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Abstract
This paper outlines the development of two Hybrid Navigation Systems (HNS) for recent Vertical Takeoff, Horizontal
Landing (VTHL) and Vertical Takeoff, Vertical Landing (VTVL) Reusable Launch Vehicle (RLV) missions and de
scribes the challenges faced for the development of navigation systems for such applications. It provides an overview
of the principal HNS architecture, which is commonly developed for both missions, and presents the selected sensor
suites with Global Navigation Satellite System (GNSS) receivers, Differential GNSS (DGNSS), Sun sensors, laser and
radar altimeters, and Flush Airdata Sensing (FADS) systems as noninertial sensors including the required groundbased
means and infrastructure. It concludes with a preliminary assessment of the achievable navigation performance for each
of these missions.
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Eu:CROPIS Euglena and Combined Regenerative
Organic Food Production in Space

EVEREST Evolved European Reusable Space Transport
FADS Flush Airdata Sensing
FCS/A Flight Control System/Aerosurfaces
FCS/R Flight Control System/Reaction Control

System
FCS/V Flight Control System/Thrust Vectoring
FDIR Failure Detection, Isolation, and Recovery
FDR Flight Data Recorder
FEE FrontEnd Electronics
FoV Field of View
FPGA FieldProgrammable Gate Array
G&C Guidance and Control
GNC Guidance, Navigation and Control
GNSS Global Navigation Satellite System
GPIO GeneralPurpose Input/Output
GPS Global Positioning System
GSOC German Space Operations Center
HiL HardwareintheLoop
HNS Hybrid Navigation System
IEEE Institute of Electrical and Electronics

Engineers
IMU Inertial Measurement Unit
iNET Integrated Network Enhanced Telemetry
iNETX iNET Extended
JAXA Japan Aerospace Exploration Agency

Japanese:宇宙航空研究開発機構
LEO LowEarth Orbit
LFBB Liquid FlyBack Booster
LH2 Liquid Hydrogen
LNA LowNoise Amplifier
LOx Liquid Oxygen
MECO Main Engine CutOff
MVM Mission Vehicle Management
OBC OnBoard Computer
OBCDH OnBoard Computing and Data Handling
OR ORing
OUTPOST Open modUlar sofTware PlatfOrm for

SpacecrafT
PDR Preliminary Design Review
PDU Power Distribution Unit
PDUC PDU Controller
PDUM PDU Monitor
PPS Pulse Per Second
PR Pseudorange
PRR Pseudorange Rate
PTP Precision Time Protocol
PVT Position, Velocity, and Time
RAAF Royal Australian Air Force
ReFEx Reusability Flight Experiment
RLV Reusable Launch Vehicle
RTCM Radio Technical Commission for Maritime

Services
RTEMS RealTime Operating System for

Multiprocessor Systems
RTK RealTime Kinematic
RTLS ReturntoLaunchSite
SHEFEX II SHarp Edge Flight EXperiment II

SMP Symmetric Multiprocessing
SPP Single Point Positioning
TC Telecommand
TM Telemetry
TM/TC Telemetry and Telecommand
ToF Time of Flight
UAS Unmanned Aerial System
UAV Unmanned Aerial Vehicle
UDP User Datagram Protocol
VEB Vehicle Equipment Bay
VTHL Vertical Takeoff, Horizontal Landing
VTVL Vertical Takeoff, Vertical Landing
WGS84 World Geodetic System 1984

1. Introduction

In order to bring reusable space transportation sys
tems back to Earth, determining and actively controlling
the flight state (that is, position and attitude) is essen
tial. These capabilities are usually provided by Guidance,
Navigation and Control (GNC) systems implemented
aboard the spacecraft. One of the functions required and
provided by GNC systems is the navigation function,
which is responsible for estimating position, velocity,
attitude, angular velocity, and other parameters of the
flight state. Especially the final flight phase of reusable
space transportation systems with approach to and land
ing in/on a predefined area or platform demands a chal
lenging navigation accuracy, which cannot be achieved
by conventional navigation systems.
Traditionally, the navigation of space transportation

systems is realized by sole use of inertial measurements
and is, thus, subject to drift due to continuous numeri
cal integration of small measurement errors of acceler
ation and angular velocity into progressively increasing
estimation errors of velocity, position, and attitude. This
way, the accuracy of the navigation solution rapidly de
teriorates over time and mainly depends on the quality
of the Inertial Measurement Unit (IMU). The advantage
of those systems is that they do not rely on any external
reference, which makes them immune to interferences,
jamming, or spoofing. The drawback is that — even with
highest grade IMUs — the achievable navigation perfor
mance reaches a very low accuracy within a few minutes
after system initialization, which is still enough for plac
ing payloads into the desired orbit with sufficient accu
racy, but inacceptable when space transportation systems
shall be returned back to Earth with pinpoint landing ca
pability.
Reusable Launch Vehicles (RLV), thus, require more

advanced navigation approaches such as hybrid naviga
tion. The term hybrid navigation refers to the combina
tion of highfrequency inertial measurements with (gen
erally lower frequency) data of other sensors like Global
Navigation Satellite System (GNSS) receivers, radar and
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laser altimeters, Sun sensors, star trackers, etc. by means
of data fusion. Those sensors provide absolute measure
ments of certain physical quantities (e. g., position, ve
locity, orientation with reference to other objects, etc.)
and enable to periodically correct for estimation errors
resulting from the previously described integration drift
mechanism. This way, the calculated navigation solution
can be kept longterm stable. This approach also allows
for lowering IMU performance requirements while still
achieving a superior medium and longterm navigation
accuracy compared to purely inertial navigation systems.
The Department of GNC Systems of the DLR Institute

of Space Systems develops such novel, autonomous Hy
brid Navigation Systems (HNS). The development of the
HNS technology for space transportation systems started
already back in 2007 at DLR [1–4] and has been suc
cessfully demonstrated in the frame of the SHarp Edge
Flight EXperiment II (SHEFEX II) mission and its flight
in June 2012 [5–8]. HNSs are currently being developed
as operational navigation systems in the frame of two
RLV missions with different landing approaches: ReFEx
(Reusability Flight Experiment), which is a DLR tech
nology demonstrator for the development of key tech
nologies for winged Vertical Takeoff, Horizontal Land
ing (VTHL) RLV, and CALLISTO (Cooperative Action
Leading to Launcher Innovation for Stage Tossback Op
eration), a joint project of the French National Center for
Space Studies (CNES), DLR, and the Japan Aerospace
Exploration Agency (JAXA) for the development of a
Vertical Takeoff, Vertical Landing (VTVL) RLV. The
core technology is shared across these developments, but
the specifically chosen sensor suite deviates significantly
between the two HNSs due to major differences of the
mission requirements.
The HNS development is supported by major con

tributions from the GNSS Technology and Navigation
Group of the German Space Operations Center (GSOC)
at DLR’s Facility for Space Operations and Astronaut
Training with the design and development of the GNSS
subsystem and from the OnBoard Software Systems
Group of the Department of Software for Space Systems
and Interactive Visualization at DLR’s Facility for Simu
lation and Software Technology with the design and de
velopment of the base software running on the OnBoard
Computers (OBC) of the HNS.
This paper takes the developments in both of these

missions as an example and describes the challenges
faced for the development of navigation systems for
VTHL and VTVL RLV. It provides an overview of the
principal HNS architecture, which is commonly devel
oped for both missions, and presents the selected sen
sor suites with GNSS, Differential GNSS (DGNSS), Sun
sensors, laser and radar altimeters, and Flush Airdata
Sensing (FADS) systems as noninertial sensors includ

ing the required groundbased means and infrastructure.
The paper concludes with a preliminary assessment of
the achievable navigation performance for each of these
missions.

