overview

GPS consists of three basics segments: the spgoeest, the control segment,
and the user segment. The space segment is altaiisteof 24 operational satellites,
dispersed in six planes, with four satellites inreplane, inclined with respect to the
equator by 55 degrees (Figure 1) (Spilker and Radki 1996). Several additional
satellites are typically included in the constétlatas well, with the current total being
32, however the nominal number is 24 (William Stddew Mexico Geodetic Advisor,

National Geodetic Survey, May 11 2009, pers. comoation).
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Figure 1: GPS Constellation

This constellation geometry is designed to ensuaefour to ten satellites are visible
anywhere in the world, at any given time. GPS Btairbits are nearly circular and are
approximately 20,200 km above Earth’s surface waittorbital period of ~11 hours, 58
minutes (12 sidereal hours) (El-Rabbany 2006). @rimaary function of the GPS
satellites is to transmit precisely timed signalstaining navigation data, satellite time,
and satellite position (Spilker and Parkinson 1996)

The control segment is a network of monitoringistet, and ground antennas
located worldwide (Figure 2) (EI-Rabbany 2006). Hieéwork consists of twelve satellite

monitoring stations and four ground antenna upkiatons operated by the Air Force



and the National Geospatial Intelligence Agencye Master Control Station (MCS) is

located in Colorado Springs, Colorado at SchriévieForce Base (El-Rabbany, 2006).
Control sites were selected to provide signifidangitudinal separation between each
site and allow for each satellite in the GPS cdladien to be tracked by two monitoring

stations.

Ascension ¢
Island

Diego Garcia

Australia = gﬁ'

O Master control station O Tracking stations (Air Force)
A Ground antenna O Tracking stations (NGA)

Figure 2: GPS Control Sites

GPS control sites track satellite position as asllocal meteorological
conditions. All gathered data are sent to the M@%$focessing. Wide area differential
correction data are then uploaded to the satelite=dicted satellite navigation data is the
result of processing the collected data. The naéaigalata provide information on
satellite position as a function of time, the dagtlock parameters, atmospheric data,

and the satellite almanac (El-Rabbany, 2006). TKESNMIso monitors the integrity of all



satellites in the constellation and transmits ftdiealth condition as part of the
navigation data.

The user segment consists of all military andii@niusers of GPS. The GPS
signal can be received by a wide range of recewss, and is used to determine user
positions anywhere on Earth. While receivers regair investment, the GPS signal is
free to all users (EI-Rabbany 2006). Low end raagal receivers are readily available
for around $100 with survey grade GPS equipmerdmiatlly exceeding $25,000 (Wing,
Eklund and Kellogg 2005). GPS navigation systeradraquently an option in new
vehicles, as well as available as after market@dd-GPS receivers are also appearing
now in portable devices such as cell phones, PDaid, digital cameras (Frenzel 2007).

The relationship of the three GPS segments is stmmlow in Figure 3 (El-

Rabbany 2006).

Space
segment

Download
(L-band) 4

= =
-

Control segment User segment

Figure 3: GPS Segments



2.1.2 Signal Structure

The GPS ranging signal is a microwave radio sigonatposed of two carrier
frequencies modulated by two codes, and a navigatessage. The two carrier
frequencies are known as L1 and L2. These cameguencies are generated
simultaneously, which enables a user receiving baitand L2 to calibrate directly for
ionospheric delay (Parkinson 1996). L1 is generatel,575.42 MHz, L2 is generated at
1,227.60 MHz. The two modulation codes are thesmacquisition code (C/A-code)
which is modulated onto the L1 frequency, and tteeigion code (P-code) which is
modulated onto both the L1 and L2 frequency. Th&-€Jde is principally for civilian
users and is not encrypted. The P-code is pridgifead military use and is encrypted to
prevent civilian use. The P-code is slightly moregse due to its higher broadcast speed
of 10.23 MHz compared to the L1 broadcast spedd@#3 MHz (Parkinson 1996).
Some newer satellites transmit two additional cothesL2 civil moderate (L2 CM) and
the L2 civil-long (L2 CL). The addition of thesed=s allows civilian users the benefit of
a code modulated onto both the L1 and L2 carreggifency allowing for direct correction

of the ionospheric delay.

2.1.3 Positioning

A single GPS receiver can be used to determirsedaupoint position
instantaneously. On the simplest level, if theatise from the receiver to three GPS
satellites is known, as well as the satellitestiocs, position can be determined through

trilateration. However, determining position withlpthree satellites does not account for

9



clock error, which can be significant because l@mstececeivers have only moderate
accuracy clocks. Therefore, an accurate point ipositetermination requires that four
satellites be visible. Each GPS satellite contislyotransmits a signal of two carriers,
two codes, and a navigation message. The GPS eegeoks up this signal and
processes it. This processing produces the psewglravhich is the measure of distance
between the GPS receiver's antenna phase centethamsatellites antenna. Pseudorange
distance is calculated based on the differencedssithe time signal of the satellite

clock and the time of the receiver, coupled with $ipeed of light (Spilker and Parkinson
1996). The receiver also processes the navigatessage to produce the coordinates of
the satellite. Pseudorange accuracy is impactedigflite and receiver clock
synchronization errors. Satellite clock errors baraccounted for by applying the satellite
clock correction information contained in the natign message. Receiver clock error is
an unknown. Thus, there are four unknowns in dateng point position of the user, the
X, Y and Z coordinate components of the received, the receiver clock error (Figure 4)

(El-Rabbany 2006).

. Gez
_ T4 ﬁ; Z

Known: X, Y, Z (satellites) = g\

+ R RzRsRy <

Unknown: X, Y, Z (receiver)
+  receiver clock error
Horizontal accuracy: 22m (95% of the time)

Figure 4. GPS Point Positioning
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2.1.4 Velocity Determination

Some GPS receivers determine velocity based obdpeler effect. The Doppler
effect is a representation of the difference ilg@i@ncy of an acoustic or radiation signal
received at the receiver, and the frequency asdlece. The receiver would be the GPS
unit, the source would be the GPS satellite. Thpdber effect, or frequency shift, is a
result of the relative velocity between the sowtthe signal and the receiver. The
received GPS signal will be Doppler shifted assalteof the relative motion between the
GPS satellites and the receiver. The relationsaiptihen be established which relates the
amount of Doppler shift, the satellite velocitydahe receiver velocity. Because the GPS
satellites are at an altitude of 20,200 km, thatr&t motion between the source and the
receiver is minimal. This results in a minimal Dégpshift and a Doppler based receiver

velocity which may not be accurate enough for sapm@ications (EI-Rabbany 2006).

2.2 GPS Error Sources

Although GPS is very accurate, accuracy can baategl by significant errors.
Errors stem from the satellite, the receiver, gnal propagation errors (El-Rabbany
2006). The total typical error for a GPS receiget®m. Error sources and
approximations are listed in the table below, aethited in the following sections (Table

1) ( Parkinson 1996)

11



GPS Error Sources

Error Source Estimated Range Error (m)
Ephemeris data 1-2

Satellite clock ~1

lonosphere 5-10
Troposphere ~1

Receiver noise ~1

Multipath 1-2

Total ~ 10

Table 1: GPS error table

2.2.1 Ephemeris Errors

Satellite position is a function of time, as pre€edtby previous GPS observations
at monitoring stations. The position of each siei$ included in the broadcast
navigation message. The operational control cerses overlapping 4-hour data spans to
predict satellite orbital elements every hour. Mougall forces acting on GPS satellites
is not perfect, which results in satellite positibarrors known as ephemeris errors (El-
Rabanny 2006). The effect of ephemeris range ,asrgrositional estimate by a receiver
is in the order of 1.6m.

Ephemeris error from a particular satellite is shene for all users worldwide,
however the effect of the error is different asrssee the same satellite from different

angles. Differencing the error between two recaiwannot totally remove ephemeris

12



error. Differencing the error can have some beietfite two receivers have a short
baseline (have a short separation), since the epinesrror of each receiver will be

nearly identical (El-Rabbany 2006).

2.2.2 Clock Error

GPS satellites are equipped with onboard atomicksloOlder models carry two
cesium and two rubidium clocks, while newer modaealsy just three rubidium clocks.
One of the onboard atomic clocks is designatedduige the frequency and timing
requirements for generating the GPS signals theralbcks are backups. While the
atomic clocks are highly accurate, they are ndiggeand do generate some error (El-
Rabbany 2006). The clock stability is approximatelyart in 1&*over one day
(Parkinson, 1996). This equates to 8.64 - 17.28&seronds (ns) of satellite clock error
per day. The range error resulting from the clackras 2.59m to 5.18m, with 1 ns of
error equating to a range error of approximatelgn3QEl-Rabbany 2006). The MCS
continually monitors satellite clock performancel dne offset between the satellite clock
and GPS time is transmitted as part of the nawgatessage. Satellite clock error can be
differenced between two receivers, nearly removegerror. The clock correction
contained in the navigation message can be appi@gever this still leaves a residual of
a 7 ns error, which corresponds to a range err@rloh (EI-Rabbany 2006).

GPS receivers use inexpensive crystal clocks,wdiie significantly less accurate
than atomic clocks. Receiver clock error is mudaaggr than satellite clock error, but it

can be removed by differencing the error betweégllgas (EI-Rabbany 2006). It is
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possible to add an external atomic clock to a Gf8iver, but this is prohibited in most

cases by cost.

2.2.3 Multipath Error

Multipath errors occur when the GPS signal reatheseceiver via multiple
paths attributed to signal reflection and diffrant{Figure 5) (EI-Rabbany 2006).
Multipath errors distort the signal modulation atetrease accuracy (Braasch 1996).
Both the carrier-phase and the pseudorange amgedfby multipath errors. The
pseudorange is affected to a greater extent antheanetically produce errors of several

tens of meters for the C/A-code measurements.

&
L

Direct
signal

Reflected
signal

Figure 5: Multipath Effects

The easiest way to avoid multipath error is tood®an observation site with no

reflecting objects near the receiver antenna. Tisemet presently a solid general
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multipath error model due to the changing naturthefsatellite-reflector-antenna

geometry. However, advances in signal processidgegeiver technology can greatly
reduce multipath error. It is also possible to aspecial antenna called a choke-ring
antenna that attenuates the reflected signal foriedlce the effect of multipath errors

(El-Rabbany 2006).

2.2.4 Receiver Noise

Receiver noise is a result of the receiver’'s etestis. The receiver and antenna
combined should have a minimum noise level. Mostikeers will perform a self test
when the unit is turned on, to evaluate the receieese. More precise units may require
the user to perform an evaluation for receiver eol$iese evaluations are done with
either a zero baseline test or a short baselinéEefRabbany 2006). Receiver noise can

equate to approximately .5m in range error (Padark996).

2.2.5 Atmospheric Refraction

The GPS signal travels at the speed of light in@um. As the signal travels
through the atmospheric layers of the ionosphedetaposphere the speed deviates from
the vacuum speed of light (Parkinson 1996).

The ionosphere is the uppermost part of the Easfmssphere extending from
approximately 50km above the Earth’s surface, teadt 1,000km or more (the upper
limit is not clearly defined). The interaction ofrdy radiation from the Sun and gas

molecules and atoms results in gas ionization, yiodj free negatively charged
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electrons and positively charged atoms and molsec@as ionization makes the
ionosphere a dispersive medium, which results mdlvgy and altering the speed of the
GPS signal (Klobuchar 1996). While the bendinghef signal causes minimal error, the
change in speed can cause significant error. Tfastas referred to as the “ionospheric
delay.” lonospheric delay is proportional to theatelectron content (the number of free
electrons along the GPS signal path). The totakme count varies with the time of day
(max density in the early afternoon, minimum denattor after midnight local time), the
time of year (electron density is higher in wintlean in summer), and the 11-year solar
cycle (density reaches a max every 11 years carnelépg to solar flare activities).
lonospheric delay error is in the order of 5m tonli extreme cases error can exceed
150m (Klobuchar 1996; El-Rabbany 2006).

lonospheric delay can be accounted for a numbeiffefent ways. The error can
be differenced between two receivers with shorasson. If a user can receive both the
C/A-code (civilly accessible code) and the P-calde,ionospheric error can be
determined by combining the P-code pseudorangeurezasnt on both L1 and L2. To
open this option to all users, the GPS moderningttogram is adding a C/A-code on
L2. This will mean that users with dual frequenegeaivers can combine the L1 and L2
carrier-phase measurements to produce what igedfey as the ionosphere-free linear
combination, with error of only a few centimetedP®st processing using ionosphere
information provided by organizations such as tlagidhal Oceanic and Atmospheric
Administration (NOAA) and International GNSS Ser/i(¢GS) can also be used to

account for ionospheric delay (El-Rabbany 2006).
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The troposphere also causes a deviation of thesgfp@l from the vacuum speed
of light. In the troposphere the signal is affedbgdsariations in temperature, pressure
and humidity. The troposphere is electrically neluind extends up to about 50km above
the Earth’s surface (Parkinson 1996). The tropaspatects GPS carriers and codes in
the same manner, resulting in the measured sattdliteceiver range being longer than
the actual measured geometric range. Troposphelay dannot be accounted for by
combining L1 and L2 observables. A GPS signal feosatellite at lower elevations has
to travel longer through the troposphere than aadiffom a satellite at higher elevations.
As a result, the tropospheric delay is greatesignals coming from an elevation angle of
15 degrees with an error of approximately 9.3mn tloa a signal coming from the zenith,

where the error is approximately 2.3m (El-Rabbad§a).
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@ High Elevation Satellits

Figure 6: Troposphere Travel Distance

The troposphere has a wet and dry component fieatsathe propagation delay of
the GPS signal very differently. The dry componsrgredictable and is easily modeled.
The wet component depends on the amount of waparyaesent which is highly
variable and difficult to model (Spilker 1996). paspheric error models often make
predictions based on surface conditions, howevsmibakly correlates to the actual wet
component in the troposphere. Fortunately the dmyponent which can be modeled and
predicted to account for error equates to 90% etitbpospheric delay (El-Rabbany

2006).
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2.2.6 Satellite Geometry

Satellite geometry refers to the geometric locatibthe visible satellites, from
the perspective of the receiver. A wide spreadhémMisible satellite geometry equates to
better positioning accuracy of GPS. If all visiskellites are clumped together, GPS
positioning accuracy will be less. The position&aaof uncertainty is decreased when

satellites are spread out, as shown in Figure 7.

Friigy
T

Figure 7: a) Good satellite geometry; b) bad satélé geometry.

