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A d-tirne bernatic GPS systern has been developed which achieves decimetre (with a 

fioating ambiguity soiution) and centïmetre (with a nxed integer ambiguity solution) 

d e s  in real-time at a 1 IL upàate rate. Based on a double di&rence fioating 

ambiguity algorithm and a fhst integer ambigu@ seanh filter @WF), the system resolves 

integer ambiguities ifpossible, or othetnrjse uses a floatïng arnbiguity solution. The systern 

ùiteptes two L1 CIA code NovAtel GPSCarP receivers (or two NovAteI OEM 

sensors), two portable cornputers and a pair of radio data transceivers. Camer phase and 

pseudorange observations, as well as their wrresponding corrections as defined by RTCM 

SC-104 types 18-21 are used for data communication- Pdonnance of this systern was 

evaluated by conducting both static 

acairacies were achieved for precision 

testing results. 

and kinematic tests- Decimetre 

fiunhg and kinematic sunreying 

and centimetre 

respeaively, in 
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NOTATIONS 

i)  Conventions 

(a) Matrices are uppercase and bold 

(b) Vectors an Iowa case and bold 

(c) The operators are defined as: 

singie dierence between receivm 

single difference between satefites 

derivation with respect to the  

Kalman prediction 

Kalman update 

matrut transpose 

ma& inverse 

is a bction of 

is an estimated value 
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AQ-PO- 

U A  Code 

DGPS 

ECEF 

FAA 

FARA 

FASF 

FDIR 

GPS 

IS A 

LADGPS 
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OTF 

P Code 

PDOP 

PRN 

RTK 

RMS 

Asti-Spoonag 

An F M  Radio Company in North America 

Clear/Acquisition Code 

Differemîial GPS 

Easth-Centd-Earth-Fked 

Federai Aviation Administration 

Fast Arnbiguity Resolution Approach 

Fast Ambiguity Search Filter 

Fadt Detection, Identification and Remvery 

Global Pontioning Systm 

Industrial Standard Architecture 

Local Area DXerentiai GPS 

Minimal DetectabIe Biases 

Onginai Equipment Manufkturer 

On The Fiy 

Precise Code 

Position Dilution of Precision 

Pseudo Random Noise 

Real-Tirne Kinematic 

Root Mean Square 

XÜÏ 



RTCM Radio Technid Commission for Marine Semices 

SA Sel estive Availabiiity 

WAAS Wide Area Augmentation System 

WADGPS Wide Area Diff&d GPS 

WGS-84 Wodd Geodetic System 1984 



CHAPTlCR ONE 

INTRODUCTION 

1.1 Background and Objedive 

The Navstar Global Positionhg System (GPS) is an advanced navigation satellite system 

for the determination of position, velocity and tirne. It can provide three-dimensional 

positionhg on a global basis, independent of weather, 24 houn p a  day. GPS has been 

under development in the US since 1973 and origuially firnctioned as a solely rnilitary 

system. The use of GPS is expanding rapidly in the cidian community due to decreashg 

in recciver costs &achapeUe, 19951. The current US govemment bas stated that 

commercial users wili continue to have access to GPS services without charge and that its 

current pfactice of selective availability (SA) will be terminated within 10 years [Space 

News, 19961. - 

Many GPS applications require accufacies fkom several m m  to Iess than one metre, and 

they can be achitved by Diffetentiai GPS (DGPS) techniques [Abousalem, 19961. 

However, subnietre and even centirnetre-levei acwas, are required in many other 

applications, with some of these applications having rd-the  requirements: Le. 

construction suweys, dredging, hydrographie and seismic surveys, and a i r d  approach 

and landmg PTCM, 19941. These applications ail require that on-the-fly (OTF) ambiguity 
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searching techniques operate in rd-tirne. This is refmed to es real-time kinematic @TIC) 

GPS opaation The concept of reaI-tirne bematic GPS surveying was nrst descn'bed by 

Remondi 119853. Suicc then, sevcral methods have ken developed to conduct kinematic 

mrveying: i-e. semi-kinernatic GPS [Cannon, 19891 and pseudo-kinematic GPS w o n d i ,  

19881. Re!cent research has focused on OTF integer arnbiguity nsolution, and many 

methods have been developed for this purpose. 

Although kinernatic positionhg algorithms were developed early in the late 1980's. no 

integrated real-the kine-c systems were operational until 1993. A fÙUy integrated 

RTK system requues that GPS receivers are srnail, light-weight and need a low power 

supply. A moderate amount of computing power and data comrnwications are aiso 

necessaiy. AdditionaUy, the application of GPS to surveying and navigation was a mual 

process, requiring time for testing and verification [ W o m  et al., 19931. 

Several companies and organizations have developed Rn< systems during the past few 

years. Trimble developed a high precision real-the system usïng its 4000SUSSE GPS 

receivers [Grifnoen et al., 19931- This system outputs autonomous (single point) positions, 

double dserence phase floating ambiguity positions and double dEerence phase k e d  

integer arnbiguity positions (when the initialkation is completed and both receivers 

&tain simultaneous lock on at least 4 common satefites). Ashtech developed a real- 

t h e  B S  land surveying system based on its advanced 2-12 receivers and PNAVN 

software [Gefmd et al., 19951. Making use of Z-Trackingm technology, this system can 



measwe UA, Pl, and P2 pseudoranges, in addition to carrier phase observaiions, whether 

or not anti-spoOfhg (AS) is 0pera.g. The ambiguity search algorithm fixes carrier phase 

integer arnbi@es on-the-fly and generates centimetre levd epoch-by-epoch position 

solutions. Both single frequency and dual frcquency observations can be used to d v e  the 

ambiguities. If integer ambiguities cannot be fkd,  the system will output floating 

ambiguïty solutions. The US Anny Topographie Engineering Center W C )  and John E. 

Chance Associates, Inc. (JECA) developed a real&me OTF GPS positioning system for 

dredghg modge et al., 19953 which incorporates the OTF algorithm developed by 

Remondi [1991]. Centimetre ievel positioning aCCUTacy was achieved with this system, 

using dual fiequency Trimble 4000 SSE receivers, for baselines up to 25 km. NovAtelYs 

RT20nr is a high pefiomance fioating ambiguity differential positionhg package which 

promises to be as robua as a differential pseudorange systern with position results 

approaching accuracies on the order of those achievable with a fixed ambigwty single 

fiequency system Ford and Neumann, 19941. The basic algorithm uses a double 

merence floating ambiguity solution, based on carrier phase obsenmtions from NovAtel's 

C/A code GPS receiver (which uses Narrow Correlator technology Fenton et al, 19911). 

Test results for distances of 1-36 km demonstrate positioning acairacies of approximately 

20 centimetres, afker about 3 (10) minutes of static (kinematic) iniaalization. The newly 

released NovAtel's RT2 system is an expandeci RT20 to take advantage of the dual 

fiequency capability recentiy introduced by NovAtel ~ e u m a n n  et al., 19961. Test results 

show typical integer ambiguity remlution tïmes of about 1 minute on short baseline, and 

typical horizontal accuracies of  1 to 2 cm. As for long basehe, the accuracy and integer 



ambiguity remlution time are gradUany degradcd Severai other groups have dweloped 

and tested RTK systems which are not d e s c r i i  hereïn: McCaü [1994]; Kelly [1992]; 

Walsh a ai [1995]; Mathes and Giamiou [MM]; Dedes [1994]. 

The RTK GPS systems desaieci above are commercia1 systems and their prices are 

g e n d y  hi& In addition, the hardware and software are not easiIy adapted for various 

appfications. The objective of this research is to develop an alternate short range RTK 

DGPS system witch encompasses the foilowlig feaaies: 

(1) iower wst achieved by usïng single fiequency high pdocmance C/A code GPS 

receivers; 

(2) resolves integer ambiguies on-the-fly using a FASF aigorithrn; 

(3) outputs both double difference floating ambiguity positions and double merence 

fixeci integer ambiguity positions when appropriate; 

(4) transmits and processes raw carrier phase, pseudorange, and Doppler obsewations, 

or alternatively carnier phase and pseudorange corrections; 

(5)  use RTCM SC-104 recommended standards; 

(6) achieves centirnetre level accuracies if possible, othem*se decimetre level 

accufacies; 

(7) has high retiabiiity- 



Basic algorithms for the RTK GPS system are based on double diffaence floating and 

fimd integer ambiguity posia'oning solutions Various GPS positionhg techniques are 

introduced in Chapter Two, dong with a description of  the recent GPS positionhg 

methodologies. The algorithm for the floating ambiguity solution is then derived, using 

Kalman filtering and least squares estimation, in Chapter Three. Additionaliy, the basic 

concepts of the Fast Arnbiguity Search Fiter (FASF) [Chen and Lachapelle, 19941, as 

applicable to this RTK GPS system, are dso explaineci in Chapter Three. 

Chapter Four descria the data transmission procedure for the developed RIK GPS 

system. Algorithm for generating the carrier phase and pseudorange corrections are then 

derived. Simple data transmission formats defineci by the author during the development of 

the system are also introduced, and cornparisons are made with RTCM rypes 18-19 

formats in t e m  oftransmission efficiency. 

The hardware, software and system integraton are descri'bed in Chapter Five. Quality 

control methods used to improve the reiiabüity of the system are also descfl'bed in Chapter 

Six. Chapta Seven contains a description of static and kinematic tests of the RTK GPS 

system, the results of which are also presented. Fïualiy, conclusions and recommendations 

are presented in Chapter Eight. 



GPS P0SITI:ONING MODES 

The basic GPS observations are pseudoranges7 carrier phases and phase rates (Doppler). 

The basic observation equations for these observations are 

where P is the pseudorange observation (m), 

@ is the carrier phase obsemtion (m), 

& is the Doppler observation ( m s" ), 

A P  are the satellite-receiver geometric range and range rate, 

respectively (rn, m CX 

is the carrier wavelength (m cycle" ), 

is the canier phase Uiteger ambiguity (cycle), 

is the speed of light (m s-'), 



dt , 4 are the satellite clock enor and error drift, tespectiveLy 

(m, m S.' X 

d, , & are the receiver dock a o r  and aror driq respectively 

(m, m s-9, 

d,, dim are the ionosphaic delay and delay driq respectively 

(m, m s-' 1, 

dm, &op are the troposphenc delay and delay drift, respectively 

(m, m s-' 1. 

d,, d, is the orbital emor and error drift, respectively (rn, m s" ), 

and E is the measurement noise and multipath (m). 

