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Examples of projects/programs that have
validated GNSS benefits mechanisms

Next Steps for GBAS

e Summary



Refresher on RNP and GLS

Global Navigation Satellites
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Ground Based Augmentation system
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All Components Must be in Place to Realize the Full
Value Potential of RNP & GLS Operations

Regulatory  Airport & Facility Air Traffic Airline Airplane
Capability Capabilit Capability Capability
N ), 7S By
s = X ‘ N
« Procedure criteria  *GPS availability *Flight procedures - Crew ops procedure °Certified capability
* Operations «Airport Data *ATC procedures « Airline Dispatch *System integrity/
requirements «Controller training procedures alert o
» Approval process « Initial Pilot Training *Operation continuity

* Application package

Value for Operators

» Environment benefits
» Save time & money

» Schedule Reliability

» Improve competitive position

> Improve safety
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GBAS Deployment Status as of 2017

» Approximately 140 GBAS stations are certified and transmitting SARPS
compliant signals,

- 71 of which have published procedures for GLS Category | operations.
- 2 GBAS stations support published RNAV procedures via the GBAS Positioning Service

* Additionally

- 20 Special Category | GBAS stations are in commercial operation.

- There are 18 prototype stations providing signals for test and evaluation, 7 of which were used for
validation of GBAS approach service types to support Category Il/lll operations.

» Over 100 airlines currently have GBAS equipage, totaling over 2,000
airplanes.

» GBAS is currently used in daily revenue service having accrued more than
10,000 GLS operations in seven states, including many automatic landings.

» GBAS avionics are available for large airline and business aircraft, helicopters
as well as small general aviation aircrafft.
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Current Installations from FLYGLS.net

Note: this site is somewhat out of date now

Projects

Other Research Installations
Operational (non-published)
GBAS CATI Ops (published)

Investigations

© o e e

@ CAT lli prototypes

@ FAA TC Atlantic City

@ oslo

@ Frankfurt-(EDDF) CAT Il
' New Ishigaki Airport

@ Ramenskoye (UUBW)
' Toulouse (LFBO)

@ Barcelona—-El Prat Airport

ANTARCTICA
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Boeing GLS Program

777X GLS CAT I/1i/

747-8 & 787 GLS CAT I/l

737NG GLS CAT |
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737NG-7/8/9

CAT| 8 1300 20%

Option Airlines Airplanes with GLS In-Service Fleet
Selected Option activated with GLS
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747-8

c%'?sllu 14 110 100

Standard Airlines Airplanes & In-Service Fleet
Counting
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787-8/9/10

& 6 o o
C?AI'T'SI/II 63 530 100

Standard Airlines Airplanes & In-Service Fleet
Counting
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737TMAX-7/8/9

CAT I 33 3162

Option Airlines Airplanes on Order
Ordering 737MAX

* GLS CAT Il/ll Study for 2020
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777X-8/9

ST 7 340
I/11/111
CAT I/ll Standard, Airlines Airplanes on Order
CAT Il Option Ordering 777X
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GNSS Enhances Safety, Improves Airspace Capacity
and Efficiency

Supports more efficient operations through
Performance Based Navigation

Improves safety by enabling approach with
vertical guidance where none existed before

—

Provides improved surveillance capabilities
through ADS-B and ADS-C

Has saved many lives through incorporation in
Enhanced Ground Proximity Warning Systems

Copyright © 2017 Boeing. All rights reserved. 14



GLS (with PBN) Enhances Safety, Improves Airport
Capacity and Efficiency

Provides precision approach and autoland
down to category Ill minimums

Allows precision approach where ILS is not
possible and enables shorter finals than ILS

_——

Removes ILS critical area & only one GBAS is
required for all runway ends

Enables wake turbulence management &
closely spaced parallel operations

Copyright © 2017 Boeing. All rights reserved. 15



Why GLS?