The effect of satellite geometry is measured din@nsionless unit called the
dilution of precision (DOP). A lower DOP value igdtes stronger satellite geometry.
DOP is calculated based on satellite and recevarinates. Different forms of DOP
measurement are used depending on the applic®omition dilution of precision
(PDOP) is used to evaluate the impact of sateje@metry on three-dimensional
positioning - latitude, longitude and height. PDSBroken into two components,
horizontal dilution of precision (HDOP) and vertlicilution of precision (VDOP).

VDOP will always be larger than HDOP because th& @GReiver can track only those
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satellites above the horizon, thus resulting inGfRS height solution being less accurate
than the horizontal position solution. DOP can &leaepresented in time dilution of
precision (TDOP) and geometric dilution of preas{@DOP). GDOP is representation
of PDOP and TDOP combined. High-precision GPS positg requires a PDOP value
of five or less. This is typically achievable arftea PDOP values are around two (El-

Rabbany 2006).

2.3 Differential Correction

Differential correction is a technique that usdsnmation from a stationary
receiver at a known location to enhance the quafitgcation data used by GPS receivers
(Chivers 2003; Bolstad et al. 2005). Differentiatrection can be applied in real-time in
the field, or through postprocessing after datoltected. Regardless of which technique
is applied, all differential GPS (dGPS) methodslappe same underlying concept. dGPS
requires the use of a base station, which is a@B&ver at a precisely known location.
The base station compares its known location tlo@stion as calculated based on GPS
satellite signal. This calculated difference indtan is then applied to the roving GPS
receiver as differential correction on the prentisdt any two receivers relatively near
each other will experience similar errors (Chivad93). The source of correction for
dGPS is always a base reference station, but thdeumeo transmit the correction varies.
Corrections can be accessed via radios, beacde8ites or the internet (Trimble 2004).
A few dGPS systems are detailed in the followingtises, the table below shows an over

view of the most common differential correction heads (Table 2).
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Of the errors that effect GPS, dGPS primarily ecis for errors due to
ionospheric and tropospheric refraction. Ephemamsr and satellite clock error is also
slightly improved with dGPS. dGPS cannot howeveremi for error from receiver noise,

multipath or signal refraction, or high DOP valuke to poor satellite geometry.
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Typical Coverage
Method Cost & Equipment How It Works
Accuracy
WADGPS 1-3m Large areas (e.g. | Freely available in | Utilizes a network of ground reference/monitoritati®ns,
North America) many parts of the ground uplink stations, and geostationary satsllieference
which are covered by world. Signal can be| stations gather GPS information which is sent tsterastation
geostationary satellitereceived by a which computes a correction message. Ground uptetkons
footprint and where | consumer grade upload this to geostationary satellites, which Hoaest the
ground reference receiver which is message to GPS receivers. If receiver isn’t in ¢ihsite of
stations are located.| WADGPS capable. | geostationary satellite correction message camnoédeived.
This method offers real time correction but caraffiected by
data latency in corrections
Radio Beacons | <1m-3m|  Within the area of @Signal is typically A real time differential correction message is teday a

beacon station.
Beacon coverage

depends on

free, butusers must

have a beacon

receiver which

ground reference station gathering GPS data, ttrecmn
message is then transmitted via ground based badicons.

Users receive the corrected message with a GPeece
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transmitter power
output, atmospheric
noise, and receiver
sensitivity. Beacon
range can be on the

order of ~400 km

interfaces with a
differential-ready

GPS receiver

equipped with a beacon receiver. This dGPS metbed dot

require line of site.

(tfhrc.gov).
Multisite RTK 10-15cm 15to 20 km from | This service is not | A network of reference stations is used to cre®& G
ground reference freely available. It measurements for a virtual reference station wisi¢bcated
station. requires multiple near the receiver. The virtual reference statioasueements ar
high end receivers | transmitted to the receiver, which then uses narsnagle
with special software| reference station RTK positioning.
built in.
Postprocessing| <1m Wherever a There are free Postprocessing software is used to calculate tloe iereach

permanent GPS

networks world wide

GPS measurement as logged by a ground referericestrror
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reference station
network has been
established.
Networks can cover
large areas (e.g.

North America).

which provide
correction messages
however user
requires
postprocessing
software as well as a
receiver which is
postprocessing

capable.

correction messages are downloaded from the irttésnéhe

, time period data was collected. This method reguiiser
proficiency in postprocessing software. There arésgues of
signal obstruction or limited coverage as referestagons are
built to avoid these. There is no latency in dataections.

Users have options in editing and cleaning colk:dta.

Table 2: Differential Correction Method
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2.3.1 Real-time dGPS

Real-time dGPS computes the error value as thesgjP@l is received and
transmits the correction to the roving receiverraveadio or other link medium. The
correction message contains error values for tdllgas visible to the reference station,
the receiver applies only the correction for theeléiges it is using (Trimble 2004).

Marine radio beacons are one example of a red-ti®@PS method. Marine
beacons are often installed around waterways algh#ttouses to aid in maritime safety.
Marine beacons calculate dGPS corrections, andibasa the correction in a special
format known as RTCM (Radio Technical CommissionM@aritime Services). The
maritime dGPS system is free to all users; howaysets must be equipped with a
beacon receiver that interfaces with a differengaldy GPS receiver (EI-Rabbany 2006).
Providers of a maritime dGPS system (typically anto/’s coast guard) publish the
expected coverage of the beacon system. A beasaul leaigmentation system provides
positional accuracy of better than one meter,@btacon station. This accuracy degrades
over distance. Some maritime dGPS systems are dixjpgpato include beacons inland,
thus providing beacon dGPS for land navigationREbbany 2006).

Another type of real-time dGPS is ground basedraigation systems (GBAS).
The GBAS being implemented in the U.S. is knowithasLocal Area Augmentation
System (LAAS) which is an entity of the FAA. LAAS a differential correction method
which focuses service around an airport area teiggganformation for precision
approaches, departure procedures and terminabpegations. LAAS serves only a 20-

30 mile radius from the LAAS ground facility whictilocated on airport grounds.
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Accuracy of LAAS is less than 1m both verticallydamorizontally. LAAS is still in the
research and development phase and is seekingntagaroval as an aviation tool in the
near future. Organizations or government groupsustralia, Brazil, Germany and Spain
are also working to establish GBAS in their cowedriThe FAA is working with these
countries to share technical knowledge with thd gbastablishing international GBAS
implementation and interoperability (faa.gov).

The LAAS network consists of a ground equipmemhgonent and an avionics
equipment component. The ground segment includeséderence GPS receivers, a
LAAS ground facility station which receives datarfr the reference stations and
generates the correction message, and a data bebadmsmitter to transmit the
correction message to LAAS equipment in airplafi@e coverage area of LAAS is
designed to support an aircraft’s transition framr@ute airspace where WAAS is being
used, to terminal area airspace where higher acgerarection is provided by LAAS
(faa.gov).

Another example of real-time dGPS is wide-areaedétial GPS (WADGPS).
WADGPS is a method which employs a network of widgiread reference stations, one
or more master control stations, uplink statiomsi @@mmunication satellites. There are
four main government operated WADGPS systems iceplehich are satellite based
augmentation systems (SBAS). SBASs compute the dfseR&ctions based on data
collected from the network of reference stationswhrd this to a master station for
processing, upload the correction to geostatiosatgllites, and rebroadcast the

correction to receivers. Geostationary satellifgsear to be motionless in the sky because
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they orbit equal to the Earth’s rotational periS8AS systems require that the receiver
be capable of receiving and decoding the dGPS e Examples of systems that
utilize a form of SBAS are OmniSTAR, a commerciaivice, and WAAS, a free service
(EI-Rabbany 2006). Several other SBAS systemsetagldd in a further section of this
paper.

A disadvantage of real-time dGPS is that the tiea-corrections suffer from
data latency. Corrections used are actually basddeobroadcast corrections from a few
seconds before hand. However, a great advantadlgatienly the data necessary is
collected and the correction is provided on the Sgduilt in software (Trimble 2004,

El-Rabbany 2006).

2.3.2 Postprocessed dGPS

Postprocessed dGPS uses software in the lab teggadata collected from
reference stations, and applies the correctiotisetgathered GPS data. Postprocessing is
typically more accurate than real-time dGPS becthexe is more flexibility in editing
and cleaning the collected GPS data. Additiong@ibstprocessing has no data latency,
nor does it suffer from problems of limited coveragea or signal obstruction (El-
Rabbany 2006). Postprocessing uses more sophestiafgorithms and can utilize
multiple base observations from before and aftéa des collected (Trimble 2004).

Many organizations around the world have estabtigiighly precise, permanent
GPS reference stations that are used for postmioceapplications. A freely available,

world wide system is the IGS network. Correctiotadzan be downloaded from the IGS
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website. There are also regional data services asithhe Continuously Operating
Reference Station (CORS) network in the U.S. opdrhy the National Geodetic Survey
(NGS), a part of NOAA. NGS also operates the Onftositioning User Service (OPUS),
in which end users can submit their GPS data Wesre they will be postprocessed using
NGS computers and software (ngs.noaa.gov/OPUS/WAIAS reference stations are

also part of the CORS network.

2.4 WAAS

This thesis looks specifically at the U.S. basdigrntial correction system
known as WAAS. WAAS is a SBAS and was designedugmeent and enhance GPS
accuracy and reliability for use as a navigatiahfar civilian aviation (Bolstad et al.
2005). The WAAS system reached full operationaustan July of 2003 (FAA 2008).
The FAA manages WAAS and publishes quarterly peréorce analysis reports. The
FAA reports that WAAS will provide 7m accuracy 3m improvement on the 10m
accuracy which is usually specified for most retiogel receivers gathering data
autonomously. However, FAA testing shows that WAsS8uracy is typically better than
7m accuracy, with tests from the first quarter @ indicating “the 95% horizontal and
vertical accuracy at all evaluated sites are leas 2 meters for both WAAS operational

service levels” (FAA 2008).
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2.4.1 WAAS History

WAAS was originally developed by the FAA in pantsigp with the U.S.
Department of Transportation (DoT). The FAA firssued a request for proposals to
build the WAAS network in 1994. The initial programas scheduled for six years and an
estimated $400-500 million (Phillips 1994). It wasped that the system would reach
initial operational capability in 1997. In Augud995 the FAA awarded a $475 million
contract to Wilcox Electric, teamed with Hugheschaft and TRW. This contract called
for development and placement of approximately i@&iigd stations to be located at air
traffic control sites across the U.S. Wilcox Electailed to meet the FAA's expectations
for WAAS development, and the contract was tern@idatnd quickly awarded to Hughes
Aircraft in 1996 (Nordwall 1996). In 1998 Raythepurchased Hughes Aircraft’s
Defense Electronics business, thus taking oveWAAS contract from the FAA.

Testing and building of the WAAS network continuaattl after several delays it was
finally certified for aviation use in July 2003 arehched full operational service.

The WAAS network continues to expand. In 2006+@iteen new reference
stations were added. In 2006 a third master costation was added, and in 2007 the
two geostationary satellites were upgraded. Theentioperational service area is shown
below (Figure 8). LPV, localizer precision with tieal guidance, is an FAA term which
is an operational service level with a horizontatdimit of 40 m and a vertical alert
limit of 35 meters. LNAV is a representation ofdidl navigation area, and VNAV is a

representation of vertical navigation area.
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Figure 8: WAAS Service Area

2.4.2 WAAS Network

The WAAS network is composed of 38 WAAS referentagians (WRS) located
across the continental United States, Alaska, BuRido, Hawaii, Canada and Mexico,
three master control stations, two geostationarshEabit (GEO) satellites, and four

ground uplink stations (GUS) (Figure 9) (EldriddgO8).
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Figure 9: WAAS Network

The WRS’s are widely spread and collect data fatinaisible GPS satellites as well as
the WAAS GEO satellites. Each WRS is equipped withgh quality clock and multiple
GPS receivers (Kee 1996). The collected data armetbnt to the master control stations.

The master control stations process this datatermée satellite integrity, differential
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corrections, residual errors, and ionospheric d@tage and Van Dierendonck 1996).
The correction information is uploaded to the twe@satellites, which then transmit the
correction at the GPS L1 frequency. The GEO stgslklso broadcast an L5 signal which
currently is only used by GUS to calculate ionosghaelay (Schempp 2008). The
correction message consists of two componentdotagion independent parameters of
ephemeris and clock error, and area specific idmasp errors transmitted in a latitude-
longitude grid (Trimble 2004; EI-Rabbany 2006; Suope 2008). Because the correction
message is transmitted on the GPS L1 frequencgnibe received by all WAAS enabled

receivers at no cost, with no extra hardware danwsok needed.

2.4.2.1 WAAS Reference Stations

In 2006-07, thirteen new WRS were added to the \@Awtwork. Stations were
added in Alaska, Mexico and Canada greatly incnggserformance in North America.
Additionally, all WRS were upgraded to use a news@eceiver which provides detailed
information about GPS signal quality to be usedrinmproved signal-quality monitoring
algorithm (Schempps 2008).

The third WAAS master control station was addethéonetwork in June 2006.
The addition of this station ensures that the WA¥%S8vork will always have at least two
operational master control stations even when s@wn for maintenance or upgrades

(Schempp 2008).
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2.4.2.2 GEO Satellites

In July 2007 the WAAS legacy GEO satellites weigdaeed with upgraded
satellites which provide superior ranging capabdit One of the GEO satellites is located
at 133W, it is identified by the pseudorandom noise c@eleN) 135. This is the Galaxy
15 PANAMSAT and is operated by Intelsat. The sedBE®D satellite is located at
107.3W, PRN 138. It is the Anik F1R satellite operatgdlielesat. These new GEO
satellites ensure dual GEO coverage for all WAA&si1$Schempp 2008). Figure 10
shows the footprint of the two GEO satellites (FA®08). The GEO satellites are located
36,000km above the Earth’s equator.

