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In order to support GBAS CAT II/1ll (GAST D) validation, an extensive flight test campaign
was carried out in Sep/Oct 2013 with Honeywell flight test aircraft Dassault Falcon
900EX — Phase 1 and recently, Phase 2, was carried out in Jun/Jul 2014. This paper
focuses on Phase 2 and it is an executive summary of D27 Business Aircraft Simulation
Tools Development and Upgrade delivered by project 09.12 “ GBAS Cat II/lll”. This
document describes the data collection campaign, together with details on
experimental aircraft used, test setup as well as flight plan. Moreover, it focuses on data
analyses, with respect to overall performance, and specific monitors’ performance.
Then results on NSE model validation and generic business aircraft Autoland feasibility
simulations are discussed. The conclusions from the presented results are drawn in the
last section.
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GBAS CAT II/1ll Operational Validation Input for Business Aircraft

1 Introduction

In order to support GBAS CAT II/lll (GAST D) validation, an extensive flight test campaign was carried out in
Sep/Oct 2013 with Honeywell flight test aircraft Dassault Falcon 900EX — Phase 1 and recently, Phase 2, was
carried out in Jun/Jul 2014. This paper focuses on Phase 2.

The aircraft was equipped with a prototype GAST D avionics receiver that was coupled with the autopilot of
the CAT Il capable aircraft. Testing in Phase 2 was performed on five different airports, with five different
ground stations from three manufacturers, in the US and in Europe. The ground and airborne equipment was
at its final prototype functionality.

Since flight tests typically only show nominal performance of the overall system and cannot comprise corner
cases, Monte-Carlo approach and landing simulations covering nominal, limit and malfunction cases must be
performed to show the overall system compliance with the Autoland requirements.

In order to collect all the data needed with respect to the objectives, the experimental aircraft was equipped
with an airborne receiver prototype with GBAS GAST D final capability, a Novatel survey grade dual-frequency
receiver (SPAN) for truth measurements, a Telerad RE9009 VHF receiver and Multi-constellation multi-
frequency (MC/MF) receiver prototype.

The three GPS/GNSS receivers were all connected to the same GNSS dual frequency antenna. VHF Data
Broadcast (VDB) for the three relevant receivers (in this case the GBAS prototype, Telerad and MC/MF) are
connected to the same VHF NAV/LOC antenna situated at the top of the vertical fin of the experimental
aircraft. The ARINC 429 outputs of the GBAS prototype are coupled with the autopilot.

The Phase 2 flight plan covered a total of 95 approaches to collect sufficient amount of data. Phase 2 focused
on 9 scenarios, including data collection for multipath performance testing, interoperability validation,
airborne regressions to CAT | approach (GAST C) and non-regression GAST C approaches.

Detailed analysis of results was performed, including navigation system error evaluation, total system error as
well as performance of the required monitors and their impact on availability of the solution.

Navigation sensor error and total system error were analyzed and are showing good performance.
Analysis with respect to the airborne multipath was performed also for Phase 2 and results shown are
confirming expectations - multipath performance on a larger business aircraft not quite conforming with the
RTCA multipath model, but in line with the multipath plus noise requirements leading to reasonable sigma
error estimates.

Monitor performance was analyzed and was conforming to expectations during nominal conditions.
Downgrades to lower approach service type was observed during the testing caused by Fault Detection during
approach and taxi phases; further analysis led to the conclusion that improved specification of the monitor is
required. This update is currently under development. Dual solution ionospheric gradient monitor caused
downgrades only while stationary, due to increased levels of ground multipath as well as reflections off nearby
buildings, which does not affect the GAST D operation.

Observed satellite exclusions were caused by the Code-Carrier Divergence monitor, which is very much in line
with expectations. The exclusion of satellites exceeding the filter threshold never caused downgrade or loss of
availability.

Corrections and finalization of both ground and airborne parts in Phase 2 resulted in better navigation
performance than in Phase 1. The overall GBAS Navigation system performance was improved compared to
Sep/Oct 2013. The improved NSE can be explained by improvements in both airborne and ground systems, as
well as by more data collected.

Overall, the flight tests were very successful and support the concept validation.

With respect to the simulations, a Honeywell legacy simulation tool consisting of models of generic business
aircraft with receiver model upgraded to GAST D capability, ground station model including reference
receivers, constellation model and error models such as ionospheric, tropospheric, multipath and noise was
used for the Monte-Carlo simulations based on requirements from regulatory bodies.
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GBAS CAT II/1ll Operational Validation Input for Business Aircraft

It was confirmed that the navigation sensor error observed during the flight tests is within the used model
which is consistent with AWOHARC GBAS noise model that may be used to show compliance with approach
and landing requirements.

Overall 18 scenarios (with close to 300,000 simulation runs), including different generic A/C and autopilot
models (FTE), almanacs, NSE model and airport set, were simulated during feasibility analysis and the results
were statistically analyzed to show if the compliance with landing requirements defined by CS-AWO is met.
Nominal and limit cases performed within expectations and complied with requirements. Since the autoland
simulations use generic autopilot assumptions, the result shows the theoretical capability of business aircraft
with the assumed touchdown distribution meeting the landing requirements when using GBAS GAST D. The
feasibility generic simulations pointed to short steep ramp faults close to ca 200ft within malfunction case
which in a few cases resulted in shorter approaches (but still within the runway). Although a more robust A/C
control system behavior with an appropriate filtering or control system limitations than in the presented
generic model is expected, it is highly recommended that this possible threat is well reviewed and confirmed
by airframe manufacturers that it is covered.

1.1 Purpose

In order to support GBAS GAST D (CAT II/Ill) validation, an extensive flight test campaign was carried out in
Sep/Oct 2013 with Honeywell flight test aircraft Dassault Falcon 900EX — Phase 12 and recently, Phase 2, was
carried out in Jun/Jul 2014. A total of 150 approaches were flown over both campaigns.

The aircraft was equipped with a Honeywell prototype GAST D avionics receiver that was coupled with the
autopilot of the CAT Il capable aircraft. Testing was performed on six different airports with seven different
ground stations from different manufacturers (Honeywell, Indra, and Thales and the FAA) for both phases in
the US and in Europe with support of ANSPs — Air Navigation Service Providers (German DFS, French DSNA, US
FAA). The ground and airborne equipment was at its final prototype functionality.

The objectives of the second flight tests campaign, data collection and simulations in this paper are focused
on:

e Verify performance in operational environment for business aircraft with ground stations in Phase
2, with focus on navigation system error evaluation, total system error, as well as performance of the
required monitors and their impact on availability of the solution.

e Compare results with Phase 1.

e Validate Honeywell NSE range domain model used in Autoland simulations.

e Perform feasibility study on approach and landing simulations with generic business aircraft model.
The following sections will describe the data collection campaign, together with details on experimental
aircraft used, test setup as well as flight plan. The next section focuses on data analyses, with respect to overall
performance, and specific monitors’ performance. Then results on NSE model validation and generic business

aircraft Autoland feasibility simulations are discussed. The conclusions from the presented results are drawn in
the last section.

1.2 Acronyms and Terminology

1.2.1 GENERAL

ATM:  Air Traffic Management

E-ATMS: European Air Traffic Management System

SESAR: Single European Sky ATM Research Programme

SJU: SESAR Joint Undertaking (Agency of the European Commission)

SJU Work Programme: addresses all activities of the SESAR Joint Undertaking Agency.

SESAR Programme: defines the Research and Development activities and Projects for the SJU.
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GBAS CAT II/1ll Operational Validation Input for Business Aircraft

2 Flight Test Campaign

In order to collect data needed for the GBAS GAST D interoperability and validation testing, an extensive flight
test campaign was executed.

