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Abstract: Improvement of operational efficiency in congested airspace is required until the near future, and proposals and 

test operations of new flight schemes are being conducted in each country. This paper focus on Japanese congested area where 

three airports, Kansai International Airport, Osaka International Airport and Kobe Airport, are located. Among those airports, 

the traffic of arrival aircraft to Kansai International Airport is the heaviest. Accordingly, investigates the present situation of 

operation and the actual aircraft flight states by using CARATS Open Data. Then, design the optimal trajectory of Continuous 

Descent Operation (CDO) by flying the same route as the actual flight and performing optimization of altitude and velocity 

only by dynamic programming. The analysis object in this paper is the arrival aircraft of Airbus A320 which are the most 

common arrivals to RWY24L/24R of the airport. Finally, compare fuel consumption and flight time in actual flight and 

optimal flight by CDO, and evaluate the possibility of CDO introduction to arrival aircraft in congested airspace. 

Keywords: Arrival Aircraft, Continuous Descent Operation, Congested Airspace, Operational Efficiency, Trajectory 

Optimization 

 

Nomenclature 

 

a  : weighting factor for time adjustment 

c  : thrust specific fuel consumption 

DoC  : parasite drag coefficient 

DC  : Drag coefficient 

LC  : Lift coefficient 

D  : Drag force 

g  : gravity acceleration 

H  : altitude 

J  : objective function 

K  : induced drag factor 

L  : Lift force 

m  : aircraft mass 

0R  : radius of the Earth 

S  : wing reference area 

t  : time 

T  : thrust 

u  : control variable vector 

U  : wind 

xU  : zonal wind 

yU  : meridional wind 

V  : true air speed, velocity 

x  : state variable vector 

X  : flight distance in vertical plane 

a  : flight path climb angle relative to air 

  : longitude 

  : fuel flow 

  : air density 

  : latitude 

a  : heading angle relative to air 

 



T. Wakayama, T. Ezaki, A Harada, K. Oka 

 2 

1. INTRODUCTION  

 

In recent years, global air traffic is rising with increasing 

demand. According to rising of air traffic, it is expected that 

a loss of operation efficiency and economic efficiency of 

aircraft. Even among them, that loss will be remarkable in 

congested airspace so as concentration arrival aircraft. The 

typical reasons are mentioned as follows. The first is aircraft 

vectoring and holding for the purpose of arrival time 

adjustment. Second is level flight in a low altitude for 

evasion of traffic conflict with other aircraft. An action for 

the future air traffic system realization that is available for 

such an air traffic increase is proposed by ICAO 

(International Civil Aviation Organization). Because of this, 

Various efforts are being undertaken under the vision for 

realization in each country like European SESAR (Single 

European Sky ATM Research) and US NextGen (Next 

Generation Air Transportation System). In Japan, a long-

term vision called CARATS (Collaborative Actions for 

Renovation of Air Traffic Systems) on future air traffic 

systems has been established, and various research are 

underway in cooperation of industry, academia and 

government [1]. 

In previous study on the current state of operational 

efficiency of arrival aircraft for congested airspace around 

Osaka bay where three airports of Kansai International 

Airport (KIX), Osaka International Airport (ITM) and Kobe 

Airport (UKB) adjacent, on arrival at Kansai International 

Airport, it became clear that most arriving aircraft landing 

at RWY24L/24R are performing level flight at the low 

altitude (4000 [ft]) from the same section (Fix) on the way 

descent it was [2]. Among this factor is the altitude 

limitations for avoiding noise problems to urban areas 

imposed on arrival and departure aircraft at three airports 

around Osaka bay and interference between airports. 

Arrival aircraft to Kansai International Airport has been set 

up to route via Kii Channel to avoid urban areas. Especially 

for the arrival aircraft from the east, the influence of detour 

is noticeable. In this section, the flight time is increasing, 

leading to an increase in fuel consumption. 

In this paper, it is aims for improvement in operational 

efficiency in congested airspace Osaka bay where three 

airports of Kansai International Airport, Osaka 

International Airport and Kobe airport are adjacent. Among 

them, focus on Kansai International Airport which is 

certified as a congested airport. By using CARATS Open 

Data which is the actual flight tracks data of aircraft, 

perform vertical trajectory optimization by dynamic 

programing for all arriving aircraft at this airport. And it 

shows benefits obtained when introducing CDO 

(Continuous Descent Operation) to all arriving aircraft. 