Airline Perspective — Site Specific

Improved Performance
« Less susceptible to interference from buildings, vehicles, terrain

- Eliminates need for “critical areas” required for ILS beam
protection

Increased Capability Through Flexibility

+ Multiple glide-paths, displaced thresholds, staggered touch-downs
&, offset localizer paths

+ Steeper, lower noise profile glide-paths could increase night
operations

« Increased efficiency from reduced separation as a result of wake
vortex mitigation

+ Low RNP capability in terminal area and for surface operations

+ Precision guidance for departures

Cost Avoidance
« Fewer diversions

» Reduced fuel reserves from improved access to ETOPS and
destination alternates

+ Reduced landing fees. (Some airports are expected to pass
savings to airlines.)

+ Reduced flight inspection
+ Improved Safety

« Provide precise ILS-like guidance in places where ILS is not
feasible

Copyright © 2017 Boeing. All rights reserved. Filename ppt | hG 16
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Why GLS?

Air Navigation Service Provider’s Perspective

Lower Infrastructure Costs
Compared to ILS

- Single GBAS serves all runway ends
and potentially multiple airports

- Reduced flight inspection costs

Improved Performance

- Not susceptible to interference from
buildings, vehicles, terrain, overflight

- Eliminates need for “critical areas”
required for ILS beam protection

Increased Capability

- Potential for multiple glide paths

Environmental Considerations
- Community noise abatement
-« Reduced emissions

Copyright © 2017 Boeing. All rights reserved.

-Variable Glide Paths

-Staggered Touchdowns

* No “ILS Holding” Delays

= Service to multiple runway ends
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Qantas Airways - RNP to GLS Transitions

First RNP to GLS operation in
revenue service involving 737NG

in May 2009

- Extremely smooth transition

- Radar & ADS-B data confirm track
conformance

- Fuel saving of 140 kg (168 litres) per
flight over conventional radar
vectoring to ILS

- Emission reduction of 440 kg CO2

» Noise reductions

Image © 2008iDigitalGlobe

Google-

irlknight Merz
19.83 mi
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San Francisco RNP to GLS Demonstration Project

Communicate benefits of RNP to GLS procedures with a demonstration flight

Accelerate GLS operations and GBAS implementation

Early airport and ATC stakeholder buy in — collaboratively designed procedures

@ﬂﬂf]ﬂa
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Using RNP and GLS Procedures to Solve Operational
Constraints at SFO

28 RE231E

19RM9 L

-
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Noise and Emissions Benefits for 19R

Efficient Procedure Design by Jeppesen

KSFO/SFO SAN FRANCISCO, CALIF
SAN FRANCISCO. INTL GLS R RWY 19R
Ch ‘;f;’; A:.:;‘("u m:%‘" n‘:‘;‘:«, Aot Elev 13 -
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MISSED APCH:Climb to 600" then climbing LEFT turn 3000° direct DUMBA ( 5100° |
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DESIGN OBJECTIVES
- First precision approach to 19R

- De-conflict approach with
Oakland airspace

« Continuous descent reduces
noise and emissions instead of
a long, straight-in final

POTENTIAL BENEFIT

» Continuous descent reduces
noise and emissions instead of
a long, straight-in final

22



Noise and Emissions Benefits for 19R

RNP Route Shortens the Ground Track and Moves Noise Away from Densely
Populated Suburbs

Typical Short Vector Route SFO GLS R RWY 19R
Estimated Population: 329,600 to 55dBA Estimated Population: 47,300 to 55dBA

FLIGHT TRACK 36.3 nm 20.5 nm
FUEL BURN 792 b / 360 kg 424 1b / 193 kg
CARBON EMISSIONS 2499 Ib / 1136 kg 1338 Ib / 608 kg

Copyright © 2017 Boeing. All rights reserved. 23



Reduce ground movement delay due to no ILS critical
area (Newark)

Protecting ILS CA’s

— CA’s are protected by requiring aircraft to hold short at
some distance from the runway before crossing the
runway, and/or taxiing into position for takeoff.

* Ex: ILS Hold Lines at EWR:

Copyright © 2017 Boeing. All rights reserved.
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— The amount of time-savings depends on the operating condition,
estimated peak-hour operations and projected demand.

