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1. Introduction

GNSS (Global Navigation Satellite Systerssgn invaluabletool in positioningfor
engineering surveys and manyet applicationsReattime kinematic (RTK) GNSS
provides corrections to achieve preciserdinates in real timdirectlyin the field.

RTK uses a base statioonsisting ola GNSS receiver setup at a known position to
broadcast corrections to the roveceiver located at a point of interest to be

surveyed In GPSonly singlebase RTKsurveying five satellites are required to

resolve the unknowns and initialize the suridhile adequatesatellite availability is

not as difficultto achieveasit was inthe early days of civilian GPS, situations such

as surveying in locations with obstructions such as urban centers, canyons, or forests

can still be challenging with limited visible satellites.

GNSS constellations are growing quickijhe U.S.GPS has miatained a full
constellation since 1995. GLONASS (GL@gveloped by Russiegached a full
constellation in 1995, experienced a decline in availabditgthen has maintained a
full constellation since 2011. Various regional systems baea developedut it
was not until 2011 when Galileo (GAEuropeahand BeiDou Navigation Satellite
System (BD$SChinesg first launched satetks for global system#n June 2019
Galileoand BeiDou hae 22 and®1 globally operational satellitegespectively(in
addition to the 12 regionky operationaBDS satellites). Both systeméntend to have
full constellations by 2020.

Becauséhe global availability of thesgystems have only recently become
operational, there are few published works evaluating roaftgellation GNSS
beyond GPS+GLOparticularly within the North American RegioMost of the
available studiesonsidering3+ constellations evaluate precision not accuracy,
locations only withminimal tolow obstruction, or data collected before constelkegio
wereglobally accessible with a sufficient number of satellies., these studies used
the regional satellites)



The primary objective of this study is to evaluate the impacts of-cwiitellation
RTK GNSS under varying overhead conditioiiem low to severe obstruction under
forested conditionat a site in North Americashere these systems have only been
available for a short tim& o achieve this objective, we compare different GNSS
constellation combinations and quantify thei(dprovementsn survey productivity,

(2) influence orcoordinate accuracy, and (3) validity of receiestimated precision

To achieve these research objectives, a tesivageestablisheih the western United
States ahearly45° north latitude. The site consist620 stations under a variety of
obstruction conditionsp to 87.5% obstructed skyredominatelyesulting from
evergreen and deciduous trees. $imglebaseRTK GNSS survey comparddur
constellation combinationg éblel): (1) GPSonly, (2) GPS+GLO, (3)
GPS+GAL+BDS, and (4) GPS+GLO+GAL+BD®bservations under each
combination were completed within minutes of one another to ensure that observed

differences did not result from significantly different satellitefgumrations.

Tablel. Constellation combinations used in RTK testing.

Number of Constellations| GPS GLONASS (GL( Galileo (GAL) BeiDou (BDS)
4 X X X
X X

X

X X X X

3
2
1

In order toinvestigate survey productivity withe different combinations, we
evaluated the proportion epochswith fixed integer ambiguiticompared withotal
epochswherean epoch is each one second observalioorderto assessoordinate
accuracy, we derived reference coordinates from a lgaates adjustment of static
GNSS and total station observatiomfe reference coordinates weliferenced
from each epoch of RTK survey coordinates to estimate accuracy of each

observationTheseestimated accuraciegere then compared to receivastimaed
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precisions, which many GNSS usé@sdsomemanufacturersinistakeas a measure

of estimated accuracy.

2. Background

GNSS is useful for positioning at a global scale; however, local corrections are
required to achieve accurate and precise coordifatéSS observations can be
collected using static or kinematic positionteghniquesSystematic errors such as
clock differences andimospheric effects in the ionosphere and troposphere affect the
travel time between the satellites and the rover andatfest the quality of
positioning. These observations carcberected using relative positioniog precise
point positioning (PPREchniques as well as others that are less relevant to this
study.Static GNSS positioning typicallequires20 minute tanultiple-hour
occupations and pagrocessing to achiewdesiredprecision. Posprocessing utilizes
relative positioning or precise point positioning to achievetormntlevel precision
(Jamieson and Gilis 2018; Van Sickle 201%) the resulting coordinates. GR8ly
static observations require a minimum of 4 satellites to resolve unkndans
implementother configurationgpneto two additional satelliteper additional
constellatiorareneededo resdve unknownsand clock biasewithout introducing
additional assumption&ach manufacturer handles the additional satelhitéise

final solutionwith different techniques.