In equations (2.1) and (2.2), the satellite-receiver geometric range is calculated as 

p = II + - rr 11, where rr is the unhwm ECEF position vestor of the receiver in 

WGS-84 and rs is the ECEF position vector of the satellite in WGS-84, and rs is 

caidated f?om parameters included in the satellite ephemens. The velocity of the receiver 

can be determineci fiom equation (2.3). in which the range nite is computeà as 

= Il is - ir 11 , where ir is the unknown velocïty veztor of the receiver and is is the 

velocity vector of the satellite, which can also be calwlated using the satellite ephemeris. 

The ionospheric delays in equations (2.1) and (2.2) are qua1 in magnitude, but opposite in 



sign. This property is often referred as code-carrier divergence [Hofmann-WeUenhof a al, 

19941. 

2.1 Point Positioning 

If only one GPS receiver is used to generate position results, the position and vetocity of 

the receiver can be solved by a least squares adjustment based on the observarion 

equation ghen in equation (2.1) (see Figure 2.1). This positioning technique is referred to 

as point positioning. Unknown parameters in this method consist of the three coordiate 

components of the receiver position vector rr and the receiver dock =or dT. At least 

four satefites are requid at each epoch for a unique or overdetermined soluàon since 

there are four unknown parameters. 

Figure 2.1: Point Positioning 



For point positioning, aiî m o t  sources are absorbeci by the position except the receiver 

clock aor,  whkh is treated as an unknown and reso1ved [Hofmann-Weilenhof et ai., 

1994; Wells et ai., 19861. The umesolved e m r  sources r d t  in a less acainite 

positioning solution. These mon  have b a n  quantifiai [Lachapelle, 19951: the normai 

satellite orbit emor d, is 5-10 m; the satellite clock error d, is -10 m; the SA e&ct on 

satellite orbit and clock is 5-80 rn; the ionospheric delay is 2-50 m and the troposptierïc 

delay is 2-30 m; and the pseudorange multipath and noise are 0.2-3 m and 0.1-3 m (1 a ), 

respdvely. With such error sources exisEng, the accuracy of pseudorange point 

positioning is over 100 m (2DRMS) when SA is on and broadcast ephemendes are used 

[Lachapelle, 19951. To achieve higher accufacies, differential GPS (DGPS) techniques 

mua be implemented. 

2.2 DGPS Positioning 

When two GPS receivers record obsewations fkom die same satellites hultaneously, the 

error sources can be reduced or eLiminated through dserentid calculations. In this 

positioning method, one receiver is set at a reference station whose coordinates are 

known. The other receiver is designated as '7he rover", whose coordinates are to be 

determined (see Figure 2.2). 



Figure 2.2: DGPS Positioaing 

Subtracting the observations at the reference station nom those at the rover, the single 

Merence observation equations are derived nom equations (2.1 ), (2.2) and (2.3) as 

where A = - is the single merence between receivers for a given 

satefite. 

In the single diierence equations, the sateUite dock error, d, , and its drift, d, , have 

been elirninated. Orbital error, as well as ionosphenc and tropospheric deiays, are reduced 
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to smd values (0.1 - 1 ppm for orbital anir, 1 - 2 ppm for S 4  0.2 - 0.4 ppm and 0.3 - 3 

ppm for ionosphmc and tropospheric de la^) Xthe distance between the raerence station 

and the rover is l e s  than 200 km [Abousalem, 1996]. Due to diflciculties in solvhg for 

d e r  phase integer ambiguities9 pseudorange obsenmtions are oAen used to do single 

difference positioning One to s e v d  metre DGPS positioning acairacy is feasl'ble. 

Instead of using raw pseudomge obsecvations for positioning, carrier phase moothed 

pseudoranges are used to achieve higher aeairacy. The raw pseudorange is unarnbiguous 

but noisy, while the d e r  phase is ambiguous but precise. Canier phase Uiteger 

ambiguities remain constant over t h e  (unless cycle slips occur), and relative carrier phase 

differences between two epochs can therefore be messureci accurately with a high degree 

of precision. The carrier phase smoothg method merges 'absolute' pseudorange 

capability and 'relative' carrier phase capability using a recursive mter [Lachapelie, 19951. 

If carrier phase smoothing is performed, the accuacy of single difference DGPS 

positioning is 0.3-3 m horizontaliy and 0.5-4 m verticdy over a 10 km reference-rover 

separation mchapeile, 19951. 

By subtracting the single différence observations between a chosen (base) satellite and 

other satellites, double dierence observation equations are denved as foiiows: 



where VAi = {Wd- (%+di - Wh- - (a)mdwp 

1 is the satellite number, 

and base refers to the base satellite. 

Mer the double ciifference calculations, satellite and receiver dock errors, and thek 

comsponding drifts, are eluninateci. Orbitai errors, as weii as ionospheric and 

tropospherk delays, are greatiy reduced, as in the single diifference case. These e r m  are 

spatidy correlated ~ohann-Weiienhof et al., 19941. For short reference-rover 

separations (cl0 km), the errors are generally srnd enough to be neglected. The only 

remahhg e m a  are noise and multipath, such that equations (2.7) through (2.9) become 

VAP z VAp +&VAP 9 

VA@ e VAp + AVAN + E,,, 9 

and VA& rV@ + &VA& - 
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The noise and muitipath of carriet phase observations are approximately 0.2 - 2 mm (O. 1% 

to 1% o f  waveIength) and < O Z  A (maximum) , respectively khapelie, 19951. In 

equations (2.8) and (2. Il), the double différence d e r  phase ambiguities are stin ïnteger 

numbers and are hereh r e f b d  to as ambiguities- It is possible to s o k  for and fix the 

integer ambiiity term VAN in equation (2.1 1) because the noise is less than one cycie. 

For longer refience-rover s e p d o n s  (MO km), total orbitai mors (1 - 2 ppm), as weii 

as ionospheric (0.2 - 0.4 ppm) and troposph&c (0.3 - 3 ppm) delays, decorrelate and 

cannot be eiiminaîed. It is ditncult to fk the coma integer arnbiguities, since the 

wavelength of L l is only 1 9-02 cm. 

The highest aceuracy GPS positionkg can be achieved using the double difference camer 

phase obsavation equation (2.8) or (2.1 1). If integer ambiguities in equation (2.11) are 

fixeci for short derence-rover distances, centimeme level accuracies can be achieved. This 

is herein defineci as the integer arnbiguity solution, and will be discussed in Chapter Three. 

If instead the ambiguities are estimated as real numbers, decimetre accuracies are 

achieved. This is herein denned as the floating ambiguity solution, which will be discussed 

in Chapter Thne. 



23 M ' l i m e  DGPS Positioniiog 

Figure 2.3: Reai-Time DGPS Positioning 

Many applications require a positionhg accuracy of several metres for the rover in r d  

the.  As desmbed in the previous section, high accuracy is attainable through DGPS. In 

order to wnduct DGPS positionhg in real-the, daia at the reference station is 

transmitted to the rover using a data link in order to fonn the differentiai observations 

(Figure 2.3). 

The daîa Iùik Li Figure 2.3 may be a pair of radio transceivers pedes, 19941, a geo- 

stationary satellite link [Aparicio et al., 19941, a ceilular phone WcCaii, 19941 or F M  

radio WcLellan et al., 19941. The minimum data transmission rate is 50 bits per second, 

and the typicai time latency is a few tolO seconds (RTCM, 1994). 
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At the tcfefence statioa, the combmed e&cts (on a given pseudorange observation) of 

sateMe dock -or, sateiiite orbit =or, ionosphaic and troposphaic delays, and SA are 

cornputeci from equation (24, using the known reference coordinates as input These 

values, defined as psaidorange corrections, are transmiffed to the rover via the &ta link 

At the rova, the corrections are received and applied to the rover pseudorange 

observations, to fonn the single dïerence observations between the reference and rover 

receiven. Several metres positioning accuracy is achieved, depending on the reference- 

rover separation Whapelle, 19951. 

Pseudorange corrections can aiso be genefated uskg multiple reference stations in a local 

area (LADGPS) or a wide area (WADGPS) network [Rabbins, 19941. In this method, the 

pseudorange corrections are estimated from many reference stations separateci by 

hundreds or thousands of kilometres and the positioning accuracy, reliabiiity, and 

availabihy are improved [Abodem, 199q. Several WADGPS systems are in operation. 

Arnong these systems are ACCQPOINTN (ACCQPOINTN Communication 

Corporation, EAGLEN @ifFerenbai Corrections Inc.), OMNISTAP (Fugro Group of 

Companies), FAA's Wide Area Augmentation System (WAAS), Si(yFixTM (Rad Surveys 

Ltd.) and STARFIXa system (John E. Chance & Associates) [Abousalem, 19961. 



To achieve higher positioning accuracies (decimetre or Cenametre l d )  in rd-the¶ the 

double diff icing technique should be impIemented using carrier phase data This 

requires that the raw psaidorange and carrier phase observations, or their corrections, are 

transmïtted nom the reféraice station to the rover using a 0.5 - 2 seconds update rate 

[RTCM, 19941. This is defined as rd-time kinematic (RTK) GPS positioning. 

Sinw spatial decorrelation degrades the accuracy of double dinerence observations, the 

reférence-rover separation should be iimited to tens of kiiometres (depending on whether 

single or dual frequency receivers are used). The hteger ambiguities can be fixeci "on-the- 

fiy" (OTF) or solved for as mal numbers (fioat solution). Once the imeger ambiguities 

have bcen hed, cenfimetre level acairacies can be achieved. Alternatively, decimetre level 

accuracies are typically achieved using the floating ambiguity solution. These two types of 

red-tirne positioning soiutions are discussed in Chapter Three. 



FLOATING AND FIXED -GER AMBIGUITY SOLIfllONS 

RTK GPS positionhg rquires that double difference d e r  phase ambiguities are 

determifled in red-tirne. In this chapter, equations for the floating ambiguity solution are 

&en, based on the standard Kalman fiha equations. An equivalent least squares approach 

is also derived, and used to deveIop the RTK GPS system speciftc to this thesis research. 

The FASF ambiguity searching algorithm is also introduced, in addition to the fixeci 

integer ambigu& solution. 