 

2. FLIGHT TRACK DATA 

 

2.1 CARATS Open Data 

CARATS Open Data is actual flight tracks data of the 

aircraft. This is released and maintained by the Japan Civil 

Aviation Bureau (JCAB), and it aims to promote research 

in Japan’s Air Traffic Management field, which is also 

lagging behind the world. CARATS Open Data is 3D 

position information data at each time acquired from the 

radar for the en-route control. Current data for 2012, 2013 

and 2014 are released, and 42 days’ flight tracks data is 

stored in each year. The Overview of CARATS Open Data 

used in this paper is shown in Table.1. And, three letter 

airport code appear in this section is shown in Table.2. 

 

Table. 1. Overview of CARATS Open Data 

Record period 2014  September 15th(Mon)  00:00~24:00(JST) 

Item 
Virtual flight number, Time, Latitude, 

Longitude, Pressure altitude, Aircraft type 

Record cycle Approx. 10 seconds 

Flight 3959 per day 

 

Table2. Three Letter Airport Code 

Code Airport 

ISG New Ishigaki Airport 

CTS New Chitose Airport 

OKA Naha Airport 

SDJ Sendai Airport 

NRT Narita International Airport 

HND Tokyo International Airport 

KOJ Kagoshima Airport 

NGS Nagasaki Airport 

FUK Fukuoka Airport 

 

2.2 Analysis Target Aircraft 

Fig.1 shows the flight path of arrival and departure aircraft 

at three airports around Osaka bay on September 15th, 2014 

extracted from CARATS Open Data. Arrival aircraft to 

Kansai International Airport as blue, departure aircraft from 

Kansai International Airport as red, arrival aircraft to Osaka 

International Airport as dark green, departure aircraft from 

Osaka International Airport as purple, arrival aircraft to 

Kobe Airport as light blue, departure aircraft from Kobe 

Airport as bright yellow respectively. As can be seen from 

Fig.1, three airports are located very close to each other, 

making it a complicated flight path so that each flights do 

not conflict.  

Of the three airports, this paper focuses on arrival aircraft to 

Kansai International Airport. When extracting only arrival 

aircraft to Kansai International Airport of this day, it 

becomes 193 flights. Airbus A320 which is the most arrival 

aircraft model arrival to Kansai International Airport, and 
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the number of flights is 66. Furthermore, from the 66 flights, 

33 flights landing on the RWY24L/24 R are extracted and 

the flight path to the “MAYAH” of the Initial Approach Fix 

(IAF) is shown in Fig.2.  

In addition, Fig.3 shows the horizontal distance of flight 

distance and altitude to Kansai International Airport for 33 

flights of A320 landing with RWY24L/24R. As can be seen 

from Fig.3 most of the aircraft descending towards the 

landing to Kansai International Airport have level flight of 

30 to 80 [km] at altitudes 10000 [ft], 7000 [ft], 4000 [ft]. 

Level flight at altitude 10000 [ft] tends to be more in arrival 

aircraft flying towards Awaji Island due to detouring from 

the east. The section flying at the 10000 [ft] is drawn by the 

red path in Fig. 2. In addition, it was found that the level 

flight at an altitude of 7000 [ft] is performed around the 

confluence Fix “AWAJI” in the southwestern part of Awaji 

Island, and the horizontal flight at 4000 [ft] is performed in 

the section between “LILAC” and “MAYAH”. As 

mentioned above, level flight at low altitude increases fuel 

consumption and is very uneconomical.  

 
Fig. 1. Flight path of arrival and departure aircraft in 3 airport 

 
Fig. 2. Flight path of Arrival Aircraft to KIX  

(RWY24L/24R, A320, all 33 flights) 

 

 
Fig. 3. Altitude of actual flight 

(RWY24L/24R, A320, all 33 flights) 

 

3. TRAJECTORY OPTIMIZATION 

 

