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Abstract

With the bloomingof navigation and location based servit8S) industryand thefast
growing automoibe market in Chinathe requirement of vehicle navigation in urbzarsh
environment keepsncreasing. Currentlyautomatic driving andunmannedaerial vehicle
(UAV) also hae urgent demand on continuous, reliable decimeter even centimeter level
navigation. Global Navigation Satellite System (GNSS) is one of the crucial metAda
industry is actively developing high precision, low c@SS positioning navigation and
timing terminal products. Tradition@NSSnavigation receiverfocus on high sensitity in
urbanharshenvironment and ignerthe precisionof GNSS observationsyhile surveyng
receives can only be used in high precision positioning in epley environment. Based on
inertial navigation systenfiINS) and GNSS integrated navigation is waly used in land
vehicle navigationHowever, traditional integration methods are loose integration and tight
integration which are both integration methods on the level of data processingnaaidly
use GNSS to aidNS. They have no improvement to GNS&ceiver baseband signal
processingln order to achieve high precision navigation in urbarshenvironment through
a low cost method, the quality of GNS8w measurementshould be increasedeep
integration use#f\S information to aid receivesasebandgignal processingrhereforeit can
effectively improve thedynamicresponseand the tracking precisiorof receiverbaseband
signal processingt the same time

Because of itsinherent superiordynamic performance, therevious research and
application onGNSS/INS deep integration system focuses on high dynsceicariosand
strongjammingenvironmentand ithas been applied martweapon guidancby US and
NATO. With theextensiorof the deep integration technology ¢wvilian applicationsand the
devdopment of land vehicle navigation, some foreign manufacturers ti@velopedhigh
precision navigatiosystemswith quasideep integration technology.

Towards the high precision and low cost land vehicle navigation in urban environment,
the thesis is sumpted by the National Higkech R&D Program (863 Program) project
fiDevelopment and applications of land vehicle navigation terminals based on GNSS/INS
deep integratiol Aiming at intermittent andattenuatedGNSS signals in urbaimarsh
environment, this tbsisstudies the theory and methodologyradrtial aided GPS and Beidou
receiver using GNSS/INS deep integraficextracts continuous high precision GNSS
measurements in urban vehicle naviggtiand evaluateshe measurements quality of the



GNSS/INS deepntegration receiver throughoth hardwaresimulabr and field tests The
research includes the following aspects:

1. A unified and comprehensive baseband tracking error model for GNSS/INS deep
integration isproposed The inertial Doppler frequency aidig error model is derived by
substituting thanertial sensorerror model into the differential equation of INS error. Then
the overall error response of the deep integratiackingchannéis derived by substituting
this inertial Doppler frequency aidirgyror model into the receiver trackimgror model of
closeloop and opeitoop. A statistical characteristic expression of the error response of the
items modeled astochastic processas inertial sensor error model is presented. By doing
the above, aheoretical tool for the quantitative analysis of clsgp tracking error and open
loop tracking time limit is provided.

2. The weak signdrackingand dynamic tracking performancetbé FFT discriminator
is studied. The IQ integration sequence withoavigation data bits is used to perform the
FFT transformatiorfor the case of having navigation data bits aiding information. In the
absence of navigation data bits aiding information, navigation data lihe [§) integration
sequence are removed by qdex squaring. The FFT transformation is thprformedand
the generalized necoherent PLL carrier phase discriminatordesrived The weak signal
sensitivity is improvedy using partiafrequency spectrum poinE=T, and a low complexity
implementatiorof the partial FFT discriminator which is suitable for hardwarpragposed
By using the probability density function thfe IQ integration with and withoutNSSsignal,
the sensitivity of the FFT discriminator eéstimated By using MonteCarlo simulaton, the
sensitivity of the squared FFT discriminator is simulated. By combining the acceleration
estimation error of inertial sensor withe FFT discriminator dynamic performance, the
dynamic sensitivity performance of the FFT frequency discriminatoreep dntegration is
analyzed.Hardware simulation results have shown that reliable GNSS signal tracking at
20dB-Hz weak signal tracking in 100g acceleration/deceleration scenario is achieved.

3. The GNSS observation continuity satellite signal discontimus environment is
improved effectively by using inertial aided open loop tracking algorithtardware
simulator testsverified the possibility of shotierm (5s) carrier phase open loop tracking.
Inter-channel aiding increased the carrier phase open t@gking accuracy. Hardware
simulatortestsand urban harsh environmeirgld testsverified the possibility of relatively
long-term (20s) carrier frequency and code phase open loop tracKegcquisition is
acceleratedsignificantly. The total tracking percentage of GNSS signadbcking time



increased Code phase tr&king error during convergencdecreased and the navigation
positioning availability and presion is improved.

4. Towards the continuous high precision observatiequirementin urban harsh
environment, a GNSS/INS deep integration software defined receiver is developed and the
system is optimizedin addition to the above ketechniquesthe following designsand
improvements are included:

1) Zero padding FFT is usietdhmst a haev diadck tb eicmg

the NH code in Beidou signal when i mpl eme

2) The ratio of code frequency and <carrier

detector. By combining the cothatil ockwidth

this ratio, a robust signal tracking | ock

3) The coher&mtheamradtnomt egrati on energy of

synchtoei mavigati on data bit phase. Furt

by perifng FFT transformation on the expal

realize reynalbdenifzatmeon i n weak signal

4 The code tr aaxdkjindytoablplog a wd W hadd che li ésreautser d e t ¢
phase ‘tracking error dars\wee rsgteenpc er. e sBpyo nis e

bandwi dth changing time is calcul ated.

