Aviation Applications
Hybrid Navigation Techniques and
Safety-of-Life Requirements Part1

Dornier DO 128-6 research aircraft.

Drawing on authors from several German organizations, this two-part column describes some key results of the UniTaS IV project, a publicly
funded effort to investigate special problems in the application of satellite navigation for aviation. Among the subjects covered: adaptive
heamforming antennas, a GNSS landing system that incorporates inertial sensors with a ground-based augmentation system (GBAS), multi-
constellation RAIM (receiver autonomous integrity monitoring), and jamming, spoofing, and authentication of signals.
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he emergence of global naviga-

tion satellite systems, combined

with the evolution of GPS, intro-

duces new possibilities for the use
of GNSS in aviation. A major gain in
integrity, accuracy, and availability can
be expected by using multiple GNSSes
and augmented services.

The path from algorithm develop-
ment to the derivation of standards
for use in aviation is both enduring
and widely distributed among various
institutional stakeholders. Interna-
tional and national space and aviation
agencies, such as the European Space
Agency (ESA), the Deutsches Zentrum
fir Luft- und Raumfahrt (DLR, the
German Aerospace Center), and their
counterparts in regions outside Europe
contribute to the development of new
techniques.

This article shows how research for
GNSS applications in civil aviation
has found its way into the demonstra-
tion phase of the UniTaS IV project.
(UniTaS is the German acronym for
the “support program of industrial

activities and technology transfer in
the field of applied satellite navigation
for aviation,” a multi-phase project
founded by the Bundesministerium
fiur Wirtschaft und Technologie or
BMWi, Federal Ministry for Economy
and Technology and administered by
the Agency of Aeronautics of the DLR
in Bonn.)

In this two-part series, we will
describe the goals and some results of
this joint project, including the integra-
tion of GNSS and inertial technologies,
antenna beamforming techniques and
equipment design, spoofing detection
and signal authentication, monitoring
the Galileo system, and multi-constel-
lation receiver autonomous integrity
monitoring.
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GNSS and Aviation

The UniTa$S IV Project investigates technologies and methods
to improve the practical use of satellite navigation in aviation.
Hence integrity, continuity, and availability of navigation aids
are a major focus of the project.

Key elements in the current evolution of the navigation
technologies employed in the project include the ground-
based augmentation system (GBAS), hybrid navigation using
micro-electromechanical system (MEMS) inertial navigation
sensors, use of Europe’s Galileo system in aviation and asso-
ciated safety-of-life requirements, and antenna beamforming
techniques for GNSS navigation.

We investigate the engineering aspects of the foregoing
topics beginning with the theoretical background and fol-
lowed by the results of proof-of-concept demonstrations. Sev-
eral demonstrations have been developed during our project
using one or more of these technologies to characterize their
practical use.

A team of academic and industrial partners led by the
Institute of Flight Guidance (IFF) of the Technical Univer-
sity Braunschweig carried out the work on UniTa$ IV. Our
academic partners are the University of the Federal Armed
Forces, Munich (University FAF Munich), the DLR Institute
of Communication and Navigation (IKN), and the Institute
for Navigation at Stuttgart University. Our industrial partners
include Fraunhofer IIS, iMAR GmbH, Funkwerk Avionics, and
messWERK GmbH.

The algorithms developed during the UniTaS IV project
were field tested, in most cases including flight trials using a
DO 128-6 research aircraft shown in the photo on the open-

ing page.
Hybrid Navigation: GBAS/INS

GBAS is designed to support precision approach operations
at airports within a coverage area defined by a nominal range
of 23 nautical miles. It provides desired flight path informa-
tion for approaches, landings, and other maneuvers within the
terminal area, as well as determining ranging source errors
using multiple ground reference receivers. Information on
those errors is broadcasted via VHF data broadcast (VDB) to
the users in the coverage area. The GBAS ground station also
monitors the integrity of the GNSS signals-in-space.

High precision landing operations, such as Category II
and IIT approaches, have very stringent integrity and conti-
nuity requirements. Without the availability of Galileo or the
new GPS L5 frequency, single-frequency GNSS user equip-
ment requires additional augmentation for GBAS equivalent
approaches up to CAT IIIb (GBAS Approach Service Type D,
GAST D).

