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ABSTRACT 

 

High-precision location of space launch vehicles is a key component of the flight safety. The 

need for a very accurate location has gained the whole launch with the flight and re-entry stages 

being also critical in terms of safety. 

Thanks to the hybridization of GNSS and INS data, the accurate location can be fully defined 

inside the launch vehicle at low cost. This opens up to the setting of an autonomous system for 

location on-board the vehicle. Still, in order to ensure the reliability of such a system, many 

redundancies have to be set which implies to add equipment: autonomous power, processing, 

unique telemetry downlink… Adding this equipment challenging in an environment where the 

use of room and the adding of weight are very tightly monitored.  

This paper describes the techniques to settle a fully autonomous location system which answers 

to the needs for an accurate, strongly reliable location while being non-intrusive, cost-effective 

and easily integrated in any launch vehicle. 

 

INTRODUCTION 

 

Space launch vehicles are autonomous vectors. A pre-set trajectory is set and the navigation 

system onboard the vehicle ensures that it stays as close to it as possible. All the navigation 

system is traditionally based on information coming from an Inertial Navigation System (INS), 

which provides estimated location based on a double integration of measured accelerations on 

the three axes. But this system can present errors, and all the navigation system of a space 

vehicle can lead the vector to an undesired path. When the vector enters an uncontrolled situation 

it can endanger populations. Flight Safety is a set of techniques and strategies that are set in order 

to cope with such situations. 

In order to get accurate information about the vehicle’s attitude (roll, pitch, yaw) and location in 

space, ground radar stations are a standard solution. They provide an accurate location of the 

vector (typically <10m) but are a source of high additional costs and are limited to relatively low 

altitudes (<1500km). Indeed, dedicated infrastructures must be settled along the path of the 

flight. Space vehicles being now more and more re-usable, the re-entry phase shall also be 

monitored, inducing a need for additional means for Flight Safety. 



Today, accurate geolocation seems much easier and affordable. GNSS chips are present in any 

smartphone and the IoT with embedded geolocation is getting more and more deployed. 

 

Multiple Global Navigation Satellite Systems (GNSS) constellations are now available and 

offering high accuracy. Even though the visibility of GNSS satellites is not ensured during a 

whole flight, their accuracy can be combined with the high-frequency information offered by an 

IMU. Even though they offer continuity, IMUs present a regular drift? Hybridization with GNSS 

information enables to compensate this drift very regularly, which enables to use mid-class IMUs 

for a globally very accurate system. This technique opens to a precise geolocation system on-

board the space vehicle. It is a lower-cost alternative and to traditional geolocation means. 

 

This paper presents a practical implementation of this technique in a fully autonomous kit. 

Bringing complete redundancy with the launch vehicle onboard systems, the kit hosts a dedicated 

energy source, data processing and telemetry link for a fully autonomous running. Based on low-

footprint equipment and field-proven technologies, this kit is suitable for any space launch 

vehicle and brings Flight Safety to a whole new level of efficiency. 

 

 

 

Typical Location System 

 

Onboard systems for accurate estimation of attitude and positioning of the space vehicle are 

gathered in an Inertial Measurement Unit (IMU). This system usually contains both 

accelerometers and gyroscopes. Data is acquired and sent to a navigation computer, all forming 

the Inertial Navigation System (INS). As long as the IMU is the only on-board system providing 

estimated location, it shall be highly accurate. A pre-recorded trajectory is held by the INS and 

actuators of the launch vehicle are controlled accordingly to the IMU data output. Both 

accelerometers and gyroscopes present drifts. They are known by extensive testing and their drift 

is incorporated in the INS processing. However, errors are still present whatever the quality of 

the technology used. In order to increase accuracy, some advocate the use of multiple IMUs 

dispatched in several INS. Redundancy of information enables to either detect false data or fuse 

data in a single output [1]. Anyway, improving accuracy for INS implies increased expenses, be 

it for new technologies or redundancy. 

Gyroscopes technologies have kept evolving since the 60s. Mechanical gyroscopes were the 

original technology, with a single-axis or twin-axis design. Optical gyroscopes appeared in the 

70s and 80s, lowering design and operating costs. They include Fiber-Optic Gyroscopes (FOG) 

and Ring-Laser Gyroscopes (RLG). Since the 2000s, Coriolis Vibratory Gyroscopes have 

appeared, enabling the low-cost use of MEMS vibrating structures, opening a wide usage of 

miniaturized gyroscopes (in smartphones for example). But MEMS offer a too low Allan 

variance. Still, mechanical gyroscopes offer the best accuracy and lowest drift [2]. 

