
7  
Fixed-FPA

fixed-FPA

fixed-FPA

fixed-FPA
Fixed-FPA

fixed-
FPA

 
 

 

ANA

 
 

 
[1]  J-P.B. Clarke et al., “Continuous Descent 

Approach: Design and Flight Test for Louisville 
International Airport,” AIAA Journal of 
Aircraft, 41(5), pp.1054-1066, 2004. 

[2]  J-P.B. Clarke et al., “Optimized Descent 
Arrivals at Los Angeles Airport,” AIAA Journal 
of Aircraft, 50(2), pp.360-369, 2013. 

[3]  L. Jin, Y. Cao, and D. Sun, “Investigation of 
Potential Fuel Savings due to Continuous-
Descent Approach,” AIAA Journal of Aircraft, 
50(3), pp.807-816, 2013. 

[4]  L. Stell, “Analysis of Flight Management 
System Predictions of Idle-Thrust Descents,” 
IEEE/AIAA 29th Digital Avionics Systems 
Conference, Salt Lake City, 2010. 

[5]  M.G. Wu, S.M. Green, and J. Jones, “Strategies 
for Choosing Descent Flight-Path Angles for 
Small Jets,” AIAA Journal of Aircraft, 52(3), 
pp.847-866, 2015. 

[6]E.T. Turgut, O. Usanmaz, M. Cavcar, T. 
Dogeroglu, and K. Armutlu, “Effect of Descent 
Flight-Path Angle on Fuel Consumption of 
Commercial Aircraft,” AIAA Journal of 
Aircraft, 56(1), pp.313-323, 2019. 

[7] R. Sopjes et al., “Continuous Descent 
Approaches with Variable Flight-Path Angles 
under Time Constraints,” AIAA GNC 
Conference, Portland, 2011.  

[8]  J.L. De Prins, K.F.M. Schippers, M. Mulder, 
M.M. van Paassen, A.S. Int’Veld, and J-P. 
Clarke, “Enhanced-Self-Spacing Algorithm for 
Three-Degree Decelerating Approach,” AIAA 
Journal of Guidance, Control and Dynamics, 
30(2), pp.313-323, 2007. 

[9]  J-P. Clarke, “System Analysis of Noise 
Abatement Procedures Enabled by Advanced 
Flight Guidance Technology,” AIAA Journal of 
Aircraft, 37(2), pp.266-273, 2000. 

[10] N.K. Wickramasinghe et al., “Feasibility Study 
on Efficient Arrival Operations via the 
Integration of Fixed-Flight Path Angle Descent 
and GBAS Landing System,” IEEE/AIAA 36th 
Digital Avionics Systems Conference, Tampa 
Bay, 2017. 

[11] D. Toratani, N. K. Wickramasinghe, and H. 
Hirabayashi, “Simulation Techniques for 
Arrival Procedure Design in Continuous 
Descent Operation,” 2018 Winter Simulation 
Conference, Gothenburg, 2018. 

[12] BADA: Aircraft Performance Model. 
 https://simulations.eurocontrol.int/solutions/ba

da-aircraft-performance-model/ 
[13]  

 

令和元年度（第19回）電子航法研究所研究発表会

-78-

(CCO: Continuous Climbing Operation)
CARATS

CCO

CCO

CCO

CCO

CCO

T
J L x u t p w dw dt

w

p w

NT

k k
k N

J L x u t w p w w dt

N

nT

i i
i

J L x u t w w dt

n

令和元年度（第19回）電子航法研究所研究発表会

-79-

1
GBAS

(Ground-Based Augmentation System) 

GBAS

GPS
VHF

(VDB:VHF Data Broadcast) 108 118MHz
[1]

ICAO SARPs 
( ) 12ft 36ft

-87dBm
15dB [2]

VDB
VDB

VHF

GBAS

GBAS
GBAS

2 GBAS VDB

FDTD

[3]

VDB
3m

10m

GBAS 1 VDB

VDB

PC

令和元年度（第19回）電子航法研究所研究発表会

-1-

79

-79-

19-05-113_本文.indd   79 2019/05/24   14:47:38



wi

wi

wi

wi wi

wi

V
V DV V DV

DV

wi

DV

DV

wi

V DV
V DV

V

X
X X

X X
DV

X X

x
y

V
R

令和元年度（第19回）電子航法研究所研究発表会

-80-

x x
f x

A BDV X X

DV
X X

令和元年度（第19回）電子航法研究所研究発表会

-81-

1  
GBAS 

(Ground-Based Augmentation System) 

GBAS

GPS
VHF  

(VDB:VHF Data Broadcast) 108 118MHz
[1]