2. Recent HNS Applications for RLV Missions

2.1. CALLISTO

In order to make access to space more affordable for
both scientific and commercial activities, CNES, DLR,
and JAXA joined in a trilateral agreement to develop and
demonstrate the technologies that will be needed for fu
ture reusable launch vehicles. In the joint project Coop
erative Action Leading to Launcher Innovation for Stage
Tossback Operation (CALLISTO), a demonstrator for a
reusable VTVL rocket, acting as first stage, is developed
and built. As longterm objective, this project aims at
paving the way to develop a rocket that can be reused.
The combined efforts of the three agencies will culmi
nate in a demonstrator that will perform its first flights
from the Guiana Space Center (CSG) in Kourou, French
Guiana.
The main objective pursued by CALLISTO is the col

lection of technical and economical data with reference
to the development and operation of a reusable launcher
first stage. For this purpose, the capability of flying,
recovering, and reusing a vehicle under representative
conditions of an operational system shall be demon
strated. This implies achieving to master the key tech
nologies needed for future VTVL RLV, such as approach

Figure 1: ComputerAided Design (CAD) rendering of
CALLISTO.
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and landing systems, retropropulsion, cryogenic propel
lant management during highly dynamic maneuvers, and
GNC, among others, in a relevant environment. CAL
LISTO is designed tomimic a vehicle architecture similar
to an operational launcher which is capable to fly several
times. The components used must thus either be com
pletely reusable or easily refurbishable.
The CALLISTO vehicle is 13.5m high, has a diame

ter of 1.1m, and its mass at liftoff is less than 4 t. The
vehicle is composed of five primary sections (from the
top to the bottom; cf. Figure 3): The Fairing provides
an aerodynamic cover for the upper vehicle body, espe
cially for the ascent phase. It houses a GNSS antenna
integrated into the nose tip. The fairing is connected to
the Vehicle Equipment Bay (VEB), which accommodates
the Flight Control System/Aerosurfaces (FCS/A), major
parts of the vehicle avionics, including, among others, the
OBC, the HNS, Flight Data Recorder (FDR), Data Ac
quisition Units (DAU), as well as the Flight Control Sys
tem/Reaction Control System (FCS/R) including its tank
in the upper part. The fairing and the VEB form the so
called Top Module. The Top Module is followed by the
Liquid Oxygen (LOx) and Liquid Hydrogen (LH2) tank
sections, which provide the propellants for the engine. In
the lower part of the vehicle, an Aft Bay houses the rocket
engine itself, the Flight Control System/Thrust Vectoring
(FCS/V), additional avionics, and interfaces for the Ap
proach and Landing System (ALS). The Aft Bay and the
ALS form the Bottom Module.

Figure 3: CALLISTO Vehicle Layout

The HNS is distributed to three of these sections: The
HNS Box, the central part of the HNS, is accommodated
within the VEB, while the GNSS antenna is integrated
into the fairing and the radar altimeters are located out
side on the Aft Bay.
The reusability of CALLISTO allows for an afford

able incremental test approach with increasing flight en
velope and complexity. It is foreseen to conduct at least
ten flights with CALLISTO, beginning with very low en
ergy hop flights up to full demo flight profiles with condi
tions expected to be representative and particularly criti
cal for a reusable first stage (cf. Figure 2). All flights will
be launched fromCSG. The test flights will return back to
landing pads on mainland, while the vehicle will land on

Figure 2: CALLISTO demo flight trajectory. Source: [9, supplemental conference material]
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a fixed platform in the open sea off the coast of French
Guiana during the demo flights. An alternative landing
option for the demo flights is a floating barge instead of
a fixed platform; the tradeoffs concerning this matter are
not yet concluded.
The project is currently in Phase B with the System

Preliminary Design Review (PDR) scheduled later this
year. More details on the mission, its background and ob
jectives, on other key technologies as well as on further
related aspects can be found in [9, 10].

2.2. ReFEx

DLR is developing the Reusability Flight Experiment
(ReFEx), which is a subscale demonstrator representing
a winged first stage of an RLV. It has a mass of around
400 kg and is approximately 2.7m in length with wings
spanning about 1.1m (cf. Figure 4). Themission shall en
able the development of key technologies necessary for
future RLV applications, culminating in their demonstra
tion with a controlled autonomous return flight in a rep
resentative scenario.
The main goal of the project is the demonstration of

an autonomous reentry flight of a winged vehicle from
hypersonic velocity down to subsonic range. One of the
main challenges is the vehicle design that enables a static
as well as a dynamic stability of the vehicle in all these
flight regimes. This imposes demanding requirements to
the vehicle’s aerodynamic design aswell as theGNC sub
systems. Especially the transonic region is challenging,
since the position of the aerodynamic center of pressure
will rapidly change. The development and demonstra
tion of the corresponding GNC technologies is therefore
a central part of the project.
ReFEx shall be launched by a Brazilian solid propel

lant twostage VSB30 rocket from the Royal Australian
Air Force (RAAF) Woomera Range Complex, Australia.

Figure 4: Configuration of the ReFEx payload during re
entry.

Following a guided rail travel, the launch vehicle builds
up a roll rate aiming to reduce dispersion at payload sep
aration and stage impact. First, the vehicle is unguided
and passively stabilized by sets of four fins on each stage.
To fulfill the flight stability requirement without major
modifications on the launch vehicle, the effective aero
dynamic surfaces of the ReFEx payload have to be re
duced, which is realized by a foldable wing design and
a 0.64m diameter hammerhead fairing covering the tail
section of the ReFEx experiment during atmospheric as
cent. In the exoatmospheric flight phase after burnout of
the second stage, a yoyo system is activated for despin
and subsequently the stage is separated from the ReFEx
payload.
After separation, ReFEx shall perform a reentry sim

ilar to that of fullscale winged reusable stages. An RLV
reentry corridor was derived based on former research
on the Liquid FlyBack Booster (LFBB) [11] and other
winged RLV concepts (e. g., Evolved European Reusable
Space Transport (EVEREST) [12]). The mission goal of
ReFEx is to achieve a reentry trajectory in or close to
this RLV corridor.
Thus, after despin, the vehicle is prepared for the at

mospheric entry phase in which the vehicle is controlled
by aerodynamic control surfaces (canards and rudder).
In the first phase, ReFEx will fly in “bellyup” configu
ration with the fin pointing down. At a velocity of ap
prox. 2Ma, a 180 deg roll is performed and the atmo
spheric flight is continued with the fin pointing up. Fi
nally, ReFEx will pass the transsonic regime and will
continue on a glide path down to the ground. A sequence
of the mission events is shown in Figure 5. More detailed
information about the mission can be found in [13].

3. Core Building Blocks of the Hybrid Navigation
System (HNS)

The HNSs developed by DLR are standalone sys
tems meant for integration into distributed GNC sys
tems. They typically implement the following fundamen
tal functions:

1. Navigation as Part of the GNC Chain
Providing an estimation of the vehicle state as
feedback to the other elements of the GNC chain,
and therefore closing the GNC loop, is the main
purpose of the HNS. It does so by providing a high
frequency navigation solution to the vehicle com
puter. The HNS includes all necessary sensors and
support electronics within its system boundaries.

