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Summary

In this paper, an improved Precise Point PositgnPS/MEMS-based integrated
system is introduced for precise positioning aiens. Un-differenced ionosphere-free
linear combinations of carrier phase and code measents are processed. Tropospheric
delay, satellite clock, ocean loading, Earth tidatrier-phase windup, relativity, and
satellite and receiver antenna phase-center \@mgtare accounted for using rigorous
modeling. Tightly coupled mechanism is adopted, clwhis carried out in the raw
measurements domain. Both Extended Kalman filt&iHjEand Unscented Kalman filter
(UKF) are developed to merge the GPS and inertedsurements. The performance of
integrated system is analyzed using a real tes@sicen downtown Kingston.

It is shown that both Extended Kalman and UnsceHt&dhan filters have comparable
performance. The positioning results of the integtasystem show that decimeter-level
accuracy is achievable. During the GPS outagesjntiegrated system showed meter-
level accuracy when a 60-second outage was intemtluklowever, the positioning

accuracy was improved to sub-decimeter and cergimevel when 30- and 10-second
GPS outages were introduced, respectively.
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1. Introduction

Currently, the highest accuracy GPS positioningutsmh is obtained through carrier-
phase observables in differential mode, involving tor more receivers. However, the
requirement of a base station is usually problenfati some applications as it limits the
operational range of the system and increasesystens cost and complexity. Recent
research shows that comparable positioning accuranybe achieved through precise
point positioning (PPP) technique. PPP use unieiffeed or between-satellite single
differenced carrier phase and pseudorange obsamgaiiElsobeiey and El-Rabbany
2013).

Unfortunately, accurate GPS positioning solutionymat always be available due to
GPS outages. To overcome these limitations, GPSheamtegrated with a relatively

environment-independent system, the inertial namgasystem (INS). Currently, most
integrated GPS/INS systems are based on diffeteGiRE (DGPS) due to the high
accuracy of differential mode (Petovello, 2003 &aksar, 2003). More recently, GPS-
PPP was integrated with a tactical grade IMU toieehcomparable accuracy with that
of differential mode (Zhang and Gao, 2007). Howgwbe use of high-end INS is

generally limited due to their high cost and siRecently, micro-electro-mechanical
sensors (MEMS) inertial sensors have been developleith are characterized by their
small size and low cost compared with high-endtiaesensors. Generally, however,
MEMS inertial sensors have poorer performance aabilgy compared with high-end

INS due to the high noise level and severe biasdslafts affecting them.

This research is aimed to develop a new integraystem based on integrating GPS-
based PPP with MEMS accelerometers and fiber aptios for precise positioning

applications. The proposed integrated system regjuigorous modeling of all errors and
biases affecting inertial sensors and GPS obsensti We use un-differenced
observations for GPS PPP. Inertial sensors biageaaounted for through calibration,
while Gaussian-Markov stochastic process modelsisduto account for the sensor’s
random errors.
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2. Un-differenced ionosphere-free model PPP model

The most common PPP model is the un-differencedsiolnere-free combination of code
and carrier phase observations (Hofmann-Wellenhadle2008). This model eliminates
the first order ionosphere delay by combining thesesvations ofL,and.,. The
mathematical model for ionosphere-free PPP canrhlitewas:

2p _ £2
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whereP; andP, are code measurements lpnandL,, respectively®, and &, are the
carrier phase measurementsignandL,, respectivelydt, anddt® are the clock errors
for receiver and satellite, respectivedly;andd® are frequency-dependent code hardware
delay for receiver and satellite, respectivdly;and 6 are frequency-dependent carrier
phase hardware delay for receiver and satellispetively;ey,;, eq3 are relevant system
noise and un-modeled residual errors for the utem@ihced ionosphere-free combination
of the code and carrier-phase measurements, rasggcanda are the wavelengths for
un-differenced ionosphere-free carrier frequenciess un-differenced ionosphere-free
ambiguity bias; c is the speed of light in vacuwamndp is the true geometric range from
the antenna phase centre of the receiver at recepitne to the antenna phase centre of
the satellite at transmission time.

3. GPS/MEMS-based IMU integrated system mechanism

In this paper, the tightly coupled (TC) architeetus implemented adopting a central
filter to process GPS raw pseudorange, carriergphasg Doppler measurements and the
INS-derived observations to produce estimates ef dtate vector including position,
velocity and attitude. The basic state vector iasof the nine navigation parameter
errors, namely three position errors, three vejoetrors and three attitude errors.
Additional states are added to the INS error manl@rder to account for the effects of
the inertial sensor and GPS errors. The compleige stector consists of 24 states
describing the basic state vector (the nine naviggbarameter errors) and the inertial
sensors errors (bias drift and scale factor).

Knowing the precise GPS satellites ephemeris, thputs of position and velocity from
the INS mechanization are used to predict the psande, phase and Doppler
measurements. The corrected GPS pseudorangey gdnaige and Doppler measurements
are differenced with the INS-predicted measuremeiitisen, the estimated filter
processes those residuals to estimate the intdgstetem state vector. Finally, the
obtained state estimates are feed backed to theridt®anization using the closed loop
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approach. Both Extended Kalman filter (EKF) and ¢éméed Kalman filter (UKF) are
developed to merge the GPS and inertial measursment

3.1.Extended Kalman Filter (EKF)

EKF transforms the nonlinear system for both thdionoand observation models to
linear through linearization process by applyinyl®aseries expansion and neglecting
the second and higher order terms assuming Gausssarbution density which is
applied in Kalman filter (KF) estimation. GenerallgKF gives optimal estimation
solution for linear models. In other words, for theegrated GPS/INS system, EKF gives
optimal solution for the approximate system (limeed system) rather than the original
system (nonlinear systemysing first order Taylor linearization may causeetgence
of motion models especially during GPS outagestduie impact of neglecting higher
order terms especially when low cost MEMS-based liglused.