3.1 Floating Ambiguity Solution 

In kinematk B S  positioning, the rover dynarnics are often described by a constant 

velocity mode1 [Cannon, 19911. If the d e r  phase ambiguities are treated as reai 

numbers, the state equation o f  the rover is as follows [Gelb, 19741: 
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the state vector of dimension (m x 1) , whae m is the number ofparameteq 

{ be, @, &}'are andons to the position vector of the rover ceceiver in 

WGS-84, 

T { &,, 6, bv, ) are corrections to the veloaty vector of the rover 

phase double dineraice ambiguhies, and n is the number of satellites, 

w = [w,, w,,, w,, O, O, - -, O isthesysternnoisevector (mxl )  , 1' 
and F is the dynamics matrix (m x rn) with the fom [Cannon, 19911 

This model is based on the assumption that acceIeration during the period At (l second in 

this system) is zero. For a high dynamics environment and low data rate, this model is not 

complete. Effects of the modehg enor can be absorbed by increasing the process mise. 
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A M e r  approach is to mode1 the system dynansics as a fint-order Gauss-Markov 

process: 

where llj3 is I e f d  to as correlation t h e  [ Gelb, 19741. 

The rover position is dctermïned using the Kalman filter equations where the double 

merence obsewation equations (2.7) to (2.9) are used to caldate  updates. Traditional 

Kalman filter equations are reviewed in Appendiu. In the foliowing sections, an quivalent 

least squares approach is introduced and incorporatecl into the development of the RTK 

system in this research. 

The Kalman filter equations aui also be derived Corn a least squares approach using a 

simple parametric mode1 W w s s k y ,  19901. The advantage of this approach is that 

Kalman fiitering can be implemented by a simple sequential least square approach, and 

many available formdae for least squares estimation can then be used in kinematic 

processing. The least squares approach detaiied below has been used in developing the 

RTK GPS system for this thesis research. 



20 

Suppose diat it is neçessuy to estima?e the state vector r, at epoch k+l in ternis of the 

obsavation vector I,, its co-ance matm CC and the estimatad state vector î, at 

epoch k Also suppose that v, is the correction (residuai) of I,, . The reiationship 

between I, and r,, is modeiid by 

where v,, is assuneci to have zero-mean Gaussian distribution v,, - N(0, Ch). 

The relationshïp between r,, and x, is modeiied by 

whereq is the uncertainty of the dynamic mode1 assumed with zero-mean Gauuian 

distribution E, - N(0, Cc ), and its variance-covariance mat& is C t a s  demiied in 

Appendii. 

Assurning 2, is the state vector estimation computed h m  aii information up to epoch 4 

the predicted value of the state vector wi be computed fiom equation (3 -4) as 



Here the syrnbol A means least rquares estimate, (0) demotes predïcted quantities, (+) 

denotes updated quantities, 

LineafiPng equation (3 -5) using a Taylor's series, the heafized mode1 becomes 

and x, is the point ofexpansion. 

By using the law of error propagation, the covariance matzix of the predicted state vector 

can be computed as 

The observation equation (3.3) can be linearized using xk+, (-) as 



The pndicted state vector can also be treated as an observation. The observation equation 

correspondmg to the predicted state vector is 

Combining equation (3 -8) and (3 -9) h o  one, we get a cornbinecl observation equation 

where = (:$), 



The estimated state vector and its covariance m m  can be derived using a Ieast square 

parametric adjustment mode1 as foliows: 

By substituting equations (3.1 1) and (3.12) into equation (3. I3), the foiiowing equations 

can be derived: 



and 

Comparing equations (A5HA8) with equations (3.14)-(3.16), it can be seen that the 

equations are the same but with different notations. 

3.2 Pùed Integer Ambipity Solution 

Using the carrier phase observation equation (2.8). with the double difference integer 

ambiguities fixed w~ectly, the position of the rover can b e  solved using a simple 

parametric least squares model. The highest accuracy (centimetre levd) is achieved using 

the carrier phase observations of at Ieast four satellites. The observation equation at a 

&en qoch is 



l + v = H x ,  

and v = H S t  w, 

where 1 is the double d i e n c e  carrkr phase observatjons, 

v is the residual of t with zero-mean Gaussian disüi'bution and a variance- 

covariance matxix Ce, v - N(0, CC), 

H is the double merence carrier phase design rnatrix, 

x is the position vector, 

6 = x - so is the comection vector of x with respect to the approimaîe position 

vector r,, 

and w=Hxo-1. 

SolWig the observation equation (3.17) using the Ieast squares method, the least squares 

estimation of the position vestor is derived as 

The variance-covariance matrix of 2 is 



It is noted that the double diffetence obmons are correlateci, so the vananance- 

covariance matrix CC takes the foIIowing form: 

where d is the a-priori variance of carrier phase observations. The standard deviation 

a is adjusted according to the reference-rover distance (1 ppm was used in this system). 

The most important factor in the fixeci integer ambiguïty solution is an integer ambiguity 

search which determines the correct integer arnbiguity combination. There are many 

papers on OTF integer ambiguity resolution, using methods such as least squares 

searchg mch, 19911, the arnbiguity firnction method Mader, 19901, the f& arnbiguity 

resolution approach (FARA) Frei and Beutier, 19901, and the fist ambiguity search filter 

M F )  [ Chen and Lachapelle, 19941. FASF is used in developing the Rn< GPS system 

for this thesis research- The FASF aigorithm is desaibed below. See Chen and Lachapelle 

[1994], and Lu [1994] for M e r  detds. 
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In the FASF, the ambiguity -ch range is determinai reamkeiy for each sateüite 

arnbisuity- The e&ct of an assumeci integer ambiguity on the other sateIlite ambigtities is 

then fUy accamted for when detemuun . . 
g the search range of other arnbiguities. 

- Furthemore, ai i  observations, nom the initial epoch to the current epoch, are accounted 

for through a floating ambiguity solution. 

FASF is based on the floating arnbiguity solution in which the estimates of rover position, 

ve10city~ and the ambiguity values 

( 2  ={% 9, 2, Cx, Gy, Y z ,  AI&, A V ~ ~ ,  -O-, AVN,,)~), in addition to their variance- 

T 6-1 covariance matrix (Cz) and the quaciratic fonn of the nsiduals (Q = v C v ), are 

obtained. The search range for the integer ambiguity VAN,, is dehed as 

where v&, and %,, are the estimates of VAN,, and its standard deviation, 

respectively, as given by the floating ambiguity solution. k is a constant scale factor, which 

is assigned a value betwea 3 and 10, dependiig on the error behavior in the observations 

pu, 19953 (ben 5 is selected in this research). Sethg VAN,, to a given integer value 

-vmn,, inside the search range denned by (3.21). is equivalent to addig a constraint to 

the floating arnbiguity solution 19951. By ushg the least squares fonnulae with 



28 

consÉraints7 the updaîed solution in *ch VAN, is set to an integer  value^^,,. is 

derived as 

here (n-1) refén to the new solution with assumed integer ambiguity vm,,, while 

Ca+5 = [(C&+, (Cx)tn+s - -  - (Ct)n+s~+s] is the last column related to VAN,., in 

ma& Cc. (Cc).+,,, is the diagonal element relating to VAN,, in CE. 

It can be observeci nom equation (3.23) that the diagonal eiements in the variance- 

covariance matrix C&- 1) are always d e r  than those in the original variance- 

covariance matm Ci: this implies that ambiguïty search intenmls for the remaining 

arnbiguities will be reduced by fixing VAN,, to an integer number v&,-, . Additionaily, 

the residual quadratic form Q(n - 1) can easily be computed using equation (3.24), and it 

is always larger than the residual quadratc form of the floating ambiguity solution. For 

this reason, an early exit fkom the searching algorithm is possible Lu, 19951. 



29 

A Chi-square local test is used to detcimine whether the giwn integer ambiguity 0mn-, 
is retained as part ofthe solution or rejected. Under a artain level of signiocancea (a = 

0.05 is used in this research) and correspondiig depes of fieedam f ;  the decision to 

reject or retain V-, is detetmined aecording to the foiiowing aitena: 

> x2K 1-a), *ected, 

or sa(n) S X' ( f ,  1 -a), retained. 

If  VA^,, passes the test, this integer value is combined directly with possible 

ambiguities for the second ambiguity tam VAN,, whose search range is bounded by the 

second last diagonal element in Cp (n - 1) , assuming the ambiguity VAN,, is fixed. With 

the substitution of (î(n - 1). CE (n - 1), Q(n - 1) ) in place of ( 2, C, , R ), the whole 

algorithm fiom equation (3.22) to (325) is then repeated, and VAN,, is &ed to an 

integer number wïthin its search range. 

The recursive updating and t&g process continues untü al1 the possiôle ambiguities for 

ail satellites are searched. If only one combination of all the arnbiguities remains and 

passes the test, those integer arnbiguities are considerd to be correct. If more than one 

integer arnbiguity combination is available, the ratio test (the srnailest residual quadratic 

fonn Cl,, compared to the second d e s t  residual quadratic fom R, ) is perfomied. 
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If the ratio R,/R, is bigger than a predefined threshold (3.0 is used in this 

research), the ambiguity combination associateci with a-, is sdected. In the case that 

integer ambiguhies cannot be fixed, the whole ambiguity search proces will start again at 

the next epoch, using the floating ambiguity solution fiom the next epoch. 

Both land and airborne test results demonstrate that FASF reduces both the computation 

and observation bmes required for arnbiguity resolution OP, as compareci to the least- 

squates search method (se Chen and Lachapelle 119941 for detaüs). 



CaAPTER FOUR 

DATA TRANSMISSION FROM TBE REFERENCE STATION TO ROVER 

4.1 Data Transmission Piaccdure 

For RTK applications, the required update rate is much higher than that for conventional 

DGPS, since double difference carrier phase observations are fomed at the rover and a 

centimetre Ievel accuracy is desired. Data must be updated every 0.5-2 seconds (1 second 

in this system), rather than every -10 seconds for conventionai DGPS. As a consequena, 

the data W<s are more Wrely to utilUe UHF/VHF radio transceivers with transmission 

rates of 1200-9600 baud PTCM, 19941. Figure 4.1 shows the general data transmission 

proceu bebween a pair of radio transceivers [Proakis, 19891 in this RTK GPS system. 