2. Time Reference/Synchronization
The HNS establishes the time reference for the
entire vehicle and provides two means for time
synchronization: For absolute synchronization of
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time, the navigation message contains a date and
time field. A dedicated electrical square wave sig
nal accurately repeating once a second, called a
Pulse Per Second (PPS), is generated by the HNS
and can be used for phase and frequency synchro
nization between all clocks aboard the vehicle. If
the HNS is connected to the avionics via Ether
net, the time can also be distributed via the stan
dardized Precision Time Protocol (PTP) as defined
by IEEE 15882002, whereas the HNS will serve
as the PTP master within the avionics network, to
which all connected avionics units can synchro
nize.

3. Navigation for Flight Safety Purposes
To provide another source of information about the
vehicle state for flight safety purposes, the HNS
sends the estimated vehicle’s position and veloc
ity via a Telemetry and Telecommand (TM/TC)
gateway to ground. These messages are provided
at a lower rate than the navigation solution for
Guidance and Control (G&C) purposes and con
tain both the fused estimates based on all available
sensors and the unprocessed information from the
Position, Velocity, and Time (PVT) solution of the
GNSS receivers. This is because the HNS itself is

a technology demonstration, while the GNSS re
ceiver technology is flight proven in many DLR
missions and, thus, considered as very reliable.
The receiver output is independent of the remain
ing HNS, despite of the powering via the internal
Power Distribution Unit (PDU).

4. Navigation for Correlation of Experimental Data
The navigation solution is used to correlate experi
mental data with navigation information. It is prob
ably provided in a lower frequency than the navi
gation solution used for G&C.

The heart of the HNS is a central electronics unit
(called “HNS Box”), which houses a tetraaxial IMU
consisting of four accelerometers and four gyroscopes,
the navigation onboard computing and data handling
components, the internal PDU, the GNSS receivers, and
auxiliary electronics. It is designed internally in form of
a hotredundant failoperational system architecture with
Failure Detection, Isolation, and Recovery (FDIR)mech
anisms both in terms of hardware and software to in
crease reliability and robustness against most outages or
failures of individual sensors and components. External
sensors are connected via serial communication links di
rectly to the HNS Box, which supplies them with the re
quired power at the same time. The HNS Box has there

Figure 5: Overview of the ReFEx mission sequence.
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fore also the possibility to closely monitor the behavior
of the external components and can power cycle or per
manently turn them off in case of anomalies.
The HNS Box is integrated in the vehicle interior and

connects to the other vehicle avionics via an Ethernet or
serial (RS422) communication link. Aside from the IMU
and GNSS receivers as core sensors integrated into the
HNSBox, the HNS is capable of being equipped with ad
ditional external sensors (like Sun sensors, laser and radar
altimeters, star trackers, etc.), depending on the mission
needs. These sensors are usually connected via serial RS
422 links to the HNS.
Thanks to the modularized system and software design

as well as the powerful OBCs, functionalities extending
beyond the aforementioned fundamental functions (see
Section 4.1 for examples) can be implemented according
to the mission needs.

3.1. Inertial Measurement Unit

The proper functioning of the IMU is vital for the nav
igation system as the highrate measurements of angu
lar velocities and linear accelerations, integrated to gen
erate a position, velocity, and attitude solution, ensure
the continuity of the navigation output. This continu
ity is fundamental since possible gaps in the measuring
of the high dynamics experienced by RLVs could cause
large losses in navigation solution accuracy which in turn
could lead to unrecoverable flight states. The IMU is de
signed as tetraaxial configuration of four Commercial
OfftheShelf (COTS) gyroscopes and four COTS ana
log accelerometers with an inhouse developed Front
End Electronics (FEE). This design allows a partly redun
dant linear acceleration and angular velocity measure
ment scheme, thus offering an overdetermined measure
ment system for the three spatial axes. In the event of fail
ure of one sensor, the remaining three sensors will still
cover all three spatial axis. All components are mounted
onto a selfdeveloped mechanical structure.

3.2. OnBoard Computing & Data Handling

In order to enable the HNS to perform all its func
tions, a highly reliable, faulttolerant OnBoard Com
puting and Data Handling (OBCDH) architecture with
the necessary infrastructure components (e. g., a fully re
dundant PDU) incorporating a FDIR scheme is being
developed. Its key characteristic is an augmented, dou
ble modular hotredundancy scheme of two OBC nodes.
The OBCs are stackable COTS singleboard comput
ers with Intel Atom QuadCore Central Processing Units
(CPU) in the standardized PC/104Express format. The
OBC stacks are extendedwith custom interface extension
boards based on a Xilinx Spartan6 FieldProgrammable

Gate Array (FPGA), providing a large amount of RS
422/485 serial communication links, GeneralPurpose
Input/Outputs (GPIO), and Ethernet ports. Each OBC
stack will be supplied by one inhouse developed power
supply board.
The OBCs are operated in a hot redundancy scheme,

i. e., each OBC receives the data of all components and
performs all calculations with the same onboard soft
ware. However, only one OBC is the currently active
OBC whose outputs (commands) will be routed to the
respective components within the HNS or to the outside
world (i. e., the navigation solution, telemetry, etc.). All
outputs of the other OBC (referred to as standby OBC)
are suppressed by an electronic circuitry. In case of fail
ure of the currently active OBC, the system can switch
the roles of both OBCs, so that the output of the previous
standby OBC will be routed. After switching the roles,
the failing OBC will be power cycled and tested. There
are various failure detection mechanisms in place in or
der to ensure a proper and timely role switch in case of
failures.
The OBCDH systems closely interact with the PDU,

which is controlled by the OBCs and delivers valuable
monitoring data back. This way, it is also possible for the
OBC to detect power anomalies and switch certain de
vices on or off to safeguard or recover the system opera
tion. The PDU also plays a vital role for initialization of
the HNS as it ensures a sequential and proper activation
of all components, especially the OBCs.

3.3. Power Distribution

The PDU is the internal power supply for the HNS and
is located within the HNS Box. It monitors and controls
the supplied power for all devices belonging to the HNS.
Since it is a 1faulttolerant power supply, a redundancy
concept for its critical parts has been implemented [14–
16]. The PDUMonitor (PDUM)monitors currents, volt
ages, and temperatures within the HNS and transmits this
information to the PDU Controller (PDUC) to control
each power channel output [17]. As an additional feature,
all power channel outputs have an overvoltage protec
tion.
The PDU has, among others, Electromagnetic Inter

ference (EMI) filters, resettable electronic fuses, elec
tronic switches, DCtoDC (DC/DC) converters and O
Ring (OR) diodes. EMI filters prevent the DC/DC con
verters’ highfrequency currents to flow back to the vehi
cle power supply. Electronic resettable fuses protect each
power switch against overcurrent. In case of an over
current condition, the fuses can be resetted by switching
off and on the corresponding electronic switch. Primary
switches control the DC/DC converters and secondary
switches control the HNS devices supplied power, re
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spectively. The DC/DC converters reduce the power bus
voltage level coming from the vehicle power supply to
the required ones. OR diodes isolate the DC/DC con
verter outputs to achieve a redundant output connection
[18]. Figure 6 shows the basic PDU block diagram.
The redundant PDU concept enables the HNS devices

to receive power from their redundant supply lines dur
ing an electronic switch failure. In addition, the PDU de
tects errors in the PDUC through its watchdog circuitry
when no or wrong stimuli signals are produced. The fail
safe mode procedure takes place when the PDUC fails
and activates all power channels outputs in consequence.
Therefore, all HNS devices are powered. If the failsafe
mode is initiated, the electronic switches cannot be con
trolled anymore. However, since at this stage all HNS
devices are switched on, the overall system operation is
not affected [4].
The PDU design is slightly adapted for each mission

in order to provide the required amount of power chan
nels and electronic power switches corresponding to the
equipped components.