The GEO satellites broadcast a signal at the edrtdse footprint is defined by
the curvature of the Earth. The signal cannot m@odnd the Earth and the footprint is
circular on the surface of the Earth. Once progttte footprint appears oval in shape.
While the GEO satellite signal covers such a lamga, the service area as shown in
Figure 8 is only the area where reference and mststgons are in place to work with the

GEO satellites.
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WAAS GEO Elevations
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Figure 10: WAAS GEO Footprint

2.4.3 WAAS Architecture

WAAS is a SBAS based on the WADGPS model, andeasifipally a state-
space-domain WADGPS (El-Rabbany 2006). Insteadmfiging a scalar range error
correction for each satellite as is done in dGPB8D@PS calculates a vector of error

corrections. WADGPS is nearly constant in the naei region, and degrades smoothly
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on the perimeter. Computation of the error coroectector is the key component of
WADGPS. The correction accounts for three-dimeraiephemeris clock error and
clock bias for each visible GPS satellite, plusogheric delay (Kee 1996).
Communication between WAAS components is handyedl terrestrial
communication network (TCN) (Figure 11). Redundaisdyuilt into the network to
increase system reliability. Each WRS is equippél three reference equipment units,
data is used from two of the units while the th&@ backup. The TCN is divided into
two separate networks, each of which utilizes & Ingdiability T1 backbone. Each master
control station is equipped with two correctiongessors and two safety processors. If an
error is detected in the safety processors anctireection and validation device
automatically takes over. Each GUS receives a rgedsam each master control station.
Should the GUS fail to receive a message from denaentrol station, a different master
control station is used in its place. A pair of G&ls is assigned to each GEO satellite,
should one of the GUS sites fail the other autoradyi takes over. Most users in North
America have dual GEO satellite coverage. Shoutladrihe GEO satellites fail, the

users’ receiver will automatically switch to théet satellite.
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Figure 11: WAAS Architecture

2.4.4 Other SBAS networks

The U.S. is not the only country with a SBAS ingaaJapan, Europe, India and
China have, or are implementing similar augmentasigstems.

In 2007 Japan’s augmentation system known as tHefivhction Satellite-based
Augmentation System (MSAS) became operational. M8AS developed by the
Japanese Civil Aviation Bureau. The system is sinmi the U.S.’s WAAS and is

compatible with WAAS and Europe’s SBAS, EGNOS. MS&fvers the area around
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Japan, the GEO satellite footprint is shown inffiggi2. The system follows the typical
SBAS architecture utilizing four ground monitoristations, two master control stations,
two uplink stations, and two GEO satellites locaaed40°E and 145°E. Although the
Japanese Civil Aviation Bureau does not publishresults as the FAA does for WAAS,

MSAS is reported to be on the same accuracy les/&/AAS (Gakstatter 2008).
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Figure 12: MSAS GEO Footprint

Europe’s SBAS is the European Geostationary Naagddverlay Service
(EGNOS). The infrastructure for EGNOS is in plawmat the system has not yet been
certified for complete operation. EGNOS is beingaleped by the European

Commission (ESA) and EUROCONTROL (European Orgdiumdor the Safety of Air
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Navigation). Certification of EGNOS is complex &g plan is to have it certified
globally rather than country by country. Currerdgnd have EGNOS being fully certified
in 2009. It has been planned that EGNOS would héoguthe concessionaire for Galileo
(Europe’s equivalent of the U.S.’s GPS), howeveljl€o’s future is uncertain as
funding issues build (Wilson 2008).

Technically EGNOS is the same as WAAS. Any WAASI#ed receiver can
receive the EGNOS signal. EGNOS is also compatifitie MSAS. The EGNOS
network consists of 34 ranging and integrity manitg stations, equivalent to WAAS
reference stations, four master control centexsygiink stations and three GEO
satellites. The GEO satellites are located at°V8,21.5E and 64.3E. EGNOS is
striving for an accuracy standard of 1m. A notabfeerence between EGNOS and
WAAS is that EGNOS has been designed from the ataat system intended for
applications other than just aviation. The systemasigned to provide service area
coverage to the whole of Europe, the GEO footpsishown below (Wilson 2008)

(Figure 13).
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Figure 13: EGNOS GEO Footprint

The Geo-Aided GPS Augmented Navigation system (GAEGIA currently under
development in India, with plans to be operatidnaf012-14. GAGAN is a joint
partnership between Airports Authority of India &hé Indian Space Research
Organization and is modeled after the U.S.’s WAKSia is motivated to have their own
SBAS in place to provide navigational servicegs$ajuickly growing aircraft activity.
GAGAN will cover an area from Africa to Australieomplimenting the coverage of
WAAS, EGNOS and MSAS. GAGAN will utilize the sameshitectural model as
WAAS, implementing eight reference stations, onsteracontrol station, one uplink
station, and one GEO satellite. GAGAN aims to pievat least 7.6 meter accuracy,

however early tests of the system are providing medier accuracy both vertically and
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horizontally (Matthews 2007). The proposed GEO joat for GAGAN is shown in

figure 14 (Kibe 2006).

N3AT Coverage 55 & 93.5E

Figure 14: GAGAN GEO Footprint

China is implementing an SBAS known as the SatdNiavigation Augmentation
System (SNAS) (Wilson 2008). Information on SNASnisomplete, although it has been
documented that 11 reference stations have bewll@usaround Beijing. Further growth
of the system is expected as a Canadian compamgéeised a contract to supply GPS
receivers for SNAS (Grewal, Weill and Andrews 2007)

Canada has also implemented a WADGPS, howevendtisitended for
commercial aviation. Canada’s system is known astinada-wide differential GPS
(CDGPS). This is not the equivalent of the U.S.’8A&% system (EI-Rabbany 2006).

However, the U.S.’s WAAS system is expanding inem&da with the intention to cover
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the entire country. In some documentation thigisrred to as Canadian WAAS
(CWAAS).

A general service area map of the SBASs acrosgldie is shown in figure 14.
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Figure 15: World SBAS Service Areas

2.4.5 Ideal WAAS Conditions

In order to get the most out of the WAAS correctinessage, several factors
should be considered. Strong satellite geometigwa®DOP value, is required as WAAS
cannot overcome weak satellite geometry. Missiamming software can be used to
predict GPS satellite location based on user lonand ensure data are collected at a
time of strong satellite geometry (El-Rabbany 200&¥sion planning software, or the
GPS receiver it self can be used to set an elevatmsk. An elevation mask is set to

exclude GPS satellites that are below a certawvagtn point. An elevation mask is
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typically set to 10 or 15 degrees (El-Rabbanny 2006AAS cannot correct for multipath
errors, thus a location with little or no multipafiect should be chosen for data
collection. Another consideration is the effecagéraging numerous points collected at
one position to get a result closer to the cootdmaf the known point. When only a few
points are gathered to estimate a point locatiamrentarge errors and variability in error
exists than when many points are gathered to efgimpoint location (Bolstad et al.

2005).

2.5 Performance

2.5.1 Performance Metrics

While very few studies have evaluated the accuohdy AAS, some studies have
been conducted to evaluate the accuracy of auton®@&S. Horizontal and vertical
accuracy is a key metric to evaluate.

2.5.1.1 Availability

In order to utilize the WAAS signal, the GPS sigmalst first be available. In
theory, GPS and WAAS signals are always availablpractice, GPS and WAAS
signals can be equally affected by obstructiong aWailability of the signals can be
affected by line of sight problems. Line of sigetWween the receiver and either the GPS
or WAAS satellite can be obstructed for exampléabybuildings, mountains, or thick
tree canopies. Additionally GPS and WAAS signaésgenerally not available indoors. A
study conducted by Bolstad et al. (2005) evaluatedlability of the WAAS signal. It

was found that in the open the WAAS signal waslalsée 98% of the time. Under a
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forest canopy the WAAS signal was available 23-38%e time while stationary in the
forest, and only 7-22% while moving in the fore3olstad et al. 2005).

2.5.1.2 Accuracy

Accuracy is determined by collecting fixes ovemaWwn point, and comparing the
collected points to the known point location. A lamopoint can be determined by using
NGS high accuracy control points (Bolstad et aD30

Accuracy is commonly expressed as the averagesgidints collected compared
to the true location point. One study conducted\biyg, Eklund and Kellogg (2005)
simply stated the “process of averaging shouldissizally, result in coordinates that are
more accurate than that collected by a single measent, or by fewer than 25
measurements.” Another study conducted by Bolstadl (2005) tested the effect of
number of fixes on average accuracy by performaggassion on the average error versus
the number of fixes. Significance of the regressimpe was determined based on a
reduced sum of squares f-test and significanceddry receiver type, but over all it was
indicated that the spread of error would be lessnwiore points are collected and
averaged.

Accuracy is also commonly expressed at tHe &8d 98" percentile, one standard
deviation and two standard deviations from the nreapectively. For example, a data
point at the 68 percentile would indicate that 68% of the datbater than that
specification. A third measure of accuracy in tasegory is Circular Error Probable
(CEP), which is a representation of th&H@rcentile, or the median. CEP indicates half

of the data points fall within a circle of this ragl centered on the true location, and half
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lie outside of this circle (Gilbert 2003). Whileetimedian can be determined for both
horizontal and vertical accuracy, CEP is only aespntation of horizontal accuracy.
Computing the root mean square error (RMSE) isaafaneasuring the average
magnitude of the error. RMSE is calculated by fngdihe distance between the known
location point and the collected data points, sggahese distances, then taking the
square root of the mean of the squared distancadi(l) McDonell and Ward 2007).
Since errors are squared before they are averB)¢8E gives a relatively high weight to

large errors.

2.5.1.3 Time to First Fix

Time to first fix (TTFF) is a metric which spe@&# the time it takes a GPS unit to
acquire satellite signals and navigation data,cahclilate the receiver’s position based on
this information. TTFF is categorized into coldrgtavarm start, and hot start. A cold
start is start of a receiver fresh from the factdityis means the unit has no almanac
information and must search for all possible sislland download the almanac which is
rebroadcast every 12.5 minutes. A typical cold TEBEmate is 15 minutes.

A warm TTFF is what is considered a normal stathe receiver. A warm start
relies on the unit having an almanac downloadetiwihe past few weeks and an
estimate of the current time and position. A watantsT TFF is typically in the range of
2.5 to 5 minutes.

A hot fix occurs when the receiver already hastiposition, and satellite

ephemeris data, but has lost satellite acquistboexample due to line of sight issues.
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Since the unit already has most data required parsétion fix, as soon as satellites are
acquired again position can be determined quidigycally in 2 to 10 seconds. A hot fix

may also be referred to as Time to SubsequentTHISE) (NAVSTAR 1996).

2.5.2 Accuracy of Autonomous GPS

One study compared the accuracy of six differensamer grade GPS units. The
results showed autonomous GPS provides approxiyratelaccuracy in open sky
settings, 7m accuracy in young forest conditions, B0Om accuracy under closed
canopies (Wing, Eklund and Kellogg 2005). Anothedg conducted similar testing and
concluded that there was little difference in aacyramong different receiver types when
used in open areas. In an open area environmems emmong different receivers ranged
from .88m — 2.2m. There was however significanfiedénce amongst receiver types
when using GPS below a forest canopy where eretigden receivers ranged greatly
from 2.5m — 7.1m. This study also compared datawaa corrected via postprocessing,
WAAS and autonomous and concluded that in a highdrunit the difference between
these three methods was minimal and thereforerdift®s in lower end units were
caused by other outside influences and not thedfperrection used (Bolstad et al.

2005).

2.5.2 Accuracy Determination
A study conducted by Wing, Eklund, and Kellogg et to “test the accuracy and

reliability of consumer-grade GPS receivers in aeig of landscape settings” (2005). To
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test accuracy the researchers established knowtsgoi use as benchmarks. Known
points were determined with the use of a digittdltstation and were placed purposely in
a low multipath location, or in a location with kmo satellite view or multipath

problems. Mission planning software was used t@duale collection times around
particularly strong satellite geometry (low PDORM).order to maintain consistency
during collection, wooden staffs were built to helach GPS receiver 1.2m above the
surface. To realize the benefits of averaging, twéwme observations were taken at each
known location, approximately four seconds apassittonal error was determined based
on the straight line distance between the averagediinate and the known coordinate.
Standard deviation was calculated as an estima@P& reliability. Maximum PDOP
values were also recorded during testing by a sépanapping grade receiver. Results
were presented in a table showing the average andmax PDOP for each course and
repetition (Wing, Eklund, and Kellogg 2005).

The second reviewed study set out to compare acgamong a range of GPS
receivers when collecting data in the open andvb#he U.S. northern forest canopies.
The study also compared recreational receivergOMAAS, to high end receivers in
autonomous, WAAS, real-time differential and posigessed modes. Data were
collected at three known locations specificallamopen area with an ideal collection
environment, and three known locations in a clasetpy area. While mission planning
software wasn’t used, a threshold value for PDOP e@sablished, 6 for open areas and
14 for closed canopy areas. Known points were oetexd directly from NGS first or

second order control points, or carrier-phasegtbfitially corrected points calculated
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based on the NGS points. Testing consisted of stgraver a known point with the
receiver, obtaining position fixes until a spedflreumber was met, noting the average
position location, and downloading the data if #sameant for postprocessing. Receivers
were held 1.2m — 1.8m above the surface. This sturdgd to evaluate the effect of
number of fixes on average accuracy and foundttieaspread of error would be less
when more points are collected and averaged. Alysiaa@f variance (ANOVA),

Tukey’s tests and linear regression were usedeiatiiy significant factors and

differences in the Euclidean error distances. Besiaday, number of fixes, and receiver
type were used as explanatory factors in the ANON-Aests were used to determine
factor significance and the Tukey test to deterndiffferences among levels for each

factor (Bolstad et al. 2005).

2.5.3 Statistical Power Analysis

Statistical power analysis is a method used torate if the conclusion from a
traditional statistical hypothesis test are repnesese of the real population, or if the
conclusion is in a range that could be producesh frandom sampling error. Statistical
power analysis can be used to determine necesmale size, level of power of a
proposed of completed study, estimates of sizéfecte and appropriate criteria for
statistical significance. Statistical power anaysimost significant when three
conditions are met: the study is highly sensitmeaning there is a large sample size (N);
the effect size is large, meaning the treatmesigisificant, in this case if WAAS were

largely different than autonomous the effect sineild be large; and lastly the criteria for
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statistical significance are lenient, for examplis ieasier to reject a null hypothesis at the
.05 alpha level than at the .001 alpha level. Ardbke power level for a study is .80

(Murphy, Myors and Wolach, 2009).
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3. Methodology

3.1 Field Experiment

3.1.1 Control Point Determination

In order to evaluate positional accuracy, collectath must be compared to a
known point. The location of known points is detared with a system of higher
accuracy than the handheld receivers being usttsitest. The known point is the “true”
location of the point in question, also referreésathe control point. Control points were
selected from National Geodetic Survey (NGS) arabglerque Geodetic Reference
System (AGRS). NGS points used were “high-accur&®yS control points. AGRS
control points used weré'brder horizontal, and"2order vertical accuracy. These data
are obtained from the NGS datasheet retrieval fraggenoaa.gov) and the City of
Albuquerque web page (cabg.gov/gis/survey.htmpeesvely. A total of ten control
point locations were selected in the study aredllmiiquerque, NM, within relative
proximity (13 miles) of the WRS located in the maast part of the city at approximately
35°10'19 N, 10833'59 W (Figure 16). Control points referred tals research as
Sinclair and Lee were established using a survagegGPS receiver. Control point
Sinclair was established in a location convenientfta to be collected for an extended
time. The GPS receiver used was the Ashtech Z-Xéreith the Geodetic IV, Rev. A
antenna. Data were collected with the Ashtech vecdor eight hours and processed
using NGS’s On-line Positioning User Service (OPUB)r each control point used in
the study, information is documented on horizoatal vertical order, and horizontal and

vertical coordinates. Details on each control pased are listed in Appendix 1.
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Figure 16: Surveyed Control Points
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3.1.2 Data Logging

The first objective of this thesis is to compareifmntal and vertical accuracy of
WAAS corrected GPS and autonomous GPS under idedlitons. Ideal conditions for
this test were such that the control point is iropan area with minimal obstructions,
within thirteen miles of the WRS. Data were iniyadollected at 11:00am daily, and then
moved to anytime between 10:00am and 3:00pm adtier @h diurnal patterns were
collected and analyzed.