Radio W aves 
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Figure 4.1: Data Trausmission Procas 
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Data at the reférence station are in digitai format and ready for transmission. Mer source 

encoding and chamel coding the digital symbols are transformed into radio waves by a 

digital moddator. At the rover location, the radio waves are received by a d l - O  

transceiver and transfomeci hto digital format by the digital demodulator. AAa chanml 

decoding and source demding, data Born the refèrence station are acquired by the rover. 

Moa of the transmission pmcess shown in Figure 4.1 is perfbrmed automaticaily by the 

radio tnuisceivers. However, encoding the data into predefhed formats at the reference 

station (source encading) and decoding the acquired data at the rover (source decoding) 

are required. For the RTK GPS systern in this research, the data transmitted is either 

carrier phase and pseudorange observations or their corrections. 

4.2 Carrier Phase and Pseudorange C o r d o n s  Venus Uncorrectcd Obsewations 

Uncorrected Camer phase and pseudorange observations at the reference station can be 

tnuisrnitted and used to fonn double dinefence obsewations at the rover (see equations 

2.7-2.9). Aitemtively, another option is to transmit both carrier phase and pseudorange 

corrections (ie. DGPS). 

There are several advantages in transmitting d e r  phase and pseudorange corrections, as 

opposed to the uncorrecteci observations. Since the magnitude of pseudorange and b e r  
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phase c o d o n  values is smder than that of the uncbrrected pseudorange and carrier 

phase obsenmîions, fmer bits are requird for the transmission of conecti011~ than that for 

the transmission of uncorrected observations (sa the U of C format in Section 4.32). 

Futthennoce, the number of amputations required at the rover is reduced when 

corrections, rather thsn uncarrected obsewations, are used Blomenhofer and Hein, 

19941. 

4.2.1 Carrier Phase and Pseudorange Cornetions 

It is more compiicated to generate carrier phase corrections than pseudorange corrections 

at the reference station, since it is necessary to conàder the carrier phase integer 

ambiguities. To detamine the carrier phase corrections, each phase observation is first 

assigned an apprownate integer ambiguS. Those ambiguities are set such that the carrier 

phase observations best agree with the code observations for the first epoch ( t, ) at which 

the SateIlite is aquired by the receiver: i-e. 

where N: is the approximate integer ambiguity for satellite S at receiver R (cycles), 

NI' is the closest integer operator 



P: (t, ) is the d e  rneaSUTement M the  t, (metres), 

A is the signal wovelength (metres/cycle), 

and q>s,(t,,) is the carrier phase obsmaîion at tllm t, (cycles). 

The measured carrier phase &t,J is modifieci by N: to give the modifieci carrier phase 

observation 

Secon& an algorithm is implementtxi to remove the effect of the reference clock bias 

ftom the phase correction. This is desaibec! in the folowing steps. 

At the fbst epoch t, for each satellite, the Werence D' (between the modined carrier 

phase measurement and the esthated satellite-receiver range usïng the known reference 

coordinates) is computed in cycles: 

where&t,) is the computed satellite-receiver range for satdlite S at t h e  t, in metres. 



The mean d u e  of these dierences for ail a d a b l e  satellites is calculateci: 

where n is the number of sateilites available at the firn epocb 

The value dl, (t,, ) is treated as the dock bis, which can be removed f5om the merence 

D~ for each satellite forming a phase correction: 

At the foiiowing measurement epochs (t  > t, ), differenca between modifïed carrier phase 

observations and the estimated sateMe-receiver ranges are fosmed again for each available 

satellite. Change in D' for each satellite, fiom one epoch to the next , is given by 



The mean value of d is caicuiated ushg values fiom d available sateIIites, and is 

aîtriiuted to a change in the clock bias. The clock bias Cui cycles) at epoch t-1 is then 

updaîed for epoch t, using 

The phase correction (in cycles) for sateiiite S at epoch t can then be computed using the 

equation 

1t is advantageous to consider changes of D' fiom epoch to epoch (ADS). such that 

variations in the satefite configuration do not cause discontinuities in estimates of the 

dock b i s .  

Figures 4.2 and 4.3 show sample d e r  phase corrections as a ftnction of GPS tirne. The 

data was coiiected on Octoba 8, 1994, d u ~ g  which tirne SA was operating. 

PRN 12 is a BLOCK 1 sateiiite and i s  not directiy Sected by S A  Its phase corrections, 

however, reflect the mean effea of SA on the computed receiver clock bias. Phase 
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corrections for Block II satellite, PPRN 23, are &cc@ afEected by S q  such that the 

variations in PRN 23 phase corrections are 1arger than that those for PRN 12. 

Figure 4.2: Carrier Phase Corrections for PRN 12, 
October 8,1994 

Figure 4.3: Carrier Phase Cornetions for PRN 23, 
October 8,1994 
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The algorithrn used to generate pseudorange cunedons at the refèrence station is 

identical to the one d e s c r i i  above except that the ambiguîties are not considered (Le. 

equations (4.1) and (4.2) are not requued). The correction rate ain be generated by 

differencing two pseudorange observations fiom conseamVe epochs or, aitematively, 

using the Doppler obsewations. 

4.2.2 Use of  Corrections at the Rover 

Carrier phase and pseudorange observations at the rover are corrected using the 

correCaons transmitted fkom the reference station, i.e. 

where @: is the corrected rova carrier phase (cycles), 

is the rover carrier phase obsenation (cycles), 

& is the carrier phase correction received fiom the reference station (cycles), 

and 



where F t  is the cornecteci rover pseudorange (rnetre~)~ 

$ is the rover pseudorange observation (metres), 

CS, is the pseudorange correction rexxived fiom the reférence station ( m m ) .  

This is analogous to differencing between receivers p.e. Tavega-Blomenhofer and Hein, 

19931. By Merencing the corrected carrier phase and pseudorange observations bebveen 

satefites, doubie dierence obsewations are formed. Sateüite and receiver dock erron, in 

addition ta orbital and atmosphenc errors, can be eliniinated or greatly reduced. Double 

merence ambiguities fonned h m  equation (4.9) are Werent fiom the double difference 

arnbiguites formed from the uncorrected carrier phase observations. This occurs because 

approxbnate integer arnbiguities are hcluded in the reference carrier phase observations 

when the phase corredions are generated (see equation (4.1)). The integer nature of the 

ambiguities is presewed, but the magnitude is changed. This causes no Uiconsistencies, 

since the ambiguities are estimatecl as parameters in both the floating ambiguity case and 

the fixeci ùaeger arnbiguity solution presented in Chapter Three. 

4.3 Data Transmission Formats 

In developing the RTK GPS system for this research, two types of data tranJmission 

fomts are used and cornparisons of the transmission efficiencies are made. One is the 
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RTCM SC404 format WTCM, 19941, &ch is g c n d y  used in real-time differential 

GPS applications. The other eansmi*ssion format is The U of C (ïhe University of 

Calgary) format which is defineci by the author for this research. 

43.1 RTCM Type lû-21 Formats 

RTCM version 2.1 defines data transmission formats for RTK GPS applications. RTCM 

message types 18-19 are for unwrrected carrier phase and pseudorange transmission, 

while types 20-21 are for the transmission of carrier phase and pseudorange corrections. 

The general RTCM message format includes a two-word header, followed by N data 

words, where N depends on message type as wel as within a message type. Each word is 

30 bits long. The two-word header fonnat is common for each message type (see Figure 

4.4), and the other N words contain data specinc to the type of message transmitted. 

In Figure 4.4, STATION ID refers to the idenscation of the dfirential reference 

station- MODIFLED ZCOUNT is the time of the start of the next frame (for pseudolite 

transmissions) as weii as the reference time for the message parameters. SQ NO. means 

sequeiice number and S/H means station heakh. The detaüed content of these two words 

can be found in RTCM version 2.1, whiie the parity enwding algorithm can be found in 

ICD-GPS-200 1199 1). 



FiRST WORD OF EACH MESSAGE 

Bit 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 2% 29 30 

Figum 4.4: Two-Word Hcader for AU Message Types 

PREAMBLE 

O 1100  i l 0  

SECOND WORD OF EACH MESSAGE 

Bit 1 2  3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 

a) Type 18-19 format 

STATION ID 

MESSAGE 

TYPE 

(PIUMEID) 

MODIFIED %COUNT 

RTCM types 18-19 are data transmission formats for the uncorrecteci camer phase and 

pseudorange observations. The Grst two words for each message type are shown in Figure 

4.1, while Figures 4.5 and 4.6 show the remaining words for each of these two message 

types. 
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EACE SATELSSfE - 2 WORDS 
Bit 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 

THIRD WORD 

Bit 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 2324 25 26 27 28 29 30 

PARFI"Y 

GPS TIME OF MEASUREMENT 

G P S T I M E O F ~ ~  F 

PARITY 

CARRIER PHASE LOWER THREE BYTES 

EACH SATELLITE - 2 WORDS 

SP 

- 

CARRIERPHASE 

UPPER BYTE 

PARn'Y 

Bit 1 2 3 4 5 6 7  8 9 10 11 12 13 14 15 16 17181920 2122232425 26 27 28 29 30 

F 

Figun 4.5: Type 18 - Uncorrected Camer Phase Message Format 
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Figure 4.6: Type 19 - Uncometed Pseudorange Message Format 
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In Figures 4.5 and 4-6, the symbois are defïned as follows: 

F = Frequency Combination Indiauor (LI, L2 or th& combhaîion), 

SP = Spare, 

HIF = EbWFuil L2 Wavelength Indicator, 

P/C = UA-Code/P-Code Indicator, 

R = Reserved for Future Expansion of Satellite ID, 

SID = Satellite ID, 

DQ = Data Qu* (estimatecl one sigma phase measurement error), 

CUM. M S S  OF CONT. = Cumulative Los of Contmuity Indicator (ïndicates 

unfixeci cycle slip or loss of lock), 

and SM = Smoothing Interval Cudicates the mtmd for carrier smoothïng 

of pseudorange data). 

b) Type 2@21 formats 

RTCM types 20-21 are data transmission formats for the carrier phase and pseudorange 

corrections. The est two words for each message type are shown in Figure 4.4, while 

Figures 4.7 and 4.8 show the remaining words for each of the two message types. 



THïRD WORD 
Bit 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 2324 25 26 27 28 29 30 

EACH SATELLITE - 2 WORDS 
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CARRER PHASE CORRECTION 

Figure 4.7: Type 20 - Camer Phase Cornetions Message Format 
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Figure 4.8: Type 21 - Pseudorange Corrections Message Format 
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In Figures 4.7 and 4.8. the symbols are defineci as in Figwes 4.5 and 4.6, with the addition 

of 

PRSF = Pseudorange C o d o n  S a l e  Factor (an indicator relating to the data 

quaîity encodig algonthm, deteils in RTCM version 2.1). 