3.4. Base Software

The onboard software of the HNS OBCs needs to
fulfill a number of complex tasks in a guaranteed time.
This includes beside the navigation functionality itself,
the distribution of the onboard time to other subsystems,
and the generation of telemetry data, both live data for
immediate downlink as well as highrate data for post
flight analysis. The Base Software includes most notably
the operating system including missionspecific drivers,
the hardware abstraction, the execution runtime for the
navigation algorithms and the background services for
communication with other subsystems, e. g., the distri
bution of the global time reference.

Figure 6: PDU Block Diagram

3.4.1. Operating System

All of the above mentioned services need eventually
be supported by the underlying Base Software and in
turn drive its design decisions. Firstly, the state estima
tion of the HNS including the triggering of sensors and
processing of measurement data need to be executed in
precise time windows. Therefore, the Base Software sup
port for execution in a realtime context is a key require
ment. The algorithms are expected to be complex with
regard to the computational performance requirements.
That means, the Base Software needs to provide enough
computational reserves by fully supporting the multicore
CPUs of all OBCs and the distribution of software tasks
among those cores. Naturally, the Base Software needs
to implement drivers for all lowlevel interfaces which
are used for communication with connected sensors and
actuators or other remote terminals.
Based on those basic requirements, RealTime Oper

ating System for Multiprocessor Systems (RTEMS) [19]
was selected as operating system. It is an open source
realtime operating system which supports a large set of
different hardware architectures and with a long heritage
in spacerelated applications. In its most recent version,
it provides a realtime executive and realtime schedulers
for Symmetric Multiprocessing (SMP) on multicore sys
tems. The programming interface even supports multiple
scheduling groups and thread pinning for distributing the
workload among the processor cores with certain con
straints [20]. However, the RTEMS port for x86based
hardware platforms did not have a functional implemen
tation of the SMP scheduling system. Therefore, as a first
development step, the code base has been extended to
support SMP for the x86based OBCs of the HNS. The
open source nature of RTEMS also allows to integrate
drivers for the custommade interface board of the HNS
OBCwhich are the basis for the communicationwith sen
sors and other subsystems.

3.4.2. Middleware

The planned development cycle for the onboard soft
ware is comparably short and available development re
sources are limited. With all OBCs being based on the
x86 architecture, the goal is to share as much code as pos
sible among them and reuse existing DLR software tech
nologies where suitable. That means, the OBCs of the
HNSs will use the same operating system but with dif
fering missionspecific driver implementations as their
interface devices are not completely the same. The mid
dleware layer is responsible for hardware abstraction
and providing an execution runtime for the application
layer software. The hardware abstraction is done in two
steps. First, a common Application Programming Inter
face (API) for the actual interface devices is used in order
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to separate the device time, e. g., serial connection from
the lowlevel operating system driver. The second layer
then uses this common API to provide access to con
nected devices to the application layer. For the hardware
abstraction layer, DLR’s Open modUlar sofTware Plat
fOrm for SpacecrafT (OUTPOST) library [21] will be
used and extended with new interface and device drivers
as needed.
The execution runtime for the navigation algorithms

will be provided by DLR’s own Tasking Framework [22]
which has been successfully used in attitude control sys
tems in previous missions, e. g., the Compact Satellite
mission “Euglena and Combined Regenerative Organic
Food Production in Space (Eu:CROPIS)” [23]. The al
gorithms themselves are partitioned into smaller stateless
tasks which exchange data via one or multiple channels.
The channels hold the input data or control the timed ac
tivation of the tasks’ inputs. When all necessary inputs
for a task are activated through available data or a timed
event, a task is scheduled as soon as possible.

3.4.3. Development Methodology

The overall software development is carried out by a
distributed team of developers and engineers, wheremost
of them do not have direct access to actual flight hard
ware or a HardwareintheLoop (HiL) setup for most of
the time. Most parts of the middleware, i. e., the OUT
POST library and the Tasking Framework are imple
mented using a subset of the C++ programming lan
guage which encourages strong typing and most notably
does not allow the use of dynamic memory allocation
during runtime or the use of exceptions. Both libraries
also use abstract classes for interface definition exten
sively, thereby enabling easy setup of test cases with
mock classes for hardware devices in order to test higher
level functions without flight hardware. They can both
be compiled for the RTEMS realtime operating system
and for common Linux workstations. This allows to write
and execute large parts of the testsuite on common de
velopment workstations with a large set of development
and analysis tools available and in turn reduce the amount
of onhardware testing significantly during the develop
ment phase.

4. MissionSpecific Adaptations and Extensions

Due to the differences in mission design and goals
of both projects, the aforementioned core HNS building
blocks are adapted and extended to satisfy the particu
lar needs of the missions. The key drivers as well as the
modifications and extensions theirselves are briefly de
scribed in the following subsections. Table 1 provides an
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Figure 7: Overview of functional groups and compo
nents of the ReFExHNS. The connections between
the components represent the data flow without
further distinction between signal types.

overview of the differences between the two HNSs de
veloped for CALLISTO and ReFEx.

4.1. ReFEx

TheReFEx vehicle will be launched using an unguided
twostage VSB30 rocket which is spinning up to approx.
4Hz during the ascent phase to reduce the dispersion at
the payload separation corridor. This high rotation rate
causes the buildup of a signifcant attitude estimation er
ror, which needs to be corrected. Sun sensors have been
identified as suitable for this purpose.
Additionally, this high rotation rate would exceed

maximummeasurement rate of the gyros within the IMU.
It turned out that the measurement range of the gyros
could be extended by themanufacturer with smaller mod
ifications to the standard commercially available version.
A flare maneuver shall be carried out shortly before

landing of ReFEx to reduce the remaining energy of the
impact. For this maneuver, an estimation of the flight al
titude above ground is required. Since ReFEx is not de
signed to land softly, the requirement for flight altitude
estimation accuracy is not as high as compared to CAL
LISTO. A combination of a laser altimeter and a radar al
timeter resulted as the most suitable solution. The refresh
rates of the sensors are high enough to allow maneuver
ing into a flare maneuver with high vertical speeds. Both
solutions can operate free of ground infrastructure and
can be easily integrated into the vehicle. The integration
of the sensors into the vehicle is flexible due to the variety
of available COTS products with sufficient measurement
accuracies. A vacuum and thermal protection will be im
plemented for the sensors.
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To support the vehicle recovery, the HNS shall trans
mit the vehicle position via an independent communica
tion channel to ground. An Iridium transceiver has been
included in the HNS to cover this functionality.
Since Telemetry (TM) bandwidth is limited, only the

most relevant data can be transmitted during flight. To
enable an extended postflight analysis, highrate mea
surement data is saved to an impactresilient data storage
within the HNS Box, which is recovered after landing.
In order to coordinate the operational state of all sub

systems, a Mission Vehicle Management (MVM) is im
plemented within the HNS. This MVM collects and eval
uates information from sensors and — while on ground
— manual commands from operators to switch between
predefined modes of operation. The information about
the current mode of operation is distributed to all subsys
tems as part of the navigation solution to avoid additional
interfaces.
Figure 7 provides an overview about the hardware

archiecture of the ReFEx HNS.