After Phase 1 flight tests (for Phase 1 results analysis see 2), the airborne receiver prototype SW was updated
with the remaining requirements and updates based on Phase 1 results. This was followed by static and
dynamic testing on an airport. The next step was the prototype integration into aircraft test bench to ensure
correct integration design, and verify all the outputs during simulated flight on the target airports. Initial flight
tests for Phase 2 to verify the integration and functionality were carried out in June 2014 with Houston
Honeywell certified ground station, and the Honeywell ground station in Atlantic City. The results from this
initial testing of Phase 2 are included in this paper.

The same experimental aircraft as for Phase 1 (Figure 1) was also used for Phase 2 testing.

Figure 1: Honeywell experimental test aircraft F900

In order to support the objectives of the testing and for on board data collection, the aircraft installation
includes a VIDL/G airborne receiver prototype with GBAS GAST D final prototype capability, a Novatel survey
grade dual-frequency receiver (SPAN) for truth measurements, a Telerad RE9009 VHF receiver and a MCMF
prototype (instead of an INR airborne receiver prototype included on a FAA test palette for interoperability
testing and additional data collection in Phase 1). With that exception the aircraft installation test setup
remained the same.

Figure 2 shows the aircraft installation setup. The three GPS/GNSS receivers (VIDL/G, Novatel and MC/MF) are
all connected to the same GNSS dual frequency antenna (different location then in Phase 1, now closer to the
tail). VDB for the three relevant receivers (in this case the VIDL/G, Telerad and MC/MF) are connected to the
same VHF NAV/LOC antenna situated at the top of the vertical fin of the experimental aircraft. The ARINC 429
outputs of the VIDL/G prototype are coupled with the autopilot. The prototype was tuned to the correct
channel using a tuning head.

The RS232 data output, as well as ARINC 429 outputs from the tested VIDL/G prototype receiver were
recorded using a laptop. A Honeywell Test Interface Unit (TIU) used ARINC 429 labels in order to provide GBAS
deviations, as well as approach ID and supported level of service (GAST C / GAST D) to the experimental
Display Unit. Required data on the aircraft internal bus (ASCB) were recorded using the TIU for validation
purposes. Novatel receiver outputs were also recorded using the TIU in order to support post-processing using
data from a ground based Novatel receiver with a surveyed antenna.

RS485 VDB data were recorded from the Telerad receiver to check for excessive CRC errors on the test
prototypes, as well as to see if the slots in the broadcasted messages were being filled correctly. Telerad has
been updated with a special SW developed on request to enable verification of slot overflows during flight
testing for Phase 2.
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GBAS CAT II/1ll Operational Validation Input for Business Aircraft

Serial output data from the MC/MF prototype were recorded using a PC (processing of the data is out of scope
of the project and this paper).

Rocording &
Inputs Test Units Display & Tuning Aircraft Avionics

Units

(A1 Outout Dati)

e s

(Tuning Commands)

VHF
NAVILCC GPS Dual
Antenna  Frea Antenna

ARNC 428
Al Outout Data)

i
(Novetel Ouput Deto)

ASCE Deta
1 PPS Syncrvonization Pube 0o be recorded)

R8445
(VDB Data)

MCMF Rocaiver

Figure 2: Aircraft installation setup focusing on the specific GBAS testing equipment for Phase 2

An experimental display and its logic were implemented in the same way as for Phase 1. It was used to enable
the pilots as well as flight test crew to easily see the GBAS modes selected and achieved, as well as for visual
verification of the status during each test scenario (these were of course post-processed). Figure 3 shows the
experimental display during GBAS CAT II/Ill approach in Atlantic City.

Figure 3: Experimental display — GBAS CAT II/IIT approach in Atlantic City

During the Phase 2 flight trial campaign, 5 different stations from 3 different manufacturers, both US and
European were used. Two were Honeywell GAST C certified stations, one was a Honeywell GAST D
experimental station and the rest were one each, Indra and Thales experimental GAST D ground stations.

Table 1 provides a brief overview of systems used in Phases 1 & 2. The focus of this paper is on the business
aircraft airborne system, not the ground stations.
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GBAS CAT II/Ill Operational Validation Input for Business Aircraft

Table 1: Airports and GBAS ground stations used for flight testing in Phases 1 & 2

| AiportName oy |swmte ] Groundstation | Phaze |

New Century AirCenter Airport / lath Honeywell —
KIXD GAST D experimental 1
George Bush Intercontinental Honeywell —

Atlantic City Int’l / KACY

NATMIG —

GAST D experimental
Frankfurt Airport / EDDF Frankfurt Germany Hon - 1&2
GAST C testing mode (only
phase 2)
Honeywell —
City Airport Bremen / EDDW Bremen Germany GAST C certified

Exercises summarized in Table 2 were developed to enable input to concept validation. Phase 1 (2) focused on
performance as well as some testing of non-nominal conditions. Phase 2 focused more on collecting
performance data with updated air & ground systems, and used those as input into validation of simulations
(e.g. NSE in range domain).

Table 2: Exercises to Flight Phase campaign phases tracking

Initial Ground Test

Glidepath Captures Demonstration

X

GPS Availability Demonstration

Interoperability validation through GAST-D flights with event 1 RMSU Off

Non-regression validation through several GAST C flights with different types of CAT I ground stations

flights x x

Noise Model Fidellty

Autoland Feasibility Simulations
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GBAS CAT II/1ll Operational Validation Input for Business Aircraft

3 FLIGHT TEST DATA ANALYSIS — PERFORMANCE PHASE 2

In order to process the collected data, they were segmented into regions of interest, including approach
(coupled to autopilot), Precision Approach Region (PAR), taxi, stationary (close to buildings and on
runway/taxiway), and other air phases. These are used in the following parts of the paper; approach phase is
the one with most focus here.

With respect to the performance, several quantities are evaluated. This is the Total System Error (TSE), which
is a difference between the aircraft true position and the desired one. It is composed of two components — the
Flight Technical Error (FTE), which relates to the aircraft capability to adhere to the desired path; and
Navigation System Error (NSE), which relates to the quality of navigation information — in other words, how
well it predicts the system’s position.

Figure 4 shows these quantities and explains their relationship. The defined quantities are calculated using
deviations, rather than position in this paper.

The lateral deviation is calculated as the cross track component of the aircraft position in the ACU frame (along
track, cross track and up) of the runway — as defined in MOPS in “2.3.11.5.1.1.2 Rectilinear Lateral Deviation”
1. The vertical deviation is calculated as the shortest (perpendicular) distance of the aircraft to the glidepath —
as defined in MOPS “2.3.11.5.1.2.2 Rectilinear Vertical Deviation” 1.

The TSE is then calculated directly from the Novatel corrected position (i.e. deviations based on position).

The NSE is calculated as difference between the Novatel and VIDL/G rectilinear deviations.

Desired pah _
- »
uy
&
-
"
i Fiight technical eror(FTE)
% 5 Estirmated position-
@: s - = VIDUIG
)
E Navigation syste mernifNSE)

L 8 True position -
ST == === Novatel

Figure 4: Performance evaluation

3.1 Navigation System Error — Phase 2

Due to a small SW error in the prototype code, which is now corrected, some data collected during Phase 2
flights include noisier observations due to an incorrect reset of the smoothing filter which impacts both 30s
and 100s pseudorange of some satellites (typically 0 to 2 satellites).

Eliminating the error during post processing leads to even better performance than the observed performance
which was already very good and well within expectations. The collected data were post-processed, excluding
the error, in order to show the actual estimated performance of the overall system.

There is no impact on the multipath evaluation since these are processed on levels before the error becomes
included. The observed performance was well within expectations, the correction leads to even more
improved performance of NSE. Table 3 shows which aspects are impacted and if they are currently included in
the post processed section or not.
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GBAS CAT II/1ll Operational Validation Input for Business Aircraft

Table 3: Post-processed performance

Impact of the correctlon on Result /

Results included Better performance (smaller max values)
Yes Results included Better performance (smaller max values)
Yes Not included (not evaluated yet) Better performance expected
No No impact on results No impact

Vertical navigation system error of the prototype VIDL/G receiver during the GBAS GAST D nominal approaches
is shown in Figure 5, together with the CAT | requirement of +4 m for 95% of time on whole approach. Since
there is no CAT II/1ll specific requirement, the agreement between the SESAR GBAS projects was to use the
same requirements as for CAT |, with the rationale that the system should at least fulfil the same requirement
given the fact that it allows approaches with lower decision height.