Three different types of consumer grade units weeal in data collection Garmin
60cx, DeLorme Earthmate PN20, and Trimble JunoT@blg 3). Technical
specifications for each unit are listed in AppensliXAs can be seen in Appendix 5, the
Garmin and DeLorme units have external antennasreas the Trimble unit's antenna is
embedded in the ring of the unit.

GPS Hardware Details

Published Published
autonomous WAAS

High accuracy accuracy
Model Chip set Sensitivity Channels 95% 95%
Garmin SiRFstar IlI X 12 <10m <5m
Trimble SiRFstar Il X 12 not published 2-5m
DeLorme  STMicroelectronics X 12 <15m <3m

SiGE RF front-end

Table 3: GPS Hardware Details

Data collection was first tried by capturing theSSRMEA string, which is the
raw GPS data unaltered by the unit for presentatiomas found that there was no

significant difference between the NMEA string dhd data presented by the different
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receiver types in track or point files. Thus to giifiy logistics of data collection, the
NMEA string was not gathered for data analysis.

Data were collected at each of the ten controltsdor thirty minute intervals, on
two unique visits, resulting in a sample of twedé&fa collection sets for each type of
unit. Control point Lee was inaccessible for theosel visit using the DeLorme and
Trimble units, and control point NGS Reeves2 wdssttuted for this instance. Data
were collected during the months of January to IAR09. Details on data collection
dates and times are available in Appendix 2. Thes uvere set to record a fix every
second, thus resulting in 1800 data points colteateeach control point.

For the purpose of comparing autonomous GPS withA® Aorrected GPS, two
identical receivers were mounted side by side tipad which was placed directly over
the control point (Figure 17). The height from tmomtrol point to the antenna was
measured, and accounted for when calculating obdédregight. Receivers were
positioned such that the antennas of each unit agdose over the control point as
possible, within approximately fifteen cm. One iigeewas operating in autonomous

mode, the other in WAAS mode.
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Figure 17: Data Collection Field Setup

The last objective is to determine if WAAS correctibenefits are the same for
data collected at different times of the day. Idevrto meet this objective data were
collected at a control point for a continuous twesgven hours. This test was conducted
using only the pair of Garmin 60cx units. The trae&ord was set to record one point
every ten seconds. This test was conducted ona@parate occasions, first on January 12,

2009 and second on February 2, 2009. The sameotpnint was used on each occasion.
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3.1.3 Data Processing

After data were collected, data points from the G&®ivers were downloaded to
a computer. For the Garmin units this was donegusither DNR Garmin software or
MxGPS. Data from the DeLorme units were transfetoethe computer using DeLorme’s
TopoUSA 7.0 software. Data were transferred froemTthimble units using Trimble’s
GPS Pathfinder Office software. For all unit typeata were set to transfer in geographic
coordinate system WGS 1984 to avoid any automatigrd transformations. WGS is the
native reference system used in GPS.

A shapefile was created for each set of pointslaaded in ESRI ArcMap 9.2.
Thus for one control point there would be a sha@é&dir the control point location, the
WAAS track for thirty minutes, and the autonomowask for thirty minutes. Point data
were projected from the GPS default of WGS 84 tdN\#8 New Mexico State Plane
Central Zone using the ESRI transformation NAD_1983WGS_1984 5. Details on
this seven parameter geographic datum transformati® as follows: code: 1515,
method: Coordinate Frame, dX: -0.991, dY: 1.9022,@5129, rX: -0.02579, rY: -
0.00965, rZ: -0.01166, ds: 0.

Only GPS data was projected, since control pantdinates were already in
New Mexico State Plane Central Zone on the respedita sheets. An example of the

resulting shapefiles is shown in Figure 18.

To ensure equal comparison of elevation infoiomatt was noted whether a
given unit recorded orthometric or ellipsoid height this information was used
accordingly when computing vertical error. The Giarand DelLorme units recorded
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orthometric height. In investigating the cause bdharge discrepancies in height, it was
found that the Garmin and DeLorme units use a geayse geoid model, resulting in
unreliable elevation estimates. The geoid modefat is used to convert from ellipsoid
height, which is inherent to the GPS signal, tb@mtetric height, which the Garmin and
DeLorme units report. The Timble units could beteatcord either orthometric or
ellipsoid height. The units were set to recordpsthid height to avoid possible problems

caused by the geoid model.
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Figure 18: WAAS and Autonomous Track Data
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From the coordinates of each point in the thirtpumé span, the median,'68
percentile, 98 percentile, and RMSE is determined for horizofitaf) and vertical (z)

dimensions. Additionally, the error in average@,xxy and z is computed. The average X,
y and z error for each position fix is determinethg the mean formulac= 1ZxI . The
n

68" and 9%' percentile determines the k-th percentile of valimea range ofi values.
The formula used for RMSE is shown below, wheiis the error in each unique GPS

position fix.

2 2 2
e +el+.. . +€

n These metrics were recorded for every data cadlect

RMSE:\/

session and cataloged. The metrics for all copiaits are available in Appendix 3.

3.2 Testing

3.2.1 Testing Average Position for Bias

For each set of data collected, the average lotatior in X, y and z was tested
against zero in a one sample hypothesis test evrdate if bias is present. For instance,
after being tested for normality, the twenty valoéaverage x error in autonomous GPS
using Garmin units were tested against zero, thertventy values of average x error in
WAAS were tested against zero. The test was regéateach metric, and for each unit
type. It is expected that these metrics will berrzeso. A test of bias shows if the metric
is statistically different from zero. Testing isnctucted at the .0& level. The null and

alternative hypothesis are as follows.
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Ho: na=0

Ha:pu1#0

For example:

Ho: The mean of the average x error for WAAS GPS tkag¢gual to zero.

Ha: The mean of the average x error for WAAS GPS tatet equal to zero.

3.2.2 Test of Means

For each set of data collected at a given contiitpthe median, 68percentile,
95" percentile, and RMSE was calculated and compareétermine if WAAS and
autonomous GPS data are statistically differentteBbothese data, a two sample t-test, a
hypothesis test of means was conducted. A tabledon metric being tested was created
showing the error for WAAS and autonomous for edataset. This sample was then
tested for normality using an Anderson-Darling tedhe statistical software package,
Minitab. Assuming the data were normal, a two sampést is conducted to test the
following hypothesis at the .Gblevel:
Ho: 1 =2
Hal o # o
For example:
Ho: The population mean of the horizontal RMSE for A&AGPS data and the
population mean of the horizontal RMSE for autonamGPS data are equal.
Ha: The population mean of the horizontal RMSE for ASAGPS data and the

population mean of the horizontal RMSE for autonamGPS data are not equal.
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3.2.3 Error Variability in Different Receivers

The second objective is to determine variability\fAS correction between
different receivers. All units were tested undemikir conditions and the data were
processed in the same manner. Thus, this objastivéfilled by comparing the results of
the hypothesis tests for each type of unit. A naremetric Mann-Whitney hypothesis
test was conducted testing the autonomous medlaass/af each unit type against each

other.

3.2.4 Error Variability versus Time of Data Collecton

Data were collected for a period of twenty sevearbdo determine if WAAS
correction varied with time of day. Charts wereateel in Excel showing the rolling three
hour x and y average error value for WAAS and aomoous. Charts provide a clear

visual representation of how the positional ertwargyes over time.

3.2.5 Statistical Power Analysis

Further data processing was completed using stafigtower analysis following
the method presented by Murphy, Myors and Wola®i@92 in their bool&atistical
Power Analysis, a Smple and General Model for Traditional and Modern Hypothesis
Tests. Statistical power analysis was completed usiegite Stop F Calculator which

accompanies the author’s book.
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4. Results and Discussion

4.1 Horizontal and Vertical Positional Accuracy

Scatter plot diagrams of each individual dataemibn session suggest that there
is no statistically significant difference betwdbe WAAS population and the
autonomous population when using the Garmin or Bienunits in ideal conditions
(Figure 19). This suggestion is not supported wdesessing data collection sessions
using the DeLorme units (Figure 20). It is furtheted that wandering in the position
fixes collected over a thirty minute time span &seeted is not seen in the DeLorme
data. Rather, the DelLorme scatter plots preseatttat is often in a straight line. The
data points also appear to follow an obvious grltese two factors suggest that the
DeLorme units could be averaging and truncatingtipos!l information. While the
Garmin and Trimble data also appears to be grithedgrid pattern is only evident at a
large scale. This suggests that the Garmin andbleighata are also truncated, but not to

the extent that the DeLorme data are. Scatter fidotll tests are shown in Appendix 4.
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Figure 20: Control Point Scatter Plot Example - Delorme
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Average X, Yy, and z metrics were first tested regjaiero in a one sample t-test. It
is expected that the error of these metrics wilhbar zero. These data are represented in

Figure 21, which shows box plots of the averageand z metrics for each unit type.
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Figure 21: Comparison of Error in Averaged Position
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The diagrams above are supported by the resulteeaine sample hypothesis test
against zero. A p-value greater than .05 suggkatghie mean of the given average
metric is not statistically different than zerongersely a p-value less than .05 suggests

that the given metric is statistically differenathzero (Table 4).

One Sample t-test Against Zero

Garmin Trimble DelLorme
p-value
WAAS Average X 0.096 0.000 0.922
Aut Average X 0.016 0.009 0.767
WAAS Average Y 0.087 0.169 0.030
Autonomous Average Y 0.073 0.252 0.183
WAAS Average Z 0.000 0.466 0.022
Aut Average Z 0.000 0.003 0.764

Sample size n=20
A p-value >.05 suggests that the given metric is not statistically different from zero

Table 4: One Sample t-test Results

For metrics that are statistically different thaamo - Garmin autonomous x,
Garmin z both WAAS and autonomous, Trimble x botAA% and autonomous, and
Trimble autonomous z, it can be seen that the rahgeror is close to zero for x and y
metrics. A striking difference can be seen in tler@n units regarding average z error.
Whether with WAAS or without, the estimate of hdigfas considerably different from

zero. This is due to the coarse geoid model uséukiGarmin units.

Of note in the Trimble units is the evidence thatle the y average error is not
statistically different than zero, the x averagkiga are, for both WAAS and
autonomous. In evaluating average z error, autongretevation error estimates are
closer to zero which would be expected, whereas \&&kvation estimates are not near

zero. This opposes the idea that WAAS improvestioosil accuracy.

64



Of note in the DeLorme units is the wide rangerbr in positional accuracy.
Average x and y error in the Trimble and Garmintsirs typically five meters or less,
whereas the DeLorme units are closer to ten metdess. Large error variability in

average z error was shown in the DeLorme unit®ddin autonomous and WAAS.

After the test for bias was completed, the tesheéns between all WAAS and
autonomous metrics was completed. Using the reguftietrics from data processing,
hypothesis tests were conducted for each metm@doh different unit. Absolute values
of X, y and z average positional error were usexhbge directional error was not being
tested. The results of this testing show that basetthe collected sample, there is no
statistically significant difference in horizontad vertical metrics between the
autonomous GPS population and the WAAS correcte8 @fpulation when using the
Garmin or Trimble units (Table 5). This result ctgethe common belief and published
manufacturer specifications that WAAS positiondireates are better than autonomous

positional estimates.

Hypothesis Test Results

Garmin Trimble Delorme
p-value
Horizontal Median 0.505 0.262 0.021
Horizontal 68th 0.375 0.500 0.013
Horizontal 95th 0.569 0.470 0.007
Horizontal RMSE 0.499 0.372 0.011
Average XY 0.811 0.245 0.016
Average X 0.302 0.705 0.028
Average Y 0.645 0.201 0.034
Average Z 0.293 0.819 0.261

Sample size n=20
A p-value > .05 suggests there is no statistically significant difference between the two
populations

Table 5: Hypothesis Test Results
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When using the DeLorme units there is a statidyicagnificant difference
between WAAS and autonomous locations when loo&irtgprizontal metrics (Figure
22). Thus, this result supports the common behef published manufacturer
specifications that a WAAS positional estimateagiér than an autonomous positional
estimate. However a statistically significant diéfiece was not found in the average

vertical position.
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Figure 22: Comparison of Median Value
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A lower-tailed one-sided, two sample statistiesittwas completed for the
DeLorme metrics which showed a statistically sigaifit difference between the WAAS
population and the autonomous population. Resufitrglues suggest that for all
horizontal metrics using the DeLorme units, therage positional error is less when
using WAAS than autonomous. As shown previouskgrehs no statistically significant
difference in the average z error between WAASatdnomous. This result could be
tied to the unreliable height reported by the Deh®units which use a very coarse geoid

model. P-values are presented in Table 6.

DeLorme One Sided Hypothesis Tests

p-value
Horizontal Median 0.01
Horizontal 68th 0.007
Horizontal 95th 0.004
Horizontal RMSE 0.005
Average XY 0.008
Average X 0.014
Average Y 0.017
Average Z 0.13

Sample size n=20
A p-value <.05 suggests that the WAAS metric is significantly less than the autonomous metric.