4.1.1. GNSS Subsystem

The GNSS subsystem of the ReFEx HNS is based
on the flightproven PhoenixHD Global Positioning
System (GPS) receiver (Figure 8 (top)) developed at
DLR/GSOC specifically for use in space and high
dynamics projects [24, 25]. The PhoenixHD offers
singlefrequency Coarse Acquisition (C/A) code and car

rier phase tracking on 12 channels and can be aided with
either realtime, or alternatively, a priori trajectory infor
mation to safely (re)acquire GPS signals even at high
velocities and accelerations. The receiver is based on
a checkcardsized commercial hardware platform [26],
built around the GP4020 baseband processor of Zarlink,
combined with a firmware developed by the GNSS Tech
nology and Navigation Group at DLR’s GSOC for space
applications. The receiver was successfully employed in
several dozens of national and international sounding
rocket, launcher, and LowEarth Orbit (LEO) satellite
projects over the last decade. The receivers will provide
position and velocity fixes as well as GPS raw data (pseu
doranges and range rates) to the navigation computers
for fusion with data from other position and attitude sen
sors. Moreover, the GNSS subsystemwill provide timing
information in terms of a PPS signal and corresponding
time messages to the vehicle.
A redundant pair of PhoenixHD receivers will be ac

commodated in a common enclosure along with an elec
trical interface board specifically designed and build for
this mission. The design of this socalled GPS main elec
tronic unit has been chosen such that in future projects
utilizing the HNS modifications, e. g., of the employed
navigation receivers or the redundancy concept, can be
applied without the need to also change the electrical or
mechanical interface of the main electronic unit.
For the reception of GPS signals during the flight, a

single GNSS wraparound antenna (Figure 8 (bottom))

CALLISTO ReFEx

Base Box Modifications GNSS receivers replaced by COTS
multiconstellation, DGNSSenabled
receivers

Measurement range extension of gyros
in IMU to ±1,500 °/s; impactresilient
data storage and Iridium transceiver
included

GNSS Subsystem Differential multiconstellation
multifrequency design with reference
stations at all landing sites

Flightproven PhoenixHD

GNSS Antenna Hemispherical antenna integrated in
nose cone

Wraparound antenna around vehicle
body

Radar Altimeters High accuracy, customly developed COTS UAV class sensors

Sun Sensors — Yes

Laser Altimeters Experiment Operational

FADS System Yes Yes

Interface to Avionics UDP with iNETX packetization
standard on top of Ethernet

RS422 serial

Table 1: Comparison of the HNS configurations for CALLISTO and ReFEx.
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Figure 8: Core components of the GNSS subsystem of
ReFEx: PhoenixHD GPS receiver board (top) and
example picture of a GNSS wraparound antenna
for sounding rockets and missiles (bottom).

will be used. The main advantages of this type of device
are the almost omnidirectional receiving pattern as well
as the spininsensitivity of the antenna. It will be flush
mounted into the cylindrical part of the structure of the
ReFEx reentry vehicle in between the nose cone sec
tion and the wing section but outside of the fairing. The
choice of a wraparound antenna and the above mount
ing position allows for a proper signal reception, and thus
availability of a valid GPS navigation solution, through
out all flight phases from liftoff to landing. In order the
make the antenna resistant to the high temperatures ex
pected during launch and reentry, an ablative heat shield
is added to the antenna by the manufacturer.
Figure 9 provides a structural overview of the com

plete GNSS subsystem architecture. In between the
above already addressed wraparound antenna and main
electronic unit, a dedicated GPS LowNoise Amplifier
(LNA), also developed at DLR for space missions, and
a COTS passive power divider will be inserted to com
plete the GNSS subsystem of the HNS for ReFEx. An
optional matchboxsized GPS L1 bandpass filter may

further be added in between the LNA and power divider
in case GPS interferences are detected during the system
level tests to be conducted once all components and sub
systems are available for such testing.

4.1.2. Sun Sensors

Digital twoaxis COTS Sun sensors are utilized within
the HNS sensor suite to aid the attitude estimation pro
cess, especially to reduce the estimation errors after the
yoyo despin maneuver. Four Sun sensors are equidis
tantly placed around the circumference of the longitudi
nal body axis of the vehicle. Each Sun sensor has a Field
of View (FoV) of 120 deg in each axis and measures the
Sun position with an accuracy better than 0.3° (3σ). The
sensors are directly connected via dedicated RS422 se
rial interfaces to the HNS Box, from which they are also
powered.

4.1.3. Laser Altimeters

A laser altimeter will be part of the ReFEx sensor suite
for the landing phase. The nature of the laser altimeter
will output the distance between the emitting element and
the ground in a straight line. Clearly, the attitude of the
vehicle is taken into account to backcalculate the flight
altitude over ground.
The laser altimeter will be mounted facing downwards

during the landing phase, with a cutout in the main hull
and a protective glass against the thermal loads during the
reentry phase. The selected laser altimeter has a range
of 1,500m and will operate as a single sensor down to an
altitude of 100m over ground, where the radar altimeter
will start its operation.

4.1.4. Radar Altimeters

The ReFEx vehicle will also use a radar altimeter for
the flare maneuver during the landing phase. While the
laser altimeter is intended to be used during the early ap
proach prior to landing, the radar altimeter will be used
alongside during the final approach. The advantage of the
radar altimeter comes from its operative nature, provid
ing the altitude over ground as an output independently
of the attitude over a flat area.
The radar altimeter is a COTS aeronautical sensor for

UAV applications, offering heritage and reliability. The
small package of the sensor eases the integration on to the
outer shell of the vehicle, facing the ground during land
ing. Although, a thermal protection systemwill be imple
mented for the hypersonic and supersonic flight phases
since the sensor casing is not designed for those flight
regimes. The radar altimeter will operate during final the
approach starting at an altitude of 100m over groundwith
an update rate up to 800Hz.
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4.1.5. Flush Airdata Sensing (FADS) System

The Flush Airdata Sensing (FADS) system is used to
determine the vehicle angle of attack, angle of sideslip,
freestream static pressure and dynamic (impact) pressure
using amatrix of six pressure orifices on the vehicle nose.
The orifices are connected to the pressure sensors located
in the nose section directly behind the nose tip via short
metallic and flexible tubing. The short tubing length min
imizes pneumatic lag and ensures a fast response time of
the pressure measurement. The distribution of the pres
sure measurement locations on the spherical nose part
depends on the maximum expected angle of attack and
sideslip. The distribution is similar to the X33 FADS
system presented in [27] with one stagnation point mea
surement and five pressure ports distributed around the
stagnation point on the vertical and lateral meridian.
The abovementioned airdata parameters are calcu

lated using the measured pressures and a dedicated soft
ware algorithm described in [27]. In addition to the pres
sure values, three calibration parameters are necessary
for the algorithm which are determined by wind tunnel
tests on a subscale model varying angle of attack, angle
of sideslip, and Mach number in their respective ranges.
Pressure sensor data acquisition and algorithm execu

tion are conducted by one of the two electronic boxes of
the ReFEx flight instrumentation. The resulting values
are provided to the HNS via serial communication line.
Although the HNS also determines the airdata parame
ters, the values provided by the FADS system are used
as a second source of information. In contrast to HNS,

values calculated by the FADS system also include ac
tual wind conditions at the vehicle location which is es
pecially important at lower flight speed in the sub and
transonic regime.