» Example: EWR 2010, 50% GBAS Equipage:

Est. Delay Welghted

o

s toTotal

Condition | F = Time
"4 | gxe |scecBag (minutes /

fghy | Sines

(minutes /

flight)

VFR 7829%| 11395 | 115% 0.000 0.000

Marginal VFR| 870 | 65533 | 60527 5.006 0.435

ISCatl,>800|12113%| 77.547 | 723% 5191 0.829

ILS Cat |, <800;| 0.53% | 97.652 | S=3.015 4,635 Qs

catll 013%| 241982 | 182125 | 5287 0.089
Catll 028%) 341151 | 242795 | 91355

TOTAL 1.377

» Estimated delays increase significantly as weather deteriorates.
» Time-savings are greater in worse weather.
» Total average time-savings is estimated to be 1.377 minutes / flight.

GBAS Critical Area Benefits

Federal Aviation
Administration




Enable alternative noise abatement procedures during night

hours due to multiple glide paths (Frankfurt, Europe)

C. Why GBAS?

+ Airberlin operates in noise sensitive areas

+ Possibility to reduce noise polution

et o

< Future procedure design to decrease number of diversions

(e.g. critical airports SPC, INN)
< Future ILS CAT II/lll substitute

-+ ILS identical procedures — easy to fly

12

Height gain of increased ILS 3,2°glideslope
operations at runway northwest (BR 25)

P
“3 rFraport

7
4 3,2°
5= Anflugwinkel

Mﬂugm‘nkel
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Improve terminal operational efficiency by reducing
short final from 8-10 nm to 4-5 nm for RNAV/RNP
approaches (Oslo, Sydney)

140kg fuel &=

737-800 RNAV Visuals 440kg CO?
saved per

- 250 flights weekly RNP/GLS
approach

- Savings up to 12M Ibs. of fuel per year .

- Savings up to 38M Ibs. of CO2 per year ) i .
RNP/GLS approach on

© Airservices Austraia QT 738 0N 22" May 2009
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Concept for Wake Vortex Mitigation

« Simultaneous Dependent Approaches to Closely-
Spaced Parallel Runways (CSPO).
« FAA Order 7110.308A
« 1.5-Nautical Mile Dependent Approaches to Parallel
Runways Spaced Less Than 2500 Feet Apart

Nominal Glide Slope
Intercept Points

Higher Approach

» At SFO this operation can increase the arrival rate
by 4 to 7 movements per hour above that of CAT |

Left Runway

and allows the airport to continue to land on both i

runways. /
* Mandatory a 1.5 nm stagger between the aircraft Focei¥ N

landing on the parallel runways is in effect which S

translates to a larger spacing between departures. Glide slope height differences are achieved by
« Approach for leading aircraft has a lower GPA using a common reference point from the lead
« Provides safe vertical separation behind the wakes aircraft runway threshold, threshold stagger, or

of the paired aircraft. small glide slope angle differences, thus
1000 ft vertical separation until both are established yielding a higher and lower approach.

on the final approach B Any aircraft
A5 E

THAN B757

Required Spacing per FAA 7110.65

Copyright © 2017 Boeing. All rights reserved.
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Improved capacity through management of wake turbulence
with multiple glide paths and/or displaced thresholds (Dubai)

Variable Glide Slope Concept
g——"

(The concept below is fo explore considerations, all slopes and temperatures are for
iltustration only)

Wake Turbulence Category
No particular naming convention demonsirated 'S, > 500 000 Kg
the runway indications reprasent the parallel ~
orientation available at OMD8 M, <500 000 Ky > 136000 Ky
M, < 136 000 Kg > 7 000 Kg

, . 5 e L, < 7 D00Kg

FED, igproach prclie calbrated |
Dt & Gekie (Vb £ uravidask

0L G 0L MY -
3R G2 RH2 s[[HL]m
s [imme . - .
Fozp = STATUS AnaIyS|S
;:g Ay S5 | onorr
HHECEENEE
gLg[BI[ DT [Fi [ -
£  RERliDa == [HEEIR
SE=| B3| D3 | F3 ner,
H B4 | D4 | F4 w3 Cumulative
8 Airport Benefit (M)
T wie= SFO s 362
g | DFW s 360
ATL S 352
= IFK s 260
e B rer Y oy Oisplacad thrasheld LAX s 166
/ 0L 81 B s (e EWR s 132
e 0 et s 0T Mmas  tmes R it VS e " SEA s 79
e s T - TTESse A s s
B cwion . s oets t b L] cLT s a9
waidabed uwrg wrrebdiors| Theustveld BOS s a2
DTW s 14
DEN S 14
LGA S 14
IAD S =)
PHX s s
BWI S 2