5" Pseudorange multipath error i s suppressecdc

6) By differencing the inertial derived pse:

a |l ow cosmpucexrndryge adbgobiisdempet eimemt ed. A
filter is used to obtain the slowly vary
errot heamésndsphere, troposphere del ay, r
error.

5. The developedGNSS/INS deep integration software defined receiver is testdd
evaluated including simulator signal tesand urban environmetiield tess. The baseband
code and carrier phase tracking performance under different loop settings is compared by
hardwaresimulabr signal. The pseudorange and carrier phase measurements are compared
with typical commercial receiver(Trimble R9 surveing receiver and ublox M8N navigation
receiver) The simulation test showthat thedeep integration receiver hdwgher carrier
phase tracking sensitivitgmaller carrier phase tracking efrandshorterreacquisitiontime
afterthe GNSS signal recovergompared to R9 receiver. The deep integration receiver also
has similar pseudorange errosjimilar reacquisitiontime, and smaller code error during

convergencecompared taublox receiver. Real urbamarshenvironment signal test &slso

Vi



performed. Firstly, positioning results of the GNSS/INS deep integration receiver working in
inertial aided mode and unaided mode @ompared. Withhe aiding, the deep integration
receiverdeveloped in this theslsas a better performance horizontalpositioning error, fix
epoch percentage and coarse ermpoch percentage. Secondly, pseudorange positioning
resultsof the inertialaideddeep integration receiveleveloped in this thessre compared

with typical commercial receivers. Deep integration receiver has a better performance than
Trimble R9 and ublox receivesr is similar to themin terms ofhorizontalpositioning error,

fix epoch percentage and coarse ermpoch percentage. Then, pseudorange positioning
results in some typical cases are compared, anthéngal aideddeep integration reiver
developed in this theslsas a better performance than R9 and ublox resedres similar to
themin terms ofconvergence time, firpochnumber andhorizontalpositioning error. Lastly,
carrier phase positioning results imedative harstenvironment are compared, and the deep
integration receiver has a better performance th@naRd ublox receiver inerms of
horizontalpositioning erromndambiguity fix number.

In summary the scalar GNSS/INS deep integratiteohniques dedicated farbanharsh
environment igdeveloped and studigdoroughly in this thesis. The deep integratreceiver
basebanderror model isimproved and become more comprehensive and feasilhle
dynamic weak signal tracking performance of the FFT frequency discriminator is analyzed.
The open loop tracking based on inertial aiding is implemented to imgreveontinuity of
the GNSS signal tracking.he deep integration receiver is optimized i@arshenvironment
and completehardware simulation and urbarharsh environmentland vehicle tests are
performed. The deep integration receiver developed in thisstihes low computational
complexity,which can beported easilyfo embedded systerandcanwork as the validation
tool and test platform for the development of +@ale hardware receiver productEhe
research work done in this thesis has improved théN&S receiver signal processing
capability in harsh environment of land vehicle dynastenariosignificantly. Theyhave
provided ahigh quality GNSS observation levehat canguarantee the continous high
precision positioningn urban environment, demaad bythe fastgrowing driverless car and
UAYV industry.

Key Words: GNSS/INS Deep Integration, Land Vehicle NavigationGNSS High
Quality Measurements, Dynamic Weak Signalracking, Open Loop Tracking
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GPS Global Positioning System, B

GLONASS Global Navigation Satellite System, n
BDS BeidouNavigation Satellité&System, A
GNSS Global Navigation Satellitey A

LBS Location Based Servicé, (o

RTK Real Time Kinematic,

PNT Positioning Navigation and Timing, P

PTA Protect Toughen and Augmef,

BOC Binary Offset Carrienru. L Z

PLL Phase Locked Loop, B

FLL Frequency Locked Loop,

TMBOC Time Multiplex Binary Offset Carrier, Ne

NH NeumannHoffman, w -

INS Inertial Navigation System,

FFT Fast Fourier Transform, i = i

IQ In-Phase and Quadrature, b

AFC Automatic Frequency Control,” L
CNO Carrier to Noise Ratio,

RAIM Receiver Autonomous Integrity Monitoring,
MEMS Micro-ElectroMechanical System,

CEP Circular Error Probabile,

NRZ Non-Return to Zero,

PRN Pseudo Range Noige,

C/A Coarse Acquisition,

ADC Analog to Digital Converter,

NCO Numerical Controlled Oscillat,

CD Code Discriminator,  #

VIl



PVT Position Velocity and Time®

DLL Delay Lock Loop,

PRDD Pseudorange Double Differenée, {
CPDD Carrier Phase Double Difference, B ¥
IMU Inertial Measurement Unit, 1 'H

AGNSS Assisted GNSS, ©  GNSS

GEO Geostationary Earth Orbit,

PDF Probability Density Function, P
SNR Signal to Noise Ratid;l

SFFT Squared FFT, FFT

PFFT Partial FFT, Ne FFT

PSFFT Partial Squared FFT, Ne FFT
LFM Linear Frequency Modulation,

TCXO Temperature Compensated Crystal Oscillator,
OCXO Oven Controlled Crystal Oscillator,

ECEF Earth Centered Earth Fixed,

LOS Line Of Sight,

PPS Pulse Per Second, |l

RINEX Receiver Independent Exchange Forriat,
CDF Cumdative Distribution Function, Ne #
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