For each RTCM type 18-21 message, the totai number of words is 3+2n, where n is the 

number of sateUites. The number of bytes is computed as (3+2n) x 30/8. For exampIe, if 

six satellites are a&ilable, then 57 bytes need to be transmitted. 

4.3.2 The U of C Formats 

RTCM message formats are standard public formats available to all GPS users. Generating 

the standard RTCM formatted message at the reference station is complicated, since the 

30-bit word type is not an ordinary data type for cornputers. Additionaily, the user cannot 

add or deIete information. For single users who control both the reference station and the 

rover, it may therefore be more convenient for thcm to define their own formats. The U of 

C formats for transmission of observations, as weU as corrections, were defined by the 

author d u ~ g  the deveiopment of the system in this thesis. 



a) The U of C focmat for uncorrected obserntîom 

In The U of C format, Doppler observations are transmjtted in addition to d e r  phase 

and pseudorange observations- Doppler observations are therefore available for 

deteminhg the velocity of the rover. This is beneficial for detedation of the rover 

velocity, since the Doppler observations are directly related to the rover velocity (sa the 

observation equation 2.9 in Chapter Two). The U of C format is defineci as follows: 

$GPS rime, Number of ShteIIiirs, SàteIIite ID. P~euctorunge~ Doppler. C m e r  Phase, ..., 

SàteIIite ID, Pseudormge. Doppler, Cimier Pitase, kh  

is a simple ASCII format in which the data can be put hto the b&er of  a s e d  port 

one character at a tirne. The ASCII data are separated by commas, while \r and \n are the 

r e m  and new h e  symbols, respedveIy. There are no extra parity bits included in the 

fomt. Transmission errors are detected at the rover by cornparhg the number of commas 

received with the number of commas computed (where number of commas computed = 

number of satellites x 4 + 2). If the two nurnbers are different, a transmission error is 

assumed to have occurred. 

The total number of bytes in The U of C format depends on the number of satellites and 

the range of the obswation values. Ordmarily, if six satellites are available, approximately 
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180 bytes must be transmitted. This number of bytes is larger than the number of bytes for 

RTCM types 18-19 (1 14 bytes), s ina  niw absendons in The U of C format are kgcr 

numbers (raw d e r  phase and pseudorange measurements) and Doppler obsemtions are 

included in The U of C fonnat, 

b) The U of C format for comctioac 

A U of C format was aiso developed for transmission of carrier phase and pseudorange 

wrre!Ctions: 

SGPS Tirne. N i b e r  of SateIIite. UeJZite ID. Pseuri;ormge Correction, Carrier Phase 

Comection, ..., . SbteIllife ID, Pseudoange Correction, Carrrer Phaie Correction, M.. 

There are no extra parity bits hcluded in the format. Transmission erron are detected 

using the method descriied in a) above- 

The magnitude of correction values is much smailer than that of uncorrected obse~ations. 

If six sateUes are available, approximately 90 bytes must be transmitted. This number of 

bytes is smaller than the number of bytes for RTCM types 20-21 (1 14 bytes), and is much 

smaiier than the number of bytes required for raw data transmission using The U of C 

format (180 bytes). 



SYS'IEM COMPONENTS AND INTEGRATION 

5.1 Hardware Compontnts 

The RTK DGPS system is composed oftwo GPS receivers, two portable cornputen and a 

pair of radio transceivers. The configuration of the system is show in Figure 5.1. 

Figun 5.1: System Configuration 



Two L1 U A  code NovAtd G P S W  receivers (either 10 or 12 channel units) were 

used in this systern Making use of Narrow Correlator Fenton a al., 19911 tedinology, 

the NovAteI GPS receivers provide a pseudorange tesolution of 10 an. The GPSCardN 

was plugged dÜectly into the ISA dot of a laptop cornputer. The NovAtel geodetic 

antenna (mode1 501) and accompanying choke rings were used to obtain high accuracy 

observations and minimize multipath effects, which is beneficial to arnbiguïty resolution. 

The system can also be adapted to use two NovAtel OEM GPS senson in place of the 

two NovAte1 GPSCardm rezeivers, Each OEM GPS sensor m be co~ected  to one of 

the serial ports of a laptop computer using a standard RS-232 cable. The laptop computer 

therefore requins at least two serial pons for such a system, in order to comect with an 

OEM GPS sensor and a radio transceiver, 

5.1.2 Laptop Cornputers 

A laptop computer was required at both reference and the rover sites. At the reference 

station, a Compaq 386 was used to generate the corrections while a Grid 486 was used at 

the rover to generate real-tirne solutions, since many computations were required at the 

rover end. A large space hard disk was required for each computer. Raw data was 
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recordeci at 1 which translates into approxkmtely 3 Megabytes of ASCII data per 

h o u  

5.13 Radio Trrasceivers and Power Suppiy 

A pair ofHoppam radio transceivers were also used in the system WoppetN, 19941. 

These transceivers are wüeIess modems for mobile users which operate at speeds up to 

38.4 kps in the 902-928 MHz unlicensed spread spectmm band, with 1 W transmit power. 

The maximum transmission range is specific 30 km for a clear üne of sight- 

Twelve volt DC batteries supplied power to both the transceivers and cornputers, while 

the batîery in the rover vehicle provideci an altemate source of power. 

5.2 Software Dwdopment 

5.2.1 Modifications to FLYKINTY 

S o h e  developed for the real-tirne systmi is based on FL,YKINn<, a suite of C 

programs deveioped at The University of Caigary designed to process GPS di&rentiai 

carrier phase data in both kinematic and static modes F u  and Cannon, 19941. These 

prognuns include OTF double diffierence carrier phase integer ambiguity resolution, 
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focward- and merse-timc kinernatic positioning, and staîistical testuig of carrier phase 

residds. The OTF ambiguity resolution aigorithm is based on the FASF technique 

d e s c n i  in Cbaptcfnine. 

Since F L Y '  is a post-processing program, many modifications were necessary to 

conduct real-time positionhg Modifications are listecl as fouows: 

1) Data communication between the laptop computers and receivers was irnplemented by 

the author. F L W  obtains GPS observations by reading data files. For this rd-time 

system, GPS observations are obtained diuectiy fkom the receivers at a 1 Hz update rate. 

Cornputer routines necessary for communication between the computers and the 

GPSCardm receivers were provided by NovAtel, while serial wmmunication routines, 

developed by Terry Labach at The University of Calgary, were used for communication 

with the OEM GPS sensors. 

2) Real-the data logging and preprocessing fùnctions were added by the author. Raw 

data fiom the GPS receivers are Uùtialiy logged at a 1 Hz update rate, and then decoded 

and tranPformed into a fomt compatible with pre-exkting F L Y P  routines. 

3) Data communication between the laptop computers and the radio transceivers was 

implemented by the author. For this system, the uncorrected obsewations or comctions 
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are transmitted h m  the derence &on to the rover by a pair of radio transceivers. The 

data communication between the laptop amputas and the radio tnuisceïvers was rralited 

by using serial communication mutines dmloped by Teny Labach at The University of 

Calgary* 

4) A group of routines were added by the author to generate the carrier phase and 

pseudorange corrections desmieci in Chapter Four. 

5) A group of routines were added to encode the raw observations and their corrections 

into RTCM types 18-21 formats and The University of Calgary formats (defhed in 

Chapter Four by the author). 

6)  FLYKINN was modifieci by the author to process carrier phase and pseudorange 

corrections, as weii as raw Doppler observations. 

7) The option of a floating ambiguity solution was added by the author. FLXKUPf 

outputs the dinerentiai carrier phase-smoothed code soiutions prior to king the carrier 

phase integer arnbiguities. Once the integer arnbiguïties are fixeci, kinematic positions of 

the rover are computed using double difference d e r  phase observations only. In this 

system, if the fioating ambiguity solution option is chosen, the systern outputs floating 

ambiguity solutions without fixing the integer arnbiguities. If the integer arnbiguity 
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solution option is chosen, the system h t  outputs fioating ambiguity solutions prior to 

fixing integer ambiguities, and imeger ambiguity solutions are then output once the integer 

ambiguities are fieci. 

8) Statistical testing, based on the hoVSLtion sequace, was added by the author, in orda 

to Vnplement quality control of the floating ambiguity solution. 

5.2.2 System Data Processing 

A fiowchart illustrating data processïng for the real-tirne system is shown in Figure 5.2. At 

the reference station, raw GPS data (Le. epherneris, pseudorange, Doppler and carrier 

phase data) are downloaded nom the receiver and preprocessed in the portable cornputer. 

If uncorrected observations are required at the rover, the uncorrected observations (canier 

phase, pseudorange or Doppler observations) are transrnitted by the radio transceivers. 

ûtherwise, pseudorange and canïer phase c o d o n s  are generated, using the known 

location of the rderence station as input, and transmitted by the radio transeeivers (see 

Figure 5.2). It is assumed that precïse referace station coordinates are available for 

computaîions at the rover, if raw observations have been transmitted. Precise reference 

station coordinates may be transmitted in an RTCM type 3 message FTCM, 19941 or in 

an alternative message, defineâ by the user. 



At the rover, raw GPS data are also downioaded fiom the receiver and preprocessed in 

the cornputer A f k  pnprocessing the raw data, uncomcted obsewaiions (or corrections) 

received fiom the derence station are downloaded h m  the radio transceiver buffer- If 

the r&ved data coosist of uncomcted obsemaîions, the observations are nrst processed 

to reject any s e l d  sateUites- SateIlite coordinates are then cornputeci, and the satellite 

obsenmtions retained only if the satellite elevation angle exceeds the specïfïed mask angle. 

Tropospheric corrections are thai appiïed to each obsemtion, a base satellite is chosen, 

and cycle slips are detected. The same data processing steps are appüed to the rover 

obseniations. Ifthe received data consia of corrections generated at the reference station, 

the corrections are input directly h o  the floating ambiguity solution at the rover, since the 

obsewations used to gmerate these corrections have already been processed at the 

refetence station (see Figure 5 -2). 