Table 6: DeLorme One Sided Hypothesis Test Result

Diagrams of WAAS median versus autonomous mediaVdAAS RMSE
versus autonomous RMSE were created to gain a hbhettierstanding of the effect of
WAAS (Figure 23). The diagrams show that no refehop is evident between WAAS
and autonomous data. If there were no affect dtatt WAAS, all points in the graphs
in Figure 23 would lie along a straight line. Asidee seen, many points do not lie close
to a straight line. The data presented in the diagrhighlight the cases where WAAS

has a large effect. If WAAS were making a large aetpit would be expected to see
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many points of the case where the autonomous wastvery high, and the WAAS error
was very low. While there are a few cases of tbénario, there are also a few cases of
the exact opposite, points where the WAAS erreery high and the autonomous error
is very low. It can be seen in the graphs reprasgtihe DeLorme units, there are more

cases where the autonomous error was very highthend/AAS error was very low.
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Figure 23: Median and RMSE Scatter Plots
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Hypothesis tests were conducted testing the autonsmedian values of each
unit type against each other to determine if thermamous position fixes of the units
were the same or different. The hypothesis tesitseshowed significant difference
between all receiver types. The test between GaaminTrimble was significant at p =
0.0031, indicating that the Garmin unit was moreuaate than the Trimble unit; the test
between Garmin and DeLorme was significant at p08@, indicating that the Garmin
unit was more accurate than the DeLorme unit; hedédst between Trimble and
DeLorme was significant at p = 0.0006, indicatihgttthe Trimble unit was more
accurate than the DeLorme unit. Thus, Garmin wasrtbst accurate unit tested. In
assessing the average median of each unit typejiGaras the most accurate with an
autonomous average median from the twenty tests/ofi. The Trimble unit was the next
most accurate with an autonomous average mediai®of, followed by the DeLorme

unit with an autonomous average median of 9.4m.

4.2 Statistical Power

Statistical power analysis was used to get a septation of the probability that
the study has lead to the correct conclusion.igtudy, an effect size of zero was tested
and the resulting power level is a representatfidheability to be able to reject the null
hypothesis which states that based on the sam|deieal, there is no statistically
significant difference between accuracy metrichefWAAS population and accuracy

metrics of the autonomous population.
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Statistical power analysis is largely based onttatistic resulting from the
completed t-tests. If there were no differencenmtivo populations for the given metric,
the t-statistic would be near zero. Thereforehdéf observed difference in the two
populations is statistically zero, and the t-statis near zero, a very large sample size

would be needed to prove the null hypothesis witiga level of power.

For example, the test between WAAS RMSE and autongi®RMSE using the
Garmin units results in a t-statistic of -0.68. farthis, the F-statistic of .462 is computed,
t?(dfer)=F(1, df). The resulting computed power is .098 meaningtheer to reject the
null hypothesis is very low. This supports the dosions of the preceding t-tests, where
the null is rarely rejected. If for example the gdersize was increased to 100 and the t-
statistic remained the same, the resulting powstillonly .1, with the sample size
increased to 1,000 the resulting power is only .Xdnversely, if a sample size of only
10 was used, and the t-statistic remained the slaenesulting power would be .09,
nearly the same as using a sample of size twehtg.shows that with a t-statistic, and
thus an F-statistic, so near zero, an unreali$titaaige sample size would be needed to
achieve a high power level. Alternatively, if thstatistic were not near zero, the power
of the study would quickly increase. For examplén@ resulting f-statistic were 1, with
the same sample size of forty, the power increselb5. However, since it is expected
that the t-statistic will be near zero, it is re@aole to see a resulting statistical power of
.098.

In cases where the t-statistic is not near zerd) a8 is the case with the DeLorme
units, the power of the study is much greater. Beedhere is a statistically significant
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difference between the WAAS population and the Gapopulation using the DeLorme
units, the effect size is greater, which resulta greater power level. The resulting
statistical power for each t-test completed in #tigly is shown below, along with the

corresponding F ratio (Table 7).
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Power Levels for Completed Study

F ratio Power Level
Garmin 60cx Horizontal Median 449 .097
Horizontal 68" 810 135
Horizontal 95" 325 .084
Horizontal RMSE 462 .098
Average XY .058 .056
Average Z 1.14 A71
Trimble Juno ST Horizontal Median 1.30 .188
Horizontal 68" 462 .098
Horizontal 95" 533 106
Horizontal RMSE .810 135
Average XY 1.39 .198
Average Z .053 .055
DelLorme Earthmate Horizontal Median 6.05 .699
PN20 Horizontal 68" 7.02 739
Horizontal 95" 8.58 828
Horizontal RMSE 7.45 .766
Average XY 6.60 .710
Average Z 1.32 .033

Sample size n=20

Table 7: Statistical Power Levels for Completed Sty

In order to determine what benefit was gained fumimg a sample of size twenty
versus a sample of size ten, power levels for RM@Ee computed for each unit based
on the group of first ten samples, and the grougecbnd ten samples (Table 8). The

resulting power level for the Garmin and Trimbletsinfor both sets of ten samples as
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well as the overall set of twenty samples, arelamaind the change is not significant.
This is a reflection of the fact that the t-statigh all cases remains near zero. While
there is significant change in the f-ratio betw#enfirst ten samples and the second ten
samples using the Trimble unit, the resulting poleeels have the same interpretation —
there is very low ability to reject the null hypetis.

The resulting power level for the DeLorme units sloerease significantly, .367
and .415 for the respective sets of ten, up to f@6the over all sample of twenty. This is
a reflection of the fact that there was more diatisdifference between the WAAS and

autonomous population as more samples were callecte

Resulting Power Level Based on RMSE for Groups of Ten Samples

F Ratio Power Level

First Ten Samples

Garmin 0.084 0.057
Trimble 0.006 0.050
DelLorme 3.500 0.367
Second Ten Samples

Garmin 0.384 0.083
Trimble 3.090 0.330
DelLorme 4.040 0.415

Table 8: Statistical Power Level for Sample Groupsf Ten

4.3 Error Variability versus Time of Data Collection

Data were collected on two separate occasionsatigenty seven hour time
span, at the same control point to asses how WAK&ction varied with time of day.
The first set of data, referred to as “Test 1"ha following charts, was collected January
12, 2009. The second set of data, referred to ast“2” in the following charts, was
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collected February 2, 2009 (Figure 24). The magtisg results can be seen in the
rolling three hour average of x positional errdhere is evident difference between the
WAAS and autonomous error in the x direction. Hoarethe WAAS augmentation
actually appears to increase positional error. Aaially, the largest amount of
correction applied by WAAS occurs around the same bf day in each of the tests.
This largest amount of correction is also in thection of increasing positional error.
The WAAS signal does not appear to significantlsirae the average y positional error.
This pattern seems to repeat itself as the reBuolts the two separate tests are very
similar. However, data would need to be collecteer@ longer time span, for example a
month, to make any true conclusions about errdaldity versus the time of data

collection.

75



Three Hour Rolling Average of X Positional Error
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5. Conclusions

This study set out to determine if there was assieally significant difference
between WAAS and autonomous position fixes, ifdhiference varied with unit type,
and how WAAS correction varied with time of day.

Data were first evaluated to determine if bias m&sent. This study found that in
general, there is no bias in horizontal positi@rabr using the Garmin units. There is
some slight bias in the average x positional eéopthe Trimble units. The Garmin units
provided biased estimated heights that were camlgthigher than the actual surveyed
height. The DeLorme units only showed bias in terage z WAAS positional error, and
the average y WAAS positional error. However, tleshvas not very large.

In the absence of bias, the primary test of meauetermine if there is a
statistically significant difference between WAABSdsautonomous was completed.
Based on the sample collected, this study fountvthde the range of error appears to be
lower for WAAS position fixes than autonomous piositfixes, there is no statistically
significant difference between the horizontal aedical positional accuracy of WAAS
corrected GPS and autonomous GPS when using tmeiegceiver or the Trimble
receiver. This conclusion supports the concluseath by Bolstad et al. in that they
found no statistical difference between post-preeddifferential, WAAS differential
and uncorrected fixes when using GIS grade Trimblés (Bolstad et al. 2005). This
study provides evidence that this conclusion atddsitrue when using some consumer
grade units. In testing the DeLorme receiver, shisly found there is a statistically

significant difference between the horizontal posil accuracy of WAAS corrected
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GPS and the horizontal positional accuracy of autowus GPS. The difference is such
that WAAS provides a more accurate horizontal pmsiestimate compared to
autonomous GPS. However, no statistically significtifference was found in the
vertical positional accuracy between WAAS and aatoaus when using the DeLorme
receivers.

A statistical test was also completed to deternfitiee autonomous accuracy was
statistically the same amongst receiver types.hypethesis test results showed
significant difference between all receiver typBse Garmin units were the most
accurate (1.7m) followed next by Trimble (3.0m) dast by DeLorme (9.4m). This
conclusion supports the results of the study coreduioy Wing, Eklund and Kellog
(2005). In that study it was reported that in cormgasix different units, there was a
wide range of error, but the majority of the uréxl average error less than 4m.
However, the Wing study based error on only twéinty position fixes recorded over
approximately a minute and a half. This study rdedr1800 position fixes over a thirty
minute time span. Averaging the error from a largenber of position fixes reduces the
noise in the data and thus makes the results rebable.

Statistical power analysis was used to get a septation of the probability that
the study has lead to the correct conclusion. # eencluded that the sample size selected
for this study was appropriate based on the comgblpbwer analysis. There is a very low
chance of rejecting the null hypothesis that there statistically significant difference
between the WAAS and autonomous position fixes wiseng the Garmin or Trimble

units. For the DeLorme units where the null hypethés rejected, and there is a
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statistically significant difference between thetpopulations, power levels for all
horizontal metrics are very near the desirablellee80 suggesting that there is a high
probability this study has reached the correct enan.

Finally, data collected over a twenty seven hauetspan were analyzed to
determine how WAAS varies with time of day. Baseddata collected on two occasions
over a twenty seven hour time span, some diurrtédnpacan be seen in the WAAS
autonomous error. Based on these results it is thaathe WAAS correction message is
altering the estimated position of a point compacedutonomous position estimate, but
only in the x direction. However, the WAAS augmeiaia actually appears to increase
the positional error. More data would need to ibgr@d to make a statistically
supported conclusion about the diurnal patternsvandnces in WAAS corrected GPS
versus autonomous GPS.

5.1 Limitations and Recommendations

The results of this study lead to several othenanared questions. First, only
three different types of receivers were used ig $tuidy. The Garmin and Trimble units
which have the same chipset showed that WAAS wastatstically different from
autonomous GPS. It should be investigated if thmesconclusion is reached when
testing with other brands of units that also ugestéime chipset. The DeLorme unit has a
different chipset than the Garmin and Trimble unitslifferent brand of receiver which
runs on the same chipset as DeLorme should beltestee if the same conclusion is
reached. Overall, more unit types should be testetth ones with the same type of

chipset as one already tested, as well as othpsetsi.
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Data should be gathered in varying locations withen"WAAS coverage area.
Testing at a wide variety of geographically sepatddcations would provide information
on how positional accuracy varies for both the aatoous and WAAS population. Of
particular interest would be to test at more noritatitudes where the WAAS satellites
are lower on the horizon. Also of interest wouldtbeéest near the edge of the WAAS
coverage area and compare these results with diéeated well within the coverage
area.

This study collected data near a WAAS referenciostal he effect of distance
from a WAAS reference station should be evaluatadgia unit that does show a
statistically significant difference between the W&\ population and the autonomous
population.

More data should be gathered over an extendedpéried to enable a detailed
evaluation of diurnal patterns in positional aceyra suggested design is to have
mounted GPS units in a semi-permanent location {leegroof of a building). Data could
be streamed directly into a computer for collectithus enabling data collection to occur
twenty four hours a day for a month or more.

Another component that should be evaluated forracgtboth autonomously and
with WAAS is velocity. This would require a methtat determining velocity at a higher
magnitude of accuracy than is reported by the tnetdi units being tested. Additionally,

all units used in testing would need the capabitityecord and report a velocity reading.
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Appendix 1

Control point details

*AGRS refers to Albuquerque Geodetic Referenceedystontrol points. NGS refers to
National Geodetic Survey control points. Pointsc&im and Lee do not have a NGS PID
as these control points were established by theareker for the purposes of this study
and were not registered with the NGS. However,raesugrade GPS borrowed from the
NGS was used to establish these control points @ths. The GPS receiver used was an

Ashtec Z-Xtreme with a Geodetic IV, Rev. A. antenli heights andNAD 83 NM State

Plane Central coordinates are listed in meters.

Name

Horizontal

Vertical

NAD 83 NM State Plane Central

Easting (meters)

Northing (meters)

Elevation (NAVD 88) (orthometric) (meters)
Ellipsoid height (meters)

Name

Horizontal

Vertical

NAD 83 NM State Plane Central

Easting (meters)

Northing (meters)

Elevation (NAVD 88) (orthometric) (meters)
Ellipsoid height (meters)

Name

Horizontal

Vertical

NAD 83 NM State Plane Central

Easting (meters)

Northing (meters)

Elevation (NAVD 88) (orthometric) (meters)
Ellipsoid height (meters)

AGRS 77_120 2
Order 1, Class 1
Order 2, Class 1

475781.935
459045.055
1762.389
1741.94

AGRS 9 M23
Order 1, Class 1
Order 2, Class 1

478894.755
448612.481
1826.261
1805.983

AGRS 1_G22
Order 1, Class 1
Order 2, Class 1

476609.035
457290.854
1753.555
1733.191
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Name

NGS PID

GPS Site

NAD 83 NM State Plane Central

Easting (meters)

Northing (meters)

Elevation (NAVD 88) (orthometric) (meters)
Ellipsoid height (meters)

Name

NGS PID

GPS Site

NAD 83 NM State Plane Central

Easting (meters)

Northing (meters)

Elevation (NAVD 88) (orthometric) (meters)
Ellipsoid height (meters)

Name

Horizontal

Vertical

NAD 83 NM State Plane Central

Easting (meters)

Northing (meters)

Elevation (NAVD 88) (orthometric) (meters)
Ellipsoid height (meters)

Name

Horizontal

Vertical

NAD 83 NM State Plane Central

Easting (meters)

Northing (meters)

Elevation (NAVD 88) (orthometric) (meters)
Ellipsoid height (meters)

Name

Opus GPS Site

NAD 83 NM State Plane Central

Easting (meters)

Northing (meters)

Elevation (NAVD 88) (orthometric) (meters)
Ellipsoid height (meters)

87

NGS Eagleair
FO1669

451135.415
459803.612
1767.990
1746.586

NGS Reeves?2
FO1739

467658.170
462251.378
1547.167
1526.075

AGRS 9 J15
Order 1, Class 1
Order 2, Class 1

465390.885
453854.755
1552.363
1531.059

AGRS 20 _E10
Order 1, Class 1
Order 2, Class 1

456934.844
460025.466
1619.893
1598.426

Lee

469215.571
456101.965
1591.299
1570.286



Name

Horizontal

Vertical

NAD 83 NM State Plane Central

Easting (meters)