Minimum Aviation System Performance Standards
(MASPS) for GPS Local Area Augmentation System Airborne
(LAAS) Equipment (RTCA Do-253C) requires several addi-
tional integrity augmentations. These augmentations include
position solutions with various smoothing time constants,
e.g., dual solution ionospheric gradient monitoring (DSIGM),

fault detection before and during new satellite additions, satel-
lite geometry screening, and optional on-board autonomous
integrity monitoring.

In the course of the UniTaS IV project, an integrated GBAS/
INS system was developed that uses the INS to help meet the
Category I and III requirements. Such GPS/INS hybridizations
are well known in the technical literature and demonstrated
in practical applications. In these cases, inertial navigation
systems (INS) use the basic principle of measuring a vehicle’s
accelerations, which can be integrated to velocity and position.
In contrast to the long-term stable (but noisy) GNSS position
solution, the INS solution only provides short-term accuracy.
The complementary nature of these two systems is widely rec-
ognized.

A GNSS landing system (GLS) can benefit from the hybrid-
ization of GBAS with INS in two ways. First, the inertial infor-
mation can be used to coast for a short time during GNSS sig-
nal outages, which may occur for some ranging sources due
to shadowing by aircraft’s wing or fin, or as a result of a sig-
nal-in-space being excluded from a position solution if a fault
is detected. Second, the inertial information can be used to
increase the ability of the system to detect and exclude ranging
sources that are disturbed locally and thus cannot be detected
by the GBAS ground station.

Figure 1 illustrates the basic GBAS/INS system layout. A
GPS receiver delivers the raw pseudoranges and carrier phases.
Pseudoranges are smoothed using the carrier phase according
to the Minimum Operational Performance Standards for GPS
Local Area Augmentation System Airborne Equipment (RTCA
Do-253C).

A smoothing time constant of 100 seconds is used for GBAS
Approach Service Type C (GAST C) and a time constant of 30
seconds for GAST D. A variable delay bufter (VDB) receiver
delivers the message types from the GBAS ground station. The
pseudorange and range rate corrections are then applied to the
smoothed pseudoranges, and the GBAS corrected pseudorang-
es are used within the hybridization filter, which in this case is
a total-state extended Kalman filter (EKF).

On the inertial side, the measured accelerations and turn
rates are used together with an Earth gravity model in the
propagation step of the EKF to calculate the predicted attitude,
heading, velocity, and position of the vehicle. If GBAS-correct-
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FIGURE1 GBAS/INS system layout
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FIGURE 2 GBAS/INS integrity functions: ADR (air data reference), MF

(main filter), SF (sub-filter), PVT (position, velocity, time), XPLy, (hori-
zontal/vertical protection level fault free hypothesis), xPLy, (horizon-
tal/vertical protection level single fault hypothesis)
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GBAS/INS integration unit

ed pseudoranges are available, they are
used in the correction step of the EKF in
terms of a tightly coupled system.

As mentioned earlier, autonomous
integrity monitoring can be used to
attain the highest integrity requirements
as reflected in the LAAS MASPS. The
system developed during the UniTaS
IV project uses such additional integrity
monitoring by means of inertial refer-
ence systems. The basic architecture of
this system is shown in Figure 2.

In the present system layout, GNSS,
INS, and optional barometric data from
an air data reference (ADR) system are
fed into the system. Depending on ser-
vice availability, the GNSS data can be
either solely GPS or raw data corrected
by space-based augmentation system
(SBAS) or GBAS differential broadcasts.

A main filter (MF) uses all (n) avail-
able GNSS ranging sources, while a bank
of n-1 sub-filters (SF,) operates in paral-
lel. Each sub-filter excludes one ranging
source. Fault detection is performed by
monitoring either the main filter’s resid-
uals or the solution separations in the
horizontal and vertical domain between
the main filter and sub-filters.

If a fault is detected, the healthy
sub-filter — the one that is excluding the

faulty ranging source - is used to reset
the whole system. For the calculation of
hybrid protection levels, the integrity
monitor uses filter characteristics from
the main and sub-filters.

For the purpose of testing and evalu-
ating the basic functions and system per-
formance, we performed several ground
and flight tests. During the flight trials,
various kinds of inertial measurement
units (IMUs) were used, ranging from
low-cost MEMS to tactical- and naviga-
tion-grade units.

For recording the raw data, we used
hardware developed during the proj-
ect and shown in the accompanying
photo. In addition to the IMU, this unit
contains a VDB receiver and two GPS
receivers, one low-cost receiver and one
OEM GPS/Galileo/SBAS receiver. First
results are presented in the articles by M.
Steen et alia and M. Steen and P. Hecker
cited in the Additional Resources sec-
tion at the end of this article.