Figure 6 shows statistics for the GAST D vertical NSE for all nominal approaches as well as the number of
measurement (number of approaches) included in the statistics.

Figure 7 shows lateral navigation system error of the prototype VIDL/G receiver during the GBAS GAST D
nominal approaches, together with the CAT | requirement of +16 m for 95% of time on whole approach.

ALL GAST D Approaches:
Vertical NSE vs. distance to LTP

5
4
3
E 2
5
s 1 o e
2 - ; PRy, % o » r’\% .
S 5 4
B ° Een o A =
_§ 1 oF V-fJ".- Z e o N . i
z - N |t e —~ .
5 2
>
3
4
st i A i A
20 15 10 5 0

distance to LTP [km]

Figure 5: GAST D vertical NSE: difference in vertical deviations (VIDL — NVTL) as a function of
distance to LTP. Red lines indicate 95% accuracy bounds. Phase 2 results — post-processed.

founding members

Avenue de Cortenbergh 100 | B =1000 Bruxelles
o~ WWW.sesarju.eu

00.01.00

9of 43



GBAS CAT II/1ll Operational Validation Input for Business Aircraft

ALL (FIX):
vertical NSE [m], 30 sec solution, GAST D, nominal approaches
I 3 F
1h mean
| std [T _“""_“—hv‘\
T oH RMS —
. e =
L/—'\/_WI_A‘/_‘
-1

4500 4000 3500 3000 2500 2000 1500 1000 500
Reference height above LTP [ft]

Number of measurements

60 — .

s_l_’_’_J \
40 el !

20 — |

A }

number of measurements
.

0 I I
4500 4000 3500 3000 2500 2000 1500 1000 500
Reference height abowve LTP [ft]

Figure 6: GAST D vertical NSE: statistics (HAGL — height above LTP). Based on 30s deviations. Phase 2
results — post-processed.

ALL GAST D Approaches:
_Lateral NSE vs. distance to LTP _

15

10

(5]

lateral deviation error [m]

20 15 10 5 0
distance to LTP [km]
Figure 7: GAST D: lateral NSE: difference in lateral deviations (VIDL — NVTL) as a function of distance to LTP.
Red lines indicate 95% accuracy bounds. Phase 2 results — post-processed.

GBAS GAST D NSE performance of the prototype is under nominal conditions always within the CAT |
requirement bounds and well within expectations for CAT II/I1l system.

Figure 8 shows the statistics for GAST D vertical NSE, comparing the 30s based result with the 100s (both post-
processed) for all the nominal approaches.
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g | ey
wertical NSE [m], 100 sec solution, GAST D, nominal approaches \ertical NSE [m], 30 sec solution, GAST D, nominal approaches
I I 3 I
1H mean 1 mean
I = o | Rt S Lo e et
P il
1.,-/f _1_,_/""rf
4500 4000 3500 3000 2500 2000 1500 1000 500 4500 4000 3500 3000 2500 2000 1500 1000 500
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fa §o
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Figure 8: GAST D: Vertical NSE: left based on 100s deviations; right based on 30s deviations post-processed.
Phase 2 results — post-processed.

Table 4 shows a summary of average inflation between 30s and 100s solutions for standard deviation and RMS
for both, vertical deviation (rectilinear to glideslope) as well as in ENU Up. (a) = average computed directly
from the ratio function in dependence on HAGL [i.e. 30 sec statistics function / 100 sec statistics function]; (b)
= average calculated as [average 30 sec statistics / average 100 sec statistics]. It can be noted that the ratio is
lowered on the Phase 2 data compared to Phase 1 and within expectations.

Table 4: Summary of average inflation between 30 s and 100 s solutions for standard deviation and RMS for
Phase 1 and Phase 2 (Post-processed).

] Inﬂatlon average Inflation Inflation average std Inflation
average RMS - average RMS

Vert dev 30/100 (a) 1.349509 1.353828 1.2340386 1.11515925

Vert dev. 30/100 (b) 1.280749 1.302504 1.2212353 1.11080277
30/100 (a) 1.353416 1.350724 1.2348363 1.11393687
30/100 (b) 1.278422 1.301516 1.2221837 1.10932506

3.2 NSE vs xPL

For both, GAST C and GAST D, vertical and lateral NSE was within the expectation during the nominal
conditions observed during the test flights.

Figure 9 and Figure 10 show respectively, lateral and vertical NSE normalized by Vertical Protection Limit and
Lateral Protection Limit for the whole approach. The 30s smoothed data are compared with Phase 1. It can be
noted, that for all nominal approaches, the boundary of 1 was not reached, and that both limits always
bounded the Navigation Sensor Error. The vertical NSE normalized by VPL shows improvement over Phase 1
and is within expected range. The lateral NSE normalized by LPL is consistent with Phase 1 results.
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Figure 9: GAST D: Lateral NSE: Sep/Oct2013 30s (lower left); Jun/Jul 2014: (upper right) 100s (lower
right) 30s on whole approach normalized by LPL.
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Figure 10: GAST D: Vertical NSE: Sep/Oct2013 30s (lower left); Jun/Jul 2014: (upper right) 100s (lower

right) 30s on whole approach normalized by VPL.

3.3 Total System Error — Phase 2

The total system error was also evaluated. TSE in lateral direction is shown in Figure 11 for GAST D nominal
approaches. The two approaches a bit more off than the rest at the very end are caused by windshear and are
within requirements.
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ALL: Lateral TSE vs. distance to LTP
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Figure 11: GBAS GAST D: Lateral TSE on whole approach phase for nominal approaches. Phase 2
results.

The total system error in vertical direction is shown in the Figure 12 for GAST D nominal approaches. The larger
TSE that can be noticed on orange line approach is caused by a combination of aircraft configuration change
together with windshear.

ALL: Vertical TSE vs. reference height above LTP
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Figure 12: GBAS GAST D: Vertical TSE on whole approach phase for nominal approaches.

Figure 13 shows comparison of performance with aircraft in final configuration setting as normally flown and
with final aircraft configuration at distances of above 10NM. It can be noted that the larger vertical TSE at
around 6km to LTP (statics part of figure) is explained by the aircraft configuration changes on the final

approach.

founding members 00.01.00
“ Avenue de Cortenbergh 100 | B =1000 Bruxelles o

www.sesarju.eu
13 of 43



GBAS CAT II/1ll Operational Validation Input for Business Aircraft
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Figure 14 provides a statistical summary of the vertical TSE for both GAST C as well as GAST D nominal

approaches together with respect to mean, standard deviation and root mean square (RMS).
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Figure 14: Statistical summary of TSE for all GAST C and GAST D nominal approaches. Phase 2 results.

The total system error seems to be very reasonable during the nominal conditions as seen during the flight
tests. However, Monte-Carlo autoland simulations must be performed to ensure proper behaviour for GAST D,
as currently no specific GBAS CAT Il requirements exist.

3.4 Airborne Multipath Analysis

Airborne multipath analysis was performed as well. A detailed overview of the analysis together with
background on previous study using smaller aircraft is presented in 5. Details on other approach phases as well
as comparison with the Novatel receiver are presented.