3.1 Continuous Descent Operation 

One of the efficient descent methods of arrival aircraft is 

Continuous Descent Operation (CDO). This is a mode of 

operation in which an arriving aircraft descending for 

landing continues to descend without level flight while 

descending while keeping the engine thrust minimum until 

the Final Approach Fix (FAF) [3]. In Japan, CDO is allows 

for arrival aircraft from 23 to 7 o’clock in Kansai 

International Airport. In addition, Naha Airport and 

Kagoshima Airport are also conducting CDO experiments 

[4]. In the current descent method, the arrival aircraft is 

flying levelly during descent, waiting for an instruction 

from the Air Traffic Controller to the next altitude. As a 

result, descent often takes a stepped path. In some cases, the 

level flight will be at a low altitude, at low altitudes the drag 

due to air density will increase and the aircraft will consume 

more fuel to get thrust to maintain altitude. Therefore, by 

deciding the descent route by the CDO agreed in advance 

between the Air Traffic Controller and the Pilot at the time 

of passing through Fix, it is possible to eliminate this 

stepped section and to obtain a smooth descent route 

become. If CDO is introduced at many airports, it will be 

possible to drastically reduce fuel consumption during 

descent. However, the CDO which requires time to descend 

leads to capacity reduction of the airport, so CDO trajectory 

design which is managed on arrival time is a problem. 

In this paper, used by dynamic programing to design the 

optimal trajectory of CDO which does not carry out any 

level flight at the section of descent by optimizing only the 

flight altitude and flight velocity using the actual route 

obtained from CARATS Open Data. Then, quantitatively 

evaluate how much level flight at the section of descent 

affects fuel consumption during aircraft operation, and 

show the possibility of the CDO. In this analysis, do not 

evaluate arrival time. Focus only on fuel consumption, and 

evaluate the benefit of introducing CDO at each flight. 
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3.2 Governing Equations 

The three degrees of freedom (3DOF) equations of motion 

for the aircraft used this analysis is shown Eq. (1) to (7).  
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A general aerodynamic model is used with quadratic drag 

coefficient. 
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3.3 Flight State Estimation 

The actual aircraft flight states are estimated using 

CARATS Open Data which is the flight track data. Ground 

speed (GS) is calculated by the position change rate and 

time difference. True air speed (TAS) is estimated using the 

meteorological data. These meteorological data were 

collected and distributed by Research Institute for 

Sustainable Humanoshere, Kyoto University [5]. Fuel 

consumption can be obtained by integration the fuel flow 

rate calculated by Eq. (7) with the flight time. In Eq. (7), 

coefficient “c” is thrust specific fuel consumption, and this 

coefficient is a performance model that can be obtained 

from the BADA model developed and maintained by 

EUROCONTROL [6]. 

 

3.4 Dynamic Programing Trajectory Optimization 

In analysis, it is possible to calculate flight time flight 

velocity and fuel consumption of arbitrarily created flight 

trajectory using meteorological data and aircraft 

performance model shown in the previous subsection. 

Trajectory optimization uses dynamic programming which 

is a useful method for state variables and time constrained 

nonlinear systems. For trajectory optimization, it is 

assumed that the same flight paths the as the actual flight 

obtained from CARATS Open Data. divide the actual flight 

every 20 km from the horizontal distance along the Earth’s 

surface and calculate the optimal altitude and velocity at 

each position. Therefore, the state variables to be optimized 

are two, altitude, and velocity, and these lattice points are 

created to obtain an optimal solution. The state at the start 

and end point is the same as the actual flight. Use the 

position where the starting point is equal to or higher than 

10000 [ft]. The end point uses the position of MAYAH. 

The objective function for obtaining the optimal trajectory 

is defined as in the Eq. (11). 
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X
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In order to make the independent variable X, the following 

Eq. (12) and (13) are derived from the Eq. (3), (5) and (6).  
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Also, the state variables and control variables are as follows. 

    Ta

T
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Since the quantized UVXH  ,,, are lattice points, 

they are known quantities, so the unknown quantities a  

and T  are obtained from the following Eq. (15) and (16). 
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In addition, the weighting factor a  is divided between 0 

and 1 in increments of 0.05, and the value at which the flight 

time is closest to that of the actual one is adopted. 

 

4. RESULTS 

 

For the arrival aircraft to Kansai International Airport, 

optimized trajectory for 33 flights of A320 that land on 

RWY 24L/24R. Fig. 4 shows the altitude and fuel flow of 

the actual and optimal flight. In Fig. 4, the level flight in the 

middle of descent shows 10 flights remarkable. From these 

characteristic 10 flights, select domestic and international 

flights one by one and describe the details of the analysis in 

Fig. 5, 6, and 7. Fig. 5 shows the domestic flight and 

international flight path selected on the map. Also plot the 

points at 20 km intervals used in the analysis with paths. 