Beamforming Equipment
Design

Because signals from the navigation
satellites arrive at the user receiver with
extremely low power density, GNSS-
based equipment is inherently vulner-
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FIGURE 3 Adaptive antenna principle

able to the radio frequency interference
(RFI). Due to the spread spectrum tech-
nology used by GNSS, some RFI robust-
ness is provided by the de-spreading
processing gain. However, this can eas-
ily become inadequate in case of strong
interference. Of particularly great con-
cern is the RFI problem in GNSS appli-
cations with safety-critical aspects, such
as aircraft landing with GBAS.

The UniTaS IV project addressed
the RFI challenge by using adaptive
antennas. These are based on the same
principle as phased-array antennas: the
individual outputs of each array element
are weighted and summed in order to
produce a desired array radiation/recep-
tion pattern. The array weights are adap-
tively adjusted by a dedicated weight
control mechanism for providing an
optimum signal reception according to
some criterion.

As shown in Figure 3, the main
beam of the array reception pattern can
be steered to a particular GNSS satel-
lite while nulls are produced along the
directions of arrival (DOAs) of inter-
ferers. The antenna array serves as a
spatial filter for the incoming signals,
which can be easily combined with the
receiver-based mitigation techniques in
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FIGURE 5 Block diagram of RF front-end
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FIGURE4 Block diagram of GNSS array demonstrator

2x2 antenna array

the time-frequency processing domain.
Similarly, spatial filter may also be used
to minimize multipath error.

Our project also concentrated on the
development of a Galileo/GPS L1 receiv-
er that uses the adaptive antenna tech-
nology. The test platform receives GNSS
signals by means of a 2x2 rectangular
antenna array (shown in the accompany-
ing photo) and uses digital beamforming
in the signal processing software after
the PRN-code correlation.

The adaptation of the array weights
is performed individually for each satel-
lite signal tracked by the receiver. The
weight control algorithms for each sat-
ellite channel work independently from
each other and produce multiple sets of
weights. Each and every set is optimized
for the reception of a given satellite. In
other words, each satellite signal is
received through its own array recep-
tion pattern.

Two low-noise amplifiers (LNAs)

anaocp 4 | | BUS
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with total gain of 25
decibels are placed
directly after each
of the antenna ele-
ments in order to
compensate for the
losses in the cabling
and to obtain an acceptable noise figure
for the receiver.

For better out-of-band rejection, the
array elements were designed to have
frequency-selective antenna gain with
the maximum at L1 and more than 15-
decibel attenuation in the GSM band.
For further details, see the articles by M.
V. T. Heckler et alia and M. Cuntz et alia
listed in Additional Resources.) Second-
order pass-band filters with a 3 decibel
bandwidth of 45 MHz are inserted after
the first LNAs to provide additional out-
of-band rejection.

As shown in Figure 4, the receiver
hardware design for the test platform is
based on a PCI eXtensions for Instru-
mentation (PXI) chassis hosting several
boards (each consisting of four RF front-
ends, Figure 5), a board to generate the
clock for the analog-to-digital converter
(ADC), a local oscillator (LO) and cali-
bration signal, a field programmable gate
array (FPGA) board for high-rate data

FIGURE 6 Block diagram of FPGA processing unit

processing, and a host PC for low-rate

processing. The antenna array connects

to the front-end boards through phase-
stable cables.

The RF front-ends feature a low-IF
architecture with a 21-megahertz band-
width and 8-bit ADC with a 60 mega-
hertz sampling rate. The high ADC reso-
lution supports a wide dynamic range to
prevent signal saturation in case of inter-
ference that would considerably degrade
the beamforming performance.

The PC-module controls the follow-
ing functions on the RF- and LO-clock-
board:

« selecting the attenuation of the cali-
bration signal in the range of 31deci-
bels

« setting the duty cycle of the PWM
source for each channel in 256 steps

« switching the antenna power supply
on and off.

Figure 6 shows the block diagram of
the FPGA processing unit. This digital
baseband hardware provides the inter-
face from the RF-boards to the PC, the
digital signal conditioning, hardware
correlators, and acquisition unit. The
tracking loops are closed using the PC
included in the PXI chassis communi-
cating via the PCI-bus with the digital
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appropriate PRN

sequence, such as
the C/A-code of an
unused satellite, a
state-of-the-art cor-
relator can be used
to determine signal
delay variations of
various channels,

such as those caused

i JJJ..‘L"‘*"'.JK bytemperature shifts
1¢r LY during operation.