For airborne multipath analysis results for the approach phase of flight for Phase 1 see 2. Figure 15 shows the
airborne multipath analysis results for the approach phase of flight for Phase 2. Data are divided into bins
(each bin is 8.5 degrees wide), with analysis starting at 5 degrees. The prototype used has a 0.2 correlator
spacing. The lower part of the Figure 15 compares the Code-minus-carrier standard deviation of the multipath
error observation with the multipath model as presented in MOPS 1. The numbers above each bin summarize
the number of observations. The multipath observed is slightly above the RTCA model for this business
aircraft. The antenna was placed above the door and is within proximity of large tail fin as well as three
engines that provide additional reflections. It may be recommended to install the antenna as far as possible
from the tail for these types of aircraft. The upper part of the Figure 15 compares the prototypes standard
deviation of Code-minus-carrier including noise with the multipath requirement combined with noise
requirement for the AAD (Airborne Accuracy Designator) B equipment for min and max signal level. The
standard deviation is almost covered by the model together with the noise, which would lead to realistic
estimation of sigma_air using the 100s smoothed observations. Phase 2 results are well in line with Phase 1
results as would be expected.
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Figure 15: Approach phase (100s smoothed data): Standard deviation (std) of multipath + noise error
(top) and std of multipath error (bottom) as a function of satellite elevation. Number of data values in
each bin is shown in bottom graph.
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4 FLIGHT TEST DATA ANALYSIS — PHASE 1 VS PHASE 2
PERFORMANCES

For comparison of the results between the two phases, vertical NSE (Navigation Sensor Error) is compared for
30s smoothing (Figure 16). Phase 2 data are post processed. The graphs show mean, standard deviation and
RMS, as well as number of measurements used (number of approaches used) for calculation of the statistics.

Sep/Oct 2013 Jun/jul 2014
AL ALL (FIX):
vertical NSE [m), 30 sec solufion, GAST D, nominal approaches wertical NSE [m], 30 sec solution, GAST D, nominal approaches
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Figure 16: Comparison of vertical NSE based on 30s deviations between Phase 1 and 2. Phase 2 results
are post processed.

The lateral NSE is also compared for 30s smoothing (Figure 17).

The improvement in observed NSE can be noted. This can be explained by both airborne and ground system
updates to the final prototype capabilities for Phase 2, more data collected and for the post-processed data
also elimination of the small SW defect described earlier.
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Figure 17: Comparison of lateral NSE based on 30s deviations between Phase 1 and 2. Phase 2 results are
post processed.
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5 DATA ANALYSIS — MONITORS

This section focuses on the specific monitors and analyses their performance mainly for the approach phase,
but also provides information on the other phases for most of the cases. Monitors are divided based on the
action taken, when one or more conditions specified are not fulfilled.

Monitors, which may result in Service Type Downgrade:
® DSIGMA (or a subset geometry may be used),
e Fault Detection (or a subset geometry may be used),
® Loss of Approach Guidance,
e Reference Receiver Fault Monitor (or a subset geometry may be used),
® Geometry Screening (or a subset geometry may be used).
Monitors, which may result in Deviation Invalidation:
¢ Differential Corrections Magnitude Check (invalidates/removes all deviations and differential PVT),
e BAM (invalidates vertical deviations),
e VDB Authentication Monitor (invalidates/removes all deviations and differential PVT).
Monitors, which may result in SV exclusion:
e CCD,
e (Fault Detection for SV addition).

Nominal approaches were used for the monitor analysis. The monitors’ results are here presented only for
Phase 2 as the relevant updates have been performed to the receiver.

Table 5 presents the overview of monitors’ results. More detailed results will be provided only for some of the
monitors.

Table 5: Monitors results overview

Within limits for all GAST D nominal approach phases.
Performance within limits also for all air and taxi phases,
stationary on runway. Exceeded several times in stationary
building phase (due to multipath).

Lateral and vertical quantities based on B-values compared to
variable threshold -> limit never exceeded.

User set value (maxSvert) within expected range (2.8 to 4)
would not have caused any availability outage.

Below threshold for all GAST C and D phases.

No exceedance of test statistics for GAST C or GAST D.

Overall CCD output margin lower than

expected in nominal conditions —

further investigation needed.

Fault Detection More work expected within RTCA SC-159, WG#4 on
requirement update.

FD for satellite Correct behaviour. (Expect performance improvement when
addition update to FD is agreed in the standardization bodies.)

VDB Authentication No violation of any of the VDB Authentication protocols (“a” to
Monitor “f") in case of the ground stations supporting the
authentication.
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Similarly as for the performance data, the small SW defect in the prototype was eliminated for some of the
monitors, where slightly smaller maximum values can be noticed but no significant change in performance or
conclusions drawn.

Dual Solution lonospheric Gradient Monitor and Fault Detection with post-processed results are shown below.
There is no impact on the CCD evaluation since these are processed on levels before the error becomes
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included. Slightly better performance is expected in xPL calculation, but post processed results are not
included.

5.1 Dual Solution lonospheric Gradient Monitor — Phase 2 Post
Processed

Dual Solution lonospheric Gradient Monitor (DSIGMA) is a GAST D specific monitor, which computes the
difference between 30 s smoothed and 100 s smoothed position solutions and compares the absolute value of
the difference in both lateral and vertical directions to a threshold of 2 meters. Exceeding threshold causes a
downgrade of the active Approach Service Type to GAST C. Possibility to use suitable subset geometry is not
investigated in this paper.

The results show that the monitor statistics were within the specified limit for all GAST D nominal approach
phases - Figure 18. The shown performance proves expected behavior during nominal flights. The post-
processed performance is slightly improved but keeping the same characteristics and conclusions.

All GAST D Approaches - DSIGMA lateral

N

-

[
-
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Figure 18: DSIGMA lateral and vertical outputs as a function of time for all GAST D nominal approach
phases. Thresholds are indicated by red lines. Phase 2 results post-processed.

Figure 19 show histogram of vertical DSIGMA output for approach flight phase in logarithmic scale.
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Figure 19: Histograms of DSIGMA vertical output for approach flight phase when in GAST D in logarithmic
scale. Thresholds are indicated by green lines. Phase 2 results, post-processed.

5.2 Code Carrier Divergence — Phase 2

The Code-Carrier Divergence (CCD) monitor ensures that satellites that have exceeded the CCD threshold
within the last 20 minutes will be removed from the precision approach position when in PAR.

Figure 24 shows the CCD monitor output on approach phase for satellites for which corrections were obtained
from a ground station. Figure 21 shows a PDF of data on approach and in air in logarithmic scale. The results
show performance closer to the threshold more probable than expected. Currently, investigation is ongoing
using Novatel data.

all_airports summary
CCD Monitor - PRN with comections

0.03

0.02

CCD output [m/s]

0.02

0.03
0 50 100 150 200 250 300 350 400

Approach Time [s]
Figure 20: GAST D approach phase: CCD monitor output, all GAST D approaches, includes only satellites for
which corrections are obtained. Phase 2 results.
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Figure 21: PDF of CCD monitor output in logarithmic scale. Thresholds (95%) are indicated by red lines.
Includes only satellites for which corrections are obtained. Phase 2 results.

5.3 Fault Detection — Phase 2 Post Processed

Fault detection is evaluated when in GAST D and inside PAR on the 30s position solution using redundant
corrected measurements of pseudorange. Fault detection causes a downgrade to GAST C. Possibility to use
suitable subset geometry is not investigated in this paper.

Fault detection was not executed in order to enable post-processing and evaluation of the data. The results
provided in the paper focus on the airborne performance, thus all the figures include all GAST D stations
together and not separated. 3 explains the findings.

The paper introduces the issue connected with higher rate of Fault Detection monitor false alarms observed
during Phase 1 (Sep/Oct 2013) and Phase 2 (Jun/Jul 2014) flight tests. The reasons are investigated and it is
explained by airborne sigma 30s not sufficiently bounding the airborne error. Initial investigation into possible
assumed multipath models suitable for 30s smoothed data is performed.

There would be 2 false alerts on approach inside PAR and 2 during taxi inside PAR caused by the monitor had it
been executive.