Kinematic GNSS positioning can be corrected in real aswevell as through pts
processing methods if the individual satellite observations are logged (e.g., RINEX
file). RTK GNSSordinarily consists of occupations ranging from 1 second to 10
minutes in durations, with relative positioning corrections obtained iftirealfrom

a ase statiosetupat a known poin{singlebase). RTK canalsobe completed

within a network where corrections are interpolated from a netwonkenmanent,
continuously operating base statioR®P techniques can also be applied in real time
to kinematc GNSS positioningvVan Sickle 2015)In relative positioning corrections



are computed based onrrectingthe observed positions of the base tditewn
position whereasin PPP corrections are computed entirely by moddtiog a
network of reference stationslthough PPP is being utilized more and more and the
subjectof much current research sitibstanally lesspopularcompared wittRTK in

the surveying engineering community.

Network RTK is generally more accurate and precise than diragle RTK

(Allahyari et al. 2018; Weaver et al. 2018jowevermany real time networks have
not yet made mukGNSSavailable includingwithin our study arealn June 2019

only 90% ofthe localOregon Reatime GNSS Network (ORGN) base stations have
GLONASS enabledOregon Department of Transportation 20i8addition to GPS;
however, Galileo and BeiDou are not éahble within this networkAs a result,
singlebase RTK wasequisitefor this studyAs a result, a key motivation behind this
study was tdelp inform network RTKoroviders such as the ORGNoffering multi-
constellation corrections beyond GPS+GWw0uld beworth pursuindurther, given

the financial implications associated with upgrades

As stated previouslyniGPSonly singlebase RTK, five satellites are required to
resolve the unknowrend achieve lutionwith fixed integer ambiguitieierein
termeda 0 f i x e.dOnstotiaadditional satellite per additional GNSS
constellatiorareneeded for a mulGNSS surveyln other wordswithout
introducing additional assumptiorssminimum ofeight satellites are required to
resolve unknowns the case of fouconstellation RTK. Nowadays, thigiantity of
satellitess readily achievable in low obstruction conditions, but becomes more
difficult under higher obstruction in forested or urban environm@fas Sickle
2015)

Fortunately, as more GNSfpproach full global constellations, many more satellites

are available (Figure 1jvhich improvesatdlite geometry Both the United States
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GPS and Russian GLONASS reached full constellations in 1995. GPS has maintained
a constellation ohpproximately81 satellites since that time. GLONASS experienced
a decline in availability, but has maintained a celfetion of about 24 satellites since
2011. Regional systems include the Japanese QZSS, Indian IRNSS/NavIC, and
Chinese Compass (now part of BeiDou). In 2Qké&FEuropean Union Galileo and

the Chinese BeiDou first launched satellites with the intentachdull constellations
by 2020. Galileo has added 14 satellites since 2015 to reach a total of 22 currently
available satellites. BeiDou has added 18 globally orbiting satellites since 2016
reachinga total of 21 currently available globally orbitingedtes. These numbers

do not include the 12 regionally available BeiDou satellkggurel shows the

number of globally orbiting satellites vergheirlaunch datgincluding only

satellites operational at the time of writifgote that satelliteeequire months to

years for testing before they areailable forcivilian use. For context, the total
number of available satellites duritige survey completed in this stuftgm the four

constellations ranged from 22 to 34, with anximum of 7 available GPS satellites.

25

Galileo BDS

20

15

10

Satellites in Global Orbit

0
2010 2011 2012 2012 2013 2014 2014 2015 2016 2017 2017 2018 2019 2019

Satellite Launch Date

Figurel. Galileo and BeiDou number of satellites in global orbits over, tinobuding only
satellites operational at the time of writing



2.1Previous Efforts Evaluating MultiConstellaton GNSS

To date, there are sevestiidies investigatg the addition of GLONASS to GPS

using different techniques to support varyagplicationsHowever, here are limited
studies available that investigate field performance of three or more conmtsliaii

a global scale, mostly because the systeave not been available until recently in
many locales (e.g., North Americ&otably, there are published studies that evaluate
results of three constellations in the ABacific region due to relativelgng-term
regional availability of BeiDou. The following section briefly summarittexse

studiesthat aremost comparable to our objectives.