The prediction step is given by (Jekeli, 2001):
OXk k-1 = Pyr-10Xy-1 (3)
Pek-1 = q)k,k—lpk—lqﬂk—,k—l (4)

The update step is given by (Jekeli, 2001):

Ki = PexaHe (HiRokHg + R)™ (5)
R = (1 = KyH )Rok-1 (6)
0% = 0% k-1 + Ky(0Z — HiO% 1) (7)

where dxy IS the updated error state vectar, ,_,is the state-transition matrix,
Py ,—1is the variance-covariance matrix for the predicstate R,is variance covariance
matrix for the measurement stakg, is the Kalman gairk is the epoch numbet,is the
design matrix related the measurement vector byetha state vector andZ, is the
measurement vector.

3.2.Unscented Kalman Filter (UKF)

In UKF, a set of scaled sigma points with apprdprigeights is deterministically chosen
SO as to capture the mean and covariance of thidora vector up to a third order
accuracy. Consider a random vector x with meamd covariance matx. The scaled
sigma points and the corresponding weights carebretl according to Bergman, (2001)
as follows:
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1. Initialize with (k=0);

X = E[ %] (8)
R = E[ (X%~ Xo) (X~ Xo)' ] (9)

2. Define sigma points;

P = _ 1

Xe—g = X+ 4J(n+ AR, W _—2(n+/1) (10)

X =X - (N DRW, = (11)
-1 x 1 i+n 2(n+/])

Where i=1:n, are the sigma points and n is the d#iom of the state vector. The
parametei. is a scaling parameter.

3. Time update step;

X|i<,k—1 = f(XL—liui ) + Wy (12)

4. Measurement update;

2n 2n
Zira = MXe1)s L = ZWZL.k—li)_QK.k—l = ZW)‘L,k—l (13)
i=0 i=0
2n _ ) _ )
P = ZVVI(Zk.k—l = Zig1) Zeper~ Zigen)' (14)
i=0
2n ) )
Pere = D W(Rekar = Xeker) et Xek-n)' (15)
i=0
— T
Kk - PXk,k—:LPYk (16)
X = Xek-1 + Ky Zk,k—l (17)
Pe = B = KRy K" (18)

wherex, andP, are the initial state vector and variance-covagamatrix respectively.
x' andZ' are the state and observation vectors for theespanding sigma pointd,and
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h are the non-linear motion and observation modekpectively.xy 1, Zyx—,and
P .., are the time prediction state vector, observatiector and variance-covariance
matrix respectivelyx,, and P, are the time update state vector variance-covegian

matrix respectively.

Vehicular test is conducted to evaluate the peréoree of the developed integrated GPS-
PPP/MEMS-based IMU system. The vehicular test wasied out in downtown
Kingston, Ontario (Figure 1). The test locationresents difficult scenarios for satellite
navigation, with frequent partial GPS outages ofesal seconds. Novatel SPAN-CPT
system is used for obtaining the inertial data m@goand Trimble R10 receiver is
employed for obtaining GPS observations. The SPAN-Gystem consists of a Novatel
OEM4 receiver and MEMS IMU consisting of three MEM&sed accelerometers and
three fiber optic gyros. Only the performance @& positioning accuracy is considered in
this paper. The positioning results of the integgasystem show that decimeter-level
accuracy is achievable for both EKF and UKF. Touate the challenging conditions of
the trajectory trip including high and slow spedsglve simulated GPS outages of 60s,
30s and 10s are introduced. Both EKF and UKF hawdas accuracy-level during the
outages.

Figures 2, 3 and 4 show the positioning errorsregieed to carrier-phase-based DGPS
solution for latitude, longitude and altitude. Tiesults show decimeter-level positioning
accuracy for both EKF and UKF. Figure 5 shows the¢-mean-square error (RMSE) and
the maximum errors of the positioning results. Fegé shows the accuracy of the

integrated system during various complete GPS estaf§s can be seen, the integrated
system showes meter-level accuracy when a 60-sewotagje is introduced. However,

the positioning accuracy is improved to sub-decameluring 30- and 10-second GPS
outages, respectively.
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Figure 1. Trajectory test area
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Figure 2. Latitude accuracy using EKF and UKF
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Figure 3. Longitude accuracy using EKF and UKF
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Figure 4. Altitude accuracy using EKF and UKF
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Figure 5. Maximum and RMSE errors for EKF and UKF
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4. Conclusion

This research developed new algorithms for thegiatiion of GPS PPP and MEMS-based IMU.
Tightly coupled mechanization was implemented usiolp EKF and UKF. The performance of
integrated system was analyzed using a real testasio in downtown Kingston, Ontario. Un-
differenced ionosphere-free linear combinationgade and carrier-phase measurements were
considered. The positioning results of the integgtasystem showed that decimeter-level
accuracy is achievable for both EKF and UKF. Dgrtihe GPS outages, the integrated system
showed meter-level accuracy when a 60-second outege introduced. However, the
positioning accuracy was improved to sub-decimetat centimeter level when 30- and 10-
second GPS outages were introduced, respectiviselresults are very encouraging as they
are comparable to high-end differential-based GQ¥SAystems.
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