Figure 23 shows the results for two RAIM algorithms; post processed using data from Phase 2 approach phases
and correcting for the small SW defect found. RAIM algorithm #1, which is a sum squared based algorithm, is
shown in the upper part of the figure. The RAIM statistics are normalized by their respective thresholds,
therefore if the statistics goes over “1”, the monitor has triggered. The lower part of the figure shows
performance of second RAIM based algorithm #2 — a Parity Space Based algorithm. For algorithm #2, only
output statistics is shown with -1 meaning a fault was detected and, - 2 meaning that no fault was detected. It
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can be noted that algorithm # 2 is more conservative. The color coding in the figure only represents statistics
for different satellites.

We can note that overall the statistics are very close to the threshold, which provides an indication that the
estimate of the airborne sigma may not be sufficient. Even when the small SW defect is eliminated (reducing 3
false alerts to 1 false alert), and clear improvement is observed, the hypothesis summarized below stays.

The following conclusions were drawn (there is no change to previously drawn conclusions):

The current RTCA multipath model seems to not bound 30s smoothed error based on data observed in the
described business aircraft flight tests.

Sigma_pr_gnd_30 is currently not required to bound the ground station error, however this seems to also be
needed for the RAIM algorithm to work properly.

An ad-hoc group led by Honeywell was established at the RTCA SC-159 looking into this. Several solutions were
proposed, currently the solution using 100s data and not requiring any update on the ground stations is being
investigated.

all_airports summary
Fault Detection - RAIM stat (post processed) normalized by threshold

RAIM algorithm #1 (Sum squared based)

/ threshold

1 RAIM algorithm #1 statistics normalized by

J . threshold

@
4

=

05 RAIM algorithm #2 — Parity Space Based
statistics:

/ - 1-> Fault Detected

A

filtered RAIM statistics normalized by threshold

RAIM algorithm #2 — Parity Space Based

/ statistics:
2 - 2 ->no Fault Detected
400 -350 -300 250 200 -150 -100 50 0

Approach Time [s]

Figure 22: Fault Detection RAIM statistics normalized by threshold for 2 RAIM algorithms. Phase 2.
Post-processed.

5.4 Loss of Approach Guidance — Phase 2

Loss of Approach Guidance (LOAG) is evaluated for both GAST C as well as GAST D but for each Approach
Service Type different conditions need to be met. Approach Service Type is downgraded, if available, or both
vertical and lateral deviations are invalidated if any of the conditions is not met.

These conditions include for GAST C: lateral protection level, which must be within the lateral alert limit;
elapsed time from MT 1 while in PAR must be < 3.5 seconds; and difference in the current and reference time
of the corrections in PAR must be < 6 seconds.

For GAST D there are additional conditions to those in place for GAST C. The vertical protection level must be
within the vertical alert limit; elapsed time from MT1 while in PAR and below 200ft < 1.5 seconds; difference in
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the current and reference time of the corrections in PAR and below 200ft must be < 4 seconds; elapsed time
from MT11 is <3.5 seconds; and elapsed time from MT11 below 200ft must be < 1.5 seconds.

Comparison of computed lateral and vertical protection levels with the associated alert limit for the approach
phase is shown in Figure 24. The limits were never exceeded. The red VPL close to threshold,\ is connected to
an approach with borderline geometry, but good performance and correctly increased protection levels. When
post-processed to eliminate the small SW defect, the performance of that particular approach was improved
and also the protection level (if post-processed) would have been lower than shown on figure below.
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Figure 23: GAST D approach: Left: VPL and VAL as a function of height above LTP for selected approach
phases. Top curves correspond to VAL and bottom curves to VPL. Right: LPL and LAL as a function of height
above LTP for selected approach phases. Top curves correspond to LAL and bottom curves to LPL. Phase 2
results.

There were no occasions with MT1 or MT11 timeouts during flights within Dmax. One occasion of MT11
message time out when outside of Dmax was registered, not posing any continuity or other issue to the
concept.

We can also note less VPL > VAL occasions compared to Sep/Oct 2013 -> 7 vs. 9 on twice amount of data
during taxi or while stationary.

5.5 VDB Authentication Monitor

The VDB Authentication Monitor for GAST D equipment consists of 6 paragraphs that have to be performed in
order to ensure that the received VDB data do come from the selected GBAS ground station.

According to Draft Working Group Changes for RTCA DO-253 (DO-253D) 4, the equipment shall exercise
protocols “a” through “f” defined in the DO-253D [LAAS-329]. As this would require a hardware modification
which is outside of scope of the project, for prototype VIDL/G it is not possible to support paragraphs “b” and
“d” of the VDB message authentication protocol. These two paragraphs rely on the capability of precise
determination of the VDB time slot of an incoming GBAS message.

To mitigate this limitation the Telerad RE9009 VDB receiver was software upgraded to accommodate these
specific needs, to enable correct slot verification during a flight as a part of the validation test setup.

Figure 24 shows no slot overflows (overflow would be marked red) on a series of approaches. For all other
approaches in stations tested for the VDB authentication paragraphs no violation was observed during the
testing.
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Figure 24: No slots overflow identified on example series of approaches (overflows are marked red). Phase
2.

founding members

Avenue de Cortenbergh 100 | B =1000 Bruxelles
o~ WWW.sesarju.eu

00.01.00

250f 43



GBAS CAT II/1ll Operational Validation Input for Business Aircraft

6 PERFORMANCE SUMMARY

Performance summary with respect to Approach Service Type Downgrades, Satellite Exclusions and Deviations
Invalidation is provided in this section. The evaluation was and is performed from a different perspective than
when each specific monitor was separately evaluated in previous section — now each log is evaluated for all of
these possible outcomes and consistency with previous results is checked.

6.1 Approach Service Type Downgrade

This section analyses the reasons for all unintentional service type downgrades for GAST D during Phase 2. We
can note from Table 6, that only Fault Detection caused service type downgrades during approach phase. It
caused a total of 2 downgrades during approach and 2 during taxi phase. The downgrades during approach
(taxi was not investigated in detail) are deemed as false alerts and solutions with respect to Fault Detection
Monitor specification are being worked in RTCA SC-159, WG#4.

Phase 1 results are very consistent with Phase 2 results as could be expected. A larger number of Fault
Detection false alerts were observed (total of 10 on approach and 2 on taxi) previously, these will be
addressed with the proposed Fault Detection updates.

Table 6: Summary of Approach Service Type Downgrades Reasons for Nominal GAST D Logs during
Approach and taxi phases. Phase 2 results.

For GAST D logs Values Jun/iul 201 values Sep/Oct 2013
Sum of Count of Mo :V?WIII‘:("O'
Row Labets Duration [sec) wDowngrade
D->C 228 4
FD: GBAS Fault Detection changed No fault ->
Fault detected 28 “ 12
Approach (PAR) 206 2
Taxi (PAR) 22 2
Grand Total 28 E

6.2 Satellite Exclusions

In this section, Satellite Exclusions are being investigated. Table 7 shows the summary of percentage of time
that M corrections were used by the airborne prototype receiver out of N corrections received for all GAST D
nominal approaches. The number of M corrections used differed between the stations, most likely due to
different amount of flights per each station. The third column shows percentage of time for which M
corrections were used.

Comparing to Phase 1, the airborne system in Phase 2 was using all corrections 9% more of the time, thanks to
the improvements performed for Phase 2. The amount of time for which 2 corrections were excluded was
significantly decreased in Phase 2.

Table 7: GAST D: Summary of percentage of time M of corrections is used out of N corrections received
for all GAST D nominal approaches

AST, ICAO Percentage of time. M corref:tions used (N is
corrections received)

DALL M=N corrections 70.4181
DALL M=N-1 corrections 29.1852
DALL M=N-2 corrections 0.3906
D ALL M=N-3 corrections 0.0061031
DALL M=N-4 corrections 0
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D ALL M<N-4 corrections 0

6.3 Deviations Invalidation

Deviations were not invalidated for nominal approaches during the Phase 2 flight tests.

