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  GPS/INS integration architectures 
  Adaptive hybrid GPS/INS integrated 

navigation system 
  Low-cost MEMS-based IMUs 
  Experiment Setup  
  Simulation results with different 

–  Integration filter update rates 
–  GPS/INS integration strategies 
–  numbers of tracked satellites 
–  GPS signal outages 
–  Grade of IMUs 
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On GPS/INS integration strategies 
GPS/INS Integration 

DR  

Delta ranges (DR)  

GPS/INS indirect feedback integration architectures 
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On GPS/INS integration strategies 
GPS/INS Integration 

  Loosely-coupled GPS/INS integration 
–  A decentralized estimation architecture with independent and redundant 

solutions from INS and GPS. 
–  At least 4 satellites have to be in view to obtain an update from the GPS 

based measurement . 
–  In case of one KF in the GPS receiver, one KF for Integration (cascaded 

filtering), the system may have accuracy and stability problem. 

  Tightly-coupled GPS/INS integration 
–  INS estimates are corrected by GPS when less than 4 satellites in view. 
–  More complex integration KF state space and observation models. 

  Deeply-coupled GPS/INS integration 
–  INS aiding of GPS 

•  GPS tracking loops bandwidth reduction  
•  improved accuracy, robustness (anti-jamming)   
•  faster acquisition and tracking 

–  Access to the tracking loops is required. 
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On GPS/INS integration strategies 
GPS/INS Integration 

  Various ways to integrate GPS and INS. 

  What is a good design of the GPS/INS 
integration architecture ? 

  Maximizing the accuracy and robustness of 
the navigation solution 

  Minimizing the system complexity 
  Optimizing the processing efficiency 

After the book: “Principle of GNSS, Inertial, and Multisensor Integrated Navigation Systems” 
from Dr. Paul D. Groves. 
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Proposal for adaptive hybrid GPS/INS Integration system 
GPS/INS Integration 

  A system with two working modes can be a 
solution 
–  Default mode (in good signal condition) 

•  loosely-coupled integration architecture 
–  Enhanced mode (in bad signal condition) 

•  Tightly-coupled integration architecture 

  Switching mechanization 
–  A switching mechanization (based on the number of tracked 

satellites) 
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Proposal for an adaptive hybrid GPS/INS integration system 
GPS/INS Integration 

System Architecture 
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Proposal for an adaptive hybrid GPS/INS integration system 
GPS/INS Integration 

Default Mode 
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Proposal for an adaptive hybrid GPS/INS integration system 
GPS/INS Integration 

Enhanced Mode 
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System model  
Low-Cost IMUs 

Low-cost gyroscopes can not sense Earth’s rotation , and Transport rate and Coriolis 
terms can be neglected in the strapdown processing and in the system model for the 
integration Kalman filter. 

  A simplified n-frame error state system model is 

with position error 

velocity error 

attitude error 

accelerometer 
bias 

gyro bias 

clock error �

The discrete-time analogue is expressed as ξ(k+1)=A(k)ξ(k) with 
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Experiment setup 
Simulation Result 

Typical error of a low-cost MEMS IMU Parameters for the simulation of the following experiment. 

Trajectory simulated from IFEN RF signal simulator 

Fig. 1: Trajectory in ENU navigation frame 



Outline 

UNIVERSITY OF 
SIEGEN 

12 

GPS/INS Integration Low-Cost IMUs Simulation Results Conclusions 

NAV08/ILA37 

Scenario 1: Loosely-coupled integration  
Simulation Result 

Loosely-coupled integration with the Least-squares 
estimator for GPS receiver, and 15-state Kalman Filter 
for integration with 

• 1 Hz, 0.5 Hz Hz filter update rates 
• 100 Hz IMU measurements 
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Scenario 1: with 1 Hz filter update rate 
Simulation Result 

Fig. 2:  1 Hz GPS measurement update rate 

IMU position drift 
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Simulation Result 

Scenario 1: with 0.5 Hz filter update rate 

IMU position drift 
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Scenario 2: Tightly-coupled integration 
Simulation Result 

Tightly-coupled integration with using centralized 17-
state Kalman Filter with 

• 0.5 Hz filter update rates 
• 100 Hz IMU measurements 
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Scenario 2-1: with 0.5 Hz filter update rate 
Simulation Result 
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Scenario 2-2: Tightly-coupled integration with 3, 4, 9 satellites 
Simulation Result 

Position errors and their dependencies on the number of satellites in view �
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Scenario 2-2: Tightly-coupled integration with 3, 4, 9 satellites 
Simulation Result 

Velocity errors and their dependencies on the number of satellites in view �
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Scenario 2-3: Tightly-coupled integration with GPS signal outages 
Simulation Result 

80 s 20 s 

3 Satellites in view 
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Scenario 2-4: Using the higher grade IMU (tactical grade) 
Simulation Result 

Error characteristic of the tactical grade IMU  
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Scenario 3: Adaptive hybrid integrated navigation system 
Simulation Result 

System Architecture 
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Scenario 3: Adaptive hybrid integrated navigation system 
Simulation Result 
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Scenario 3: Adaptive hybrid integrated navigation system 
Simulation Result 

Position and velocity errors (after 120 s) of tightly-coupled 
and adaptive hybrid navigation system �

Mean position and velocity errors after 10 runs  



Outline 

UNIVERSITY OF 
SIEGEN 

24 

GPS/INS Integration Low-Cost IMUs Simulation Results Conclusions 

NAV08/ILA37 

Conclusions: 
Conclusions 

Thank you for your attention! 

  Scenario 1 (Loosely-coupled Integration) 
–  For low-cost MEMS-based IMU, GPS measurement update rate is an 

important factor regarding the accuracy of the navigation solution. 

  Scenario 2 (Tightly-coupled Integration) 
–  2-1: Proper initialization of the integration Kalman filter is important. 
–  2-2: With more satellites in view, the results will be better. When less than 4      

     satellites are in view, INS estimates can be corrected from      
    measurements of remaining satellites, but navigation solution is      
    obviously biased. 

–  2-3: For long time GPS signal outages, positioning errors are bounded. 
        For short time GPS signal outages, positioning errors seem to be   

    unbounded (drift over time). 
–  2-4: With high grade IMU, the single-point GPS positioning errors are the 

dominant part of the total errors rather than the drift from IMU. 

  Scenario 3 (Adaptive Navigation System) 
–  There is no convergence problems for initializing the integration algorithm. 
–  Fast convergence when system leaves challenging signal environments. 
–  System complexity has been reduced when system is navigating under 

good signal conditions, with higher GPS measurement update rate. 