Northing (meters)

Elevation (NAVD 88) (orthometric) (meters)
Ellipsoid height (meters)

Name

Horizontal

Vertical

NAD 83 NM State Plane Central

Easting (meters)

Northing (meters)

Elevation (NAVD 88) (orthometric) (meters)
Ellipsoid height (meters)

Name

Opus GPS Site

UTM Zone 13N NADS83 (meters)

Easting (meters)

Northing (meters)

Elevation (NAVD 88) (orthometric) (meters)
Ellipsoid height (meters)

88

AGRS 14 J12
Order 1, Class 1
Order 2, Class 1

460847.862
453710.112
1513.473
1492.008

AGRS

CC EG_11 12 11N 3E
Order 1, Class 1

Order 2, Class 1

469366.192
465907.245
1565.317
1544.337

Sinclair

494921.764
456761.170
2097.412
2077.931



Appendix 2

Data Collection Log

Garmin Data Collection

Control Point Date Time (MST)

AGRS 77_120_2 1/16/2009 11:00 - 11:30 a.m.
AGRS 9_M23 1/17/2009 11:00 - 11:30 a.m.
AGRS 1_G22 1/18/2009 11:00 - 11:30 a.m.
NGS Eagle Air 1/19/2009 11:00-11:30 a.m.
NGS Reeves2 1/20/2009 11:00-11:30 a.m.
AGRS 9_J15 1/21/2009 11:00 - 11:30 a.m.
AGRS 20_E_10 1/22/2009 11:00 - 11:30 a.m.
NGS Lee 1/23/2009 11:00 - 11:30 a.m.
AGRS 14 J12 1/24/2009 11:00 - 11:30 a.m.
AGRS 77_120_2 1/27/2009 11:00 - 11:30 a.m.
AGRS 9_J15 1/28/2009 11:00 - 11:30 a.m.
AGRS CC_EG_11_12 11N_3E 1/29/2009 11:00 - 11:30 a.m.
NGS Reeves2 1/30/2009 11:00-11:30 a.m.
AGRS 9_M23 1/31/2009 11:00 - 11:30 a.m.
NGS Lee 2/1/2009  10:54 - 11:26 a.m.
AGRS 1_G22 2/19/2009 10:31-11:01 a.m.
AGRS 14 J12 2/19/2009 11:44 -12:14 a.m.
NGS Eagle Air 2/20/2009 10:47 - 11:17 a.m.
AGRS 20_E_10 2/20/2009 12:04 - 12:34 p.m.

AGRS CC_EG_11_12 11N _3E 2/20/2009 1:41 - 2:11 p.m.
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Trimble Data Collection

Control Point Date Time (MST)
AGRS 77_120_2 3/2/2009  1:07 - 1:37 p.m.
AGRS 9_J15 3/4/2009  12:44 - 1:14 p.m.
NGS Eagle Air 3/10/2009 11:00 - 11:30 a.m.
AGRS 20_E_10 3/10/2009 1:23-1:53 p.m.
AGRS 14 J12 3/10/2009 2:43 - 3:13 p.m.
NGS Lee 3/14/2009 11:19 - 11:49 a.m.
AGRS CC_EG_11_12 11N_3E 3/17/2009 10:36 - 11:06 a.m.
NGS Reeves 2 3/17/2009 11:35-12:05 a.m.
AGRS 9_M23 3/18/2009 12:39 - 1:09 p.m.
AGRS 1_G22 3/18/2009 1:48 - 2:18 p.m.
NGS Eagle Air 4/4/2009  11:05- 11:35 a.m.
AGRS 20_E_10 4/5/2009  11:30-12:00 a.m.
AGRS CC_EG_11_12 11N_3E 4/5/2009  1:26 - 1:56 p.m.
AGRS 9_J15 4/6/2009  10:12 - 10:42 a.m.
AGRS 14 J12 4/6/2009  12:16 - 12:46 p.m.
NGS Reeves 2 4/6/2009  2:16 - 2:46 p.m.
AGRS 9_M23 4/7/2009  10:26 - 10:56 a.m.
AGRS 77_120_2 4/7/2009  1:43-2:13 p.m.
NGS Reeves 2 4/10/2009 11:01-11:31 a.m.
AGRS 1_G22 4/10/2009 1:53 - 2:23 p.m.

DelLorme Data Collection

Control Point Date Time (MST)
AGRS 9_M23 2/23/2009 1:55-2:25 p.m.
AGRS 77_120_2 2/24/2009 2:40 - 3:10 p.m.
AGRS 1_G22 2/25/2009 11:40-12:10 a.m.
AGRS CC_EG_11_12 11N_3E 2/26/2009 1:32 - 2:02 p.m.
NGS Reeves2 2/27/2009 11:43 - 12:13 a.m.
NGS Lee 2/28/2009 11:00 - 11:30 a.m.
AGRS 9_J15 3/4/2009  1:18 - 1:48 p.m.
NGS Eagle Air 3/10/2009 11:36 - 12:06 a.m.
AGRS 20_E_10 3/10/2009 12:50 - 1:20 p.m.
AGRS 14 J12 3/10/2009 3:15- 3:45 p.m.
NGS Eagle Air 4/4/2009  11:40 - 12:10 a.m.
AGRS 20_E_10 4/5/2009  12:04 - 12:34 p.m.
AGRS CC_EG_11_12 11N_3E 4/5/2009  1:58 - 2:28 p.m.
AGRS 9_J15 4/6/2009  10:46-11:16 a.m.
AGRS 14 J12 4/6/2009  12:49-1:19 p.m.
NGS Reeves2 4/6/2009  2:48 - 3:18 p.m.
AGRS 9_M23 4/7/2009  10:59 - 11:29 a.m.
AGRS 1_G22 4/7/2009  12:53-1:23 p.m.
AGRS 77_120_2 4/7/2009  2:15 - 2:45 p.m.
NGS Reeves?2 4/10/2009 11:33 - 12:03 a.m.

90



Appendix 3

Control Point Metrics

91



—

O© oo ~NOOOUTD, WNEFE ~0O

S

WAAS Horizontal
Median

1.20
1.32
1.78
1.14
1.19
1.43
1.24
1.60
1.17
3.38
2.70
1.40
1.66
1.77
1.56
0.83
0.63
1.82
2.45
1.27

WAAS Horizontal 68th
1.30
1.48
2.54
1.32
1.50
1.85
1.42
1.79
1.33
3.58
2.95
1.56
2.07
1.98
1.69
1.12
0.81
2.11
2.64
1.55

Garmin Data — Horizontal (meters)

Aut. Horizontal
Median

1.93
1.84
2.33
1.13
1.43
1.88
1.58
2.00
1.58
1.23
0.99
0.55
1.60
1.15
1.14
2.09
2.98
1.43
3.18
2.27

Aut. Horizontal 68th

2.40
2.32
2.79
1.22
1.62
2.03
1.70
2.17
1.89
1.42
1.08
0.76
2.07
1.32
1.36
2.38
3.12
2.42
4.04
261
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WAAS Horizontal
95th

1.62
1.73
3.41
2.29
2.64
2.47
2.05
2.46
1.85
4.21
3.52
2.36
2.93
2.56
2.41
1.35
1.13
2.92
3.09
2.92

WAAS Horizontal
RMSE

1.21
1.37
2.14
1.26
1.53
1.63
1.34
1.57
1.26
3.46
2.72
1.52
1.89
1.86
1.68
0.95
0.72
1.90
2.25
1.59

Aut. Horizontal
95th

2.99
2.97
4.28
171
2.14
2.44
1.93
2.87
2.77
1.57
1.23
1.30
2.90
1.61
2.02
3.24
3.94
3.34
4.78
3.07

Aut. Horizontal
RMSE

1.99
1.90
2.47
1.18
1.52
1.93
1.55
1.98
1.72
1.26
0.98
0.72
1.90
1.23
1.24
2.24
2.96
2.01
3.43
2.43



O© oo ~NOOhA,WNPR

NP R RRRRERRRR
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O© oo ~NOOhA,WNPER

NP R RRRRERRRR
QWO ~NOUMWNIERO

WAAS Vertical
Median

7.31
6.90
7.98
10.15
5.77
7.31
7.09
8.29
8.59
8.80
8.79
8.85
5.53
1.05
7.72
9.68
1.83
7.81
1.85
1.13

WAAS Vertical 95th

8.75
8.82
12.79
13.52
8.18
9.72
9.49
10.21
13.88
10.72
11.19
11.25
9.38
2.01
10.13
11.60
4.24
11.18
4.25
2.57

Garmin Data — Vertical (meters)

Aut. Vertical
Median

8.27
9.78
7.50
5.83
4.33
8.76
3.72
1.56
6.67
11.20
4.46
5.00
6.97
1.36
8.20
9.20
1.35
541
2.00
2.72

Aut. Vertical 95th

10.68
13.15
12.31
9.19
9.62
16.45
7.09
3.00
9.55
13.12
6.87
7.40
7.94
2.32
10.61
10.64
2.97
8.29
4.40
3.20

WAAS Vertical 68th  Aut. Vertical 68th

WAAS Vertical
RMSE
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7.79
7.38
9.42
10.63
7.22
7.79
8.05
9.25
10.03
8.80
9.75
9.33
6.49
1.53
8.20
10.64
2.79
9.25
2.81
1.61

7.38
7.12
8.70
10.22
5.85
7.45
7.09
8.35
9.61
8.64
9.24
8.60
6.04
1.30
8.02
9.89
2.45
7.97
2.33
1.36

9.23
11.71
9.42
7.27
5.77
10.20
3.72
2.04
7.63
12.16
5.42
5.48
7.45
1.36
8.68
9.68
1.53
6.37
2.96
3.20

Aut. Vertical
RMSE

8.11
10.47
8.42
6.18
5.55
10.28
412
1.69
6.67
11.52
4.96
5.47
6.72
1.38
8.07
9.02
1.59
5.74
2.51
2.73
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WAAS Average X
0.75
-1.24
-1.37
-0.07
0.40
0.33
0.33
0.47
-0.88
-1.82
-1.27
0.60
-0.09
-1.62
-1.01
0.26
-0.45
1.01
-1.70
0.18

WAAS Average XY
0.91
1.24
1.87
0.65
1.14
1.26
0.92
1.21
0.88
3.43
2.55
1.19
1.63
1.69
1.59
0.41
0.52
1.35
2.03
1.40

Garmin Data — Averages (meters)

Aut. Average X
-0.60
0.33
0.57
-0.89
-0.91
1.30
-1.26
0.51
-0.60
0.80
-0.40
-0.27
0.43
-0.93
-0.91
-1.59
-2.19
-1.12
-2.17
-1.88

Aut. Average XY
1.58
1.26
0.62
0.90
0.91
1.31
1.30
1.52
1.53
1.20
0.73
0.39
1.76
1.07
0.99
2.15
2.86
1.66
3.22
1.99

WAAS Average Y

WAAS Average Z
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0.51
-0.10
1.26
-0.64
1.06
-1.21
0.86
1.12
-0.12
2.90
2.22
1.03
1.62
-0.48
-1.23
-0.32
0.24
0.90
1.12
-1.39

-7.33
-6.98
-8.32
-9.94
-5.40
-10.29
-6.74
-8.17
-9.34
-8.59
-9.11
-8.40
-5.75
-1.07
-7.91
-9.84
-1.95
-7.57
1.38
-0.99

Aut. Average Y
-1.46
-1.21
-0.26
0.11
0.04
0.16
-0.30
1.44
1.40
0.90
-0.61
-0.29
1.71
-0.52
0.40
1.46
1.84
1.23
2.37
0.62

Aut. Average Z
-7.74

-10.29
-7.87
-5.72
-4.87
-9.81
-3.48
-0.77
-6.34

-11.46
-4.68
-5.37
-6.60

1.17
-7.75
-8.96
0.86
-5.48
-2.13
2.66



O©oOo~NOOLA, WNPER

NP RRRRRERRRR
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O©oOo~NOOLA, WNPR

NP RRRRRERRRR
CQOWOW~NOUMWNLERO

WAAS Horizontal

Median Median
1.37 0.98
1.60 3.54
2.10 2.69
1.08 1.53
6.08 453
2.59 251
1.14 0.85
4.79 6.12
2.66 3.21
1.96 1.43
1.60 2.76
2.66 2.56
2.94 3.27
2.45 453
1.68 3.44
3.10 3.35
1.46 4.46
4.61 4.23
0.69 2.39
2.88 1.01

WAAS Horizontal 95th  Aut. Horizontal 95th
6.48 4.74
3.62 4.10
3.13 4.44
1.52 3.93
9.75 13.60
5.87 455
2.83 1.55
12.72 13.34
5.56 5.27
5.38 3.02
3.21 7.66
7.88 3.71
7.25 6.94
4.66 6.81
3.51 6.30
6.56 7.53
2.93 6.71
8.69 6.82
2.22 7.61
5.04 3.71

Trimble Data — Horizontal (meters)

Aut. Horizontal

95

WAAS Horizontal
68th

1.99
2.50
241
1.24
7.29
3.32
1.79
8.69
3.64
2.49
2.02
3.24
3.76
281
1.91
3.63
2.00
5.38
1.01
3.48

WAAS Horizontal
RMSE

2.88
2.17
2.16
1.10
6.36
3.25
1.64
7.30
3.28
2.83
1.96
3.71
3.99
2.75
1.99
3.71
1.79
5.08
1.05
3.28

Aut. Horizontal
68th

1.58
3.76
3.14
2.20
5.93
2.67
1.00
7.54
3.76
1.87
3.93
2.80
4.03
4.98
3.97
3.88
5.19
5.00
3.40
1.62

Aut. Horizontal
RMSE

1.95
3.38
3.04
2.07
6.95
2.66
0.96
7.47
3.49
1.78
4.10
2.72
4.03
4.57
3.74
4.06
4.71
4.44
3.65
1.81



O© oo ~NOOLhA, WNPR

NP R RRRRERRRR
CQOWOW~NOUMWNIERO

O© oo ~NOOLA,WNPR

NP R RRRRERRRR
QWO ~NOUMWNIERO

WAAS Vertical
Median

4.78
1.08
2.53
0.81
8.93
1.98
0.90
4.85
2.08
1.21
2.20
4.91
2.96
1.72
2.57
2.75
1.98
2.06
2.53
3.31