6.4 NSE MODEL VALIDATION

Regulatory bodies require demonstrating the autoland performance of an aircraft by flight tests as well as
analysis, usually based on simulations. In order to satisfy the analysis part, Monte Carlo simulations involving a
generic business aircraft model and GBAS NSE model will be used. Based on EASA CS AWO and AWOHARC a
performance demonstration for average risk (nominal performance), limit risk and malfunctions will be
accomplished as a feasibility study only in this paper.

Honeywell GBAS simulator JLISS (Joint air-ground LAAS Integrated System Simulation), models a moving GPS
constellation (Martinez or Yuma) which together with environmental models (including ionospheric and
tropospheric delay, noise and multipath) is used to provide NSE in the range domain.

There are two objectives of this section. First, to describe the range domain NSE model in JLISS and then
validate it by comparison to the existing position AWO HARC models (Boeing model) and by comparison with
data collected during the business aircraft flight tests of Phase 2.

6.5 JLISS NSE Model Description

In the JLISS simulator, random noise components that ultimately cause nominal positional errors are
generated in the pseudorange domain. In the PVT solution, they are projected into the position domain. These
pseudorange errors are simulated separately for the ground and airborne parts. Random noise is usually made
of thermal noise and multipath noise, each having different magnitudes and spectral properties.

Thermal noise is simply modelled using Gaussian random number generators. Multipath noise is known to be
time correlated and is modelled accordingly. In a previous study, ground and airborne multipath errors were
modelled using the same generic parameters. Since then flight data were acquired such that multipath
properties in the simulator can be matched more closely to reality. As before, multipath errors are modelled
using the Gauss-Markov process. The ground parameters were kept the same while the airborne parameters
were obtained by spectrum matching (Figure 25). As can be seen the agreement is quite good from very low
frequencies up to 1 Hz, although the intensity level drops several orders of magnitude over the frequency
range. The ground multipath spectrum exhibits a sharper drop of intensity level towards higher frequencies.
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Figure 25: Power spectra of F900 flight data and Gauss-Markov simulated data.

For the ground sigma value, results of real multipath measurements were used. A value of 0.24 m was
considered for the total smooth sigma when 4 reference receivers are present in the ground station which is
considered to be sufficiently conservative. This gives a value of 0.48 m for each reference receiver and there is
no elevation dependence. For the airborne sigma value, the RTCA multipath model was used. Based on
airborne multipath measurements, it has been established that the RTCA multipath model is a good
approximation for the aircraft of interest (Falcon 900) although it does not over-bound the estimates entirely
(Figure 26) 5.
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Figure 26: Multipath estimate for F900 flight data vs. RTCA multipath model.

In order to evaluate the nominal and limit NSE distributions as generated by JLISS, to enable comparison with
standard models as well its usage in autoland simulations, simulated approaches were performed using the
Martinez (24 satellites) and Yuma (in this case 31 satellites) almanacs. This allows generating conservative
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results as well as more realistic results, respectively. The Yuma almanac is from July 26, 2014 which cuts
through the timeframe of the Phase 2 flight campaign.

In order to do initial validation, all assumptions of the GBAS Noise model 9 as well as assumptions for the
ENAC model 10 were considered and matched to those of JLISS as closely as possible. Some of the aspects are
modeled differently, given the different nature of the simulations.

Simulations are run over 24 hour period at 17 airport locations similarly as in 10. Each Autoland spans
approximately 4 minutes during which the first 2 minutes are spent on smoothing filter convergence and the
last 2 minutes are the actual approach. Consecutive simulations are 2 minutes apart in time which results in a
total of 720 simulations per day multiplied by 17 locations for a total of 12240 simulations for each set of
parameters. Sigma values are computed from 8 consecutive simulations which yields 1530 standard deviations
available for statistical analysis. During this accumulation interval of ~15 minutes, the satellite constellation
does not change very much and it is reasonable to calculate a single standard deviation.

6.6 NSE Models Comparison

Comparison with GBAS Performance Model, which may be used for approach and landing simulations, as
specified in AWOHARC material 7 is carried out.

Figure 28 shows both PDF and CDF comparing JLISS NSE nominal vertical error distributions with the GBAS

Signal Model. The results of JLISS (in range domain) confirm very good approximation to the position domain
GBAS noise model.

Figure 29 shows both PDF and CDF comparing JLISS NSE nominal along-track, cross-track and their worse
values error distributions with the GBAS Signal Model. In this case JLISS seems to be slightly more conservative.
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Figure 27: PDF and CDF comparing NSE sigma vertical as obtained by JLISS and GBAS Signal Model
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Figure 28: PDF and CDF comparing NSE sigma along-track, cross-track and their worse values as
obtained by JLISS and GBAS Signal Model (7).

6.7 Measured and Simulated NSE Comparison

As a confirmation that the parameters driving the NSE are reasonably well chosen, histograms of the
navigation error in ENU frame are compared (Figure 29, Figure 31, Figure 32). Here the measured 30 sec
smoothed (GAST D) positions are compared to the simulated 30 sec smoothed positions for the Yuma almanac
(nominal case). The measured errors are computed from the approach phase and are post-processed to
correct for the small SW defect, as these show the actual estimated performance during the approaches. As
can be seen, the JLISS histograms contain more extreme values than the flight data histograms in all three
directions which put the simulations on the conservative side. This is the case despite small biases in the flight
data. For the Martinez almanac the modelled JLISS errors would be even more conservative (not shown). Both
data sets exhibit similar east-north trends as the east direction errors are smaller than the north direction
errors (Figure 31, Figure 32). It can be noted that JLISS NSE provides good bounding of the observed nominal
NSE performance.

Since JLISS simulations are also performed for the limit case, it is useful to compare the vertical error with the
measured data (Figure 30). As can be seen the JLISS histograms are more skewed towards larger error values.

It is important to emphasize that the real NSE data measured during the flight test campaign provides
information about the nominal NSE performance only. Therefore the comparison of JLISS NSE model to real
NSE data, showed in detail in this section, is regarding only the nominal JLISS NSE model performance. It can
be concluded that the performance of nominal JLISS model and real NSE is comparable and that the model
slightly over-bounds the actual performance with respect to tails of the NSE distribution and therefore sticks
with the conservative approach. Non-nominal NSE performance is implemented in JLISS NSE model as well in
form of NSE failures simulation. This non-nominal model implementation is used in autoland simulations

providing inputs for TSE performance evaluation with respect to the limit and malfunction cases as defined in
7.
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Figure 29: Histograms of ENU up error for JLISS nominal data and flight data with linear scale (top)

Post-Processed.

and log scale (bottom) Phase 2 data.
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Figure 30: Histograms of ENU up error for JLISS limit data and flight data with linear scale (top) and

log scale (bottom). Phase 2 data. Post-Processed.
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Figure 31: Histograms of ENU east error for JLISS nominal data and flight data with linear scale (top)
and log scale (bottom). Phase 2 data. Post-Processed.
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Figure 32: Histograms of ENU north error for JLISS nominal data and flight data with linear scale (top)
and log scale (bottom). Phase 2 data. Post-Processed.
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7 AUTOLAND FEASIBILITY SIMULATIONS

In order to perform feasibility analysis simulations of a generic business aircraft model’s approach and landing
using GBAS CAT II/11l, the above described JLISS tool with NSE model and a generic business aircraft model with
possible several FTE setups was used. The study and simulations are described below.

The aircraft touchdown performance demonstration is defined by CS-AWO 131 (c) 6. Acceptable values for the
probabilities of exceeding the limits of the touchdown position in lateral and longitudinal direction, sink rate,
bank angle and the lateral velocity are determined in AMC AWO 131 §1.4 6 (summary in Table 8).

Three cases for the Monte Carlo simulations should be considered - Nominal Case, Limit Case and Malfunction
Case. For the Monte Carlo simulations providing simulation results for these three cases two main error
sources are considered - Environmental and Operational Parameters and NSE Model.