ICAO SARPs 
( ) 12ft 36ft

-87dBm
15dB [2]  

VDB
VDB

 

VHF

GBAS
 

 
GBAS

GBAS

 
 

2 GBAS VDB  

FDTD

[3]  

VDB
3m

10m
 

GBAS 1 VDB

VDB

PC
 

 

令和元年度（第19回）電子航法研究所研究発表会

-1-

80

-80-

19-05-113_本文.indd   80 2019/05/24   14:47:38



wi

wi

wi

wi wi

wi

V
V DV V DV

DV

wi

DV

DV

wi

V DV
V DV

V

X
X X

X X
DV

X X

x
y

V
R

令和元年度（第19回）電子航法研究所研究発表会

-80-

x x
f x

A BDV X X

DV
X X

令和元年度（第19回）電子航法研究所研究発表会

-81-

1
GBAS

(Ground-Based Augmentation System) 

GBAS

GPS
VHF

(VDB:VHF Data Broadcast) 108 118MHz
[1]

ICAO SARPs 
( ) 12ft 36ft

-87dBm
15dB [2]

VDB
VDB

VHF

GBAS

GBAS
GBAS

2 GBAS VDB

FDTD

[3]

VDB
3m

10m

GBAS 1 VDB

VDB

PC

令和元年度（第19回）電子航法研究所研究発表会

-1-

81

-81-

19-05-113_本文.indd   81 2019/05/24   14:47:39



令和元年度（第19回）電子航法研究所研究発表会

-82-

5

1 Introduction
The introduction of area navigation (RNAV) 

removed the need for aircraft to fly between 
ground-based radio navigation aids. As air traffic 
management (ATM) moves towards trajectory-
based operations (TBO), flight route flexibility will
further increase and the fixed network of Air Traffic 
Service (ATS) routes will be reduced. In Europe, 
Free Route Airspace (FRA) [1] exists where 
operators may plan routes between FRA entry and 
exit points, either direct or via intermediate points, 
without reference to fixed routes [2]. In the North 
Pacific oceanic area (fig. 1), there is a flexible track
area in which the Japan Civil Aviation Bureau 
(JCAB) and Federal Aviation Authority (FAA) 
publish PACOTS (Pacific Organized Track System) 
tracks on 24-hour cycles which are computed 
according to forecast winds and tailored to specific 
aircraft types and city pairs, and operators may also 
plan User-Preferred Routes (UPR) between 
latitude/longitude waypoints.

Aircraft operators can use this increasing routing
flexibility to plan routes that are tailored more 
closely to their operations. For air transport, this 
typically means reducing operating cost by mini-
mizing distance or time flown. For relatively short 
flights (say, three hours or less), in the absence of 
strong winds the fuel saving benefit of a minimum 
fuel route compared to a minimum time route is 
relatively small. However, as the distance from 
origin to destination increases, the benefit of routes 
that take account of winds aloft grows. Exploiting
flexible routing fully requires creating wind-
optimal flight plans, but not all aircraft operators 
have such a capability, and we believe that demand 
for such a capability will grow. Commercial flight 
planning services exist, and so practical techniques 
to create wind-optimal routes have already been 

developed. However, there is little literature and
they are likely to be considered as trade secrets.

Building on research by Kyushu University, we 
have developed a program that can generate ideal 
wind-optimal trajectories [3] and used it in various 
investigations to demonstrate potential benefits of 
TBO [4, 5]. However, the program can take a long 
time to converge on the optimal trajectory, and it is 
difficult to include operational constraints. We 
propose a method based on shortest-path graph 
search as a practical means of generating near-
optimal trajectories that satisfy operational 
constraints [6], and apply it to optimal track gene-
ration in the North Pacific, which is one of our 
areas of research.

2 Ideal Trajectory Generation
We have developed a Dynamic Programming 

(DP)-based optimal trajectory generator that 
iteratively searches for a trajectory that minimizes a 
cost function representing a trade-off between fuel 
burn and flight time [3]. From an initial trajectory 
(a Great Circle between specified initial and final 
points with specified altitudes and speeds), it
constructs a grid of points around the trajectory in a 
search space of lateral profile (downrange, cross-
range), vertical profile (altitude) and speed. The 
costs to move from the initial point to each of a set 
of candidate grid points in the next downrange step 
are computed using the EUROCONTROL Base of 
Aircraft Data (BADA) aircraft performance model
and performance parameters and atmospheric data, 
and the point with the lowest cost is selected as the 
next point on the trajectory. This proceeds down-
range until a new trajectory has been created 
between the terminal points, and its time/distance
are compared with the initial trajectory. If the 
difference is sufficiently small, the created trajectory
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