WAAS Vertical 95th
13.18
3.70
6.09
2.34
20.19
5.90
2.84
18.09
5.78
3.74
4,52
24.09
6.93
7.65
6.02
5.23
5.94
13.49
4,72
9.90

Trimble Data — Vertical (meters)

Aut. Vertical
Median

2.55
2.37
6.40
0.95
1.45
1.76
3.29
3.87
5.25
1.71
3.59
1.98
3.77
2.88
2.78
1.68
2.83
1.39
2.86
3.09

Aut. Vertical 95th
4.62
4.03
12.45
2.10
4.63
7.74
471
18.18
13.00
3.86
7.84
7.47
10.11
6.71
7.25
473
4,53
4,57
5.80
8.06

WAAS Vertical 68th  Aut. Vertical 68th

WAAS Vertical
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6.53
1.60
3.09
1.19
12.71
2.83
1.67
9.91
2.76
1.93
3.29
6.26
4.28
2.22
3.13
3.61
2.62
3.37
3.02
3.88

RMSE
6.88
1.78
3.21
1.24

11.77
3.01
1.46
9.50
2.90
1.92
2.74
9.22
3.87
2.97
3.22
3.11
2.76
531
2.68
4.63

3.10
2.87
8.15
1.32
2.05
2.47
3.85
6.09
7.41
2.41
4.27
3.11
4.84
3.51
3.29
2.30
3.55
2.29
3.71
4.40

Aut. Vertical
RMSE

2.70
2.66
7.38
1.19
2.21
3.25
3.21
8.34
6.84
2.18
4.38
3.17
5.11
3.64
3.67
2.30
3.08
2.25
3.41
4.30



O© oo ~NOOhAWNPR

NP RRRRRERRRRR
CQOWOW~NOUMWNIERO

O© oo ~NOOTLA, WNPER

NP RRRRRERRRR
CQOWOW~NOUNMWNIERO

WAAS Average X
1.08
-0.18
-1.35
-0.76
-3.64
-1.29
-0.17
-2.30
-0.37
-0.99
-1.45
-2.60
-1.85
-1.67
-0.61
-1.98
0.05
-4.05
-0.11
-0.06

WAAS Average XY
1.43
1.84
1.35
0.84
4.01
2.66
0.97
2.85
2.60
2.27
1.45
2.61
2.13
2.34
1.30
3.31
1.14
4.47
0.12
2.88

Trimble Data — Averages (meters)

Aut. Average X
0.12
-1.93
-1.48
-1.22
-4.55
1.24
-0.63
-5.06
1.20
-0.11
-1.13
-1.76
-0.06
-1.32
-2.42
-1.96
0.65
-1.00
0.72
-0.99

Aut. Average XY
0.12
3.26
1.48
1.53
5.64
2.08
0.65
5.09
1.59
1.13
3.08
2.59
2.68
4.35
2.47
3.17
4.35
4.09
1.76
1.33

WAAS Average Y

WAAS Average Z
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0.94
-1.84
-0.08
0.35
1.67
-2.33
-0.96
1.68
-2.57
-2.05
0.05
-0.21
-1.06
-1.64
1.15
2.66
-1.14
-1.91
0.06
-2.88

-5.49
-0.27
1.22
0.54
7.23
-2.34
-0.46
0.73
-0.09
0.32
2.36
-6.37
-2.95
-1.69
-2.73
-2.30
-1.67
-3.20
2.25
3.94

Aut. Average Y

-0.02
-2.63
-0.08
-0.92
3.33
-1.67
-0.12
0.59
-1.04
-1.13
2.86
-1.90
2.68
-4.14
0.52
2.49
-4.30
-3.96
-1.61
-0.89
Aut. Average Z
2.11
2.41
6.48
-0.02
-0.92
-1.70
2.93
3.99
2.49
1.34
2.31
2.37
-1.94
3.27
1.44
1.13
2.68
0.50
-1.98
3.61



O© oo ~NOOThA, WNPR

NP RRRRERRRR
CQOWOW~NOUMWNIERO

O©oOo~NOOLA, WNPR

NP R RRRRERRRR
CQOWOW~NOUMWNIERO

WAAS Horizontal

Median Median
9.42 7.30
1.79 9.84
6.73 3.40
2.40 19.09
12.48 12.84
4.85 3.13
1.83 3.48
3.88 9.95
7.76 9.99
5.28 431
5.04 6.72
6.51 14.88
3.64 14.21
3.31 22.98
3.34 2.02
1.21 7.62
7.23 2.38
1.94 6.46
12.34 2.14
2.40 25.07

WAAS Horizontal 95th  Aut. Horizontal 95th
10.39 8.97
3.32 12.54
8.55 5.24
5.36 19.81
16.11 17.22
10.70 10.23
2.43 4.93
417 12.39
8.76 15.25
7.12 23.25
17.39 9.80
7.06 22.49
4.35 17.64
5.78 37.88
4.21 5.49
2.62 9.55
11.14 2.98
7.78 21.57
13.43 2.54
4.16 28.91

DelLorme Data — Horizontal (meters)

Aut. Horizontal
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WAAS Horizontal
68th

9.92
2.44
7.64
3.51
14.23
5.59
1.88
4.01
8.22
5.42
6.58
6.82
4.13
4.16
3.92
1.37
8.60
3.17
12.80
251

WAAS Horizontal
RMSE

9.15
2.06
7.16
3.23
12.23
5.64
1.87
3.88
7.94
5.66
8.57
5.99
3.65
3.85
3.43
1.49
7.60
3.73
12.58
2.76

Aut.

Aut.

Horizontal
68th

7.86
10.43
4.02
19.48
15.17
4.18
4.14
11.58
12.13
7.01
7.91
19.18
16.12
26.48
2.18
8.34
2.57
8.20
2.35
27.15

Horizontal
RMSE

7.35
9.79
3.62
17.60
13.41
4.82
3.83
10.44
10.87
9.84
7.18
15.58
14.50
26.36
2.80
7.78
2.50
10.27
2.04
22.88



O©oOo~NOOA,WNPER

NP R RRRRERRRRR
QOWOW~NOUNMWNIERO

O© oo ~NOOhA, WNPR

NP R RRRRERRRR
QWO ~NOUNMWNIERO

WAAS Vertical
Median

12.13
12.74
2.66
2.41
14.76
7.06
8.17
0.63
2.18
4.98
0.56
7.69
5.30
20.41
12.56
8.97
28.51
2.64
29.71
7.99

WAAS Vertical 95th
13.27
13.91
5.98
5.65
20.73
16.88
12.13
2.97
11.41
17.23
11.70
15.76
29.46
30.69
32.11
10.28
37.92
26.42
34.72
23.78

DelLorme Data — Vertical (meters)

Aut. Vertical
Median

23.36
11.02
3.43
17.04
14.41
1.79
14.73
11.07
22.37
2.17
21.53
4.68
8.85
26.05
6.46
10.08
12.84
8.22
11.48
68.70

Aut. Vertical 95th
23.79
23.17
5.30
23.80
19.86
24.05
16.14
11.81
25.93
24.81
24.30
18.79
43.18
34.09
8.43
15.35
14.02
54.14
19.47
86.93

WAAS Vertical 68th  Aut. Vertical 68th

WAAS Vertical
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12.78
13.04
2.76
3.84
17.36
7.27
8.81
0.86
2.61
11.05
0.86
8.35
8.35
21.36
15.82
9.77
30.51
7.90
33.03
11.24

RMSE
11.01
12.86

3.25
3.30
14.52
8.72
8.57
1.38
4.31
9.34
4.19
9.10
12.61
22.12
16.51
8.82
28.54
11.52
27.93
12.20

23.69
13.90
3.91
19.29
17.01
4.05
15.46
11.42
24.50
2.47
23.44
5.01
10.70
31.80
7.51
12.08
13.07
13.37
14.25
79.57

Aut. Vertical
RMSE

23.27
13.88
3.70
18.71
14.60
9.21
13.34
10.39
21.94
9.47
19.97
7.40
17.10
26.09
6.42
10.25
12.92
22.42
11.91
65.33



O© oo ~NOOTLE, WNPER

NP RRRRRERRRRR
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O© oo ~NOOLA, WNPER

NP R RRRERRRR
QOWOW~NOUMWNIERO

WAAS Average X
5.17
-1.07
-0.34
-1.56

-10.40
0.96
-1.71
3.56
-0.05
3.06
-1.17
1.04
-2.52
-1.45
1.93
-0.24
-4.07
151
5.66
0.17

WAAS Average XY
9.04
1.59
7.08
1.94
11.64
4.99
1.75
3.86
7.84
5.57
6.61
5.66
2.93
3.66
2.24
1.10
5.99
2.19
12.09
2.37

Aut. Average X
-1.77
8.38
2.60
3.21
-3.31
3.74
-1.19
-5.67
4.58
3.76
-4.50
-0.93
-7.89

-17.78
141
-4.73
1.89
-7.20
-1.55
17.40
Aut. Average XY
6.85
9.63
3.28
17.15
13.05
4.15
2.60
10.12
10.17
6.37
6.86
11.76
14.08
25.79
2.43
6.93
2.43
7.59
1.60
21.06

WAAS Average Z
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DelLorme Data — Averages (meters)
WAAS Average Y

-7.42
-1.18
7.07
-1.15
-5.23
-4.90
0.34
-1.47
-7.84
-4.65
6.50
-5.57
-1.49
-3.36
-1.14
1.07
-4.40
1.58
-10.68
-2.36

-9.53
12.84
3.06
-1.84
13.36
7.91
8.35
0.73
0.35
6.44
1.70
8.52
9.56
21.79
14.76
8.72
28.02
5.88
-26.31
10.72

Aut.

Aut.

Average Y
-6.62
4.76
-1.99
-16.85
12.62
-1.81
-2.31
8.38
9.08
5.14
5.18
11.72
-11.66
18.68
-1.98
5.06
1.54
2.40
-0.41
11.88
Average Z
23.26
-12.92
3.53
18.52
13.99
-4.32
12.61
10.18
-21.70
-3.33
19.35
1.54
-3.27
22.29
5.87
7.51
12.91
-10.12
-10.33
-59.64



Appendix 4

Scatter Plots
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Garmin Scatter Plots
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AGRS 1

Garmin Scatter Plots
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Garmin Scatter Plots

NGS Reeves2

AGRS 20_E10
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Garmin Scatter Plots

m
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DelLorme Scatter Plots

NGS Reeves2

AGRS 20 E 10
AGRS 14 J12
Y  Control Point -
e Autonmous [ L_IMeters
WAAS 0 5101520

112



DelLorme Scatter Plots

AGRS CC_EG_11_12_11n_3E

%  Control Point |_|Meters
&  Autonmous 0 5101520
WAAS

113



Appendix 5

GPS Hardware Data Sheets

£ GARMIN. GPSMAP® 60Cx and 60CSx

O the road, on the trail, or on the
water, the Garmin GPSMAP* 60 series
Add a dash of color to your outdoor adventures

Is your ideal quide to the great
outdoars, Both the 60Cx and 60CSx
versions are rugged, waterproof,
full-calor navigators that feature a built-
in autorouting basemap and include a
&4 MB microSD card for storage of
optional MapSource® topo, maring or
city street map detail. High-sensitivity
(GPS receivers assure impraved

reception in tree cover or canyons. And
both units feature auto-save of track
data to help guide you back to any
point along your route. In addition, the
"sensor version" B0CSx includes an
electronic compass and barometric
altimeter — making it the trailblazing tool

of choice for hikers and climbers.
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GPSMAP® 60Cx and 60CSx

Navigation features
Waypolnts/lcons:

Routes:

Tracks:

Trlp computer:

Alarms:

Tables:

Map datums:
Positlon format:

GPS performance
Recelver:

Acqulsition times*:
Warm:
Cold:
Autolocate™

Update rate:

GPS accuracy:
Position:
Velocity:

DGPS (WAAS) accuracy:

Position:

Velocity:
Protocol messages:
Antenna:

1000 with name and graphic symbel,
10 nearest (automatic), 10 proximity
50 reversible routes with up to 250
points each, plus MOB and TracBack®
modes

10K point automatic track log; 20 saved
tracks 500 peints each let you retrace
your path in both directions

Current speed, average speed, resettable
max. speed, trip timer and trip distance
Anchor drag, approach and arrival,
off-course, proximity waypoint,

shallow water and deep water
Built-in celestial tables for best times to
fish and hunt, sun and moon rise, set
and location

More than 100 plus user datum
Lat/Lon, UTMYUPS, Maidenhead, MGRS,
Loran TOs and other grids, including
user UTM qgrid only

12 channel SiRFstar 11" high-sensitivity
GPS receiver (WAAS-enabled)
continuously tracks and uses up to 12
satellites to compute and update your
position

<1 sec
<38 sec
<45 sec

1fsecond, continuous

<10 meters, typical
.05 meterfse: steady state

<& meters, typical
(05 meterfse: steady state
NIMEA 0183 output protocol

Built-in quad helix recefving antenna,
with external antenna connection (MCX)

Moving map features

Basemap:

Uploadable maps:

0206

Detailed routable basernap with clties,
highways, interstates, exit infa, rivers,
lakes; prelcaded with worldwide dties
Accepts downloaded or plu?-in microsD
map detail from a variety of optional
MapSource media (64 MB mirosD

card included)

BlueChart|

Compatible

Electronic compass feature:

(GPSMAP 60CSx only)

Accuracy:

Altimeter feature:
Resolution:

Range:

Elevation computer:

Pressure:

Power
Source:
Battery life:

Physical
Slze:

Welght:
Display:

Case:
Temp. range:

Accessories
Standard:

Optional:

+2 degrees with proper calibration
{typicall; £5 degrees extreme northem
and southern latitudes

{GPSMAP 60CSK only)

1 foot

~2,000 to 30,000 feet

Current elevation, resettable minimum and
maximumn elevation, ascentidescent rate,
total ascentfdescert, average and maxi-
mum ascentidescent rate

Local pressure {mbarfinches HG)

Twio "AA" batteries (not included)
18 hours, typical; up to 30 with
battery saving

24W x6.1Hx 13D Inches

{61mm x 155mm x 33mm)

75 0z.1213 g) est.