Table 8: Acceptable values for probabilities of exceedance of the limits (AMC AWO 131 §1.4 6)

Average

P t Criteri
arameter = Risk (Nominal)

Longitudinal
Touchdown

Touchdown beyond a point on the runway 823m (2700ft) from the threshold. 10° N/A

Lateral Touchdown with the outboard landing gear more than 21m (70ft) from the runway

] - 10° 10°
Touchdown centerline (assuming 45m / 150ft runway).

Sink Rate

Lateral
Velocity or Structural limit load is not exceeded. 10° 10°

Sideslip Angle

Environmental and operational parameters with their limitations are defined in Table 9. Three classes of GBAS
failures (satellite ranging source failure, failure of a single reference receiver and ionospheric anomaly) as well
as nominal noise faults are included in the NSE model. Setting of GBAS failures was used as described in
AWOHARC material 7. The combination of the flight errors for each of the cases is summarized by the Table
10.

Bank Angle

1401t 40ft 150ft
< P rm——
2500 ft 300 ft Nominal
Runway — imit /Malf.

threshold
— Runway

Figure 33: Runway landing box for nominal, limit and malfunction cases
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A large number of landings (12,000 to 18,000 for each scenario) provided by the Monte Carlo simulations is
available and based on this data compliance with the landing box (Figure 33) requirements (probability 10 for
nominal case and 10 for limit case) must be proven. Obtained data were fitted to the distribution with the
best goodness of fit test result (a hypothesis Generalized Extreme Value distribution was proven). Since
enough data from the statistical point of view was used, the distribution fit provides a good estimation of data
behavior. Parameters of the distribution were estimated and the required probability 10° (10®) can be proven
or disproven by the quantiles and the Extreme Value Theory (EVT). The EVT analysis is partly based on the best
engineering judgment keeping a conservative attitude. Since we have not seen use of such methods in the
evaluation of the autoland performance, but they are widely used in other areas, we intend to explore these
methods’ predictive capability.

Table 9: Parameters varied in Monte Carlo simulations

m

Headwind, Tailwind, Crosswind
Wind model

max headwind: 7.6 m/s (25 ft/s)
_ max tailwind: 3 m/s (10 ft/s) Truncated Gauss

max crosswind: 4.5 m/s (15 ft/s)

Wind shear
Runway slope Truncated Gauss
Truncated Gauss

Environmental And Operational
Parameters

GBAS Model

Failure Model

Satellite Ranging
Source

Nominal NSE

lonospheric
Anomaly

Single RR

Several FTE possibilities of the generic business aircraft model were developed in order to provide a range of
the autopilot performance. With a combination of the navigation system error and several flight technical
error possibilities the total system performance demonstration will give more robust results for a generic
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business aircraft model. Furthermore, the business aircraft generic model control was tuned to avoid short
landings, i.e. to avoid touchdown earlier than a point on the runway 60m (200ft) from the threshold. Therefore
the longitudinal distribution of the touchdown points obtained from the Monte Carlo simulations is not
Gaussian (see the green curve in Figure 34). Achieved long-tailed longitudinal touchdown distribution is of
Generalized Extreme Value (GEV) type. This distribution provides left shortened side, which prevents short
landings, and right prolonged side (tail). Another good approximation of this distribution preventing short
landings is Log-normal distribution.

In total 18 scenarios were simulated. Each simulation scenario provides results for one particular case,
considering one A/C model, one almanac, one NSE model, sampling time and airports set.

Gaussian Distribution
GEV Distribution

E
F
s
[
=
[
3 Landing Box
60 m / 200 ft
823 m /2700 ft 1

Figure 34: GEV and Gaussian distribution comparison

7.1 Nominal Case

The nominal condition for the longitudinal touchdown case requires that the probability of A/C landing outside
of the required region is less than 10®. The unsuccessful landing region would be from negative infinity to 200
ft (from the threshold) for short landing case and from 2700 ft (from the threshold) to infinity for the long
landing case.

All environmental and operational conditions will vary across their defined range. GBAS model will generate
the errors under nominal (fault-free) conditions. This setting includes the nominal noise, step errors due to
geometry changes etc. In each nominal scenario, autoland simulations were run for each airport with steps of
120s over period of 24 hours, thus over 12,000 autolands using the generic autopilot were generated.
Longitudinal touchdown and lateral touchdown results for scenario 1 are shown in Figure 36 and Figure 37.
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Probabilities to verify landing box compliance were calculated using the methods described above, and
compliance with requirements was shown.
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SCENARIO 1 - Longitudinal TSE: Mean=1423.4865 ft, Std=150.1608 ft, (12201 sim)
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Figure 35: Longitudinal touchdown distribution in nominal case
SCENARIO 1- Lateral TSE: Mean=0.051684 ft. Std=9.5988 t, (12201 sim)
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Figure 36: Lateral touchdown distribution in nominal case
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7.2 Limit Case

For the limit case one of the variables is at its "most critical value" while the others vary in their expected
manner. The limit condition for the longitudinal touchdown case requires that the probability that the A/C land
in unsuccessful region is less than 10”. The unsuccessful region would be from negative infinity to 200 ft (from
the threshold) for short landing case and from 3000 ft (from the threshold) to infinity for the long landing case.

The environmental and operational parameters limits should be included to the simulations as well as the
satellite ranging sources and single reference receiver failures. All failures will be sequentially simulated
providing one data set for the limit case which will be analyzed.

One of the environmental and operational parameters will be held at its most adverse value (usually switching
between the minimal and maximal value using the alternative distribution) and other parameters will vary
across their defined range. GBAS model will generate the errors under the nominal (fault-free) conditions
providing nominal noise, step errors due to geometry changes etc. Additional to this, the step error to simulate
the satellite ranging sources failures and the single reference receiver failures will be injected to the
simulation, as defined in 8 and Table 11. The one different assumption (with respect to 8) for simulations was
the single RR failure with 3 reference receivers (and appropriate effective VAL value) in order to be able to
finish autoland with valid deviations (with 2 remaining RR) in this feasibility study.

Table 11: GBAS Failure Model - Limit Case Setting

“ “ n S [m] (PseUdorange)

Satellite Ranglng Source 0.75 6,120

Single RR L.
(out of 3) Limit step 3.2775 6,120

Probabilities to verify landing box compliance were calculated using the methods described above, and
compliance with requirements was shown.

7.3 Malfunction Case

For the malfunction condition, it is necessary to demonstrate safe landing with probability of 1 (or safe go-
around) for all failures with probability higher than 10, given that all other parameters influencing the landing
system are nominal. Boeing paper 9 states that “nominal” is open to interpretation and uses all the variations
that results in the middle 95% of the touchdown dispersion. It is also possible to interpret nominal as each
variable having a nominal constant value. In the malfunction simulations, we have used the more conservative
approach of the two suggested possibilities using variations of environmental parameters that result
approximately in the middle 95% of the touchdown dispersion by limiting the input parameters.

Satellite ranging source failures, the single reference receiver failures and the ionospheric anomalies are
included in simulations. All failures types are sequentially simulated providing one data set for the malfunction
case which will be analyzed. Appropriate values for all types of the GBAS malfunction failures characteristics
used for simulations were presented in 7 and Table 12.

Table 12: GBAS Failure Model - Malfunction Case Setting

Max Error Ramp Rate [m/sec] Number of
(Pseudorange) [m]
[0-<°]

Satellite Ranglng Source If. 1.6 + (2.5 *ramp rate)

s:' I:fR:) Malf. ramp 4.35 +(2.5 *ramp rate) [0-=] 6,120

Ionosphe"c Anomslies m : i —“

The one different assumption (with respect to 8) for simulations was the single RR failure with 3 reference
receivers (and appropriate effective VAL value) in order to be able to finish autoland with valid deviations (with
2 remaining RR) in this feasibility study.
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The malfunction case shows a potential threat with steep ramps and large navigation errors at ca 300 to 200ft,
which only last a few seconds, but could possibly cause an issue if not filtered out properly. For simulations this
led to a few landing box exceedances (within runway). Although a more robust A/C control system behavior
with appropriate filtering or control system limitations, than in the presented generic model is expected, it is
highly recommended that this possibility is well reviewed and confirmed that it is covered by each the A/C
(autopilot) manufacturer to avoid a potential risk.