Domestic flight departs from New Chitose Airport to 

Kansai International Airport, international flight arrives 
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from the northwest to Kansai International Airport. Fig. 6 

shows the flight state estimation and trajectory optimization 

results for domestic flight. Similarly, Fig. 7 shows the flight 

state estimation and trajectory optimization results for 

international flight. Fig. 6 and 7 show the altitude, true 

airspeed (TAS), calibrated airspeed (CAS), fuel flow, and 

flight path climb angle relative to air of the domestic and 

international flights shows in Fig. 5, respectively. 

According to Fig. 4, compared with the actual flight, the 

descent trajectory optimized by CDO does not perform 

level flight in the middle of descent, so it is clear from Fig. 

4 that in the descent phase of the actual flight consumes 

more fuel than optimal flight. 

According to the results for the domestic flight Fig. 6, it can 

be seen from Fig. 6 that in the climbing phase, the optimal 

flight climbs faster than the actual flight. Therefore, CAS at 

the climbing phase is faster for the optimal flight than actual 

flight. In the cruise and descent phase, the optimal flight 

cruises longer distance than the actual flight. This is due to 

the fact that the level flight at low altitude in actual flight is 

carried out in the cruising phase of high altitude where fuel 

consumption is low in the optimal flight. In addition, the 

fuel flow and the thrust are both rising in the part 

performing the level flight in the middle of descent on the 

actual flight, but this is small in the optimal flight. Also, in 

actual flight, flight path climb angle relative to air changes 

in the positive direction at the section performing level 

flight in the middle of descent, but in the optimal flight it 

always changes in the negative direction. This is a 

manifestation of the continuous effect of CDO. 

According to the results for the international flight Fig. 7, 

the optimal flight cruises longer than the actual flight, and 

it is understood that that the altitude and the true airspeed 

show that descending at a low speed without level flight. 

However, in order to have an arrival time close to the actual 

flight, the optimal flight in the final phase resulted in the 

true airspeed faster than the actual flight. Also, Comparing 

the fuel flow and thrust, it is clear that the optimal flight by 

CDO can reduce fuel more than the actual flight levelly 

flying at the phase of descent. And, flight path climb angle 

relative to air continues to descend while keeping the nose 

lowered in the optimal flight.  

In this way, A320 which landed on RWY24L/24R can 

reduce fuel consumption by performing optimal descent by 

CDO which does not perform level flight in the middle of 

descent. In Fig. 8 shows difference of fuel consumption of 

all 33 flights on the axis of flight time difference. Obviously, 

the arrival aircraft of all 33 flights can reduce the fuel 

consumption by descending by CDO in Fig. 8. Specifically, 

descent by CDO can reduce fuel consumption of 

approximately 250 [kg]. References to the arrival time, 

since the one closest to the actual flight time is used for the 

weighting factor for time adjustment in Eq. (11) which is 

the objective function in optimization, the arrival time 

difference is within 120 seconds. Also, because the 

difference in the fuel flow used appeared largely in the 

phase of the descent, the amount of fuel that can be reduced 

has resulted in similar amounts of international flight and 

domestic flight. 

 
Fig. 4. Altitude and fuel flow of actual and optimal flight 

(RWY24L/24R, A320, characteristic 10 flights) 

 

 
Fig. 5. Domestic and international flight path 

(RWY24L/24R, A320, characteristic 2 flights) 
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Fig. 6. Actual and optimal flight (domestic flight) Fig. 7. Actual and optimal flight (international flight) 
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Fig. 8. Flight time difference and fuel consumption difference of 

international and domestic flights  

(RWY24L/24R, A320, all 33 flights) 

 

5. CONCLUSION 

 

This paper describes the possibility of CDO introduction to 

arrival aircraft in congested airspace. For 33 flights of 

Airbus A320 landing at Kansai International Airport on the 

RWY24L/24R, optimized only the altitude and velocity 

using the same flight path as the actual flight. The optimal 

descent method by CDO showed that since the level flight 

is not performed at the phase of descent, fuel consumption 

at the phase of descent can be reduced. It has been revealed 

that fuel consumption of about 250 [kg] can be reduced in 

average within the range of arrival time difference of 120 

seconds from the actual flight in all 33 target flights. 

Performs more analysis and create trajectory optimization 

by CDO taking into account arrival time for all arrival 

aircraft a day, and clarify benefit by CDO. 
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