1.5 % 2.2 inches (38. tmm x Serm) 256-color
transflective TFT (160 x 240 pixels)

(160 % 240 pixels)

Waterproof to IPX-7 standards

5°F to 158°F (-15°C to 70°C)

64 ME microSD data card

Belt dip

USB PC interface cable

MapSource Trip & Waypoint Manager CD
Users manual

Quick reference guide

Wrist strap

Automotive Navigation Kit
{indludes City Navigator™)

Automotive mount

Marine mount

Suction cup mount

Carrying case

12-velt adapter cable

Powerfdata cable

Rernote GPS antenna

MO1-10155-00
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ast [With enhanced strect

| map detall from
optional MapSource
softivare, yeu can look
up destinations and
vigwy autematic polnt-to
| point routes,

. | The GPSMAP 60 sarfes
| accapts downloaded
map detall, Inchuding

2l topo maps with

levation Information.

The barometric altimetar
m faatura on the GPSMAP
BOCSx providas elevation
profilas for climbers and
|| hikars.

TR Garmin' *sansorvarsion™
100 [ | GPSMAP 60C5x also

£75 & Besi ™ Tive To et | faatures a |E[E|E,

- 5 | easy-to-read electronic

compass display,

2006 Garmin Ltd, or its subsidiaries

< GARMIN.

Garmin Irterrational Inc,

1200 East 151st Strest

Olathe, Kansas 6R062, U.5.A
913397.8200 fax 913/397.8282

Garmin {Europe) Ltd.

Unit 5, The Quadrangle

Abbey Park Industrial Estate

Fomsey, 5051 50L, UK.
441704519044 fax 44/1794.519222

Garmin Corporation

Mo, 68, Jangshu 2nd Rd.

Shir, Talpsi County, Taiwan
885/2.2642.9199 fax 886226422009

WWW.Darmin.mom

Spacifications are prefiminary and subject to change

without nofice.

*  Subject o accuracy dearadation to 100m
20RMS under the LS. Departmant of Defense
impozed Selective Availability Frogram,

== These Units #& ako able 10 ransfar waypaints,

moutes and tracks betwaen the PC and GFS
using MapSourca”™



DATASHEET

KEY FEATURES

Priced to equip an entire workforce
Lightweight and compact
Productive field and office workflow

Windows Mobile 5.0 software familiarity
and convenience

Bluetooth and WLAN connectivity

BEST VALUE GIS DATA COLLECTION SYSTEM

The Juna™ ST handheld is a highly productive
yet affordable, non-rugged GPS receiver

for field data collection and mobile GIS.

The Juno ST handheld i Trimble’s most
compact, lightweight, fully-integrated

field computer, providing 2 to 5 meter GPS
positioning in real time or after postprocessing.

Easy to deploy

The Juno ST handheld is ideal for utility
companies, government organizations, and
agencies that are managing large deployments
and tight budgets,

In applications such as forestry mapping

and workforce automation, where accuracy
may be less important, and high productivity
is essential, the Juno ST handheld is

ideal. Incorporating a high-sensitivity GPS
receiver, it has been specifically designed

to maximize yield of positions in hostile
environments, such as under forest canopy
and up against buildings.

If you need 2 to 5 meter accuracy in the field,
you can use the integrated WAAS receiver for
real-time corrections. Or you can collect data in
the field and postprocess it back in the office
to ensure positions are defined to the required
accuracy level for your GIS, and to control the
overall quality and consistency of your data.

Keeping you mobile

Weighing in at only 133 g (0.3 Ib), the Junc 5T
handheld provides the ultimate in portability
to keep your workforee mobile.

The Juno 5T handheld is easily carried in a shirt
pocket and you won't be weighed down by a
large receiver. Every member of your workforce
can be equipped at all times.

You never have to worry about running out
of memory in the field with the Juno 5T
handheld’s 5D card capability. You can be sure
that you always have ample storage for data
and raster background maps.

Software for field and office productivity
Az part of the Trimble family of GPS solutions,
the Juno ST handheld is fully compatibile
with the entire range of Trimble Mapping &
GIS software.

Enabling robust, professional data collection
and maintenance, you have a choice of
TerraSync™ software or the Trimble®

GPScorrect™ extension for ESRI ArcPad. You can

also choose any off-theshelf NMEA protocol
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GPs field software, or use the GPS Pathfinder®
Tools Software Development Kit (SDK) to build
an application that's customized to your needs.

Office processing and postprocessing capability
is provided with GPS Pathfinder Office software
and Trimble GPS Analyst™ extension for

ESRI ArcGlS. Full software compatibility allows
existing Trimble customers to continue to

use the same streamlined workflows and DGPS
infrastructure.

Industry standard software

Powered by industry standard Microsoft®
Windows Mobile® version 5.0 software, you get
all the benefits of an open platform for mobile
devices. With Windows Mobile 5.0 software, all
your data and applications reside in persistent
storage, so they are secure even in the everit

of power loss.

The Windows Mobile 5.0 software also includes
familiar Microsoft productivity tools such as
‘Word Mobile, Excel Mobile, Internst Explorer
Mobile, and Outlook® Mobile.

Stay connected

Integrated Bluetooth® and wireless LAN
technology provide options for connecting to
the Internet and your corporate network to
access data and maps and to send and receive
email and instant messages.

Use the built-in wireless LAN radio in
conjunction with TrimPix™ technology to
connect to a range of WiFi-capable Nikon
digital cameras for automated capture of digital
images. With TrimPix software you can take
photos with a high resclution camera and send
them wirelessly to your Juno 5T handheld to be
added as attributes to features in your GI5.

It doesn’t get any bigger than this

Den't underestimate the June 5T handheld
based on its size—it may be diminutive in
stature but it still provides all the heavy-hitting
power of a fully-integrated GPS solution
backed by Trimbles entire range of software
and support.

Providing reliable, high-quality data collection
capability, the Juno ST handheld is available at
a price that will allow you to maximize your
entire workforce’s potential,

& Trimble.



Juno ST handheld

STANDARD FEATURES
System

* Microsoft Windows Mobile version 5.0 software

* 300 MHz Samsung processor

* 64 ME RAM

* 128 MB non-volatile Flash data storage

* 5D memory card slot

» Internally rechargeable and removeable Li-lon battery

» Integrated Bluetooth wireless technology for connectivity to
other devices

» Integrated 802.11b/g wireless LAN for local network connectivity

GPS

» Integrated high-sensitivity GPSAWAAS! receiver and antenna

* 2-5 meter accuracy after differential correction (real-time
or postprocessed)

* NMEA and SiRF protocol support

Software

* GPS Controller for controlling NMEA output and in-field
mission planning

* Microsoft ActiveSync®, Calculator, File Explorer, Internet Explorer,
Pictures, Excel Mobile, Outlock Mobile {Inbox, Calendar,
Contacts Motes, Tasks), Word Mobile, Windows® Media Player

* Transcriber (handwriting recognition)

* TrimPix software for wireless camera support. Download from
www.trimble. comdftrimpix.asp

Accessories

* Power supply with international adapter kit

» Vehicle power adapter

* 1m mini USE cable

* Quick Start Guide

= Carry case

* Rechargeable Li-ion battery

OPTIONAL FEATURES

Software

* TerraSync software

* Trimble GPScorrect extension for ESRI ArcPad software
* GPS Pathfinder Tools Software Development Kit (SDK)
* GPS Pathfinder Office software

* Trimble GPS Analyst extension for ESRI ArcGIS software
Accessories

* Replacement Li-lon battery

* External GPS antenna

» Stylus {pack of 2)

©2007, Timbls Navigation Limited AV rights rmserved, Trimila, the Giode & Tangle logo, and GFS Pathfindar are
trademarks of Tmila Navigatian Limitad, registared in the United Statas Fetant and Pademark Office and in other
countries. GPS Analyst, GRScormect Jung, Tarrasyn, and THmPx are trademarks of Timble Navigation Limited. Tha
Blustooth word mark and logas are cwned by the Sluetooth 55, inc and any wss of such marks by Timble Navigation
Limitad i endar Nesnse. ActvaSyng, Outicok, Windowe, and Windows Mobila ars sithar ragisterad tradkmarks or
traclemaiks of the Unitad Stata countrias, A8 other trademarks s the property
of thair raspactiva cwnars. P CZ2E01-108 (0407

YOUR LOCAL TRIMBLE OFFICE OR REPRESENTATIVE

TECHNICAL SPECIFICATIONS

Physical

Size ... 109 cm x 6.0 cm = 1.9 cm (4.3 in » 2.4 in x 0.7 in)
Weight ... . 0.133 kg (0.3 Ib) with battery
== -Ifoaa0a000000000006060 300 MHz Samsung 53C2442 processor
MEMOrY. ..ot 64 ME RAM and 128 ME internal Flash disk
Power®

Low (no GPS or backlight)
Mormal {with GPS and backlight’) . ..

Battery. ..... Removeable 1200 mAh lithium-ion, rechargeable in unit
Environmental
Temperature
Operating . . —10°C to +50 °C (14 °F to 122 °F)
Storage —20 °C to +70 °C (-4 °F to 158 °F)
Input/output
Communications . . Bluetooth?, 802.11b/g wireless LAN, USE slave port®
Display. ........ 2.8" OVGA (Transmissive with micro reflective; TMR)
Touch panel, 240 x 320 pixel 65,536 colors, with backlight
Audio. ......... .. Mono speaker, unidirectional microphone speaker

Record and playback utilities

Industry-standard 3.5 mm stereo earphone jack

Interface . ...... Touch screen, Soft Input Panel (SIP) virtual keyboard
handwriting recognition software, power status LED

Audio system events, warnings, and notifications

GPS

Chanmels . . ... . 12 (L1 code enly)
Integrated real-time. . ... ... WAAS!
Update rate. . ... e 1 Hz
Time to first fix. . ... 30 seconds (typical)
Protocols . .. i SiRF

NMEA-0183 v3.0 (GGA, VTG, GLL, GSA, ZDA, G5V, RMC)

Accuracy (HRMS)* after differential correction
Code Postprocessed
Real-time (WAAS')

2-5m

1 WAAS (Wide Area Augmentation System) available in North America oniy

2 Using Bluetooth wireless tachnology or wireless LAN connectivity will consume
additional battery power.

3 Backiight setting at default level of medium brightness

4 Bivetooth and wireless LAN type approvals are country specific. Juno 5T handhelds have
Bluetooth and wireless LAN approval in the U5 and EUL For other countries please
consuft your focal Resalier

5 Fully compatible with USB v2.0 comp uters.

& Horzontal Root Mean Squared accuracy. Requires data to be collected using horzontal
‘maounting, minimum of 4 sateliftes, PDOP mask at 99, SNR mask at 12 dBHz, elevation
mask at § degrees, and i iti i i
muftipath signals or obstruction of the sky by buiidings or heavy tree @nopy may
degrade precision by interfering with signal reception. Accuracy varies with proximity
to base station by +1 ppm for postprocessing and real-time.

Specifications subject to change without notice.

€3 Bluetooth’

NORTH & SOUTH EUROPE, AFRICA & ASIA-PACIFIC
AMERICA MIDDLE EAST Trimbla Mavigation
Trimbla Mavigation Limited Trimbla GmbH Singapora PTE Limited
10355 Westmoor Driva Am Prima Parc 11 20 Marine Parada Road
Suita #100 65473 Raunhaim #2206 Parkway Parade
\Westminster, CO 80021 GERMANY Singapore, 449262
UsA +49.6142-2100-0 Phone SINGAPORE

+1-T20-587-4574 Phone
+1-T20-5874878 Fax

+49.6142-2100-550 Fax

+65-6348-2212 Phone
+65-6348-2232 Fax

& Trimble.

www.trimble.com
store.trimble.com
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‘ DELORME www.delorme.com

Earthmate” GPS PN-20 — Technical Specifications

Display
«  Bright color transflective TFT screen for clarity in any light conditions
o 2.2" diameter
o 2200 x 176 pixels
Physical
«  Waterproof to IPX7 standard,
« Impact-resistant rubberized housing
+ Device dimensions: 2.43" W x 5.25" Hx 1.5" D
+  Weight: 5.12 ounces
Performance

s WAAS-enabled, 12 parallel channel GPS receiver continuously tracks and uses up to 12 satellites to
compute and update your position

+  High-sensitivity NMEA-compliant 12-channel GPS receiver with low-power baseband and RF chipset

+  STMicroelectronics chip technology with SiGE front-end and Delorme firmware for faster
acquisition times and outstanding signal retention

« Proprietary Kalman filter for enhanced GPS accuracy
Acquisition Times
«  Warm: Approximately 15 seconds
« Cold: Approximately 60 seconds
« Update rate: 1/second, continuous
GPS accuracy
« Position: < 15 meters, 95% typical
*  Velocity: 0.05 meter/sec steady state
WAAS accuracy
« Position: < 3 meters, 95% typical
Memory and Storage
« 75 MB available internal flash memory for user-uploaded maps
« 5D card slot for up to 2 GB additional map storage (1GB SD card and Reader included)
» Holds up to 10 tracks (10,000 points per track), 1,000 user-defined waypoints, and 50 routes
Power

+ Retail package includes 2 AA batteries

Topo USA" System Requirements

Operating Systems
+  Microsoft Windows Vista® Home/Basic/Home Premium/Ultimate/Business with 512 MB RAM

« .5, Version Microsoft Windows XP or 2000 (Service Pack 3 and higher): 128 MB RAM (256 MB
recommended)

«  Microsoft Windows 98/ME is not supported with this release
Internet Browser
«  Microsoft Internet Explorer 5.01 or later
Hardware
« Intel® Pentium III 900 MHz or higher processor (1.8 GHz recommended)
« 1 GB of available hard-disk space
+ DVD-ROM Drive
* 3D-capable video card with 32 MB VRAM (64 MB VRAM recommended)



Earthmate “® DELORME

Rock-Solid Design, Exceptional Value

Our original handheld GPS - versatile, reliable, with Topo USA
DVD mapping software included

» High-sensitivity 12-channel STMicroelectronics chipset for fast, reliable
signal acquisition

» Delorme ConstantLock™ for exceptional signal retention in even the most
challenging GPS environments

» 75 MB of onboard Flash memory

» Supports SDHC high-capacity SD cards

» 1GB SD card and reader included

» Holds 1,000 user-defined waypoints, 50 routes, and 10 tracks
» Rugged, impact-resistant rubberized housing

» Waterproof to IPX7 standard

» Onboard basemap of major highways and
thoroughfares for the entire world

» B5K-color daylight-readable TFT screen for clarity in any
light conditions

» WAAS-enabled for accuracy within 3 meters

» Topo USA DVD software with complete U.S topo and street
maps included - no extra purchase required. Also displays
USGS 7.5-min quads, aerial imagery, and NOAA nautical
charts via online download from Delorme PN-Serles Comparison Chart »
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