Jamieson and Gillins (2018) evaluated pmrstcessing static observations of

durations 2 to 10 hours with GRf8ly and GPS+GLO. The investigators found the
addition of GLONASS reduced horizontal and vertical RMS values in the majority
of, but not all, cases. Overall, the addition of GLONASS reduced horizontal RMS
values by 17% and 36% in minimal and moderate multipg environments,
respectively. However, pegrocessing static occupations of 2 to 10 hours in duration
can be less sensitive to multipath as the satellite geometries change throughout the
observations. In regime GNSS, occupations are short in dunatand would have
effectively the same constellation throughout the occupation. Further, RTK data is
limited in reprocessing should an error occur. Redundant observations are often
necessary to identify bad coordinates, which can reduce the efficieriey fosltl

survey.

Generally, in a dudirequency network RTK GNSS survey, the addition of
GLONASS satellites has been found to significantly improve fixed solution
availability (i.e. survey productivity) and only slightly improve solution
accuracy/precisn (Allahyari et al. 2018; Penna et 2012) Similarly, Weaver et al.
(2018)found RTK network vertical accuracies improved 19% with the addition of
GLONASS observables to GRfaly, in locales in the United States. Alternatively,



Martin and McGoverr§2012)observedo significant differencevere observewith
the addition of GLONASS observals to network RTKrom their study completed

in Ireland.

Studies using regionally available BeiDou satellites for sthglee RTK surveys have
found improvements to solution fix rates and position precision when used in addition
to GPS(Deng et al. 2014; Msaewe et al. 2017; Xi et al. 20X8et al. (2018)

specifically found that the addition of BeiDou to GPS improved precision {3026

Li et al. (2015)presented a forronstellation reatime precise point positioning

model using GPS, GLONASS, Galileo, and BeiDou (regional and global). They
tested the mod@nd found the fouconstellation scenario to reduce titeefix by

70% and improve accuracy by 25% as compared to @GRS

Odolinski et al(2015)evaluated singkérequency, singkbaseline RTK using GPS,
Galileo, BeiDou, and QZSS in Australia. The investigators used high cut off angles
up to 40° to simulate urban canyons. They found that the additional constellations
significantly reduced the time to obtain a fixed solution, allowed the use of higher
cutoff angles, and improved coordinate precision. Additionally, the investigators
noted that while correctly fixed positions have errors atrliémeter-centimeter

levd, incorrectly fixed positions can have errors at the decinmatder level that can

be significantly worse than float solutiori@dolinski and Deny§2015)found similar
results in New Zealand using muftequency singldaseline RTK with GPS,

Galileo, BeiDou, and QZSS up to 25° elevationafitangles.

In a network RTK GNSS survelRenna et al2012)found receiver estimated

coordinate quality to generally correspond to actual accuracy, but GPS+GLONASS
coordinate quality values were slightly optimistmmpared to those from GRfly.

They observed marks under a variety of overhead conditions in an urban area, ranging



from low obstruction to urban canyon using surgegde receivers from well

established manufacturers popular among traditional surveyors

This studyexpandsipon these prior works by focusing globally available satellites
andworking under severéevels ofnatural obstructions, with shpsingle baseline
RTK at roughly 45 north latituden North AmericaNotably, many of the above
studies occur in urban areas or areas withimal tolow obstruction. This study
determinsif these findings of improved survey productivity and coordinate accuracy
remain true at higher levels of obstruction and within North Amerg#ther
uniqueaspet to this research is the usetwb receivers to one antenmmabling a
more efficient survey to directlyompake constellationgvith consistent satellite
geometry While splitting the antenna signalevitablyresulsin somesignal loss,
each receiveis impacted similarlyhencethe raw accuracy may tsightly

impacted, but the comparison of accuracies is still vale. receivers used in this
study are popular within the GIS community and advertised as sgraeg but have
not been widely testedithin the surveying community. Lastlytusliesperforming
extensive field surveywith 3+ constellatioaunder different obstruction conditions
aregenerallypublishedbetweer2012 and2015 however many satellitebave been

added to Galileo and BeiDoinsethat time

3. Test Site

We set up a test site in Western Oregon comprised of 20 stedlatigely closely
spacedvithin an approximate area 820 mx 90 m (20,000 rf). Although relatively
smallin areathe degree of obstruction varies substaytetross the siteThe

stations consisted of predominately survey magnails set in tree roots and sidewalks
under a wide range of obstruction conditions. The obstruatiotisrpredominantly

from trees, consisting of evergreen and deciduous trees oligasipes. Stations were
numbered based on the order of acquisition during RTK GNSS data collection,

approximately counteclockwise.
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Figure 2providesa map of the site showing the stations identified by their obstruction
category. Note that the sateadlimagery in Figure 2ontainsmore vegetation than
waspresent during RTK data collection given that the survey was completed in the
winter monthgluringleaf off conditions. However, becauSetions 3, 12, 13, and 14

are predominantly obstructed by eyexen trees, the conditions at those stations

would be moreonsistent with the base photograph. For other stations, the
obstructions typically result from deciduous trees, so they would be expected to have

fewerobstructions compared with the base phapbr

Legend

A Low obstruction
O  Moderate obstruction
$%  High obstruction

B  Severe obstruction

Figure2. Map of project sitewith stationddentified by obstruction category.