4.2. CALLISTO

The challenging design drivers for the CALLISTO
HNS development are mainly the requested accuracies
for the estimation of the vehicle’s altitude above the land
ing pad as well as of the horizontal position, especially
during the last part of the flight for approach and land
ing. From the G&C studies conducted so far, a required
estimation accuracy for the altitude of 0.5m and for the
horizontal position of 1.0m has been derived. In terms
of attitude, an estimation accuracy of 0.3° for the yaw
and pitch axes and 0.5° for the roll axis is called, respec
tively, while the attitude rate estimation accuracy for all
axes shall be better than or equal to 0.1 °/s. The veloc
ity of the vehicle shall be estimated with at least 0.2m/s
accuracy. All aforementioned values are given at 99%
confidence and with the highest accuracy requested for
each property from all flight phases.
A first assessment of the navigation performance

showed that the HNS sensor suite already defined for
ReFEx was not sufficient. Especially the requested accu
racy for the estimation of the vertical and lateral position
cannot be fulfilled out of the box. At first, the achiev
able performance improvements by enhanced GNSS
solutions — in contrast to using a standalone single
constellation GNSS design used by ReFEx — has been

Figure 9: Structural diagram of the GNSS subsystem architecture for ReFEx.
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studied. In the course of this study, the use of GNSS aug
mentation systems for flight altitude determination has
been also considered, but the achievable accuracy, reli
ability, and robustness has been evaluated as unsuitable
for the vertical navigation solution.
However, a suitable concept for improving the lateral

channel was found with a DGNSS concept, which con
sists of GNSS receivers along with a suitable antenna
aboard the rocket, reference GNSS receiver(s) and an
tenna(s) on ground near the landing site, and a telemetry
uplink for realtime correction data. The GNSS antenna
aboard CALLISTO requires a good FoV to the satellites
during ascent, tossback maneuver, and landing. Three
antenna and accommodation options were considered: A
single antenna integrated in the nose tip, two antennas
mounted on the opposite sides of the rocket, or a wrap
around antenna. Out of these options, the nose tip antenna
has been selected as baseline design.
The ground infrastructure for a DGNSS system in

creases the complexity of the CALLISTO system but it
is seen as the sole solution to achieve the required nav
igation performance. On ground, DGNSS reference sta
tion(s) will provide corrections for Pseudorange (PR) and
Pseudorange Rate (PRR) measurements for the DGNSS
Subsystem (DGS) in Radio Technical Commission for
Maritime Services (RTCM) format. If feasible and re
quired, the reference station(s) can also generate data for
RealTime Kinematic (RTK) navigation. The reference
station(s) are used for monitoring of jamming, spoofing,
scintillation, and ionosphere.
Formeasurements of the flight altitude, evaluationwas

made on laser altimeters, radar altimeters, barometric al
timeters, visual reference systems, GNSS receivers (in
cluding augmentation systems for satellite navigation),
and beacon navigation. Finally, radar altimeters have
been identified as the most feasible solution to enhance
the vertical accuracy of the HNS. Radar altimeters are
Time of Flight (ToF) sensors with electromagnetical car
rier waves of frequencies in the range of 2 – 100GHz.
They are common instruments within aeronautics used
to measure the distance to the ground; they are also com
monly used as highly reliable sensors for automatically
landing aircraft. Typically, two antennas are necessary,
separated for transmitting and receiving. The antennas
can either be integrated within a common housing for an
tennas and electronics or separated from the electronics.
Furthermore, the radar altimeter is expected to be resis

tant against the plume/exhaust and dust interactions. Dis
advantages like the accommodation on the vehicle, and
the limited accuracy are probably much easier to over
come than to prove another technology ready for a rocket
engine propelled vehicle like CALLISTO.
However, radar altimeters available as COTS devices

for use by aircraft usually feature an accuracy within ±1

to 3 ft ± 1% of altitude (approximately ±1.305m for
100m true altitude) in the best case. Such radar altime
ters thus do not fulfill the accuracy requirements of CAL
LISTO and a custom radar development is currently be
ing investigated. The selected baseline is the inclusion of
two radar altimeters with integrated antennas to be ac
commodated on the outside of the Aft Bay.

4.2.1. Differential GNSS Subsystem

The CALLISTO DGS is an integral part of the HNS
that provides a major source of navigation information
for realtime guidance and control. Beyond that it pro
vides relevant data for postflight trajectory analysis and
range safety. Within the HNS, GNSS provides the pri
mary source for absolute position information but also
contributes relative position information with respect to
the landing side. GNSS tracking will cover all flight

Figure 10: Core components of the DGNSS subsystem
of CALLISTO: AsteRxm2 multiGNSS receiver
including Unmanned Aerial System (UAS) ex
tension board (top) and the nose cone antenna
(bottom).
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phases from launch to landing, which poses special re
quirements on the GNSS receiver in terms of tracking
under high signal dynamics and the environmental con
ditions.
The DGS is based on a hotredundant pair of GNSS

receivers (Figure 10) offering dualfrequency GPS and
Galileo tracking on two frequencies (L1/L2 and E1/E5a).
In view of engineering budgets (mass, power, form fac
tor, etc.), a tight project schedule, and cost considera
tions, COTS receivers will be used that offer a high matu
rity as well as adequate robustness. Based on flight her
itage from the earlier use on an Ariane 5 vehicle [28],
Septentrio AsteRxm2 receivers have been selected as
primary candidates for the CALLISTO mission and are
presently undergoing further testing and qualification.
The GNSS receivers will be jointly connected to an ac

tive antenna via a power splitter. The antenna itself will
be integrated in the nose cone of the CALLISTO vehicle
to provide hemispherical coverage. It is based on a No
vAtel pinwheel antenna element supporting surveygrade
GNSS measurements across the L1/E1, L2, and L5/E5a
frequency band. The pinwheel antenna design [29] al

lows operation of the antenna without a dedicated ground
plane and offers a high level of multipath suppression. A
prototype nose cone with the integrated antenna element
and LNA as shown in Figure 10 is currently undergoing
testing and calibration of gain and phase patterns to qual
ify the design for the CALLISTO mission.
Aside from the onboard components, the DGS also

comprises at least one groundbased reference station
near the landing site (Figure 11). This reference station
will collect GPS and Galileo observations that will be
sent to CALLISTO via a radiofrequency Telecommand
(TC) uplink. This enables a differential correction of the
onboard observations to achieve enhanced accuracy and
meet the demanding horizontal positioning knowledge
required during the landing phase. Depending on the spe
cific choice of landing site (land, fixed platform, moving
platform), a permanently installed GNSS monitoring sta
tion, a temporary but static reference station, or a small
network of receivers for position and orientation deter
mination of a moving barge can be foreseen.