 

The attitude accuracy required for space launch vehicle is less than 1°, while location accuracy is 

around meters. At the launch pad prior to launch, the system runs an alignment phase. Small 

disturbances on the vehicle (wind, vibrations…) can cause an initial error of 0.5° to 1° in the 

IMU configuration. This error can be corrected with the use of a MEMS-based “North-finder” 

[3].  



 
Schematic of a traditional INS and location system interactions 

 

 

Measured accelerations and induced commands sent to actuators are sent down to ground 

stations for a close monitoring of light safety. Angular accelerations, velocity, attitude are sent. 

But data provided by the onboard system is not sufficient in order to get accurate knowledge. 

Indeed, errors can occur at each level of the system (Power supply, IMU, processing, telemetry 

link…). Ground radar stations are the legacy solution to get a redundant and accurate estimation. 

These stations offer high accuracy (<10m and <<1°) at altitudes up to 1500km. But radar 

technology is limited by: 

- Angular accuracy 

- Range 

- Associated costs 

 

Indeed, multiple stations have to be installed on the path of the trajectory, some stations being 

sometimes sea-based on dedicated ships. These induce accumulating acquisition, operational and 

maintenance costs for flight safety. The safety risks of an uncontrolled vehicle decreasing with 

altitude, this technology is still widely used despite its low range. 

 

 

 

IMU Hybridization for steady performance at lower cost 

 

Multiple GNSS constellations are available for an accurate location. Their accuracy meet the 

requirements for space vehicle flight safety (<<10m). Galileo, GPS and GLONASS 

constellations ensure an entire coverage of space around earth up to geostationary orbit 

(36000km). NASA MMS missions have shown in 2017 capacity to acquire GPS data at up to 

more than 180,000km and 35,000km/h [4], way more than needed for space launch. GNSS 

receivers host filtering capacities and incoherence detection algorithms that further improve 

accuracy. However, highly accurate GNSS location data is not always available. Visibility of 

satellites from a launch vehicle is impacted by: 

 

- The spinning of the vehicle, increasing with altitude 

- The plume effect 

- The location of antennas on the vehicle body, constrained by design 

- Shocks and vibrations caused by booster/stage separation 

 



As loss and recollection of satellite signals can take time, several seconds of information loss 

should be expected. This time is unsuitable for flight safety. 

 

GNSS technologies can present performances limitations due to regulation. For example, the 

COCOM limitation for GPS limits acquisition of GPS signal to 18km altitude and 500m/s 

velocity. Galileo also has such limitations. They can however be lifted in collaboration with 

regulators. 

 

Combining multiple GNSS constellations enables to alleviate risks of signal loss, improve 

integrity of location information and allow for higher satellite visibility.  

 

 
Amount of visible GNSS satellites during a space launch 

 

Hybridization is a technique that takes the best out of the two most accurate location 

technologies: gyroscopes and GNSS. IMUs offer a high continuity of signal, high accuracy in the 

short term (due to low drift). Meanwhile, GNSS offer highly accurate information but at lower 

continuity. GNSS acquisitions are used to correct the drifting IMU data through an algorithm 

based on a Kalman filter. The low availability of GNSS signal is compensated by the low 

drifting of the internal IMU. However, a frequent reset of the drifting enables to integrate an 

IMU with lower stability than the ones used for legacy navigation. 

  
IxBlue ASTRIX 1000 FOG gyroscope 

 



Estimated loss of GNSS signal can supposedly reach 5s [5]. Thus, chosen technology for IMU 

shall be chosen with a consideration of 5s of drifting. In the case of this location kit, the FOG 

(Fiber-Optic Gyroscope) technology, provided by IxBlue, has proven sufficient capacities. Being 

based on the Sagnac effect of propagating light, FOG-based gyroscope occupies more or less 

space depending on desired performances [6]. With relatively low drift in time, this technology 

enables to get rid of mechanical gyroscopes and bring space, weight and costs savings. 

 

 

 

 

Obtaining autonomy and low intrusiveness 
 

 

 
Overview of the Kit 

 

 

Taking advantage of the high performances of the hybridization of GNSS and gyros, an 

autonomous location kit offers a solution to get rid of ground radar stations. With high 

confidence in location and attitude measurements, redundancy can be added for all system 

elements that could induce an error in attitude and location estimation. A fully autonomy can be 

reached. 

 

Energy autonomy 

 

The overall system can be run whether at launch phase where flight safety is key (around 10min 

flight) or during the whole flight. In this case, both launch and re-entry phases can be monitored 

closely for flight safety. Being powered by battery, duration of autonomy is a crucial parameter. 

The first implementation of this kit is set to provide 80W during 10 hours. Preparatory phases 

prior the launch encompass a “chronological phase”. Once the vehicle is set for departure, the 

main power and data links with the launch pad (through the “umbilical link”) are cut off. Launch 



can be postponed due to weather or other parameters. 10 hours of autonomy enable to cope with 

3 delayed launches. 