Satellite Caordinate 
Computation 

( Satellite Hevation Check 1 

1 Cwfe Slip Check 1 

Output Both Faed Integer 
Ambiguity and FIoaîing Output FIoating Ambiguity 

Ambiguiiy &lution 

Figure 5.2: Data Proecssing in the System 

The rover GPS data are corrected using either the uncorrecteci observations or corrections 

generated at the reference receiver, such that single dserences between the reference and 
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the rover observations are f o d  for each sateme in common view. Double differences 

between satellites are thm fonneâ and used as input bto the floating ambiguity solution, 

foiiowed by the tiwd integer ambiguity solution, The carrier phase double difference 

ambiguities are cstimated as floatmg (Le- r d )  numbers ùutially, at which point the systern 

outputs floating ambiguity solutions. If fixeci hteger ambigu@ solutions are requked, the 

system will then search for the correct integer ambiguities. Once the hteger ambiguities 

are fixecl, fixeci integer ambiguity solutions are outpus in addiion to the fioating arnbiguity 

solutions (see Figure 5.2). 

5.2.3 Tome-Matchhg Technique 

To achieve the highest degree of accuracy, rover observations should be synchronized 

with data transmitted by the reference station, such that major error sources can be 

eüminated or greatly reduced through double difference processing. Because of the 

transmission and s&ai port delays, rover observations may not be synchronized with 

inmming data fiom the reference station. This causes inacairacies in the rover position 

solutions. Thne-matching of the rover and refwence data sets is employed to solve the 

problern. Both the rover observations and the data tnuisrnitted by the reference station are 

tagged with values of the GPS time at a 1 Hz update rate. The rover and reference data 

sets can t h  be syrichronized using their GPS time tags (Figure 5.3). 



GPSTiieerov < - 0.5 s ? 

Clear the M e r  of 

Figure 5.3: TimeMatching Procedure 

In Figure 5.3, G P S T i r e f  refers to the GPS thne tag for data received firom the 

reference station while G P S T i r o v  refers to the GPS tirne tag for rover obmtions. If 

the reaived data are delayed, the program will choose reference data nom the next epoch, 

as stored Ïn the radio transceiver buffer. If the rover data are deiayed, the program wül 

clear the bufEer, skip the present epoch, and begh the algorithm again at the next epoch. 



ciear the buffer, skip the present epoch, and begh the algorithm again et the next epoch. 

A&t the rover and received data are synchronized, the program wül process the data and 

cornpute position soIutions. 

For this system, the time latency of the corrections and the raw obsewations is 

approximately 0.4 and 0.5 seconds, respeaively, using The U of C formats, and about 0.4 

seconds using the RTCM formats (when a baud rate of 9600 bps is used). The rover 

position resuIts are output about 0.6 seconds after the obsenrations are measured and 

Cannon, 19961. The system developed here is therefore a 'quasi' reai-time system. 

To adùeve 'reai' real-time position, the integer ambiguities are resolved using tirne- 

matched observations first. Then the received carrier phase obsexvatiow or corrections 

fiom the rrferenœ station can be predicted to the cunent time. The current rover carrier 

phase obsemtions are processed with the predicted observations using the known integer 

ambiguities pewmann n. ai., 19961. Another approach is to predict the cwent position 

using the previous position and velocity. 



CHAPTER SIX 

SYSTEM QUAUïY CONTROL 

Qu* control is an essential cornpanent of the RTK GPS system, ensuring that the 

system is fûnctioning properiy. In post-mission, the O f S  data can be processeci in both 

forward and nvme modes or data smoothing cm be implemented, to reduce the e!fFiècts 

of ündetected amn and to obtain optimal positioning r d t s .  For a rd-time system, the 

positionhg results must be generated in reai-time and, hence, undetected errors may cause 

large positioning mors [Wei a al., 19901. This chapta introduces some statistical 

methods for quaiity control of both the floating and fixed integer ambigu@ solutions. 

6.1 Quality Control of the Hoating Ambiguity Solution 

As descnii in Chapter Two. the f l o a ~ g  arnbiguity solution estimates the position and 

velocity vecton, as weU as the floating ambiguities, ushg a Kalrnan filter. The innovation 

sequaice, i.e. predicted residuals, are widely used for qualîty control of Kalman filtering 

Deunissen, 1990; Lu and Lachapelle, 1990; Wei et al., 19901. The innovation sequence is 

therefore used in this RTK GPS system for quality control of the floating ambiguity 

solution. 



Table 6.1 shows the standard Kalman Filter estimation equations, as pfe~ented in 

APP*  

Table 6.1: Standard Kaiman Filter Equations 

Systern Model 

Observation Model 

Update 

In Table 6.1, the updated state vector x,,(+) is an unbiased solution with minimum 

variance under the normal operation conditions, Le. 
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and no cross comlation between w, and S.  This is ofim regarded as hypothesis H~ or 

the n d  hypothesis. An altanative hypathesïs is the constant bias hypothesresrs A,. When a 

constant bias vector b, of unknown magnitude is present in the system or observation 

model of a Kalrnan filter, the system and observation model in Table 6.1 can be 

reformuiated as: 

where the matrices B,, and D,, determine how the components of the bias vector 

b enter the system and observation models, respectively. 

Then the prediction and update equations will become 

The constant bias hypothesis H, is used in quality control of the floating arnbiguity 

solution. 



6.1.2 Innovations Sepuence 

If the n d  hypothesis is me, standard Katman filta equations UabIe 6.1) give the 

minimum--ance, unbiased estimate of the state vector at each epoch In this case, the 

innovation sequence v,, can be daived as 

This is a zero-mean, Gaussian white noise sequence, with a variance-covariance matruc: 

If hypothesis A, is true, the innovations sequence can be denved from equations (64, 

(6.2) and (6.3) as 

In this case, the innovations sequence (6.7) will depart £tom zero-mean and lose its white 

noise properties. The innovations sequence is therefore an ideal residud sequence for 

deteztbg abnomal srjtem behavior. 



Statistical testhg of the n d  hypothesis Ho, against the alternative hypothesis Ha, is used 

to detect and identify possible biases in the filter. In this real-the +em, the Statistical 

testing is d e d  Y o d  t d g "  because oniy the innodon vectoc v fiom the m e n t  

epoch is used. 

System biases are initially unknown. To detect an unspecined system bias, a simple Chi- 

s q d  test is performed on the innovations sequence Feunissen, 1990; Wei et al., 19901 

where m is the dimension of v . 

Unda a certain level of sigdicance a (a = 0.05 here), the bias detection test is 

perfomed accordhg to the foliowing criteria: 



Once the biases are detected, the bias identification proce~s  is conducteci. An appromh 

similar to data-snooping paarda, 19683 is anployed to iden* the biase~ [Teunissen and 

Saiman, 19891: 

Here Sv is a one dimensional vector, computed fiom equation (6.8) under the assumption 

that ody one bias has ocaimeci. For example, D,, is chosen as 

in equations (6.2) and (6.8), where i is assigned a vdue i = 1, 2, ..., m, and each 

observation is tested in tum to search for biased values- 

In RTK GPS, the most comrnon and severe biases are carrier phase cycle slips, which are 

multiples of the carrier phase wavelength (4, = 19.02 cm). The statistical methods 

descn i  above are suitable for cycle slip detection and identification [Lu and Lachapelle, 

1990; Wei et al., 19901 and wae irnplernented in this RTK GPS system. 
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UnfortunateIy in some cases, -aMy for large or multiple biases, the above 

iddcat ion  test is too sensitive, iden-g m o n  biases than are acaially present. Such 

cases were encountered by both the author and Lu and Lachapeiie [1990]. To overwme 

or alleviate this problem, the minimum detectable b i s  (MDB) is used to confinn the 

identifid bias. The MDB value b, for each errer source is computed as 

Here & is the minimum value of the non-centrality parameter which satisfies the given 

test power 1-#?,, and significance levei a .  

If a bias in the observation zi is identified by equation (6.1 I), the innovations residual vi 

is derived fiom equation (6.7) as 

It is evident that the bias bi is directly absorbed by the comsponding innovation vi . 

Therefore, the confirmation is penomied by cornparkg MDB value b, with vi , where 

lv 1 r b ,, , correct identification, 



or lvil < b,, wrong iddcation- 

When a bias is identifieci and confirmed, bias rrcovery is perfiormed by rejecting the biased 

observations, and recomputing the least squares esthaîion, 

6.2 QuaJity Control of the F i  Integtr Ambiguity Solution 

Once the integer arnbiguities are fixeci, positions with centimetre level accuracies are 

obtained in a simple least squares estimation, ushg double dserence carrier phase 

obmtions. The residuais O and corresponding variancecovariance matrix C, can be 

derived nom equations (3 -25)-(3 -27) in Chapter Three as 

If no bias has ocwrred in the obseivation vector 1 (hypothesis H~), the residual Y 

statistidy resembles Gaussian distriiution with zero mean: C - N(0, Cc ). If biases have 

occufed (hypothesis Ha), f has a Gaussian distnïution with non-zero mean: 9- N( 

w,, CG). The MDB value bi , corresponding to the observation l i s  is computed by the 

equation 



where qi is the standard deviation of 1 (metre), 

& is the minimum value of the non-centra@ parameter which satisfies the 

gïven test power 1-Bo and sipificance level a , 

and g, is the ia diagonal element of G = c&' . 

If a biasAii has ocaured in Ii  , the effect of the bias on the residual vi is denved Eom 

equation (6.15) as 

This equation can be manipulated to estimate the bias Aii by 

Assuming that only one bias has occurred, it can be detccted and identïfied using a data 

snooping process, in which Aii values are compareci with their corresponding MDB vaiues 

b, , one at a time [Baarda, 19681. This process enables the system to detect and identify 



double dinefence cyde slips in the integer ambigu& solution Once a cycle slip has b a n  

detected and idenfifieci, the system wiii reject the reIated observation and tecornpute the 

least squares estimation. The new position estirnate is used to wmpute a new arnbiguity 

for the biased double difference d e r  phase observation. 

The q d t y  wntrol methods for both floathg ambiguity solution and fked integer 

ambiguity solution are based on the assumption that oniy one bias occurs at a given epoch 

In case of two or more bisses, the methods described here may not work weU. More 

research should be done to handle the multi-bias situation. Simulations of single and h ~ o  

biases using natic data are shown in Chapter Seven. 

In addition to the data snooping method, the integer ambiguity and floating ambiguity 

solutions are wmpared at each epoch If merences between the two position solutions 

are larger than predefhed thresholds (0.5 m for the latitude and longitude components, 

and 1.0 m for the height component), the system will reinitialùe the integer ambiguity 

search. 