3.1 Characterizing Obstructions

Zenith photgrapts were acquireduring the same week of the RTK survey (leéf

conditions)to characterde the magnitude of obstruction at each staflancapture
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these photographs,digital SLR camera with a fisheye lens vatachedo a 2m

fixed height pole using a custom moygetg., Figure 3)The 2m pole was rotated so
the top of the photograph wiolpoint atapproximately true north, and the lens focus
was set to infinity.

Figure3. Obstrudion photo occupying Station 3.

We analyzedeach zenith photraph usingskyplottera custom Java application,
which creates vidiility plots by correcting the distorted fisheye photo, drawing
concentric circles to show vertical angle (from horizon to zenith in 15° increments),
and drawing azimuth lines at 30° incremefisyplotteralsocalculats the percent of
open sky within a @mispherical photograph from the point of observation from each
station. Next, the stations were classified by percent of sky obstructed based on
natural groupings. This resulted in four categories: low (<50%), modera62¢6h

high (6875%), and severg>78%). The resulting visibility plots are shown in Figures
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4 through 7, grouped by obstruction category. It should be notedé¢Haiund that
SkyPlottererroneously classified some cloud cover as obstruction under the default
settings used, increasingetpercent obstruction at low and moderate obstruction
stationsin an absolute sensdowever, #d of the photgraphswerecapturedwithin a
1-hour period, seloud cover conditions were more or less consistent between

stations.

While theestimate opercent of obstructions cannot fully capture the actual field
conditions in an absolute sense, it does provide a relative representative metric for
grouping stations by visibility at the stations. Other factors, such as the satellite
geometry at the time of stey, play an important role in satellite availability. As an
example, Stations 6 and 15 have similar percentages of obstructed sky, but notably
different conditions in the field. Station 6 is located approximately 1 meter from a
tree and has obstructionseattly overhead. In contrast, Station 15 is alioateters

from the nearest trebas open sky directly overheadd hasobstructions

concentrated mostiy the sideFurther as will be shown latethe classification

system based on the visibility plot&s consistent with field observations of
obstruction and its effect on the productivity of the survey, wisielvidenced by the
percent of fixed epochs obtained at the stations.

Low obstruction station@~igure4) have a percerof obstructed sky less than 50%
andposed little to no difficulty in achieving a fixed solution & constellation
combinationsAlthough classified as low obstruction, Stations 1, 19, and 20 were

more susceptible to multipath compared to the otlagioss due to vehicles parking
nearby. Additionally, Station 20 is located close to a small deciduous tree that extends
over the top of the station. That being said, the RTK survey field crew did not notice
any reduction in fixed solutions at these statiaa compared to other low obstruction
stations. Subsequently, Stations 1, 19, and 20 were left grouped thighiow

obstruction category.
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Moderate obstruction statiofSigure5) have a percent of obstructed sky between
56% and61% andshowed some difficulties with achieving adtk solutiorfor the
GPSonly configuration however, other constellation combinations regularly
achieved a fixed solution. High obstruction statiffigure6) have percent of
obgructed sky between 68% and 74% g@oded difficulty for all constellation
combinations; however, every combination achievededfsolutionateach ofthese
stations asome point during the surveSeverely obstructed statioriSqure?7) have
a percent of obstructed sky greater than 79%. At severely obstructed stafiioed, a
solution was extremely difficult to obtafar any constellation combination; GPS
only (1) and GPS+GLO (2) achievedly oneand twofixed occupation resgctively

on any of the seveleobstructedstations.
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Station 01

Station 02

w

Station 16

Station 19 Station 20

Figure4. Hemispherical visibility plots of stations with low obstructions. The circles shown
are 15° vertical angle increments from the top of the fixed height tripodchrségtion.
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Station 08 Station03 Station 15

Figure5. Hemispherical visibility plots of stations withoderateobstructions. The circles
shown are 15° vertical angle increments from the top of the fixed height tripod on each
station.
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Station11

Figure6. Hemispherical visibility plots of stations wittigh obstructions. The circles shown
are 15° vertical angle increments from the top of the fixed height tripod on each station.