! ! The signal is fed

into the calibra-
tion network at the

FIGURE 7 Spectrum of the calibration signal

FPGA receiver hardware.

The clock-board generates and dis-
tributes the clock signals for the ADCs
and the LO-signal for the four analog
mixers. A 10 megahertz oven-controlled
crystal oscillator (OCXO) is used as the
reference clock, and an external clock
can also be applied.

The second task of the board is to
provide the calibration signal for the
antenna beamforming. A pseudoran-
dom noise (PRN)-like signal is used
instead of a common continuous wave
(CW) signal to calibrate the RF front-
end at their intended operation points.

Further, a PRN signal enables on-line
calibration during operation because
the signal is treated like a pseudolite
with zero Doppler shift. Choosing an

Antenna array at site of static test

antenna array where
it is distributed to
the four reception
channels via direc-
tional couplers. The
unattenuated BPSK(1) modulated PRN-
signal is shown in Figure 7.

Beamforming Techniques

The signal-processing software running
on the host PC of the PXI chassis is basi-
cally a software receiver that implements
all typical GNSS signal-processing func-
tions after the PRN code correlation. The
signal processing includes signal track-
ing by using code and carrier loops,
navigation data decoding, and position
determination.

For processing the signals from the
antenna array, the software receiver
also has blocks that implement the vari-
ous algorithms used for adaptive array
weight control and estimation of DOAs.
The calculated array weights are applied
in each receiver channel, and the beam-
former output feeds into the tracking
loops.

Using digital beamforming in the
software receiver allows for fast imple-
mentation of the array processing algo-
rithms and high flexibility. The UniTaS
array receiver platform supports beam-
forming drawing on one of two types of
aiding information:

o the satellite signal’s known DOA, or
« highly correlated reference and GNSS
signals, after PRN-code correlation.

In the first case, we may either cal-
culate the DOA by using the broadcast
ephemeris data of the navigation mes-

sage or estimate it using a direction-esti-
mation algorithm. The reference signal
used with the second type of beamform-
ing is a sequence of the navigation data
bits estimated by the receiver-tracking
block.

The weight control algorithms with
the first type of beamforming are usually
based on the minimum variance (power
minimization) criteria, while the algo-
rithms with the second type minimize
mean square error between the beam-
former output and the reference signal.
(See the article by A. Konovaltsev et alia,
2007, for more details on this subject)

The use of the beamforming of the
first type requires well-calibrated ampli-
tude and phase transfer characteristics
of array elements and RF front end of
the receiver hardware. This can also be
shown to be a prerequisite for determin-
ing the position of the phase center of the
array antenna for given array weights,
for which purpose the calibration signal
is used.

The distribution of the signal with a
calibration network is designed such that
the signal appears in each array channel
with almost equal phases and ampli-
tudes. The calibration signal propagates
through the entire processing chain and
is individually processed in the receiver
tracking part.

We can then use the phases and
amplitudes of the calibration signals
reported by the tracking algorithm to
produce corresponding corrections for
beamforming and direction estimation.
This allows live calibration of the time-
variant part of the receiver hardware
with active elements, including ampli-
fiers, mixers, and ADCs.

The signal enhancement introduced
by beamforming appears in the results of
UniTaS field trials, including a static test
in which a dedicated tracking channel
of the receiver was used to process the
calibration signal and obtain the phase
corrections. These corrections were then
applied while performing beamforming
and DOA estimation.

The system obtains the DOA in two
steps by using the 2-D unitary ESPRIT
(Estimation of Signal Parameters via
Rotational Invariance Techniques) tech-
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Azimuth error (deg) Elevation error (deg)

Bias Std Bias Std
9 -1.85 0.40 -2.06 0.26
12 -1.95 1.21 -3.05 0.92
15 -3.21 0.40 -3.49 0.39
7 0.66 0.33 2.17 0.48
18 0.92 0.40 -2.48 0.79
22 -3.68 0.81 -12.98 1.32
26 -9.12 0.54 -2.94 0.86
27 -2.20 0.61 0.67 0.27
28 -1.36 0.47 1.53 1.22

TABLE 1. Estimation error in Direction of Arrival (DOA)

(a)

(b

FIGURE8 DOA results: (a) only RF front-end online calibration, no
patterns of array elements used; (b) accounting for antenna pat-

terns (circles denote true DOAs of satellite signals, crosses show the
estimated DOAs).

nique. First, the DOAs of GPS satellites were estimated with the
real-time calibration corrections but without accounting for
the reception patterns of array elements (see Figure 8a). In the
next step, estimated DOAs were used to find the correspond-
ing phase responses of the array elements and take them into
account in the second DOA estimation (see Figure 8h).

