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1 ABSTRACT 

The paper presents the capability and performance of a light weight inertial measurement system to 
acquire all relevant flight dynamical measurements as they are present during high dynamic training flights, 
e.g. for jet trainers. The paper presents a new family of light weight low power INS/GNSS solutions based 
on MEMS sensors, being used for UAV navigation and control as well as for aircraft motion dynamics 
analysis and trajectory surveying. One key is an up to 42 state extended Kalman filter based powerful data 
fusion, which allows also the estimation and correction of parameters which are typically affected by sensor 
aging, especially when applying MEMS based inertial sensors. The paper presents the general system 
architecture, which allows iMAR Navigation the integration of all classes of inertial sensors and GNSS 
receivers from very-low-cost MEMS and high performance MEMS over FOG (fiber optical gyro) and RLG 
(ring laser gyro) up to HRG (hemispherical resonator gyro) technology, and presents detailed flight test 
results being obtained also under extreme flight conditions. As an impressive example of system 
performance even under challenging dynamics environment the aerobatic maneuvers of the World 
Champion 2016 (Red Bull Air Race) are presented. A short view is also given to surveying applications, 
where the ultimate performance of the same data fusion, but applied on iMARôs ring laser gyro systems, is 
discussed.  
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2 INTRODUCTION 

iMAR Navigation GmbH, located in St. Ingbert in the southwestern of Germany, is known as a designer and 
manufacturer of precise and reliable inertial measurement systems for navigation, surveying and control 
since now more than 20 years. Due to the deep knowledge about inertial technology regarding all kinds of 
gyro technology from MEMS over FOG and RLG up to HRG, data fusion and system integration, combined 
with the capability and certification also to manufacture safety relevant systems, iMAR Navigation is a 
leading and worldwide operating provider of standard and customized inertial measurement and tracking 
solutions. 

iMAR operates extensive in-house facilities including electronics and mechatronics integration labs, CNC 
machine tools, several turntables, a vibration & shock testing machine, temperature chambers, a hexapod 
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motion simulator for up to 1 ton payload or a 3 axes precise coordinate measurement machine for quality 
assurance of in-house and external manufactured mechanical components. This equipment, as a base 
together with the strong skills of our more than 60 highly experienced engineers, scientists, technicians and 
administrations, guarantee the success of our systems and solutions in the market of industrial, automotive 
and defense applications on the ground, on the sea and in the air.  

With iNAT-M200/SLN this paper 
presents a system being a brilliant 
choice to monitor dynamics and 
trajectory e.g. of trainer aircrafts as 
well as the technology behind the 
successful iNAT systems. As an 
example, flights performed during 
Red Bull Air Race 2016 (Figure 1) in 
Ascot / UK and at Lausitzring / Ger-
many in the Masterôs Class are 
shown and also compared with re-
sults of a competing system. For 
that the iNAT-M200/SLN had been 
mounted on the aerobatic aircraft of 
Matthias Dolderer, the Germanôs 
participant in the Masterôs League 
and the World Champion 2016. 
These flights are very interesting be-
cause they show the most challen-
ging demands of aerobatic flight 
conditions for an inertial navigation 
system, which cover also all flight maneuvers usually flown by fighter pilots during their training flights. 

 

3 SYSTEM ARCHITECTURE - HARDWARE 

All iNAT systems feature a similar hardware architecture which differs only in the used inertial sensors, the 
data acquisition setup and the variety of data output interfaces. This means, that the embedded computing, 
calibration, signal processing and output protocol modules stay the same throughout the entire product 
lineup.  

 The iNAT-M200 INS/GNSS system, which is used to acquire the measurement results being discussed in 
the following chapters, is designed for navigation, localization and attitude / heading measurement as well 

as for performing control tasks of manned and unmanned 

vehicles like UAVs (unmanned air vehicles), AUVs 
(autonomous underwater vehicles), UGVs (un-
manned ground vehicles) or UMVs (unmanned 
marine vehicles). With its 750 grams and 8 W po-

wer consumption the iNAT-M200/SLN (see 
Figure 2) is a real light weight and low power 

Figure 3: iNAT-RQT based on ring laser technology 

Figure 2: iNAT-M200/SLN (INS/GNSS 
based inertial navigation, 
surveying and control system) 

Figure 1: Red Bull Air Race 
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system, which is nevertheless equipped with an integrated high grade MEMS based inertial sensor 
assembly (several classes of performance available), an integrated GNSS receiver (up to L1L2 
GPS+GLONASS+GALILEO & RTK), an integrated wheel sensor (odometer) interface (A/B RS422 level), 
an integrated powerful miniaturized strapdown computer with data fusion (42 state Kalman filtering) and 
which provides all commonly desired interfaces (Ethernet, UART RS422/RS232, CAN, USB, SYNC) to 
communicate with external systems. The iNAT-M200 supports all usual data protocols like TCP/IP, UDP, 
NMEA 0183, CANaero, ARINC825 and many others as well as customized communication layers. 
ARINC429 is additionally available on the systems of type iNAT-RQT, iNAT-RQH, iNAT-FSSG, iNAT-FSLG 
and iNAT-HQS, which cover all sensor technologies from MEMS over fiber optic gyros, hemispherical 
gyros up to highest performance ring laser gyros.  