Station 12 Station13 Station 14

Figure7. Hemispherical visibilig plots of stations with sever@bstructions. The circles
shown are 15° vertical angle increments from the top of the fixed height tripod on each
station.
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4. Finding Ground Truth

4.1 Total Station Survey

Total station surveys usileicpa3G0GRA22ca TS15p
prism target were performed poovidelocal precision and accuracy. The instruments

were adjusted by a Leica Geosystems certified service center and checked by the

author prior to survey. For efficiency, a Leica CS15 controller wastosenotely

control the total station. Each station was observed from at least three independent

total station setups, with the goal of observing each station from five setups. At one

setup per total station survey day, direct and reverse measurementakesrto

ensure agreement. The total station was set to average three measurements per
observationresultingin an average of six observations (each of these averaged from

3 measurements) on each station, ranging from 3 to 11 different observations per

station.

4.2 Static GNSS Survey

The static GNSS survey consisted of three sessions of an averagewt4er

session on five stations (Stations 1, 2, 8, 15, 17) in the study site. These stations were
selected to balance overhead visibility of theéistes with the overall network

geometry. Static GNSS observations were collected using five Leica GS14 combined
antenna/receivers mounted oimZixed height tripods (Figure 8). The fixéeight

tripod level bubbles were checked for calibration prior & U$e field crews

targeted three,-Bour sessions; however, in these three sessions the average
overlapping observation duration was approximately 4.4 hours (3.5, 5, and 4.75
hours) due to battery life and other issues. GPS, GLONASS, and Gdigeosatns

wereall logged within the static data.
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Figure8. Example potograph of a static GNSS setwjth the equipment used in this study
(Note this photograph was acquired at different figie)

Static GNSS observations weréatitted toboth OPUSstaticand Trimble

CenterPoint RTX Pod®rocessing Servic@ rimbleRTX. Both are welbased static
GNSS posprocessing tools that require minimal user inputlzanke been shown to
perform similarly at observation durations greatentBdours (Jamieson and Gillins
2018). These pogirocessing tools were selected amongst other options because of
their differences in processing technigues, available GNSS constellations, amal built
coordinate systemQPUSstaticapplies relative posdning to GPSonly

observations greater than 2 hours in duratidmereasTrimbleRTXapplies Precise
Point Positioning to GPS, GLONASS, Galileo, BeiDou, and QZSS observations with
no minimum duration (but suggestobservations greater than 1 hour). Bsghvices

can provide coordinates in NAD83(2011) epoch 2C1lth@rtunatelyhowever
TrimbleRTXimplements a global tectonic model and does not fully capture local
tectonic plate motiorso theresulting coordinateserecorrectedo account for plate
motion using the National Geodetic Survey (NG®)rizontal TimeDependent
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Positioningtool, HTDP. This correction is on the order @109 mhorizontally and

0.01 m vertically.

For an initialinvestigation otcoordinate quality, the solution details wereraxged

and the coordinates provided GpPUSstaticandTrimbleRTXwere compared.

Notably, one observation from Station 1 triggered an error code and would not
process irOPUSstatic Five of the 14DPUSstaticsolutions used less than 50% of
observationsall from Stations 8 and 15. Six solutions had less than 80% fixed integer
ambiguities (3 from Station 8, 2 from Station 15, and 1 from stationTtifbleRTX
reported standard deviations greater than the 0.015 m threshold for the 2D horizontal
component b7 solutions (3 solutions each from Stations 8 and 15, and 1 solution
from Station 02)All OPUSstaticandTrimbleRTXsolutions(HTDP corrected) agree
within a maximum 00.05m horizontally and 0.0& vertically. (The average

difference was 0.02 m hiaontally and 0.0In vertically.)

The base station used for the RTK sureemgsists ofr permanent fixture operated by
Discovery Management Group. An independent static GNSS survey performed
during the establishmenf this base station included threat®ns (Stations 1, 16,

18) in the study site. Static GNSS observations at these stations and the base were
adjusted iMOPUSprojectsto determinghe final base position with reported
coordinate uncertaintief 0.001 m horizontally and 0.003 to 0.004vettically

(relative to ellipsoid height)

4.3 Adjustment

A least squares adjustment was performed ugiicgoSurvey StarNewith the static
GNSS coordinates, static GNSS baselines, and total station observations. Static
GNSS coordinates were initialyeighted with the uncertainties stated in their
respectivéDPUSstatic TrimbleRTX andOPUS projectsbaselinesolutions.Note

that n the final adjustment, GNSS coordinate weights were statgtbr, as

discussed belowto account for overly optimisticsimates of accuragqiKashani et
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al. 2004; Weaver et al. 2018tatic GNSS baselines were weighted with their
covariance matrice3he instrument uncertainties were initially set according to
manufacturer specificatien Other uncertainties for each component were adjusted
slightly to bring the error factors closeunity (1.0) to satisfy the chsquared test at
95% confidence after r e maearanitysigrifiesaatt | i er s .
the residuals of inpudata approximately equtide formally propagate@rrorsfrom

the stochastic model.