Table 1 — Cumulative Benefits Through 2030 of Wake Mitigation using GLS Variable
Glideslopes and Touchdown Zones
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Improved capacity through enabling closely spaced parallel independent

operations from navigation, multiple glide paths and/or displaced thresholds

(Seattle)

Time

4800 Hours

$20.4M

Fuel Burn

2.9 M Gallons

$7.3M

CO2 Emissions

30.500 Metric Tons

Removing 5600
cars

Copyright © 2017 Boeing. All rights reserved.
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eCo

787 Operational Efficiency Demonstrator
Curved Approaches >

—
=

RNP to GLS
1.4NM Short Final
3° glideslope

RNP to GLS

1.4NM Short Final

3.5° glideslope

1000 ft displaced threshold

O
\

Microphone Array
(0.7 — 1.0 mile from threshold)

Copyright © 2017 Boeing. All rights reserved.




eCo

787 Operational Efficiency Demonstrator
Curved Approaches Noise Savings e

1.5 dBA
reduction

RNP to GLS

30

RNP to GLS
3.5°
1000 ft
displaced
threshold

Peak Noise (dBA)

Copyright © 2017 Boeing. All rights reserved. 31



787 Operational Efficiency

Variable Glideslopes

Copyright © 2017 Boeing. All rights reserved.

-~

Microphone Array
(0.7 — 1.0 mile from threshold)

eCco
Demonstrator

T
3° glideslope




eCo

787 Operational Efficiency Demonstrator
Variable Glideslopes Noise Reduction A
2.5dB
reduction

Peak Noise (dBA)

GLS 3°

Copyright © 2017 Boeing. All rights reserved. 33




eCco
Demonstrator

Conclusions from 787 ecoD Program o _apm -

Demonstrated GLS procedures designed to reduce fuel
and noise including

« Curved approaches

« Variable glideslopes 1 5 2

dB noise reduction
_ tons less fuel per i
 Displaced thresholds e el RS T2Reraton

« Combinations of the above

Allows airlines and airports to realize the full

potential of airplane capabilities

Copyright © 2017 Boeing. All rights reserved. 34



What is next for GBAS?

Wider deployment of GAST C to support CAT | operations

Authorization of CAT Il operations using GAST C

Implementation of CAT Il via GAST D

Evolution to Dual Frequency/Multi-Constellation GBAS (2025 timeframe and
beyond)

Copyright © 2017 Boeing. All rights reserved.
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GLS CAT Il on CAT | GBAS

*GLS CAT Il GBAS Approach Service Type C (GAST C)
No current CAT Il operational approval

United Airlines, Delta Airlines, Honeywell, Boeing and FAA Project in-work to determine how to gain

CAT Il authorization
First approval projected at Newark Airport by mid 2018
- Based on SARPS Compliant GAST C equivalence to II/D/2 ILS
Boeing completed analysis that shows autoland performance meets time to alert requirements

Requires mitigation for ionospheric anomalies: Honeywell GBAS with Satellite Based Augmentation

System (SBAS)

« GLS using autoland or head up guidance system

787 and 747-8 - Boeing provided AFM (Airplane Flight Manual) Statement on GLS CAT I
787 & 747-8 certified for GLS autoland

737 - Develop flight deck procedures that would enable pilots to mitigate guidance signal failures in the

visual segment

Copyright © 2017 Boeing. All rights reserved. 36



Summary

GNSS is a fundamental cornerstone for future Air Traffic Management

- RNP and GLS are important tools necessary to realize the potential of GNSS

Current GNSS already delivers capabilities that are not fully exploited

- Need greater focus on developing procedures and using the technology we already have developed
in smarter ways to deliver benefits

- All the elements need to be in place before benefits are enabled

GBAS/GLS and RNP are complementary Technologies that can Enable
Environmentally Beneficial Operational Improvements in Many Ways

Copyright © 2017 Boeing. All rights reserved. 37



GLS / GBAS Implementation

Which comes first?