SYSTEM PERFORMANCE AND TEST RESULTS 

To evaluate the performance of the system, various tests were conduaed. Static tests 

were done at The University of Calgary, and two kinematic tests were perfomed, one on 

a Eirni in southern Alberta and another was done in Springbank near CaIgasy. 

7.1 Static Tests 

On the roof of the Engineering Buildig at The University of Calgary, there are pillars 

whose relative coordinates in WGS-84 are precisely known to the 1 cm level (see Figure 

7.1). Pillars N1 and N2, spaced 3 m apart, were selected for the tests. Two NovAtel 

antennas were used with choke rings on each pillar. 

Figure 7.1: Sketch of The U of  C Pülan 



Bâore the p e i f o ~ c e  tests of the system, many tests were done ushg différent hrmats 

(descnied in Chapter Fou) for real-tirne data transmrtssion, No différence ammg the 

positioning results was found when different formats were used. For the lata tests, The U 

of C format for carrier phase and pseudorange corrections was used considering the 

transniission &ciency (see Chapter Four). 

The real-tirne Camer phase and pseudoraage corrections were generated using the precise 

coordinates of Mar N1. The coordinates of Piïar NZ were then output by the system in 

real-tirne, at a rate of 1 Hz. The real-time positions were compared with the imown 

coordinates of Pillar N2, and the system pertormance was evaiuated by considering the 

computed dineremes. 

7.1.1 Short Timt Period Test 

The short tirne period test was conducted on September 19, 1995, and the test period was 

approximately 2 hours. Two NovAtel GPSCardm receivers were used. Both floating 

ambiguity and fixed ïnteger ambiguity solutions were computed. Five to s m n  satellites (in 

common) were tracked and the ait-off angle was chosen as IO0. The PDOP values were 

les than 3.0 throughout, and the number of satellites and PDOP values are shown in 

Figure 7.2. 
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Figure 7.2: Satdüte Numbv and PDOP 
(Short Basdine, Short Time Period Test) 
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Figure 7.3: Pdormance of the Real-Time 
Floating Ambiguity Solution in Static Mode 
(Short Bueliae, Short Time Period Test) 
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Figure: 7.4 Pedonnance of the RuCTime Fùed 
Integer Ambiguity Solution in Static Mode 
(Short Basdine, Short Time Period Test) 

For this test, the fioating ambiguities wnverged quickiy to accurate values, since the mean 

and RMS statistics rdect that the fioating ambiguity position components are h o a  at 

the same auxacy level as the nxed integer ambiguity position components. Results are 

shown in Figures 7.3 and 7.4. 

The integer ambiguity search was very effective and it took ody 8 epochs (8 s) for FASF 

to fix the mteger ambiguities, since seven satellites were available at the beginning of the 

test. Additionaiiy, the baseline length was only 3 m, which is an important &or for OTF 
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processulg, since orbital and atmospheric mors are M y  elimïnated by the double 

ciiffierence proass for the short referencerover distance in this case (see Figure 7.4). 

7.12 Long Ti Pend Tat 

The objective of the long tirne period test was to detemine if the systern resdts remained 

consistent over many hours. A fourteen hour test was conducted on Febmary 21, 1996, 

during which thne 5 to 9 satellites were tracked. Two NovAtel GPSCardN receivers were 

used. A cut-off angle of 10' was chosen and PDOP values were less than 3.0. The number 

of satefites and PDOP vaIues are show in Figure 7.5. Resuits of the real-time floating 

ambiguity solution, as weii as the nxed integer ambiguïty solution, are show in Figures 

7.6 and 7.7, respectively. 

Figure 7.5: Satellite Numbcr and PDOP 
(Short Basdine, Long Time Pcriod Test) 
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Figure 7.7: Pedormance of the Rd-Time Fiid 
Integer Ambiguity Solution in Static Mode 
(Short Badine, Long Time Penod Test) 
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The system worked well throughout the 14 hour period. Both the fioating ambiguity and 

faed ànteger ambiguity solutions had a high degree of accuracy. RMS values for the 

floating ambiguity solutions are 0.04 m, 0.05 m, and 0.07 m for the latitude, longitude and 

height wordiiiate component, respectively. For the integer ambiguity solutions, the mean 

values agree to the known coordinates of the pülar within the unartainty level of + 1 cm. 

The magnitudes of the RMS values for the fixed integer arnbiguity solutions are equal to 

the magnitudes of  the^ mean values. This irnpües that the RMS values would be zero if 

- -  ! 
i Y 

I 
Q 4.0s -1 x 

-0-1 . 

0-0 
Mria = 0.0 1 (m) RMS - 0.0 1 (m) 
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there was no constant difkmces between the integer ambiguity solutions and the precise 

known c o o r ~ e s .  

To v+ the quality contro1 methods descn'bed in Chapter Six, sïngie b i s  and two biases 

situations were simulateci in post process mode. A set of data talang firom the long tirne 

static test was used. The data is f?om GPS epoch 342400 to 344200. Seven satellites (12, 

26, 2, 15, 27, 7, 9) are above 10° cut-off angle (see Figure 7.5). Satellite 12 with highest 

elevation angle was chosen as base satellite by the system. 

Carrier phase cycle slip is the worst bias for the R K  system. Fortunately, the large cycle 

slips can be detected by Doppler observations in the cycle süp detedon routine. There 

may be s d  cycle slips which cannot be detected. To simulate the singie bias situation, 

one cycle bias was added to the obsedons of Satellite 15 beginning at GPS epoch 

343400. The post-processed results (floating ambiguity and fixed integer arnbiguity 

solution) were compareci to known coordinates of Püiar N2. The Merences were used to 

evaluate the pdormance of both floating arnbiguity and h e d  integer ambiguity solution 

when single bias happens (see followïng figures). 
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Figure 7.8: Perlonnance of the Fîoating 
Ambiguiv Solution without Qudity Control 

(Single Bim Situation) 
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Figure 7.9: Pcrtormance of the F u e d  Integer 
Ambiguity Solution without Quaiity Contrd 

(Singk Biw Situation) 
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Figure 7.10: PerCormance of  the Fîoating 
Ambiguity Sdution with Quality Control 

(Siagie B u l  Situation) 
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Figure 7.11 Performance of the Fued Integer 
Ambiguity Solution witb Quaiity Contrd 

(Single B k  Situation) 



It can be seen h m  Figure 7.8 that one cycle (19 cm) bias in Satellite 15 carrier phase 

obsemati011~ caused about 30 cm, 20 cm and 40 a mors for the three coordinate 

components in the floahg ambiguity solution at the begimung- The amrs reduced latex 

on because the floating arnbiguity of Satellite 15 changed slowy to fit the biased carrier 

phase obsewations. As for the h e d  integer ambiguity solution, the one cycle bias caused 

8 cm, 7 cm and 12 an constant mors for the diree wordinate camponents without quality 

control (see Figure 7.9) 

When quaiity control was on, the one cycle bias was detected and rewvered. No error 

was injected into both floating ambiguity and fked integer ambiguity solution (see Figures 

7.10 and 7.11). 

Another simulation was done with two bisses- One cycle was added to the observations of 

both Satellite 15 and 2 begllmùig at GPS epoch 343400. The performances of both 

flobg ambiguity and fixeci hteger ambiguity solution with quaiity control on are shown 

in Figures 7.12 and 7.13. It can be seen that the biases incurred position errors although 

quality control was on. The quality control methods applied here cannot handle multi-bias 

situation. 



Figure 7.12: Pedormance of the Floating 
Ambiguity Solution with Quality Control 

(Two Biasrr Situation) 
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Figure 7.13 PerCormance of the Fùed integer 
Ambiguity Solution nith Quaiity Control 

(Two B h e s  Situation) 



7.2 Khemiitic Tests 

The objective of the kindc tests was to evajuate the perfomance of the system whai 

the rover was in a dynamk environment. Two tests were conducteci as demibed in the 

following Secfiom. 

7-2.1 Precise Farming Test 

A kinematic test was performed on October 19, 1995, in conjunction with a precision 

fanning project conducteci in Southem Alberta Fachapelie et al., 19941. The system was 

used to locate 70 predehed points spaced 50 m apart. This specific test was used for soil 

sampling, in order to evaluate the relationship berneen yield and soil quaky. A truck was 

used as the rover, with a GPS antenna and a radio antenna on the roof. Choke Mgs were 

used at both the reference station and the rover- Two NovAtel GfSCardTM receivers were 

used. A portable cornputer and a radio transceiver were placed h i d e  the vehicle. The 

truck was navigated to a point, which was located by moving the antenna until position 

results matched the predefined coordinates. A d c e  was set at the point, and the truck 

then continueci to the next point. The trajeaory of  the truck is shown in Figure 7.14. 
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The points with predefhed coordinates weze located by viewhg the reai-time position 

output ofthe systenl. Only the real-time fioating arnbiguity solution was generated in this 

aise skce the requued acairaey was 0.5 m. 

- 
E u 
L Merence 
5 Station 
t 

200 - -  

The raw GPS data for the kinematic test was recordeci, as well as the rd-time resuits. 

The raw data was post-processed using ~~. The distances between reference and 

rover stations ranged fiom 50 m to 1 km. Six satellites were continuously available above 

a 10' cut-off angle. The PDOP values were less than 3.0 throughout the test. Integer 

arnbipuities were fiwd after 15 epochs (15 s) and the trajectoiy of the truck was resolved 

to the centimetre level accurack The real-time results were then compared with the high 

accuracy trajectory, and the differences are shown in Figure 7.15. 



42 hiai- 0.01(m) RMS=O.O3(m) 

Figure 7.15: Diffemnas Between RuCTime Rtsults 
and the Post Procaseai High Accurrey Trajectory 

RMS values of the latitude and longitude components are less than 10 cm. The RMS value 

of height is larger, but is di less than 20 m. This demonstrates that the real-the 

kinematic loating arnbiguity solution has at accuracies at 20 an level, consistent with the 

RT20 resuIts Ford and Neumann, 19941, and the 0.5 m accuracy requirement is satisfied. 