In thefinal adjustment, th©PUSstatic TrimbleRTXandOPUSprojectscoordinate
uncertainties were scaled by 5 to improve consistbetyeen them and the network
bringing the coordinate error factor to 0.93Recall that approximately half of both
OPUSstaticandTrimbleRTXsolutions had quality indicators indicating poor
solution quality hencethese quality indicatorsstimated by OPU8nd Trimblewere
not necessdyi fully represented by their estimated uncertainfidee OPUSprojects
solutions had extremely smé&#ind unrealisticgstimated standard deviatioffiew

mm) that needed to be scaled up toafith the repeated total station measurements.
Despite this saling, the overall uncertainties of tPUSprojectswere still smaller
thanthe OPUSstaticand TrimbleRTXuncertaintiesThis strategypurposely assigns
greatemweightto the OPUSprojectssolutions becaughe rover RTK positionare

all directly linked to theRTK base positionOur reasoning for this strategy was
avoid introducinga bias by shifting global coordinates based on other sources.
However theOPUSstaticandTrimbleRTXcoordinatedelpedconfirm the validity

of theOPUS-projectscoordindes given that those were completegkar prior to the

study survey

Table2 summarizes estimated instrument errors as used in the adjustment. Total
station observation uncertainties were setgimanufacturer specificatiorsd

centering errors were adjusted to account for-ugerduced uncertainties. The total
station angles, distances, and elevation diffees had error factors of 0.913, 1.082,

and 1.032Zespectively. Raw static GNSS baselines were imported and weigithed



20

their covariance matrice$he computedsNSS baseline uncertainties were scaled by
40 (Kashani et al. 2004nd given a centering error of 0.0005athieve an error

factor of 0.986 The overall errordctor of theadjustment is 0.99Wwhichis centered
within the chisquared test lower and upper bounds of D&% 1.03 at 95%
confidence Thisindicates that the adjustment is a valid adjustment when compared

against the stochastic model.

Table2. Estimated instrument errors used in least squares adjustment

System Parameter Value

Total station Distance* 0.0020 m + 0.002 ppm
Elevation difference* 0.0020 m + 0.002 ppm
Angle* 1 second
Target horizontal and vertical centering error  0.0019m

GNSS GPS error scaling factor 40.0
GPS centering error 0.0005 m

*denotesvalues are based on manufacturer specifications.

Outliers were considered as a measurement with a ratio of the observation residual to
the propagatecrror estimatgreater than 3.0similar to a 3sigma test. The

adjustment revealed a relatively low number of outliers given the amount of input
data. Of the 117 total station observations, only 7 were removed as outliers. Of the
216 GNSS baselines, only 4 were removedudkers. Of the 32 sets of coordinates,

none were removed as outliers.

At 95% confidence, the final adjusted coordinates have estimated horizontal
uncertainties ranging from 0.007 m to 0.0tXnd vertical uncertaintiese{ative to
ellipsoid height) raging from 0019 to 0.02Im. True global uncertaintiagould be
expected to be larger and would propagdim theinitial static GNSSoordinate

uncertainties.
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5. RTK GNSS Survey

5.1Field Work

The RTK surveywas completed during a one week period in Jan2@i®. All RTK
measurements were referencea toiple frequency bassation consisting of an EOS
Arrow Gold recever and Hemisphere A45 anteniiae base station wéscated
approximately 5.7 km from the project sitevd@ custompole setupswere utilized as

rovers Each setup had two EOS Arrow Gold receivers connected to one Hemisphere
A45 antenna via cable splitter, mounted onra fixed-height pole with bipod legs.

Each receiver connects using @S Tools Prapp via Bluetooth to an Android

device ad data logging is controlled ByNSS Loggeapp.