The Figure 3 shows the iNAT-RQT-4003, a compact high performance class INS/GNSS system with ring 
laser gyroscopes and with gyro compassing capability, as it is e.g. used by Airbus Helicopters (Eurocopter) 
as master flight reference system since 2016. It is e.g. used to survey the aircraftôs trajectory during 
performing standard and extended flight tests and aircraft approvals.  

Figure 4 shows the block diagram of the iNAT-M200 system. The achieved high system performance is a 
result of the high performance of the used inertial sensors, the good performance of the used GNSS 
engine, the high sophisticated strapdown and data fusion algorithms and the excellent time synchronization 
inside the mixed FPGA/µC architecture.   

 

Figure 4: iNAT-M200 Block Diagram 

 

Detailed information about the iNAT systems can be found on www.imar-navigation.de . 

  

http://www.imar-navigation.de/
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4 SYSTEM ARCHITECTURE - SOFTWARE 

All iNAT systems feature a common firmware which differs only in the sensor-readout module while the 
calibration, signal processing and output protocol modules stay the same throughout the product lineup. 
This ensures complete behavioral compatibility between different device classes, allowing customers to 
easily switch between INS performance classes without even touching their interfacing software. 

The software module architecture is depicted in Figure 5, where the software itself is operated on a real-
time operating system. After sampling the inertial sensors, sensor and system-level compensation algo-
rithms are performed on their outputs. The compensated data are then used to drive the strapdown and 
Kalman filter algorithms to produce an optimal INS/GNSS solution. The output module produces outputs for 
different protocols, which may be output over the available hardware interfaces. Supported protocols for 
output over Ethernet, UART or USB are the iMAR proprietary iXCOM protocol, as well as NMEA 0183. The 
CAN bus supports either ARINC 825 or CANaero. Furthermore, ARINC 429 is supported depending on the 
hardware configuration. The output rate of messages in either format is adjustable to integer divisors of the 
inertial data rate and the output sequence as well as the data composition of the messages is adjustable 
for ARINC 429. 

 

 

Figure 5: iNAT software module architecture (excerpt) 

 
 
The modular software architecture enables 
iMAR to develop customer-specific appli-
cations running on the IMS (inertial meas-
urement system, here used as a generali-
zation of INS, which means only inertial 
navigation system) itself which may be 
used to convert from a customer-specific 
protocol to iXCOM and back (see Figure 
6), easing the development of form, fit & 
function replacement of legacy hardware 
with an iNAT IMS. 

 

Figure 6: Realization of custom protocols on iNAT 
systems 
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Another integral part of the iNAT series is the embedded data recorder functionality. This feature is also 
useful to monitor the trajectory and dynamic behaviour of trainer aircrafts to allow an effective education of 
the pilot also in post mission.   

All iNAT systems employ an 
SD card with storage 
capacities of 32 GByte. The 
data recorder may be set up 
to log timestamped raw 
inertial data at the full IMS 
data rate as well as GNSS 
raw data for post-processing, 
as well as all other logs 
available in the iXCOM 
protocol. Furthermore, log-
ging of CAN traffic and 
correction data received via 
the integrated NTRIP client 
may be enabled. All logged 
data can be retrieved from 
the system through an FTP 
connection. 

For system configuration and data visualization, iMAR offers the iXCOM-CMD GUI software for MS Win-
dows

TM
, Linux and MacOS (Figure 7).  

This software communicates with the iNAT device over the iXCOM protocol and may also be used to 
download data from the integrated SD card by the integrated FTP client. A great number of visualization 
options is available, including an artificial horizon, g-meters and speed gauges (Figure 9). The horizontal 
position can be visualized on an OpenStreetMap based powerful graphical moving map with both online 
and offline map support capability. Figure 10 shows a screenshot of the qualification race of Red Bull Air 
Race in August 2016 in Ascot / UK, obtained with such an iNAT-M200 system, Figure 8 shows the 
trajectory as horizontal and altitude plot, also within iXCOM-CMD. 

 

Figure 8:  iXCOM-CMD generated plot of flight trajectory 

 

Figure 7: iXCOM-CMD Graphical User Interface (GUI) 
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Figure 9: Graphical Instruments and Plots inside iXCOM-CMD (screens can be adjusted by user) 

 

Figure 10:  Moving Map of iXCOM-CMD incl. INS/GNSS status visualization to support rapid analysis 

 
 

  