 

Command 
Control Center

Launch pad

Landing pad

Barge

Static
base

Moving
base

Rover

Standalone GNSS DGNSS
transition point

WAN
WAN

Test Demo

RTCM (optional)
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Figure 11: System architecture for absolute and DGNSS navigation during all flight phases of the CALLISTO vehicle.
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4.2.2. Radar Altimeters

Previous analyses resulted in the selection of radar
altimeters as the only satisfying solution for direct and
highaccuracy measurements of the vehicle’s flight alti
tude relative to the landing pad. As a side effect, radar al
timeters are also capable of giving a direct measurement
of the vehicle’s approach velocity relative to the landing
pad. However, there is no COTS radar altimeter solution
available on the market which directly fulfills all require
ments and constraints set by the mission. It is currently
investigated whether and how existing radar sensors or
technologies can be adapted for the CALLISTO HNS.
Main challenges taken to be into account are

• the desired measurement principle,
• the unknown interaction of the signals with the en
gine plume, and

• the operational environment conditions arising
from the accommodation.

Initially, a very simple measurement method similar
to radar altimeters used for aircraft and UAVs was fore
seen. In principle, such radar altimeters measure the dis
tance between the aircraft and the terrain directly beneath
it by sending out radio waves and measuring the time it
takes to receive these signals back due to reflection on the
ground (called Time of Flight (ToF)). Using the ToFmea
surement and the known speed of electromagnetic waves
in air, the distance to ground can be calculated. In gen
eral, the ToF measurement is based on the first reflection

received back, i. e., the nearest object within the spher
ical propagation direction whose radar cross section is
large enough to be detected. This measurement principle
would work for CALLISTO if the radar altimeter mea
surements would be needed only during a flight phase
where the vehicle is already directly located above the
landing pad, where the maximum tilt angle of the vehicle
is smaller than the half beam angle of the antenna, and
where no objects within the signal sphere tangent to the
landing pad surface higher than the landing pad itself are
present (cf. Figure 12 (left) for a visualization).
In the course of the further studies it turned out that

the radar altimeter measurements are already needed at
a point in time when the vehicle is not yet located di
rectly above the landing pad, but with a horizontal dis
tance of some hundred meters. In this situation, the alti
tude above the terrain beneath the vehicle instead of the
altitude above the landing pad would be measured (cf.
right side of Figure 12). Additionally, keeping the re
quired area clear of any higher objects turned out to be
challenging. It was then decided to discard this simple
measurement principle in favor of a concept which relies
on identification of the landing pad center in the radar
signals.
In this more complex measurement scenario, radar re

flectors are placed in the landing pad center and around
it, which can be identified in the received radar signals by
specialized detection algorithms. The antenna aperture

Figure 12: Schematic drawing of the simple radar altimeter measurement principle based on the nearest detectable
object. Left picture: Case in which the vehicle is directly above landing pad. The red circular segment is the
exclusion zone for the given true flight altitude, where no other objects must be present. Right picture: Vehicle
with horizontal displacement to landing pad — nearest detectable is the water, not the landing platform.
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angle is chosen large enough to have the entire landing
pad in the antenna FoV, taking the maximum horizontal
distance to the landing pad center and the maximum tilt
angle of the vehicle into account. This way, also objects
higher than the landing pad itself (like the ground instal
lations needed for DGNSS operation) are possible, given
that they do not obstruct the view to the radar reflectors.
A schematic drawing of this measurement principle is de
picted in Figure 13.
Independent of the measurement principle, there is

currently no experience with operating radar altimeters
in the proximity of or even through the LH2/LOx engine
exhaust plume. The engine exhaust plume could interfere
with the radar measurements, potentially falsifying them
or rendering valid measurements even impossible. A test
campaign to collect experimental data of this interaction,
if any, during an upcoming engine static firing test with
radar altimeter prototypes is currently planned.
Another point to be addressed for the radar altime

ters are the operational environmental conditions. As the
altimeters will be operated close to the engine exhaust
plume, they will be subject to very high temperatures, vi
brations, and shocks. A protection and qualification con
cept still needs to be derived, as available radar sensors
are usually not operated in such environments.

4.2.3. Flush Airdata Sensing (FADS) System

The Flush Airdata Sensing (FADS) System is widely
used for various flight vehicles in subsonic up to tran
sonic and supersonic speed in order to determine the
flight angles and to some extend also for velocity and al

Figure 13: Schematic drawing of the radar altimeter mea
surement principle.
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Figure 14: Sketch of the CALLISTO FADS system on
fins.

titude determination. For a backwards flying rocket, the
typical design cannot be used due to the very disturbed
and complex flow around the vehicle. To overcome this
issue, an unusual approach is under investigation for use
in the descent configuration of the CALLISTO flight ve
hicle. Due to the outer position of the fins on top of the ve
hicle, the fins are exposed to the less disturbed free stream
flow. By measuring the pressure on each side of the fin,
the local angle of attack can be evaluated and together
with the known angle of incident of the fin the global
angle of attack can be determined. Finally, the usage of
multiple fins allows the calculation of angle of attack and
sideslip. In Figure 14, a sketch of the principle is shown.
For CALLISTO, the both pairs of fins will be instru

mented resulting in redundant measurement in the oppos
ing fin of each pair. The advantage of this concept is —
besides the calculation of the flight parameters — a mea
surement of additional data to determine the health sta
tus of the fins during and post flight. Nevertheless, due
to the preliminary design phase of CALLISTO, it has
to be emphasized that the design is still under investiga
tion especially due to sensor integration issues and shock
boundary layer interactions. An analysis of the achiev
able system performance is pending as well and might
result in changes of the FADS system design.

5. Navigation Performance

5.1. CALLISTO

The performance of the HNS has been assessed by
means of simulation of a preliminary version of the
Kalman filer which will run aboard the vehicle. Two
trajectories, referred to as ReturntoLaunchSite (RTLS)
and Downrange (DR), have been designed by JAXA and
DLR to fit the Test and Demo Flight scenarios, respec
tively. Figure 15 shows a comparison of the downrange
altitude profiles of the two trajectories. For a matter of
brevity, the navigation performance analysis results are
shown here for the DR trajectory only, which was chosen
because of the — from navigation perspective — more
challenging flight envelope, including larger velocity, ac
celeration, and attitude changes.
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The time histories of some trajectory parameters are
given in Figure 16 for the DR scenario. In the bottom
plot, showing the pitch rate profile, one can see the rota
tionmaneuver taking place before and during the reentry
burn, visible in the specific acceleration plot. This trajec
tory differs from the one used for previous analyses, such
as the one presented in [30], in that it features a larger at
titude maneuver during the boostback phase in order to
better address mission objectives.
The second major difference with respect to the previ

ous work is the GNSS receiver model. The results pre
sented here are based on a realistic DGNSS performance
model, rather than a simplified Single Point Positioning
(SPP) performance model as was the case in [30]. The
DGNSS solution is assumed to be available throughout
the entire trajectory, whereas radar altimeter measure
ments become available below 500m altitude. Addition
ally, to produce the plots shown in Figure 17, the attitude
of the navigation frame with respect to the World Geode
tic System 1984 (WGS84) reference at liftoff (i. e., at
t = 0 s) is assumed to be perfectly known. The results
shown in the plots of Figure 17 should therefore be con
sidered as the HNS “internal” performance, isolated from
initial attitude errors, external mounting errors or vehicle
structure misalignments with respect to the WGS84 ref
erence.
The time histories of the 99% confidence bounds (≈