Each receiver was set to a different constellation combination to evaluate four
scenarios likely to be used. The configurations are as follows: (1JOBRS(2)
GPS+GLO, (3) GPS+GAL+BDS, and (4) GPS+GL@&AL+BDS. For simplicity,
throughout the remainder of this paper, we will refer to these scenarios by the number
of constellations used in that survey. Notably, other combinations could be used to
achieve the same total number of constellatfonsonfigumations (1) to (3)but these
were selected based on common configuratisesl for GNSS surveys North

America Configurations (1) and (2) were chosen because many previous studies
assess the impact of GLONASS in addition to GPS satehitase, theserovide a
baseline othe common approaches used today in North America by most surveyors
Configuration(3) was specifically chosen to utilize only CDMA systeansl assess

the impact of that difference in signal structi@enfiguration (4)uses dlfour

available GNS®onstellationghat are availableo capture the upper bound of using

all of the systems

Throughout the five RTK survey daybetnumber of satellitassed by the (4)
constellation configuratioranged from 19 to 38cross the occupationdserved

The number of satellites used by the (4) constellation receivéanuary 3, 2019 is
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indicative of typical conditions throughout the survEig(re 9. For reference hie

total number ofheoreticallyavailable satellites during the RTK surniiegm the four
constellations ranged from 22 to 34, with a minimum of 7 available GPS satellites.
Given that the data are plotted hourly, the appareatuiypt decrease in available
satellites shown in the middle of the dastuallyresulted from &low decease in

available satelliteand coincided with anidday break in the field work.

35
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Time on January 03, 2019

Figure9. Example ofsatellite availability during RTK survey, shown in local time on January
03, 2019.

One RTK setup collected configuratiofly and (3) simultaneously. The other RTK

setup collected configurations (2) and (4) simultaneously. Two people operated these

setups so that one setup of configurations could be observed immediately after the

other. The occupations for each of the 4 corations occurred close together and

had very similar satellite conditions. Across 5 days in January 2019, over 100,000

epochs of RTK GNSS data were collected, resulting in approximately 14 occupations

per station per setup in the survey. Each stationosaspied for 30 seconds if the
solution was Afix06 and 180 seconds (3 minu
the station. A longer occupation time was used for float solutions to provide

opportunity for the receiver to achieve a fixed solutiowels as maintain a
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consistent time to wait for a fixed solutioh similar strategy is common amongst

Surveyors.

5.2 Equipment Testing

To determine if there were any equipmearid operatebased biagn a preliminary
surveyprior to the main RTK survegampaign, we set all of the receivers to observe
4 constellations and occupied each station twice for 30s with each RTK setup. Each
of these coordinates was differenced from the reference coordinates, and then we
computed the minimum, maximum, range, meanry standard deviation of these
residuals for each receiver. We computed these statistics for stations grouped by

obstruction category and for all stations combined.

Statistics for the 2D residuals grouped low to high obstructimtations are
represatative of the general trends seen for 2D and 3D residbel®rely obstructed
stations were excluded from the statistics reported here because those stations are
prone to extreme outliers aade not representative of comparative equipment
performance. bw, moderate, and high obstruction stations were all incltmled

provide a sufficient number abservations to compare.

For low to high obsuctionstations, three dhefour receivers had mean horizontal
residuals between 0.034 and 0.04@nd standardeviations between 0.082 and

0.1 m. The fourth receiver, however, had a mean horizontal residual ofi.065

and standard deviation of 0.135 m. This receiver consistently used a lower number of
BeiDou satellites than other receivers during this tesa fesult, it was purposefully
chosen to be used foombination (1\GPSonly and appeared to operate as expected
under GPSnly conditions.
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Overall, based on this analysis, we found no reason to believe the different antennas,
receivers, android deviceand equipment operators have any impact on the final

coordinates.

5.3 Outlier Removal

In order to most clearly represent the differences between constellations, we did not
rigorously remove outliers. The rationale for thecisionis that without the

numerous repeat occupations we perforingtlis extensive surveyhe typical user
performing an ordinary surveyould have no way of knowing an occupation may be
erroneous based on the information provided in the field to the operator. Only outliers
with problems visible tor easily deduced by typical usersuch as thostnat were

likely the result of misnamed statigmgere removed.

To remove misnamed stations, we disregarded fixed epochs with horizontal residuals
greater than 4 meters. Stationstitbugh 14 are each about 5 meters apart. Four
meters was chosen given the high and severe obstruction conditions at those stations,
likely resulting in larger positioning errors. Epochs with receagtimated horizontal
uncertainties greater than 0.15ware disregarded. Finally, any observations with

less than 5 satellites use@re disregardeds a proper RTK solution requires a

minimum of 5 satellites. In total, these analyses resulted in 1.7% of fixed epochs
collected (776 of 46,567) being consiel@outliers. All of the removed epochs were
labeled as observations collected on Stations 10 through bd waiich werehigh

and severe obstruction stations.