732 Kinematic Suwcyhg Test 

Another kinematic test was performed on March 2, 1996, at Springbank (14 km West of 

Calgary), where there are three pillars whose wordiiates were acairately determineci to a 



few cm acarracy in a static GPS anvy. Piliar 661-24-8 was used as the tefefence Station, 

with a NovAtel GPS antenna and a choke ring placed on top of the pillar. The 0 t h  two 

piliars wae used as check points for cornparison with rd-tïme resuits (see Figure 7.16). 

The rover was a car with a NovAtel antenna, a choke rùig, and radio antenna placed on 

the roof Two NovAtel GPS OEM sensors were used in this test, 

125 m s p ~ g b a n k  Road 
H 

I I 

48 Ave 

Figure 7.16: Sketch of Springbank Pülan 

The fint trial of the bernatic test began at the reference station (see Figure 7.17). hteger 

ambiguities were nxed after 105 epochs (1 Hr data rate). Seven sateiiites were avaiiable 

above a 10° cut-off angle initiaiiy, and the PDOP values were approhately 2.0 (see 

Figure 7.18). The distance between the reference and the rover was approximately 6 m. 

The rover then moved nom the reference station to the check point 1 (661-24-3 in Figure 

7-16). where the GPS antenna was placed on top of the pi l la  After about one munite, the 

antenna was placed back on the car roof 
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The second trial began at the check point II (661-24-2 in figure 7.17). Fwe satellites were 

a d a b l e  above a 10° aitsff  angie initialy, and satellite geometry was poor, such tbat 

PDOP values were larger than 6.0 (see Figure 7.18). Mer one minute, another two 

satemes were acquired and PDOP values d#.Jeased to less than 3.0. It took 232 epochs 

for the system to resolve the integer ambiguities because of the poor initial satellite 

geometry. The distance between reference and mver was approximately 442 m. The GPS 

antema was placed on top of check point II for one minute. The mema was then placed 

back on the top of the rover which moved to check point 1 dong 48th Avenue. The 

antenna was p l a d  on check point 1 for one minute, and the rover then moved West dong 

48th Avenue. back to the reference station, 
k 

Figure 7.17: Car Trajectory 



Figure 7.18: Satdlite Number and PDOP 
(Khiematic Tm, S p ~ g b a n k )  

The reai-time floating ambiguity solution was compared with the post-processed k e d  

integer arnbiguity solution resuits. Di&rences an plotted in the Figure 7.19. Additionally, 

the red-tune floatiag and fixeci integer arnbiguity position solutions were compared with 

the known coordinates of check point I and II which w a e  obtained fkom a static survey. 

The merences are shown in Tables 7.1 and 7.2. 



g -0.2 M m  = -0.02 (m) RMS = 0.09 (m) 
g -0.4 

Figure 7.19: Differences Behveen the Rd-Time 
Floathg Ambiguity Solution and Post-Processeci 

Fued Integer Ambiguity Solution 
(Kinematic Test, Springbank) 

Table 7.1: Diffennca Betweca ReabTime Floating 
Ambiguity Solution Reoiiltr and Known Coordinates 

Check Point 1 

( firsr aial) 

Mean 

R MS 

Check Point 1 

(second trial) 

CheckPointII 

Height (m) 1 
- - - 

Latitude (m) 

Mean 

RMS 

Mean 

RMS 

Lon+& (m) 



Tabk 7.2: Difllerencts Betwccn ReabT'me Fixcd Integer 
Ambiguity Solution R d t s  and Knorvn Coordinates 

L a n ' d  (m) 

Check Point 1 

(&aiai) 

Check Point I 

(second trial) 

In Figure 7.19, the RMS values of the floating ambiguity solutions are 0.06 m, 0.09 m 

and 0.09 m for the latitude, longitude and height coordmate components respectively. 

Comparing with coordinates of check points, the largest RMS value for the floating 

ambiguity solution is O. 11 m (see Table 7.1). while the largest RMS value for the fixed 

integer ambiguity solution is 0.05 rn (see Table 7.2), dernonstrawig that centimetre-level 

accuracies were achieved in this test. It is also shown fiom Tables 7.1 and 7-2 that the 

larges diffaences occur in the height component, vaifying that height accuracies are 

worse than horizontal acuracies in GPS positioning- 

Long&& (m) 

Ch& Point II 

Xeight (m) 

Mean 

RMS 

Mean 

RMS 

Mean 

RMS 

-0-01 

0-0 1 

4-02 

0-02 

0.00 

0-00 

0.00 

0.00 

0.00 

0.00 

0.04 

0.04 

0.04 

O-!M 



CHAPTlER EIGHT 

CONCLUSIONS AND RECOMMENDATIONS 

8.1 Conclusions 

The objective of this r m c h  was to develop a RTK GPS system for high accuracy 

positionhg in real-tirne. The design, performance and resuits of the RTK GPS systern are 

presented in this thesis. 

The system hardware was developed by integrating of two NovAtel GPSCardm receivers 

(or two NovAtel OEM GPS sensors), two Hopperm radio transceivers, two NovAteI 

geodetic GPS antennae (with choke-rings) and two portable computers. 

The system soAware was based on FLYKIIP and a number of data communication 

routines available in the Department of Geomatics Engineering at The University of 

Calgary. The foilowing system sofhvare components were developed by the author: a) 

data communication beîsveen the laptop computers and the GPS receivers; b) real-time 

&îa logging and preprocessing; c) data communication between the laptop computers and 

the radio transceivers; d) generating the carrier phase and pseudorange corrections; e) 

encoding the raw observations and their comaions into RTCM types 18-2 1 formats and 

The U of C formats; f )  processing canier phase and pseudorange corrections as weii as 
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raw Doppler Asta; and g) fioating ambisuity solution and statisticai testing based on the 

innovation sequmce. The RTK GPS system has the fo11owing &ames: 

a) The system output rate is 1 

b) The systern bas the option offloating or nxed integer ambiguity solutions. Decimetre or 

centimetre levd acairacy can be achieved, based on-the type of solution chosen; 

c) The system can perform positioning by transmitt'ig and receiving raw observations 

(der phase, pseudorange and Doppler observations) or the carrier phase and 

pseudorange corrections. The systern can also generate and accept RTCM types 18-21 

messages; and 

d) The system has quality control of both fioating ambiguity and fixed integer ambiguity 

solutions, in order to ensure that output results are as reliable as possible. 

Various tests were conducted to evaluate the system performance. For the short baseline, 

short t h e  period, static test, RMS values for the floating (fixeci integer) ambiguity 

solution are 6 cm (3 cm) or better for each of the three position components. For the short 

baseiine, long t h e  period, static test, RMS values for the fioating (fixed integer) 

ambiguity position solution are 7 cm (1 cm) or better for each position coordinate. The 

long, 14 hour, test demonstrates that the system can operate reliably over a long period of 
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tirne. The quaüty control simulation resuIts show that this system can detect the bias and 

recover successnilly when a b i s  happens. 

fiernatic test resuits, for the precise fanning project, demonstrated that the rd-time 

floating ambiguity solution is reliable for desimeter level accuracy, afkr the initial filter 

convergence (which typidy takes 5 minutes). To achieve centirnetre level accuracy, the 

system must implement a fixed integer ambigu@ solution, which is computed using the 

FASF algorithm. 

The kinematic survqring test in Sprhgbank demonstrated that the system can achieve 

centimme level accuracy, as detennined fiom a cornparison of the r d - t h e  fixeci Uiteger 

ambiguity position solution with the known coordinates of two check points- The largest 

RMS value was 5 cm, in the height component- 

Test rwults show that the carrier phase and pudorange corrections are suitable for a 

real-time GPS system. Using these corrections are more effêctive than using raw GPS 

data, since fewa bits are reqUred for hanmission (if using The U of C format). 

Additionaily, the number of computations required at the rover is reduced when 

corrections, rather *an raw measurements, are transmitted. 



A pair ofHoppcrn" transceivers, with 1 W transmit power, were used in this RTK GPS 

system. Although the manual accompanying these transceivers lists a transmission range of 

30 km, the transmission range was limited to 1 km in tests conducted for the purposes of 

this research To achieve long distance d - t h e  posïtioning, another pair of more 

powerfiil radio transceivers should be used 

Test results show that the integer ambiguities can be fixed reliably by this system when 

NovAtel singie fkequency receivers are used In generai, however, the remaining error 

sources for double dinerence observations are spatially-correlated, and it is difncuh to fix 

the integer ambiguities reliabiy using single frequency receivers when the reference-rover 

separation is over about 10 km (see Chapter 2). Dual ffequency receivers should be used 

to achieve high accufacy in the case of a long reference-rover separation. 

Although this system was designed for NovAtel GPS receivea, the system can be adapted 

for other fypes of receivers, through minor modiications of the software. 
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APPENDIX 

KALMAN FILTER EQUATIONS 

The dynamics of a kinernatic systan cm be d e m i  by the state model descn'bed in 

equation (3.1). Soiving the differential equation (3.1). the system model of a discrete 

Kaiman filter is derived [Gelb, 19741: 

where subscripts k, k+l are time epochs, 

@=eF&= 1 + FAt istheaansitionmatrk (mxm), 

At is the time interval between epoch k+l and epoch k, 

w, is the pro- noise, assumed to have a zero-mean Gaussian distribution 

At 

CE = I @ ( r ) ~ ( r ) @ ( t ) d s  = Q A t  is thevariancecovariance matrïx ofthe 
O 

process noise(m x m) . 
7 refm to correlation time, 

and Q is the spectral density rnatrix (m x m) . 



The Kalrnan prediction equations can be deriveci from equation (A 1) as 

where (-) denotes predicted quanaties. (+) denotes updated quantities. and Cs is the 

(m x m) variance-covariana manut of the state vector. 

The observations at epoch k+l are related to the state vector as foilows: 

where +,, is the obsewation vector (l x 1). 2 being the number of obsewations, 

Et+, is the design rnatrix (2 x m) . 
E is the meastuement noise vector (1 x 1) assumed to have a zero-mean Gaussian 

distn'bution E - N(0, Cc), 

CC is the variancecovariance matrk of E , 

and m is the number of unknown parameters. 



Kalman fiha update equations are used to estimate the state vector 

where x,,(+) is the (m x 1) updated state vector, 

Ct+,(+) is the (m x m) vaIïance-covariance matrix of r,,,(+) , 

is the(1 x f )  variance-covariance matriv of measurement noise vector 6, 

K is the (m x I )  Kalrnan filter gain matrix. 

A sirnpler fom for the gain matrix can be d e n  as [Gelb, 19741 