2.57σ) for position, velocity, and attitude error are re
ported in Figure 17 for the scenario described above. In
the top plot, one can see that the vertical position error is
larger than the horizontal one during most of the flight, as
is expected based on typical GNSS Dilution of Precision
(DOP) values, but rapidly decreases towards the end of
the flight as radar altimeter fixes become available. This
does not show in the velocity plot, as themeasurement er
ror was assumed to be isotropic. Additionally, as external
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Figure 15: Downrangealtitude profiles comparison for
the current DLR/JAXA CALLISTO RTLS/DR
trajectories.

forces mainly act along the vehicle’s longitudinal axis,
the components of the IMU parameters producing errors
along this direction are better observable and, therefore,
more accurately estimated. These factors lead to an over
all better velocity estimate in the vertical direction. Fi
nally, the bottom plot shows a rapid increase in attitude
error around the roll axis during the ascent phase due
to its limited observability. The magnitude of this error
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Figure 16: Qualitative evolution of the CALLISTO DR
trajectory parameters.
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growth mainly depends on IMU uncalibrated parameters
and the magnitude of the attitude changes occurring dur
ing the ballistic phase, and it is therefore strongly depen
dent on trajectory design. During the ballistic phase, the
attitude change combined with the lack of observability
produce further uncertainty growth, affecting most sig
nificantly the pitch and yaw components. Finally, during
the reentry burn, the presence of noninertial accelera
tions in combination with the GNSS updates make atti
tude observable, thus causing the decrease in uncertainty
visible in the plot.
Of course, in a real case scenario, the attitude of the

navigation frame with respect to the WGS84 reference
is not perfectly known before launch. Gyro compassing
can be performed during the time preceding liftoff to get
an initial estimate of such quantity, as well as to improve
the accuracy of the estimate of some IMU parameters,
such as bias and scale factor. The extent to which at
titude can be estimated before launch by means of this
procedure has not been analyzed in detail yet. An accu
rate prediction of the overall attitude accuracy can thus
not be made. However, Table 2 shows expected values
that are deemed achievable during different flight phases.
The Main Engine CutOff (MECO) events with respect
to which these phases are defined are identified in Fig
ure 16 by the vertical red lines. It should be kept in mind
that these quantities are trajectorydependent and that the
values presented here refer to the flight profile currently
under consideration.

Phase Pitch/Yaw Roll

From To [deg] [deg]

Launch MECO#1 0.5 2.5

MECO#1 MECO#2 1 1.5

MECO#2 Landing 0.5 0.5

Table 2: Expected achievable attitude accuracy for dif
ferent flight phases of CALLISTO at 99% proba
bility.

5.2. ReFEx

The navigation performance attainable by the HNS
for ReFEx was assessed through covariance analysis that
provides a floor for the achievable filter state covariance
(see, e. g., [31]). This covariance measure is initialized
and propagated along the nominal mission trajectory. At
appropriate epochs it is updated with statistical models of
the measurements, emulating the sensor fusion algorithm
within the HNS. The current analysis uses the most cur
rent sensor set and an uptodate mission trajectory which
includes a bankangle reversal (bellyup to bellydown)
maneuver during the descent. In addition, it uses a higher
fidelity model of the Sun sensors, accounting for their
configuration within the vehicle and their FoV.
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Figure 17: CALLISTO navigation solution error covariance.
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5.2.1. Trajectory

The altitude, velocity, linear acceleration, and angular
rate profiles of the trajectory followed are shown in Fig
ure 18, where the time origin is the liftoff instant. The
mission is split into two phases: a passively stabilized
ascent and a controlled descent. During the ascent, the
vehicle spins up to 900 °/s for about 80 s, being propelled
by two engine burns (one per rocket stage), as is visible
in Figure 18; during the descent, the atmospheric reentry
decelerates the vehicle. The mentioned bankangle rever
sal maneuver is performed during this phase (at around
T = 400 s).
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Figure 18: Altitude, total velocity, total specificforce
(nongravitational) acceleration, and angular rate
profiles for ReFEx; liftoff at T = 0 s.

5.2.2. Covariance Results

The results of the filter covariance analysis are dis
played in Figure 19 for the HNS with and without Sun
sensor aiding, with plots showing position, velocity,
and attitude (2norm) estimation errors (1σ). The initial
condition (1σ) is 10m (all EarthCentered EarthFixed
(ECEF) axes), 0.01m/s (static vehicle in all ECEF direc
tions), and 1° (all body axes). The structure of the IMU
filter model used is identical to that in [32] and includes
gyroscope and accelerometer bias (turnon and drift),
scalefactor (turnon and drift), angular/velocity random
walk, misalignment, and Gsensitivity (gyroscope only).
GPS position and velocity information updates the filter
state covariance, emulating the raw GPS measurement
inputs in the actual implementation of the HNS. The Sun
sensor model includes the fieldofview amplitude and
measurement noise. An alignment period of 180 s on the
launch pad is simulated through the use of static updates
(null velocity and null rate, both with respect to ECEF).
As had been observed in [32], the position estimation ac
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(1σ) for the ReFEx HNSwith or without Sun sen
sors.
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curacy is driven mainly by the GNSS signal quality, i. e.,
8 – 10m (1σ) during flight. Velocity and attitude errors,
on the other hand, have a higher dependence on the IMU
error model, with the latter being very sensitive to gy
roscope performance. Velocity estimation is worse dur
ing engine burns and reentry deceleration phase (cf. Fig
ure 18) reaching around 0.5m/s (1σ); in contrast, steady
state accuracy lies below 0.3m/s (1σ). As expected, and
as also seen in [32], when available, the Sun sensors con
siderably improve attitude estimation (from about 0.8° to
about 0.3° (1σ), within T ∈ [102, 210] s). Velocity and
position see only a negligible benefit. At lower altitudes
in the descent, when the Sun sensors no longer operate
due to atmosphere, the improvement in attitude estima
tion is gradually lost as the error in this state slowly tends
to that of the HNS without Sun sensors.

6. Conclusions and Outlook

The preliminary design of the Hybrid Navigation Sys
tems (HNS) developed for the CALLISTO and ReFEx
projects has been presented in detail. The requirements
derived from the previous studies and set by both projects
in terms of navigation turned out to be challenging. In or
der to satisfy these requirements, innovative approaches
like the DGNSS concept, Sun sensors, radar altimeter
systems, and FADS systems, which have not been applied
to European launchers before, have been introduced into
the HNS sensor suites.While the core building blocks are
the same for both HNSs, they deviate in terms of their
chosen sensor suites; the commonalities and differences
have been outlined. Preliminary performance analyses
with the currently selected sensor suites have allowed
verification of the compliance with most of the navi
gation performance requirements under nominal condi
tions, as well as for some failure scenarios.
However, as the developments are still in a conceptual

phase for both projects, the design might still change in
the course of the further development.
Future work includes the detailed modeling of the nav

igation algorithms and a thorough performance analy
sis using full 6Degrees of Freedom (DoF) closedloop
simulations combined with the G&C functions for both
projects as well as the further development on hardware
and software side. This also includes the characteriza
tion and verification of the partially and fully assembled
HNSs in specialized testing facilities and the setup of a
HiL test bench using realtime simulation platforms.
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