 

 
Typical timeframe of postponed launches 

 

Management of the batteries during their whole life cycle is crucial in order to ensure 

performance and safety. A comprehensive protocol is set, comprising: 

 

 Rules for transportation 

 Rules for storage 

 Charging and discharging speed limits 

 Charge and discharge limits 

 Protection circuit for voltage and current 

 Thermal fuses onboard the battery pack 

 Dedicated charging and monitoring station 

 

Dedicated ground equipment 

 

The kit is managed through three dedicated equipment. They enable to configure the kit prior to 

launch, monitor the kit until the launch phase has started and receive data from the telemetry 

link. 

 

- BMT (Mobile Test Bench) bench for configuration 

A mobile bench used for charging/discharging the batteries, configuration of the IMU, control of 

the radio links (GPS receivers, telemetry link) with specific antennas caps, GNSS link 

simulation, spectrum analyzer. It offers a comprehensive autonomous test protocol. 

 

- The UCC (Central Command Unit) offers monitoring capacities from the control room. As this 

room is usually located at a few kilometers from the launch pad and linked to it with a specific 

link, a Front-End (FE) equipment is installed in the launch table to enable power and discrete 

configuration link with the kit through the vehicle’s umbilical link. The eZ Software Suite is 

used to configure and monitor the kit. 



 
Overview of the Kit ground means for Ariane 5 program 

 

 

- The dedicated KSV Monitor software is used for in-flight management of the kit. It 

encompasses: 

 Live visualization of attitude and location 

 Monitoring of the telemetry link and link budget 

 GNSS reception status 

 Equipment temperature 

 Batteries voltage 

 Additional measurements visualization 

 

 

 



Mock-up of the KSV Monitor software 

 

 

 

Low volume and weight equipment 

 

Compactness is enabled by the modular use of compact COTS equipment.  

 

 
The CMA modular and low-volume Data Acquisition Unit 

 

 

The CMA data acquisition unit (DAU) is used to gather localization information, temperatures of 

the kit modules and other parameters and transmit them to the transmitter. This DAU is a space-

proven system designed for harsh environments of missile testing.  Its native modular design 

offers multiple capacities in low-volume: 

 

- High-density analog module. Offering 8 differential or single-ended analog inputs, its 

genericity opens to any type of analog sensor with dedicated conditioning 

- Programmable module. Dedicated module hosting specific user-defined algorithm 

- Serial bus acquisition 

 

The DTRDM S-band transmitter was also designed for harsh environments and flight testing 

with high constraints on volume. It is available in 5W and 10W configurations depending on the 

need. 

 

The FOG technology with relatively low constraints on drift enables to use a low-footprint 

gyroscope. The Sagnac effect being linked to the length of light propagation, low constraints on 

accuracy implies lower length of fiber optic. In the case of this kit, the FOG gyroscope used in 

this kit is thus of low profile. 

 

  

The modular integration, an enabler of adaptability 

 

This kit using various COTS components, there is a strong capitalization on efforts done for 

miniaturization. Moreover, the re-use of this kit in various other space vehicles is made possible 

thanks to the segregation of functionalities in various boxes. The mechanical housing mainly  



offers mechanical support for the devices and isolation from vibrations and shocks for the IMU. 

Thus, such a design is easy to re-configure and adapt to other volume and integration constraints.  

 

Technical constraints on the performances can vary depending on the vehicle, its mission and 

usage: 

 

- Autonomy 

Scalability of the batteries is permitted by their internal design, being an assembly of numerous 

small size cells.  

 

- Tolerance to radiative environment 

Redundancy can be added at equipment level. Plus, the CMA DAU exists in a radiation-tolerant 

variant: the LMA. This equipment offers the same performances with extended ruggedness to 

high-altitude space flights. 

 

- Additional measurements to be included in the telemetry link 

Modularity of the CMA DAU enables to include up to 16 acquisition modules onboard the same 

equipment. 

 

 

 

CONCLUSIONS 

 

Accurate location of space vehicles is a crucial capacity to protect inhabited areas. The 

tremendous costs of traditional radar-based solutions make it painful for space programs. With 

hybridization of GNSS and Gyroscope technologies, the accuracy of location can be reached on-

board the vehicle. COTS, ruggedized and miniaturized equipment for data acquisition, 

processing and transmission toward telemetry are key enablers. Along with integration expertise, 

an autonomous and adaptable solution for accurate location is now available. 

 

This kit will be tested during the year 2020 for further improvements before its operational 

integration in the Ariane 6 program. Adaptable to any platform, this autonomous and non-

intrusive kit bring Flight Safety to a new era of autonomy and costs savings. 
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