or

Copyright © 2017 Boeing. All rights reserved. F i I e na me p pt | £8 38
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Safety by enabling precision approach where ILS is
not possible or additional safety buffer desired (Guam)

B e

2008 e | 831 7 | e 388 |,

600", g RIGHT. ture 163003 || -
han, direct ta CBALE wad hols. \

WirEg .

mmmu-’ll"
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Simplicity of pilot training

United Airlines

Pilot Training

% Training via AFM Training Bulletin

T37T07-XX July XX, 2007

GLOBAL POSITIONING LANDING SYSTEM (GLS) PROCEDURES
This bulletin desenbes atrera f svstems and procadurss for GLS approaches

The mitial azcraft 1o obtain this system will be the Continental Micronasia
7378007 Installabion mill coomence at the end of Jups, with flight
procedures to begn in the fall ime frame

The awcratt will have the following phvsical diffarences onthe fight deck:

1. Muli-Mods Navigation Control Pansl. This is visually idemticalto the
panel cuzently installed in the 200's. The difference isthe ability to select
GLS ftequencies.

Multi - Made Navigation Control (If Instaled)

Fereemm =

Q0

iLs 108.10 |
5.5 20000 igg@‘“

AFT ELECTRONIC PANEL :

PN 1008
= Active (ac7) Mode and Fraquency Indicator
Indcatesthe active mode and firquency.
»  Transfer Switch

Copyright © 2017 Boeing. All rights reserved.

This system uses the GFS position of the azcraft m conjunction with a ground
based augmnaranon syitem (LAAS) to provide look-a-like ILS gqudance.

The flight crew will-
1. Salactthe GLS approach from the database
2. ZEnter OLS chammelin NAV panels.

Enter mbound courses on MCPF.

PN

Set DA momirmurn: ea barometne altimetes.
5. Ser RA mmimmuoms as backup

6. Ann APPROACH MODE whn

e  The approachis tuned and venfied.

e  Theazcaadftis caaninbound itercept headmg

e Bothlateral and vertical ponters appear on the attitude display m
the propee position

¢  Clearance forthe approach has besn received.
ADT will display GLS mformation mehading LOC and GS indices.

Arttude Inclicator = GLS Source Annunciation Indication (If Ingtallad)

Rz

: GL-S'“

I
= GLS Sowce Anmunciation

Displays the selected GLS 1dernifler, channel, s2lected course and
scurce anmunciation.
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Next Generation GNSS

GNSS continually evolving
- GPS & GLONASS Modernization
- New GNSS constellations (Galileo and Beidou)

- More augmentation systems and updates to existing augmentation systems

Trend towards Multi-Constellation/Dual Frequency GNSS

- More satellites and signals will improve the robustness of GNSS
« Availability problems associated with the number of satellites in view will be a thing of the past

- New capabilities will be enabled by dual frequency GNSS
- Vertical positioning with integrity straight from the constellation without an overlay augmentation system

- Enhanced performances with both local and wide area augmentations

Transition to MC/DF will take a very long time

- Development of standards are underway... but will not be mature until early next decade

- Equipage rates in the fleet will be low unless driven by real economic drivers

MC/DF alone does not by itself address all the robustness issues with GNSS
« Robustness to RF interference and GNSS backup capabilities are unsolved issues...

- Cyber security is the next frontier

Copyright © 2017 Boeing. All rights reserved.



Evolution of GNSS

Fragmentation of Navigation Services not a good thing for Aviation

- Original vision for satellite navigation was as a seamless global resource

- Looks like we are determined to put some seams in ...

- GNSS receivers for aviation are expensive to develop — too much fragmentation raises the costs of
development

- Fragmentation means development costs are spread over smaller installation bases

- When variations in performance of regional/national systems start to impact cockpit operations, risk is
introduced and crew training costs rise

Regional mandates for specific technologies and services are counter productive

- Mandates based on political motivations that don’t have a clear operational advantage over other
technologies and services that provide adequate performance should be avoided

« The aviation industry has enough real problems to solve and limited resources to address them

- Requirements should be kept performance based to maximum extent possible
- Allows flexible technology implementations which allows the best solutions to be applied as they are developed

« Over specification stifles innovation and slows development and deployment of new receivers

Copyright © 2017 Boeing. All rights reserved. 43