It is necessary to say that since the autoland simulations use generic autopilot assumptions, the result shows
the theoretical capability of business aircraft with the presented touchdown distribution meeting the landing
requirements when using GBAS GAST D, under the conditions specified in this document and taking into
account the applicable requirements documents. The results for specific business aircraft may vary depending
on the specific integration and actual autopilot performance, and thus similar simulations need to be
performed by an aircraft manufacturer for every aircraft model for the certification purposes.
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8 CONCLUSIONS

This paper focuses on providing results from an extensive flight test campaign of Phase 2 carried out with
Honeywell experimental aircraft FOO0EX equipped with a prototype GAST D avionics receiver coupled with

autopilot.

A short summary of the high level objectives as well as the results with respect to them follows below as a
conclusion for the paper:

Verify performance in operational environment for business aircraft and ground stations in Phase 2, with
focus on navigation system error evaluation, total system error, as well as performance of the required
monitors and their impact on availability of the solution.
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Navigation system error (NSE) was evaluated for both GAST C (not shown in the paper) and GAST
D. As only CAT | requirement exist, it was used for both service types. NSE for GAST D was noisier
as expected, due to the use of less smoothed (30s) data. An example of borderline geometry was
observed — the performance was good, protection levels were high as would be expected and
there was no impact on availability. A small SW defect was found in the prototype code. When
data were post-processed taking care of this defect, the overall performance was improved. This
data is presented in sections called post-processed. However, conclusions based on the observed
data stay the same as for the post-processed data.

Total system error (TSE) was analyzed for both GAST D as well as GAST C. The range is reasonable
and within expectations but confirmation of its compliance with the autoland requirements can
only be achieved using Monte Carlo autoland simulations.

Analysis with respect to airborne multipath was performed also for Phase 2 and results shown
are confirming expectations — larger vertical peaks for stationary phase, and multipath
performance on a larger business aircraft not quite conforming with the RTCA multipath model,
but in line with the multipath plus noise requirements. More information on multipath evaluation
can be found in 5.

Monitor performance was analyzed as well and was conforming to expectations during nominal
conditions - except for Fault Detection and CCD. Downgrade to lower approach service type
during the testing was caused (4 times) by Fault Detection during approach and taxi phases. Fault
Detection for satellite exclusion improvements are expected as the FD performance will be
improved based on the results of investigation carried in FD working paper 3. RTCA SC-159 ad-
hoc group led by Honeywell is looking into this aspect. The DSIGMA monitor caused downgrades
only while stationary, due to increased levels of ground multipath as well as reflections off nearby
buildings which does not cause any issue to the GAST D concept. Post-processed data with
respect to the minor SW defect correction are present for DSIGMA and Fault Detection.
Conclusions based on the observed data stay the same for the post-processed data.

The maijority of satellite exclusions were caused by the Code-Carrier Divergence monitor, which is
again very much in line with expectations. The exclusion of satellites exceeding the filter
threshold never caused a downgrade or loss of availability.

With respect to the VDB performance, two analyses were performed on the collected data. The
first is connected with verification of reception of data within the correct slots, which is now
enabled thanks to a SW upgrade of the Telerad receiver (change in propagation guard). No slot
overflows were noted in PT1 and PT2.

During the flight tests, no issues were observed with respect to the reception of VDB data from
the ground stations in any of the phases of flight, during taxi and while stationary. There was 1
occasion of MT11 loss outside of Dmax which caused no issue to the overall concept. An omni-
directional VOR antenna, placed at ca 14ft above ground on both sides of the aircraft vertical fin,
is used to receive the VDB data.

Eurocontrol, who was present at part of the flight tests with the European ground stations, did
perform an independent VDB link analysis to confirm the results. This further complements the
integrity of analysis provided in paper.
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e  With respect to operational aspects, the pilots’ noted the difficulty with Dmax and not being able
to observe valid lateral deviations outside of this region as in Phase 1. Also, some
recommendations with respect to the GBAS FAS block definition which can be optimized (e.g.
with respect to course width) is discussed in this deliverable.

Compare results with Phase 1:

e Corrections and finalization of both ground and airborne parts resulted in better navigation
performance. The overall GBAS Navigation system performance was improved compared to
Sep/Oct 2013. The improved NSE can be explained by improvements in both airborne and ground
systems, as well as more data collected. Again, also post-processed data showing corrections and
improved performance are included.

e The NSE normalized by Protection Levels was improved for vertical and is conforming to
expectations.

e  Flights were performed in worse weather conditions (winds).

The total system performance (TSE) is comparable to Phase 1.

e Monitors — DSIGMA, RRFM, Geometry Screening, HPDCM and BAM all performed within
expectations and in consistency with results of Phase 1. Although CCD monitor requires more
investigation with respect to the threshold, its Phase 2 behavior demonstrated that the small
defect identified during Phase 1 was corrected successfully.

e The number of outstanding items was significantly reduced; Fault Detection and possibly Fault
Detection for satellite addition require more work, as discussed.

e Overall, the flight tests were very successful and support the concept validation.

Validate NSE model used in Autoland simulations

e The Honeywell NSE range domain model used in generic business aircraft approach and landing
feasibility simulations was validated with data collected during flight tests and it bounds well the
observed data. It was also compared to existing AWOHARC

Perform Approach and Landing Feasibility Simulations

e Since the autoland simulations use generic autopilot assumptions, the result shows the
theoretical capability of business aircraft with the assumed touchdown distribution meeting the
landing requirements when using GBAS GAST D, under the conditions specified in this document
and taking into account the applicable requirements documents. The results for specific business
aircraft may vary depending on the specific integration and actual autopilot performance, and
thus similar simulations need to be performed by an aircraft manufacturer for every aircraft
model for the certification purposes.

8.1 Conclusions and Recommendations Summary

Overall the business aircraft flight test campaigns were very successful. During the two phases in Sep/Oct 2013
and June/July 2014, a total of 150 approaches were flown with 3 different ground station manufacturers and
the FAA, over 6 airports (3 in US and 3 in Europe) and using 7 ground stations. A large amount of exercises
were performed to provide input and feedback to operational validation of the GBAS GAST D Concept.

It is important to emphasise that in spite of the significant number of the flight trials in several locations, the
real performance observed during the flight test campaign provides information only about the nominal case
and cannot possibly cover all the possible situations. There was very limited probability for any anomaly event
observation and as expected, no such event was noticed during the flight test campaign (one approach with
limit satellite geometry was noticed, however with post-processing for the small SW defect, this approach is
also very much within expectations).

Several items that need more work and coordination on standardization level were noted and brought
forward. One is the Fault Detection performance (and Fault Detection for Satellite addition), which is being
updated within RTCA SC-159 ad-hoc group led by Honeywell. Others include CCD threshold investigation, GCID
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change aspects (ad-hoc group led by Airbus) and FAS block design (ad-hoc group led by Eurocontrol).
Conforming to previous other projects, Dmax is deemed as a topic that should be resolved and is a limitation
to the current concept. Results with respect to Geometry screening and its possible impact on availability have
been presented. The malfunction case for the generic aircraft is also highlighted. Although a more robust A/C
control system behaviour with appropriate filtering or control system limitations, than in the presented
generic model, is expected, it is highly recommended that this possible threat is well reviewed and confirmed
that it is covered by each the A/C (autopilot) manufacturer to avoid a potential risk.
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