Table 1 summarizes the statistical characteristics of the

C/Ng [dB-Hz]

FIGURE 10 Array beam patterns for GPS satellites with PRN 15 and PRN 17

using the minimum mean square error beamforming technique

DOA estimation errors from more than 350 runs during seven
seconds of signal tracking. The actual satellite DOAs are com-
puted with the ephemeris information from the GPS system
almanac.

We used two beamforming strategies: minimum mean
square error (MMSE) beamforming with the temporal refer-
ence, a local receiver PRN code used in de-spreading process;
and linearly constrained minimum variance (LCMV) beam-
forming with an estimated DOA of the GPS signal as the con-
straint for the maximum of the array gain patterns. Figure 9
illustrates the improvement in the signal level in terms of car-
rier-to-noise density ratio (C/N,).

Figure 10 shows the array beam patterns obtained after digi-
tal beamforming with the use of the phase calibration correc-
tions for the satellites with PRN15 and PRN 17.

Post-processed field test data show promising results for
beamforming and DOA estimation. We are planning further
tests this summer (2010) of the GNSS adaptive antenna array
systems in real-time mode.

High Dynamic GNSS/INS Testing Using
Aerobatic Aircraft

We investigated the behavior of IMUs under high dynamic con-
ditions using a double-equipped MEMS IMU that included two
complete and dissimilar sensor sets of accelerometers and gyros,
respectively. An additional MEMS was used for reference.

In order to ensure very high dynamic excitation of the
IMUs, the trials employed an aerobatic aircraft equipped with
a GPS receiver and a flight measurement computer with which
to record data.
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FIGURE 12 Roll and pitch angle during aerobatic flight phase

Two subjects were examined based on processing of the
flight test data: the capability of the INS mechanization to
handle discontinuities when using the classical Euler angle for-
mulation and the performance of the MEMS inertial sensors
themselves. Due to high acceleration und turn rates, the sen-
sor stimulation is beyond the linear part of their characteristic
curve. This leads to higher demands on the sensor calibration
as well as the navigation filter.

The solution to the first challenge is the implementation of a
quaternion reference frame, as is practiced widely. The solution

FIGURE 13 Flight data visualization display

to the second is a sophisticated calibration process and precise
synchronization of IMU and GNSS data.

Another challenge during aerobatic flight is the shadow-
ing of the GNSS signals. Experiments showed that a low-cost
automotive receiver has very short reacquisition times, but the
tests revealed that expectations of the receiver’s tracking per-
formance were very optimistic.

Moreover, the receiver position is heavily filtered using
dynamic models and therefore counterproductive for the aid-
ing of the INS. This was not a problem in our case, because we
used an “own-position” solution calculated from the receiver
raw data in the Kalman filter’s update step of the INS/GNSS
integration. Finally, we found that in most cases a reliably
tracked, but intermittent GNSS signal is more valuable than a
signal that is more available but less accurate.

Figure 11 shows the turn rates during the aerobatic flight
program. With maximum turn rates of more than 220 degrees
per second, and maximum gravity load of 5.6 G’s, the naviga-
tion system is highly stressed.

The resulting roll:and pitch anglesare shown in Figure 12.
Because these values are difficult to interpret, we used a visual-
ization tool (Figure 13) that displays views of the plane, its tra-
jectory, and dashboards for data. The test flight can be replayed
and wound forward and backward like a classical media player.
This allows a better understanding of what happened during
the maneuvers and may also be used for pilot training.

Conclusion

This first part of the article has shown techniques that are being
evaluated or will be evaluated during real flight trial as part of
the UniTaS IV project. The second part will concentrate ground
based activities on theoretic investigations concerning aspects
of the new GALILEO signals and multi-constellation GNSS. As
part of this forthcoming discussion, we will also present a short
overview of the the aviationGATE Galileo test infrastructure
for airborne and apron applications, built as part of the UniTaS
IV project.
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