6. Results and Discussion

In order to evaluate the impacts of mutinstellation RTK GNSS, weomputed the
percent of fixed observations, coordinate residuals, RMS values, standard deviations,
and bias. Other analyses quantify the relationship between positional accuracy and

receiverestimated precisioftnless otherwise noted, all statistics amatphre based
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onresiduals foeach singlepoch (isecondpbserved, where each occupation

consisted 0B0-secondgepochs)r morein observation length

6.1 SurveyProductivity

To assess productivity impacts from the additional constellations, thenpeifdixed
observations for each constellation scenario were computed for each station as well as
for each obstruction category. The percent of fixed solutions is a good indicator of
conditions encountered in the field when performing RTK surveys asd, fiot

float, solution is a standard practice in engineering surveying Wakke3 shows the
percent of fixed epochs by obstruction category for each constellation combination.
The percent of fixed epochs by station are avalabthe AppendixFigure 10 shows

the percent of fixed epochs versus obstruction category for each constellation
combination. Note that these values represent the number of fixed epochs and not the
number of fixed occupations, since observations were fb8@®at solutions and 30s

for fix solutions. Despite thidiscrepancyuseful trends are still shown.

At low obstruction stations, the percent of fixed epochs is similar for all constellation
scenarios. However, as obstructions increase, thereaamabanefit to additional
constellations to obtain fixed solutions. At high obstruction stations, (2) GPS+GLO
had 20.9% fixed epochs while (3) and (4) constellations had over 70% fixed epochs.
At severe obstruction stations, (2) GPS+GLO and (1)-Gi$eah achieved one

fixed observation with 0.6% and 2.4% fixed epochs, respectively; In contrast, (3) and
(4) constellations performed similar to one another with 21.5% and 24.4% fixed
epochs, respectiveloving forward, it is important to keep mindtheseimited

sample sizes, particularly relative to the number of occupations
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Figure10. Percent of fixed epochs versus obstruction category for each constellation
combination.

Table3. Number of total andixed epochs for each obstruction category and constellation
combination.

GPS-ONLY GPS+GLO GPS+GAL+BDS GPS+GLO+GAL+BDS

Obstruction n n % n n % n n % n n %
(total)  (fixed) fixed | (total) (fixed) fixed | (total) (fixed) fixed | (total) (fixed) fixed
Low 3257 3223 99.0 | 3246 3246 100.0 | 2917 2738 939 | 4297 4297 100.0

Moderate | 4787 2583 54.0 | 3353 2815 84.0 | 3841 3545 923 | 4573 4335 9438
High 8065 1206 15.0 | 7786 1628 209 | 6343 4462 70.3 | 8009 7309 913
Severe 5575 32 0.6 7724 188 2.4 6279 1351 21.5 | 11598 2833 244

The raw percent of fixed epochibneis not entirely indicative of productivity
because an erroneofised solutionwould not be usefutheoccupationwould need
to be repeatedesulting in a far less productive survéythorough discussion of
coordinde accuracy iprovided inthe next sectiorhowever for the context of
productivity, Figure11 shows the percent of fixed solutions with horizontal and
vertical residuals less th@&nl5, 0.10, and 0.05.rmVhile Figure10 shows the



27

productivity a typical user would experience in the fi€ldurell represents a more

realistic quantification oproductivityof the survey.

In contrast tdrigure 10, Figurel1 shows that (3) and (4) constellations are not
always the most productive. The user may be more likedptaina fixed solution
with the additional satlites as shown in Figure 10; howewviiat solution is not
necessarily more likely to be within acceptable accuracy ragsisown in Figure

11. Although dl constellation combinations perform similarly at low and moderate
obstruction both horizontallgnd vertically a high and severe obstructitevels(4)
constellations is most productif@ horizontal positioningAt high obstruction, (2)
and (3) constellations perform similarly in the horizontal direction, with-Giit$
being significantly lessrpductive. In the vertical direction, the constellation
combinationgyenerallyperform similarly for all obstruction categoridgotably,
however GPS+GLO (2) is somewhat more productive at high obstruction stations
and(3) and (4) constellations are somtgt more productive at severe obstruction

stations.
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Figurell. Percent of fixed epochs with horizontal amdtical residual less than 0.15, 0,1
and 0.05meters.





































































